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I, Elliot Lander, M.D., hereby declare as follows: 

1. I am a Board Certified Urologist and Co-Medical Director of Cell 

Surgical Network (“CSN”), a defendant in this action, the largest translational 

research organization in the world dedicated to the investigation of autologous 

stromal vascular fraction (“SVF”).  I am also a co-owner and the Co-Medical 

Director of California Stem Cell Treatment Center, Inc. (collectively with CSN, 

“Cal. Stem Cell”).  In those capacities, I am primarily responsible for creating, 

studying, implementing, and performing various surgical procedures performed at 

Cal. Stem Cell, including the SVF surgical procedure at issue in the above-

captioned matter.  I have personal knowledge of the matters set forth herein or 

know such facts by my inspection of the records maintained in the ordinary course 

of Cal. Stem Cell’s business, and if called upon to testify, could and would 

competently testify to each of the facts set forth below. 

A. Background and Qualifications 

2. I graduated magna cum laude and Phi Beta Kappa from Occidental 

College in 1982 with Distinction in Biochemistry, after which I attended medical 

school at the University of California, Irvine from 1982 to 1986.  Following 

medical school, I continued to study General Surgery and then Urologic Surgery at 

University of California Irvine, where, from 1992 to 1997, I was on staff as a 

Clinical Assistant Professor of Urology.  During this same timeframe, I was also in 

practice as a partner physician at the Kaiser Permanente Medical Group. 

3. I have been elected as a Fellow of the American College of Surgeons.  

I also served as Chief of Urology at Eisenhower Medical Center in Rancho Mirage, 

California, and Chief of Surgery at John F. Kennedy Hospital in Indio, California.  

I have been on staff at Eisenhower Medical Center for twenty years, and also act as 

an Expert Reviewer in Urology for the California Medical Board.  In addition to 

my current role as Co-Founder and Co-Medical Director of CSN, I continue to 
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perform clinical research on liposome encapsulated agents for the treatment of 

interstitial cystitis. 

4. With respect to my work with stem cells, my partner, Mark Berman, 

M.D., and I helped develop a simple surgical method of SVF procurement 

currently used by Cal. Stem Cell, a procedure based on a technique imported from 

South Korea in 2010.  In 2010, Dr. Berman and I understood that we could harness 

the healing potential of these naturally occurring stem cells and then transfer them 

to other areas of the body in the operating room the way surgeons have for 

centuries to remedy various medical problems, allowing us to use these cells for 

therapeutic purposes.  We also understood that these vital cells were originally part 

of each person’s body and could be surgically isolated, and then deployed 

unchanged to repair cellular degeneration, disease and injury.  Since 2010, Dr. 

Berman and I have routinely provided the SVF procedure as part of patient-funded 

investigational research and have also provided our care free of charge to hundreds 

of patients who wished to participate in the studies but were unable to pay. 

5. This SVF procurement procedure is currently deployed under ten 

active International Review Board (“IRB”) investigational protocols, which I wrote 

along with my partner, Dr. Berman.  CSN also supports basic laboratory science 

research on SVF and also animal research to support the human protocols.  We 

collected data with a private database that confidentially queries patients every 3 

months since 2012 for safety and efficacy.  With over 12,000 patients registered, 

this is now the largest regenerative medicine database in the world.  

6. We have published more peer reviewed papers on clinical 

regenerative medicine than nearly anyone in the field on topics ranging from 

neurological to orthopedics to urologic uses of SVF.  I lecture regularly around the 

world on SVF science, teach physicians to use SVF safely and effectively, and peer 

review regenerative medicine publications for several journals. 
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B. Cal. Stem Cell’s SVF Procedure Is A Surgery Involving The 

Patient’s Unique SVF Cells 

7. Cells are the smallest and most basic structural unit in the human 

body.  Every organ and tissue in the human body is comprised of cells.  Cells can 

be isolated by enzymatic dissociation of a tissue, converting it to a cell suspension.  

An individual cell is always a component of some other part of the human body, 

and can only be removed by isolating that cell from the tissue or substance in 

which it naturally occurs.  Thus, there is no way to remove cells only from the 

human body without also extracting some tissue or substance in which those cells 

are located. 

8. Cal. Stem Cell’s SVF Procedure involves the relocation of a patient’s 

own SVF during a single, rather simple, outpatient surgical procedure performed at 

a Cal. Stem Cell clinic by a licensed healthcare professional (“HCP”).  As its name 

sounds, SVF, or stromal vascular fraction, is a population comprised of multiple 

cell types contained in adipose tissue1; these include mesenchymal stem cells 

(“MSC”), hematopoietic cells (HSC), early (progenitors)2 and mature lineage 

stages of endothelia, pericytes (also called perivascular cells), smooth muscle cells, 

lymphocytes, and fibroblasts (also called stroma) among other cells.   

9. A patient’s SVF cells are obtained by enzymatically dissociating the 

adipose tissue, allowing the fat cells (adipocytes) to float (due to the fat globules in 

the cells) and so readily to be discarded, and then collecting everything that 

remains by centrifugation.  The resulting pellet of cells comprises all the cell 

populations noted above (other than, obviously, the adipocytes).  This procedure is 
                                                 
 
1 Before it was known that fat naturally contains regenerative cells, medical 
students were taught in basic general surgery that omental fat accelerates healing.  
Moreover, surgeons will wrap omental fat around a surgical bowel anastomosis to 
accelerate healing and prevent infection. 
 
2 The progenitor cells contained in the SVF, or stromal vascular fraction, operate as 
stem cells depending upon the environment in which they are placed. 
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simple, indeed among the simplest ones known for cell isolations (paralleling those 

for isolation of blood cells or stem cells from bone marrow), and does not change 

the biological properties of the remaining cells.   

10. To collect the patient’s SVF cells, the HCP uses “non-tumescent 

liposuction” of the patient’s adipose tissue.  Next, the unwanted adipocyte fraction 

is separated from the remaining desired SVF (stromal and vascular fractions) using 

routine procedure—namely, collagenase treatment and centrifugation with a FDA 

510(k)-cleared centrifuge device.  A true and correct copy of the FDA website 

verifying the FDA’s approval of the centrifuge device is attached hereto as Exhibit 

1.  The collagenase used in the SVF procedure breaks down the extracellular 

matrix components (collagen, adhesion molecules, proteoglycans) that hold the 

adipocyte, stromal and vascular cells together in the adipose tissue and so enables 

the cells to be dispersed into a cell suspension—it does not, however, break down, 

damage, or in any way alter the phenotypic traits and biological properties of these 

cells.  True and correct copies of scientific publications supporting this statement 

are attached hereto as Exhibit 2 (Carvalho, PP et al. Xenofree Enzymatic Products 

for the Isolation of Human Adipose-Derived Stromal/Stem Cells Tissue 

Engineering, 2013 19:6); Exhibit 3 (Sakaguchi Y et al. Suspended cells from 

trabecular bone by collagenase digestion become virtually identical to 

mesenchymal stem cells obtained from marrow aspirates. Blood J Org., 2004 104: 

2728-2735 (noting that “suspended cells from trabecular bone by collagenase 

digestion were virtually identical to mesenchymal stem cells obtained from 

marrow aspirates”)).  Finally, the SVF is suspended in a sterile saline (salt) 

solution (FDA approved for internal human use) so that the SVF can be relocated 

back into the patient’s body in a specific area of need.  A true and correct copy of 

the FDA’s Label Insert for Hospira Saline, located from the FDA’s website, is 

attached hereto as Exhibit 4. 
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11. Importantly, the abovementioned surgical techniques employed by 

Cal. Stem Cell involve relocation of the very same SVF cell population that 

previously existed in the patient’s body, not the creation or production of any new 

“product” for introduction into the body.  This is referred to as an autologous cell 

transplant: cells from a donor are given back to the donor.   

12. Recent publications establish that these cells have not been altered in 

any substantive way to change them from their naturally occurring state (i.e. they 

have the same DNA, same cell type, and no evidence of introduction of any 

chemicals that would change their significant character).  True and correct copies 

of these recent scientific publications are attached hereto as Exhibit 3 (Sakaguchi 

Y et al. Suspended cells from trabecular bone by collagenase digestion become 

virtually identical to mesenchymal stem cells obtained from marrow aspirates. 

Blood J Org., 2004 104: 2728-2735 (noting that “suspended cells from trabecular 

bone by collagenase digestion were virtually identical to mesenchymal stem cells 

obtained from marrow aspirates”)); Exhibit 5 (Lockhart, R.A., Hakakian C.S., 

Aronowitz, J.A., Tissue Dissociation Enzymes for Adipose Stromal Vascular 

Fraction Cell Isolation: A Review, J. of Stem Cell Res. & Therapy, 5:12 at 4 

(2015)); Exhibit 6 (Chang H et al. Safety of adipose-derived stem cells and 

collagenase in fat tissue preparation. Aesthetic Plast Surg. 2013 Aug; 37(4):802-8 

(“no toxicity resulting from residual collagenase or tumorigenicity associated with 

the ADSCs [adipose derived stem cells] was observed”)); Exhibit 7 (Berman M & 

Lander E. A prospective safety study of autologous adipose-derived stromal 

vascular fraction using a specialized surgical processing system. American J of 

Cosmetic Surg. 2017:1–14, at 8-9).  

13. Indeed, one scientific publication has concluded that the exact type of 

collagenase used in the SVF procedure has no impact on the viability of the cells, 

yield of cells, and, most significantly, had no effect on the ability of the cells to 

differentiate.  Exhibit 2 (Carvalho, PP et al. Xenofree Enzymatic Products for the 
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Isolation of Human Adipose-Derived Stromal/Stem Cells Tissue Engineering, 2013 

19:6). 

14. The autologous SVF procedure is in stark contrast to FDA-regulated 

drug/biologic products, such as CAR-T therapies, that rely on collection of a 

patient’s cells, addition of a novel gene therapy in a laboratory, and subsequent 

growth of the new product (i.e., stem cells + gene addition) for transplant back into 

the patient.3  Cal. Stem Cell’s SVF Procedure, in contrast, does not involve adding 

any novel gene therapies to a patient’s cells, nor does it involve growing any cell 

population in a remote laboratory to produce a new biologic product.  Nothing is 

done during the isolation that changes the DNA or biologic features of the cells. 

15. Unlike manufactured drugs, the SVF Procedure does not require Cal. 

Stem Cell to produce any cellular- or tissue-based product to uniform 

specifications for strength, quality and purity.  While safety and efficacy 

considerations require that drug products be manufactured in a uniform manner for 

use in various patients, uniform processing is not necessary (nor for that matter 

feasible) with the SVF Procedure.  Rather, the cell population used in the SVF 

Procedure is unique to each patient, including the specific stem cell count.  The 

outcomes of the SVF Procedure are also uniquely based on the patient’s own tissue 

and cannot be replicated across patients.  Unlike drug products, which are provided 

based on an established effective dose, the patient’s own stem cells function to 

effect repair of damaged tissues in the body.  The only feature SVF shares with 

traditional FDA-regulated biologic drug products, such as CAR-T therapies, is that 

the stromal and vascular fractions are from a live source. 

                                                 
 
3 For example, CAR-T therapies involve extraction of patient’s T-cells and subsequent addition in 
a laboratory of a novel special receptor gene (i.e., chimeric antigen receptor (CAR)) introduced by 
a virus into the T-cells to create an entirely new biologic product—one that had not previously 
existed in the patient’s body.  Large numbers of the CAR T-cells are grown in the laboratory and, 
ultimately, this novel, patentable, biologic product is given to the patient via infusion.   
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16. Rather, in the case of Cal. Stem Cell’s SVF Procedure, the stromal 

and vascular cells taken out of the patient in the performance of the SVF procedure 

are the same cells that are put back into the patient.  The SVF cells are non-

engineered (i.e., not changed) and the cells are not intended for mass distribution to 

the public.  Instead, the SVF cells are merely collected from the patient’s body 

using surgical procedures in the operating room at the bedside (not a laboratory) to 

separate them from the adipose tissue in which they are already naturally 

occurring.   

17. As surgeons we are accustomed to removing tissues, isolating certain 

parts of them, re-purposing them and injecting them back into the patient. This is 

done in thousands of surgeries every day and has always been the domain of 

surgeons.  These tissues and cells contain a person’s own DNA and have not been 

altered and, therefore, they belong only to the patients who have entrusted us with 

their health. 

18. Indeed, surgeons routinely work on both tissues and cells that make 

up tissues.  Surgery universally involves dissection of tissues and now 

technologically has evolved to the point where surgeons can isolate individual 

cells.  Dissected tissues and cells can then be surgically relocated and re-purposed 

to other parts of the patient’s body in the operating room. 

C. The FDA’s Attempt to Regulate Cal. Stem Cell’s SVF Procedure 

Is At Odds With Its Decisions Not To Regulate Other Similar 

Procedures 

19. Although the FDA is now currently attempting to regulate this 

autologous SVF procedure, curiously, the FDA does not regulate the use of certain 

stem cells extracted from bone marrow even though the cells are essentially 

identical to the cells found in adipose tissue.  Indeed, like the SVF procedure, when 

bone marrow is subjected to centrifugation, the stem cells are isolated and the 

adipose tissue (composing 40-80% of bone marrow) contained in the mixture is 
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discarded.  This procedure involves similar processing of the tissue than the SVF 

procedure, but is still exempt from FDA regulation. 

20. Moreover, the FDA does not currently regulate innumerable other 

surgical procedures that would trigger all of the same criteria to be called a “drug.”  

One example is the routine intra-operative use of autologous fat to repair dural 

defects.  Dura is brain lining that occasionally gets damaged in neurosurgery, 

which can result in loss of fluid from around the brain.  Some surgeons are 

isolating autologous fat from around the patient’s umbilical area, crushing that fat 

with a “Spence Cranioplastic roller” to transform it into a thin foil on a separate 

table in the operating room, and returning that “foil” to the patient’s brain during 

the same procedure to repair the brain’s lining.   

21. Further still, vein or artery graft, in which the vein or artery is 

harvested and processed to prepare it for other surgical uses than what it was 

intended for, is a naturally occurring substance—just like SVF.  Unlike SVF, 

however, vein and artery grafts are not subject to FDA regulation. 

D. Safety Of Cal. Stem Cell’s SVF Procedure 

22. The use of SVF in surgical procedures is safe and well tolerated.  Dr. 

Berman and I have published numerous safety studies and efficacy studies in the 

peer-reviewed scientific literature.  In 2017, Cal. Stem Cell (through Dr. Berman 

and me) published a prospective safety study evaluating 1698 autologous use SVF 

procedures performed between 2011 and 2016 (“Safety Study”).  A true and 

correct copy of the Safety Study is attached hereto as Exhibit 7. 

23. More specifically, the Safety Study analyzed adverse events 

associated with SVF procedures to evaluate safety as a primary objective, and 

secondarily efficacy, of SVF deployed through intra-articular injections and 

intravenous infusions for a variety of orthopedic and non-orthopedic conditions.  

Importantly, the study focused on SVF procedures that used Cal. Stem Cell’s SVF 

methods and protocols.  The Safety Study data revealed (i) a very low number of 
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reported adverse events following the SVF procedures and (ii) a reduction in pain 

ratings after 6 months or more across a variety of musculoskeletal diseases and 

improvements in a variety of other degenerative conditions.  For example, in 

response to a patient-reported questionnaire regarding the occurrence of adverse 

events attributed by the patient, 515 respondents (98.1%) answered with “no.”  Id. 

at 8.  Similarly, the rate of any severe reaction to the SVF procedure was reported 

by patients at extremely low numbers, 0.1% to 2.0% of respondents, and such 

responses were primarily related to pain during the liposuction portion of the SVF 

procedure.  Id.  Importantly, no severe infections, allergic reactions, pulmonary 

embolic, or deep vein thromboses were reported following the SVF procedures.   

24. Additional confirmation of safety with respect to autologous treatment 

with mesenchymal stem cell transplants, including those used in the performance 

of SVF surgical procedures, is evidenced in numerous publications throughout the 

scientific literature.  True and correct copies of these studies are attached hereto as 

Exhibit 6 (Chang H et al. Safety of adipose-derived stem cells and collagenase in 

fat tissue preparation. Aesthetic Plast Surg. 2013 Aug; 37(4):802-8); Exhibit 8 

(Michalek J et al. Autologous adipose tissue-derived stromal vascular fraction 

cells application in patients with osteoarthritis: a case control prospective multi-

centric non-randomized study. Glob Surg, 2017; 3(3): 1-9); Exhibit 9 (Guo J et al. 

Stromal vascular fraction: a regenerative reality? Part 2: mechanisms of 

regenerative action. J Plast Reconstr Aesthet Surg. 2016; 69(2):180-188); Exhibit 

10 (Nguyen A, Guo J, Banyard DA, et al. Stromal vascular fraction: a 

regenerative reality? Part 1: current concepts and review of the literature. J Plast 

Reconstr Aesthet Surg. 2016; 69(2):170-179); Exhibit 11 (Benoit E, O’Donnell 

TF, Patel AN. Safety and efficacy of autologous cell therapy in critical limb 

ischemia: a systematic review. Cell Transplant. 2013; 22(3):545-562); Exhibit 12 

(Ma XR et al. Transplantation of autologous mesenchymal stem cells for end-stage 

liver cirrhosis: a meta-analysis based on seven controlled trials. Gastroenterol Res 
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Pract. 2015); Exhibit 13 (Sun X, Ying J, Wang Y, et al. Meta-analysis on 

autologous stem cell transplantation in the treatment of limb ischemic. Int J Clin 

Exp Med. 2015; 8(6):8740-8748); Exhibit 14 (Van Pham P. Clinical trials for 

stem cell transplantation: when are they needed? Stem Cell Res Ther. 2016;7:6; 

autologous bone marrow-derived stem cell transplantation in patients with type 2 

diabetes mellitus: a randomized placebo-controlled study. Cell Transplant. 

2014;23(9):1075-1085); Exhibit 15 (Kilinc OM et al. The ratio of ADSCs to HSC-

progenitors in adipose tissue derived SVF may provide the key to predict the 

outcome of stem-cell therapy, Clin Trans Med. 2018; 7:5). 

25. The operating rooms in which Dr. Berman and I perform the SVF 

procedure comply with all health and safety standards established by the California 

State Medical Board for out-patient surgical procedures. 

26. The Government’s Motion for Summary Judgment flaunts the fact 

that four adverse events were reported in connection with Defendants’ SVF 

procedure.  First, adverse events are self-reported, meaning that anyone can report 

an adverse event, whether or not there is any medical or scientific basis for the 

complaint.  Just because an adverse event is reported does not establish that the 

cause of the adverse event was the SVF procedure.  In fact, none of the adverse 

events relied upon by the government are likely to have been caused by the SVF 

procedure. 

27. Second, the government obtained these adverse events because we 

disclosed them during the FDA’s July 2017 inspection. They were combined from 

a broad base collection of dozens of clinics and physician subinvestigators in CSN 

who had treated a pool of 7,200 patients who were under the IRB-approved study 

to investigate the SVF procedure.  More importantly, the IRB determined that the 

investigational procedures performed had no definitive link in one of the adverse 

event cases, and that the other three adverse events were not related at all to the 

SVF procedure.  See, e.g., Declaration of Karlton Watson, Attachment 43 at 1 
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(March 21, 2016 Adverse Event found unlikely related to SVF procedure), 

Attachment 53 at 1 (September 8, 2016 Adverse Event found possibly related to 

SVF procedure); Attachment 54 at 1 (April 16, 2019 Adverse Event found unlikely 

related to SVF procedure). 

28. Similarly, the Government has presented no evidence demonstrating 

that the alleged February 6, 2017 Adverse Event was linked to the safety of SVF.  

Watson Decl., Attachment 51.  More importantly, the patient’s medical records 

clearly reported that the patient fainted from hyperventilation but that the patient’s 

underlying serious medical condition (mitral valve reflux) significantly 

improved—most likely as a result of the SVF treatment.  Id. at 4. 

29. Beyond the SVF procedure at issue in this litigation, I am a board 

certified surgeon and perform, and have performed, countless surgeries over my 

career.  Additionally, my partner, co-Defendant Dr. Mark Berman, is also a board 

certified surgeon with a specialty in Ear, Nose and Throat and Cosmetic surgery.  

As part of my surgical practice, I have performed liposuction on individuals and, in 

the same surgical procedure, implanted that adipose tissue back into those same 

individuals.  I have personal knowledge that Dr. Berman has also performed 

similar surgical procedures, especially in connection with plastic surgery, where he 

has performed liposuction and, in the same surgical procedure, implanted that 

adipose tissue back into those same individuals.  This is a common surgical 

procedure that has never been regulated by the FDA as a drug. 

E. Cal. Stem Cell’s SVF/Vaccinia And Expanded Cell Procedures 

30. Defendants admittedly used to perform two other medical procedures 

involving stem cells, both of which are at issue in this litigation.  The first is a 

procedure referred to as SVF/Vaccinia, which involved a combination of stem cells 

and Vaccinia Vaccina, Live, known by its proprietary name ACAM2000.  The 

second procedure is the American Cryostem expanded cell therapy where an 

individual’s cells are cultivated in the American Cryostem lab before being 
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reintroduced into the same individual.  However, Defendants have not performed 

either of these procedures for years, and ceased performing these procedures well 

before the Government filed its Complaint in this action.  It is also important to 

note that both of these procedures were performed pursuant to approved 

investigational procedures by our IRB.   

31. The FDA conducted a “manufacturing facility” audit on CNS and Cal. 

Stem Cell in July 2017, without prior notice to Defendants.  As a result of that 

“manufacturing audit” on a medical office comprised of surgeons, the FDA issued 

a report identifying “manufacturing deficiencies.”  As part of this inspection, FDA 

raised concerns about the SVF/Vaccinia and expanded cell therapies, in addition to 

the regular SVF therapy squarely at issue in this litigation.  This FDA inspection 

was the first time FDA communicated any concern about the SVF/Vaccinia or 

American Cryostem’s expanded cell therapies.  While I disagreed with FDA’s 

conclusions regarding the SVF/Vaccinia and expanded cell therapies, I understood 

FDA’s position and stopped performing those procedures in December 2017.  

However, I maintained, and continue to maintain, that the regular SVF procedure is 

wholly appropriate and not within the purview of FDA authority. 

32. Despite CNS and Cal. Stem Cell’s secession of performing the 

SVF/Vaccinia and American Cryostem expanded cell therapies, FDA and the 

government still sued to enjoin us from performing those procedures.  To my 

knowledge, FDA did not issue a formal warning letter nor a cease and desist letter 

prior to initiating this action.  

33. As the Government’s own evidence acknowledges, supply of 

ACAM2000 is very limited and closely regulated by the federal government.  

When the FDA seized ACAM2000 supply owned by and located in San Diego 

laboratories of the corporate sponsor of the study on August 25, 2017, Defendants 

were unable to perform the SVF/Vaccinia procedure any longer.  Thus, Defendants 

could not have performed the SVF/Vaccinia procedure after August 25, 2017.  
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Xenofree Enzymatic Products for the Isolation of Human
Adipose-Derived Stromal/Stem Cells

Pedro P. Carvalho, PhD,1–3 Jeffrey M. Gimble, PhD,3 Isabel R. Dias, PhD,1,2,4

Manuela E. Gomes, PhD,1,2 and Rui L. Reis, PhD1,2

Human adipose-derived stromal/stem cells (ASCs) are an abundant, readily available population of adult stem
cells that reside in adipose tissue and that have a great potential utility for tissue engineering and regenerative
medicine therapeutic applications. Several preclinical studies have shown that ASCs have therapeutic applicability,
but a standardized isolation and expansion methodology for clinical cell therapy has yet to be established. ASC are
typically isolated and expanded using reagents with xenogenic components and this may pose certain risks and
safety issues, such as exposure to infectious agents and immune reactions, creating further obstacles to the
translation of ASC-based therapies to clinical scenarios. The objective of this study was to determine the suitability
and efficacy of various alternative enzymatic products, CLS1 (Worthington), CLSAFA (Worthington), NB4
(SERVA), and Liberase (Roche), for the digestion of adipose tissue and subsequent isolation of ASCs, assessing cell
functionality concerning their proliferation and differentiation ability. Results show that there are no statistically
significant differences on yield and proliferation of cells isolated after enzymatic digestion with any of the studied
products. The differentiation potential of the cells was not affected, and cell surface marker expression was similar
among all products. We concluded that clinical grade products can replace current research-grade products
effectively in our cell isolation protocols without any negative effect in the yield or function of human ASCs.

Introduction

Adipose-derived stromal/stem cells (ASCs) have
been applied preclinically in diverse fields due to their

abundance and therapeutic suitability, but standard isolation
and expansion methods have not yet been established for
obtaining clinical-grade cells. When compared with bone
marrow-derived mesenchymal stromal/stem cells that are
present at low frequency in the bone marrow, ASCs can be
retrieved in high numbers from either subcutaneous lipoas-
pirates or resected adipose tissue, and can be easily ex-
panded in vitro.1 Standard methodologies for isolation and
in vitro cultivation of ASCs utilize collagenase, fetal bovine
serum (FBS), trypsin, and other reagents such as serum al-
bumin and growth factors of animal origin. The use of ani-
mal-derived reagents in clinical cell therapies is suboptimal
because of safety issues. There have been reports of severe
anaphylaxis and immune reactions in patients transplanted
with human cells exposed to animal-derived reagents.2,3

Other possible risks include viral or bacterial infections,
prions, and as yet unidentified zoonoses.3,4

Different stem cell therapy studies using ASCs are under
way,5,6 which calls for a strong focus on the safety, repro-
ducibility, and quality of transplanted in vitro expanded
stem cells. By replacing collagenase and other animal-de-
rived products with animal protein-free reagents, the safety
and quality of the transplanted stem cells may be enhanced
significantly.7–9 Tissue dissociation enzymes are critical
reagents that affect the yield and quality of isolated cells
required for cell-based research and clinical transplantation.
Most published ASC isolation protocols employ collage-
nase, yet contradictory results regarding its use have been
reported.10–12 For some collagenase products, the enzy-
matic composition shows lot-to-lot variability that may
affect reproducibility.13–15 The current study set out to
compare the effect of different xenofree enzymatic alterna-
tives on human ASC with respect to cell proliferation
frequency, morphology, multilineage differentiation ca-
pacity,16,17 and surface marker expression profiles. To our
knowledge, this is among the first comprehensive com-
parisons on ASCs processed using different collagenase
products, and can be a helpful tool for the optimization and

13B’s Research Group—Biomaterials, Biodegradables and Biomimetics, Headquarters of the European Institute of Excellence on Tissue
Engineering and Regenerative Medicine, University of Minho, Avepark, Guimarães, Portugal.

2ICVS/3B’s PT Government Associated Lab, Braga/Guimarães, Portugal.
3Stem Cell Biology Laboratory, Pennington Biomedical Research Center, Louisiana State University System, Baton Rouge, Louisiana.
4Department of Veterinary Sciences, School of Agrarian and Veterinary Sciences, University of Trás-os-Montes e Alto Douro, Vila Real,

Portugal.
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standardization of ASC-based research among different
research centers.

Material and Methods

Donor demographics

Adipose tissue specimens were obtained with informed
consent from women undergoing elective liposuction (n = 5),
under a previously established protocol with Hospital da
Prelada, Porto, Portugal. The age range was 33–57 years
(mean 42.6 – 9.4) and body–mass index (weight in kg/height
in m2) 21.9–36.6 (mean 29.2 – 6.7).

The enzymatic products that were used in this study were
the following:

Collagenase, Type 1 (CLS1): This is a crude collagenase
product that contains average amounts of assayed activities
(collagenase, caseinase, clostripain, and tryptic activities).
Being a research-grade product, it may contain animal-based
components (Worthington Biochemical Corporation; Cat.
No. LS004194)

Collagenase (Animal Origin Free)-A (AFA): This product
is prepared in cultures grown in a medium completely de-
void of animal-based components and designed for biopro-
cessing applications where introduction of animal-derived
pathogens must be prevented (Worthington Biochemical
Corporation; Cat. No. LS004152).

Collagenase NB 4 Standard Grade (NB4): Purified blend of
a balanced ratio of crude collagenase and other proteases. NB 4
Standard Grade is used in routine research protocols and is usu-
ally used to estimate efficacy of clinical-grade good manufactur-
ing process (GMP) products that have similar enzymatic
composition and properties, but are usually more expensive,
such as Collagenase NB 6 GMP Grade (SERVA Electrophoresis
GmbH; NB 4 Cat. No. 17454; NB 6 Cat. No. 17458).

Liberase TM (Liberase): Xenofree white lyophilisates con-
sisting of aseptically filled, highly purified collagenase and
neutral protease enzymes (isoforms I and II), and a small
quantity of buffer salts (Roche Applied Science; Cat. No.
05401119001).

All samples of the enzymatic products were kindly pro-
vided by Worthington, SERVA, and Roche.

ASCs isolation and culture

ASCs were isolated from human subcutaneous adipose
lipoaspirate according to the published methods with some
minor modifications.18 Lipoaspirate tissues were harvested
by tumescent liposuction without ultrasonography assis-
tance from the abdominal region of subjects undergoing
elective plastic surgery at the Hospital of Prelada (Porto,
Portugal). All protocols were conducted with informed pa-
tient consent under a protocol approved and supervised by
the Hospital Ethics Committee.

The tissue samples were transferred to the research labo-
ratory within a closed plastic container maintained at room
temperature in phosphate-buffered saline (PBS) with 10%
antibiotic/antimycotic and processed within 4 h after the
surgical procedure that has been demonstrated to be within
the optimal window of time.19 The lipoaspirate tissue was
extensively washed with PBS at 37�C to remove erythrocytes
and then digested in PBS supplemented with the enzymatic
product. The same volume of each collagenase was prepared

to a final concentration of 0.2 Wünsch units (or 200 CDU) per
milliliter of solution, according to the manufacturer’s indi-
cations. Solutions of the enzymatic products selected for this
study (described below) were used to digest equal volumes
of lipoaspirate for 1 h at 37�C with gentle agitation. After
room temperature centrifugation at 300 g for 5 min and re-
suspension in a stromal medium (DMEM/Hams F-12 me-
dium [Hyclone] supplemented with 10% FBS [Gibco,
Invitrogen] and 1% antibiotic/antimycotic), the stromal vas-
cular fraction (SVF) cell pellet was plated at a density equiv-
alent to 35 mL of lipoaspirate digest per T-175 flask (0.2 mL/
cm2). In parallel, 10 mL of SVF was filtered (40mm), and total
nucleated cell counts were determined using a hematocyt-
ometer; all cell counts were performed uniformly by a single
individual to avoid any variability in this parameter (P.P.C.).

After 24 h of incubation at 37�C, 5% CO2, the adherent
cells were washed with PBS at 37�C and maintained in a
stromal medium until 80%–90% confluence. This procedure
was repeated for a total of five donors. Since the objective of
this study was to evaluate cell recovery and behavior as a
function of enzymatic digestion with each product, each
tissue served as its own control, reducing the influence of the
donor-to-donor variability.

Flow cytometry

After the isolation procedure and subsequent 7 days in
culture (confluence *90%), cells were harvested using TrypLE
Express without phenol red (Invitrogen),20 washed with PBS
three times, and aliquots of 150 · 103 cells were incubated with
monoclonal antibodies directed against cluster-of-differentia-
tion (CD)29 (eBioscience Cat. No. 14029982), CD 31 (Citomed
Red Cat. No. FAB3567A), CD34 (BD Biosciences Cat. No.
555822), CD44 (BD Cat. No. 555479), CD45 (BD Cat. No.
555482), CD49f (eBioscience Cat. No. 17-0495-82), CD73 (BD
Biosciences Cat. No. 550257), CD90 (BD Biosciences Cat. No.
559869), CD105 (eBioscience Cat. No. 16-1057-82), and CD146
(eBioscience Cat. No. 11-1469-42) for 20 min in the dark before
being washed with PBS supplemented with 1% bovine serum
albumin three times and fixed in 1% formaldehyde overnight
at 4�C.21–23 For each sample, 20 · 103 events were collected on a
Becton Dickinson FACScalibur flow cytometer using CELL-
Quest acquisition software (Becton Dickinson) and analyzed
using CELLQuest software (Becton Dickinson). This antibody
panel was selected, in part, based on the International Society
for Cell Therapy (ISCT) position article on the criteria for de-
fining mesenchymal stem cells/multipotent stromal cells.24

Differentiation potential

Adipogenic differentiation. Confluent cultures of ASCs
(P1) were induced with an adipogenic differentiation medium
(DMEM/Hams F-12, 3% FBS, 1% antibiotic/antimycotic,
0.5 mM isobutylmethylxanthine, 33 mM biotin, 17 mM panto-
thenate, 5mM troglitazone [Sigma], 1 mM dexamethasone, and
10 mM insulin) for 3 days before being converted to an adi-
pocyte maintenance medium (identical to the adipogenic dif-
ferentiation medium without isobutylmethylxanthine and
troglitazone).18,25 Cells were maintained for 9 days before
fixation and Oil-red-O staining.

Osteogenic differentiation. Other confluent cultures of
ASCs were converted to an osteogenic medium (DMEM/
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Hams F-12 or DMEM, 10% FBS, 1% antibiotic/antimycotic,
10 mM b-glycerophosphate, 50mg/mL sodium 2-phosphate
ascorbate, and 10 - 8 M dexamethasone) and maintained in
culture for 12 days with medium changes every third day.
These cultures were rinsed three times with 150 mM NaCl,
fixed in 70% ethanol, and stained with alizarin red.26

Chondrogenic differentiation. For chondrogenic differ-
entiation, 5 · 105 ASCs (P1) were resuspended in a chon-
drogenic medium and centrifuged at 800 G for 5 min, to
obtain cell pellets. Pellets were cultured in the same medium
for 21 days at 37�C and 5 % CO2, in 15-mL falcon tubes, with
medium changes twice a week. The chondrogenic medium
was composed of DMEM high-glucose, sodium bicarbonate,
1% antibiotic/antimycotic, 0.17 mM ascorbic acid, 10 ng/mL
human transforming growth factor-beta 3, 10% insulin–
transferrin–selenium, 35 mM l-proline, and 0.1 M sodium
pyruvate. After fixation with formalin for 30 min, the pellets of
ASCs were kept in PBS at 4�C until being embedded in par-
affin and sliced for histological staining with hematoxylin–
eosin, Safranin O, and Alcian Blue/Neutral Red.

Statistical methods

Values are presented as the mean – standard deviation.
Data were analyzed for normality using the Shapiro–Wilk
test. Results were analyzed by, and Bonferroni post-test
evaluated significance.

Results

Cell yield and viability

Our first assessment compared the yield and viability
of total nucleated cells recovered from the SVF and human
ASC cultured for 7 days, until reaching 80%–90% confluence,
after enzymatic digestion of lipoaspirate samples with each
collagenase product (total of five donors). The number
of recovered cells and their viability were not signifi-
cantly different among any of the products (Fig. 1A, B).
Concurrently, the cell morphology was observed by light
microscopic examination (Fig. 1C). No morphologic differ-
ences were found in cells processed with different collage-
nase products throughout the entire culturing time.

FIG. 1. (A, B) Chart representation of the total number of cells recovered from stromal vascular fraction (SVF) and cultured
adipose-derived stromal/stem cells (ASCs). Total of five donors (n = 5); values presented as mean – standard deviation (error bars);
no significant difference among any of the collagenase products ( p < 0.05). Y-axis—total cells harvested per 35 mL of lipoaspirate. On
the left, total number of nucleated cells recovered immediately after digestion with each enzymatic product; on the right, total
number of ASCs recovered after 7 days in culture (80%–90% confluence). (C) ASC morphology. Light microscopy photographs of
ASCs at passage 0, after 3 days in culture. From left to right and up to down, cells obtained upon adipose tissue digestion with CLS1,
AFA, NB4, and Liberase (representative of one donor). White scale bar represents 100mm. CLS1, collagenase, type 1; AFA, animal
origin free-A; NB4, NB 4 standard grade. Color images available online at www.liebertpub.com/tec
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Immunophenotype

Next, studies evaluated the immunophenotype of ASCs
cultured after being processed with each of the collage-
nase products. A subset of well-characterized human ASC cell
surface markers (Fig. 2) was examined by flow cytome-
try.21,23,27 Consistent with previously published results,23 the
human ASCs displayed strong positivity for adhesion markers
CD29 (b1 integrin), CD105 (endoglin), CD73 (5¢ecto-nucleo-
tidase), and the extracellular matrix protein CD90 (Thy-1).
More important, we could not find any significant difference
in the expression of any of the analyzed markers among cul-
tured ASCs independent of the collagenase products used for
the initial tissue digestion.

Differentiation potential

We evaluated the differentiation potential of ASC isolated
by tissue digestion with each collagenase product, by staining
with Oil Red O (adipogenic), Alizarin Red (osteogenic), Sa-
franin O, and Alcian Blue/Neutral Red (chondrogenic). None
of the enzymatic products used had any effect on the ability of
ASC to differentiate along the adipocyte, osteoblast, or chon-
droblast lineage pathways (Fig. 3). All observations, both
microscopic and macroscopic, were conducted by the same
person (PPC) to minimize the variability in the analysis.

Discussion and Conclusion

To use adult stromal/stem cells in human subjects for regen-
erative medicine therapies, we need to take into consideration
several criteria, namely the safety, efficacy, reproducibility, and
quality control. Consequently, clinical cell-based therapies that
employ xenogenic reagents may prove to be an unsuitable option
with respect to patient safety and represent a high risk of infection
and severe immune reactions in the patient.

The results obtained from the present study indicate that
human lipoaspirate tissue samples can be successfully pro-
cessed using different enzymatic products, without substan-
tial differences in the yield of both SVF cells and ASCs. The
total number of recovered cells and their viability were not
significantly different among the different products used to
digest adipose tissue samples. Although a culture medium
containing FBS was used to conduct this study, previous
work28 reported comparable results when using serum-free
and xenofree culturing conditions. Therefore, we believe that
the FBS-containing medium had no effect on ASC behavior
after the isolation process. Furthermore, the assessment of the
total nucleated cells present in the SVF established the efficacy
of the enzymatic products used to digest lipoaspirate samples.

Realizing that any of the products was equally effective
retrieving ASCs from lipoaspirate samples, we needed to

FIG. 2. Immunophenotype by flow cytometry analysis. Top panel (A) representative histograms of one donor for the CLS1
product. Low-panel (B) chart with selected panel of cell surface markers; no significant difference across any of the colla-
genase products ( p < 0.05); values presented as mean – standard deviation (error bars); a total of five samples was analyzed
(n = 5 donors).
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evaluate if cells would be altered by any of these products
and the enzymatic digestion process itself. Flow cytometry
assessed the immunophenotype of ASC obtained with the
different enzymatic products, through a panel of cell surface
markers. The human ASC displayed strong positivity for the
stromal markers CD29 (b1 integrin), CD73 (5¢ ectonucleoti-
dase), CD90 (Thy-1), and CD105 (endoglin) when processed
with any of the enzymatic products. Moderate expression of
CD 44, CD49f, and the hematopoietic progenitor cell marker
CD34 was found in all ASCs. Consistently with published
reports,23 low expression of CD31, CD 45, and CD146 was
found. The results were consistently similar among all
products.

Further experiments were carried out for evaluation of the
differentiation potential of ASCs obtained upon tissue di-
gestion with each product being assessed, by staining with
Oil Red O (adipogenic), Alizarin Red (osteogenic), and Al-
cian Blue/Neutral Red and Safranin O (chondrogenic). The
product used had no effect on the ability of ASCs to differ-
entiate along any of the different lineage pathways analyzed.

Extensive characterization of stem cells is essential before
their clinical use, as different culture conditions may change

the characteristics of the cells. The results obtained under the
present study show that ASCs isolated after enzymatic di-
gestion using different collagenase products display similar
phenotypes based on their differentiation ability and surface
marker expression, in conformity with previously published
reports.21,29

These results show that highly purified and nonanimal
sources of collagenase suitable for Current Good Manu-
facturing Process (cGMP) perform as effectively as our
routine laboratory research-grade products. Thus, these
clinical-grade reagents can be substituted into existing
protocols without loss of yield or function of human ASCs
during isolation from adipose tissue samples. Furthermore,
a more intensive production of these products due to their
generalized use would provide more suitable cost-effective
alternatives for stem cell research laboratories. To use ad-
herent human stromal/stem cells clinically, it will be ad-
vantageous to eliminate all potential sources of
xenoprotein contamination. These studies will have rele-
vance for optimizing cGMP methods as the use of human
ASC in tissue engineering and regenerative medicine
grows.

FIG. 3. Light microscopy photographs of ASCs induced to differentiate into different lineages. (A) pellets cultured for 21
days in a chondrogenic medium, stained with Alcian Blue and counterstained with Neutral Red; insets show higher mag-
nification (scale bar represents 30 mm). (B) same ASC pellets stained with Safranin O (upper right corner showing higher
magnification [white scale bar represents 30mm]). Adipogenic differentiation is evidenced by Oil-Red-O staining. Osteogenic
differentiation is evidenced by Alizarin Red staining. Color images available online at www.liebertpub.com/tec
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HEMATOPOIESIS

Suspended cells from trabecular bone by collagenase digestion become virtually
identical to mesenchymal stem cells obtained from marrow aspirates
Yusuke Sakaguchi, Ichiro Sekiya, Kazuyoshi Yagishita, Shizuko Ichinose, Kenichi Shinomiya, and Takeshi Muneta

Several reports describe that the explant
culture of the trabecular bone after collage-
nase treatment produces mesenchymal
stem cells (MSCs). However, the suspended
cells had not been intensively examined
concerning MSCs. We hypothesized that
the cells would acquire the properties of
MSCs during their expansion and therefore
compared them with marrow aspirate–
derived MSCs. Human trabecular bones
were washed, digested, filtered, and ex-
panded clonally for 14 days. Their prolifera-
tion ability (n � 9) and differentiation poten-

tials for chondrocyte, adipocyte, and
osteoblast (n � 6) were similar with those of
marrow aspirate–derived MSCs. Epitope and
mRNA analysis revealed some differences
in both types of cells, which disappeared
with expansion and subcultivation. A mixed
population of collagenase-released (CR)
cells had similar differentiation potentials
with CR clone, CD31� fraction, and osteo-
blastic cells. For quantitative study, tra-
becular bone and bone marrow were har-
vested by single aspiration using a biopsy
needle (n � 16). Although the total nucle-

ated cell number harvested was similar, the
colony-forming efficiency of CR cells was
approximately 100-fold higher than that of
BM cells and more than 1 million CR cells
could be obtained in 14 days from all do-
nors. Enzymatically released cells from tra-
becular bone became virtually identical to
marrowaspirate–derivedMSCs,demonstrat-
ing that a trabecular bone fragment can be
an alternative source of MSCs. (Blood. 2004;
104:2728-2735)

© 2004 by The American Society of Hematology

Introduction

Human cells derived from trabecular bones have been used for
many years in the study of bone cell biology.1-5 Recently, Tuli et
al,6,7 Noth et al,8 and Sottile et al9 reported that human trabecular
bone is a good source of mesenchymal stem cells (MSCs) with the
characteristics of self-renewal and multilineage differentiation
potential. To isolate MSCs from trabecular bones, they digested
human trabecular bone with collagenase to release cells, referred to
as collagenase-released (CR) cells. Then, they did explant cultures
of the remaining bare bone fragments and harvested MSCs that
were derived from the trabecular bones. CR cells were first
mentioned by Robey and Termine as part of a study of osteoblast
metabolism in vitro.1 However, the CR cells were not examined
intensively because the CR cell cultures showed a high level of
type III collagen, which the researchers simply regarded as
fibroblastic contamination.1 Also, Noth et al described contamina-
tion by foreign marrow cells, especially fibroblasts, often predomi-
nated in the CR cell cultures.8 Furthermore, collagenase pretreat-
ment followed by extensive washing resulted in trabecular bone
fragments completely devoid of surface-adherent cells, with all
soft-tissue elements removed.8 Therefore, until now the CR cells
have been thought to be a poor source of MSCs.

A large body of literature has developed on MSCs derived from
bone marrow aspirate,10 referred to as bone marrow (BM) cells
here. Bone marrow is the tissue filling the space between vascular
sinuses and bone surfaces in the pores of cancellous bone. The cells

are contained within a meshwork of cell surfaces provided by
stromal cells or soft connective tissues. This tissue includes an
outer capsule of bone lining cells consisting of osteoblasts and
preosteoblasts. Endothelial cells line the inner surfaces of the
vascular sinuses, and on the abluminal side there is a thick
adventitial cell layer, which contains mainly reticular, adipocytic,
and smooth muscle cells.11 No specific antigens have been de-
scribed that associate the developmental potential of MSCs with a
specific phenotypic trait. Therefore, it is not possible at this time to
determine the anatomic location of MSCs within bone marrow.
Several laboratories have isolated monoclonal antibodies, includ-
ing Stro-112 and SB-10,13 that are immunoreactive against stromal
cells cultured in vitro. Recently, Stro-1 was shown to bind to the
endothelial cells in a variety of tissues.14 SB-10 was also reported
to correspond to activated leukocyte cell adhesion molecule
(ALCAM),15 which is expressed on endothelial cells as well as
mesenchymal stem cells.16 This suggests that the medullary
vascular network represents the closest in vivo approximation to
the MSCs.17 We hypothesized that CR cells contained the cells
derived from the medullary vascular network. Furthermore, the CR
cells contain bone lining cells and adipocytes, which are other
origins of MSCs.

In this pioneer study, we have quantitatively compared proper-
ties of the cells released from the trabecular bone by collagenase
treatment to the bone marrow stromal cells obtained from marrow
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aspirates. The 2 populations of cells were found to be virtually
identical, except initially for the expression of 2 surface markers,
which may indicate the presence of endothelial and bone lining
cells in the CR population. Contrary to previous reports, obtaining
CR cells is a simple and high-yield procedure for isolating primary
mesenchymal progenitor cells from a small piece of trabecular bone.

Materials and methods

Trabecular bone fragments and bone marrow aspirates

Both human trabecular bones and bone marrow aspirates were harvested
under spinal anesthesia during the knee operations of 15 donors: 8 young
patients (23 � 6 years of age) with anterior cruciate ligament (ACL) injury
and 5 elderly patients (71 � 8 years of age) with osteoarthritis. Young
patients underwent ACL reconstructions, and the elderly patients had total
knee arthroplasties. In the young patients, trabecular bone fragments were
obtained with a curet from the tibia from the new route for the reconstructed
ligament. In the elderly patients, trabecular bone fragments were curettaged
at the resected proximal tibia and collected. Bone marrow was obtained
from the tibia by only one aspiration with an 18-guage needle fastened to a
20-mL syringe.

In addition, both human trabecular bones and bone marrow aspirates
were harvested from the tibia by single aspiration using Jamshidi Bone
Marrow Biopsy/Aspiration Needle (Allegiance Healthcare, McGaw Park,
IL) during the knee operations of 16 donors, 8 young patients (23 � 3 years
of age) and 8 elderly patients (72 � 8 years of age). The study was
approved by an institutional review board of Tokyo Medical and Dental
University, and informed consent was obtained from all study subjects.

Isolation and cultures of CR cells and BM cells

Trabecular bone fragments were weighed and washed thoroughly with
phosphate-buffered saline (PBS) to remove hematopoietic cells. The
fragments were then digested in a collagenase solution (3 mg/mL collage-
nase D [Roche Diagnostics, Mannheim, Germany] in � modified essential
medium [�MEM, Invitrogen, Carlsbad, CA]) at 37°C. After 3 hours,
digested cells (CR cells) were filtered through a 70-�m nylon filter (Becton
Dickinson, Franklin Lakes, NJ). The digested cells were plated in a culture
dish (Nalge Nunc International, Rochester, NY) in complete culture
medium: �MEM containing 20% fetal bovine serum (FBS; Invitrogen; lot
selected for rapid growth of MSCs), 100 units/mL penicillin (Invitrogen),
100 �g/mL streptomycin (Invitrogen), and 250 ng/mL amphotericin B
(Invitrogen). Also, 100 �L bone marrow aspirate was plated in a culture
dish in complete culture medium. Both cells were incubated at 37°C with
5% humidified CO2. After 24 hours, the adherent cells were further washed
with PBS, and complete culture medium was added every 3 or 4 days. After
14 days of initial plating, the cells were harvested with 0.25% trypsin and 1
mM EDTA (ethylenediaminetetraacetic acid; Invitrogen) for 5 minutes at
37°C (Passage 0), counted with a hemocytometer, and replated at 50
cells/cm2 in a 145-cm2 culture dish. After an additional 14 days of growth,
the cells were harvested and counted on a hemocytometer to determine the
fold increase at Passage 1. To cryopreserve the cells, they were resuspended
at a concentration of 1 � 106 cells per milliliter in �MEM with 5%
dimethylsulfoxide (Wako, Osaka, Japan) and 20% FBS (Passage 1 cells).
Aliquots of 1 mL were slowly frozen and cryopreserved in liquid nitrogen
(Passage 1). To expand the cells, a frozen vial of the cells was thawed,
plated in a 60-cm2 culture dish, and incubated for 4 days in the recovery
plate. These cells (Passage 2) were used for other experiments.

Osteoblastic cells were harvested from an explant culture of the
remaining bone fragments after collagenase digestion according to method
used by Robey18 (also Robey and Termine1).

CR cells and BM cells were collected with a biopsy needle; 103, 104,
and 105 nucleated cells were plated in 6 dishes of 60-cm2 and cultured for
14 days as a primary culture. After each of the 3 dishes was stained with
0.5% Crystal Violet (Wako, Osaka, Japan), optimal initial cell densities
were decided on the grounds that colony size was not affected by contact

inhibition and that a greater number of colonies were obtained. Then, we
harvested the cells plated at optimal densities from the remaining 3 dishes,
counted the number of cells, and calculated the total yield.

To isolate nucleated cells from bone marrow, 4 mL Ficoll-Paque PLUS
(Amersham Biosciences, Uppsala, Sweden) was layered beneath 8 mL bone
marrow diluted with Hanks balanced salt solution (HBSS; Invitrogen) and
centrifuged at 400g for 10 minutes at room temperature. The mononuclear
cell layer was transferred from the interface and washed with HBSS.

The photographs in Figures 1A, 4A, and 5A were taken using a Nikon
Coolpix 4500 digital camera (Nikon, Tokyo, Japan) and Nikon View 5
software. Histological sections were visualized using an Olympus IX71
microscope (Olympus, Tokyo, Japan) and PIXERA Viewfinder 3.0 software.

Assay of colony-forming unit assay

The CR cells and BM cells at Passage 1 were plated at 100 cells per 60-cm2

dish, incubated for 14 days, and stained with 0.5% Crystal Violet in
methanol for 5 minutes. The cells were washed twice with distilled water,
and the number of colonies per dish was counted. Colonies less than 2 mm
in diameter and faintly stained colonies were ignored.

Epitope profile

The CR cells and BM cells at Passage 0 were harvested 14 days after
plating. One million cells were resuspended in 200 �L PBS containing 20
�g/mL antibody. After incubation for 30 minutes at 4°C, the cells were
washed with PBS and resuspended in 1 mL PBS for fluorescent-activated
cell sorter (FACS) analysis. Fluorescein isothiocyanate (FITC)– or phyco-
erythrin (PE)–coupled antibodies against CD34, CD45, CD 90, CD147, and
anti–nerve growth factor receptor antibody (NGFR) were from Becton
Dickinson; CD31, CD44, CD54, CD106, and CD117 were from eBio-
science (San Diego, CA); CD105 and CD166 were from Ancell (Bayport,
MN); Flk-1 (vascular endothelial growth factor [VEGF] receptor 2) was
from Genzyme-Techne (Minneapolis, MN); and CD10 was from DakoCy-
tomation (Copenhagen, Denmark). For isotype control, FITC- or PE-
coupled nonspecific mouse immunoglobulin G (IgG; Becton Dickinson)
was substituted for the primary antibody. Cell fluorescence was evaluated
by flow cytometry using a FACSCalibur instrument (Becton Dickinson).
The CD31� fraction was sorted by FACSVantage (Becton Dickinson). The
data were analyzed using CellQuest software (Becton Dickinson). Positive
expression was defined as the level of fluorescence more than 99% of the
corresponding isotype-matched control antibodies.

In vitro chondrogenesis

Cells (200 000) were placed in a 15-mL polypropylene tube (Becton
Dickinson) and centrifuged at 450g for 10 minutes. The pellet was cultured
at 37°C with 5% CO2 in 400 �L chondrogenic media that contained 500
ng/mL bone morphogenetic protein-2 (BMP-2; R&D Systems, Minneapo-
lis, MN) in high-glucose Dulbecco modified Eagle medium (Invitrogen)
supplemented with 10 ng/mL transforming growth factor-�3 (TGF-�3),
10�7 M dexamethasone (Sigma-Aldrich, St Louis, MO), 50 �g/mL
ascorbate-2-phosphate, 40 �g/mL proline, 100 �g/mL pyruvate, and 50
mg/mL ITS � Premix (Becton Dickinson; 6.25 �g/mL insulin, 6.25 �g/mL
transferrin, 6.25 ng/mL selenious acid, 1.25 mg/mL bovine serum albumin
[BSA], and 5.35 mg/mL linoleic acid). The medium was replaced every 3 to
4 days for 21 days.19 For microscopy, the pellets were embedded in paraffin,
cut into 5-�m sections, and stained with Toluidine Blue. For type II
collagen detection, sections were predigested with proteinase K enzyme for
15 minutes. Then, sections were incubated with primary antibodies: mouse
monoclonal antibody to human type II collagen (Daiichi Fine Chemical,
Toyama, Japan) for one hour at room temperature. Sections were incubated
for 30 minutes with biotinylated secondary antibodies. Immunostaining
was detected by Vector ABC kit horse anti–mouse IgG (H�L) (Vector
Laboratories, Burlingame, CA). Counterstaining was performed with
Mayer-hematoxylin.

Adipogenesis in a colony-forming assay

CR cells or BM cells (100) were plated in 60-cm2 dishes and cultured in
complete medium for 14 days. The medium was then switched to

MESENCHYMAL STEM CELLS FROM HUMAN TRABECULAR BONE 2729BLOOD, 1 NOVEMBER 2004 � VOLUME 104, NUMBER 9

For personal use only.on January 31, 2019. by guest  www.bloodjournal.orgFrom 

28

Case 5:18-cv-01005-JGB-KK   Document 59-2   Filed 08/09/19   Page 29 of 188   Page ID
 #:2506

http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


adipogenic medium that consisted of complete medium supplemented with
10�7 M dexamethasone, 0.5 mM isobutylmethylxanthine (Sigma-Aldrich),
and 50 �M indomethacin (Wako) for an additional 21 days. The adipogenic
cultures were fixed in 4% paraformaldehyde, stained with fresh Oil Red-O
(Sigma-Aldrich) solution, and the number of Oil Red-O–positive colonies
was counted. Colonies less than 2 mm in diameter or faint colonies were
ignored. The same adipogenic cultures were subsequently stained with
Crystal Violet, and the total number of cell colonies were counted.20

Calcification in a colony-forming assay

CR cells and BM cells (100) were plated in 60-cm2 dishes and cultured in
complete media for 14 days. The medium was switched to calcification
medium that consisted of complete medium supplemented with 10�9 M
dexamethasone (Sigma-Aldrich), 20 mM �-glycerol phosphate (Wako),
and 50 �g/mL ascorbate-2-phosphate for additional 21 days. These dishes
were stained with fresh Alizarin Red solution (Sigma-Aldrich), and the
number of Alizarin Red–positive colonies was counted. Colonies less than 2
mm in diameter or faint colonies were ignored. The same calcification
cultures were subsequently stained with Crystal Violet, and the total number
of cell colonies were counted.

RNA collection

Total RNA was prepared from 40 million CR cells just after collagenase
digestion, or 1 million CR cells and BM cells 14 days after plating Passage
0, by extraction using the RNAqueous Kit (Ambion, Austin, TX).

Reverse transcription–polymerase chain reaction
(RT-PCR) analysis

RNA was converted to cDNA and amplified by the Titan One Tube RT-PCR
System (Roche Diagnostics, Mannheim, Germany) according to the
manufacturer’s recommendations. RT was performed by a 30-minute
incubation at 50°C, followed by a 2-minute incubation at 94°C to inactivate
the RT. PCR amplification of the resulting cDNAs was performed under the
following conditions: 35 cycles of 94°C for 30 seconds, 58°C for 45
seconds, and 68°C for 45 seconds, in which the 68°C step was increased by
5 seconds every cycle after 10 cycles. The reaction products were resolved
by electrophoresis on a 1.5% agarose gel and visualized with ethidium
bromide. PCR primers are as follows: core binding factor alpha 1 (CBFA1,
forward), 5�-AGGCAGTTCCCAAGCATTTC-3� and CBFA1 (reverse),
5�-GGTCGCCAAACAGATTCATC-3� (440 bp); Osterix (forward), 5�-
TGCAGCAAATTTGGTGGCTC-3� and Osterix (reverse), 5�-AGCAAAGT-
CAGATGGGTAGG-3� (540 bp); peroxisome proliferator-activated recep-
tor–	 (PPAR	, forward) 5�-AAGACCACTCCCACTCCTTTG-3� and
PPAR	 (reverse), 5�-GTCAGCGGACTCTGGATTCA-3� (554 bp); fatty
acid binding protein 4 (FABP4, forward), 5�-ATGCTTTTGTAGGTAC-
CTGG-3� and FABP4 (reverse), 5�-CTCTCTCATAAACTCTCGTG-3�
(387 bp); CD63 (forward), 5�-TTGCTCTACGTCCTCCTGCT-3� and CD63
(reverse), 5�-GTTCTTCGACATGGAAGGGA-3� (453 bp); CD71 (for-
ward), 5�-TGGCAGTTCAGAATGATGGA-3� and CD71 (reverse), 5�-
TTGATGGTGCTGGTGAAGTC-3� (446 bp); CD73 (forward), 5�-
CTGGGAGCTTACGATTTTGC-3� and CD73 (reverse), 5�-TCCCA-
CAACTTCATCACCAA-3� (439 bp); CD146 (forward), 5�-AAGCGGA-
CGCTCATCTTC-3� and CD146 (reverse), 5�-TCTTTAACCAGCTGTGC-
CTT-3� (475 bp); alkaline phosphatase (forward), 5�-CTAACTCCTT-
AGTGCCAGAG-3� and alkaline phosphatase (reverse), 5�-TCGGT-
TTGAAGCTCTTCCAG-3�(741 bp); bone sialoprotein (forward),
5�-CAGTAGTGACTCATCCGAAG-3� and bone sialoprotein (reverse),
5�-GGAGAGGTTGTTGTCTTCGA-3� (507 bp); osteocalcin (forward),
5�-ATGAGAGCCCTCACACTCCTC-3� and osteocalcin (reverse), 5�-
GCCGTAGAAGCGCCGATAGGC-3� (297 bp); and �-actin (forward),
5�-CCAAGGCCAACCGCGAGAAGATGAC-3� and �-actin (reverse),
5�-AGGGTACATGGTGGTGCCGCCAGAC-3� (587 bp).

Real-time PCR analysis

Quantitative PCRs were performed in a LightCycler instrument (Roche
Diagnostics, Basel, Switzerland). cDNA was synthesized from total RNA

using SuperScript III Reverse Transcriptase (Invitrogen) according to the
manufacturer’s protocol. cDNAs were mixed with LightCycler FastStart
DNA Master SYBR Green I and LightCycler Primer Set: CBFA1, PPAR-	,
and �-actin (Search-LC, Heidelberg, Germany). After an initial denatur-
ation step (95°C for 10 minutes), amplification was performed for 35 cycles
(95°C for 1 second, 56°C for 30 seconds, and 72°C for 30 seconds).

Alkaline phosphatase (ALP) activity

ALP activity was measured after 21 days of osteoblast differentiation. The
cells were harvested with lysis buffer (0.1 M Tris [tris(hydroxymethyl)ami-
nomethane]–HCl, 5 mM MgCl2, 2% Triton-X 100, and 1 mM phenylmeth-
ylsulfonyl fluoride [PMSF]) and sonicated. An aliquot (10 �L) of superna-
tant was added into 100 �L 50-mM p-nitrophenylphosphatase hexahydrate
containing 1 mM MgCl2, and the mixture was incubated at 37°C for 30
minutes. The absorption at 405 nm was measured with a spectrophotometer.
ALP activity represented millimoles (mM) of p-nitrophenol release after 30
minutes of incubation at 37°C.21

Statistical analysis

To assess differences, 2-factor analysis of variance (ANOVA) and Student t
test were used. A value of P 
 .05 was considered significant.

Results

Culture of CR cells and BM cells

Trabecular bone fragments obtained were red in color (Figure 1A,
left) due to the presence of hematopoietic cells, which were
observed around the trabecula (Figure 1B) and in the blood vessels
(Figure 1C). After washing thoroughly with PBS, the fragments
looked yellowish due to removal of the hematopoietic cells (Figure
1A, center). Bone lining cells (Figure 1D), endothelial cells (Figure
1E), and adipocytes (Figure 1F) still remained. After 3 hours of
collagenase digestion, the fragment looked whitish (Figure 1A,
right) due to the removal of soft tissue (Figure 1G).

CR cells and BM cells had a similar morphology and most of
the cells were spindle-shaped. However, polygonal-shaped cells

Figure 1. Human trabecular bone. (A) Trabecular bone fragment with hematopoi-
etic cells (left), after washing (center), and after collagenase digestion (right). Scale
bar � 1 mm (bottom). (B-G) Histology of trabecular bone. Each bone fragment was
embedded in Epon without decalcification and stained with 1% Toluidine Blue. (B-C)
Before washing. (D-F) After washing and before collagenase digestion. (G) After
collagenase digestion. Original magnification: (B) � 40, (C-G) � 100.
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were also observed in both the CR cell and BM cell cultures (data
not shown).

Characterization of CR cells and BM cells

We examined surface epitopes of the CR and BM cells 14 days
after primary culture. Of the 14 antibodies examined, both CR cells
and BM cells were negative for CD31, CD34, CD45, and CD117
(c-kit); showed low levels of CD10,22 Flk-1 (VEGF receptor 2),23

and NGFR23; and were positive for CD44,23,24 CD90 (Thy-1),16,22

CD105 (endogrin, SH2),24,25 CD147,23 and CD166 (ALCAM,
SB-10)16 (Table 1). Interestingly, CR cells at Passage 0 showed a
greater degree of staining for CD54 (intercellular adhesion mole-
cule [ICAM-1])16,24 and CD106 (vascular cell adhesion molecule 1
[VCAM-1])24,26 than BM cells. However, there were no significant
differences in the level of CD54 and CD106 expression between
the CR cells and the BM cells at Passage 1 (data not shown). Also,
there were no obvious differences of the cell surface antigens
examined between young and elderly donors.

To further define the characteristics of the CR cells, total RNA
was prepared from CR cells just after collagenase digestion, 14
days after plating Passage 0 cells, and from BM cells 14 days after
plating Passage 0 cells. Reverse-transcription–PCR demonstrated
that, in CR cells, the expression level of osteoblastic genes,
CBFA1, Osterix, adipogenic genes, PPAR	, and fatty acid binding
protein 4 (FABP4) decreased with culture and became similar to
the level observed in BM cells (Figure 2A). CBFA1 and PPAR	
expression levels were further confirmed by real-time PCR analysis
(Figure 2B-C). Contradictorily, reverse-transcriptase–PCR indi-
cated that the expression of CD63 (HOP-26),27 CD71,24 CD73
(SH3),28 and CD14629 increased with culture and became similar to
the expression seen in BM cells (Figure 2A).

Proliferative potential of CR cells and BM cells

At Passage 1, both CR cells and BM cells had similar proliferation
capabilities (Figure 3A). Interestingly, both CR cells and BM cells
in young donors proliferated at a greater rate than those in elderly
donors. Although some donor variation existed, there were no

significant differences seen in the colony-forming efficiencies of
CR cells and BM cells (Figure 3B). The difference of proliferation
ability between young and elderly donors was due to cell number
per colony in both CR cells and BM cells (Figure 3C).

Differentiation potential of CR cells and BM cells

To compare chondrogenic potential of CR cells and BM cells, the
cells were pelleted and incubated in chondrogenesis medium. After
21 days of culture, both cell pellets had a similar spherical and
glistening transparent appearance (Figure 4A). The development of
cartilage matrix from both CR cells and BM cells was shown by
staining the proteoglycans with Toluidine Blue (Figure 4B). Type II
collagen was detected in the matrix of both pellets for immunohis-
tochemical analysis (Figure 4C). The presence of a cartilage
extracellular matrix was analyzed by the weight of each pellet
(Figure 4D).

To determine the adipocyte differentiation potential, adipogen-
esis in a colony-forming assay was performed.30 The number of
colonies that accumulated lipids was evaluated 21 days after
adipogenesis induction. First, adipocyte colonies were stained with
Oil Red-O; then, the same dishes were stained with Crystal Violet
and the ratio of Oil Red-O–positive colonies to the total number of
colonies was calculated for each dish (Figure 5).

CR cells were cultured in calcification medium, and an increase
in alkaline phosphatase, bone sialoprotein, and osteocalcin expres-
sion was confirmed by reverse-transcription–PCR (Figure 6A).
Also, sufficient levels of alkaline phosphatase activity were
detected in both CR cells and BM cells cultured in calcification
medium (Figure 6B). Furthermore, the ratio of Alizarin-Red–
positive colonies to the total number of colonies was analyzed in a
method similar to the adipogenesis assay (Figure 6C).

Although there were differences in the differentiation potentials
in some donors, there were no significant differences between the
CR and BM cells for chondrogenesis (Figure 4D), adipogenesis

Figure 2. Gene expression profile of CR cells and BM cells. RNA was prepared
from CR cells just after collagenase digestion, 14 days after plating Passage 0 CR
cells, and 14 days after plating Passage 0 BM cells. (A) Reverse transcription–PCR
analysis. CBFA1 indicates core binding factor alpha 1; OSX, Osterix; PPAR	,
peroxisome proliferator activated receptor 	; and FABP4, fatty acid binding protein 4.
(B-C) Quantification analysis used by real-time PCR analysis for CBFA-1 (B) and
PPAR	 (C). �-actin was used as an internal control. The data are expressed as
mean � SD (n � 3). *P 
 .01; n.s. indicates not significant.

Table 1. Epitope profile of CR cells and BM cells

CR cells BM cells

CD10 21 � 23 9.9 � 10

CD31 0.8 � 0.5 0.6 � 0.3

CD34 0.6 � 0.2 0.4 � 0.5

CD44 93 � 5.4 74 � 30

CD45 0.6 � 0.4 0.7 � 0.5

CD54* 48 � 2.0 15 � 9.8

CD90 99 � 1.0 92 � 13

CD105 95 � 6.0 74 � 41

CD106* 50 � 21 15 � 3.9

CD117 0.8 � 0.1 0.7 � 0.3

CD147 99 � 1.0 95 � 6.7

CD166 74 � 32 68 � 45

Flk-1 1.3 � 0.4 1.2 � 0.4

NGFR 14 � 19 6.9 � 7.6

The CR cells and BM cells at Passage 0 were harvested 14 days after plating and
labeled with antibodies against human antigens CD10, CD31, CD34, CD44, CD45,
CD54 (ICAM-1), CD90 (Thy-1), CD105 (endogrin, SH2), CD117 (c-kit), CD147,
CD166 (ALCAM, SB-10), Flk-1 (VEGF receptor 2), and NGFR (nerve growth factor
receptor) and analyzed by flow cytometry. Positive expression was defined as the
level of fluorescence greater than 99% of the corresponding isotype-matched control
antibodies. All analyses were performed on 5 donors. Positive expression rates (%)
are displayed as mean � SD.

*CR cells had a higher expression than the BM cells for CD54 and CD106
(P 
 .05; 2-factor ANOVA).
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(Figure 5B), or osteogenesis (Figure 6C) by a 2-factor ANOVA.
Also, there were no significant differences between young and
elderly donors.

Progenitor assay

To convincingly show that CR cells come from an MSC progenitor,
we expanded CR and BM cells at Passage 0 clonally, and then
differentiated the offspring into adipocytes and osteoblasts without

replating. Oil Red-O– and Alizarin-Red–positive colony-forming
efficiency was 30% to 40% in both CR cells and BM cells and in
both young and elderly donors (Figure 7A-B).

Mixed and purified populations of CR cells

To compare CR cells to better defined populations, we prepared
clones and CD31� fractions of CR cells. Among 5 clones, 3 clones
had a proliferation potential of more than 30 doublings (Figure
8A). CD31� cells were expressed in 2.5 � 1.7% of CR cells just
after collagenase digestion. In addition, we prepared osteoblastic
cells to examine their function as MSCs. A mixed population of CR
cells had similar potentials for chondrocyte, adipocyte, and osteo-
blast differentiation with CR clone, CD31� fraction of CR cells,
and osteoblastic cells (Figure 8B-D).

Trabecular bone harvested with biopsy needle

In consideration of the clinical use of CR cells, trabecular bone was
harvested by single aspiration using a Jamshidi Bone Marrow
Biopsy/Aspiration Needle. Bone marrow was also collected by
single aspiration using the same biopsy needle. Nucleated cells
were plated as described in “Materials and methods” and expanded
for 14 days. Although the total nucleated cell number harvested
was almost similar in CR cells and BM cells, colony-forming
efficiency of CR cells was approximately 100-fold higher than that
of BM cells in both young and elderly donors (Table 2). We were
able to harvest 5.4 � 2.9 � 106 CR cells from young donors and
7.4 � 6.0 � 106 CR cells from elderly donors. Importantly, more
than 1 million CR cells could be obtained from all donors by single
aspiration using a biopsy needle (Figure 9).

Discussion

In this work, we have compared the properties of mesenchymal
progenitors in cultures derived from human bone marrow (BM
cells) and from a suspension of cells derived from the soft connective

Figure 3. Proliferative potential of CR cells and BM
cells. (A) CR cells and BM cells at Passage 1 from 13
donors were plated at 50 cells/cm2 and cultured for 14
days. Average fold increase (n � 3) was calculated and
plotted. (B-C) Passage 1 CR cells and BM cells from 6
young donors and 3 elderly donors were plated at 100
cells per 60-cm2 dish in 6 dishes and cultured for 14 days.
Then, 3 dishes from each donor were stained with Crystal
Violet to count colony number. (B) Colony-forming effi-
ciency is shown. (C) Total cell number was counted from
3 other dishes and cell number per colony was calcu-
lated. The data are expressed as mean � SD. *P 
 .01

Figure 4. Chondrogenic potential of CR and BM cells. Passage 2 cells were
plated at 50 cells/cm2, cultured for 14 days, and then harvested. The cells were
pelleted and cultured in chondrogenesis medium for 21 days. (A) Representative
macro picture. Scale bar � 1 mm. (B) Histology section stained with Toluidine Blue.
Original magnification, � 100. (C) Immunohistochemistry for type II collagen. Original
magnification: � 100 (B-C). (D) The cartilage pellets derived from CR cells and BM
cells collected from the 5 young and 3 elderly donors were weighed and the data
expressed as mean � SD (n � 3).

Figure 5. Adipogenic potential of CR cells and BM cells. Passage 2 cells collected
from 6 donors were plated at 100 cells per 60-cm2 dish and cultured for 14 days. The
cells were then incubated in adipogenic medium for an additional 21 days. (A)
Adipocyte colonies stained with Oil Red-O were shown as red colonies. The same
dishes were then stained with Crystal Violet and the total number of colonies was
determined. Representative pictures are shown. (B) The ratio of Oil Red-O–positive
colonies to the total number of colonies was calculated for each dish, and Oil
Red-O–positive colony efficiency is shown for young and elderly donors. The data are
expressed as mean � SD (n � 3).
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tissue and bone lining after collagenase treatment of trabecular bone
fragments (CR cells). Results revealed that the morphology, prolifera-
tion, expression of molecular differentiation markers, and differentiation
potential were very similar in both types of cells. There were, however,
some differences in the properties of BM and CR Passage 0 cells, which
tend to disappear with subcultivation.

Trabecular bone has been known as a source of primary
osteoblasts for years and there seem to be 2 techniques for isolation
performed as part of osteoblast research. In the first, the trabecular
bone fragments are digested by collagenase solutions, the superna-
tant fraction (CR cells) is removed, and the remaining bone
fragments are cultured.1,5,18 In the second protocol, the trabecular
bone fragments are incubated as explants without collagenase
digestion.2-4 We digested the trabecular bone fragments using
collagenase solutions, discarded the remaining bone fragments, and
cultured the supernatant fraction. Therefore, our preparation of CR
cells is different from conventional preparations of trabecular
bone–derived osteoblasts as explant culture.

Tuli et al6,7 and Noth et al8 reported that explant cultures of
collagenase-pretreated trabecular bone fragment, known as isola-
tion technique for osteoblasts,1,5,18 gave rise to multipotential
mesenchymal progenitor cells. They maintained explant cultures
for 28 days and harvested approximately 2 million cells per gram of
bone chips.7 Their cells reached 70% to 80% confluence, while our
cells were maintained for 14 days at clonal density when the cells
were harvested; therefore, the 2 methods cannot be strictly compared.
However, we harvested an average of 89 million cells from young and
103 million cells from elderly donors per gram of trabecular bone.
Furthermore, the CR cells could be proliferated more than 100-fold in
14 days. Therefore, this study introduces a higher-yield procedure for
isolating MSCs than the previous method.

Our study of PCR showed that the expression of osteoblast
phenotypic genes, CBFA1, Osterix, adipocyte phenotypic genes, PPAR	,
and FABP4 decreased during the expansion of the CR cells. On the
contrary, mRNA expression of possible stem cell–related markers

CD63, CD71, CD73, and CD146 increased during the expansion of CR
cells. These data suggest that osteoblasts and adipocytes are components
of CR cells just after collagenase digestion and that CR cells lost the
phenotypes and acquired the stem cell markers during the expansion of
CR cells. The PCR results strongly suggest that CR cells at passage 0
contain a subset of adherent cells in addition to a population of MSCs
similar to those found in BM cells.

Interestingly, CD54 (ICAM-1) and CD106 (VCAM-1) expression
levels in the CR cells were higher than in the BM cells, although these 2
cell populations had a similar pattern of the other cell surface antigens.
ICAM-1 and VCAM-1 are expressed on endothelial cells,31 adipose
tissue–derived stromal cells,32 and osteoblasts.33 VCAM-1 is also
expressed on bone marrow stromal reticular cells.34 These results
suggest that the higher expression of ICAM-1 and VCAM-1 on the CR
cells reflect the origin of the cells. According to our histologic results
(Figure 1), bone lining cells, endothelial cells, and adipocytes were not
observed in the remaining trabecular bone fragments after collagenase
digestion. This suggests that CR cells originated from these cells.
Possibly CR cells also contain marrow reticular cells, which cannot be
detected without electron microscopy.34 The CR cells and the BM cells
were identical except for expression of 2 surface markers for mature
endothelial cells and osteoblasts, but these differences were lost in the
next cell passage. This suggests that CR cells dedifferentiate and lose the
phenotypes of the origin and become identical to BM cells with culture.

In our study, there were no obvious differences between young
and elderly donors for yields of the cells at Passage 0, the
colony-forming efficiency at Passage 0 cells, surface cell antigens,
progenitors of adipocyte and osteoblast, or chondrocyte, adipocyte,
and calcification differentiation potential. However, proliferation
ability of Passage 1 decreased with age due to decrease of cell
number per colony. Some researchers have reported that aging did
not affect colony-forming efficiency and proliferative capacity,35

adipogenesis, and calcification.36 To the contrary, others have
reported that aging affected the initial yield37 and proliferative
capacity38 of mesenchymal stem cells. Apparently, the disagree-
ment is due to the differences in the sample isolation and expansion.

We quantitatively evaluated the chondrogenesis potential of a
population of MSCs as pellet wet weight. According to our previous
studies, during in vitro chondrogenesis of MSCs, the pellet increased its
size, weight, and cartilage matrix synthesis. On the other hand, DNA
yield per a pellet decreased. Radioactivity per DNA in cells prelabeled
with 3H-thymidine was stable during in vitro chondrogenesis of MSCs.
These results indicate a pellet increased its size due to production of
extracellular matrix, not proliferation of the cells.19 We believe pellet
size or weight is a convincing indicator for in vitro chondrogenesis of a
population of MSCs.19,23,30,39

Under the conditions used, approximately only half of the CR
colonies were Oil Red-O positive after 21 days. The absence of
adipocytes in the remaining colonies may reflect a limited potential

Figure 6. Osteogenic potential of CR cells and BM cells. (A) Reverse-transcription–
PCR analysis. CR cells were cultured in calcification medium for 21 days. The
increase of osteogenic gene expressions was confirmed. ALP indicates alkaline
phosphatase; BSP, bone sialoprotein; and OC, osteocalcin. (B) Both CR cells and BM
cells were cultured in calcification medium for 21 days and alkaline phosphatase
activity was measured (n � 3). (C) Passage 2 cells from 6 donors were replated at
100 cells per 60-cm2 dish and cultured for 14 days. Then the cells were incubated in
calcification medium for an additional 21 days. Calcified colonies were stained with
Alizarin Red; then the same dishes were stained with Crystal Violet. The ratio of
Alizarin Red–positive colonies to the total number of colonies was calculated for each
dish and Alizarin Red–positive colony efficiency is shown for young and elderly
donors. The data are expressed as mean � SD (n � 3).

Figure 7. Progenitor assay: CR cells and BM cells were cultured in complete
culture medium for 14 days, and then medium was switched to adipogenic
medium or calcification medium for an additional 21 days at primary culture.
The ratio of Oil Red-O– or Alizarin Red–positive colonies to the total number of
colonies was calculated for each dish and Oil Red-O–positive colony efficiency (A)
and Alizarin Red–positive colony efficiency (B) are shown. The data are expressed as
mean � SD (n � 6).
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of the cells to differentiate, but the conditions for differentiation
may not have been optimal.20 Fully differentiated adipocytes have a
poor proliferation potential, and the cells cannot form single cell
derived colonies.40 Therefore, our result of CFU for adipogenesis
was not due to contamination of fully differentiated adipocytes.

We showed that mixed population of CR cells had similar potentials
for chondrocyte, adipocyte, and osteoblast differentiation with CR clone
and CD31� fraction of CR cells. Despite the great interest in MSCs, the
cells are still poorly characterized. Part of the difficulty lies in the subtle
changes the cells undergo as they are expanded in culture.10 Although
clonal colony and purified population of MSCs are readily prepared, the
cells rapidly become heterogeneous as they expand so that they contain
subpopulations of early progenitors and more differentiated cells. We
have already shown that the early progenitors are quickly lost during
expansion unless the cells were maintained at very low densities and the
culture conditions carefully monitored.30 It has not been established,
however, which subpopulations provide the most robust differentiation.41

To demonstrate desirability of procuring trabecular bones, we
collected them with a Jamshidi Bone Marrow Biopsy/Aspiration
Needle. From 16 donors, approximately 70 mg of trabecular bones
was aspirated and approximately 6 million CR cells were harvested
after 14 days of culture. It is important that more than 1 million CR
cells could be obtained from all donors including elderly patients.
As shown in Figure 3A, the CR cells can be expanded more than
100-fold in 14 days. This means a large enough amount of
trabecular bone can be collected with biopsy needle in the
outpatient setting under local anesthesia.

In comparison of BM cells, we collected bone marrow together with
the same biopsy needle and found that, though the total nucleated cell

number harvested was almost similar in CR cells and BM cells,
colony-forming efficiency of BM cells was approximately 100-fold
lower compared with CR cells in both young and elderly donors. Large
amounts of bone marrow are aspirated with more invasions. There is a
report that small volume aspirates yielded more nucleated cells than
large volume aspirates.42 Failure to obtain sufficient amount of aspirates
from bone marrow was reported in elderly patients and those with
hematologic disorders such as aplastic anemia.43 These data suggest that
it is not always possible to collect enough bone marrow from all donors
by single aspiration using a biopsy needle to ensure the harvest of a
sufficient number of MSCs. We propose that a trabecular bone fragment
can be an alternative source of mesenchymal stem cells for both basic
research and clinical use.

In conclusion, suspended cells from trabecular bone by collage-
nase digestion were virtually identical to mesenchymal stem cells
obtained from marrow aspirates.
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Figure 8. Purified populations of CR cells. (A) CR cells were cultured for 21 days and 5 clones were isolated; then the cells were replated at 50 cells/cm2 every 14 days. Total doubling
number of each clone was shown. (B-D)Amixed population of CR cells was compared with a population of CR clone, CD31� fraction, and osteoblastic cells for chondrocyte (B), adipocyte
(C), and osteoblast differentiation (D). Each population was derived from 3 donors and each assay was triplicated. The data are expressed as mean � SD.

Figure 9. Yield of MSCs derived from trabecular bone harvested with biopsy
needle. Human trabecular bones were harvested from 8 young and 8 elderly donors.
After the digestion, the nucleated cells were expanded clonally for 14 days as
described in “Materials and methods.” Total cell number of MSCs per a harvested
trabecular bone for each donor was shown.

Table 2. Primary culture of MSCs derived from trabecular bone and
bone marrow harvested with biopsy needle

Sample

Total nucleated
cell no., � 106

cells

Colony forming
efficiency, /103

nucleated cells

Young donors, n � 8

CR cells 61 � 37 mg 2.1 � 1.7 3.3 � 2.2*

BM cells 2.3 � 1.1 mL 2.9 � 2.8 0.029 � 0.034

Elderly donors, n � 8

CR cells 72 � 34 mg 0.7 � 0.2 5.5 � 3.3*

BM cells 1.3 � 1.1 mL 1.2 � 0.7 0.045 � 0.047

*P 
 .01.
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Abstract 

With the increasing clinical translation of adipose stromal cell based technologies, it is important to 
thoroughly report on all aspects of these technologies. In this article, we review the commonly used 
enzymes for adipose tissue dissociation and stromal vascular fraction isolation. The enzymes 
reviewed include collagenase, trypsin, clostripain, and the neutral proteases dispase and 
thermolysin. Enzyme characteristics, the advantages of enzymatic isolation, and other relevant 
practical and regulatory issues are discussed. 

Keywords 

Enzymes; Cell isolation; Collagenase; Stromal vascular fraction 

Introduction 

The use of stromal vascular fraction (SVF) cells has increased recently due to a variety of proposed 
therapeutic indications. These indications include breast augmentation/reconstruction, reduction of 
facial aging, stimulation of chronic wound healing, improvement of radiation damage and 
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hypertrophic scars, as well as treatment for inflammatory and degenerative orthopedic conditions [1-
3]. SVF is the population of cells which result from the enzymatic digestion or mechanical breakdown 
of lipoaspirate without culture or expansion. SVF is a heterogeneous mixture of various blood cells, 
preadipocytes, fibroblasts, smooth muscle cells, and both vascular endothelial progenitors and 
adipose-derived stem cells [4-6]. The composition of SVF varies depending on the method of 
isolation used. 

Commonly SVF isolation is achieved using tissue dissociation enzymes (TDE) to breakdown 
adipose tissue. TDE mixtures are enzymes which digest the extracellular matrix proteins which hold 
tissue together. When isolating SVF, enzymatic digestion can be up to one thousand times more 
efficient than mechanical separation methods because the enzymatic breakdown of the extracellular 
matrix (ECM) frees many more cells from the fibrous stroma. While there are many enzymes used 
for tissue dissociation, like pronase, hyaluronidase and pancreatic elastase, this paper only pertains 
to enzymes which have been expressly described for the dissociation of adipose tissue and 
lipoaspirate to yield SVF and adipose-derived stem cells, specifically clostridial collagenase and 
neutral protease, trypsin, Clostripain and the neutral proteases Dispase and Thermolysin (Table 1). 

Enzyme Source 
Optimum pH 

Range ECM Substrates Activator(s) Common Inhibitors
Collagenase type I 
and type II

Clostridium histolyticum 6.3-8.5 
Collagen I, II, III 
and IV 

Ca2+, Zn2+
EDTA, EGTA Blood 
Plasma/Serum

Dispase Paenibacilluspolymyxa 5.9-7.0 

Fibronectin, 
Collagen IV 
Collagen I (small 
amounts) 

Ca2+, Mg2+ EDTA, EGTA

Thermolysin
Geobacillus 
stearothermophilus, Bacillus 
thermoproteolyticus

5.0-8.5 
Non-specific Cell 
adhesion 
proteins 

Ca2+, Zn2+ EDTA, EGTA

Trypsin
Susdomesticus (porcine) 

Bostaurus (bovine)
7.0-9.0 

Non-specific Cell 
adhesion 
proteins 

Ca2+

EDTA, EGTA

Blood Plasma/Serum

Clostripain Clostridium histolyticum 7.4-7.8 
Non-specific Cell 
Adhesion 
protein 

Ca2+ EDTA, EGTA

*insufficient data pertaining specifically to CHNP 

Table 1: Summary of tissue dissociation enzymes. 

A Brief Overview of the Extracellular Matrix (ECM) Composition [7-9] 

The extracellular matrix is the vast and complex network that holds all cells, tissues and organs 
together. The most abundant component of the ECM is collagens. Collagens act as the backbone 
of the extracellular matrix. Elastin is another major component. The amount of elastin present in a 
tissue is related to how much flexibility/stretch a tissue has. It is commonly found in abundance in 
arterial walls and ligaments, which stretch and contract frequently. Elastin has also been shown to 
play roles in cell adhesion, migration and cell signaling. While collagen and elastin are by far the 
most common, other molecules, while not as abundant, still play vital roles. Fibronectin functions to 
guide assembly of the extracellular matrix by forming bridges between cell surface receptors such as 
integrins and the structural proteins of the extracellular matrix such as collagens and other 
proteoglycans. Laminins, another minor structural element, serve various functions including 
modulation of various cellular functions such as adhesion, differentiation, migration and survival. 
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Clostridial Collagenases 

The primary constituent of many TDE mixtures is collagenase derived from the bacteria Clostridium 
histolyticum. In many commercially available TDE mixtures, clostridial collagenases are included as 
a mixture of type I collagenase and type II collagenase. Collagenases are part of the matrix 
metalloproteinase (MMPs) family. MMPs are zinc-dependent endopeptidases involved in a variety of 
cellular processes including ECM degradation, cleavage of cell surface receptors, growth factor 
release from the ECM and more [10-12]. Collagenases digest collagens in the ECM. Collagens are 
the major components of the extracellular matrix and in mammals accounting for around 25% of their 
total body weight. Collagens are structural proteins with high tensile strength, which in addition to 
their structural roles influence cell differentiation, migration, and attachment. Collagens are present 
as a triple helix composed of three collagen polypeptides in their native form. 

C. histolyticum produces a variety of collagenases in large quantities. The two main forms produced 
by C. histolyticumutilized in TDE mixtures are type I collagenase (ColG) and type II collagenase 
(ColH). Type I collagenase has been shown to preferentially digest the large, intact triple helices of 
native collagen fibers, while type II collagenase has been shown to preferentially digest the smaller 
collagen fragments generated by type I collagenase, although both enzymes will digest both 
substrates, but with lower affinity [13-16]. Bacterial collagenases are used instead of animal/human 
derived collagenases for tissue digestion because they are cheaper to produce, but more 
importantly, exhibit higher substrate specificity for native collagen and collagen fragments than 
vertebrate collagenases [17]. Table 2 summarizes units and unit conversions, where applicable, 
commonly used to describe collagenase activity [18-21]. 

Enzyme Unit Definition Conversions

Collagenase

Collagen Degrading Units 
(CDU) (Mandl Units) 

One CDU catalyzes the hydrolysis of 1 µmole of L-leucine equivalents 
from collagen in 5 hours at 37°C, pH 7.4 

1 Wünsch unit = 
~1000 CDU
1 Wünsch unit = ~3.9 
FALGPA units
1 Wünsch unit = ~10 
HPU 

FALGPA unit 
One FALGPA Unit catalyzes the hydrolysis of 1 
µmole of N-(3-[2-furyl]-acryloyl)- L- leucylglycyl- Lprolyl-L-alanine 
(FALGPA) per minute at 25°C, pH 7.5 

Wünsch units 
(PZ Units) 

One PZ unit catalyzes the hydrolysis of 1 µmole 4-
phenylazobenzyloxycarbonyl- L-prolyl- Lleucyl-glycyl-L-prolyl-D-
arginine per minute at 25 °C, pH 7.1 

Clostridiopeptidase A “HP 
Units” (HPU) 

One HPU catalyzes the hydrolysis of 1 µmole N-carbobenzyloxy- glycyl-
L- prolyl-lycylglycyl-L-prolyl-L-alanine per minute at 37°C 

Table 2: Summary of collagenase specific activity units [30-33]. 

Neutral Proteases 

The second major component found in many TDE mixtures is a neutral protease, usually Clostridium 
histiolyticum neutral protease (CHNP) Dispase or Thermolysin. Neutral proteases exhibit mild 
proteolytic activity while preserving the integrity of the cell membrane. Dispase, sometimes referred 
to as Gentlyase, is purified from the bacteria Paenibacillus polymyxa, formerly known as Bacillus 
polymyxa. Dispase exhibits lower substrate specificity than collagenases. Dispase has been shown 
to be a rapid yet gentle agent for separating intact epidermis from dermis [22]. Dispase effects tissue 
separation by cleaving the basement membrane zone region. Dispase, activated by Ca2+, readily 
cleaves fibronectin, collagen IV, and a smaller amount of collagen I, while leaving collagen V and 
laminin intact [23-25]. 

Thermolysin is a thermostable zinc-metalloproteinase originally cultured from the bacteria Bacillus 
thermoproteolyticus[26]. Currently many companies producing thermolysin have switched over to 
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thermolysin produced by the bacteria Geobacillus stearothermophilus (formerly classified as Bacillus 
stearothermophilus). Thermolysin tends to cleave surface proteins on the plasma membrane, 
however Thermolysin exhibits very broad specificity, with over 100 potential ligands reported. Unlike 
Dispase/Gentlyase, thermolysin is noncollagenolytic, but still provides gentle, non-specific protein 
cleavage beneficial in tissue dissociation. An important factor in the utility of Thermolysin is a 
thermostable zinc-metalloproteinase originally cultured from the bacteria Bacillus 
thermoproteolyticus [26]. Currently many companies producing thermolysin have switched over to 
thermolysin produced by the bacteria Geobacillus stearothermophilus (formerly classified as Bacillus 
stearothermophilus). Thermolysin tends to cleave surface proteins on the plasma membrane, 
however Thermolysin exhibits very broad specificity, with over 100 potential ligands reported. Unlike 
Dispase/Gentlyase, thermolysin is noncollagenolytic, but still provides gentle, non-specific protein 
cleavage beneficial in tissue dissociation. An important factor in the utility of thermolysin is that it is 
highly thermostable, a trait attributed to the presence of four calcium cations present in the interior of 
the enzyme which prevent large conformational changes [27]. Table 3 summarizes units and unit 
conversions, where applicable, commonly used to describe neutral protease activity [28-31]. 

Enzyme Unit Definition Conversions

Dispase CHNP 
Thermolysin 

Azocasein Units 
(AUC) 

One AUC catalyzes an A440 equivalent to 1mg/mL 
of azocasein per mL per minute at 37°C 

1 Dispase Unit = 181 
Protease Units (PU)

Neutral Protease 
Units 
(NPU) 

An increase of 1 fluorescent unit per minute at 
35°CBSAfromconjugatethecleava. 

Protease units 
(PU) 

One protease unit catalyzes the hydrolysis of 
casein to produce color equivalent to 1.0 µmole tyrosine per min at pH 
7.5 at 37°C. 

Dispase Unit 
One dispase unit catalyzes the hydrolysis of 
casein to produce 181 µmole tyrosine per min at pH 7.5 at 37°C. 

DMC-U units 
One DMC-U catalyzes the cleavage of 1 μmole of peptide bonds from 
dimethyl case in (DMC), at 25°C, pH 7.0 

Caseinase Units 
One caseinase unit will hydrolyze casein to 
produce color equivalent to 1.0 µmole (181 µg) of tyrosine per 5 hours at 
pH 7.5 at 37°C 

Table 3: Summary of common neutral protease specific activity units [42-45]. 

Trypsin and Clostripain 

Trypsin is a serine protease secreted by the pancreas which acts in the digestion of food proteins 
and other biological processes in the digestive system of many vertebrates. Most trypsin products 
sold for research use are derived from porcine or bovine sources [32,33]. Trypsin non-specifically 
cleaves peptides on the c-terminal side of Lysine and Arginine amino acid residues, unless a Proline 
residue is contained on the c-terminal side of the cleavage site [34-36]. Trypsin is also commonly 
used to dissociate adherent cells from culture vessels, a process known as trypsinization. 

While trypsin has been described for a variety of uses relating to dissociation of various tissue types, 
it is rarely described for the dissociation of adipose tissue. Trypsin for adipose tissue digestion was 
described by Fadel et al. [37], and then again by Markarian et al. [38]. Markarian et al. on average 
recovered around 75,000 viable cells/cc of lipoaspirate processed using trypsin. Markarian et al. 
determined Trypsin to be a cheaper alternative to collagenases for enzymatic digestion in a 
laboratory setting because while it yielded fewer viable cells than collagenase-based methods, it did 
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isolate more viable cells than many mechanical dissociation methods have been reported to yield 
from adipose tissue. 

Clostripain (CP) is a cysteine protease that requires a thiol group on the target molecule for 
catalysis. Clostripain is most active under reducing conditions and cleaves on the carboxy terminal 
side of arginine. Clostripain exhibits trypsin like activity, but trypsin exhibits broader specificity and 
around 100 times higher specific activity [39]. Due to its reduced activity compared to trypsin, 
Clostripain is typically ignored in most commercial TDE blends, but is noteworthy because it usually 
is present in small amounts with collagenase and CHNP as it is produced by C. histiolyticum and 
therefore found in the bacterial extract [40]. Table 4 summarizes units and unit conversions, where 
applicable, commonly used to describe trypsin and trypsin-like activity [31,41-44]. 

Enzyme Unit Definition Conversions

Trypsin 
and 

Trypsin-
like 

proteases 

BAEE Units (S & T 
units) 

One unit catalyzes a change in absorbance at 253 nm of 0.001 per minute at 25°C, 
pH 7.6. 
Substrate: N-benzoyl-L-arginine ethyl ester  
(BAEE) 

1 TAME Unit = 57.5 
BAEE units
1 TAME Unit = 19.2 
USP units
1U = 4.69 TAME Units
1 U = ~ 270 BAEE Units
1U = 90 USP Units
1 USP unit =3 BAEE 
units 

Neutral Protease 
Units 
(NPU) 

An increase of 1 fluorescent unit per minute at 35°CBSA from conjugatethecleava.

USP Units 
(NF Units) 

1 USP-unit catalyzes a change in absorbance at 253 nm of 0.003 per minute at 25 
°C, pH 7.6 
Substrate: N-benzoyl-L-arginine ethyl ester 
(BAEE) 

TAME Units 
One TAME unit hydrolyzes 1 umole of p-toluene-sulfonyl-L-arginine methyl ester 
(TAME) per minute at 30°C, pH 8.2 

DMC-U units 
One DMC-U catalyzes the cleavage of 1 μmole of peptide bonds from dimethyl 
casein (DMC), at 25°C, pH 7.0 

International Units
(U) 

One international unit catalyzes the hydrolysis of 1 μmole Nα-benzoyl-L-arginine 
ethyl ester (BAEE) per minute at 25°C, pH 8.0 

Table 4: Summary of trypsin and clostripain specific activity units [45,54-57]. 

Buffer Selection 

When isolating SVF cells with TDE mixtures, it is important to select a buffer which is both suitable 
for optimal enzymatic activity as well as preserving the viability of the cell population. The proteolytic 
enzymes reviewed in this article, Collagenase, Dispase, CHNP, Thermolysin, Clostripain and 
Trypsin all include calcium ions (Ca2+) as an activator of catalytic activity (Table 1). Therefore, it is 
important to have an adequate concentration of calcium in the buffer used. A final buffer 
concentration of 1.0-2.0 mM of Ca2+ is usually sufficient. Collagenase and Thermolysin are also Zn2+-
dependant proteases, however an adequate concentration of zinc ions is contained in the lyophilized 
form of the enzyme mixture to maintain optimal activity [45-47]. Therefore it is not necessary to use a 
buffer with added zinc ions. Commonly used buffers include Lactated Ringer’s (LR) solution; 
Phosphate buffered Saline (PBS) and balanced salt solutions such as Hanks’ Balanced Salt Solution 
(HBSS) with calcium. For summary of buffers see Table 5. 

Buffer Composition pH range

Lactated Ringer’s 
Solution (LR) 

130 mM Na+

6.0-7.5 109 mMCl-

28 mM lactate 
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Buffer Composition pH range
1.5 mM Ca2+

4 mM K+

Hank’s Balanced 
Salt Solution 
(HBSS) with 
Calcium added 

0.137 M NaCl 

7.0-7.4 

5.4 mMKCl 
0.25 mM Na2HPO4

0.1g glucose 
0.44 mM KH2PO4

1.3 mM CaCl2

1.0 mM MgSO4

4.2 mM NaHCO3

Dulbecco’s 
Phosphate Buffered 
Saline (PBS or 
DPBS) 

8 mM Na2HPO4 

7.0-7.2 

135mM NaCl 
1 mM CaCl2

3 mMKCl 
0.5 mM MgCl2

1.5 mM KH2PO4

Table 5: Common buffers used for tissue dissociation. 

Clinical Enzyme Inhibition

While there are a variety of molecular inhibitors that can be used in vitro for TDE inhibition, many of 
these are not feasible for use in the clinical setting because they introduce added risk or lack human 
toxicity profiles altogether. In a previous study from our group we have shown that the residual levels 
of collagenase are negligible but, there is a simple process which can be done in tandem with the 
SVF isolation in order to significantly reduce the overall residual enzyme activity of the final product. 
This process involves the use of autologous blood plasma or serum which can be acquired with 
relative ease. Human blood plasma and serum are known to inhibit collagenase and trypsin activity. 
In our experience, plasma extracted from 50 mL of heparinized blood is sufficient to neutralize all 
collagenase activity in a 10 - 20 mL volume of SVF cell suspension. The use of autologous plasma 
or serum is ideal for clinical isolations because it does not introduce any added risk to the patient 
and is inexpensive to acquire. 

Enzymatic vs. Mechanical Isolation 

When isolating SVF cells, there are two main pathways commonly used: enzymatic or mechanical. 
There are several mechanical methods of concentrating SVF cells from lipoaspirate without an 
enzymatic digestion process which have been proposed. These methods focus on washing, 
vibrating, shaking and centrifuging lipoaspirate in order to free up stromal cells from the adipose 
tissue [38,48-51]. When compared to enzymatic methods, enzymatic methods have shown to be 
much more effective in terms of SVF cell recovery. Enzymatic methods employ proteolytic enzymes 
to disrupt the extracellular matrix which holds adipose tissue together. Collagenase-based enzymatic 
methods have reported nucleated cell yields between 100,000 and 1,300,000 nucleated cells/cc of 
lipoaspirate processed [52-57]. This is much higher than mechanical methods which have reported 
yields in the range of 10,000 to 240,000 nucleated cells/cc of lipoaspirate [38,48-50]. 

Furthermore, the composition of the cell populations recovered through simple centrifugation and 
other mechanical methods has a greater frequency of peripheral blood mononuclear cells and a 
lower frequency of progenitor cells. Mechanical methods have reported ASC composition of SVF 
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between 1% and 5% [38,48,49]. Comparatively, certain collagenase-based methods have been 
reported over 15% adipose-derived stem cells in the SVF cell population [53,58,59]. Without the 
chemical bond release afforded by enzymatic digestion, the resultant cell composition from 
mechanical methods is biased to be comprised of mainly white blood cells and certainly very few if 
any vascular endothelial or vascular progenitor cells which are contained within the sublayers of the 
blood vessels. It should be noted that the actual composition of the final SVF product is very 
dependent on the isolation methods used, and can vary widely between two different enzymatic 
methods as well as from patient to patient for a given method. 

While enzymatic methods consistently yield higher nucleated cell counts, non-enzymatic methods 
are not without merit. Tissue dissociation enzyme mixtures for use in adipose tissue digestion tend 
to be fairly expensive, costing potentially hundreds or thousands of dollars depending on the amount 
of tissue being processed. In a laboratory setting, where number of progenitor cells is not as 
important, nonenzymatic methods can provide a cost-effective alternative, but while more expensive, 
the enzymatic isolation methods provide the better nucleated cell yield and produce a higher 
percentage of progenitor cells in the SVF than mechanical methods. The method employed by a lab 
or clinic ultimately depends upon their needs and financial capabilities. 

Does Enzymatic Digestion Alter Cellular Characteristics? 

One topic which is debated across the literature is the effect that enzymatic digestion has on the 
resulting phenotype of the cellular population as well as the other cellular properties such as 
proliferation rate and differentiation capacity. In 2014, Busser et al. compared the phenotypic 
characterization and cellular functions of resulting SVF cells isolated by two different methods: 
enzymatic digestion with collagenase and explant culture [60]. They noted similar phenotypes and 
functions of the ADSCs obtained with both methods in terms of surface marker characterization, 
trilineage differentiation, hematopoiesis supporting activities, population doubling-time and CFU-F 
formation. Similar findings were observed by Gittel et al. in 2013 when they compared characteristics 
of cells from equine adipose tissue isolated enzymatically versus by explant culture [61]. In 2014, 
Markarian et al. compared 9 different methods of ADSC isolation [38]. No significant differences 
were observed in terms of viability when comparing any of the mechanical methods to the traditional 
collagenase based method. In addition, they did not find any significant difference in population 
doubling time, but they did find significantly greater osteogenic differentiation when using trypsin in 
place of collagenase, suggesting that different enzymes may result in different cellular properties. 

Overall, it would appear that the use of collagenase as the primary proteolytic enzyme with an 
incubation time of 2 hours or less does not alter the phenotypic or functional characteristics of ADSC 
populations of SVF when compared to cells isolated using non-enzymatic methods [50,51,62,63]. 
Articles not focused on mesenchymal stem cells from adipose tissue have shown that enzymatic 
digestion with collagenase can alter cellular properties. In 2008, Lopez et al. described their finding 
comparing mechanical and enzymatic isolation of chondrocytes [64]. They found reduced viability 
and altered differentiated phenotype in the enzymatic group. Another interesting consideration 
demonstrated by Abuzakuouk in 1996 is that collagenase and dispase can cleave some of the 
surface markers (CD4 and CD8) on peripheral blood mononuclear cells (PBMCs) [65], possibly 
leading to skewed results from surface marker analysis. While there is documented evidence that 
enzymatic digestion is capable of altering cellular characteristics, the data specifically pertaining to 
adipose-derived stem cells and SVF cells is fairly limited and suggests that ADSC populations 
remain unaltered when an incubation time of 2 hours or less is used. 

Incubation Time 
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Most SVF cell isolation protocols follow the same basic steps which involve washing the lipoaspirate 
to remove excess blood and tumescent solution, enzymatic digestion to dissociate the tissue, 
followed by centrifugation and additional washing to collect the stromal vascular fraction cells, but 
there is significant variation in how these methods are executed across different isolation methods. 
In terms of enzymatic digestion, methods tend to differ on the enzymes used (ie a mixture or 
pure/crude collagenase), the concentration of enzymes used, and amount of time the tissue is 
digested. 

A 2008 study by Pilgaard et al. [66] compared the output of SVF cells isolated using variable enzyme 
blends and variable incubation times. They compared nucleated cell yield, viability, CFU-F formation 
and frequency of specific cellular lineages (CD34, CD90 and CD45). Enzyme blends compared 
included the Blendzyme 1-4, Liberase H1 (Roche Diagnostics GmbH, Mannheim, Germany) and a 
crude collagenase mixture (CCM). The Blendzyme 1, 2, 3 and 4 mixtures were measured at a 
constant collagenase activity of 0.28 Wunsch U/mL but varied in the activity of 
neutral protease which included 30, 60, 120 and 240 caseinase U/mL respectively. Blendzyme 1 
contains the neutral protease Dispase, while Blendzyme 2-4 contain the neutral protease 
thermolysin. Liberase H1 and the crude collagenase mixture contained only 0.28 Wunsch U/mL and 
0.26 Wunsch U/mL of collagenase activity, respectively and no neutral protease. Lipoaspirate 
samples were incubated for 1, 2 or 3 hours. No difference in the percentage of viable cells was 
observed with longer incubation times, but the relative yield of CD34+/CD90- cells did increase with 
longer incubation time. No differences were observed between enzyme mixtures in terms of 
nucleated cell yield, but there was a significant increase seen overall as digestion time increased. 
While the average viabilities seen across all groups in this study were high (87.6% - 92.8%), there 
was significant variation in the ranges of viability observed in all groups, highlighting the vast 
differences that can be observed on a patient to patient basis. Overall, taking all factors measured 
into account, they determined that a 2 hour incubation time would provide optimal yields and CFU-F 
numbers. This study gave no clear suggestion on which enzyme mixture was preferred, but found 
that the Blendzyme 1, Blendzyme 2 and Liberase H1 outperformed other groups. 

Mixed Enzyme versus Mono-enzymatic Protocols 

Another facet of enzymatic isolation is whether or not to use a mixture of enzymes or just one 
enzyme, usually collagenase. Highly purified GMP grade collagenases yield good results during 
isolation and tend to be highly regular from a manufacturing standpoint, but synergistic effects have 
been documented when using collagenase in combination with other proteolytic enzymes. Neutral 
proteases were shown to be a valuable component in tissue dissociation enzyme mixtures as 
demonstrated by McCarthy et al., who showed that the combination of neutral proteases and 
collagenase type I and type II yielded greater tissue dissociation than any of the three enzymes 
individually [67]. Thermolysin, CHNP, and Dispase share similar profiles for specificity and share 
significant amounts of structural homology across species and strains. These three are much more 
commonly found in TDE blends than trypsin and clostripain. In addition, in 2015 Dendo et al. 
demonstrated synergistic effects of neutral proteases and clostripain in the isolation of rat pancreatic 
islet cells [68]. Another study by Williams et al. in 1995 suggests that a mixture of trypsin and highly 
purified collagenase also provides a synergistic advantage in adipose tissue digestion [69]. While the 
literature suggests that a mixture of proteolytic enzymes will yield better dissociation and 
subsequently higher cellular yield, there is not a common consensus as to the optimal combinations 
and concentrations which should be used. 

Crude Collagenase versus Purified Collagenase 

Crude collagenase mixtures are often overlooked when choosing enzymes for tissue dissociation. 
Crude collagenase mixtures are isolated collagenases which have not been purified to levels similar 

58

Case 5:18-cv-01005-JGB-KK   Document 59-2   Filed 08/09/19   Page 59 of 188   Page ID
 #:2536



to other highly purified enzyme mixtures. As a result, they contain various other clostridial proteases 
such as neutral protease and clostripain. While based on previous research, this would not seem like 
an issue, as mixtures are preferred, but there tends to be significant lot to lot and vial to vial variation 
as well as enzyme impurity, pigment contamination, imbalances of key active components and high 
endotoxin levels which all result in lower digestion efficiency [70-73]. A 2011 study by Wang et al. 
highlighted the utility of crude collagenase in the lab setting [74]. Wang et al. compared the Sigma V 
crude collagenase and SERVA NB1 purified collagenase for human islet isolation. The crude 
collagenase, once sterile filtered, was comparable in terms of efficacy and activity, as well as 
demonstrated significantly lower levels of endotoxin. They concluded that crude collagenase can be 
a cost saving option for laboratory research. Purified enzymes are still preferred for use in the clinical 
setting though because of reduced variability and contamination and better compositional 
characterization. 

Clinical Safety 

From a clinical standpoint, tissue dissociation enzymes introduce minor risks to patients. 
Proposed in vivo risks due to proteolytic enzymes include allergic reaction and unwanted 
tissue degradation. Preclinical and clinical studies have shown relatively low risk from small 
amounts proteolytic enzymes as a result of systemic exposure or localized injection. 

According to a 2013 study by Chang et al., there were no concerns of toxicity relating to residual 
collagenase activity in ASC related procedures [75]. They demonstrated the lack of toxicity in 
vivo using a mouse model. Mice were injected with a fat graft containing SVF cells isolated using 
collagenase. Mice were monitored over 4 weeks, and then dissected for histopathological analysis. 
There were no significant changes observed between treatment and control group in this study. In 
addition, Chang et al. demonstrated that levels of residual collagenase activity are negligible if at 
least 3 washes of the SVF cells are conducted following tissue digestion. In 2009, the Arthritis 
Advisory Committee issued a briefing document on Collagenase Clostridium histolyticum [76]. They 
gave an extensive review of clostridial collagenase as it pertains to use in the drug Xiaflex for 
Dupuytren’s contracture. They reviewed both clinical and preclinical evidence, which supported the 
clinical safety of collagenase. Three animal based studies that were reviewed showed that after local 
injection with clostridial collagenase there was no systemic toxicity and only a small amount of 
systemic exposure which resulted only if collagenase was administered into highly vascular areas 
[77-80]. Another animal based study of collagenase studied the effects of systemic circulation of 
collagenase by administering collagenase intravenously to rats [76]. In this study, it was noted that 
when collagenase was detected in systemic circulation that there was no accumulation following 
repeated dosing and it was cleared rapidly from the system. When administered intravenously at a 
high dose of 0.29 mg/animal, which is equivalent to almost 22 times the clinical dose of Xiaflex, type 
I collagenase was not detectable after 30 min and type II was not detectable after 2 hours. Overall, 
collagenase was determined to have a very low level of toxicity [81-83]. 

The levels of residual collagenase activity reported in SVF [59,84] are significantly lower than other 
collagenase based products which have been approved by the FDA, specifically Xiaflex and 
Collagenase Santyl. Santyl is a collagenase based ointment (250 U/g) which is topically applied for 
enzymatic wound debridement [85,86]. Xiaflex is a highly concentrated injection of collagenase 
(~3600 U/dose) used to treat Dupuytren's contracture, a contracture of the hand due to palmar 
fibromatosis [87-89], and Peyronie’s disease, a similar contracture located in the penis [90,91]. 
Xiaflex is administered via subcutaneous injection at the site of contracture. Both of these products, 
Xiaflex and Santyl, underwent a high level of safety testing and were deemed safe by the FDA. The 
levels of residual collagenase activity reported for SVF isolation are thousands of times lower than 
those in Santyl and Xiaflex. While only some comparison can be made between Santyl, Xiaflex and 
the use of collagenase in SVF cell isolation because they are administered in different manners, it 
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does offer some insight into the levels of collagenase activity that the FDA has deemed safe for 
human use. 

Regulatory Issues 

In the United States, the main regulatory issue associated with the isolation of SVF cells from 
adipose tissue is minimal manipulation. In December of 2014, the FDA released a series of draft 
guidances for industry dealing with the minimal manipulation and homologous use of HCT/Ps from 
adipose tissue [92,93]. In these draft guidances, the FDA very clearly states that the isolation of SVF 
cells from adipose tissues, with or without the use of proteolytic enzymes, results in a final product 
which is considered to be “more than minimally manipulated” because the original structure of the 
adipose tissue has been significantly altered. Additionally, the addition of proteolytic enzymes is 
considered more than minimal manipulation because they are not water, crystalloids, or a sterilizing, 
preserving, or storage agent. This has very serious clinical implications for ADSC and SVF-based 
therapies should these draft guidances become finalized. Being considered “more than minimally 
manipulated” means that SVF cells are considered to be a drug and not a minimally manipulated 
autologous cellular therapy, and therefore subject to an additional set of regulatory guidelines, 
section 351 of the Public Health Service (PHS) Act. The finalization of these draft guidance will make 
the approval process for SVF-based therapies significantly longer and more expensive for clinicians 
and private companies alike. Prior to this guidance, a combination of unclear regulatory status and 
lack of action on the part of the FDA has allowed SVF-based therapies to side step almost all 
regulation. Currently, most clinical experimentation with SVF-based therapies is typically done only 
under the regulatory guise of an institutional review board (IRB), but with finalization of this 
guidance, will require a much more formal and extensive Investigational New Drug (IND) or 
Investigational Device Exemption (IDE) from the FDA in order to proceed clinically. The IND/IDE 
processes are both long and expensive, but ultimately will result in a higher level of patient safety, 
uniform and improved reporting of clinical data across trials, and greater transparency in the clinical 
setting. 

Conclusion 

There are many different enzymes which can be used in the isolation of SVF cells from adipose 
tissue. Various factors need to be considered when designing a proper protocol for SVF cell 
isolation. While this review does not cover the specific isolation methods, it does provide information 
for the proper use and preparation of tissue dissociation enzymes in order to help with protocol 
design. Additionally, there are various regulatory and practical considerations which need to be 
considered. 
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Abstract Recently, various studies using adipose-derived

stem cells (ADSCs) have been performed. However, the

safety of ADSCs has not been determined, and protocols

for isolating ADSCs have not been established. This study

evaluated the activity and toxicity of residual collagenase

in isolated ADSCs and the carcinogenicity of these cells. It

evaluated the current use of ADSC-related procedures in

South Korea as reference data for the authors’ studies. The

study surveyed 100 private plastic surgical clinics, 68

plastic surgery departments at general and university hos-

pitals, and 5 biotechnology companies by telephone.

Among these, 14 institutions were surveyed using a more

detailed questionnaire about ADSC-related procedures and

methods of processing adipose tissue. The survey also

evaluated the residual collagenase activity during five

washes of the ADSC isolation procedure with furyl acryloyl-

Leu-Gly-Pro-Ala (FALGPA) and ninhydrin assays. A

4-week toxicity study in non-obese diabetes/severe com-

bined immunodeficiency (NOD/SCID) mice was performed

as well as a tumorigenicity study in BALB/c-nu mice using

ADSCs from the first and third washes. According to the

findings, ADSC-related procedures were performed in

16 % of the private clinics and 14.7 % of the general

hospitals surveyed. Among the 14 institutions, 0.1 % type

1 collagenase was used most frequently, and three washes

generally were performed. After the first wash, residual

collagenase activity was the same as in the blank group

(saline only). No toxicity resulting from residual collage-

nase or tumorigenicity associated with the ADSCs was

observed. The results of the current study may be beneficial

for establishing safe ADSC isolation protocols and can be

used as fundamental data for clinical applications involving

ADSCs.

Level of Evidence II This journal requires that authors

assign a level of evidence to each article. For a full

description of these Evidence-Based Medicine ratings,

please refer to the Table of Contents or the online

Instructions to Authors www.springer.com/00266.

Keywords Adipose-derived stem cells � Collagenase �
Fat tissue preparation � Toxicity � Tumorigenicity

Stem cells continue to receive much attention in the sci-

entific and clinical fields. Adipose-derived stem cells

(ADSCs) are a good source of raw material for stem cell

studies. Adipose tissue is an abundant and readily available

source of ADSCs, which are multipotent and can differ-

entiate into adipocytes, osteoblasts, chondrocytes, endo-

thelial cells, myoblasts, and other cell types [1, 19, 20].

Currently, many basic and clinical studies of ADSCs

have been performed including ADSC studies focused on

regenerative technologies, biomaterial development, and

cosmetic applications [5, 6, 12, 18]. Unfortunately, the
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safety of ADSCs for clinical applications has not been

established. Collagenase digestion is an essential step in

isolating ADSCs from fat tissue, but the toxicity of residual

collagenase in ADSCs still is uncertain [2, 13, 15, 20].

Furthermore, the tumorigenic potential of ADSCs still is

under investigation [7, 8, 14]. Some studies have demon-

strated that human stem cells might promote tumor growth

or metastasis [14], whereas others have suggested that

human stem cells have no effect [7, 8].

In this study, we evaluated the residual activity of col-

lagenase in ADSCs. By performing concurrent animal

studies, we also examined the toxicity of residual colla-

genase and the carcinogenic properties of ADSCs. To

obtain reference data for this study, we conducted a survey

investigating the current use of ADSC-related procedures

and methods for processing adipose tissue, including the

type and concentration of collagenase, in South Korea.

Materials and Methods

Survey of ADSC Use

A telephone poll was conducted to determine whether

ADSC-related procedures, including those for research and

clinical applications, are currently performed or not. In

January 2009, we surveyed 100 randomly selected private

plastic surgery clinics, 68 plastic surgery departments of

general and university hospitals, and 5 biotechnology

companies in South Korea. We further surveyed 14 insti-

tutions (3 private plastic surgical clinics, 9 plastic surgery

departments of university hospitals, and 2 biotechnology

companies) among institutions stating that they performed

ADSC-related procedures using ADSCs they harvested.

This survey administered a more detailed email question-

naire to the 14 institutions about their ADSC-related pro-

cedures and their methods for processing adipose tissue.

In Vitro Activity of Residual Collagenase

and Phenotype of Cells in the Stromal Vascular

Fraction

All chemicals were obtained from Sigma-Aldrich (St. Louis,

MO, USA) unless otherwise specified. Adipose tissues were

obtained from the remnants of transverse rectus abdominis

musculocutaneous (TRAM) flaps. Approval for the har-

vesting and use of human tissues was granted by the Insti-

tutional Review Board at the Seoul National University

College of Medicine.

The tumescent solution was composed of 1:1,000 epi-

nephrine (1 ml), 8.4 % sodium bicarbonate (5 ml), 1 %

lidocaine (50 ml), and Ringer’s lactate solution (1,000 ml).

After infiltration of the tumescent solution twice that of the

fat aspirated, fat tissue aspiration was performed using a

14-gauge blunt cannula connected to a 10-ml syringe. About

50–100 ml of aspirated fat was harvested from each patient.

The aspirated fat tissues were washed three times with

sterile saline to remove contaminating blood cells and

tissue debris. The washed tissues were digested with an

equal volume of 0.1 % collagenase type 1 at 37 �C for

30 min [2, 13, 15, 20]. The digested tissues then were

inactivated with 10 % fetal bovine serum (FBS). The tis-

sues were washed five times with saline and centrifuged at

300 g for 5 min [17].

Collagenase activity was measured by furyl acryloyl-

Leu-Gly-Pro-Ala (FALGPA) and ninhydrin assays at the

inactivation step (INA) and at each of the five washing

steps (W1–W5). Saline was used as a blank solution for

reference absorbance. The results are presented as per-

centages of the absorbance in the experimental groups

relative to the absorbance of a 0.1 % collagenase solution.

All samples were assayed in triplicate.

A FALGPA assay was performed as described by van Wart

and Steinbrink [16]. A standard curve of 0.025, 0.05, 0.1, 0.2,

0.5, and 1 % FALGPA in saline was prepared and incubated

with collagenase. A FALGPA stock solution (1.0 mmol/l)

was prepared in 50 mmol/l of tricine buffer with 10 mmol/l of

calcium chloride and 400 mmol/l of sodium chloride at 25 �C.

We mixed 0.1 % collagenase or samples (INA and W1–W5)

with 2.9 ml of the FALGPA solution. Immediately after

mixing, the absorbance at 345 nm (Ultrospec 2100 Pro;

Amersham Pharmacia Biotech, Piscataway, NJ, USA) was

measured until a constant value was attained.

The ninhydrin assay was performed according to a

modified method by Mandl et al. [10]. The 200 ll of

supernatants was mixed with a 4 % ninhydrin solution and

incubated at 37 �C for 5 h. The mixtures were heated at

100 �C for 20 min and mixed with 50 % isopropanol.

Absorbance of the final solution was measured at 560 nm

(Ultrospec 2100 Pro; Amersham Pharmacia Biotech, Pis-

cataway, NJ, USA). A standard curve of 90, 180, 270, and

360 lmol/l L-leucine was prepared from a 4-mmol/l

L-leucine stock solution [3].

For flow cytometry analysis (FC500; Beckman Coulter,

Inc., CA, USA), the cells in stromal vascular fraction

(SVF) were stained with the following fluorescein isothio-

cyanate (FITC)- or phycoerythrin (PE)-conjugated mouse

monoclonal primary antibodies: CD14-PE, CD31-FITC,

CD34-FITC, CD73-PE, CD90-PE, CD117-PE, and CD146-

FITC (BD Pharmigen, San Diego, CA, USA). Mouse

immunoglobulin-G (IgG) was used as a negative control

condition. The cells then were counterstained with DAPI

(40-6-diamidino-2-phenylindole) (Invitrogen Molecular Probes,

Carlsbad, CA, USA) and observed under a fluorescence

microscope (Eclipse 80i; Nikon, Tokyo, Japan). The statis-

tical significance of the data was analyzed with t tests.
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In Vivo Collagenase Toxicity and ADSC

Tumorigenicity

All animal experiments were approved by the Institutional

Animal Care and Use Committee (IACUC) of the Clinical

Research Institute of Seoul National University Hospital.

Four-Week Toxicity Study

This study was conducted according to the OECD Guide-

lines for Testing of Chemicals with some modifications, the

Guidelines for Toxicity Studies of Pharmaceuticals, and the

like (notification no. 2005-60) issued by the Korea Food

and Drug Administration.

This study used offspring of non-obese diabetes/severe

combined immunodeficiency (NOD/SCID) mice purchased

from the Jackson Laboratory (Bar Harbor, Maine, USA).

For the experiment, 60 NOD/SCID mice 5–9 weeks old

were used.

The mice were divided into two treatment groups

(ADSCs washed one or three times) and a negative control

group (0.2 ml saline). Each group had 20 mice (10 males

and 10 females). Using a 26-gauge needle, ADSCs

(1 9 106 cells/0.2 ml saline/mouse) were subcutaneously

transplanted into each treatment group of mice.

All the animals were observed daily for clinical signs of

toxicity and mortality. For each mouse, body weight and

consumption of food and water were measured at the initi-

ation of treatment and once a week. All the animals were

killed 4 weeks after treatment. The absolute organ weights

(gram-force [gf]) and relative organ weights (% body

weight) were measured. A histopathologic examination was

performed on the injection sites and various organs includ-

ing the mammary gland, thyroid, parathyroid and salivary

glands, femur, sternum, lung, trachea, heart, tongue, stom-

ach, esophagus, small and large intestines, adrenal glands,

testes, ovaries, epididymides, prostate, urinary bladder,

muscle, liver, spleen, pancreas, mesenteric lymph node,

thymus, kidneys, brain, pituitary, spinal cord, and eyes.

At the time the mice were killed, half of them were

examined hematologically, and the remaining animals

were analyzed by serum biochemistry. We used an animal

blood analyzer (MS 9-5; Melet Schloesing Laboratory,

Osny, France) to perform the following tests: red blood cell

count, hemoglobin and hematocrit levels, mean corpuscu-

lar volume (MCV), mean corpuscular hemoglobin (MCH),

mean corpuscular hemoglobin concentration (MCHC),

white blood cell (WBC) count, differential WBC count,

and platelet count. We also used an automated chemistry

analyzer (Hitachi 7070; Hitachi Co. Ltd., Tokyo, Japan) for

the following biochemical blood parameters: total protein,

albumin, glucose, cholesterol, triglycerides, total bilirubin,

urea nitrogen, creatinine, alanine aminotransferase, aspirate

aminotransferase, alkaline phosphatase, chlorine, calcium,

potassium, and phosphorous.

Before the animals were killed, we used a urine analyzer

(Miditron Junior; Roche Diagnostics, Mannhein Germany)

to measure the following urine parameters: specific gravity,

pH, leukocytes, nitrite, protein, glucose, ketones, urobi-

linogen, and urinary hemoglobin. At the same time, we

examined the following ocular factors: papillary light

reflexes, blink reflex, anterior segment, transparent media,

and fundus.

ADSC Tumorigenicity Testing

For this study, 40 female BALB/c-nu mice 5–9 weeks old

were purchased from Orient-Bio (Seoul, South Korea). The

mice were divided into two treatment groups (ADSCs

washed one or three times with saline), a negative control

group (implanted with MRC-5, human fetal lung cells), and

a positive control group (implanted with A-375, human

malignant melanoma cells) [9]. These cells were obtained

from American Type Culture Collection (ATCC) (Mana-

sas, VA, USA). The cells (2 9 106 cells/0.2 ml saline/

mouse) were subcutaneously injected into the mice using a

26-gauge needle [4, 9].

During the study period (17 weeks), all the animals were

observed daily for clinical signs. Individual body weights

were measured at the start of treatment and once every

week thereafter. Tumor growth was measured twice a

week. Tumor volumes were calculated with the following

formula: volume ¼ ðlength� width� heightÞp=6 [11].

When the tumor volumes reached 1,000 mm3, the mice

were killed and the absolute and relative weights of the

internal organs of all the animals were measured.

We performed a one-way analysis of variance (ANOVA)

to compare differences among the groups. If any results

differed significantly among the groups, the data were further

analyzed by Dunnet’s method, with p values lower than 0.05

indicating statistical significance.

Results

Survey of ADSC Use as Reference Data

Based on the telephone poll, 16 private plastic surgery

clinics (16 %) and 10 plastic surgery departments of gen-

eral and university hospitals (14.7 %) were performing

ADSCs-related procedures. Among the 14 institutions

further surveyed (3 private plastic surgical clinics, 9 plastic

surgery departments of university hospitals, and 2 bio-

technology companies), 57 % were performing clinical

applications with ADSCs. The most commonly performed

procedures were autologous fat grafting and treatment of
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wrinkles and scars. The most common donor sites were the

subcutaneous tissues of the abdomen and thigh. The most

common harvesting method was liposuction with an aspi-

rator or syringe.

For ADSC harvesting, 36 % of the institutions used type

1 collagenase from Worthington (Lakewood, NJ, USA),

whereas 21 % used type 1 collagenase from Sigma-Aldrich

(St. Louis, MO, USA). A 0.1 % collagenase solution was

used by 36 % of the institutions, whereas 14 % used

0.05 % collagenase. The collagenase was inactivated by

86 % of these institutions. To do this, 25 % of the insti-

tutions primarily used Dulbecco’s modified Eagle’s med-

ium (DMEM) with 10 % FBS. Most of the institutions

washed the ADSCs with phosphate-buffered saline (21 %)

and saline (21 %) three times (50 %; average, 2.86

washes).

Residual In Vitro Collagenase Activity and Phenotype

of Cells in the SVF

The residual collagenase activities measured during the

inactivation step with 10 % FBS (INA) and five washing

steps (W1–W5) by the FALGPA and ninhydrin assays are

presented in Fig. 1. The W1 samples had activity levels

similar to those of the blank group (saline only) in both

assays (p \ 0.001). Freshly isolated SVF cells expressed

CD34 (44 %) and CD90 (47 %). At least 10 % of the cells

expressed CD31 and CD117. Less than 5 % of the cells

weakly expressed CD14, CD73, and CD146.

These flow cytometry results were confirmed by

immunocytochemistry (Fig. 2). Freshly isolated cells tested

negative for the endothelial cell or leukocyte markers

CD31, CD14, and CD146 but positive for the mesenchymal

stem cell (MSC) markers CD34, CD90, and CD117.

In Vivo Collagenase Toxicity and ADSC

Tumorigenicity

Four-Week Toxicity Study

No treatment-related effects on clinical signs, mortality, or

body weight were observed. At 4 weeks, significant increa-

ses in reticulocytes were observed in group 2 (3 washes)

compared with the control group (males, 4.25 ± 3.492 vs

0.92 ± 0.415 %; females, 1.50 ± 0.156 vs 1.08 ± 0.132 %).

The serum biochemical values of the males did not differ

significantly between the control and treatment groups.

Among the females, significant decreases in sodium were

observed in group 1 (1 wash) compared with the control

group (151.1 ± 1.67 vs 153.3 ± 1.32 mmol/l). The uro-

logic and ophthalmologic examination results of the treat-

ment and control groups did not differ significantly.

Among the males, a significant increase in absolute

spleen weight was observed in group 2 compared with the

control group (0.0625 ± 0.0323 vs 0.0344 ± 0.0065 gf).

The relative spleen weight in the group 2 males was sig-

nificantly increased compared with the control group

(0.2896 ± 0.1732 vs 0.1536 ± 0.0186 %). However, the

relative liver weight was significantly decreased in group 1

compared with the control group (4.6999 ± 0.0793 % vs

5.0599 ± 0.4970 %).

Among the females, a significant decrease in absolute right

ovary weight was observed in group 2 compared with the

control group (0.0057 ± 0.0012 vs 0.0072 ± 0.0013 gf).

However, the relative brain weight in group 2 was increased

significantly compared with the control group (2.8026 ±

0.1011 vs 2.6026 ± 0.1446 %). Abnormal histopathologic

changes, including local cardiac calcification and infiltration

of monocytes or granuloma in the liver, were observed in

some animals in both the control and treatment groups.

Tumorigenicity Study

No treatment-related effects on clinical signs, mortality, or

body weight were observed. At 17 weeks after transplan-

tation, none of the treatment groups showed any nodule

development at the injection sites or other organs. How-

ever, tumors developed at the injection sites of all the

positive control animals (Fig. 3).

The absolute spleen weight of the positive control ani-

mals increased significantly compared with the negative

control animals (0.2165 ± 0.0659 vs 0.1188 ± 0.0416 gf).

The relative spleen weight of the positive control animals

also increased significantly compared with the negative

control animals (1.0259 ± 0.2669 vs 0.5978 ± 0.1773 %).

Fig. 1 Residual collagenase activity as determined by the furyl

acryloyl-Leu-Gly-Pro-Ala (FALGPA) or ninhydrin assay. Collage-

nase activity decreased sharply during the five washing steps (W1–

W5) to the level of the control (blank) group. *p \ 0.001, error bars,

standard deviation. The absorbance measured in the FALGPA and

ninhydrin assays was converted to percentage of activity relative to

that of 0.1 % collagenase. INA, inactivation step
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The right ovary weight of group 1 increased compared

with the negative control group (0.0066 ± 0.0019 vs

0.0047 ± 0.0016 gf). Additionally, the relative right ovary

weight of group 1 increased significantly compared with

the negative control group (0.0323 ± 0.0087 vs

0.0244 ± 0.0079 %).

Discussion

In various scientific and clinical fields, ADSCs are con-

sidered suitable for stem cell applications [1, 19, 20]. The

initial method for isolating cells from adipose tissue

introduced by Rodbell [13] in the 1960s has been modified

since then [2, 15, 20]. However, a standard protocol for

isolating ADSCs from fat tissues has not been established.

The use of collagenase is a critical step in this process, but

the appropriate concentration, inactivation, and method for

washing have not been determined.

The toxicity of residual collagenase in ADSCs still is

unknown. However, no studies have investigated the

residual collagenase in ADSCs. Furthermore, the tumori-

genic potential of MSCs is controversial. Rubio et al. [14]

demonstrated that some cancer cells could be derived from

MSCs, whereas others have suggested that MSCs have no

tumorigenic potential [7, 8]. Due to the growing interest in

ADSCs, clinical applications of these cells have been

attempted [5, 6, 12, 18]. According to our survey, about

15 % of plastic surgery departments in South Korea were

performing ADSC-related procedures. This underscores the

Fig. 2 Cell surface marker expression analysis of stromal vascular

fraction (SVF) cells by flow cytometry (upper panel) and fluorescence

staining (lower panel). The flow cytometry histograms represent

specific antibody staining (filled lines) compared with the isotype

control staining (open lines). Cells used for double-fluorescence

immunocytochemistry were labeled with DAPI (blue) to identify

individual cells. The cells also were stained with phycoerythrin (PE)-

labeled CD14, CD73, CD90, and CD117 or fluorescein isothiocyanate

(FITC)-labeled CD31, CD34, and CD146 antibodies. Scale

bar = 20 lm
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importance of examining the safety of ADSCs before their

clinical application.

Our in vitro study measured the residual collagenase

activity during the washing steps of ADSC isolation and

characterized the cellular composition of the SVF. The

residual collagenase activity after the W1 step (first

washing after enzyme inactivation) was similar to that of

the blank control group. Sufficient washing time or volume

to eliminate collagenase activity is required to avoid cell

loss during the washing steps.

In our study, SVF cells that underwent five washes

tested negative for endothelial cell or leukocyte markers

CD31, CD14, and CD146 but positive for MSC markers

CD34, CD90, and CD117, although the expression of

CD73 was lower than the levels observed in the SVF of

previous reports [20].

Our in vivo study evaluated the toxicity of residual

collagenase in ADSCs and the tumorigenic potential of

ADSCs according to the number of saline washing. In a

4-week toxicity study, differences among some groups of

mice were observed in hematologic and biochemical

analyses, hisopathologic findings, and organ weights. In the

tumorigenicity study 17 weeks after transplantation, none

of the treatment groups showed development of nodules at

the injection sites or in other organs.

Some organ weights showed differences among the

groups in the tumorigenicity study. These different results

in the in vivo study were not considered to be related to the

study items because these results were inconsistent, not

dose dependent, and within the normal range. In conclu-

sion, a 4-week toxicity study in the NOD/SCID mice with

ADSCs showed no specific toxicity as a result of residual

collagenase depending on the frequency of washing. The

tumorigenicity study, using BALB/c-nu mice, indicated

that ADSCs, regardless of the frequency of saline washing,

showed nontumorigenic potential in vivo.

Despite many studies investigating ADSCs, the standardi-

zation of protocol for isolating ADSCs remains unclear. Before

clinical applications of ADSCs, the techniques for adipose

tissue preparation to isolate ADSCs, the ADSC culture tech-

niques, and the evaluation techniques for purity and quality of

implanted ADSCs should be standardized. For application to

humans, the safety of ADSCs should be guaranteed.

Additional investigations are necessary to determine the

safety of ADSCs. In our study, not all the types of colla-

genase used in ADSC-isolating protocols were evaluated.

Fig. 3 At 17 weeks after transplantation, none of the treatment

groups showed any nodule development at the injection sites or other

organs. However, tumors developed at the injection sites of all the

positive control animals. a Negative control. b Positive control.

c Group washed one time. d Group washed three times
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Also, FBS used in the collagenase inactivation step has not

been established as safe with regard to clinical

applications.

Despite these limitations, our studies may provide fun-

damental data for the study of ADSCs. Analysis of residual

collagenase activity and phenotypes of SVF cells may be

especially useful for establishing adequate and safe proto-

cols for ADSC isolation. Moreover, our results may be

used to establish safety management practices for the

clinical applications of ADSCs.
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Introduction
For a number of years, medical groups throughout the United 
States have been treating patients with bone marrow–derived 
stem cells. One organization, the International Cell Medicine 
Society, has organized registries and institutional review 
boards to follow and evaluate various programs related to 
stem cell therapy. Of particular note, they have found no sig-
nificant evidence of adverse events directly related to treat-
ments with bone marrow–derived mesenchymal stem cells 
(MSCs) that generally require an expansion process through 
cell culture techniques.1

Through technologic advances, we are currently able to 
isolate adult stromal vascular fraction (SVF) from adipose 
tissue in a sterile, nearly closed system in a relatively quick 
(1 hour) time frame. The SVF separated from lipo-aspirate 
by enzymatically digesting the collagen-binding matrix con-
tains a heterogeneous population of cells. Among these are 

adipose-derived stem cells (ADSCs), similar in morphology 
to adult MSCs, hematopoetic stem cells (HSCs), endothelial 
progenitor cells, macrophages, red blood cells, platelets, 
growth factors, and T-regulatory cells.2,3

Plastic and cosmetic surgeons have been using SVF in 
conjunction with fat as a way to fortify the graft material for 
improved uptake, particularly in breast augmentation proce-
dures. Yoshimura has been particularly significant in advanc-
ing this concept in Japan and coined the term the CAL 
procedure—cell-assisted lipotransfer—in an article from 
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Abstract
Autologous adipose-derived stromal vascular fraction (SVF) has been proposed as a remedy for a number of inflammatory, 
autoimmune, and degenerative conditions. This procedure had mainly been evaluated in veterinary medicine and outside the 
United States when this study was initiated. This study looks at adverse events to evaluate safety as its primary objective 
and secondarily follows efficacy of SVF as deployed through intra-articular injections and intravenous infusions for a variety 
of orthopedic and non-orthopedic conditions. We hypothesized that autologous SVF deployment using a specialized surgical 
processing system (the CSN Time Machine® system, trademark name for the MediKhan Lipokit/Maxstem system; MediKhan, 
Los Angeles, California) was safe (ie, minimally acceptable adverse events) and that clinical efficacy could be demonstrated. 
This was a prospective case series. After institutional review board approval, 1698 SVF deployment procedures were 
performed between 2011 and 2016 by us and other affiliates with our same system trained by us as a nearly closed sterile 
surgical lipotransfer procedure on 1524 patients with various degenerative, inflammatory, and autoimmune conditions with 
a majority involving the musculoskeletal system. All outcome test data were collected in an online database over a 5-year 
period. Our study shows a very low number of reported adverse events and a reduction in pain ratings after 6 months or 
more across a variety of musculoskeletal diseases and improvements in a variety of other degenerative conditions. Our 
system for producing adipose-derived SVF therapy for our patients was safe and benefits could be measured for a long time 
after SVF deployment. Further controlled long-term studies for specific disease conditions with large patient populations are 
necessary to further investigate the benefits observed.
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2008.4 In April 2010, Berman had the opportunity to visit Dr 
Yoshimura and Dr Kamakura on 2 separate days and observe 
each doctor perform CAL breast augmentation using 2 dif-
ferent systems. Dr Kamakura used 2 Cytori devices that pro-
duced SVF through an automated system whereas Dr 
Yoshimura used the same system as the authors. Although 
cosmetic and plastic procedures can certainly benefit from 
SVF-enhanced fat transfers (see Berman’s before and after 
breast augmentation with the CAL procedure; Figure 1), 
SVF, through its stem cell potential, could conceivably be 
used to affect positive changes in a far more vast array of 
therapeutic conditions. All injuries and diseases negatively 
affect our “cells” and thus a stem cell should be the logical 
choice to advance cellular (and thus, tissue) repair.

There is a plethora of anecdotal and more recently, evi-
dence-based information to suggest that MSCs may have 
significant beneficial use for a large variety of inflammatory, 
autoimmune, and degenerative conditions.5-11 A large num-
ber of treatments have been successfully conducted on ani-
mals as accepted practices of veterinary medicine.12 Much 
work with these cells has been done in the laboratory, 
whereas fewer evidence-based studies have been aimed at 
therapeutic outcomes. Two recent reviews by Nguyen and 
Guo et al discuss the current concepts and evidence of SVF 
efficacy in the literature.13,14 More recently, Michalek, from 
the Czech Republic, reported excellent safety data and very 
favorable outcomes using intra-articular SVF on 1128 
patients evaluated for arthritic conditions.15

One of the common criticisms to investigating or treating 
patients with SVF is the concern for potential risks. Although 
several safety studies appear in the literature,10,11,15-20 we felt 
compelled to evaluate a larger number of patients and follow 
their safety as well as clinical responses. We chose to look at 
safety as our primary objective with clinical outcomes being 

a secondary objective. Furthermore, we not only evaluated 
intra-articular delivery but intravenous infusion as well.

Material and Methods

Patients
After institutional review board (IRB) approval, patients 
who met criteria for selection (see clinicaltrials.gov CSN111) 
that included a variety of degenerative, inflammatory, or 
autoimmune conditions were included in this study and 
treated with autologous adipose-derived SVF. Between 2011 
and 2016, a total of 1698 procedures were performed on 
1524 patients (eg, 1 patient might have had multiple proce-
dures over time or multiple deployment sites within 1 proce-
dure). Of these patients we received 1698 acute and 526 
long-term follow-up reports regarding adverse events. For 
paired 6-month outcome analysis, records were analyzed for 
several treated conditions.

Patients met with a variety of consultants, most frequently 
with specialists from disciplines that generally oversaw their 
respective conditions, to ascertain appropriateness for the 
procedure. Specific IRB-approved deployment methods for 
each condition were used (see Table 1). Patients were edu-
cated and no guarantees were made nor were patients coerced 
to undergo treatments. Contraindications to inclusion in the 
study included age less than 18, pregnancy, severe coagu-
lopathy, significant active infections, particularly systemic 
and especially dental infections, and metastatic or uncon-
trolled cancer. Patients on anti-coagulation therapies for vari-
ous heart or other embolic conditions were, however, treated 
within this study without discontinuing their anti-coagula-
tion medications. Most patients received intravenous (IV) 
therapy (anecdotally it appears complimentary) in addition 
to their regional targeted deployments (intra-articular in most 
orthopedic patients). Patients signed IRB-approved informed 
consents emphasizing the investigational nature of their SVF 
deployments and underwent an additional brief history and 
physical exams prior to their procedures.

Patients were followed for adverse events related to lipo-
harvesting and SVF deployment. Short-term and long-term 
complications were followed as well as mild, moderate, or 
serious adverse events. An online Health Insurance 
Portability and Accountability Act of 1996 (or HIPAA)–
compliant database was used to track patients for safety data 
as well as outcome data. In most cases, patients reported any 
adverse outcomes directly to the database to mitigate the 
Hawthorne effect (ie, observer effect) as they were not under 
direct observation that might have swayed their responses. 
Severe adverse events were to be reported to the IRB. The 
study was conducted through the offices of California Stem 
Cell Treatment Center and several other locations (research 
affiliates of the Cell Surgical Network; Table 2) that partici-
pated in our study. All affiliate research sites were trained by 
the authors and used the same devices, techniques, and 

Figure 1. Berman patient before and 9 months following CAL 
breast augmentation.
Note. CAL = cell-assisted lipotransfer.
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IRB-approved protocols to isolate and deploy SVF and fol-
low outcomes.

SVF Deployment
Patients underwent instillation of local anesthetic consisting 
of lidocaine 0.5% with epinephrine 1:400 000 and sodium 
bicarbonate 8.4%. Using a sub-dermal non-tumescent 
method, small regions of torso skin (approximately 20 cm2) 
were blocked (usually abdominal or posterior flanks).21 The 
patients then received sterile prep and drape. The CSN Time 
Machine® system (USA trade name for the MediKhan 
Lipokit system; MediKhan, Los Angeles, California; 510 K 
approved for fat grafting) was used to harvest, centrifuge, 
incubate, and isolate the product. Within 2 minutes of local 
anesthetic injection, a mini liposuction was performed 
through a number 11 blade puncture wound using the 

negative pressure syringe technique with a TP101 syringe and 
a 3-mm cannula. Approximately 50 cc of the lipo-aspirate 
solution was obtained and condensed by centrifugation at 
2800 rpm for 3 minutes in the Time Machine® centrifuge. 
12.5 Wunsch units of T-MAX® Good Manufacturing 
Practices (GMP) grade collagenase (private label name for 
Liberase by Roche, Indiana) in 25 cc of normal saline was 
added to 25 cc of condensed fat and incubated at 38°C in the 
Time Machine® incubator for 30 minutes to digest the colla-
gen matrix to procure the SVF in closed Time Machine 
Syringes (TP-102 syringe by MediKhan) in the operating 
room. The product was washed with D5LR sequentially (3 
times) and then the SVF concentrate was isolated. SVF was 
filtered through a Food and Drug Administration (FDA)–
approved 100-µm nylon filter (BD Falcon cell strainer; 
Becton Dickinson, Franklin Lakes, New Jersey). 
Photomicrography using the Invitrogen by Countess 
(Invitrogen, ThermoFisher Scientific, Waltham, 
Massachusetts) was used to document lack of aggregation, 
allow for a basic cell count, and measure cell viability using 
0.4% trypan blue. Cell viability, measured by the Countess, 
demonstrated that our final SVF product reliably ranged from 
65% to 95%. SVF was then deployed in various different 
ways depending on the condition under consideration for 
treatment. SVF deployments in most patients were IV, intra-
articular, and/or into soft tissue in some orthopedic cases. 
Other routes for non-orthopedic cases were intra-thecal, intra-
peritoneal, and nebulized.

To provide enhanced cell characterization, 25 different 
patient samples were sent for flow cytometry to a reference 
laboratory at University of California, San Diego, USA.

Questionnaires
To evaluate subjective outcomes, we utilized standard ques-
tionnaires and scores to follow up with our patients. Details 
about which questionnaires were used can be found in Table 3.

Database
All patients were treated in clinics and by doctors of the Cell 
Surgical Network using approved deployment protocols. 
Data were collected via e-mail and telephone and entered 
into a customized TrackVia (Denver, Colorado) database. All 
responses were voluntary and patients did not receive com-
pensation to participate.

Statistics
Data were analyzed with IBM SPSS statistics (Version 23; 
IBM Inc, Armonk, New York). We performed descriptive 
statistics and analyzed the data with Student’s t test, paired 
sample t tests, and one-way analysis of variance (ANOVA). 
Data are presented as means ± standard errors of the mean 
(SEMs). P values were assumed significant, when α < .05.

Table 1. List of Current IRB Numbers.

Trial name Approval no

SVF Combined With Vaccinia in Patients 
With Advanced Solid Tumors

ICSS-2016-001

Cells on Ice (COI) Program: The Use of 
Frozen/Thawed and/or Expanded Cells via 
Cell Banking

ICSS-2016-002

Lumbar Puncture for Deployment of SVF 
Informed Consent

ICSS-2016-003

General Patient Consent Form Including 
Spanish Version

ICSS-2016-004

Patient Consent for IV Mannitol ICSS-2016-005
Consent for Low Intensity Shock Wave 

Treatment of the Penis
ICSS-2016-006 

(Conditional)
Ophthalmology Consent Form ICSS-2016-007
Repeated Informed Consent Form ICSS-2016-008
Deployment of SVF for Backs ICSS-2016-009
Deployment of SVF for COPD ICSS-2016-010
Deployment of SVF for Hips ICSS-2016-011
Deployment of SVF for Neurologic 

Conditions
ICSS-2016-012

Deployment of SVF for Shoulders ICSS-2016-013
Deployment of SVF for Urologic Conditions ICSS-2016-014
Clinical Intervention Study: Deployment of 

Stromal Vascular Fraction in Autoimmune 
Conditions

ICSS-2016-015

Intraventricular Deployment of SVF Using 
Ommaya Reservoir

ICSS-2016-016

Secondary Evaluation for Adverse Events 
Related to the Deployment of SVF

ICSS-2016-017

Deployment of SVF for Cardiac Conditions ICSS-2016-019 
(Conditional)

Deployment of SVF for Knees ICSS-2016-020 
(Conditional)

Deployment of SVF for Ophthalmology ICSS-2016-021 
(Conditional)

Note. COPD = chronic obstructive pulmonary disease; IRB = institutional 
review board; SVF = stromal vascular fraction.
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Results

Conditions Examined
A total of 1698 procedures were performed on a total of 1524 
patients and some patients had multiple procedures at differ-
ent time points or multiple deployment sites at 1 procedure, 
or both. We investigated a variety of musculoskeletal condi-
tions as well as urogenital, autoimmune, neurological, car-
dio-pulmonary, and other conditions.

Cell Characterization

Flow cytometry was utilized to examine 27 different random 
samples of SVF using the FACSCalibur flow cytometer (BD 

Biosciences, Franklin Lakes, New Jersey). All tested SVF 
samples displayed both hematopoietic and mesenchymal cell 
lineages. We characterized and enumerated surface markers 
of freshly isolated ADSCs. As there is no unique single 
marker for ADCSs, a combination of markers was used to 
identify and separate ADCSs from other cell subsets in SVF. 
Although ADSCs were detected to be uniformly expressing 
same characteristic markers (CD45low CD34+ CD31− CD90+), 
their absolute numbers varied substantially from one patient 
to another. The other cell subsets in SVF were characterized 
as follows: HSCs with a phenotype CD45+ CD34low CD14+ 
CD31− CD206+, M1 macrophages CD45+ CD34− CD14+ 
CD206− as well as pericytes CD45− CD34− CD31− CD146+, 
and CD3+ T-cells. As expected, no 2 SVF samples were iden-
tical in cell composition.

Table 3. Questionnaires Used for Various Treated Conditions.

Condition Questionnaire used

Knee VAS Knee Injury and Osteoarthritis 
Outcome Score (KOOS)–Physical 
Function Short Form (KOOS-PS)

WOMAC Knee NAS (TrackVia 
Version)

The AQoL-4D 
Instrument

Hips VAS Hip Injury and Osteoarthritis Outcome 
Score (HOOS)–Physical Function 
Short Form (HOOS-PS)

Hip NAS (TrackVia 
Version)

The AQoL-4D 
Instrument

Shoulders VAS DASH Shoulder NAS (TrackVia 
Version)

The AQoL-4D 
Instrument

Ankle VAS Foot and Ankle outcomes 
Questionnaire

Joint NAS (TrackVia 
Version)

The AQoL-4D 
Instrument

Elbow VAS DASH Joint NAS (TrackVia 
Version)

The AQoL-4D 
Instrument

Back VAS Oswestry Questionnaire Back-Neck NAS 
(TrackVia Version)

The AQoL-4D 
Instrument

Neck VAS Neck Disability Index Back-Neck NAS 
(TrackVia Version)

The AQoL-4D 
Instrument

Cardiac Minnesota Living With Heart Failure 
Questionnaire

Cardiac Follow-up 
(TrackVia Version)

The AQoL-4D 
Instrument

Lung Pulmonary 
Questionnaire 
(TrackVia Version)

The AQoL-4D 
Instrument

Peyronie’s IIEF EHGS PDQ Peyronie’s Disease 
Follow-up (TrackVia 
Version)

The AQoL-4D 
Instrument

Erectile 
dysfunction

IIEF EHGS Erectile Dysfunction 
Follow-up (TrackVia 
Version)

The AQoL-4D 
Instrument

Incontinence IIQ-7 UDI-6 Incontinence Follow-up 
(TrackVia Version)

The AQoL-4D 
Instrument

IC VAS IC Symptom and Problem 
Questionnaire

Pelvic Pain and Urgency/
Frequency Patient 
Symptom Scale

IC Follow-up (TrackVia 
Version)

The AQoL-4D 
Instrument

Lichen 
sclerosis

VAS The AQoL-4D 
Instrument

Autoimmune VAS Autoimmune Follow-up 
(TrackVia Version)

The AQoL-4D 
Instrument

Note. VAS = Visual Analog Scale; WOMAC = Western Ontario and McMaster Universities Index of Osteoarthritis; NAS = Numeric Analog Scale Left/
Right; AQoL-4D = Assessment of Quality of Life; DASH = Disabilities of the Arm, Shoulder, and Hand; IIEF = The International Index of Erectile Function 
Questionnaire; EHGS = Erectile Hardness Grading Scale; PDQ = Peyronie’s Disease Questionnaire; IIQ-7 = Incontinence Impact Questionnaire; UDI-6 = 
Urogenital Distress Inventory Short Form; IC = interstitial cystitis.
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No Major Adverse Events Were Seen Associated 
With IV Deployment
Most (97%) of the deployment protocols used included IV 
deployment as part of the treatment and 1477 IV SVF deploy-
ments were performed. Some IV SVF infusions were pri-
mary modalities of SVF delivery and some IV infusions 
were supplementary to the primary deployment such as 
intra-articular or intra-thecal. The final double filtering of 
SVF down to 100 µm was designed to prevent risk of any 
embolic events.

No Major Adverse Events Were Seen in the 
Immediate Context Related to SVF Therapy
The data in Table 4 are descriptive and shown as number of 
procedures, validation of response, and total numbers and 
percentages. Table 4 shows answers to questions for all pro-
cedures. Although 7 out of 12 questions had patients report-
ing a severe reaction (the worst category), this was a very 
low rate and only accounted for 0.1% to 2.0% of all responses. 

Also this was mostly related to pain during the liposuction 
procedure. Only 1 problem with the surgical prep was 
reported. Patients reported 8 mild infections at the liposuc-
tion site and 5 mild infections at the deployment site; 1 
severe, 7 moderate, and 107 mild bleedings, and 4 mild blood 
clots (superficial hematomas) at the deployment site were 
reported. No severe infections, allergic reactions, pulmonary 
emboli, or deep vein thromboses were reported.

In addition, in an effort to confirm the sterility of the SVF 
product, 25 consecutive SVF samples from 25 different 
patients were sent to LabCorp, Burlington, North Carolina, 
for culture testing to evaluate for any possible contaminant. 
There were no organisms seen or cultured in any of the 
specimens.

No Major Adverse Events Were Seen in a Follow-
Up Questionnaire
The data from our long-term follow-up of a total of 526 
responses to our questionnaires were received and are pre-
sented in Table 5. The mean ± SEM follow-up time was 

Table 4. Documented and Reported Post-procedural Adverse Events From All Cases.

Question

None Mild Moderate Severe Missing Total

n (valid %) n (% of total)

Liposuction issues: Problem with surgical prep? 1575 (93.9) 79 (4.7) 21 (1.3) 2 (0.1) 21 (1.2) 1698 (100.0)
Pain from local anesthesia? 1311 (78.1) 314 (18.7) 48 (2.9) 5 (0.3) 20 (1.2)
Pain from liposuction procedure? 834 (49.7) 599 (35.7) 211 (13.2) 24 (1.4) 20 (1.2)
Pain at liposuction site after 1 week? 975 (59.2) 526 (32.0) 135 (8.2) 10 (0.6) 52 (3.1)
Infection at liposuction site? 1657 (99.5) 8 (0.5) 33 (1.9)
Any unusual/allergic reaction to procedure? 1029 (98.8) 13 (1.2) 656 (38.6)
Pain at deployment site? 1168 (70.1) 384 (23.0) 80 (4.8) 33 (2.0) 33 1.9)
Pain after 1 week at deployment site? 1347 (82.3) 218 (13.3) 59 (3.6) 12 (0.8) 32 (1.9)
Infection at deployment site? 1650 (99.7) 5 (0.3) 43 (2.5)
Bleeding at deployment site? 1552 (93.1) 107 (6.4) 7 (0.4) 1 (0.1) 31 (1.8)
Hematoma? 1657 (99.8) 2 (0.2) 37 (2.2)
Infection with fever? 1651 (99.8) 4 (0.2) 43 (2.5)

Table 5. Long-Term Follow-Up Questionnaire, With Descriptive Statistic for Follow-Up Time and Answers to Questions.

Mean ± SEM Median Minimum Maximum

22.13 ± 0.44 19.5 12.0 64.0

 No Yes Missing Total

Follow-up time (months) n (valid %) n (% of total)

Did you experience any adverse events 
that you believe are related to stem cell 
therapies?

515 (98.1) 10 (1.9) 1 (0.1) 526 (100.0)

After your SVF procedure, have you been 
diagnosed with a tumor or cancer?

499 (98.0) 10 (2.0)a 17 (3.2)

Note. SVF = stromal vascular fraction.
aA total of 10 self-reported and 1 more reported via telephone interview for a total of 11 cancer patients.
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22.13 ± 0.44 months; the median was 19.5 months with a 
minimum of 12.0 and a maximum of 64.0 months (Table 5). 
Regarding the question of occurrence of adverse events that 
are attributed by the patient to the therapy, 515 (98.1%) 
answered with “No” and 10 (1.9%) patients answered with 
“Yes.” The patient reports and physician’s notes for these 
events are reported in Tables 6 and 7. Finally, there were 12 
(0.72%) reported diagnoses of cancer in 11 out of 1524 
patients. The patient reports and doctor’s notes for these 
cases are presented in Table 8.

Pain and Assessment of Quality of Life (AQoL) 
Is Decreased After Treatment in Orthopedic 
Conditions and Knee
In the group of patients with orthopedic diseases, the age of 
female (n = 175; 66.35 ± 0.75) and male (n = 228; 64.83 ± 
0.76) patients was not significantly different from each other, 
t(531) = 1.37; P = .17 (Figure 2A), whereas male (n = 230; 
29.72 ± 0.45) patients had a significantly higher body mass 
index, t(403) = −3.81; P < .001, as analyzed by unpaired 
Student’s t test compared with female patients (n = 175; 27.16 
± 0.50; Figure 2B). Time had an overall significant effect on 
pain (Figure 2C), F(3, 156) = 19.47; P < .001, and AQoL 
(Figure 2D), F(3, 111) = 4.38; P < .006, as analyzed by one-
way ANOVA, whereas the post hoc Bonferroni comparison 
revealed a significant reduction in pain compared with base-
line (5.68 ± 0.29; P < .001) after 1 (3.75 ± 0.29; P < .001), 3 
(3.31 ± 0.31; P < .001), and 6 months (3.35 ± 0.33; P < .001), 
and for AQoL compared with control (6.47 ± 0.55) after 1 
(5.10 ± 0.59; P = .007) and 6 (5.06 ± 0.55; P = .04) months.

Separated for knee and shoulder procedures, knee patients 
had significantly lower pain ratings (baseline vs 6 months, 
4.87 ± 0.32 vs 2.96 ± 0.29; Figure 3A), t(48) = 5.01; P < 
.001; lower Knee Injury and Osteoarthritis Outcome Score 

(baseline vs 6 months, 33.89 ± 2.54 vs 21.72 ± 2.04; Figure 
3B), t(60) = 4.91; P < .001; and lower AQoL (baseline vs 6 
months, 5.33 ± 0.46 vs 3.98 ± 0.48; Figure 3C), t(56) = 3.54; 
P = .001, 6 months after the procedure. In the group of 
patients with shoulder procedures, pain ratings (baseline vs 6 
months, 5.50 ± 0.40 vs 2.76 ± 0.49; Figure 3D), t(20) = 5.95; 
P < .001, and Disabilities of the Arm, Shoulder, and Hand 
scores (baseline vs 6 months, 34.53 ± 3.21 vs 21.34 ± 4.02; 
Figure 3E), t(20) = 3.35; P = .003, were significantly lower 
at 6 months compared with baseline. Table 9 furthermore 
shows the 6-month outcome for all conditions where a paired 
data set of at least 3 patients was available. Here some sig-
nificant improvements after 6 months were found for some 
urogenital conditions with a specific focus on interstitial cys-
titis, erectile dysfunction, and Peyronie’s disease. Details 
about these comparisons are shown in Table 10.

Discussion
SVF and ADSCs have shown tremendous promise as a 
regenerative therapy. Their use in cosmetic/plastic surgery 
has been well documented, particularly for CAL in cases of 
breast augmentation, reconstruction, and a variety of other 
areas.4 SVF and ADSCs have demonstrated the ability to not 
only differentiate along mesenchymal lines but into many 
other cells and tissues as well.22(p103) The cells have been fre-
quently used for chondrogenesis and other orthopedic appli-
cations, particularly in veterinary medicine, making it one of 
the most common areas for clinical applications. Early 
empiric success with positive responses to SVF deployments 
for orthopedic conditions encouraged us to continue our 
work in the form of an IRB-approved investigation to collect 
data to establish safety while continuing to observe for clini-
cal trends in therapeutic cases. When this study was first ini-
tiated, the predominant concern about SVF deployments 
centered on the paucity of safety data and the insufficient 
proof of efficacy for lack of evidence-based analysis. We 
chose to look at safety as our primary objective with clinical 
outcomes being a secondary objective. Our study is the first 
to show safety data using both IV and regional deployments 
of SVF for a high number of treated patients for several con-
ditions in the degenerative, inflammatory, and autoimmune 
spectrum. Safety in our series appears to have been ade-
quately demonstrated in the lack of adverse events directly 
related to SVF deployment. Certainly, the minimal and occa-
sional complaints about the liposuction or the occasional 
delayed healing at the liposuction site should not be consid-
ered of any real consequence. Indeed, many of our patients 
are in the ASA III category and frequently continued their 
anticoagulants because of the high risk of discontinuing 
them. Even they had minimal bleeding and no serious prob-
lems secondary to the liposuction portion of the procedure.

Previous laboratory investigations done in conjunction 
with Roche Laboratories utilizing the Cedex Hi-Res System 
demonstrated that collagenase was effectively diluted to 

Table 6. Patient Self-Reported Adverse Events.

Treated condition Patient reports

Knee SVF therapy takes too much energy
Knee Indirect related negative experience 

with Demerol injection
Knee Dental abscess
Knee Baker’s cyst 1 year after therapy
Knee Bursitis, leg swelling
MS MS flare-up after SVF therapy
MS Extensive bruising and rejection of the 

HBO therapy afterward
Stroke/cardiac Irregular heartbeats, patient passed away
Gout Pain at site plus severe neck pain
Macular 

degeneration—dry
Eye condition got worse

Note. SVF = stromal vascular fraction; HBO = hyperbaric oxygen; MS = 
multiple sclerosis.
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insignificant quantities (less than control) after 2 rinses (dilu-
tions) and we routinely perform a third wash as part of our 
standard protocol (Figure 4). Although collagenase has 
already been FDA approved for direct injections into soft tis-
sue for certain conditions (eg, Peyronie’s and Dupytren’s) 

and thus has minimal systemic ramifications, we considered 
it important to document that patients did not receive any 
significantly measurable collagenase in their SVF. 
Nonetheless, there is no evidence that any harm comes from 
the cells treated with a GMP non-mammalian collagenase 

Table 7. Doctor Notes Regarding Acute and Long-Term Follow-Up Adverse Events.

1. Three patients with knee injections sustained an unusual swelling post-deployment. All resolved with oral steroids or NSAIDs. These 
symptoms lasted about 24 to 72 hours and then spontaneously resolved. Two were aspirated within the first week by our orthopedic 
surgeon showing no bacteria and very low to no glucose. Patients went on to have successful outcomes. The swelling occurred in 1 
knee while both knees had received SVF.

2. Four patients had flu-like symptoms including mild myalgias and fatigue that occurred 1 or more days post-deployment. Symptoms 
resolved in 24 hours.

3. A 49-year-old female patient received IV SVF and nebulized cells for pulmonary fibrosis. One week post-liposuction and deployment 
she presented to her local hospital with abdominal distention. She was treated conservatively for several days. Apparently, she had 
developed a bowel obstruction that went undiagnosed and she became septic and subsequently expired. There was no evidence of 
any injury from liposuction or relation to SVF deployment as a cause of her bowel strangulation.

4. A very sick, frail, 86-year-old male with end-stage pulmonary fibrosis received intravenous SVF and then 2 weeks after deployment, 
his family flew him to another country in the hopes of obtaining additional cell-based treatments there. He died in Israel while 
awaiting cell expansion for more treatments. There was no evidence of SVF involvement with his demise.

5. A 60-year-old male received a back intra-discal injection. Three days post-deployment, he developed pain in the back area. He was 
hospitalized for a low-grade fever and pain and no local pathology was identified. One of several routine blood cultures revealed an 
oral pathogen. He was treated and the condition resolved. Subsequently, we revised our pre-operative instructions by noting in “red 
ink” that should there be any dental infections (eg, periodontal disease or otherwise), then it should be cared for in advance of any 
invasive procedure.

6. A debilitated 63-year-old male patient with late stage ALS received IV SVF. Eight days, later he was hospitalized with recurrent 
bout of pneumonia. He then went on to develop DVTs, which were not present on his hospital admission, and then a pulmonary 
embolism. He had orders to not resuscitate and eventually expired. There was no evidence of relation to SVF deployment. There 
was no evidence of relation to SVF deployment.

7. A 79-year-old female patient with COPD developed pulmonary congestion shortly after IV and nebulized SVF deployment. She was 
hospitalized in the ICU overnight. X-ray examinations revealed diffuse congestion without heart enlargement. She received diuretic 
therapy and close monitoring. By the next morning, not only did her congestion clear up, as did X-ray examinations, but her COPD 
dramatically improved as well and she was breathing easier than she had in years. She was subsequently discharged.

8. Localized infection at liposuction site: One patient reported an infection; however, he was applying “lip balm” to the area and it was 
resolved without intervention.

Note. COPD = chronic obstructive pulmonary disease; SVF = stromal vascular fraction; NSAID = nonsteroidal anti-inflammatory drug; ALS = amyotrophic 
lateral sclerosis; DVT = deep vein thrombosis; IV = intravenous.

Table 8. Twelve Malignancies as Reported by 11 Patients After SVF Deployment Over a 5-Year Follow-Up.

Patient Date Tx Center Diagnosis How SVF was deployed Cancer type

74, male 10/29/2013 Calif SCTC Crohn’s IV Prostate-focal
54, female 6/20/2012 Calif SCTC Wrist DJD IV/intra-artic SCC skin distal arm
74, male 5/2/2012 Calif SCTC Shoulder DJD Intra-artic Superfic vocal cord
77, male 4/25/2012 Calif SCTC Knees DJD Intra-artic Breast cancer
54, female 5/22/2013 Calif SCTC IC IV and bladder DCIS breast cancer
54, female 5/22/2013 Calif SCTC IC IV and bladder SCC skin clavicle
68, male 3/16/2011 Calif SCTC ED Intracorporal Basal cell carcinoma nose
85, female 2/6/2013 Calif SCTC Asthma IV Basal cell carcinoma
76, male 4/21/2014 Carolina SCTC Knees DJD/Parkinson IV and intra-artic Non-Hodgkin’s lymphoma 

lower spine and sternum
76, male 4/9/2015 Michigan SCTC RA/knee arthritis IV and intra-artic Skin carcinoma left wrist
50, female 1/22/2013 Newport SCTC Renal failure IV DCIS breast cancer
77, male 9/17/2013 Newport SCTC Back/arthritis IV Skin cancer

Note. SVF = stromal vascular fraction; SCTC = Stem Cell Treatment Center; DJD = degenerative joint disease; SCC = squamous cell carcinoma; ED = 
erectile dysfunction; DCIS = ductal carcinoma in situ; IC = interstitial cystitis.
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that has been effectively diluted to insignificant amounts 
remaining in the final SVF product.

Perhaps most interesting was the number of positive effi-
cacy results we found in our patient series. Not only did we 
experience a number of positive results, our affiliates at all 
other Cell Surgical Network research sites have been able to 
recapitulate our efficacy results with little inter-observer 

variability. The majority of our patients fell into the orthope-
dic category and they also had the most overall benefit from 
treatments.

From the very start, we saw significant improvements in 
patients treated. Our first patient, Berman’s nurse anesthetist, 
had painful knee arthritis following a ski injury. She had 
been on nonsteroidal anti-inflammatory drugs (NSAIDs), 
had arthroscopy, corticosteroid injections, and could no lon-
ger enjoy skiing because of the pain. Her knee had marked 
crepitus. Within several weeks following SVF direct injec-
tion to the knee joint, she was able to return to skiing and no 
longer had any crepitus in the joint. The next patient was 
Berman’s wife who experienced 3½ years of left hip pain 
following years of 6 mile a day running. She too had a posi-
tive response following SVF direct injection. Neither of 
these patients has had a return of pain over 6 years following 
their procedures. Our third patient was scheduled for a total 
knee replacement. Six years later, she too, still enjoys pain-
free walking and has avoided the knee replacement surgery. 
These were our first 3 patients and though we, and the rest of 
our affiliates, have not “healed” all of our patients, we have 
routinely (over 85%) witnessed similar results in our other 
orthopedic cases. As with any “new” technology, when start-
ing out, you tend to see the worse cases and not always the 
ones that will most optimally respond. We consider orthope-
dic conditions the “low hanging fruit” for SVF deployment, 
but if someone is truly “bone on bone,” meaning there is not 
any significant cartilage “signal” to prompt cartilage differ-
entiation from SVF “stem cells,” then one will not experi-
ence chondrogenesis or any physical improvement.

Although none of our initial patients were subjected to 
placebo testing, it may be worth noting the following, par-
ticularly as related to the orthopedic conditions: The vast 
majority of our orthopedic patients had already had multiple 
interventions. For example, the typical knee patient had 
already been on a variety of NSAIDs and supplements (eg, 
glucosamine chondroitin), had corticosteroid injections, 
hyaluronic acid injections, and frequently arthroscopic inter-
ventions. Yet, in spite of all of these interventions, they did 
not see sustained reduction of pain and improvement in func-
tion. With each intervention, a patient may actually sense 
improvement from a placebo effect and not necessarily the 
intervention. However, arguably, if the patients do not get 
improvement from the intervention, then they clearly did not 
receive any placebo benefit either. If our patients improved 
from SVF, then it would be rather illogical to assume they 
improved from a placebo effect in light of the fact that they 
failed a variety of placebo opportunities in the past. 
Furthermore, many of our patients had been treated at no cost 
thus mitigating the idea that by paying for the procedure, 
they would be likely to respond in the positive. Indeed, many 
of these patients were family, friends, and professional asso-
ciates—most likely they would not respond positively unless 
they actually felt better. Still, we recognize and understand 
the difference between this observation and real blinded 

Figure 2. Baseline data, pain, and AQoL.
Note. In the group of patients with orthopedic diseases, (A) the age of 
female and male patients was not significantly different from each other, 
(B) whereas male patients had a significantly higher BMI as analyzed by 
unpaired Student’s t test. Time had an overall significant effect on (C) pain 
(P < .001) and (D) AQoL after 1 and 6 months. Data are presented as 
means ± standard errors of mean and were assumed significant when P < 
.05. AQoL = Assessment of Quality of Life; BMI = body mass index; VAS 
= Visual Analog Scale.

Figure 3. The 6-month outcome for knee and shoulder patients.
Note. Six months after the procedure, knee patients had (A) significantly 
lower pain ratings (P < .001), (B) lower KOOS (P < .001), (C) lower 
AQoL (P < .005). In the group of patients with shoulder procedures, (D) 
pain rating (P < .001), and (E) DASH scores (P < .005) were significantly 
lower at 6 months compared with baseline. Data were analyzed with 
paired Student’s t test. Data are presented as means ± standard errors 
of mean and were assumed significant when P < .05. VAS = Visual Analog 
Scale; KOOS = Knee Injury and Osteoarthritis Outcome Score; AQoL = 
Assessment of Quality of Life; DASH = Disabilities of the Arm, Shoulder, 
and Hand.
*P < .05. **P < .005. ***P < .001.
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studies that will ultimately be needed to validate our obser-
vations. Still, we felt compelled to show enough evidence for 
safety and a sense of positive empiric outcomes before sub-
jecting patients to placebo trials. Certain trends developed 
that have helped us gain a greater understanding of efficacy 
of SVF deployment. In the area of orthopedics, many of the 
conditions involved arthritic joints with cartilage deteriora-
tion. It appeared that as long as there was some cartilage 
present in the joint, SVF deployment could be effective. In a 
few cases where cartilage had been completely missing, for 
example, cases following arthroscopy and Marcaine injec-
tion where complete cartilage deterioration resulted,18 SVF 
proved ineffective. Nonetheless, SVF effectively reversed 
most orthopedic conditions involving inflammation or tissue 
degradation as long as some structure was present. Patients 
who were missing complete ligaments or had had multiple 
surgeries were less likely to show a positive response. 
Despite large numbers of intra-articular deployments, no 
joint infections were reported. There were 3 cases of imme-
diate post-deployment reactive (culture negative) inflamma-
tory synovitis in knees that were self-limited and responded 
well to intra-articular steroid administration.

It should further be noted that though some of our patients 
had deployment with platelet rich plasma (PRP) added to the 
SVF because it has commonly been suggested that this was 
necessary for growth factors or other mechanical properties 
that they possessed, the vast majority of our patients were 

simply treated with adipose-derived SVF alone and clini-
cally did well. Our study found no evidence suggesting an 
additional benefit to adding PRP to intra-articular injections. 
The suggestion is clear—that the inflamed or damaged tissue 
probably provides sufficient cytokine signals to direct the 
stem cells in SVF to initiate healing or in addition the SVF 
has adequate growth factors contained within.

Although the preponderance of outcomes data in this 
series was orthopedic and those patients (mostly osteoarthri-
tis) responded uniformly well with their inflammatory and 
degenerative conditions, a number of non-orthopedic condi-
tions were also treated. In the non-orthopedic conditions, we 
were able to see a number of positive responses in patients 
with ischemic cardiomyopathy as well as improvement in 
lung function in many cases of chronic obstructive pulmo-
nary disease. A number of interesting findings occurred in 
the urologic area with positive responses seen in Peyronie’s 
disease23 and interstitial cystitis. The area of neurological 
disorders represents a variety of conditions that appear 
responsive to SVF treatment. In the area of stroke, traumatic 
brain injury and cerebral palsy, these all have the similarity 
of vascular injury resulting in cellular degradation with neu-
rological damage. Some positive clinical responses were 
seen in all of these categories even in late appearing cases. 
One might hypothesize that early intervention would be 
much more effective to prevent scar tissue formation by 
actually repairing like tissue and blood vessels as soon as 

Table 9. The 6-Month Outcome Data From Available Paired Observations.

Baseline 6 months

N t(df) P value Mean ± SEM

Orthopedic
 Hip
  Pain 5.13 ± 0.64 3.47 ± 0.80 15 t(14) = 1.82 .09
  HOOS 28.18 ± 3.76 21.20 ± 4.30 15 t(14) = 1.48 .16
  AQoL 5.27 ± 0.89 3.53 ± 0.60 15 t(14) = 2.02 .06
 Back
  Pain 6.18 ± 0.63 4.53 ± 0.66 15 t(14) = 1.81 .09
  Oswestry score 9.73 ± 2.22 10.95 ± 1.65 20 t(19) = −0.56 .58
  AQoL 7.30 ± 1.32 6.53 ± 0.95 20 t(19) = 0.78 .45
 Foot and ankle
  Pain 5.25 ± 0.59 4.63 ± 0.76 8 t(7) = 0.65 .54
  Foot and Ankle Outcome score 64.94 ± 6.45 52.44 ± 8.70 9 t(8) = 2.02 .08
 Neck and back
  Arthritis 7.00 ± 0.41 3.50 ± 1.55 4 t(3) = 2.05 .13
  Oswestry score 15.96 ± 4.07 15.00 ± 8.40 4 t(3) = 0.17 .88
  AQoL 5.71 ± 2.79 6.25 ± 3.75 4 t(3) = −0.31 .78
 Elbow and hand
  Pain 7.50 ± 1.33 2.67 ± 0.88 3 t(2) = 2.31 .15
  DASH 17.11 ± 12.35 0.09 ± 4.89 4 t(3) = 1.87 .16
  AQoL 2.00 ± 0.71 0.25 ± 0.25 4 t(3) = 2.33 .1

Note. HOOS = Hip Injury and Osteoarthritis Outcome Score; AQoL = Assessment of Quality of Life; DASH = Disabilities of the Arm, Shoulder, and 
Hand.
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possible (ie, closer to the acute event). In some cases such as 
in multiple sclerosis, immune modulation was probably also 
responsible, as was cell repair or regeneration, for the 

clinical improvements seen. For the same reason, SVF 
appeared to improve many of the autoimmune conditions 
treated in this series. Many of these patients required addi-
tional treatments over time. Clearly, this is an area of prom-
ise that needs rigorous evaluation. In recent animal (rat 
model) research conducted by Sean Berman24 (manuscript in 
preparation), controlled concussions induced in rats with the 
D-Actor Shockwave (Storz Medical AG, Tägerwilen, 
Switzerland) device produced a consistent negative effect on 
both memory and motor skills. The IV deployment of SVF 
immediately following these induced concussions showed 
mitigation of these effects with the best outcomes coming 
closer to the acute injury. This has been postulated to occur 
because of an anti-inflammatory effect of SVF on the cyto-
kine cascade and/or from cytokine-induced angiogenesis 
restoring vascular integrity to the neural system.

The relationship between adult mesenchymal stem cells 
and cancer has been evaluated and no clear linkage between 
cell therapy and malignancy in humans has been established. 

Table 10. The 6-Month Outcome Data From Available Paired Observations.

Baseline 6 months

N t(df) P value Mean ± SEM

Non-orthopedic
 Erectile dysfunction
  Orgasmic 7.17 ± 0.69 7.56 ± 0.82 9 t(8) = −0.65 .54
  Erection 13.44 ± 2.00 17.00 ± 2.59 9 t(8) = −3.83 .005
  Sexual desire 8.17 ± 0.67 8.78 ± 0.46 9 t(8) = −1.02 .34
  Intercourse satisfaction 6.05 ± 1.46 7.89 ± 1.78 9 t(8) = −2.19 .06
  Overall satisfaction 4.28 ± 0.64 7.00 ± 1.01 9 t(8) = −3.54 .008
  AQoL 2.06 ± 0.72 0.78 ± 0.32 9 t(8) = 1.48 .18
 Interstitial cystitis
  Pain 6.70 ± 0.69 3.10 ± 0.86 10 t(9) = 4.11 .003
  PUF score 22.54 ± 1.93 13.79 ± 1.98 12 t(11) = 4.20 .001
  O’Leary Sant score 26.54 ± 1.82 12.08 ± 2.01 12 t(11) = 6.20 <.001
  AQoL 5.03 ± 1.53 3.88 ± 1.29 12 t(11) = 1.06 .31
 Peyronie’s disease
  EHGS 2.33 ± 0.33 3.00 ± 0.00 3 t(2) = −2.00 .18
  Psychological score 11.93 ± 1.89 8.20 ± 1.20 5 t(4) = 3.19 .03
  Penile pain 4.37 ± 1.58 2.40 ± 1.03 5 t(4) = 1.33 .25
  Bother score 7.63 ± 0.90 5.80 ± 1.28 5 t(4) = 2.10 .1
  PDQ 23.93 ± 2.15 16.40 ± 2.16 5 t(4) = 2.55 .06
 Neurologic
  AQoL 10.86 ± 1.94 7.91 ± 1.05 21 t(20) = 1.99 .06
 Autoimmune
  Pain 4.17 ± 1.11 3.67 ± 0.92 6 t(5) = 0.32 .77
  AQoL 6.73 ± 1.12 5.91 ± 1.38 11 t(10) = 0.60 .56
 Cardiac
  Minnesota 34.0 ± 15.74 8.0 ± 6.04 4 t(3) = 1.27 .29
  AQoL 2.25 ± 1.11 1.50 ± 1.19 4 t(3) = 0.60 .59
 Pulmonary
  AQoL 6.58 ± 0.83 6.67 ± 1.09 12 t(11) = −0.09 .93

Note. AQoL = Assessment of Quality of Life; PUF = Pelvic Pain and Urgency/Frequency Patient Symptom Scale; EHGS = Erectile Hardness Grading Scale; 
PDQ = Peyronie’s Disease Questionnaire; Minnesota = Minnesota Living With Heart Failure Questionnaire.

Figure 4. Residual collagenase measured with Cedex Hi-Res 
System following initial incubation and the 4 serial dilutions in a 
50-cc syringe using D5LR.
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However, the incidence of teratomas associated with the 
deployment of induced pluri-potential stem cells as well as 
embryonic cells has been well described.25 Eleven patients 
out of 1524 (age range 18-90+) who received SVF deploy-
ment in this study reported development of malignancy at 
some period in time following their SVF deployment with 
5-year follow-up surveillance. One patient was diagnosed 
with both skin cancer and breast cancer. One patient was 
diagnosed with skin cancer only 3 days following SVF 
deployment and therefore it was considered unrelated to cell 
therapy. One patient developed basal cell carcinoma of the 
nose 50 months after treatment. All patients either had no 
therapy (observation of focal prostate cancer) or resection 
and/or radiation resulting in definitive treatment of the 
malignancy. No direct correlation between SVF deployment 
and the incidence of any specific types of malignancy could 
be identified. The low numbers of cancers detected in this 
study over 5 years suggests that SVF did not appear to pro-
mote malignancy in this patient population. Patients will 
continue to be monitored on a yearly basis to collect addi-
tional information.

Last, it is notable that IV infusion of filtered SVF did not 
result in additional morbidity. This is the first study of its 
kind to be published that specifically addresses the safety of 
IV deployment.

Study Limitations
There was a low follow-up rate, explainable by no paid 
incentive. One of the limitations of studies evaluating surgi-
cal procedures like SVF deployment is the lack of a control 
arm, but that would require that some patients receive pla-
cebo SVF. This has ethical implications as the patients are 
undergoing a surgical procedure to procure their SVF rather 
than opening a bottle to receive a drug. Having said that, we 
have initiated a separate protocol trial for knee treatment 
using a placebo arm.

Conclusion
On a final note, regardless of any potential controversy sur-
rounding the deployment of adipose-derived SVF, we have 
developed a nearly closed system following the surgical pro-
curement of lipo-aspirate with an excellent safety profile that 
appears to provide an abundance of regenerative cells that 
can potentially mitigate a variety of degenerative conditions. 
It needs to be noted that regardless of one’s actual system for 
processing cells, there is absolutely no such thing as a com-
pletely closed point-of-care system where liposuction is 
involved. However, in compliance with 21 Code of Federal 
regulations part 1271 mandating that the FDA prevent the 
transmission of communicable disease in areas of tissue 
transfer, aside from the obvious possibility of patient con-
tamination from one’s own infectious agents or normal 

acceptable air (environmental) exposure that occurs with 
every surgical procedure, there appears to be no additional 
risk of communicable disease transmission.

Furthermore, all of us involved in this research network 
activity of deploying cells and collecting data have been 
gratified by a large percentage of sincerely appreciative 
patients. We are confident that the medical and scientific 
communities will continue to advance cellular therapies and 
likely find more advanced cell lines or delivery mechanisms. 
This procedure found its origins in cosmetic/plastic surgery 
via liposuction. It is exciting that we can use part of our plas-
tic surgical skills working together with a variety of other 
disciplines to further advance patient care beyond the arena 
of purely cosmetic or reconstructive surgery. There is no 
need to limit our surgical skills to purely aesthetic cases. 
Indeed, many of our affiliates have cosmetic/plastic surgeons 
as a center of their network of doctors and have found this 
new aspect of their careers to be incredibly rewarding. We 
believe we have entered a new era of medicine and the cos-
metic/plastic surgeon can play a significant role in advancing 
cellular therapy.

Although we agree that double-blinded studies would 
eventually be required to disprove any placebo effect, we 
believe it is important to demonstrate that there are minimal 
adverse events associated with SVF treatments and that the 
risks are acceptable, primarily being related to the method of 
harvesting and deployment. We can conclude that the deploy-
ment of SVF via IV, intra-articular, and into soft tissue is 
overall safe and well tolerated. In particular, improvement in 
pain scores and quality of life ratings of treated musculoskel-
etal conditions served to demonstrate this particularly well. 
Some conditions had a low follow-up rate making a true 
treatment effect difficult to evaluate. More stratified data and 
controlled studies are necessary to investigate treatment out-
come for these conditions.
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Abstract
Objective: Stromal vascular fraction (SVF), containing large amount of stem cells and other regenerative cells, can be easily obtained from loose connective tissue 
that is associated with adipose tissue. Here we evaluated safety and clinical efficacy of freshly isolated autologous SVF cells in a case control prospective multi-centric 
non-randomized study in patients with grade 2-4 degenerative osteoarthritis. 

Methods: A total of 1128 patients underwent standard liposuction under local anesthesia and SVF cells were isolated and prepared for application into 1-4 large 
joints. A total of 1856 joints, mainly knee and hip joints, were treated with a single dose of SVF cells. 1114 patients were followed for 12.1-54.3 months (median 
17.2 months) for safety and efficacy. Modified KOOS/HOOS Clinical Score was used to evaluate clinical effect and was based on pain, non-steroid analgesic usage, 
limping, extent of joint movement, and joint stiffness evaluation before and at 3,6 and 12 months after the treatment. 

Results: No serious side effects, systemic infection or cancer was associated with SVF cell therapy. Most patients gradually improved 3-12 months after the treatment. 
At least 75% Score improvement was noticed in 63% of patients and at least 50% Score improvement was documented in 91% of patients 12 months after SVF cell 
therapy. Obesity and higher grade of OA were associated with slower healing. 

Conclusion: Here we report a novel and promising treatment approach for patients with degenerative osteoarthritis that is safe, cost-effective, and relying only on 
autologous cells. 

Introduction
Degenerative osteoarthritis (OA) of large joints, especially hip and 

knee, is characterized by degeneration of articular cartilage, sclerosis 
of the subchondral bone, and marginal osteophyte formation. In the 
United States of America, symptomatic OA is present in 13.9% of 
adults 25 years and older and in 33.6% of adults 65 years and older, but 
it is estimated that radiographic OA is much more frequent [1]. OA 
of weight-bearing joints is associated with chronic devastating pain, 
stiffness, decreasing range of motion and joint deformity, being one 
of the leading causes of decreased quality of life and work limitations 
in elderly.

Although early stages of OA can be alleviated by physical therapy, 
weight loss, non-steroid analgesic drugs, and chondroprotectives, 
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the advanced disease relies on total joint replacement. Total joint 
arthroplasty (TJA) is the mainstay of treatment for end-stage OA of the 
hip or knee. Unfortunately, TJA is relatively frequently associated with 
serious and life-threatening complications including increased risk of 
infection, thromboembolism, myocardial infarction, stroke, increased 
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risk of death at 30 and 90 days after surgery, and the life-span of the 
prosthesis is limited [2-5].

Recently, it was shown that mesenchymal stromal/stem cells 
(MSCs) hold a great promise for their healing potential in regenerative 
medicine [6]. Preclinical animal studies that utilize MSCs demonstrated 
safety and efficac in treatment of OA, cartilage defects or other 
orthopedic conditions [7-10]. In humans, the largest collection of 
culture-expanded bone marrow-derived MSCs used for treatment of 
339 patients with OA was recently documented and more than 75% 
improvement was reported in 41.4% and more than 50% improvement 
was reported in 63.2% of patients [11]. No severe side effects and no 
neoplastic complications were detected at any stem cell re-implantation 
site in a mean follow-up 435 days [11]. 

MSCs can be obtained from bone marrow as well as from adipose 
tissue. Although bone marrow MSCs and adipose tissue-derived 
MSCs share many biological features, there are also some differences.
Adipose tissue-derived MSCs are more genetically stable in a long 
term culture, display a lower senescence ratio and higher proliferative 
capacity [10]. Bone marrow MSCs constitute only about 0.001%-0.01% 
of all nucleated cells in bone marrow, whereas the amount of adipose 
tissue-derived MSCs is approximately 1000-fold greater when isolated 
from equivalent volume of tissue [10,12,13]. Adipose tissue can be 
easily obtained by standard liposuction under local anesthesia and 
isolated stromal vascular fraction (SVF) cells contain 1-4% MSCs as 
well as other cell types involved in tissue regeneration such as vascular 
endothelial cells, pericytes, fibroblasts, macrophages and regulatory T 
lymphocytes [10,14-16]. SVF cells demonstrated anti-inflammatory and 
immunomodulatory effects and MSCs have the capacity to differentiate
into connective tissue cells including cartilage, tendon and ligament 
[10,17]. SVF cells can be clinically used as freshly isolated from the 
lipoaspirate without further in vitro expansion or manipulation. These
various SVF cell components may act synergistically with MSCs and 
therefore may be superior to MSCs alone [13]. It may be also presumed 
that freshly isolated cells would be safer and more efficaciou compared 
with the cells expanded by culture, as ex vivo manipulations may lead 
to genetic and epigenetic alterations that may affect the functional and 
biological properties of the cells [18]. 

Autologous adipose-derived SVF cell therapy has been used since 
2003 in dogs. In a randomized double-blinded multicenter controlled 
trial, dogs with large joint OA treated with SVF cells had significantly
improved scores for pain, lameness and range of motion compared with 
control dogs [7]. At least 80,000 SVF cells per kilogram of animal body 
weight were used. Similar effects were documented for OA, cartilage, 
tendon and ligament injuries treated with autologous SVF cells in other 
species as well [7,19,20].

Based on previously published results from animal and human 
studies, we hypothesize that non-manipulated SVF cells freshly isolated 
from loose connective tissue that is associated with adipose tissue and 
administered to the loose connective tissue in a close proximity or 
into the arthritic joint can demonstrate healing potential in patients 
with degenerative OA. Here we present data from a multi-centric, 
prospective case control study that demonstrate how practicing 
medicine with patient´s own regenerative cells freshly isolated from 
a stromal vascular fraction surrounding small blood vessels of the 
adipose tissue can significantly improve outcome of degenerative OA 
leading to a better quality of life.

Materials and methods
Patients

Multi-centric prospective non-randomized case control study 
of International Consortium for Cell Therapy and Immunotherapy 
(ICCTI) was performed in the United States of America, the 
Czech Republic, Slovakia, and Lithuania after approval by the local 
Ethics Committees and Investigational Review Board of American 
Naturopathic Research Institute/Naturopathic Oncology Research 
Institute. Informed consent for patients was in accordance with 
the Declaration of Helsinki. Certified orthopedic surgeons and/or 
traumatology surgeons recruited patients with OA in seven clinical 
centers from 2010 to 2013. Inclusion criteria consisted of: 1) 18 years of 
age and older; 2) chronic or degenerative joint OA grade 2-4 (Kellgren-
Lawrence) of 1-4 large weight bearing joints (including hip and knee) 
and additionally 0-8 other joints (including shoulder, elbow, wrist, 
hand, ankle, foot) causing significant functional disability verified by 
clinical examination and X-ray and/or magnetic resonance imaging 
(MRI); 3) failure of conservative management; 4) signed informed 
consent form. Exclusion criteria consisted of: 1) active inflammatory
disease; 2) severe cardiac, pulmonary or other systemic disease; 3) 
history of active neoplasm and its treatment with immunosuppressive 
agents (including chemotherapy, radiotherapy, steroids or other 
immunosuppressive drugs) within the past 12 months; 4) steroids 
or platelet-rich plasma within the past 4 weeks; 5) health condition 
(including known allergy to local anesthetic drug) that does not allow 
to perform liposuction in local anesthesia; 6) pregnancy or lactation; 
7) TJA.

Patients who were referred as candidates for TJA were allowed 
to participate in SVF cell therapy and this information was recorded 
by referring physician. All patients underwent local anesthesia of 
subcutaneous fat in an extent that enables collection of 20-200ml of 
adipose tissue (lipoaspirate) by a standard tumescent liposuction.

X-ray and magnetic resonance imaging 

X-ray: standard weight-bearing X-ray images were performed in 
antero-posterior (AP) and lateral projections. The images were taken 
at collaborating institutions using digital X-ray machines, all of them 
were quality-controlled and certified. Most images were made on direct 
radiography system Sedecal CXDI 55G (Spain) with read-out detector 
Canon CXDI (Japan).

MRI: 1.5 T standard protocols pertaining each individual joint 
using proton density-weighted images (PD) and PD with fat saturation 
(FS) in coronal plane, T1 and PD FS in sagittal plane, 3D water-
excitation technique in transversal and coronal planes were applied. 
Examinations were performed on 1.5 T machine Toshiba Excelart 
Vantage (Toshiba Medical Systems, Japan).

Tissue and SVF Cell Processing

Lipoaspirate was processed using Cellthera Kit I (patented 
technology: EP No. 2792741 in 2010-2012) or Cellthera Kit II (in 2013), 
Cellthera, s.r.o., Brno, Czech Republic. At least 20ml of adipose tissue 
per each large joint (or 2 medium joints - elbow, wrist; or 5-8 small 
joints - hand, foot) treated was processed according to manufacturer’s 
instructions with Cellthera Kit I containing collagenase mix. Finally, 
to block any residual collagenase activity, SVF cells isolated by Kit I 
were resuspended in 1-5ml autologous plasma that was obtained from 
anticoagulated blood after centrifugation. When using Kit II, at least 
50ml of adipose tissue per each large joint (or 2 medium joints - elbow, 
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wrist; or 5-8 small joints - hand, foot) treated was processed with 
Cellthera Kit II that does not contain collagenase. Briefly, lipoaspirate 
was thoroughly washed to remove most red blood cells and tissue 
debris, incubated at 37°C for 20-30 minutes while shaking and SVF 
cells were then collected by centrifugation at 400g, properly washed 
with normal saline and filtered through a sterile 100µm filter (BD 
Biosciences, Franklin Lakes, NJ, USA). SVF cells isolated by Kit II were 
resuspended in 1-5ml normal saline. All isolated SVF cells were used 
for treatment. In both cases (isolation using Kit I or Kit II), all nucleated 
SVF cells were counted on Burker chamber (Glaswarenfabrik Karl 
Hecht GmbH & Co KG, Sondheim/Rhön, Germany) after trypan blue 
(Sigma-Aldrich, St Louis, MO, USA) staining. 

In vitro SVF cells preclinical testing

Freshly isolated SVF cells as well as third passage adipose 
tissue-derived stromal cells (ASCs) were examined for their 
immunophenotype. In order to obtain the third passage of ASC, 
isolated SVF cells were seeded at a density 20 x 103 cells/cm2 in 24-well 
plastic plate (Costar, USA) , and then cultured in DMEM/F12 (Sigma-
Aldrich) containing 2% penicillin and 5% platelet lysate at 37°C with 
5% CO2. After 24 hours of culture, non-adherent cells were removed 
and fresh complete medium was added to adherent cells - ASCs. The
medium was changed twice per week. When 80% confluence was 
reached, the cells were counted and subcultured using 0.25% trypsin 
(Sigma-Aldrich). 

The immunophenotype of SVF freshly isolated cells as well as third 
passage ASCs was characterized by BD FACS Canto II flow cytometer 
(BD Biosciences). Briefly, cells were washed twice in Dulbeco´s PBS 
containing 1% bovine serum albumin (Sigma-Aldrich) and stained for 
30 minutes at 4°C with anti-CD90 - FITC, anti-CD73 - PE, anti-CD105 
- APC, anti-CD19 - APC-Cy7, anti-CD45- PECy7 and anti-CD34 - 
PerCP-Cy5 (BD Biosciences). Cells were then washed with PBS and 
characterized by flow cytometry. Doubling time (DT) was measured as 
followed: DT = (log2 x culture time) : (log N – log N0) where N is cell 
count after the third passage and N0 is cell count of adherent cells after
removal of non-adherent cells at the beginning of cell culture. 

Treatments

SVF cells were administered in 1-5ml aliquot per joint treated 
according to joint size. Up to 4 large joints or up to 8 other joints were 
treated. Single injection of SVF cells was administered intraarticularly 
or periarticularly to the synovial stromal loose connective tissue in the 
close proximity of such joint. If needed, ultrasound or C-arm X-ray 
navigation of the needle was employed.

Evaluations

Clinical status of all patients was closely monitored by the attending 
physician who indicated patients for cell therapy at least 1 week before, 
at the time of SVF treatment, 1 week, 1, 3, 6, and 12 months after the 
SVF treatment. SVF cell therapy was recorded and evaluated by the 
same physician. Clinical evaluation incorporated medical history, 
physical examination including evaluation of joint pain, number of 
analgesic drugs taken, joint stiffness and extent of joint movement, 
lameness status on a semiquantitative scale, recommendation for TJA, 
as well as any side effects possibly associated with SVF cell therapy. If 
possible, joint X-ray and/or MRI follow-up of the involved joint was 
performed after at least 6 months from SVF cell therapy.

All patients and their physicians were instructed to fill in the 
modified Knee/Hip Osteoarthritis Outcome Score (KOOS/HOOS; 

www.koos.nu) questionnaire that evaluated semiquantitatively the 
following measures: 

A) Pain – patient evaluation (0 = no pain; 1 = minor not frequent 
pain; 2 = minor frequent pain; 3 = moderate pain; 4 = severe pain; 5 = 
unbearable pain requiring analgesics); 

B) Painkillers per week – physician evaluation (0 = no painkillers; 1 
= 1-7 pills/topical analgesic cream (TAC); 2 = 8-14 pills/TAC; 3 = 15-21 
pills/TAC; 4 = 22-28 pills/TAC; 5 = 29 or more pills/TAC);

C) Limping at walk – physician evaluation (0 = no limping; 1 = 
less frequent minor limping; 2 = frequent minor limping; 3 = moderate 
limping; 4 = severe limping; 5 = impossible to walk); 

D) Extent of joint movement– physician evaluation (0 = no 
limitation; 1 = limitation up to 20%; 2 = limitation 21-40%; 3 = 
limitation 41-60%; 4 = limitation 61-80%; 5 = limitation more than 
80%, impossible to move);

E) Joint stiffness – patient evaluation (0 = no stiffness; 1 = minor; 2 
= moderate; 3 = serious; 4 = severe; 5 = impossible to walk).

OA Score was then constructed as the mean value of variables A) 
– E) for each patient.

Statistical evaluation

The nonparametric statistical analysis of changes in Scores over 
time (before, 3months, 6months and 12 months) in each treatment 
group was tested by one-way repeated measures analysis of variance 
(ANOVA), the Friedman test was used. The Kruskal–Wallis test 
(nonparametric one-way ANOVA) was used for comparing Score in 
independent treatment group (according to OA grade, and body mass 
index (BMI) category) and post hoc comparisons were made. Wilcoxon 
rank test was used for comparisons of independent pairs of groups and 
the Bonferroni correction was used for the test modification to multiple 
comparisons. Correlation analysis (Spearman correlation coefficien
and also modified Spearman correlation coefficien for categorized 
data) was used for description of statistical association between studied 
variables (Score and BMI, Score and OA grade, etc.). The significance
level 0.05 was used throughout. The 50% and 75% effect of Score 
improvement in time was calculated as a percentage of patients where 
the difference between Score before and Score in a particular time was 
greater than half and ¾ of Score before, respectively. The data were 
analyzed using statistical software STATISTICA v.10 StatSoft, In

Results
Patient characteristics

A total of 1856 joints of 1128 unique patients were treated with 
single injection of SVF cells isolated from autologous adipose tissue. 
From this large group 14 patients (1.2%) were lost to follow-up and 
1114 (98.8%) patients were evaluated at their follow-up visits. Median 
follow-up time from the procedure was 17.2 months (range 12.1-
54.3 months). The median age was 62 years (range 19-94 years), 596 
(52.8%) patients were males and 532 (47.2%) were females, all patients 
were Caucasians and all underwent single procedure of SVF cell 
administration to 1-8 joints. There were 557 (49.4%) patients with one 
joint treated, 481 (42.6%) patients with two joints treated, 51 (4.5%) 
patients with three joints treated, and 39 (3.5%) patients with four to 
eight joints treated. Patients underwent 1132 (61.0%) knee procedures, 
625 (33.7%) hip procedures, and 99 (5.3%) other joint (ankle, foot, 
shoulder, hand, wrist or elbow) procedures (Figure 1). Based on 
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clinical and X-ray examination, 226 (20.0%) patients were diagnosed 
with grade 2, 788 (69.9%) with grade 3, and 114 (10.1%) with grade 4 
of degenerative OA (highest grade of OA in each patient is reported). 
There was 1 (0.1%) underweight patient (BMI bellow 18), 169 (15.0%) 
patients with normal weight (BMI 18-24.9), 639 (56.6%) overweight 
patients (BMI 25-29.9), and 319 (28.3%) obese patients (BMI 30 or 
over) (Figure 1). Among all patients treated, there was always at least 
one large joint (hip or knee) treated and 503 patients (45.2%) of 1114 
patients followed-up were candidates for TJA.

SVF cell characteristics

Initially, we compared isolation of SVF cells from autologous 
adipose tissue using Cellthera Kit I and Kit II. In the cohort of 12 
patient samples of isolated SVF cells (6 isolated with Kit I and 6 isolated 
with Kit II) we were able to demonstrate typical ASC characteristics 
including 0.9-4.7% of plastic adherent cells and growing in vitro up 
to passage 6 and expressing CD73, CD90, CD105, losing expression 
of CD34 and negative for CD45 (data not shown). No significant
difference in doubling time was noticed between cells isolated with 
Kit I and Kit II. In this preliminary optimization cohort, the yield of 
isolated viable SVF cells per ml of adipose tissue was 3.4-fold higher 
when using Kit I compared to Kit II. 

Thus, for the clinical protocol of individualized cell therapy with 
autologous SVF cells we decided to use 20-30ml of adipose tissue per 
each large joint treated when Kit I was used, and 50-90ml of adipose 
tissue per each large joint treated when Kit II was used. Kit I was used 
in 478 patients and led to nucleated SVF mean cell yield of 1.63 (±0.41) 
x 106/ml of adipose tissue and viability of 87.4% (± 6.7%). Kit II was 
used in 650 patients and led to nucleated SVF mean cell yield of 0.39 
(±0.12) x 106/ml of adipose tissue and viability of 95.8% (± 3.9%). 
Absolute number of viable SVF cells obtained from adipose tissue 

isolated with Kit I reached 28.4 (± 11.7) x 106 while absolute number 
of viable SVF cells obtained from adipose tissue isolated with Kit II 
reached 22.5 (± 8.1) x 106. These absolute numbers of viable SVF cells 
were not significantly different (p=0.19). No statistically significant
differences in age, sex, BMI and degree of OA were noticed between 
patients treated with cells isolated with Kit I or Kit II.

SVF cell therapy and patient follow-up

All patients underwent treatment with SVF cells as scheduled and 
no complications related to adipose tissue processing and SVF cells 
preparation were noticed. There were no serious side effects associated 
with SVF cell therapy. Other side effects related to the procedure 
consisted of local pain and swelling at the site of injection, fever, 
reactive synovitis, headache, deep venous thrombosis (Table 1). Pain 
and swelling at the site of injection were observed in patients injected 
with higher cell number but without significant difference between 
those treated with Kit I or Kit II isolated cells. Both cases of deep 
venous thrombosis occurred in women with unsatisfactory hydration 
and refusal to walk while remaining at sitting position for several hours 
after the procedure. There was one case of infectious synovitis reported 
that is unlikely to be SVF cell therapy-related but it is not possible to 
exclude it. Six days after SVF cell therapy a woman was complaining 
of localized pain and swelling at the site of SVF cell application and 
was admitted to another hospital where a puncture of right knee was 
performed and revealed to be sterile. Four days later, synovectomy of 
the right knee was performed and S. epidermidis was cultured.

Approximately 95% of joints treated were knees and/or hips (Figure 
1). Clinical effect of SVF cell therapy was evaluated with modified
KOOS/HOOS Score since, based on Inclusion criteria, all patients has 
to be treated for at least one hip or knee joint. SVF cell application 
revealed at least 50% improvement of hip or knee joint after treatment 

Figure 1. Characteristics of patients and joints treated by SVF cell therapy. 

(A): 1856 joints in 1128 patients were treated. The columns represent the numbers of knee, hip, ankle/foot, shoulder and hand/elbow joints treated. (B): The number of patients diagnosed 
with grade 2, 3 and 4 (according to Kellgren-Lawrence classification) of osteoarthritis is shown. (C): The body mass index (BMI) of patients undergoing SVF cell therapy.
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Serious side effects Number [%]

Myocardial infarction 0 0

Stroke 0 0

Thromboembolism 0 0

Systemic infection 0 0

Cancer 0 0

Death 0 0

Other serious side effects 0 0

Other side effects Number [%]

Local pain < 24 hours 47 4.22

Local pain > 24 hours 38 3.41

Local swelling < 72 hours 58 5.21

Local swelling > 72 hours 12 1.08

Fever > 38°C < 24 hours 9 0.81

Fever > 38°C > 24 hours 4 0.36

Reactive synovitis 5 0.45

Headache 3 0.27

Deep venous thrombosis 2 0.18

Infectious synovitis* 1 0.09

*One patient experienced infectious synovitis that was unlikely related to SVF therapy, but 
it is impossible to completely exclude it. For details, see text.

Table 1. Side effects observed in patients treated with SVF cell therapy.A total number 
of 1114 patients were treated and followed-up for side effects related to SVF cell therapy.

in 80.6% of patients at 3 months. The Score further improved in time to 
12 months of the follow-up to 91.0% as documented in Figure 2. When 
75% Score improvement was evaluated of the hip or knee joint, similar 
trend for improvement was noticed from 3 months to 12 months post-
treatment in 39.7% to 63.0% of patients. Only up to 0.9% of patients 
were non-responders. Remaining patients improved for less than 50%. 
Therewas a difference in clinical responses among patients treated with 
SVF cells isolated with Kit I and Kit II by multiple comparison analysis 
(Figure 2D). This difference was significant at 3 months after SVF cell 
therapy (p = 0.0001), but not before, at 6 and 12 months after SVF cell 
therapy (p = 0.2430; p = 0.0512; p = 0.4593, respectively).

Women had higher Score than men before and at 3 months 
after SVF cell therapy (p = 0.0089; p = 0.0020), but not at 6 and 12 
months after the procedure (p = 0.0771; p = 0.5799, respectively) as 
demonstrated in Figure 2E. Score evaluation before, at 3, 6 and 12 
months after the SVF cell therapy was significantly increased in older 
patients in comparison to younger ones (p<0.0001 in all checkpoints, 
respectively) as shown in Figure 2F. Higher OA grade was associated 
with significantly increased OA Score before, at 3 and 6 months (p = 
0.0156; p = 0.0318; p = 0.0030, respectively), but not at 12 months (p = 
0.5315) after SVF therapy. Patients with higher BMI had significantly
higher OA Score at 3 months after the procedure (p = 0.0281), but 
not before and at 6 and 12 months after SVF therapy (p = 0.3002; p = 
0.1004; p = 0.4022, respectively). 

Patient’s responses were also monitored by X-ray and MRI. 
Typically subtle but significant widening of joint spaces was observed 
on X-ray 6 - 12 months after SVF cell therapy. MRI studies revealed 
slight chondral thickening or stable cartilage thickness 6 - 12 months 
after SVF cell therapy. Smoothing of surface irregularities and defects, 
regression of reactive subchondral bone edema, sealing of chondral 
fissures, healing of subchondral cortical lesions or integration of 
chondral flaps were frequently seen after the treatment. To illustrate 
the X-ray and MRI of the joint treated with SVF cells of a typical good-
responders (Figure 3). 

From 503 TJA candidates before the SVF cell therapy, only 4 (0.80 
%) patients required total hip replacement during the follow-up period. 

These findings demonstrate that patients with lower degree of OA and 
non-obese patients recover from OA faster, typically within 3-6 months 
after SVF cell therapy. In patients with higher degree of OA and in 
obese patients the regeneration of arthritic joint may take longer, but at 
12 months they experience the same degree of clinical improvement as 
patients with lower degree of OA and non-obese patients, respectively.

Discussion
Adipose-derived cells have potential applications to a wide range 

of clinical disorders including myocardial infarction, stroke, Crohn’s 
disease, multiple sclerosis, rheumatoid arthritis, limb ischemia, breast 
augmentation and reconstruction, decubiti ulcers, postirradiation 
fibrosis, and craniofacial reconstruction [6,21,22].The greatest number 
of patients reported have been for breast reconstruction, myocardial 
infarction, and fistula repair in Crohn’s disease as previously reviewed 
[10,15].

There is also a growing body of research regarding stem cells for the 
treatment of degenerative OA. Recently, the largest group of patients 
with OA treated with bone marrow-derived cultured MSCs was 
reported by Centeno et al. and involved 339 patients. It demonstrated 
safety and clinical efficac in most patients treated. In a subgroup of 
133 patients with knee OA 50% score improvement was noticed in 
63.2% cases at an average reporting time of 11.3 months from the first
cell application [11]. Vangsness et al. reported results of a randomized, 
double-blind, controlled study in 55 patients with knee OA and partial 
medial meniscectomy treated with allogeneic bone marrow-derived 
MSCs. The study demonstrated safety and no ectopic tissue formation 
after cell therapy. Reduction of pain as well as meniscal volume increase 
was noticed in MSC-treated patients but not in placebo control group 
[17]. Despite using different cell sources, both studies [11,17] are in 
accordance with our findings regarding safety and clinical effect of cell 
therapies in similar orthopedic indications.

Recently, there are several reports regarding adipose-derived cell 
therapy of degenerative OA, but all of them with relatively small number 
of patients [14,16,23-25]. In our study, we are in agreement with these 
studies using adipose-derived cells which are safe and clinically effective
in most patients with degenerative OA. The use of adipose tissue have 
many advantages in comparison to bone marrow: it can be easily 
obtained by standard liposuction under local anesthesia; adipose stem 
cells are plentiful and adipose tissue contains approximately 500-2500 
times higher amount of mesenchymal stem cells compared to the same 
volume of bone marrow [10,12,21,26]. While MSCs are dramatically 
decreasing with age in bone marrow [27], their pool in adipose tissue is 
quite stable during life [26,27]. In addition, the adipose tissue contains 
unique populations of cells that suppress the inflammatory responses, 
and thus further contribute to tissue healing. Loose connective 
tissue creates an optimal environment for adaptation of stem cells 
and other cells contained in SVF that supports and positively affects
microenvironment being sentinels for injury, damaged cells and tissues 
[10,28]. Adipose-derived stem and stromal cells do not require in vitro 
cultivation and are ready for use immediately after isolation from 
the adipose tissue. Recently, in an animal model of guinea pigs with 
spontaneous OA, Sato et al. demonstrated migration, differentiation,
proliferation, and persistence of MSCs into the damaged cartilage and 
adjacent synovial tissue. There was a strong immunostaining for type II 
collagen around both residual chondrocytes and transplanted MSCs in 
the OA cartilage demonstrating direct contribution of MSCs to hyaline 
cartilage healing and regeneration [9].

These data are in accordance with our clinical observation in a 
large cohort of adult patients with grade 2-4 degenerative OA. In our 
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Figure 2. Evaluation of clinical outcome based on Modified KOOS/HOOS Score.
A calculation of the Score is based on 5 parameters: pain, number of painkillers per week, limping at walk, extent of joint movement and stiffness. (A): Significant improvement in Score 
(*) was observed 3, 6 and 12 months after SVF cell therapy compared to the status before SVF cell therapy (p < 0.0001). Means ± SD [blue box], and ± 1.96 SD [black bars] are shown. 
(B): Percentage of patients with at least 50% Score improvement. (C): Percentage of patients with at least 75% Score improvement. (D): Comparison of Scores in patients treated with 
SVF cells isolated with Kit I or Kit II. Significant difference was noticed between Kits at 3 months after SVF cell therapy (*). Means - SD are shown for Kit I [full line] and means + SD 
are shown for Kit II [interrupted line]. (E): Comparison of Scores between the group of men and women. Significant difference was noticed between men and women before SVF therapy 
and at 3 months after the therapy (*), but not at 6 and 12 months after the procedure. Means - SD are shown for men [full line] and means + SD are shown for women [interrupted line]. 
(F): Comparison of Scores in patients younger than median age (< 62 years) and older than median age (≥ 62 years). Significant difference was noticed between younger and older patients 
before SVF therapy and at 3, 6 and 12 months after the therapy (*). Means - SD are shown for patients younger than 62 years [full line] and means + SD are shown for patients 62 years old 
and older [interrupted line].

SVF cell therapy case control study, 1856 joints were treated in 1128 
patients and we were able to demonstrate safety with no serious side 
effects reported in 1-4.5 years of follow-up and clinical improvement 
in a vast majority of patients. Some patients experienced local pain and 
swelling at the injection site, but those symptoms were lasting shortly 
and were well controlled with common analgesics. Not surprisingly, 
most patients were treated for knee and/or hip OA and our treatment 
strategy allowed multiple joint treatments during one surgical 
procedure. Based on previous studies demonstrating migratory 
capability of MSCs [8-12] we allowed intraarticular or periarticular 
(synovial stroma or loose connective tissue immediately adjacent 
to the joint cartilage) application of SVF cells. We hypothesized that 
stem cells as well as other regenerative stromal cells may contribute to 
the cartilage healing process via two mechanisms: 1) paracrine effect
and 2) cell migration, differentiation and proliferation. Our clinical 

observations are in agreement with this hypothesis and with the 
animal study [9], which brought direct evidence for such mechanism 
of cartilage regeneration using cell labeling techniques that clearly 
demonstrated long-term persistence of transplanted stem cells in the 
cartilage and adjacent synovial and other loose connective tissue. We 
did not observe any difference in clinical response after intraarticular 
or periarticular application of SVF cells. This is probably due to 
capacity of these cells to migrate to the site of injury where they are able 
to execute the healing effect

At this point, we should also clarify the terminology regarding the 
source of SVF cells. In the vast majority of scientific publications only 
the term adipose tissue is used, but the true source of SVF cells is not the 
adipose part but only the stromal (ie. loose connective tissue) part of 
the fat obtained typically by liposuction. Histologically, the fat lobules 
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are surrounded by a loose connective tissue and the SVF cells reside 
in the loose connective tissue that also home capillaries and small 
vessels. Stroma is a broadly used term for the loose connective tissue 
that contains mesenchymal stem cells and other cells like fibroblasts,
macrophages, adipocytes, mast cells and leukocytes. Synovia of 
articulated joints is also intimately associated with the loose connective 
tissue which is homologous to the loose connective tissue of the adipose 
tissue [29]. Thus, in our clinical study we were aiming to enrich the 
population of stem and other regenerative cells in a close proximity 
to damaged cartilage. In a human study we are limited in direct cell 
imaging in comparison to animal studies [9]. On the other hand, we 
can demonstrate indirectly the healing potential of SVF cell therapy 
in OA using clinical examinations and symptom scoring as well as 
objective visualization of damaged joints by MRI and X-ray imaging.

Despite several techniques for SVF cells isolation exist [12,15,21], 
maximal cell yields are obtained after collagenase digestion of adipose 
tissue [12]. Here we demonstrate that collagenase digestion may lead to 
better short term results in a clinical outcome at 3 months, but it is not 
clear if such short-term effect can be caused by the autologous plasma 
or larger cell number contained in that cell suspension. On the other 
hand, later on at 6 and 12 months after SVF cell administration, we 

did not observe any significant difference between usage of SVF cells 
that were processed with or without enzymatic digestion of the adipose 
tissue. In addition, there are similar results with comparable numbers 
of viable SVF cells that can be obtained without collagenase digestion 
when larger amounts of adipose tissue are processed. Almost 90% of 
patients were diagnosed with grade 2-3 OA and almost 85% patients 
were overweight or obese. We were able to demonstrate that cartilage 
regeneration is slower during the first 3 to 6 months in patients with 
higher BMI and in patients with higher OA grade. But later on, 
at 6 and 12 months after SVF cell therapy, there is no difference in 
clinical outcome based on BMI and OA grade status. In obese people, 
the mechanical pressure on cartilage of the weight-bearing joints is 
extremely high leading to more degenerative changes of the weight-
bearing joints. We are demonstrating that despite there are still 
differences in a short term response (evaluated at 3 months after cell 
therapy), there is no significant difference in a clinical response after
6 or 12 months. The regenerative potential of SVF cells probably takes 
longer in obese patients to regenerate the cartilage. 

Not surprisingly, higher age is associated with higher Score 
before and stays higher throughout the follow-up after cell therapy 

Figure 3. X-ray and magnetic resonance imaging (MRI) results of the joints before and after SVF cell therapy.
(A): X-ray results of 56 year old man with right knee grade 3 osteoarthritis and kissing bone phenomena in a medial compartment. X-ray 12 months after SVF cell therapy shows widening 
of the joint space [arrows], most likely due to greater cartilage volume. X-ray was performed by direct radiography system Sedecal CXDI 55G (Spain) with read-out detector Canon CXDI 
(Japan). (B): MRI results (proton density-weighted images in coronal plane) of 45 year old man with grade 2 osteoarthritis with chondral defects, loose chondral flap and irregularities of 
subchondral cortical bone of lateral compartment of the left knee joint [encircled in red]. MRI performed at 6 months after SVF cell therapy at the same level shows reintegration of the flap, 
reconstitution of chondral defects with a thin layer of chondral overgrowth and improved outlining of the subchondral cortex. MRI was performed by 1.5 T MRI Toshiba Excelart Vantage 
XGV Atlas (Japan). (C): MRI results (proton density-weighted images in coronal plane) of 49 year old man with grade 3 osteoarthritis and subchondral bone lesion with control at the same 
level 18 months after SVF cell therapy. The cartilage defect leading to the defect of subchondral cortical bone disappeared on the control MR image and is covered by regenerated smooth 
chondral layer. MRI was performed by 1.5 T MRI Toshiba Excelart Vantage XGV Atlas (Japan).
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in comparison to younger patients. Yet, dramatic Score decrease was 
significant after SVF cell therapy at any age. Even patients in their 
seventies, eighties or even nineties, who are typically not qualified
for TJA because of their age and a general health status, can undergo 
SVF cell therapy without any serious side effects. Also, most patients 
benefited from SVF cell therapy despite the fact that more than 45% of 
them were TJA candidates. During the median follow-up 17.2 months 
there were only 4 patients who required TJA. All of them underwent 
hip joint replacement and all of them had grade 4 OA of that hip joint. 
None of patients with other than hip OA required TJA. We cannot draw 
strong conclusions out of this finding, but we can suggest to undergo 
the SVF cell therapy in earlier stages, especially in case of hip OA, 
when clinical symptoms of OA are present and leading to decreased 
quality of life. In addition, our data clearly demonstrate a durable effect
of single injection of adipose-derived SVF cells. Similar finding was 
documented previously with bone marrow-derived cultured MSCs 
therapy in patients with osteoarthritis [11]. In this study, there were 
67.8% of patients with knee OA candidates for total knee arthroplasty 
and 6.9% reported that they opted for knee replacement in a median 
follow-up of 435 days [11]. 

Other treatment options are used in a clinical practice to alleviate 
symptoms such as pain and stiffness in OA patients, although none of 
them led to regeneration of joint connective tissue including cartilage: 
administration of analgesic, non-steroidal anti-inflammatory drugs 
and/or corticosteroids. However, these medications may have broad 
spectrum of adverse effects, namely in gastrointestinal tract, heart, 
liver, kidneys, and other organs, especially during long-term use [30]. 
In case of advanced stage large-joint OA, standard treatment consists 
in surgical removal of the affected joint and its replacement with an 
artificial joint. Total joint arthroplasty represents rather extensive 
surgery which is associated with considerable risk of serious side effects
and post-operative complications including myocardial infarction, 
stroke, systemic infection or increased risk of death after TJA [2-5].

Typically, patients in our case control study were administered 
large amounts of painkillers, ie. mainly analgesics or non-steroidal 
anti-inflammatory drugs, before the SVF administration. In order 
to compare the amount of painkillers taken before and after the 
SVF cell application, the quantity of these drugs in a form of pills or 
topical analgesic creams used by patients was assessed, evaluated and 
used as one of the parameters in calculation of the Modified KOOS/
HOOS Clinical Score to evaluate clinical effect of the therapy. We have 
observed that the quantity of painkillers (data not shown), as well as the 
Score (Figure 2A) were significantly decreased after the SVF therapy. 
Despite the limitation of our study that did not contain the control 
group of patients with OA, we can assume that, due to a long term 
use (at least 6 months, but typically several years) of painkillers prior 
to SVF administration, those patients would continue in painkillers 
consumption at the same or even larger amounts of painkillers as the 
diseases progresses, without SVF cell application. Altogether, given that 
the amount of painkillers used was significantly decreased in patients 
after the SVF cell administration, we can assume that this therapeutic 
strategy is both safe and effective in most of the patients treated.

In addition, there are also other treatment approaches to OA, such 
as intraarticular administration of platelet rich plasma or hyaluronic 
acid, sometimes called viscosupplementation. Although these methods 
are also available for patients with symptomatic OA, they typically 
involve a series of intraarticular injections with increased potential 
risks associated with repeated joint injections. In contrast, the results 
of our case control study are based on a single, intra- or periarticular 

administration of SVF cells with documented safety and a relatively 
long term clinical effect with a median follow-up time 17.2 months 
(range 12.1-54.3 months). Therefore, it would be difficul to compare 
the effect of a single dose of autologous SVF cells with a series of platelet 
rich plasma or hyaluronic acid injections.

Despite safety and efficac of SVF cell therapy, there are some 
limitations in our case control study. There is no guarantee that 
such cell therapy can lead to a definite cure of degenerative OA. The
patients are further monitored and longer follow-up data will help 
to answer question about durability and long-term safety of SVF 
cell therapy. Another limitation of our study is no randomization 
and no placebo control. There were two reasons for designing that 
case control study: 1) ethical aspect and 2) economical aspect. We 
believe it would be rather unethical to ask placebo group of patients 
to undergo liposuction and placebo administration to the joint with 
OA. Since this study was designed as autologous cell therapy, there is 
strong previously documented clinical evidence of safety of autologous 
non-manipulated or minimally manipulated cell therapies [31]. In the 
first decade of the 21st century, more than 17,000 scientific articles 
involving 2,724 cell therapy clinical trials were published [32]. These
results include 323,000 patients treated with more than 675,000 cell 
therapy units. The treatments were very safe and often very effective
in the treatment of various diseases with the potential to significantly
improve health worldwide [10,31,32]. Second economical aspect of our 
study preparation was based on estimation of extreme costs associated 
with a new drug development. The costs of phase I to phase III clinical 
trials leading to the new drug registration are estimated to be 300 
million to 1 billion USD. Furthermore, once such budget is raised, 
new drug is tested in a double-blind, randomized, placebo-controlled 
clinical trial and finally registered based on safety and efficac profile.
The health care providers worldwide are exposed to extreme costs 
associated with eligible patient treatments after such registration. On 
the other hand, a case control study, if well designed and if strong 
evidence for minimal risks based on previous studies exists, can lead 
to a cost-effective, safe, ethical and objective evaluation of a novel 
treatment. One of such examples can be a case control study using 
autologous non-manipulated or minimally manipulated cells. 

Conclusion
Autologous stromal vascular fraction cell therapy of degenerative 

osteoarthritis is safe and clinically effective strategy leading to improved 
quality of life. This conclusion is based on the present case control 
study of 1128 adult patients.
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Summary Adipose tissue is a rich source of cells with emerging promise for tissue engineer-
ing and regenerative medicine. The stromal vascular fraction (SVF), in particular, is an eclectic
composite of cells with progenitor activity that includes preadipocytes, mesenchymal stem
cells, pericytes, endothelial cells, and macrophages. SVF has enormous potential for therapeu-
tic application and is being investigated for multiple clinical indications including lipotransfer,
diabetes-related complications, nerve regeneration, burn wounds and numerous others. In
Part 2 of our review, we explore the basic science behind the regenerative success of the
SVF and discuss significant mechanisms that are at play. The existing literature suggests that
angiogenesis, immunomodulation, differentiation, and extracellular matrix secretion are the
main avenues through which regeneration and healing is achieved by the stromal vascular frac-
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Introduction

The concept of adipose tissue as a reservoir of regenerative
cells has gained widespread interest after adipose derived
stem cells (ADSCs), a form of mesenchymal stem cells
(MSCs), were characterized by Zuk et al. in 2001.1 ADSCs,
which are easily extracted from adipose tissue, have been
intensely studied due their multipotent differentiation ca-
pacity, surface markers and adherence to plastic.2 A recent
shift of focus has directed the attention from the study of
ADSCs to that of a heterogeneous mixture of cells from
which they are derived, the stromal vascular fraction
(SVF).2,3

Despite the burgeoning research on these two pop-
ulations of cells, few studies compare the therapeutic ef-
fects of ADSCs with SVF cells. In those that do, SVF
treatment provided similar therapeutic effects to ADSC
treatment, as seen in osteochondral defects and myocar-
dial infarction therapies.4,5 In experimental autoimmune
encephalitis studies, SVF demonstrated similar neuro-
protective effects and greater immunomodulatory proper-
ties than ADSCs.6 These studies indicate that SVF treatment
is not only comparable, but in some cases better than ADSC
treatment.

The growing research on SVF has been validated by its use
in several therapeutic models, including radiation therapy,
retinopathy and nerve regeneration.7e9 When applied to
such models, SVF demonstrates angiogenic, immunomodu-
latory, differentiation, and extracellular production quali-
ties that are important in regeneration and repair.

The regenerative capacity of SVF is likely derived from
the heterogeneity of its constituents that provide numerous
mechanisms for regeneration to occur. SVF is a source of
progenitors and stem cells, which have the potential to
differentiate along different lineages. Numerous studies
have previously demonstrated the ability of cells found in
the SVF,1,10,11 including M2 macrophages,12 to differentiate
into osteogenic, adipogenic, chondrogenic cell types.

One of the most abundant cell types is the preadipocyte,
the precursor to the mature adipocyte. Recent evidence
suggest that this cell, also described as a supra-adventitial
adipose stromal cell or dedifferentiated adipose cell,

shares many of the same phenotypic markers and charac-
teristics of MSCs, implicating its involvement in regenera-
tion.13,14 SVF also contains endothelial progenitor cells
(EPCs), which have the capacity to induce angiogenesis
through the release of growth factors such as vascular
endothelial growth factor (VEGF) and insulin-like growth
factor-1 (IGF-1).15 The macrophages and monocytes found
in SVF have been shown to mediate the immune response
through the expression of various cytokines,16 and some
exhibit plastic adherence and the ability for multilineage
differentiation seen in ADSCs.12 These macrophages are
modulated by T regulatory cells, which can have immuno-
suppressive properties.17 Additionally, pericytes found in
adipose-derived SVF have been demonstrated to regen-
erate muscle tissue when injected into damaged mouse
muscle,18 and stromal cells can secrete extracellular matrix
components that may improve the general capacity for
cellular adhesion, migration, cellematrix interaction and
regeneration.19,20

The aim of this review is to present and discuss the
cellular and molecular mechanisms behind the regenerative
properties observed with stromal vascular fraction. We
have included an overview of the surface markers important
to SVF cellular interaction, as well as sections addressing
the regenerative mechanisms and theories surrounding the
tissue survival sequence following SVF implantation.

Cell surface markers (Table 1)

Cell surface molecules, including the clusters of
differentiation (CD), are crucial for cellecell and
celleenvironment interactions, but are also used to define
this mixed population. Despite position papers from the
International Federation for Adipose Therapeutics and
Science (IFATS) and the International Society of Cellular
Therapy (ISCT), there is little consensus with regards to
CD characterization of the cells that comprise the SVF. We
have identified the markers that are most commonly cited
in recent literature specifically related to the
regenerative component of uncultured human SVF cells
(Table 1).
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According to Bourin et al., the stromal elements of the
SVF (20%), which excludes endothelial (10e20%) and he-
matopoietic cells (25e45%), are commonly characterized by
the combination CD45�CD235�CD31�CD34þ.2 This group
went further by setting forth guidelines for the character-
ization of SVF using the markers CD13, CD29, CD44, CD73,
and CD90 (>40% expression) as well as CD34 (>20% expres-
sion).2 Unfortunately the sensitivity and specificity of these
marker expression levels as they pertain to the regenerative
potential of this cellular mix are not clear. Interestingly,
while typical markers for mature ADSCs (e.g. CD13, CD73,
CD90 and CD105) are also observed in this immature SVF
population (to a lesser degree), a high expression of both
CD13 and CD73 on the CD45�CD31�CD34þ population of cells
is specific for a mesenchymal origin and implicates these
primitive cells in regenerative processes. This finding is
supported by additional studies.14,21

Ironically, CD34 was originally described as a primary
negative marker for MSC identification by the ISCT in
2006.22 Since that time, numerous studies have demon-
strated the presence of CD34 on freshly isolated MSCs that
is lost with successive culture.2,23 This observation was
reflected in the revised joint statement by the ISCT and
IFATS in 2013.2 Thus, considerable attention has been
turned to its expression, a marker that is closely linked with
progenitor activity and perivascular tissue.21,23

Recently, two groups have described a population of
perivascular cells in the SVF that are defined by
CD31�CD45�CD146�CD34þ14,24 (Table 1). Again, this popu-
lation was found to be strongly positive for the typical MSC
markers, and Zimmerlin et al. demonstrated that this
population represented 59% of the total SVF isolation.14

They suggest that these cells, usually described as pre-
adipocytes, be termed supra-adventitial adipose stromal
cells (SA-ASCs) due to the high likelihood that they also
possess significant stem cell-like properties.14

Other important perivascular subtypes with progenitor
activity include EPCs and pericytes (Table 1). Endothelial
progenitor cells can be defined by a combination that in-
cludes CD45�CD31þCD34þCD146þ.14,24,25 Pericytes, which
are also closely associated with walls of the vessels that
intimately invest the adipose tissue, express
CD45�CD31�CD146þ.14,24,25 Zimmerlin et al. demonstrated
through immunohistochemistry and flow cytometry that
each of these population of cells possess high proliferative
potential (EPCs > pericytes > SA-ASCs) and expression of
typical MSC markers (AS-ASCs > EPCs > pericytes).14

Interestingly, they also identified a transitional population
of cells (CD31�CD34þCD146þ) that likely serves as an in-
termediate between these three populations and exhibits
superior proliferative and mesenchymal-like phenotypic
potential.14

Finally, the macrophage is emerging as an important
immunological cell found in the SVF. In their early study,
Astori et al. recognized that 10.9 � 9.6% of the SVF cells are
positive for the monocytic marker CD14.10 It was recently
demonstrated that CD14þmonocytes found in the SVF likely
contribute to tissue vascularization via the secretion of
cytokines such as VEGF and basic fibroblast growth factor
(bFGF).26 Most notably, Eto et al. recently discovered a
subpopulation of the anti-inflammatory M2 phenotype adi-
pose tissue resident macrophages (CD45þCD14þCD206þ)
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that are CD34þ and possess MSC-like characteristics
including plastic adherence, morphology and pluripo-
tency,12 thus implicating these cells in the regenerative
potential of the SVF (Table 1).

Components of regeneration

While SVF cells may contribute to tissue formation by dif-
ferentiation of their individual components, there is also
evidence of regeneration occurring through paracrine
signaling involving cross-talk between the different cell
populations in SVF and their host environment.27 Blaber
et al. demonstrated that SVF cells are involved in extensive
paracrine signaling when co-cultured with adipocytes, with
increased cytokine production noted in vitro.27 Chazenbalk
et al. provided further evidence of paracrine activity by co-
culturing adipocytes with adipose-derived macrophages
and stem cells to induce preadipocyte formation.28 Hence,
evidence supporting the potential benefits of cellular
crosstalk amongst SVF components is well supported by the
generation of new cells and the secretion of chemical
mediators. Conversely, the behavior and differentiation of
SVF cells can also be influenced their local milieu. These
interactions between different SVF components and their
host tissue bring about regenerative changes secondary to
angiogenic, immunomodulatory, differentiation and stro-
mal inductive mechanisms.

Angiogenesis

The ability of SVF to promote angiogenesis and neo-
vascularization has major implications for diseases char-
acterized by poor vascularization, ischemia, and necrosis.
Its application has successfully resulted in neovascular
formation when applied to acute myocardial infarction,
cosmetic procedures, burn wounds, diabetic foot ulcers and
ischemic muscle.4,29e34 For instance, in a rat model of
second-degree burns that were treated with SVF, re-
searchers noted increased levels of VEGF and higher
vascularization when compared to the control group.32 The
angiogenic properties of SVF appear to be a function of its
heterogeneous cellular make up. This includes several cell
populations that, when combined, facilitate the formation
of new blood vessels, including adipose stem cells, EPCs,
macrophages, and fibroblasts.

In that regard, co-implantation of EPCs and ADSCs
resulted in greater neovascularization than EPCs or ADSCs
alone in vitro.21 Others went further to demonstrate that
the cellular components of SVF are rapidly reassembled to
form new vessels in the recipient tissue.35 The process of
neovascularization is further stimulated by stromal cells
through the release of growth factors such as vascular
endothelial growth factor (VEGF), hepatocyte growth fac-
tor (HGF) and transforming growth factor-b (TGF-b).36 Koh
et al. showed that macrophages found in SVF are also
important for the proper structural organization of new
vessels.35

In the setting of lipotransfer, fat graft survival is un-
predictable with resorption rates that can exceed 75% of
the originally grafted material.37 As a form of cell-based
therapy to counteract this resorption, SVF enrichment

promotes secretion of a diverse array of cytokines and
growth factors that encourage angiogenesis and fat graft
revascularization.27 In particular, pericytes and endothelial
cells directly contribute to vessel formation and angiogen-
esis.38 Additionally, MSCs have been demonstrated to
secrete VEGF, HGF, and transforming growth factor beta 1
(TGF-b1), thus contributing to angiogenesis through a
paracrine effect.39

Recent animal studies are aiding in the characterization
of the biological sequences that SVF cell enrichment con-
tributes to fat graft survival.40,41 Zhu et al. established that
SVF cell-assisted lipotransfer (CAL) in nude mice resulted in
larger graft volume with enhanced angiogenesis and
morphology40; in contrast, the grafts in the control group
appeared less viable with fibrous encapsulation. They noted
rapid growth of a vascular network in the SVF enriched
group that gradually extended from the peripheral to cen-
tral regions of the adipose tissue; concurrently, there was a
significant increase in VEGF expression observed in the SVF
group,40 which can influence the migration of endothelial
and stromal cells to the neovascularized region. New adi-
pocytes demonstrated a similar tendency to gather around
the blood vessels in the interstitial tissue, indicating that
the adipocyte likely depends on this vascular network for
its viability.

Recently, a study by Paik et al. revealed that it is also
important to consider the concentration of SVF cells
implanted with the graft. In this mouse model, SVF was
mixed with lipoaspirate at concentrations ranging from
10,000 to 10 million cells per 200 mL. Their results indicated
an inverse dose-dependent relationship, in which higher
cell concentrations interfered with graft retention via
inflammation and low vascularity. These findings suggest
that spatial arrangements and availability of nutrients for
the implanted cells must be factored into our understand-
ing of the SVF regenerative process.42

SVF can also be used to create highly vascularized tissue
engineered human dermo-epidermal skin substitutes
(DESS), a treatment for burn wounds.43 DESS are usually not
prevascularized, and therefore depend on diffusion during
the first few weeks after transplant to survive. Immune
deficient rats treated with DESS supplemented with SVF
isolated from human adipose tissue displayed vascularized
tissue anastomosed to the rat vasculature within four days,
efficiently establishing tissue homeostasis. The composition
of the capillaries in the engineered DESS was similar in
nature to normal human capillaries. The mechanisms
through which SVF form capillary plexuses are still unclear
but may include secreting growth factors such as VEGF and
IGF. Due to the vascularization present in the tissue, the
dermis underwent almost no contraction. Furthermore,
freshly isolated SVF had greater vasculogenic properties
when compared to cultured SVF.43

Angiogenesis has also been shown to improve the healing
process in cardiac disease. Premaratne et al. transplanted
SVF and bone marrow mono-nuclear cells (BM-MNC) in rats
with moderate myocardial infarction (MI) via intra-
myocardial injection into the chronically ischemic myocar-
dium.34 Vascular density in the groups treated with SVF and
BM-MNC were significantly higher than in the control group,
and the SVF group produced the greatest vascular density of
vessels: larger than 30 mm in diameter in the peri-MI area

Stromal vascular fraction 183

105

Case 5:18-cv-01005-JGB-KK   Document 59-2   Filed 08/09/19   Page 106 of 188   Page ID
 #:2583



demonstrating the superior angiogenic capabilities of SVF.
Both SVF and BM-MNC groups showed a lower percentage of
fibrotic tissue inside the infarct area when compared to
control groups, as well as reduced left ventricular dilation
and an improvement in cardiac function.34

Rigotti et al. postulated a common sequence of events
occurring when SVF is transplanted to radio-damaged tis-
sue.8 This involves the targeting of damaged tissue,
vascular growth factor release, neovascularization, and
tissue oxygenation which ultimately results in reperfusion
and recovery of the damaged tissue.8 Similar sequences of
angiogenic events were demonstrated in other disease
models, suggesting that SVF has the potential to be used for
therapeutic neovascularization and tissue repair across a
spectrum of conditions. For instance, in bone fractures and
defects, SVF can secrete VEGF to encourage the formation
of new networks of capillaries and recruit hematopoietic
stem cells to form new bone.44 Similarly, Koh et al.
implanted SVF directly onto ischemic murine muscle and
observed blood perfusion and the formation of new vascular
networks in the muscle.35 These results are illustrative of
SVF’s ability to act as a versatile angiogenic agent in a va-
riety of disease models.

Immunomodulatory effects

Many of the therapeutic studies have described an initial
decrease in inflammation and immune response at the site
of SVF injection.41 The immunomodulatory properties of
SVF again relate to its diverse cellular components. Stem
cells and progenitors are known to have anti-inflammatory
and anti-apoptotic properties that contribute to regenera-
tion of host tissue. Macrophages in healthy adipose tissue
are commonly of the anti-inflammatory M2 phenotype,
some subpopulations of which have demonstrated differ-
entiation capacity.12,16 SVF also contains T-regulatory
(Treg) cells that express high levels of immune suppressive
cytokines. These Treg cells can maintain the M2 phenotype
of the macrophages in SVF when appropriate.17

When SVF is applied to certain disease models, it tends to
decrease inflammatory cytokines and growth factors such as
tumor necrosis factor alpha (TNFa) and interleukin 6 (IL-6).34

In an experimental autoimmune encephalitis model for
multiple sclerosis, SVF was even shown to be more effective
than ADSCs at reducing inflammatory cytokines and growth
factors such as interferon-g and IL-12. Both are important
cytokines that proliferate as part of the pathogenesis of
multiple sclerosis.6 Thus, SVF mediates inflammation and
the immune response through the expression and suppres-
sion of various cytokines. This further supports the notion
that SVF facilitates regeneration both directly through
cytokine release and indirectly through paracrine effects on
the host tissue.

Regenerative capacity: differentiation and
proliferation

Stem cells are an appealing regenerative choice due to
their natural ability to differentiate into specific lineages
when placed in the appropriate environment. Aside from
this multipotency, SVF can also induce host cell

proliferation when introduced to fat tissue, diabetic foot
ulcers, nerves and burn wounds.4,29e34,45,46

In addition to SVF acting in a paracrine role to improve fat
graft retention during CAL, cells contained therein can also
replace adipocytes and reduce the load of volume loss. Zhu
et al. proposed that primitive MSCs from the SVF could
differentiate into neonatal adipocytes after observing CD34
expression in the graft.40 Using the premise that CD34 is a
MSC and immature cell marker, the authors initially detec-
ted CD34 on early stage spindle cells. Fourteen days later,
small CD34þ neonatal adipocytes were found, an indication
they had differentiated from the original spindle cells. At 30
days, even more CD34þ neonatal adipocytes were found in
various differentiation stages. The authors concluded that
MSCs from the SVF can regenerate adipose tissue.40 In
another study, Fu et al. used green fluorescence protein-
positive SVF to illustrate the dynamic changes that occur
in mice treated with CAL.41 The SVF cells not only survived in
the fat graft but also differentiated into adipocytes.

SVF increases the proliferation of fibroblasts when
injected into diabetic foot ulcers, thus aiding the healing
process by ‘awakening’ these senescent cells.46,47 A similar
result has been observed in regard to burn wounds in which
SVF administered through intradermal injections helped
increase fibroblastic activity and cellular proliferation.32

The specific mechanisms through which SVF promotes
regeneration of nerve cells are not conclusively defined, but
studies using SVF for nerve repair have shown that animals
treated with SVF exhibit faster recovery of regenerated
axons and a greater number and diameter of myelinated
fibers.45,48 This nerve regenerationmust either be a result of
the differentiation of SVF stromal cells or their paracrine
effect on host tissue, which could induce the surrounding
Schwann cells to regenerate and migrate. Both mechanisms
are likely to contribute to this process.

While certain SVF components have the capacity to
proliferate and differentiate into mature cell types, it is
important to acknowledge that ADSCs have similar capa-
bilities. Given that ADSCs are derived from plastic-adherent
populations within the SVF, the similarity of their regen-
erative properties is not unexpected.

Extracellular matrix (ECM) components

The extracellular matrix acts as a potent scaffold in many
tissue types, accelerating the regenerative functions of
nearby cells.49 It is comprised of structural proteins such as
collagen, laminin, fibronectin, and elastin, which are
commonly secreted by the fibroblast. One of the hallmarks
of ECM function is its ability to interact dynamically with
integrin proteins on adhesive cells. The attachment of
integrins to ECM receptors triggers signaling pathways and
changes in cell activity.50,51 The ECM also facilitates
cellular movement and migration, as the cell uses integrin-
cytoskeleton attachments to pull itself forward.52,53

Furthermore, the ECM contributes to the growth of
vascular networks by mediating morphogenesis and migra-
tion speeds during angiogenesis.54 Since the SVF contains
matrix-secreting fibroblasts and other stromal cells, the
application of SVF is potentially advantageous to tissue
types that benefit from a three dimensional (3D) scaffold.
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In lipotransfer, a number of synthetic and human-derived
scaffolds (often in the form of gels or powders) have been
injected in various settings to improve volumetric reten-
tion.55 Recently, Debels et al. showed that adipose-derived
acellular matrix (hDAM) alone was just as effective as fat
in promoting fat regeneration, however fat supplemented
with hDAMwas superior to both.56 Hence, it appears that the
presence of a 3D structure facilitates the proliferation of
nearby adipocytes.56,57 It is likely that collagen-secreting
fibroblasts from the SVF improve fat graft viability during
cell-enriched lipotransfer via similar mechanisms.

Nerve defects treated with SVF may also benefit from the
combination of ECM components. Mohammadi et al. showed
that a conduit filled with SVF accelerated axon recovery and
increased the number and diameter of myelinated fibers.9

One plausible explanation is that ECM proteins (e.g. lami-
nin and collagen) secreted by the SVF facilitates the
attachment, adhesion and migration of Schwann cells along
the basal lamina. Laminin can even mediate Schwann cell
behavior, such as proliferation, radial sorting and myelina-
tion.58 The summation of these ECM components may
significantly enhance neurite outgrowth during transections.

Skin grafts are commonly used as a form of treatment for
burn wounds. When SVF cells are combined with the skin
graft and injected into the wound bed, fibroblasts can
secrete ECM proteins to form a scaffold that accelerates
healing. The presence of anti-inflammatory M2 macro-
phages can then play a crucial role in the dynamic remod-
eling of the matrix.59 In contrast to many synthetic
matrices, SVF injection represents a natural vehicle for
creating a regenerative microenvironment.

Survival sequences of SVF implantation

There are a few conventional theories concerning the sur-
vival sequences that occur during lipotransfer. In the host
replacement theory, macrophages phagocytize lipid drop-
lets changing their form from a spherical cell into a more
robust, flat, spindle shaped, fibroblast-like phenotype that
is more capable of surviving an ischemic environment. This
process of dedifferentiation is a survival mechanism for
these adipocytes which can then redifferentiate when the
environment improves.40 Similarly the process of autophagy
(fragmentation of the cell) facilitates survival of the cells by
recycling usable fragmented components.40 Either way, the
process allows the cells to survive the initial period of
hypoxia and increased inflammation and prepares the ECM
milieu for one of regeneration by inducing vascularization
and immune modulation.40,41 Once inflammation is
controlled and vascularity is established, the regenerative
process can take place from exogenous cells transplanted to
the area via the graft, and/or from surrounding endogenous
host tissue that has been influenced by SVF components.

The cell survival theory claims some transplanted cells
can simply survive for extended periods after injection.
However, based on the results of their study, Zhu et al.
proposed that the survival of adipocytes in the graft de-
pends on the synergistic mechanisms of angiogenesis, dif-
ferentiation and immunomodulation.40 Adipocytes, in large
part, depend on the presence of a nearby vascular network
to survive. SVF growth factors like VEGF and HGF contribute

to angiogenesis. Tracking CD34 markers showed that stro-
mal stem cells from the SVF differentiate into mature ad-
ipocytes. Furthermore, migration from host tissue and
dedifferentiation can also supply progenitors. The subse-
quent crosstalk between progenitors and immune cells help
mediate the microenvironment for regeneration.40,41 Thus
regeneration appears to be a staged process of wound
milieu adjustment followed by interactions between com-
ponents of the grafted tissue with the wound bed and with
cellular components of the host tissue.

Discussion

While ADSCs have been heavily investigated as a regener-
ative modality over the past decade, recent evidence sug-
gest that the SVF may be more advantageous from a clinical
standpoint, a byproduct of its quicker isolation and het-
erogeneity. With its stromal, multipotent and hematopoi-
etic cell populations, SVF has the capacity to achieve
regenerative success through multiple cell components.
Just as pericytes and endothelial cells can synergistically
develop new blood vessels, anti-inflammatory immune cells
can mediate the local milieu and foster an optimal regen-
erative microenvironment. Hence, while few studies
compare the mechanisms through which SVF and ADSCs
achieve regeneration, we believe that the heterogeneity of
the former is more conducive to healing and repair and
offers significant translational advantages.

Endothelial cells and pericytes are thought to be closely
intertwined in the formation, stabilization and remodeling
of vascular networks.38 Much of their coordination arises
from the release of factors such as TGF-b and PDGF-b.
Through these molecular signaling pathways, endothelial
cells and pericytes can stimulate reciprocal recruitment
and proliferation during angiogenic processes. In fact,
in vivo models have showed that the absence of peri-
cyteeendothelial interactions leads to a number of patho-
logical conditions.60 In addition to their role in
angiogenesis, pericytes have been postulated to have stem-
cell like properties, including the capacity to differentiate
into adipocytes, chondrocytes, osteoblasts and gran-
ulocytes. This has led to their proposed characterization as
MSCs, with which they share similar surface markers.60,61

Thus the initial obsession with the homogenous genera-
tion of ADSCs has found an alternative in a heterogenous
collection of progenitor cells that have similar capabilities
of differentiation, growth factor elaboration and paracrine
influences.

Aside from their capacity to differentiate into mature
cell types, the stromal population within the SVF, including
fibroblasts and stem cells, has been shown to stimulate
angiogenesis and secrete important ECM proteins like
collagen.62 Newman et al. suggested that fibroblast-derived
extracellular matrix components are crucial for lumen
formation during the development of blood vessels and that
angiogenesis necessitates synergy between stromal and
endothelial populations.63 Using RNA technology and puri-
fied protein, they demonstrated that stromal cell proteins
such as hepatocyte growth factor and fibronectin were
conducive to the sprouting of endothelial cells.64 Thus
regenerative mechanisms such as angiogenesis and ECM-
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protein synthesis are interdependent and synergistic in
establishing a suitable milieu for healing.

Regarding inflammation, Bourin et al. reported that
5e15% of SVF derived from healthy adipose tissue is
comprised of monocytes/macrophages, many of which are
potentially of the anti-inflammatory M2 phenotype, an
important component in controlling the environment for
regeneration.2 In addition, 10e15% of the SVF is comprised
of lymphocytes, which includes regulatory T cells2 that can
monitor the immune response accordingly at the wound
site. Thus the interplay of controlled inflammation and
immune modulation of the wound milieu as a precursor to
angiogenesis, ECM formation, and finally cellular regener-
ation provide the necessary constituents for wound bed
preparation and subsequent healing.

In theory, the summation of these various cell types
appears to indicate that there are advantages to using a
heterogeneous cell mix. Although SVF is a more clinically
implementable option than ADSCs, it is important to
acknowledge that ADSCs may be more a more potent
representative of a defined regenerative cell than any sin-
gle component of SVF. However when considered as a
combined regenerative mix, SVF offers a range of options
that encourage crosstalk and synergy between its own
components and that of the host tissue.

While there is still uncertainty regarding the phenotypic
identification of SVF components using CD markers, recent
studies suggest there is an intimate relationship of peri-
vascular cells exhibiting the markers CD31, CD34 and
CD146, all of which exhibit progenitor activity. Of the
markers, CD34 appears to be the most important identifier
with regards to this regenerative activity.

Conclusion

The numerous cell types in SVF, including ADSCs, macro-
phages, and endothelial progenitor cells, have distinct con-
tributions to the regenerative capabilities of SVF.Wepropose
that the heterogeneous nature of SVF provides properties of
immunomodulation, controlled inflammation, angiogenesis,
differentiation and extracellular matrix production to pro-
mote regeneration. While these properties are clearly pre-
sent in SVF-induced regeneration, the exactmechanisms and
contributions of individual cell populations are yet to be
elucidated. Additionally, alternatives techniques for non-
enzymatic harvesting of SVF (NESVF) are being sought.
Overall, the concept of a regenerative mix derived from
lipoaspirate with minimal manipulation is an extremely
appealing possibility for future therapeutic options.
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Summary Stromal Vascular Fraction (SVF) is a heterogeneous collection of cells contained
within adipose tissue that is traditionally isolated using enzymes such as collagenase. With
the removal of adipose cells, connective tissue and blood from lipoaspirate, comes the SVF,
a mix including mesenchymal stem cells, endothelial precursor cells, T regulatory cells, mac-
rophages, smooth muscle cells, pericytes and preadipocytes. In part 1 of our 2-part series, we
review the literature with regards to the intensifying interest that has shifted toward this
mixture of cells, particularly due to its component synergy and translational potential. Trials
assessing the regenerative potential of cultured Adipose Derived Stem Cells (ADSCs) and SVF
demonstrate that SVF is comparably effective in treating conditions ranging from radiation in-
juries, burn wounds and diabetes, amongst others. Aside from their use in chronic conditions,
SVF enrichment of fat grafts has proven a major advance in maintaining fat graft volume and
viability. Many SVF studies are currently in preclinical phases or are moving to human trials.
Overall, regenerative cell therapy based on SVF is at an early investigative stage but its poten-
tial for clinical application is enormous.
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Elsevier Ltd. All rights reserved.
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Introduction

Liposuction aspirates obtained from cosmetic surgery are a
rich source of adipose-derived stem cells (ADSCs), a popu-
lation of recent interest for its regenerative potential.
Since the time they were first characterized by Zuk et al. in
2001, ADSCs have been extensively studied for their mul-
tipotency, paracrine effects and implications for regener-
ative medicine.1 However, several studies have suggested
that the regenerative properties of lipoaspirate are found
not only in the ADSCs, but also in the mixed cell population
of the lipoaspirate they are derived from, the stromal
vascular fraction (SVF).2e9 This regenerative mix, which is
traditionally isolated by enzymatic processing, contains
multiple cell populations including mesenchymal stem cells
(MSCs), endothelial progenitor cells (EPCs), immune cells,
smooth muscle cells, pericytes and other stromal compo-
nents.2 While its cellular proportions may vary significantly
based on processing and protocol, SVF has the regenerative
potential to be used in therapies for numerous diseases
such as multiple sclerosis2 and diabetes.10,11 In this review,
we discuss the growing research involving SVF and its
numerous applications in animal and clinical trials.

Literature search

A search of the literature was conducted using PubMed,
Google Scholar and Ovid using the terms “fat,” “graft,”
“adipose,” “ADSC,” “regeneration,” and “stromal vascular
fraction.” The literature was analyzed by searching recent
conference proceedings, abstracts were assessed and
relevant articles were included for full text review. Refer-
ences from the resulting citations for crosschecked for
completeness. In total, 51 articles were included for
review.

SVF as a regenerative modality (Table 1)

Fat grafting
The increasing use of autologous lipotransfer, or fat graft-
ing, in plastic and reconstructive surgery has warranted an
exploration of novel ways to improve clinical outcomes.12,13

As it currently stands, clinicians are challenged by signifi-
cant variability in fat graft retention. Reported resorption
rates range from 25 to 80%.14 Much of the volume loss is
attributed to the tendency of mature adipocytes to undergo
cell death after injection into the recipient site.15 Fat cell
survival appears to be dependent upon its location within
the graft: peripherally, adipocytes often survive while
centrally, they necrose. The peripheral zone of the graft is
the area of regeneration, where ADSCs stimulate the
replacement and survival of adipocytes.15 Centrally, cell
death occurs most prominently as a result of ischemia and
poor tissue oxygenation.14e16

In 2006, Matsumoto et al. introduced the concept of cell-
assisted lipotransfer (CAL) in mice as a means of improving
adipose tissue graft survival.17 The freshly isolated SVF
(using collagenase and centrifugation) from one half of the
lipoaspirate is combined with the prepared fat graft from
the other half, which acts as a scaffold for the embedded
SVF.17 The fat graft supplemented with SVF resulted in 35%
greater graft retention and exhibited more prominent
microvasculature than the non-SVF fat, suggesting its clin-
ical potential.17 The use of CAL has since extended beyond
animal models and exhibited efficacy in soft tissue
augmentation in human trials. Yoshimura et al. applied CAL
to cosmetic breast augmentation and observed 100e200 ml
increases in breast volume after injecting a mean amount
of 270 ml. CAL resulted in a natural texture and contour of
the breasts, and most patients were satisfied with the
outcome.3 These results appear to suggest that CAL is safe
and effective when compared to traditional lipotransfer.
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The usefulness of CAL has since been substantiated by
researchers beyond Yoshimura’s group. Li et al. revealed
the clinical efficacy of SVF-assisted lipotransfer in the
setting of cosmetic facial contouring, demonstrating
markedly higher fat survival with the cell-supplemented
grafts.4 Tanikawa et al. used fat grafts supplemented with
adipose stromal vascular cells to successfully augment the
soft tissue of patients with craniofacial microsomia. Their
study showed significant enhancements in adipocyte
viability and surviving fat volume in fat grafts enriched with
ADSCs.18

Despite the early positive findings with regards to the
safety and efficacy of SVF CAL procedures in promoting fat
graft retention, more recent evidence is less clear. Pelto-
niemi et al. conducted an investigation on 18 women un-
dergoing breast augmentation and discovered that a
modified form of CAL (using adipose-derived regenerative
cells, ADRCs e a proprietary mix of cells similar to SVF)
generated by the Celution � system by Cytori Therapeutics
(San Diego, CA, USA) did not exhibit improvements over fat
prepared after water-assisted liposuction.19 The authors
suggest that the ADRCs may have lost their regenerative
potential due to excessive time spent in enzymatic diges-
tion and preparation. Meanwhile, the processing technique
associated with water-assisted liposuction device advan-
tageously washed and filtered the lipoaspirate, facilitating
fat graft preparation and speeding up the processing time
considerably in comparison to the Celution device.19

Further studies are needed to elucidate the underlying
cause of Peltoniemi’s results as successful regenerative
enrichment of grafts with the Celution � system has been
reported in other studies.20,21

One topic of controversy includes the use of CAL in the
setting of breast reconstruction after cancer excision.
Chatterjee et al. recently demonstrated ex-vivo that SVF is a
powerful adjunct for the expansion of epithelial progenitors
in breast tissue, and that this effect is far greater in adipose
tissue adjacent to breast tumors when compared to contra-
lateral breast tissue from the same subject or adipose tissue
from healthy donors.22 While these findings support the use
of SVF in post-mastectomy reconstruction as an alternative
or adjunct to achieve a desired aesthetic result, caution
must be observed as previous studies have implicated ADSCs
found in SVF as potential sources for breast cancer cell pro-
liferation, migration and metastasis.23e25

In the absence of cancer, however, recent clinical
studies demonstrate the therapeutic potential of CAL for
use in humans. For instance, Kølle et al. showed level one
evidence that patients treated with ADSC-enriched fat
grafts retained significantly higher residual fat volumes
compared to the control group.14 And in a small clinical
trial of six patients, Charles-de-Sa et al. compared the use
of SVF and expanded ADSCs as antiaging treatment of facial
skin. From each patient, the researchers processed
abdominal fat via two different protocols to obtain SVF and
expanded ADSCs. The samples were injected with fat grafts
subdermally into the right and left periauricular areas,
respectively, of the same patient. Interestingly, no signifi-
cant difference was found between the SVF and ADSC
treatments histologically or clinically. Both the SVF and
ADSC groups demonstrated reversal of histologic findings of
aging, including decreased elastosis, new elastic fiber

formation, vascular proliferation, and collagen remodeling.
Clinically, facial skin appeared more hydrated and rejuve-
nated with both treatments. The authors note that these
are promising results for cosmetic surgery because SVF is
easier and simpler to obtain than ADSCs.26

While the studies cited above successfully utilize SVF or
cells derived from the SVF as their enrichment modality for
fat grafting, the method of isolation must be considered. In
the U.S., for instance, the use of collagenase and cell cul-
ture techniques for the isolation of SVF and ADSCs pre-
cludes their immediate use for direct translational
applications in humans.

Nanofat
By convention, SVF is extracted from adipose tissue after
digestion with collagenase for 30 min to 1 h.27,28 Despite
the commonality of such a procedure, the US Food and Drug
Administration (FDA) regulates the on-label usage of
collagenase-based products with tissue or cells. Since har-
vested adipose tissue meets the classification of a human
tissue or cell-based product, the FDA restricts the on-label
use of collagenase on the basis that it exceeds ‘minimal
manipulation’ and combines tissue with an extraneous
article. More specifically, the FDA recently released draft
guidelines declaring any adipose tissue, even if intended for
autologous use, as more than ‘minimally manipulated’ if it
is not “composed of clusters of adipocytes and other cells
surrounded by a reticular fiber network and interspersed
with small blood vessels, divided into lobes and lobules by
connective tissue septa”.29 Consequently, SVF is subject to
a separate set of regulations under Section 351 of the
Public Health System Act for biological products.12,30,31

Furthermore, in consideration of the time practicalities in
plastic and reconstructive procedures, the time allotted to
collagenase digestion poses yet another inconvenience.

These barriers to entry necessitate a more efficient
methodology to isolate an SVF-like pellet without collage-
nase. Tonnard et al. recently described a potential clinical
alternative which they termed nanofat. In nanofat grafting,
the lipoaspirate is emulsified by repeatedly shifting the fat
between two connected syringes. After filtration and
disposal of the fat and stroma, the vestigial effluent is
injected into the patient to correct superficial rhytides,
scars and eyelid discoloration. In essence, nanofat grafting
employs intense mechanical shearing to rupture adipo-
cytes, leaving a nanofat sample that is rich in stem cell
content. Hence, despite its name, nanofat grafting more
closely resembles a transfer of regenerative cells than a
transfer of fat.32,33 Nanofat grafting signifies the potential
to shift from enzyme-based reagents to mechanical pro-
cesses for SVF isolation where volumetric replacement is
not required. However, the exact constituents and regen-
erative potential of this mix is yet to be well-defined.

SVF & nerve regeneration potential
Several studies have suggested that both ADSCs and SVF
enhance peripheral nerve regeneration. The effectiveness
of cultured ADSCs has been well demonstrated in cell
implanted fibrin conduit studies. Di Summa et al. differ-
entiated adipose and bone marrow derived stem cells
(BMSCs) to a Schwann cell (SC) phenotype and transplanted
the cells onto transected sciatic nerve gaps.34 Transected
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nerves transplanted with either stem cell population
showed greater axonal regeneration distances compared to
empty conduits. Moreover, transplantation with differen-
tiated ADSCs showed no significant difference in regener-
ation distance compared to transplantation with
differentiated BMSC.34 This suggests that nerve regenera-
tive potential of ADSCs are similar to their bone marrow
derived counterparts, a cell population which has already
been successfully used to stimulate nerve regeneration.35

While ADSCs have demonstrated strong results in murine
models of nerve regeneration, the use of a heterogeneous
SVF cell population also shows promise. Mohammadi et al.
demonstrated that uncultured SVF significantly enhanced
nerve regeneration in vivo in a sciatic nerve transection
model.36 The animals treated with uncultured SVF showed
increased nerve function, functional recovery time, and
muscle mass compared with the control group. Immuno-
histochemistry studies of the transection nerve also showed
that SVF grafting increased the presence of SC-like cells
compared to normal repair. Subsequently, there was
significantly increased axon diameter, nerve fiber, and
myelin sheath thickness.36 The promising results of this
study suggest that SVF may enhance nerve regeneration by
providing extracellular matrix proteins and factors that
supports SC proliferation and axonal growth.

Although both expanded ADSCs and uncultured SVF have
been demonstrated to enhance nerve regeneration, the use
of whole adipose tissue hinders nerve regeneration. Papalia
et al. demonstrated that nerve regeneration and functional
recovery were significantly worse than control when trans-
ected nerve conduits were filled with adipose tissue that was
not centrifuged or chemically altered.37 These results sug-
gest that SVF must first be isolated from adipose tissue to
significantly enhance peripheral nerve regeneration.

Multiple sclerosis
Multiple sclerosis (MS) is an autoimmune disease that cau-
ses demyelination of central nervous system neurons.
Experimental autoimmune encephalitis (EAE), an experi-
mentally induced demyelinating disease, is often used as an
animal model of chronic multiple sclerosis.38 Animal studies
examining the effects of SVF and ADSCs on EAE models
suggest that SVF may be clinically potent against MS.

Semon et al. compared the efficiency of expanded ADSCs
and SVF in treating chronic EAE and found that both reduce
thedemyelinationandbreakdownproducts commonly seen in
EAE.39 This demonstrates that ADSCs and SVF both have neu-
roprotective properties that reduce the pathological features
of EAE. However, SVF injection is more effective than ADSC
injections at delaying EAE onset and reducing disease scores.

Burn injuries
Skin grafts are currently the main method of treating burn
wounds. Skin grafts however, have several drawbacks,
including the availability of donor areas, rejection by the
host immune system, and poor retention due to low
vascularity, hematoma, and infection. Increasing the speed
with which the graft is vascularized will accelerate the rate
of wound healing. Using the combination of SVF cells rather
than isolated ADSCs may demonstrate even greater benefits
and healing potential due to the inclusion of other cell
types and growth factors present in SVF.6,10

SVF cells can improve burn healing when grafted on the
wound bed by stimulating host cells, and also by secreting
growth factors and extracellular matrices due to their
autologous nature.10 Atalay et al. have shown in rats, that
administering SVF isolated from the adipose tissue through
intradermal injections can accelerate and improve the
healing of deep partial thickness burns. The SVF has been
found to increase vascularization and fibroblastic activity in
the treated area, and also reduce inflammation and increase
cellular proliferationwhen compared to a control rat group.6

Diabetes
The regenerative capacity of SVF extends to serious com-
plications of diabetes mellitus, namely the diabetic foot
ulcer (DFU), nephropathy and retinopathy.10,11 As one of
the most frequent complications of diabetes, the DFU is a
condition rooted in ischemia and neuropathy. As it pro-
gresses, the DFU becomes susceptible to debilitating in-
fections.40 An in vitro study by Han et al. observed that SVF
significantly increased the proliferation (28%) of DFU fi-
broblasts, a major cell component involved in wound
healing. Furthermore, the study also noted increased
collagen synthesis (44%) by the fibroblasts, a process that is
important for the synthesis of an extracellular matrix. Han
et al. followed up the in vitro study with a clinical study and
demonstrated that SVF accelerated wound healing when
the SVF cells were dispersed onto the debrided wound
(autograft). The authors noted complete wound healing in
100% of the SVF-treated patients, in contrast to 62% for the
control group. Han et al. suggest SVF was able to secrete
growth factors and ECM to enhance the regenerative
microenvironment.10,41

A recent study by Eto et al. characterized various adi-
pose tissue macrophage (ATM) populations in the stromal
vascular fraction noting that over 90% of ATMs exist in the
M2 state in SVF.15 The anti-inflammatory properties of the
M2 phenotype likely also contribute to the potency of SVF
therapy for DFUs.

Retinopathy is cited as the most common diabetic
complication, one characterized by dysfunction and
degeneration in the vascular network of the retina.11 A
review by Jarajapu et al. suggests that SVF cell types such
as the EPCs may facilitate retina repair, a hypothesis
broached through experiments on pre-clinical mouse
models. In a more recent study, diabetic athymic rats were
injected with ADSCs and a decrease in vascular leakage and
apoptosis was observed; the authors suggest that ADSC
crosstalk with retinal endothelial cells promotes vascular
formation and hinders neurodegeneration.7 Additionally,
MSCs have demonstrated pre-clinical capacity to heal kid-
ney injuries in rats with diabetic nephropathy.42

Radiation
Radiation therapy commonly causes altered blood vessel
flow with resultant ischemia in treated tissue. The altered
vasculature and blood supply caused by radiation often
results in tissue desquamation, erythema, edema, fibrosis,
and necrosis.43 Rigotti et al. studied the effects of het-
erogeneous lipoaspirate injection as a treatment option for
radiotherapy patients with severe or irreversible functional
damage.44 Injection of the lipoaspirate into radio-damaged
tissue resulted in enhanced neovascularization with
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increased tissue hydration, perfusion, and oxygenation.
The neovascularization induced by SVF supplanted the poor
vascularization and fibrosis that resulted from radiation
therapy. As a result, radio-damaged and fibrosed tissue
underwent transformative changes after SVF injection.
Clinically, these patients showed dramatic systemic im-
provements with decreases in disease scores after a mean
follow up of 30 months.44

Crohn’s disease
Along with breast reconstruction, fistula repair procedures
for Crohn’s Disease are among the most frequent applica-
tions of SVF cells for clinical therapy.45 Crohn’s Disease is an
inflammatory bowel disorder characterized by abnormal
inflammation of the gastrointestinal tract. The result is a
host of symptoms that range from abdominal pain to bloody
diarrhea to severe weight loss.46 While the precise cause of
Crohn’s Disease remains indeterminate, evidence suggests
that environmental agents and genetic abnormalities are
the main contributors. These factors can subsequently lead
to the dysfunction of mucosal barriers, immunomodulation
and bacterial clearance.47

The potency of SVF cell components for the treatment of
fistulas from Crohn’s Disease has been documented in
in vitro and in clinical studies. In vitro studies demonstrate
that MSCs have the capacity to inhibit T-cell alloreactivity,
a major characteristic of Crohn’s Disease.48 Such an effect
is likely an extension of the MSC’s ability to immunor-
egulate its immediate microenvironment, a property found
in other cells of the SVF including M2 macrophages. In
human trials, MSCs have been injected systemically and
locally into the Crohn’s Disease patients. Outcomes of MSC-
based therapy have demonstrated short-term safety and
efficacy, but further clinical tests are needed to elucidate
optimal dosage and administration of MSCs.48 Thus,
although there is no definitive cure for Crohn’s Disease, cell
therapy with SVF components has exhibited early promise.

Bone
ADSCs have been shown to be highly successful in inducing
bone regeneration and healing in vivo in animal studies8 as
well as in human trials.49 In one such study, cranioplasty
procedures were performed in four human patients using
ADSCs seeded in a scaffold of beta-tricalcium phosphate (b-
TCP) granules. Along with a satisfactory outcome in ossifi-
cation, no clinically relevant complications were
observed.49 In another study, a 10 cm anterior mandibular
defect was replaced using a scaffold of b-TCP, recombinant
human bone morphogenetic protein-2 (BMP-2) and ADSCs.
The implant was left to mature over a period of ten months,
at which time there was the sufficient ossification of the
graft for successful transplantation to the donor site.50

Aside from inducing bone formation, ADSCs also appear to
accelerate the healing of bone when directly injected into
a bone defect or when administered systemically into
swine.51

Given the success of ADSC interventions, research has
shifted towards the application of SVF in bone regeneration.
Mehrkens et al. demonstrated the osteogenic potential of
SVF using recombinant human BMP-2 to induce SVF cells to
differentiate into osteogenic cell lineages to generate new
bone tissue.52 Additionally, a study by Jurgens et al.

compared the degree to which osteochondral defects
created in the knees of goats could be repaired using either
freshly isolated SVF or cultured ADSCs seeded onto collagen
scaffolds. The results showed similar bone regeneration in
the scaffolds seeded with SVF cells versus cultured ADSCs.
Both SVF and ADSC scaffold groups demonstrated greater
degrees of regeneration compared to unseeded control
scaffolds, with no noted adverse effects.53

The findings of Mehrkens et al. and Jurgens et al. suggest
that ADSCs and SVF may have the potential to be grafted
into injured bone to facilitate bone repair and regenera-
tion. This has led to an increased interest into the osteo-
genic potential of SVF and its application into orthopedic
procedures. At the time of writing, several clinical trials
have begun investigating the therapeutic applications of
SVF and ADSCs in human bone repair.

Cardiac
Many studies have attempted to apply stem cells, such as
ADSCs and BMSCs, into treatments for various cardiac con-
ditions. The therapeutic value of transplanting ADSCs to
treat myocardial infarction is limited. When ADSCs alone
are implanted directly into heart muscle, poor long term
cell engraftment and survival have been reported.54 Given
its heterogeneous nature with multiple progenitor types,
SVF transplantation may be as or more effective than ADSCs
treatment alone. Van Dijk et al. intravenously injected rats
in an induced acute myocardial infarction (AMI) model with
either uncultured rat SVF cells or cultured rat ADSCs. A
significant reduction in the infarct size was observed in
both treatment groups. The rats treated with SVF showed
no adverse effects, whereas of the rats treated with ADSCs,
three exhibited shortness of breath and one died during
injection. These results suggest that uncultured SVF may
have the same regenerative potential as cultured ADSCs,
possibly with fewer side effects.5

One notable clinical application of SVF was recently
reported in the American Journal of Medicine. In this case,
a 73 year old male with refractory angina pectoris was
injected with SVF cells both intramyocardially to the left
apex as well as intravenously. The SVF cells proved effec-
tive in repairing the damaged myocardium and cardiac
function was partially restored, demonstrated by an ejec-
tion fraction that improved from 20% to 35% in just 7 days.
SVF’s ability to repair damaged cardiac tissue in this case
suggests its cardiomyogenic potential.55

Discussion

In recent years, there has been much discussion regarding
ADSCs as a form of cell-based therapy in regenerative
medicine. As an example, Gimble et al. reviewed the ca-
pacity for ADSCs to differentiate along multiple lineages
and described its potential benefits for cardiac diseases.56

However, due to extensive culturing periods and FDA reg-
ulations, the limited clinical translatability of cultured
ADSCs poses significant challenges for procedures that
necessitate more efficient solutions. Thus, scientists and
clinicians have begun to explore the regenerative capabil-
ities of the SVF, a more heterogeneous and synergistic
mixture of cells. Unlike ADSCs, SVF represents a less
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Table 1 SVF applications.

Therapeutic target Author Model Findings

Peripheral nerve
regeneration

Mohammadi et al., 201436 Murine in vivo
(n Z 18)

SVF significantly increased nerve function, functional
recovery time, and muscle mass compared to control in a
nerve transection model.

Multiple sclerosis Semon et al., 201339 Murine in vivo
(n Z 12)

SVF is comparable to ADSC in reducing demyelination in
experimental autoimmune encephalitis. SVF is more
effective than ADSCs at delaying disease onset, reducing
disease scores, and decreasing inflammatory IL-12.

Burn wounds Atalay et al., 20146 Murine in vivo
(n Z 10)

SVF injection accelerates and enhances healing of deep
partial thickness burns compared to control. SVF
increases vascularization and proliferation, while
reducing inflammation compared to control.

Retinopathy Rajashekhar et al., 20147 Murine in vivo
(n Z 8)

ADSCs decreased vascular leakage and apoptosis,
increased crosstalk to promote vascular formation, and
hindered neurodegeneration compared to control.

Cardiac Premaratne et al., 20119 Murine in vivo
(n Z 12)

SVF transplanted into ischemic myocardium enhanced
vascular density, improved cardiac function, and
reduced fibrotic tissue compared to control.Van Dijk et al., 20115 (n Z 6)

Lipotransfer Yoshimura et al., 200657 Human in vivo
(n Z 28)

Cell assisted lipotransfer (CAL) with SVF increased breast
volume and resulted in natural texture and contour
during cosmetic breast augmentation.Yoshimura et al., 20083 (n Z 40)

Yoshimura et al., 2010 [60] (n Z 188)
Li et al., 20134 Human in vivo

(n Z 26)
SVF-assisted lipotransfer demonstrated higher fat
survival compared to control for cosmetic facial
contouring.

Tanikawa et al., 201318 Human in vivo
(n Z 7)

SVF significantly enhanced adipocyte viability and
surviving fat volume compared to control for patients
with craniofacial microsomia.

Kolle et al., 201314 Human in vivo
(n Z 10)

ADSC-enriched fat grafts retained higher volume
compared to the control group.

Tonnard et al., 201332 Human in vivo
(n Z 67)

‘Nanofat’ was injected into patients to correct rhytides
and discoloration of eyelids. It may have implications for
a new form of CAL.

Charles-de-Sa et al., 201526 Human in vivo
(n Z 6)

SVF modifies the dermal aging process and produces a
skin rejuvenation effect when injected subdermally into
periauricular areas. SVF injections produces comparable
effects to ADSC injections.

Diabetic foot ulcer Han et al., 201041 Human in vivo
(n Z 28)

SVF was dispersed onto the wound and accelerated
healing in diabetic foot ulcers (DFU) compared to
control. SVF increased the proliferation of DFU
fibroblasts.

Radiation Rigotti et al., 200744 Human in vivo
(n Z 20)

SVF injection enhanced neovascularization, hydration,
perfusion, and oxygenation in radio-damaged tissue
compared to control.

Crohn’s disease Dalal et al., 201248 Human in vivo
(n Z 24)

MSC therapy demonstrated short-term safety and
efficacy in Crohn’s treatment compared to control.

Bone regeneration Mehrkens et al., 201252 Murine in vivo
(n Z 7)

Recombinant human BMP-2 stimulates SVF to
differentiate into committed osteogenic progenitors
in vitro, which is then capable of forming ectopic bone
tissue when implanted into control mice.

Jurgens et al., 201353 Caprine
in vivo
(n Z 8)

SVF scaffolds induced significant osteochondrial
regeneration compared to acellular scaffolds when
implanted into caprine knee defects. SVF scaffolds
produced similar regeneration effects as cultured ADSC
scaffolds.

ADSC e Adipose-Derived Stem Cell; CAL e Cell Assisted Lipotransfer; DFU e Diabetic Foot Ulcer; IL-12 e Interleukin 12; MSC e
Mesenchymal Stem Cell; SVF e Stromal Vascular Fraction.
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processed form of cell-based therapy that bypasses the
weeks spent culturing and passaging cells. Although SVF has
not been conclusively proven to be superior to ADSCs, it has
certainly demonstrated significant promise and warrants
further exploration.

From in vitro studies that elucidate the crosstalk
mechanisms between the various cell types to animal
studies that display in vivo effectiveness, SVF application is
now at a stage where it is advancing toward human trials
for a number of conditions. In its present state, SVF is
commonly used in lipotransfer to improve volume retention
and enhance the natural appearance of the breasts during
aesthetic or cosmetic surgery. One of the earliest to employ
CAL with SVF was the Yoshimura group, who, along with
others, have since conducted multiple studies detailing the
effectiveness of CAL in human patients.3,26,57,58

SVF has been similarly applied to other disease models.
In diabetic foot ulcers and radio-damaged tissue, for
instance, the application of SVF in human patients improves
the healing process when compared to the control
groups.41,44 Other conditions, such as burn wounds, reti-
nopathy and nerve regeneration, are still being investi-
gated in animal models and in vitro.

SVF-based therapy is progressing quickly as an effective
and safe treatment option in tissue engineering and

regenerative medicine. However, as we continue to explore
the clinical potency of SVF for numerous diseases, further
research is required to fully characterize SVF and investi-
gate the basic mechanisms underlying SVF-based regener-
ation. Since SVF was first described, researchers have
developed different protocols to isolate and characterize
the heterogeneous mixture of cells. This has led to mod-
erate variation in the exact composition and cell surface
marker expression of SVF used in different studies. While it
is difficult to standardize the exact constituents and
cellular composition of SVF, it is likely that there is a min-
imum concentration of progenitor cells needed for SVF to
have regenerative and therapeutic effects. In Stromal
Vascular Fraction e A Regenerative Reality? Part 2, we will
characterize SVF in greater detail and discuss its potential
mechanisms of regeneration.

Trends and status of SVF clinical trials

There are a growing number of clinical studies being con-
ducted on SVF and its therapeutic benefits. In a search for
“stromal vascular fraction” on ClinicalTrials.gov there are
currently 26 registered clinical studies that directly involve
SVF and human participants to date (Table 2).59 The

Table 2 Overview of SVF clinical trials.

# Study Intervention Status

1 Rheumatoid arthritis SVF Active, not recruiting
2 Osteoarthritis SVF Active, not recruiting
3 Idiopathic pulmonary fibrosis ADSC/SVF Recruiting
4 Critical Limb Ischemia ADSC/SVF Recruiting
5 Comparison between cytori and manual preparation

of ADGC for obesity on SVF cell counts
SVF Completed

6 Breast augmentation/micromastia Fat graft vs. SVF Recruiting
7 Immunophenotyping of SVF from ADSCs SVF Unknown
8 Systemic sclerosis SVF Completed
9 Extraction of SVF from fat tissue SVF Completed
10 SVF derived MSC in renal transplantation SVF Recruiting
11 Osteoarthritis of knee SVF Completed
12 Facial fat grafting for enhancement SVF Recruiting
13 Type 2 diabetes ADSC/SVF Unknown
14 Type 1 diabetes ADSC/SVF Unknown
15 Recto-vaginal fistula SVF Unknown
16 Enterocutaneous fistula SVF Unknown
17 Critical limb ischemia SVF Recruiting
18 Multiple sclerosis ADSC/SVF Recruiting
19 Osteoarthritis ADSC/SVF Recruiting
20 Rheumatoid arthritis SVF Recruiting
21 COPD SVF Not yet recruiting
22 Osteoarthritis of knee ADSC/SVF Active, not recruiting
23 COPD ADSC/SVF Recruiting
24 Orthopedic, neurologic, urogenic, cardiopulmonary conditions SVF Recruiting
25 Amputation SVF Recruiting
26 Chronic wounds e diabetic foot, venous ulcer, pressure ulcer ADSC/SVF Recruiting
27 Osteoarthritis of knee ADSC/SVF Completed
28 Osteoarthritis SVF Recruiting
29 Skin quality improvement in irradiated breasts SVF Not yet recruiting
30 Parkinson’s disease SVF Recruiting
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majority of the studies registered on the database are
ongoing and still recruiting human participants for their
trials. While three of the registered studies focused on the
characterization and extraction of SVF, most focuses on the
therapeutic benefits of applying SVF in several human dis-
eases and medical procedures.

The growing number of clinical trials on SVF represents a
shift from the study of cultured and homogenous ADSCs to a
heterogeneous mixture of SVF cells. The clinical studies
registered on ClinicalTrials.gov studying the application of
heterogeneous SVF in a variety of different diseases and
therapies, such as arthritis, diabetes mellitus, chronic
wounds, breast cancer, and cosmetic surgery.59 As dis-
cussed previously, SVF has already demonstrated numerous
modulatory and regenerative benefits in similar disease
models in animal studies and case studies.57,48 The ongoing
clinical studies, most of which are in Phase 1 or Phase 2,
seek to demonstrate the safety and efficacy of SVF therapy
in humans. Given the promising results of the past SVF
research, these current human clinical studies will
demonstrate whether or not SVF has the potential to be
used as treatments in humans.

Preparation of SVF and future considerations

Stromal vascular fraction is conventionally isolated from
lipoaspirate by collagenase digestion and high-speed
centrifugation. However, FDA regulations on collagenase
results in off-label use that restricts widespread practice.
Furthermore, it remains to be investigated whether colla-
genase interferes with cellular surface receptor proteins
and stromal components that may be found to strengthen
the regenerative potential of SVF. Tonnard’s recent study
on ‘nanofat’ has demonstrated that pure mechanical
stresses can yield a mixture of cells or cell fragments that
may be concentrated with progenitors and stem cells.32

This nanofat, with little to no viable fat cells, appears to
have properties affecting skin pigmentation and texture.
This mix presents yet another area for investigation.
Elucidating the cellular composition of nanofat and com-
parable non-enzymatically obtained mixes may give further
clues as to the ideal components of an SVF mix. Moving
forward, our laboratory is interested in isolating a non-
enzymatically prepared SVF mixture (NESVF) that is opti-
mized for this purpose.

Conclusion

As a heterogeneous composite of mesenchymal stromal
cells, endothelial cells, pericytes, and macrophages, the
SVF has versatile applications in regenerative medicine. Its
potential has been demonstrated in lipotransfer and various
disease models, such as multiple sclerosis, diabetes and
radiation damage. Presently, SVF studies are in the pre-
clinical stage or are advancing toward human trials.
Furthermore, from a regulatory standpoint, enzymatic
digestion of lipoaspirate may prove a hindrance to SVF
application in the operating room. Thus, as SVF emerges as
the preferred form of cell-based therapy, further studies
are needed to elucidate its characterization and optimize
procedures for efficient isolation.
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Safety and Efficacy of Autologous Cell Therapy  
 in Critical Limb Ischemia: A Systematic Review

Eric Benoit,* Thomas F. O’Donnell, Jr.,† and Amit N. Patel‡

*Department of Surgery, Tufts Medical Center, Boston, MA, USA
†The CardioVascular Center, Tufts Medical Center, Boston, MA, USA

‡Division of Cardiothoracic Surgery, University of Utah, Salt Lake City, UT, USA

Researchers have accumulated a decade of experience with autologous cell therapy in the treatment of critical 
limb ischemia (CLI). We conducted a systematic review of clinical trials in the literature to determine the safety 
and efficacy of cell therapy in CLI. We searched the literature for clinical trials of autologous cell therapy in 
CLI, including observational series of five or more patients to accrue a large pool of patients for safety analysis. 
Safety analysis included evaluation of death, cancer, unregulated angiogenesis, and procedural adverse events 
such as bleeding. Efficacy analysis included the clinical endpoints amputation and death as well as func-
tional and surrogate endpoints. We identified 45 clinical trials, including seven RCTs, and 1,272 patients who 
received cell therapy. The overall adverse event rate was low (4.2%). Cell therapy patients did not have a higher 
mortality rate than control patients and demonstrated no increase in cancer incidence when analyzed against 
population rates. With regard to efficacy, cell therapy patients had a significantly lower amputation rate than 
control patients (OR 0.36, p = 0.0004). Cell therapy also demonstrated efficacy in a variety of functional and 
surrogate outcomes. Clinical trials differed in the proportion of patients with risk factors for clinical outcomes, 
and these influenced rates of amputation and death. Cell therapy presents a favorable safety profile with a low 
adverse event rate and no increase in severe events such as mortality and cancer and treatment with cell therapy 
decreases the risk of amputation. Cell therapy has a positive benefit-to-risk ratio in CLI and may be a valuable 
treatment option, particularly for those challenging patients who cannot undergo arterial reconstruction.

Key words: Critical limb ischemia (CLI); Autologous cell therapy; Bone marrow mononuclear cells (BMMNCs); 
Peripheral blood mononuclear cells (PBMNCs); Granulocyte-colony stimulating factor (G-CSF); Systematic review

In 1997, Asahara identified a class of bone marrow-
derived progenitor cells that contribute to angiogenesis in 
ischemic tissue (4). The first clinical trial of autologous 
cell therapy in patients with CLI was published in 2002 by 
Tateishi-Yuyama et al., who reported that patients treated 
with mononuclear cells isolated from bone marrow dem-
onstrated improved hemodynamic measurements (66). 
Since this promising start, researchers have accumulated 
a decade of experience in the use of autologous cell ther-
apy for CLI with clinical trials progressing from retro-
spective case series to prospective studies and finally to 
several recent randomized controlled trials (RCTs).

Data collected from these trials provide insight into the 
safety, feasibility, and efficacy of cell therapy in the treat-
ment of CLI. We therefore conducted a systematic review 
of clinical trials in the literature to establish a safety 

INTRODUCTION

Critical limb ischemia (CLI) is a complicated health 
care problem marked by high rates of morbidity, mor-
tality, and resource utilization. The annual incidence is 
roughly 500–1,000 new cases per million in industrial-
ized countries (53), and disease prevalence is expected to 
rise with increasing rates of diabetes and the aging of the 
population. While treatment has been directed at restoring 
arterial blood flow by either surgical bypass or endovas-
cular procedures, an estimated 25–40% of patients may 
not be suitable for arterial reconstruction (15,53,64) and 
still others may fail reconstructive therapy. This subgroup 
of patients without revascularization options (no option 
CLI or NO-CLI) is a particularly challenging population 
with high rates of limb loss and death, and novel thera-
pies are an active area of investigation.
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 profile of autologous cell therapy as well as to determine 
the efficacy of cell therapy as a treatment for CLI.

Safety

While most studies of cell therapy have focused on 
the potential benefits of treatment, the safety profile of 
cell therapy is rarely addressed in detail because thus 
far therapy has not presented significant adverse events 
and the number of patients in individual trials tends to be 
relatively small (35,45). We sought to use a pooled, large 
group of patients from the systematic review to identify 
patterns of adverse events and more precisely establish 
the safety profile of autologous cell therapy.

In addition to procedure-related events such as bleed-
ing and pain, there are several specific adverse events 
identified by regulatory bodies such as the FDA as being 
of potential concern in patients treated with cell therapy. 
These include death, major adverse cardiovascular events 
(MACEs), anemia, and unregulated angiogenesis such as 
retinopathy or arterio-venous malformations, and cancer.

Critical limb ischemia (CLI) patients have significant 
comorbidities such as coronary artery disease, diabetes, 
and renal insufficiency, which contribute to a high mor-
tality rate in this population. Given the relatively fragile 
nature of this patient population, the occurrence of death 
during a study is not surprising; however, an elevated 
mortality rate in cell therapy patients compared to control 
patients would present a clear safety concern.

MACEs include myocardial infarction, heart failure, 
stroke, and sudden death. Patients with CLI, particularly 
those with atherosclerosis and diabetes, are at high risk 
for MACEs due to their disease.

Harvesting bone marrow or peripheral blood for stem 
cells presents the patient with a hematologic challenge 
by removing hematopoietic precursors. While this may 
result in a decreased circulating red cell mass, anemia 
occurs in only 10% of donors and is usually self-limited, 
not requiring transfusion (17). Procedure-related anemia 
usually manifests itself within the first week after har-
vesting. Stem cell harvesting is remarkably well-tolerated 
with severe hematological adverse events occurring rarely 
(63), and many of those in patients receiving granulocyte-
colony stimulating factor (G-CSF) administration (related 
to increased blood viscosity) rather than those undergo-
ing marrow aspiration (23). Nonetheless, anemia remains 
a potential concern in the CLI population with peripheral 
and coronary ischemia.

Patients with CLI are at high risk for soft tissue infec-
tion, osteomyelitis, and gangrene. This is particularly true 
for those with tissue lesions (Rutherford 5-6 or Fontaine 
IV). Progressive infection and gangrene are often indi-
cations for amputation, designed to prevent development 
of life-threatening systemic infection. Insufficient blood 
flow to a limb decreases the ability to heal tissue lesions 

(thereby reducing the barrier defenses) and compromises 
the ability of that patient to mount an adequate response 
to infectious agents. Injection or infusion of cell therapy 
is invasive and therefore raises the possibility of infection 
in a population already at high risk.

Many cell therapy protocols for treating CLI require 
intramuscular injections of stem cells into the threat-
ened limb. Delivering a volume of cell product to a 
muscle bed that is compromised by insufficient blood 
flow raises a concern for muscle damage, specifically 
rhabdomyo lysis and subsequent acute kidney injury. The 
CLI patient population has a high prevalence of chronic 
renal insufficiency due to vascular disease and diabetes, 
which correlates with poor surgical outcomes (54), in 
addition some patients may have subclinical renal insuf-
ficiency following some form of insult to the kidney. 
Therefore, CLI patients are at high risk of developing 
acute kidney injury.

A potential concern of using cell therapy to pro-
mote angiogenesis is the stimulation of unwanted ves-
sel growth, which manifests either as an arterio-venous 
malformation or proliferative retinopathy. Diabetic reti-
nopathy develops as functional vessels in the eye are lost, 
leading to ischemia. This is followed by reactive, aber-
rant vascular proliferation as a result of hypoxia-mediated  
cytokines such as vascular endothelial growth factor 
(VEGF). Stem cells, particularly endothelial progenitor 
cells (EPCs), play a role in vascular regeneration in the 
eye, but their differential involvement in normal healing 
and pathological angiogenesis is complicated (73). While 
there is a correlation between elevated circulating EPCs 
and proliferative diabetic retinopathy, it is unclear if these 
levels rise as a cause or an effect of the disease (7), par-
ticularly as most diabetics instead demonstrate decreased 
levels of circulating EPCs (16,41). On the other hand, 
researchers are pursuing the use of stem cells to repair 
retinal degeneration (13), and others see the use of stem 
cells to stabilize and “mature” aberrant vasculature in the 
eye (20,34). Nonetheless, administering stem cells to pro-
mote revascularization of one ischemic area, such as a 
threatened limb, and thereby provoking neovasculariza-
tion in another ischemic area, such as the diabetic eye, 
remains a conceptual concern.

Finally, with regard to malignancy, there is specula-
tion that bone marrow-derived cells may contribute to 
cancer development by supporting tumor angiogenesis. 
Some tumors secrete chemotactic signals to mobilize 
stem cells from the marrow (40), and these cells have 
been shown to be incorporated into the vasculature of 
tumors in mice (43). However, the mere presence of stem 
cells and tumor together is not sufficient to drive vessel 
growth; there seems to be an “angiogenic switch” that 
drives these cells to support neovascularization (21). 
Still other authors have shown that bone  marrow-derived 
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endothelial progenitor cells do not contribute to tumor 
endothelium in either primary or metastatic tumors (71). 
Whether or not cell therapy results in new tumor devel-
opment or contributes to tumor growth in humans is 
unknown and remains strictly speculative.

Efficacy

The goal of CLI therapy is to promote limb salvage, 
slow disease progression, and improve symptoms, qual-
ity of life, and survival. Clinical trials employ a variety of 
endpoints to demonstrate the effectiveness of therapy in 
achieving one or more of these treatment goals. In CLI, 
the clinical or patient-relevant endpoints are amputation 
and death, analyzed as amputation rate, mortality rate, 
time to amputation or death, and amputation free sur-
vival. Functional endpoints include clinical classification 
of disease severity (such as Rutherford or Fontaine class), 
wound healing, change in pain, and quality of life (QoL). 
Surrogate endpoints include hemodynamic measures such 
as ankle-brachial index (ABI) or transcutaneous oxygen 
pressure (TcPO

2
), which are markers of improved perfu-

sion and angiographic demonstration of new blood vessel 
growth (Table 1).

Functional and surrogate endpoints—laboratory or 
other markers of improvement— are often easier to  
achieve  over a short study period and require smaller 
sample sizes, which make them attractive for early phase 
trials. While they may contribute to an understanding of 
a therapy’s mechanism of action, these endpoints do not 
necessarily correlate with patient outcomes (18). This 
discordance between surrogate and function outcomes 
and clinical outcomes has been demonstrated in numer-
ous CLI trials (22) and suggests that, while demonstrat-
ing improvement in these measures is supportive of the 

efficacy of cell therapy, they are not sufficient to base 
treatment decisions.

Functional and surrogate outcome measures are more 
commonly relied upon in observational trials because they 
do not require a control group but are instead measured 
as changes against baseline. Some of these endpoints, 
like pain or quality of life, have a clear relationship to a 
patient’s clinical status. Others, like angiographic demon-
stration of vessel growth or increase in the ankle-brachial 
index, indicate improvements in blood flow but may 
have no relationship to a patient’s clinical status. Each 
of these endpoints in isolation is of limited value, but 
taken together they provide evidence of the efficacy of 
cell therapy

Hard clinical endpoints, on the other hand, are directly 
related to prognosis and survival—outcomes of clear 
interest to patients and clinicians. Therapies that demon-
strate efficacy in these patient-relevant endpoints are well 
positioned to change medical practice (61). Furthermore, 
regulatory bodies such as the US Food and Drug Admin-
istration (FDA) will only accept primary clinical end-
points for pivotal trials, and the Centers for Medicare and 
Medicaid (CMS) place greater emphasis on hard end-
points in the benefit-to-risk analysis prior to approving 
reimbursement for novel therapies. Therefore, to become 
a widely accepted treatment, cell therapy needs to dem-
onstrate efficacy in terms of amputation and mortality. 
We therefore focused our efficacy analysis on these clini-
cal outcome measures.

Analysis of clinical endpoints in CLI patients must 
take into account the major risk factors for amputation 
and death which include dialysis dependence, the pres-
ence of tissue loss, age > 75 years, and diabetes (3,62). Not 
only may these affect clinical outcomes, but differences 

Table 1. Endpoints in Critical Limb Ischemia (CLI) Trials

Clinical Endpoints

Amputation rate Major amputation (above the ankle)
Time to amputation Time to major amputation
Death All-cause mortality
Amputation free survival (AFS) Time to event: major amputation or death

Functional Endpoints

Rutherford or Fontaine class Clinical classification of disease severity
Pain As measured by Visual Analog Scale (VAS)
Quality of life (QoL) As measured by SF-36 or VascuQol
Ulcer healing Change in size or number of ulcers
Treadmill testing Pain-free walking distance

Surrogate Endpoints

Ankle brachial index (ABI) Ratio of ankle to brachial blood pressure
Transcutaneous oxygen pressure (TCPO

2
) Noninvasive estimate of arterial blood flow

Angiography Radiographic demonstration of blood flow
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in these variables suggest heterogeneity in study popula-
tions, which in turn may influence the validity of results 
or their applicability to other patient populations. We 
therefore also examined trials for the presence of these 
risk factors.

Cell Source

Multipotent mononuclear cells originate in the bone 
marrow, but trial protocols differ in their method of iso-
lation. Bone marrow mononuclear cells (BMMNCs) are 
aspirated directly from the bone marrow, whereas periph-
eral blood mononuclear cells (PBMNCs) are obtained by 
venipuncture after mobilization of cells from the marrow 
to the peripheral circulation following administration of 
G-CSF. We therefore also compared results between the 
two major sources of autologous cells.

Cell therapy trials also differ with regard to the etiology 
of CLI with the two major causes being atherosclerosis 
obliterans (ASO) and Buerger’s disease or thrombo-
angiitis obliterans (TAO). We also evaluated procedure-
 related variables such as cell concentration method and  
delivery route.

MATERIALS AND METHODS

Literature Search

We reviewed the literature for clinical trials of autolo-
gous cell therapy in CLI by querying PubMed and the 
Cochrane database of systematic reviews. We used search 
terms such as “critical limb ischemia” and “cell therapy” 
or “stem cell” or “bone marrow” or “mononuclear cells” 
or “granulocyte colony stimulating factor” or “therapeu-
tic angiogenesis.” We included only clinical trials pub-
lished in English within the last 15 years and excluded 
case series of fewer than five patients. We examined the 
references from eligible studies and review articles for 
additional clinical trials. We only included trials where 
mononuclear cells were injected or infused into the index 
limb of patients with CLI. We excluded articles that 
addressed acute limb ischemia, intermittent claudication, 
and trials where the CLI portion of the patient popula-
tion could not be separately evaluated. We excluded tri-
als of G-CSF monotherapy, that is, those trials that only 
used growth factor to mobilize bone marrow cells to the 
peripheral circulation without direct delivery of cells to 
the ischemic limb. We excluded trials that used cell ther-
apy as an adjunct to revascularization procedures. RCTs 
present the highest quality of data with the least amount 
of bias and error as well as the greatest opportunity for 
comparison of safety and efficacy. Therefore, we con-
ducted detailed analysis of the RCTs separately.

Safety Endpoints and Adverse Events

Trials were examined for any reported adverse events. 
To more fully capture the pattern of adverse events, any 

reported event was recorded regardless of whether the 
authors stated it was related, probably related, or possibly 
related to therapy. We specifically examined trials for the 
following events: death, MACEs, anemia, bleeding, pain, 
infection, injection-induced rhabdomyolysis, acute kid-
ney injury, proliferative retinopathy (new or progressive 
disease), arterio-venous malformation, and cancer.

Efficacy Endpoints

Analysis of efficacy was divided into clinical endpoints 
(amputation, death, amputation-free survival [AFS]) and 
surrogate and functional endpoints (clinical classification, 
pain, QoL, wound healing, ABI, TcPO

2
, angiography). 

Major amputation is defined as an ablative procedure per-
formed above the ankle.

Although amputation and death were examined in all 
trials, determining the influence of cell therapy on these 
clinical endpoints was limited to comparison of rates 
between control and treatment groups in RCTs.

We analyzed the results of functional and surrogate 
outcomes in a binary fashion: If a trial demonstrated a 
statistically significant improvement in a given endpoint, 
we defined that as an improvement; any other result was a 
failure to improve. We then determined the percentage of 
trials that demonstrated improvement for each outcome 
measure. Improvement was based on the definition used 
within each trial rather than a standardized definition. For 
noncontrolled trials, improvement was based on compari-
son against baseline.

RESULTS

Overall Clinical Trial Data

In our systematic review of the literature, we identi-
fied 45 clinical trials that evaluated cell therapy in CLI 
(Fig. 1). These trials enrolled 1,518 patients overall, 
1,272 patients who received cell therapy, and 246 who 
served as controls. There were seven RCTs enrolling 365 
patients (195 treatment and 170 control). There were three 
cohort controlled trials, which enrolled 158 patients (82 
treatment and 76 control). The remaining 35 trials were 
observational case series that evaluated 995 patients, all 
of whom received cell therapy (Table 2).

The mean age of study subjects (weighted for sample 
size) was 63.0 years (range: 34–78 years), and the mean 
follow-up was 16.2 months (range: 1–48 months). The 
mean number of cells delivered was 32 ́  108 (range: 
0.39 ́  108 to 399 ́  108). The most common method of  
delivering cell therapy was by intramuscular (IM) injec-
tion, and this was done in 35 trials. Six trials infused 
cell via the intra-arterial (IA) route. Three trials used 
both methods, and a single trial compared IM to IA 
delivery.

With regard to risk factors, the mean age of the popu-
lation receiving cell therapy was 63.0 years, and greater 
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than half the patients had diabetes (53.5%) and tissue loss 
(69.4%). While 13.7% of the overall population required 
dialysis, this number is largely influenced by a single trial 
by Horie et al., in which two thirds of the patients (108 
of 162) were on dialysis (27). Excluding this trial, the 
overall dialysis rate was 5.8%.

Etiology

Atherosclerosis was the most common cause of CLI, 
and 27 trials presented data on ASO patients. Nine tri-
als presented data on TAO patients and five trials did not 
record the specific etiology of limb ischemia. Twelve tri-
als enrolled a mixed population, but four of these pre-
sented their results separately based on etiology and 
those are included in the numbers of ASO and TAO trials 
above. ASO patients were older, had significantly higher 
rates of diabetes and renal failure when compared to TAO 
patients, although both groups had similar rates of tissue 
loss (Table 3).

Cell Source

The majority of cell therapy trials in the literature used 
bone marrow-derived cells. In the BMMNC group, there 
were 35 trials (6 RCTs, 3 cohort trials, 26 case series) that 
enrolled 1123 patients, 891 who received cell therapy, 
and 232 who served as controls. In the PBMNC group,  
11 PBMNC trials (one RCT and 10 cases series) enrolled 
395 patients with 381 treatment patients and 14 con-
trols. One trial by Huang et al., compared BMMNCs 
and PBMNCs in separate arms; therefore, the sum of 
BMMNC and PBMNC trials is greater than the total 
number of published trials (31).

The mean volume of bone marrow aspirate in the 
BMMNC protocols was 386 ml (50–750 ml). One of the 
50-ml protocols used culture expansion to increase cell 
counts.

Of the 10 PBMNC trials, nine pretreated patients with 
G-CSF to promote stem cell mobilization to the periph-
eral circulation prior to apheresis for collection of cells. 

Figure 1. Flow chart of systemic review of cell therapy in no option critical limb ischemia (CLI).
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The trial by Moriya et al. did not use G-CSF (49). One 
trial (Lenk et al.) isolated PBMNCs by Ficoll gradient 
separation of peripheral blood and then culture-expanded 
cells to a sufficient number (39). The remaining trials 
used apheresis and cell separators to isolate and concen-
trate PBMNCs.

While the BMMNC and PBMNC patient popula-
tions were fairly similar with regard to risk factors of age 

and the percentage of patients with diabetes and tissue 
loss, the peripheral blood group had a higher percent-
age of patients on dialysis than did the bone marrow 
group (33.8% vs. 5.1%, p < 0.0001). This discrepancy is 
largely due to the trial conducted by Horie et al., in which 
nearly two thirds of the patients were dialysis dependent 
(27). Even after excluding these patients, however, the 
PBMNC group still has a significantly higher percentage 

Table 2. Clinical Trials of Cell Therapy in CLI

Author Year Trial Type n Total n Treated n Control

Benoit (6) 2011 RCT 48 34 14
Idei (32) 2011 Cohort 97 51 46
Lu (42) 2011 RCT 82 41 41
Madaric (44) 2011 Case series 31 31 0
Murphy (51) 2011 Case series 30 30 0
Perin (55) 2011 Case series 10 10 0
Powell (56) 2011 RCT 46 32 14
Ruiz-Salmeron (58) 2011 Case series 20 20 0
Subrammaniyan (65) 2011 Case series 6 6 0
Walter (69) 2011 RCT w cross 40 19 21
Burt (8) 2010 Case series 9 9 0
Higashi (26) 2010 Case series 16 16 0
Horie (27) 2010 Case series 162 162 0
Lara-Hernandez (38) 2010 Case series 28 28 0
Mizuno (48) 2010 Case series 8 8 0
Prochazka (57) 2010 RCT 96 42 54
Amann (1) 2009 Case series 51 51 0
Franz (19) 2009 Case series 9 9 0
Kawamoto (36) 2009 Case series 17 17 0
Moriya (49) 2009 Case series 42 42 0
Chochola (9) 2008 Case series 24 24 0
Cobellis (10) 2008 Case series 10 10 0
De Vriese (11) 2008 Case series 16 16 0
Matoba (46) 2008 Case series 115 115 0
Motukuru (50) 2008 Case series 36 36 0
Napoli (52) 2008 Cohort 36 18 18
Van Tongeren (68) 2008 Case series 27 27 0
Wester (70) 2008 Case series 8 8 0
Zhang (72) 2008 Case series 15 15 0
Bartsch (5) 2007 Cohort 25 13 12
Hernandez (24) 2007 Case series 12 12 0
Huang (31) 2007 Case series 150 150 0
Saito (60) 2007 Case series 14 14 0
Arai (2) 2006 RCT 25 13 12
Durdu (12) 2006 Case series 28 28 0
Koshikawa (37) 2006 Case series 7 7 0
Miyamoto (47) 2006 Case series 8 8 0
Huang (29) 2005 RCT 28 14 14
Ishida (33) 2005 Case series 6 6 0
Lenk (39) 2005 Case series 7 7 0
Higashi (25) 2004 Case series 7 7 0
Huang (30) 2004 Case series 5 5 0
Saigawa (59) 2004 Case series 8 8 0
Esato (14) 2002 Case series 8 8 0
Tateishi-Yuyama (66) 2002 Case series 45 45 0
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of patients on dialysis (11.4%). These differences in risk 
factors complicate comparison of outcomes between 
these two methods, at least with regard to amputation and 
mortality (Table 3).

Concentration Techniques

Cell therapy protocols employ a variety of cell concen-
tration techniques. Twenty-seven trials used a cell sepa-
rator such as the Cobe Spectra (Gabro BCT, CO, USA), 
Fenwal CS 3000 plus (Baxter, IL, USA), CLINIMACS 
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany), 
or Fresenius AS 104 (Fresenius, Schweinfurt, Germany). 
Eleven trials used Ficoll gradient centrifugation in a cen-
tral laboratory. Six trials used point-of-care devices such 

as Harvest SmartPReP (Harvest Technologies, Plymouth, 
MA, USA), Genesis CS (EmCyte Corporation, Fort 
Myers, FL, USA), and MarrowStim (BioMet, Warsaw, 
IN, USA). Two trials used bone marrow filtered for par-
ticulate matter prior to injection. One trial used a plasma 
extractor. A single trial used a proprietary method for ex 
vivo culture expansion of mononuclear cells harvested 
from bone marrow. Three trials used more than one 
method to prepare cells.

Randomized Controlled Trials

In our review of the literature, we identified seven 
RCTs of cell therapy in CLI. Five of these used cells iso-
lated from bone marrow aspirate, one used cells isolated 
from peripheral blood, and one used bone marrow cells 
expanded by cell culture. Out of the total population of 
365 patients, 195 received cell therapy and 170 served 
as controls. CLI was due to atherosclerosis in 97.8% of 
patients; thromboangiitis obliterans accounted for the 
other eight cases (2.2%) (Table 4).

Five trials used mononuclear cells concentrated 
directly from bone marrow (BMMNCs). One trial by 
Huang et al. used PBMNCs, and these patients received 
pretreatment with G-CSF to mobilize cells (29). Of note, 
these patients remained on an intravenous heparin drip for 
5 days during administration of growth factor as prophy-
laxis against thromboembolic complications associated 
with G-CSF. Powell et al. aspirated 50 ml bone marrow, 
which was subsequently expanded in tissue culture to 
achieve the desired number of mononuclear cells prior to 
administration (56).

Follow-up in the RCTs ranged from 1 to 6 months. In 
the trial by Walter et al., control patients crossed over to 
receive cell therapy at 3 months with the original treat-
ment group receiving a second dose of cells (69). For the 
purposes of our analysis and to compare events between 
treatment and control groups, we considered events 
occurring only during the first 3 months of this trial.

Examining the risk factors between treatment and con-
trol groups in the overall RCT population demonstrates 

Table 3. CLI Risk Factors in Cell Therapy Trials

Cell Therapy Trials by Etiology

 ASO TAO p

n trials 27 9  
n patients 842 185  
Mean age (years) 67.5 42.7  
% Diabetes 65.70 19.60 <0.0001
% Dialysisa 19.60 1.60 <0.0001
% Tissue loss 70.50 74.60 0.281

Cell Therapy Trials by Cell Source

 BMMNC PBMNC p

n trials 35 10  
n patients 891 381  
Mean age (years) 62.1 65.3  
% Diabetes 51.90 57.40 0.086
% Dialysisb 5.10 33.80 <0.0001
% Tissue loss 71.00 65.90 0.081
aAfter removing the Horie trial (27) (67% dialysis), the percent dialy-
sis for ASO patients is 9.9%, still significantly greater than for TAO 
(p < 0.0001). bAfter removing the Horie trial (67% dialysis), the percent 
dialysis in PBMNC patients is 11.4%, still significantly greater than 
for BMMNCs (p = 0.0016). ASO, atherosclerosis; TAO, thromboangii-
tis obliterans; PBMNC, peripheral blood mononuclear cell; BMMNC, 
bone marrow mononuclear cell.

Table 4. Randomized Controlled Trials of Cell Therapy in CLI

Author Year n Total n Treated n Control Source Concentration Technique Etiology Follow-up (Months)

Benoit (6) 2011 48 34 14 BM POC ASO 6
Lu (42) 2011 82 41 41 BM Ficoll ASO 6
Powell (56) 2011 46 32 14 BM-Ex Cell culture ASO 6
Walter (69) 2011 40 19 21 BM Ficoll ASO/TAO 3
Prochazka (57) 2010 96 42 54 BM POC ASO 4
Arai (2) 2006 25 13 12 BM Cell separator ASO 1
Huang (29) 2005 28 14 14 PB Cell separator ASO 3

Totals: 365 195 170

BM, bone marrow; BM-Ex, bone marrow cells ex vivo culture expanded; PB, peripheral blood; ASO, atherosclerosis; TAO, thromboangiitis obliterans; 
NR, not recorded; POC, point of care centrifugation.
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similarity between the two groups with regard to age, 
percentage of tissue loss, and dialysis. However, the con-
trol group had a higher rate of diabetes than the treatment 
group, and this difference was statistically significant 
(81.2% vs. 71.3%, p = 0.037) (Table 5).

To identify treatment effects due to bone marrow ther-
apy, we focused on the group of five BMMNC trials. This 
excluded the Powell ex vivo trial (56) (which presented a 
certain amount of heterogeneity including undocumented 
tissue loss and higher rates of diabetes in the control 
patients) and the Huang PBMNC trial (29). This had the 
added effect of creating a more homogeneous study pop-
ulation in the RCTs; there were no statistically significant 
differences in risk factors between treatment and control 
groups, even with regard to diabetes (Table 5).

Safety

In our safety analysis, we defined adverse events due  
to cell therapy as those documented by a study’s authors 
to be “related,” “probably related,” or “possibly related” to  
treatment. In our review of the literature, we identified 
1,272 patients in 45 trials who received cell therapy, 891 
in the BMMNC group, and 381 in the PBMNC group. 
There were 53 adverse events in the total population 
(4.2%). There were 39 events in the BMMNC group and 
14 in the PBMNC group, which resulted in similar rates 
(4.4% and 3.7%, respectively).

The most common overall adverse event in the treat-
ment population was pain (20.8% of all adverse events), 
followed by bleeding (17%) and anemia (15.1%). In the 
bone marrow group, the most common adverse events 
were pain (28.2% of events in BMMNC patients), anemia 
(12.8%), and postprocedural fever (10.3%). In the periph-
eral blood group, the most common adverse events were 

bleeding (42.9%), anemia (21.4%), and seizures (14.3%) 
(Table 6).

Death

In our review of the literature of the 1,272 patients who 
received cell therapy, there was a single death of a patient 
following a complication possibly related to treatment. In 
the trial by Horie et al., one patient developed a gastro-
intestinal bleed and subsequently died within a month of 
G-CSF administration and PBMNC therapy (27). Within 
the same trial, five other patients developed gastrointesti-
nal bleeding (see below). The population in this trial had 
a high acuity with 67% requiring dialysis and a 24% mor-
tality rate in the patients with atherosclerosis in the first 
year after enrollment.

While no other deaths in the population from the lit-
erature review were defined as related or possibly related 
to cell therapy, in the interest of completeness we report 
on the death of a single patient in a trial by Miyamoto 
et al., which occurred 20 months after BMMNC therapy 
in a 30-year-old patient who was found dead at home of 
unknown causes (49).

To further determine if cell therapy contributes to death 
in CLI patients, we compared mortality rates between 
the treatment and control groups in the seven RCTs. The 
mortality rates were similar: 4.1% in cell therapy patients 
and 5.9% in controls with a value of p = 0.475. This sup-
ports the favorable safety profile of cell therapy with 
regard to death.

Major Adverse Cardiovascular Events (MACEs)

Three patients (0.2%) experienced MACEs related to 
cell therapy, two (5.1%) in the BMMNC group, and one 
(7.1%) in the PBMNC group. Van Tongeren reported two 

Table 5. Risk Factors of RCTs

RCTs of Cell Therapy

 Treatment Control p

n patients 195 170
Mean age (years) 67.4 65.5
% Diabetes 71.30 81.20 0.037
% Dialysis 2.10 0.60 0.377
% Tissue lossa 87.70 87.20 1

Bone Marrow Trials Only

 Treatment Control p

n patients 149 142
Mean age (years) 66.7 64.9
% Diabetes 74.50 81.00 0.206
% Dialysis 2.70 0.70 0.371
% Tissue loss 86.60 85.90 1
aExcludes patients from Powell trial (56), which presented no data on 
tissue loss. RCTs, randomized controlled trials.

Table 6. Frequency of Specific Adverse Events (AEs) as a 
Percentage of All Adverse Events

All  
%AEs

BMMNC 
%AEs

PBMNC 
%AEs

AE < 48 h 50.9 69.2 0.0
Death 1.9 0.0 7.1
MACE 5.7 5.1 7.1
Bleeding 17.0 7.7 42.9
Anemia 15.1 12.8 21.4
Pain 20.8 28.2 0.0
Fever 7.5 10.3 0.0
Tissue infxn 3.8 5.1 0.0
Gangrene 3.8 5.1 0.0
Kidney injury 0.0 0.0 0.0
AV malform 1.9 2.6 0.0
Other 22.6 23.1 21.4

%AE, number of specific AE divided by total number of AEs within 
group.
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cases of congestive heart failure following aspiration of 
750 ml of bone marrow (68). Both patients were treated 
with diuretics and recovered without sequelae. The 
authors speculate that protocols for devices that require 
smaller volumes of marrow aspirate may result in less 
fluid shifts and may allow the procedure to be performed 
under local anesthesia, both of which may limit the risks 
of CHF. In Horie’s PBMNC trial, one patient experienced 
a nonfatal myocardial infarction in the month following 
G-CSF and cell therapy (27).

In the trial conducted by Arai et al., 14 patients in  
one arm of the study received G-CSF alone (2). These 
patients were not included in our overall safety analysis 
because they did not receive injection of cell therapy; 
however, it is worth noting that following 10 days of 
G-CSF one patient developed ventricular tachycardia 
requiring cardioversion.

Anemia

In our analysis, we defined acute anemia due to cell 
therapy based on each individual study’s criteria. This 
generally meant a drop in blood counts requiring treat-
ment. We did not rely on laboratory values because most 
studies did not provide such data. The lack of standard 
accepted values and the prevalence of anemia of chronic 
disease in the CLI population further complicate the use 
of laboratory values to identify anemia.

Eight patients (0.6%) developed anemia after cell ther-
apy. This was one of the more common complications, 
comprising 15.4% of all adverse events. Anemia devel-
oped in 5 of 891 patients (0.6%) in the BMMNC group 
and 3 of 381 patients (0.8%) in the PBMNC group.

One patient developed anemia after 500-ml bone mar-
row aspiration leading to ischemic electrocardiography 
(EKG) changes that resolved after blood transfusion (51). 
This led the authors to change their protocol and reduce 
the volume of marrow aspirated to 360 ml with no fur-
ther instances of anemia. In another trial (1), one patient 
who became anemic following the aspiration of 450 ml 
bone marrow required a blood transfusion. Three patients 
in a single trial (12) developed anemia following aspi-
ration of 650 ml of bone marrow. None of the patients 
required transfusion but were instead managed by oral 
iron supplementation.

Three patients in a single PBMNC trial (27) devel-
oped anemia (grade 2 or grade 3) in the month following 
G-CSF treatment, peripheral blood harvesting, and cell 
therapy. There is no information regarding treatment of 
these patients.

Bleeding

Nine patients (0.7%) experienced bleeding related 
to cell therapy, and these complications compromised 
17.3% of all adverse events. There were three (0.3%) 

bleeding events in the BMMNC group and six (1.6%) in 
the PBMNC group. Bleeding events differed between the 
two groups in kind and severity. In the BMMNC group, 
bleeding was associated with bone marrow harvest and 
was readily controlled and did not lead to anemia or fur-
ther complications. In the PBMNC group, all six events 
were gastrointestinal bleeds occurring within 1 month of 
G-CSF and cell therapy, and one of these patients eventu-
ally died as mentioned above. These bleeds occurred in a 
single trial, and it should be noted that two thirds of the 
patients in this trial were dialysis dependent.

Pain

Eleven patients (0.9%) experienced significant pain as 
an adverse event, and this was the most common adverse 
event overall (20.8% of all events). All of the instances of 
pain were confined to the BMMNC group (1.2%). Most 
of these were due to pain at the bone marrow puncture 
site rather than in the treated limb. Furthermore, these 
episodes of pain were associated with the procedure 
itself, all occurring within 48 h of bone marrow harvest 
and cell therapy injection.

Infection-Related Events

In our population of cell therapy patients from the 
literature review two patients in the BMMNC group 
developed soft tissue infections (56) and two developed 
gangrene (55). These infections were not at the injection 
site and may have been caused by progression of disease 
but were deemed possibly related to therapy. There were 
no instances of systemic infection or sepsis related to cell 
therapy. In the BMMNC group, four patients experienced 
postprocedural fever, but these were not related to infec-
tions (32). No patients in the PBMNC group developed 
infectious complications. Of note, while there were no 
cases of infection caused by contaminated cellular prod-
ucts, there was one instance of bacterial contamination of 
culture-expanded cells, which prevented treatment (see 
“Other adverse events” below).

Rhabdomyolysis and Acute Kidney Injury

We found no cases of patients developing signifi-
cantly elevated creatine phosphokinase (CPK) levels or 
rhabdomyolysis following intramuscular delivery of cell 
therapy, we found no cases of acute kidney injury occur-
ring as a result of cell therapy despite the high degree of 
chronic renal insufficiency in this population.

Unregulated Angiogenesis: Arterio-Venous (A-V) 
Malformations and Retinopathy

We identified a single A-V malformation and no new 
cases of retinopathy in the population of patients receiv-
ing cell therapy. One TAO patient in the Miyamoto trial 
developed an arterio-venous shunt in the foot of the index 
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limb 7 months after BMMNC therapy (47). By 1 year, this 
malformation had spontaneously resolved without seque-
lae. With regard to retinopathy, we found no new or 
progression of existing cases of retinopathy following 
treatment with cell therapy. Although 15 trials excluded 
patients if they had retinopathy at baseline, in the remain-
ing trials there were 22 patients with retinopathy at enroll-
ment and none of these patients experienced progression 
of their disease after treatment with cell therapy.

Cancer

We identified 15 documented cases of cancer in 1,272 
patients who received cell therapy. This 1.2% incidence 
over a mean follow-up of 16.2 months equals an annual 
cancer incidence of 0.89%. The mean age of our study 
population was 63.0 years. Based on US National Cancer 
Institute statistics from 2004 to 2008, the age-adjusted 
cancer incidence for patients 60–64 is 1.3% (28). Because 
new malignancies are unlikely to appear in the short term 
following therapy, we focused on trials with follow-up 
greater than 1 year. In this group there were 14 cancers in 
524 patients over a mean follow-up of 25.3 months. This 
rate of 2.7% corresponds to an annual incidence of 1.3%. 
By these rough comparisons, patients treated with cell 
therapy do not have a greater incidence of cancer than the 
rest of the population. One caveat to this analysis is that 
trials differ in their screening for preexisting malignancy. 
Prior to enrollment in one trial patients underwent screen-
ing by American Cancer Society recommendations with 
inclusion conditional on negative results (6). Some trials 
excluded patients with a history of malignancy. Others 
(such as the trial in which a patient was diagnosed with 
metastatic colon cancer 4 weeks after enrollment) did not 
conduct any cancer screening (69).

All cancers were seen in patients who had athero-
sclerotic disease. This is not surprising given that the 
mean age of ASO patients in our study population was 
67.5 years compared to 42.7 years in the TAO popula-
tion, and the incidence of cancer rises with age. Tobacco 
use is a risk factor for cancer development, and TAO is 
almost exclusively associated with smoking, yet the lack 
of cancers in this group following cell therapy is support-
ing evidence that cell therapy itself may not initiate can-
cer growth.

We analyzed the occurrence of cancers by cell source. 
Of the 15 cancers, 11 were seen in the PBMNC group 
and 4 in the BMMNC group. With 381 patients treated 
with PBMNCs and 891 patients treated with BMMNCs, 
this corresponds to rates of 2.9% in the PBMNC group 
and 0.45% in the BMMNC group. Correcting for the lon-
ger mean follow-up in the PBMNC group (18.3 vs. 15.3 
months), the annual incidence of cancer was 1.9% in the 
PBMNC group and 0.35% in the BMMNC group. This 
difference is statistically significant (p = 0.0102).

The difference in mean ages between the two PBMNC 
and BMMNC patients (65.3 vs. 62.1) was not great, 
although it is possible that may have influenced the dif-
ference in cancer rates. The biggest difference between 
the two protocols that may influence cancer rates is the 
use of the growth factor G-CSF to promote mobiliza-
tion of stem cells from the bone marrow in the PBMNC 
group. Although two of the cancers in the PBMNC group 
occurred in patients who did not receive growth factor, 
the other nine cases did receive G-CSF. Two of these 
patients had a previous history of malignancy.

In the bone marrow trial by Walter et al., one patient 
was discovered to have metastatic colon cancer 4 weeks 
after treatment (69). The extent of disease led the authors 
to conclude that malignancy had been present at the time 
of enrollment. No further tumors were seen in their study 
population over a mean 30.2 month follow-up. There 
was one cancer seen in the Idei BMMNC trial as well as 
one in the cohort control group (32). The Van Tongeren 
BMMNC trial had two cancers (68). One patient was 
diagnosed with a locally advanced colon cancer at 
41 months. Another patient was diagnosed with laryngeal 
cancer at 7 months and then lung cancer at 25 months. In 
the Moriya trial of PBMNC therapy (which did not use 
G-CSF), two patients were diagnosed with gastric can-
cer, one at 20 months and the other at 29 months (49). 
Horie et al. evaluated the long-term outcome of patients 
treated with G-CSF and PBMNCs (27). They found nine 
cancers, two of which occurred in patients with a previ-
ous history of cancer. These malignancies were located 
in the colon, pancreas, lung, stomach, and gallbladder. It 
should be noted that, while the occurrence of gastric can-
cers documented in cell therapy trials may be higher than 
expected in a Western population, these cancers occurred 
in Asian study populations where this malignancy is 
more common.

Other Adverse Events

We identified 12 additional adverse events that did not 
fit into any of the above classifications. Two patients in the 
PBMNC group experienced seizures in the month follow-
ing G-CSF and cell therapy (27). One patient experienced 
transient vertigo 1 day after BMMNC therapy (32). There 
were three adverse events associated with intra- arterial 
delivery of cells: one hematoma from femoral artery 
puncture, one thrombus formation in the artery (subse-
quently removed), and one pseudoaneurysm that resolved 
without therapy (69). Amann et al. reported a single case 
of intestinal puncture requiring operative repair dur-
ing bone marrow harvest and another case of aspiration 
pneumonia following induction of general anesthesia (1). 
One patient experienced elevation of liver enzymes dur-
ing administration of G-CSF, but these returned to base-
line after discontinuation of the growth factor (38). In the 
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trial that used ex vivo culture to expand BMMNCs, one 
patient was unable to receive cells due to contamination 
of the culture (56). Two BMMNC patients experienced 
mild edema of the injected limb (8,55).

Bone Marrow Versus Peripheral Blood Protocols and 
the Timing of Adverse Events

Because of the significant differences between bone 
marrow and peripheral blood cell protocols, we com-
pared adverse events between the two groups in the lit-
erature. While the rates of events were similar in both 
groups, events differed in their timing after cell therapy, 
with nearly two thirds of BMMNC-related adverse events 
occurring in the immediate peri-procedural period. We 
defined peri-procedural adverse events as those occurring 
within 48 h and speculated that they were more likely to 
be related more to the procedure itself rather than the cel-
lular composition. Of the total 53 adverse events, 27 of 
them (50.9%) were peri-procedural. All peri-procedural 
adverse events occurred in the BMMNC group, and these 
events accounted for 64.1% of all adverse events in this 
group. The events included pain and bleeding at the bone 
marrow harvest site in 14 patients: five cases of anemia 
following bone marrow aspiration, four cases of post-
operative fever, two cases of congestive heart failure due 
to fluid shifts after marrow harvest, one aspiration pneu-
monia after induction of anesthesia, and one case of colon 
puncture during bone marrow harvest (Table 6).

No peri-procedural adverse events were documen ted  
in the PBMNC group, although nearly every trial com-
mented on the frequency of bone pain and arthralgias 
associated with G-CSF administration. The bleeding and 
anemia in these patients was likely related to G-CSF and 
not the delivery of cell therapy itself. G-CSF is associ-
ated with thromboembolic events to such a degree that 
at least one group (Huang et al.) in their three trials kept 
patients on a heparin drip during the course of G-CSF 
administration  (29).

Adverse Events in Randomized Controlled Trials

Comparing adverse events between treatment and pla-
cebo patients in RCTs should provide the best analysis 
of risks associated with cell therapy. The seven RCTs 
enrolled 365 patients, 195 of whom received cell therapy 

and 170 who served as controls (Table 7). There were 16 
total adverse events, 14 (7.2%) in the treatment group and 
2 (1.2%) in the control group. However, comparison of 
AEs between groups in RCTs is compromised by differ-
ences in protocol between treatment and control patients. 
For example, 10 of the events in the treatment group 
occurred within 48 h of procedure and nine of these were 
due to pain or bleeding associated with bone marrow 
aspiration. This greatly limits analysis of events between 
groups. Only a single study conducted a double-blind 
trial, which included sham bone marrow puncture, and 
in this trial there were no differences in the number of 
adverse events related to cell therapy between treatment 
and placebo groups (6). Of the remaining adverse events 
in the total RCT population, three adverse events in the 
treatment group were related to intra-arterial infusion 
(one hematoma, one thrombus, one pseudoaneursym); 
one treatment patient had contamination of ex vivo cell 
culture (but did not receive the contaminated cells); one 
control patient had edema of the placebo-injected limb; 
one control patient had pain at the injection site.

Efficacy

Amputation Rate. All but two of the 45 trials presented 
data on amputation. Of 1,272 patients who received cell 
therapy, 203 patients underwent amputation for an over-
all amputation rate of 16.0%.

With regard to cell source, there was no difference in 
amputation rate between BMMNC and PBMNC trials 
(15.8% vs. 17.1%, p = 0.504). Amputation rates differed 
significantly between patients with atherosclerosis and 
those with thromboangiitis obliterans (20.5% vs. 5.4%, 
p < 0.0001), which is to be expected given the overall 
worse prognosis of patients with atherosclerotic disease.

Analyzing the effect of risk factors on amputation 
rates is limited by the lack of individual patient data; 
however. it is possible to make conclusions based on the 
proportions of patients with a given risk factor in each 
of the trials. Trials in which greater than 50% of patients 
had diabetes demonstrated a significantly higher amputa-
tion rate than those with a lesser proportion of diabet-
ics (19.1% vs. 10.2%, p < 0.0001). Trials that enrolled 
patients on dialysis had a significantly higher amputation 
rate than those that had no dialysis patients (27.0% vs. 

Table 7. Adverse Events in Randomized Controlled Trials

 n AEs Total % Pts w/ AEs AE < 48 h % Pts AE < 48 h

Treatment 195 14 7.2 10 5.1
Control 170 2 1.2 1 0.6
Total 365 16 4.4 11 3.0

Bleeding and pain at bone marrow puncture site (n = 9) limited to treatment patients complicates comparison of treat-
ment versus control. Only one trial (6) used sham bone marrow puncture in control group. No difference in AEs tx 
versus control in this trial.
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12.2%, p < 0.0001). Trials in which greater than 50% of 
patients had tissue loss had a significantly higher amputa-
tion rate than those with a lesser proportion of tissue loss 
(16.8% vs. 7.7%, p = 0.0096). In patients with atheroscle-
rosis, trials with a mean age of greater than 67 years (the 
mean age of all ASO patients) had a significantly higher 
amputation rate than trials with a younger proportion of 
patients (25.0% vs. 17.3%, p = 0.0074). This influence 
of age on amputation rate was not seen in patients with 
thromboangiitis obliterans.

To best estimate the efficacy of cell therapy on ampu-
tation rate, we focused our detailed analysis to RCTs. The 
duration of follow-up in the RCTs was similar (mean 4.1 
months, range 1–6 months), which facilitated comparison 
of amputation rates among these trials.

In the seven RCTs, patients receiving cell therapy had 
a significantly lower amputation rate than control patients 
(14.4% vs. 27.6%, p = 0.0019). Focusing on the five tri-
als using bone marrow protocols alone, the positive 
effect of cell therapy persists with an amputation rate of 
14.8% in BMMNC-treated patients and 25.4% in controls 
(p = 0.0278) (Table 8).

To further estimate the impact of cell therapy on ampu-
tation, we performed a meta-analysis on the seven RCTs. 
The odds ratio was 0.36, indicating that patients treated 
with cell therapy had a 36% chance of amputation when 
compared with control patients (p = 0.0004) (Fig. 2).

Time to Amputation

Although published trials do not present individual 
patient data on time to amputation, evaluation of ampu-
tation rates based on trial follow-up offers some insight 
into the timing of amputation. As trial duration increases 
from 3 to 6 to greater than 12 months, the amputation rate 
increases from 8.0% to 24.5% (Table 9). Longer trials pro-
vide more time in which amputations may occur. Looking 
at the percentage of total amputations based on trial dura-
tion suggests that amputations do not occur at a steady 
rate but are grouped largely in the first 6 months. While 
12.3% of amputations occur in trials under 3 months and 
41.9% occur in trials under 6 months, 49.8% of ampu-
tations occur in trials under 12 months. From this, we 

can infer that most amputations may take place within 6 
months of enrollment with a prolonged “tail” of ampu-
tations occurring as follow-up progresses. This suggests 
that cell therapy trials with duration of 6 months may cap-
ture sufficient data with regard to amputation.

Death

There were 119 deaths in the group of 1,272 patients 
who received cell therapy, resulting in an overall mortal-
ity rate of 9.4%.

Initial comparison of mortality rates between trials 
with different cell sources suggests that BMMNC-treated 
patients had a lower mortality than those receiving 
PBMNCs (5.5% vs. 18.4%, p < 0.0001). However, these 
results are heavily influenced by the trial by Horie et al., 
which had a long follow-up (median 26.4 months) and 
a 66.7% dialysis rate, both of which increase the mor-
tality rate (27). Excluding this trial, the mortality rate in 
PBMNC trials was 9.1%, which, although higher than the 
rate in bone marrow trials, is not significantly different 
(p = 0.059).

Mortality rates differed by etiology. Patients with 
atherosclerosis had a 12.7% mortality rate while only 
0.5% of patients with thromboangiitis obliterans died 
(p < 0.0001).

As with amputation, evaluating the effect of risk fac-
tors on mortality is limited to analyzing outcomes in tri-
als with different proportions of a given risk factor. This 
analysis suggests that diabetes, dialysis, tissue loss, and 
age contribute to higher mortality rates. Trials in which 
greater than 50% of patients had diabetes had a signifi-
cantly higher mortality rate than those with a lesser propor-
tion of diabetics (12.5% vs. 3.4%, p < 0.0001). Trials that 
enrolled patients with dialysis had a significantly higher 
mortality rate than those that had no dialysis patients 
(24.0% vs. 4.0%, p < 0.0001). Trials in which greater than 
50% of patients had tissue loss had a significantly higher 
mortality rate than those with a lesser proportion of tis-
sue loss (10.1% vs. 4.0%, p = 0.050). In patients with ath-
erosclerosis, trials with a mean age greater than 67 years 
(the mean age of all ASO patients) had a significantly 
higher mortality rate than trials with a younger propor-
tion of patients (18.8% vs. 8.4%, p < 0.0001). This influ-
ence of age on mortality rate was not seen in patients with 
thrombo angiitis obliterans.

Again, as with amputation, to estimate the effect of cell 
therapy on mortality, we limited our analysis to RCTs. In 
the seven RCTs, there was no significant difference in mor-
tality rates between patients who received cell therapy and 
controls (4.1% vs. 5.9%, p = 0.475). This lack of difference 
in mortality rates was also true of the BMMNC trials alone 
(Table 10). While this does not demonstrate efficacy of cell 
therapy with regard to improving patient survival, it sup-
ports the fact that cell therapy is a safe procedure.

Table 8. Amputation Rates From RCTs: All Trials Versus 
BMMNC Trials Alone

 n Pts n Amp % Amp p*

All RCTs 365 75 20.5
Tx 195 28 14.4 0.0019
Control 170 47 27.6

BMMNC 295 58 19.7
Tx 149 22 14.8 0.0278
Control 142 36 25.4

*Value of p is calculated using Fischer’s exact test.
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Functional and Surrogate Outcomes

Functional and surrogate outcome measures are more 
commonly relied upon in observational trials because 
they do not require a control group but are instead mea-
sured as changes against baseline. The most commonly 
used measures were ABI and pain, and the least common 
were QoL and clinical classification. For each measure, 
at least 60% of trials demonstrated improvement. Cell 
therapy demonstrated the most improvement in wound 
healing (93.5% of trials) and reduction of pain (89.2%). 
This rough analysis suggests that cell therapy improves 
a variety of surrogate and functional outcomes in CLI 
patients (Table 11).

DISCUSSION

In our systematic review of the literature of autologous 
cell therapy for CLI, we identified 45 clinical trials that 
included 1,272 patients who have received cell therapy in 
a research setting.

We found cell therapy to be safe, without increased 
risks of mortality or cancer associated with therapy and a 
low overall adverse event rate of 4.2%. Cell therapy also 

demonstrated efficacy, most notably in reducing ampu-
tation rates in treated patients compared with controls 
(odds ratio [OR] 0.36), as well as in improving a variety 
of functional and surrogate outcome measures.

The field of autologous cell therapy for CLI has dem-
onstrated significant growth in recent years; in 2010 
Fadini et al. published a comprehensive review in which 
he identified a single RCT (15). In our search of the liter-
ature conducted less than 2 years later, we identified seven 
published RCTs and an additional 500 patients receiving 
cell therapy.

While large RCTs provide the highest quality of data 
with the least amount of bias, we included smaller non-
controlled case series and cohort controlled trials specifi-
cally to expand our collection of safety data and thereby 
identify any patterns of adverse events in a larger pool of 
patients. The overall adverse event rate was low, and we 
observed few serious adverse events and no fatal adverse 
events related to the cell therapy procedures.

We did observe a difference in the pattern of adverse 
events between BMMNC and PBMNC protocols, with 
bone marrow protocols having more events related to 

Figure 2. Meta-analysis of cell therapy on amputation rate. All RCTs and bone marrow trials only.

Table 9. Relationship Between Trial Duration and Amputation Rate

Trial Duration n Trials n Pts n Amps Amp Rate % Total Amps

≤ 3 months 13 313 25 8.0% 12.3
≤ 6 months 16 692 85 12.3% 41.9
≤ 12 months 39 856 101 11.8% 49.8
> 12 months 6 416 102 24.5% 50.2
All trials 45 1,272 203 16.0% 100.0
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the bone marrow puncture and harvest, such as pain, 
bleeding, and the sequelae following withdrawal of large 
volumes (>400 ml) of bone marrow. Several of the peri-
procedural adverse events in the BMMNC group may be 
associated with the “learning curve” as clinicians become 
more familiar with harvesting bone marrow from the CLI 
patient population. Techniques that limit exposure to gen-
eral anesthesia and limit the volume of marrow aspirate, 
such as point-of-care cell concentrators, may lessen the 
risks of cardiopulmonary complications such as anemia, 
heart failure, or aspiration pneumonia. In the PBMNC 
group, on the other hand, nearly every trial commented on 
the frequency of bone pain and arthralgias associated with 
G-CSF administration, and bleeding and anemia in these 
patients was likely related to G-CSF and not the delivery 
of cell therapy itself. G-CSF is associated with thrombo-
embolic events to such a degree that at least one group 
(Huang et al.) in their three trials kept patients on a heparin 
drip during the course of G-CSF administration (29).

With regard to efficacy, RCTs are the only way to 
measure treatment effect in clinical outcomes such as 
amputation and death where comparison against histori-
cal controls is inaccurate.

In the absence of contemporaneous matched controls, 
many case series compared their amputation rates to his-
torical controls, but such comparisons are of questionable 
value due to patient heterogeneity as well as the observa-
tion that event rates like amputation may be decreasing 
over time in the CLI population. While cohort controlled 
trials avoid these problems to some degree they are vul-
nerable to selection bias, which also may compromise 
their results. Therefore to estimate the efficacy of cell 
therapy on amputation rate we limited our detailed anal-
ysis to RCTs. Meta-analysis of amputation rates in the 
seven RCTs demonstrated a beneficial treatment effect 
with an odds ratio of 0.36, indicating that patients receiv-
ing cell therapy had a 36% chance of amputation com-
pared to control patients. These are promising results for 
this challenging population of patients.

Mortality rates did not differ between patients receiv-
ing cell therapy and those treated as controls. Failure to 
demonstrate efficacy with regard to decreasing mortality 

is not a surprise given that traditional treatment of CLI 
is largely directed at limb salvage, and therefore would 
not be expected to have a significant impact on patient 
mortality. Although some authors have suggested that 
treatment of a threatened limb may remove an inflam-
matory or infectious focus and thereby improve patients’ 
survival, detection of a treatment effect on mortality is 
difficult in the CLI population. CLI patients have high 
mortality rates related to both their vascular disease and 
comorbidities such as diabetes and renal insufficiency. 
In trials with longer follow-up, the influence of novel 
therapy on mortality may also be obscured by deaths 
from other causes because mortality rates necessarily 
rise with time, and this factor complicates comparison of 
mortality rates between groups with different lengths of 
follow-up. Evaluation of all-cause mortality in the setting 
of clinical trials is nonetheless important to identify any 
increased risks posed by novel therapy. Our observation 
that patients treated with autologous cell therapy did not 
have an increased mortality rate supports this as a safe 
procedure in the fragile CLI patient population.

Our review also highlights the influence of risk factors 
such as diabetes, tissue loss, and dialysis on clinical out-
comes in CLI. Trials with higher proportion of patients 
with these risk factors had higher rates of amputation 
and mortality. While other reports have made this point 
with regard to patients undergoing arterial reconstruction 
(62,67) and we have previously published on the impact 
of tissue loss on amputation in the NO-CLI population 
specifically (6), our findings in this review emphasize the 
importance of risk factor stratification in patient enroll-
ment in cell therapy trials in CLI.

Study Limitations

Lacking access to patient-specific data, our findings 
were dependent on events as described in each article. 
Given the high rate of morbidity associated with CLI, 

Table 10. Mortality Rates From RCTs: All Trials Versus 
BMMNC Trials Alone

n Pts n Dead % Dead p*

All RCTs 365 18 4.9
Tx 195 8 4.1 0.475
Control 170 10 5.9

BMMNC 295 17 5.8
Tx 149 7 4.7 0.459
Control 142 10 7.0

*Value of p is calculated using Fischer’s exact test.

Table 11. Efficacy of Cell Therapy in CLI Trials: Improvement 
in Functional and Surrogate Outcomes

n Trials Impa % Impb

ABI/TBI 38 24 63.2
Pain 37 33 89.2
Wound 31 29 93.5
TcPO

2
26 20 76.9

Treadmill 19 17 89.5
Angiography 13 10 76.9
Clinical class 10 8 80.0
QoL 9 6 66.7
aImprovement is based on the definition used within each trial, not 
a standardized definition. For noncontrolled trials, improvement is 
based on comparison against baseline. bNumber of trials demonstrat-
ing improvement divided by number of trials evaluating that outcome 
measure.
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one might expect higher rates of adverse events than 
reported, the latter best assessed by independent moni-
toring and adjudication. Additionally, the evaluation of 
certain outcomes, such as retinopathy, is likely to have 
varied between studies. However, despite this intrinsic 
drawback to analyses such as ours, it is likely that pub-
lished data accurately reflect serious events such as death, 
amputation, and malignancy.

CONCLUSIONS

Our systematic review of the literature identified 45 
clinical trials of autologous cell therapy in CLI, which 
included seven RCTs. Overall 1,272 patients received 
cell therapy. Cell therapy in this population has a favor-
able safety profile with a 4.2% overall adverse event rate, 
no increase in mortality compared to control patients, 
and no increase in cases of malignancy when analyzed 
against population incidence rates. Protocols that isolate 
mononuclear cells directly from bone marrow were asso-
ciated with more procedure-related adverse events such 
as pain, whereas peripheral blood protocols had adverse 
events related to G-CSF therapy such as bleeding. With 
regard to efficacy, cell therapy reduces amputation rates 
when compared to controls as well as improving a vari-
ety of functional and surrogate outcome measures. Our 
findings demonstrate that cell therapy in CLI has a posi-
tive benefit-to-risk ratio, which is of critical importance 
in this challenging patient population with limited thera-
peutic options.
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Background. The bone marrow-derived mesenchymal stem cells (BM-MSCs) have demonstrated great potential as regenerative
medicine in different therapeutic applications. This study aims to pool previous controlled clinical trials to make an update
assessment of the effectiveness of BM-MSC transplantation on end-stage liver cirrhosis. Methods. Relevant studies published
between January 1990 and June 2014 were searched among Pubmed, Embase, and ClinicalTrial.gov. A meta-analysis was performed
to assess the effect of BM-MSCs on liver function indicators, including Models of End-Stage Liver Disease (MELD) score, serum
albumin (g/L), total bilirubin (mg/dl), Prothrombin concentration (%), and alanine aminotransferase (ALT) (U/L). Results. BM-
MSCs therapy could signific ntly improve liver function in patients with end-stage liver cirrhosis, in terms of MELD score, serum
albumin, total bilirubin, and prothrombin concentration, at least during the half year after transplantation. Conclusions. Due to BM-
MSCs’ immunomodulatory functions and the potential to differentiate into hepatocytes, they are a promising therapeutic agent to
liver cirrhosis. Considering currently available evidence, this therapy is relatively safe and effective in improving liver function.
However, how different variables should be controlled to optimize the therapeutic effect is still not clear. Thus, future mechanism
studies and clinical trials are required for this optimization.

1. Introduction

Cirrhosis is a common outcome of liver fi rosis caused by
chronic liver diseases (CLD). This disease is characterized
as reduced liver regeneration and liver dysfunction and
can further lead to portal hypertension and end-stage liver
disease (ESLD) [1]. It is the major cause of morbidity in
patients with CLD. Alcohol abuse and infection of hepatitis B
and C viruses cause the majority of cirrhosis across the world
[2].

Currently, the most effective treatment for end-stage
cirrhosis is liver transplantation. However, due to lack of
organ donors, risk of rejection, various complications, and
high cost, this treatment is quite limited in clinical practice

[3]. In addition, if liver transplantation failed, there will be
further extensive and progressive fi rosis, leading to further
hamper of liver regeneration and irreversible cirrhosis [3, 4].
Thus, during the past decades, scholars have been making
every effort to explore new techniques to stimulate liver
regeneration.

Th bone marrow is a reservoir of various stem cells. The
bone marrow-derived mesenchymal stem cells (BM-MSCs)
were found to have differentiative plasticity and demon-
strated great potential as regenerative medicine in different
therapeutic applications [5–8]. Actually, BM-MSCs presented
the ability of mesodermal and neuroectodermal differenti-
ation and thus can differentiate into functional hepatocyte-
like cells [9]. In this respect, a series of studies have been
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performed to assess the application of BM-MSCs to promote
liver regeneration and to alleviate cirrhosis. Some recent
animal-based studies showed that BM-MSC transplantation
could ameliorate liverfibrosis and improve liver functions [10,
11]. However, the effectiveness of this therapy in recent clinical
trials is still confli ting. Several clinical trials demonstrated
that the BM-MSC transplantation could significantly reverse
hepatic failure with only limited side eff cts [12–14]. But some
studies reported no signific nt benefits to liver function and
survival [15]. Therefore, this study aims to pool previous
controlled clinical trials to make an update assessment of the
effectiveness of BM-MSC transplantation on end-stage liver
cirrhosis.

2. Methods

2.1. Literature Search. Relevant studies published between
January 1990 and June 2014 were searched among Pubmed,
Embase, and ClinicalTrial.gov. The following terms and
strategies are used to guide searching in these databases:
(“bone marrow stem cell” OR “mesenchymal stem cell”)
AND (“chronic liver disease” OR “cirrhosis”). No language
restriction was set for searching. To avoid missing relevant
and quailed trials, backward snowballing method was used
for manually screening the reference lists of included studies,
relevant meta-analysis, and reviews.

2.2. Inclusion and Exclusion Criteria. Clinical trials meeting
the following criteria at the same time were included in this
study. (1) Clinical trials involved end-stage liver cirrhosis
patients; (2) studies assigned patients to autologous BM-
MSCs therapy group and placebo or traditional supportive
treatment group; (3) studies reported liver function outcomes
in detailed data; studies with at least 1month follow-up after
cell transplantation. Studies meeting any of the following
criteria were excluded: (1) case report, editorial, or letter to
editors; (2) case series with only experimental arm; (3) studies
that involved patients who had coexisting liver tumors, kid-
ney or heart failure, infection of human immunodeficien y
virus, and portal vein thrombosis and were pregnant.

2.3. Data Extraction, Study Quality, and Bias Assessment.
Th following basic information of study characteristics were
extracted: last name of the first author, year of publication,
country in which the study was conducted, cause of cir-
rhosis, number of patients in each group, type of MSCs
used, the method of purity assessment, the number of cells
transplanted, therapy frequency, the route of cell delivery,
therapy in control group, and the maximum follow-up.
To assess the effectiveness of BM-MSCs transplantation on
liver function, original data of the following five indicators
were extracted from the trials: Models of End Stage Liver
Disease (MELD) score, serum albumin (g/L), total biliru-
bin (mg/dL), prothrombin concentration (%), and alanine
aminotransferase (ALT) (U/L). Quality of the included trials
was assessed by methodological quality item of controlled
trials according to the Cochrane Handbook for Systematic
Reviews of Interventions.

2.4. Data Synthesis and Analysis. RevMan 5.3 (Cochrane
Collaboration) was used for data integration and analy-
sis. All of the outcome indicators are discontinuous data.
Thus the mean and SD data were extracted and pooled
to make estimate of mean difference and corresponding
95% confidenc intervals (CIs). To line up the comparisons,
outcome measured aft r 1, 3, and 6 months of transplantation
was extracted separately and used for stratifie comparison.
Between studies heterogeneity was assessed with Chi square-
based 𝑄 test and 𝐼2. 𝑃 < 0.1 or 𝐼2 > 50% donates significant
heterogeneity. To identify suitable model of estimation, 𝑃
value of 𝑄 test and 𝐼2 was calculated in a primary analysis
based on fixed-effects model. If 𝐼2 ≤ 50% and 𝑃 ≥ 0.1,
fix d-eff cts model with Mantel–Haenszel method was used;
otherwise random eff cts model was used.The significance of
pooled estimates was assessed with 𝑍 test, in which 𝑃 < 0.05
is considered as signific nt difference.

3. Results

3.1. Studies Included. Through searching in the databases,
a total of seven trials [12–18] were included. Th general
searching and screening process is described in Figure 1. The
basic information of the trials was summarized in Table 1.The
seven studies were published between 2011and 2014, with
four performed in Egypt, two in China, and one in Iran. A
total of 489 patients were included, 256 received BM-MSCs
transplantation and 233 had placebo or traditional supportive
treatment. Th causes of cirrhosis mainly were hepatitis B or
C infection. All of the studies used BM-MSCs. One study
did not provide exact data of the number of cells infused
[16]. In the remaining six studies, the number of cells infused
varied from 106/kg to 8.45± 3.28× 108.Three studies had cells
transplanted intravenously [14, 15, 17], two through hepatic
artery [16, 18], one through portal vein [13], and one through
intrasplenic or intrahepatic route [12]. Th follow-up period
ranged from 6 months to 12 months. The quality assessment
of the trials was concluded in Table 2. The quality of the trials
was relatively low. Two studies were nonrandomized studies
[14, 16]. Only one study has blind design [15].

3.2.The Effectiveness of BM-MSCs on MELD Score. Th ee [12,
16, 18], two [15, 18], and two [12, 18] studies assessed MELD
score 1month, 3 months, and 6 months aft r transplantations
of BM-MSCs (Figure 2). Generally, BM-MSCs therapy was
associated with signific ntly lower MELD score at 1 month
(WMD:−1.95, 95% CI:−2.56 to−1.35,𝑃 < 0.00001), 3 months
(WMD: −1.39, 95% CI: −2.56 to −0.21, 𝑃 = 0.02), and 6
months (WMD: −2.17, 95% CI: −3.14 to −1.20, 𝑃 < 0.0001)
(Figure 2). No signific nt heterogeneity was observed in any
of the three groups, suggesting a consistent effect of BM-
MSCs during the follow-up period.

3.3. The Effectiveness of BM-MSCs on Serum Albumin. Four
[13, 16–18], four [13, 15, 17, 18], and three [12, 16, 17] studies
assessed serum albumin 1 month, 3 months, and 6 months
aft r transplantations of BM-MSCs (Figure 3). Generally,
BM-MSCs therapy was associated with signific ntly higher
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215 of records
identified through
database searching

3 of additional records
identified through
manual searching

216 of records after
duplicates removed

209 of records
screened

78 of full-text articles
assessed for eligibility

7 of studies included in
quantitative synthesis

(meta-analysis)

18 cases series studies

36 animal studies

5 used MSCs other than bone marrow resources

9 case reports, reviews, editorials, and meta-analysis

3 involved patients not only end-stage cirrhosis

131 obvious irrelevant studies excluded

Figur e 1:Th searching and screening process.

Study or subgroup
Mean MeanSD SDTotal Total

MSCs Control

Weight
Mean difference
IV, fi ed, 95% CI

Mean difference
IV, fi ed, 95% CI

1.1.1 MELD score at 1 month
Amer et al., 2011

Amer et al., 2011

11.38 2.26 20 13.22 2.66 20 15.5%
Peng et al., 2011 19.32 6.18 39 21.02 6.07 77 6.5%
Xu et al., 2014 10.3 1.3 27 12.3 1.3 29 78.0%

9 2.1 27 11 2.6 29 61.6%

Subtotal (95% CI)

Subtotal (95% CI)

Subtotal (95% CI)

86

42

47

126

41

49

100.0%

100.0%

100.0%

−1.96 [−2.56, −1.35]

−1.39 [−2.56, −0.21]

−2.17 [−3.14, −1.20]

Heterogeneity: 𝜒2 = 0.08, df = 2 (P = 0.96); I2 = 0%

Heterogeneity: 𝜒2 = 0.63, df = 1 (P = 0.43); I2 = 0%

Heterogeneity: 𝜒2 = 0.20, df = 1 (P = 0.66); I2 = 0%

Test for overall effect: Z = 6.37 (P < 0.00001)

Test for overall effect: Z = 2.32 (P = 0.02)

Test for overall effect: Z = 4.40 (P < 0.0001)

1.1.2 MELD score at 3 months

1.1.3 MELD score at 6 months

Mohamadnejad et al., 2013 15.3 8.2 15 14.7 5.1 12 5.4% 0.60 [−4.45, 5.65]

−1.84 [−3.37, −0.31]

11.66 2.29 20 14.11 2.73 20 38.4% −2.45 [−4.01, −0.89]

−1.70 [−4.07, 0.67]
−2.00 [−2.68, −1.32]

−2.00 [−3.23, −0.77]

9.4 2.1 27 10.9 2.5 29 94.6% −1.50 [−2.71, −0.29]

Test for subgroup differences: 𝜒2 = 1.07, df = 2 (P = 0.59); I2 = 0%

−10 −5 0 5 10
Favours MSCs Favours controls

Xu et al., 2014

Xu et al., 2014

Figur e 2: Th effectiveness of BM-MSCs on MELD score.

144

Case 5:18-cv-01005-JGB-KK   Document 59-2   Filed 08/09/19   Page 145 of 188   Page ID
 #:2622



4 Gastroenterology Research and Practice

Ta
bl

e
1:
Th

e
ke

y
ch

ar
ac

te
ris

tic
so

ft
ria

ls
in

cl
ud

ed
.

St
ud

y
C

ou
nt

ry
C

au
se

of
ci

rr
ho

sis
N

um
be

ro
fp

at
ie

nt
s

Pu
rit

y
as

se
ss

m
en

t
Ty

pe
of

M
SC

N
um

be
ro

fc
el

ls
tr

an
sp

la
nt

ed
∗

Th
er

py
fr

eq
ue

nc
y

Ro
ut

e
C

on
tr

ol
th

er
ap

y
M

ax
im

um
fo

llo
w

-u
p

I
C

Sa
la

m
a

et
al

.,
20

10
[1

3]
Eg

yp
t

M
ix

ed
90

50
IM

P
C

D
34

+
an

d
C

D
13

3+
aB

M
-M

SC
s

0.
5
×

10
8

O
nc

e
Po

rt
al

ve
in

TS
T

6
m

on
th

s

A
m

er
et

al
.,

20
11

[1
2]

Eg
yp

t
H

ep
at

iti
sC

20
20

IP
aB

M
-M

SC
s

st
im

ul
at

ed
w

ith
H

G
F

2
×

10
8

O
nc

e
In

tr
as

pl
en

ic
or

in
tr

ah
ep

at
ic

TS
T

6
m

on
th

s

Pe
ng

et
al

.,
20

11
[1

6]
C

hi
na

H
ep

at
iti

sB
39

77
FC

aB
M

-M
SC

s
N

.A
.

O
nc

e
H

ep
at

ic
ar

te
ry

TS
T

12
m

on
th

s

El
-A

ns
ar

y
et

al
.,

20
12

[1
4]

Eg
yp

t
H

ep
at

iti
sC

15
10

FC
aB

M
-M

SC
s

10
6 /K

g
O

nc
e

In
tr

av
en

ou
s

TS
T

6
m

on
th

s
M

oh
am

ad
ne

ja
d

et
al

.,
20

13
[1

5]
Ir

an
M

ix
ed

15
12

FC
aB

M
-M

SC
s

1.
2–

2.
95
×

10
8

O
nc

e
In

tr
av

en
ou

s
Pl

ac
eb

o
12

m
on

th
s

Xu
et

al
.,

20
14

[1
8]

C
hi

na
H

ep
at

iti
sB

27
29

FC
aB

M
-M

SC
s

8.
45
±

3.
28
×

10
8

O
nc

e
H

ep
at

ic
ar

te
ry

TS
T

6
m

on
th

s

Sa
la

m
a

et
al

.,
20

14
[1

7]
Eg

yp
t

H
ep

at
iti

sC
20

20
FC

aB
M

-M
SC

s
0.

5
×

10
8

O
nc

e
In

tr
av

en
ou

s
TS

T
6

m
on

th
s

I=
in

te
rv

en
tio

n;
C

=
co

nt
ro

l;
M

SC
=

m
es

en
ch

ym
al

st
em

ce
ll;

aB
M

-M
SC

s=
au

to
lo

go
us

BM
-M

SC
s;

TS
T:

tr
ad

iti
on

al
su

pp
or

tiv
et

re
at

m
en

t;
IP

=
im

m
un

op
he

no
ty

pi
ng

;F
C

=
fl

w
cy

to
m

et
ry

;I
M

P
=

im
m

un
om

ag
ne

tic
pu

rifi
ca

tio
n;
∗

es
tim

at
io

n
ac

co
rd

in
g

to
de

liv
er

y
m

et
ho

d.

145

Case 5:18-cv-01005-JGB-KK   Document 59-2   Filed 08/09/19   Page 146 of 188   Page ID
 #:2623



Gastroenterology Research and Practice 5

Study or subgroup
Mean MeanSD SDTotal Total

MSCs Control

Weight
Mean difference Mean difference

1.2.1 Serum albumin level at 1 month

1.2.2 Serum albumin level at 3 months

1.2.3 Serum albumin level at 6 months

35.46 1.89 39 33.65 2.73 77 44.0%
27.3 6.2 90 26 3 50 30.7%

1.81 [0.96, 2.66]

2.25 [0.97,3.54]

6.62 [4.29,8.95]

30.5 4.1 20 26.3 1.4 20 24.8% 4.20 [2.30, 6.10]

4.80 [3.61, 5.99]

Salama et al., 2010

Salama et al., 2010

Salama et al., 2010

Salama et al., 2014

Salama et al., 2014

Salama et al., 2014

29.9 2.6 20 26.3 3 20 28.8% 3.60 [1.86, 5.34]
3.20 [0.36, 6.04]

30.6 3.6 20 24.3 3.6 20 32.8% 6.30 [4.07, 8.53]

1.30 [−0.23, 2.83]

29.2 3.3 90 24.4 3.5 50 30.9%

8.40 [7.08, 9.72]29.4 4.5 90 21 3.4 50 40.7%

36.6 5.6 27 33 52 29 0.4% 3.60 [−15.44, 22.64]

39.6 5.6 27 36.4 5.2 29 23.8%

4.30 [1.32, 7.28]40.8 6.1 27 36.5 5.2 29 26.5%

Subtotal (95% CI) 176 176 100.0%

Subtotal (95% CI)

Subtotal (95% CI)

152

137

111

99

100.0%

100.0%

Heterogeneity: 𝜏2 = 0.79; 𝜒2 = 6.18, df = 3 (P = 0.10); I2 = 51%

Heterogeneity: 𝜏2 = 3.02; 𝜒2 = 7.28, df = 2 (P = 0.03); I2 = 73%

Test for overall effect: Z = 3.45 (P = 0.0006)

Test for overall effect: Z = 5.57 (P < 0.00001)

33 7 15 38 5 12 16.6% −5.00 [−9.53, −0.47]

2.45 [−0.16,5.07]
Heterogeneity: 𝜏2 = 5.39; 𝜒2 = 17.37, df = 3 (P = 0.0006); I2 = 83%

Test for overall effect: Z = 1.84 (P = 0.07)

Test for subgroup differences: 𝜒2 = 10.68, df = 2 (P = 0.005); I2 = 81.3%

−50 −25 0 25 50

Favours MSCs Favours controls

IV, random, 95% CI IV, random, 95% CI

Peng et al., 2011

Xu et al., 2014

Xu et al., 2014

Xu et al., 2014

Mohamadnejad et al., 2013

Figur e 3: Th effectiveness of BM-MSCs on serum albumin.

serum albumin at 1 month (WMD: 2.25, 95% CI: 0.97 to
3.54, 𝑃 = 0.0006), 3 months (WMD: 2.45, 95% CI: −0.16 to
5.07, 𝑃 = 0.07), and 6 months (WMD: 6.62, 95% CI: 4.29
to 8.95, 𝑃 < 0.00001). However, signific nt heterogeneity
was observed in the three groups (𝐼2 = 51%, 83%, and 73%,
resp.) (Figure 3). In months 1 and 6 measurement, all of the
studies reported similar serum albumin increasing trend in
BM-MSCs groups. The heterogeneity was mainly related to
different level of positive outcome. However, in month 3
measurement, Mohamadnejad et al. [15] reported contracting
results, which observed that BM-MSCs therapy was associ-
ated with decreased serum albumin. Exclusion of this study
could decrease the heterogeneity to a nonsignificant level.

3.4. The Effectiveness of BM-MSCs on Total Bilirubin. Four
[13, 16–18], three [15–17], and three [15–17] studies assessed
total serum bilirubin 1month, 3 months, and 6 months after
transplantations of BM-MSCs (Figure 4). Generally, BM-
MSCs therapy was associated with moderate serum bilirubin
reduction at 1 month (WMD: −0.57, 95% CI: −1.20 to 0.05,
𝑃 = 0.07), 3 months (WMD: −0.94, 95% CI: −1.76 to −0.11,
𝑃 = 0.03), and 6 months (WMD: −1.11,95% CI: −2.08 to
−0.15,𝑃 = 0.0004). However, signific nt heterogeneity was
observed at 3 and 6 months measurement (𝐼2 = 79% and
87%, resp.) (Figure 4). However, all of the studies in these two
measurements reported similar serum bilirubin decreasing

trend in BM-MSCs groups. The heterogeneity was mainly
related to different level of positive outcome.

3.5. The Effectiveness of BM-MSCs on Prothrombin Concen-
tration. Two [13, 17], three [13, 14, 17], and three [13, 14,
17] studies assessed prothrombin concentration 1 month, 3
months, and 6 months afte transplantations of BM-MSCs
(Figure 5). Generally, BM-MSCs therapy was associated with
signific ntly increased prothrombin concentration at 1month
(WMD: 14.32, 95% CI: 10.36 to 18.28, 𝑃 < 0.00001), 3 months
(WMD: 12.71, 95% CI: 8.82 to 16.59, 𝑃 < 0.00001), and
6 months (WMD: 17.30, 95% CI: 13.05to 21.55, 𝑃 < 0.00001)
(Figure 5). Findings are highly consistent in these studies. No
signific nt heterogeneity was observed in the three groups.

3.6. The Effectiveness of BM-MSCs on Alanine Aminotrans-
ferase. Th ee [13, 16, 18], three [13, 15, 18], and two [14, 17]
studies assessed alanine aminotransferase 1month, 3 months,
and 6 months aft r transplantations of BM-MSCs (Figure 6).
Generally, the effect of BM-MSCs therapy on lowering ALT
was signific nt at 1 month (WMD: −9.07, 95% CI: −20.25 to
2.10, 𝑃 = 0.11) and 3 months (WMD: −12.27, 95% CI: −25.00
to 0.46, 𝑃 = 0.06), but not at 6 months (WMD: 8.64, 95%
CI: −20.46 to 37.74, 𝑃 = 0.56) (Figure 6). Findings are highly
inconsistent in these studies. Signific nt heterogeneity was
observed in the three groups (𝐼2 = 64%, 65%, and 95%, resp.).
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Study or subgroup
Mean MeanSD SDTotal Total

MSCs Control

Weight
Mean difference Mean difference

IV, random, 95% CI IV, random, 95% CI

1.3.1 Total bilirubin (mg/dL) at 1 month

1.3.2 Total bilirubin (mg/dL) at 3 months

1.3.3 Total bilirubin (mg/dL) at 6 months

5.85 7.81 39 7.22 7.6 77 4.1% −1.37 [−4.35, 1.61]
−0.05 [−0.59, 0.49]

−0.57 [−1.20, 0.05]
−0.60 [−1.31, 0.11]

2.75 1.66 90 2.8 1.51 50 41.3%
1.89 1.36 20 3.3 2.14 20 20.8%

1.82 1.3 20 4.02 3.29 20 17.8%

2.06 1.26 20 4.02 2.48 20 24.7%

−1.41 [−2.52, −0.30]

−0.94 [−1.76, −0.11]

2.34 1.29 90 3.41 1.77 50 38.9% −1.07 [−1.63, −0.51]
−2.20 [−3.75, −0.65]

−1.96 [−3.18, −0.74]
2.18 1.28 90 3.58 1.56 50 36.7% −1.40 [−1.91, −0.89]

1.5 1.2 27 2.1 1.5 29 33.8%

−0.30 [−0.67, 0.07]1.1 0.7 27 1.4 0.7 29 43.3%

−0.30 [−0.67, 0.07]1 0.7 27 1.3 0.7 29 38.6%

Subtotal (95% CI)

Subtotal (95% CI)

176

137

176

99

100.0%

100.0%

−1.11 [−2.08, −0.15]Subtotal (95% CI) 137 99 100.0%

Heterogeneity: 𝜏2 = 0.17; 𝜒2 = 5.48, df = 3 (P = 0.14); I2 = 45%

Heterogeneity: 𝜏2 = 0.38; 𝜒2 = 9.38, df = 2 (P = 0.009); I2 = 79%

Heterogeneity: 𝜏2 = 0.59; 𝜒2 = 15.88, df = 2 (P = 0.0004); I2 = 87%

Test for overall effect: Z = 1.79 (P = 0.07)

Test for overall effect: Z = 2.22 (P = 0.03)

Test for overall effect: Z = 2.26 (P = 0.02)

Test for subgroup differences: 𝜒2 = 1.01, df = 2 (P = 0.60); I2 = 0%

−4 −2 0 2 4

Favours MSCs Favours controls

Peng et al., 2011
Salama et al., 2010

Salama et al., 2010

Salama et al., 2010

Salama et al., 2014

Salama et al., 2014

Salama et al., 2014

Xu et al., 2014

Xu et al., 2014

Xu et al., 2014

Figur e 4: Th effectiveness of BM-MSCs on total bilirubin.

Study or subgroup
Mean MeanSD SDTotal Total

MSCs Control

Weight
Mean difference
IV, fi ed, 95% CI

Mean difference
IV, fi ed, 95% CI

1.4.1 Prothrombin conc. (%) at 1 month

1.4.2 Prothrombin conc. (%) at 3 months

1.4.3 Prothrombin conc. (%) at 6 months

59.6 12.5 45.1 81.4%90 5012.8

54.9 12.9 40.9 67.5%90 5014.1

14.50 [10.11,18.89]

20.30 [14.83,25.77]

62.89 18.2 49.35 18.6%10.35 2020

59.45 15.2 50.45 21.7%11.42 2020

13.54 [4.36, 22.72]

51.6 13.6 39.5 10.8%15.5 1015 12.10 [0.28, 23.92]

100.0%

100.0%

100.0%

70

80

80

110

125

125

Subtotal (95% CI)

Subtotal (95% CI)

Subtotal (95% CI)

14.32 [10.36, 18.28]

17.30 [13.05, 21.55]

Heterogeneity: 𝜒2 = 0.03, df = 1 (P = 0.85); I2 = 0%

Heterogeneity: 𝜒2 = 1.06, df = 2 (P = 0.59); I2 = 0%

Heterogeneity: 𝜒2 = 2.91, df = 2 (P = 0.23); I2 = 31%

Test for overall effect: Z = 7.09 (P < 0.00001)

Test for overall effect: Z = 6.41 (P < 0.00001)

Test for overall effect: Z = 7.98 (P < 0.00001)

El-Ansary et al., 2012

El-Ansary et al., 2012

14.00 [9.27, 18.73]

56.1 15.7 35.8 60.3%15.9 5090

13.20 [0.71, 25.69]

9.00 [0.67, 17.33]
12.71 [8.82,16.59]

50 15 36.8 11.6%16 1015

12.56 [4.54, 20.58]57.59 14.68 45.03 28.1%10.92 2020

Test for subgroup differences: 𝜒2 = 2.48, df = 2 (P = 0.29); I2 = 19.5%

−50 −25 0 25 50

Favours MSCs Favours controls

Salama et al., 2010

Salama et al., 2010

Salama et al., 2010

Salama et al., 2014

Salama et al., 2014

Salama et al., 2014

Figur e 5: Th effectiveness of BM-MSCs on prothrombin concentration.
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Table 2: Quality assessments of trials included.

Study/quality
components

Adequate random
sequence

generation
(selection bias)

Adequate method
of allocation
concealment

(selection bias)

Blinding of
participants and

personnel
(performance bias)

Blinding of
outcome

assessment
(detection bias)

Incomplete
outcome data
(attrition bias)

Selective
reporting

(reporting bias)

Salama et al.,
2010 [13] ? ? ? ? ? Y

Amer et al., 2011
[12] Y Y ? ? Y Y

Peng et al., 2011
[16] N N ? ? ? Y

El-Ansary et al.,
2012[14] N N ? ? ? Y

Mohamadnejad
et al., 2013[15] Y Y Y N ? Y

Xu et al., 2014
[18] Y Y ? ? ? Y

Salama et al.,
2014 [17] ? ? ? ? ? Y

“Y” indicating low risk of bias; “N” indicating high risk of bias; “?” indicating insuffici t data for judgment.

Study or subgroup
Mean MeanSD SDTotal Total

MSCs Control

Weight
Mean difference Mean difference

IV, random, 95% CI IV, random, 95% CI

55.62 25.72 39 57.18 35.41 77 34.8% −1.56 [−12.86, 9.74]

−5.20 [−24.36, 13.96]

8.64 [−20.46,37.74]

45.7 19.6 90 62.5 21.2 50 44.3%

30.9 20.4 27 37.1 21.8 29 39.9%

−16.80 [−23.94, −9.66]
41.7 36.7 27 46.9 36.4 29 20.9%

Subtotal (95% CI)

Subtotal (95% CI)

156

132

156

91

100.0%

100.0%

Subtotal (95% CI) 117 79 100.0%

−9.07 [−20.25, 2.10]

−6.20 [−17.25, 4.85]

24.8 19.9 27 31.2 18.2 29 49.4% −6.40 [−16.41, 3.61]

Heterogeneity: 𝜏2 = 60.10; 𝜒2 = 5.50, df = 2 (P = 0.06); I2 = 64%

Heterogeneity: 𝜏2 = 73.96; 𝜒2 = 5.64, df = 2 (P = 0.06); I2 = 65%

Test for overall effect: Z = 1.59 (P = 0.11)

Test for overall effect: Z = 1.89 (P = 0.06)

Test for overall effect: Z = 0.58 (P = 0.56)

1.00 [−31.31, 33.31]54.6 44.9 15 53.6 40.6 12 12.2%

47 21.3 90 23.7 22.1 50 50.6%

−20.70 [−28.06, −13.34]42.8 16.1 90 63.5 23.7 50 47.9%

−12.27 [−25.00,0.46]

23.30 [15.76, 30.84]

Heterogeneity: 𝜏2 = 420.60; 𝜒2 = 21.57, df = 1(P < 0.00001); I2 = 95%

Test for subgroup differences: 𝜒2 = 1.66; df = 2 (P = 0.44); I2 = 0%

−100 −50 0 50 100

Favours MSCs Favours controls

Peng et al., 2011
Salama et al., 2010

Salama et al., 2010

Salama et al., 2010

Xu et al., 2014

Xu et al., 2014

Xu et al., 2014

Mohamadnejad et al., 2013

1.5.1 Alanine aminotransferase (U/L) at 1 month

1.5.2 Alanine aminotransferase (U/L) at 3 months

1.5.3 Alanine aminotransferase (U/L) at 6 months

Figur e 6: Th effectiveness of BM-MSCs on alanine aminotransferase.

4. Discussion

Cirrhosis is a common fin l pathologic outcome of chronic
liver diseases. Th ideal strategy to treat liver cirrhosis is to
regenerate new hepatocytes as replacement to the damaged
cells, without excessive fi rosis. Up till now, liver transplan-
tation has been considered as the only eff ctive curative
treatment for decompensated cirrhosis [19]. However, these

procedures have limited use due to lack of donors, high
cost, and technical difficulties [19]. Recent MSCs-based cell
therapy has demonstrated great potential for tissue repair
in animal studies, giving rise to the hope of successful
regenerative hepatology. Although one recent meta-analysis
assessed transplantation of MSCs for liver cirrhosis [20], it
only recruited two controlled trials (only 61patients in total)
and three single arm studies, which means their comparison
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was mainly based on two small studies and with limited
statistical power. It is not appropriate to make conclusions
based on such a small sample base. In fact, there are four new
controlled trials published in 2013 and 2014 providing new
evidence. Thus, an updated meta-analysis is necessary. This
meta-analysis based on seven controlled clinical trials which
included 489 patients demonstrated that BM-MSCs therapy
could signific ntly improve liver function, in terms of MELD
score, serum albumin, total bilirubin, and prothrombin
concentration.

Based on previous studies, BM-MSCs could regulate
fibrogenetic process through the following processes: inhibit-
ing proliferation of hepatic stellate cells (HSCs), promoting
HSC apoptosis; stimulating endogenous hepatocyte regen-
eration; inhibiting ECM accumulation and hepatocyte-like
differentiation [21, 22]. The e therapeutic effects are mainly
mediated by their release of trophic and immunomodula-
tory factors, changing the behavior of hepatic stellate cells
that are critical in the development of liver fi rosis. For
example, MSCs can secrete IL-10 after transplantation, which
contributes to reduced proliferation of stellate cells and
collagen type I synthesis [23]. Th ough secreting HGF and
nerve growth factor (NGF), BM-MSCs induce apoptosis of
HSCs [23, 24]. In addition, MSCs can also alleviate cirrhosis
through expressing matrix metalloproteinase-9 (MMP-9),
which has antifi rotic effect through degrading the extra-
cellular matrix [25]. Besides the mechanism of paracrine,
there are also some minor mechanisms involved. Due to the
genomic plasticity and inducing effect of microenvironment,
a small proportion of BM-MSCs could cause transdiff ren-
tiation of stem cells into functional hepatocytes [26, 27]. In
addition, some scholar indicated that BM-MSCs also could
infuse with host cells, as a source of bone marrow-derived
hepatocytes [28, 29].

However, the eff ctiveness of MSCs therapy is aff cted
by a wide range of factors, including the number of cells
transplanted, the cytokines and growth factor added in
culture media, and the administration route as well as the
supportive care after treatment. For example, Salama et
al. [17] gave patients 300 𝜇g granulocyte colony-stimulating
factor (G-CSF) daily for 5 days before transplantation of
BM-MSCs. Thi agent is helpful at mobilizing BM-MSCs
into the peripheral blood and promoting homing into the
liver [30, 31]. Amer’s study had the BM-MSCs treated with
HGF, as an induction of hepatocyte-like cells [12]. Salama
et al. selectively used CD34+ and CD133+ BM-MSCs, which
have strong stem cell characteristics [13]. However, how these
variables influence the therapeutic effects is still not quite
clear. Due to the limited number of studies included and
inconsistent use of outcome indicators, it is not possible
in this study to make stratifie analysis to explore the
influence of these variables. Actually, these variables are quite
important factors when optimizing the therapy. For example,
intravenously injected BM-MSCs only migrate into normal
or injured liver parenchyma under chronic injury. In acutely
injured livers, the transplanted cells might differentiate into
myofibroblasts, rather than into hepatocytes [32]. In addi-
tion, the route of the transplantation may also influence
the myofi roblastic differentiation and engraftment of the

transplanted MSCs. intrahepatic injection might increase
the ratio of myofibroblasts differentiation, while intrasplenic
injection could not achieve stable engraftment [33]. To avoid
the unwanted differentiation, several studies suggest that
BM-MSCs should be better differentiated into hepatocyte-
like cells in vitro before transplantation [34]. Considering
the influence of these variables on therapeutic effect, large
randomized controlled trials with long-term follow-up are
required for improvement and optimization of this therapy.

Thi study also has several limitations. Firstly, the number
of trials included and the number of participants in each of
the trials were relatively small. Secondly, the quality of the
trials is relatively low. Thirdly, the outcome indicators and
the time of measurements were not consistent in the trials.
Therefore, when pooling the findings, only limited number
of studies were pooled when assessing certain outcome.
Due to these limitations, the statistical power might not be
strong enough to make confirmative conclusions. Fourthly,
this study only included studies concerning BM-MSCs. In
fact, transplantation of other of MSCs, such as adipose
tissue-derived MSCs, has also been considered as potential
treatment for liver failure [35, 36]. Compared with BM-MSCs,
adipose tissue-derived MSCs are more abundant, proliferate
better, and are more similar to hepatocytes [37]. Therefore, it
is quite necessary to further assess the application of different
MSCs in the future.

5. Conclusions

Due to BM-MSCs’ immunomodulatory functions and the
potential to differentiate into hepatocytes, they are promising
therapeutic agents to liver cirrhosis. Considering current
available evidence, this therapy is relatively safe and eff ctive
in improving liver function. However, future mechanism
studies and clinical trials are required for optimizing the
therapeutic effects.
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Abstract: Aim: Meta-analysis on the effectiveness of the autologous stem cell transplantation in curing limb ischemic. 
Method: Consulting papers relate to the autologous stem cell transplantation in curing limb ischemic in PubMed, 
CNKI, Wan-fang Data and VIP. Based on include and exclude standards, we arrange at least 2 evaluators sifting 
these papers separately, doing Quality evaluation and information extraction and then cross checking. Negotiate 
through a third party if any disagreement comes out. Review Manager 4.2 is used in Meta-analysis. Result: Involved 
7 papers, all in English version. Patients involved all diagnosed as critical limb ischemia (CLI). Results show that no 
adverse reaction occurred during this study. Amputation rate in patients with stem cell group treatment is lower than 
control group (P < 0.05). And no notable difference in improving ABI (P > 0.05). Conclusions: Applying autologous 
stem cell transplantation in curing limb ischemic does not have obviously effectiveness in the improvement of ABI 
of the limb ischemic patients. But it can dramatically reduce the rate of amputation. So autologous stem cell trans-
plantation is a good and safe choice for patients have no choice but amputation.
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Introduction

Limb Ischemic is common form of peripheral 
arterial disease which arise from various types 
of vasculitis such as diabetes mellitus (DM) 
gangrene, arteriosclerosis obliterans (ASO) and 
thromboangiitis (TAO) [1]. It was reported that 
there were approximately 5~10 new cases per 
10 000 in both the U.S. and Europe annually 
[2]. Limb Ischemic is characterised of the 
involvement of both the iliac artery and infrain-
guinal outflow vessels [3]. Once patients with 
critical limb ischemia (CLI) haven’t received 
interventional or surgical limb salvage in time, 
40% will lose their leg within 6 months and 20% 
will die [4]. It is therefore of importance to apply 
effective therapies so that can relieve exertion-
al symptoms, improve walking capacity, relieve 
ischemic pain at rest, heal ischemic ulceration, 
prevent limb loss and improve quality of life of 
patients with limb Ischemic [5].

Numerous new therapy strategies have also 
been found in limb Ischemic such as endovas-
cular treatment or surgical revascularization 
[6]. Autologous stem cell transplantation (ASCT) 
is an important new treatment which has been 
widely used in various of diseases. Kamber et 
al. reported that the mortality decrease 66% 
patients with herpes zoster after ACST com-
pared with patients without treatment of ASCT 
which suggested ASCT is more beneficial than 
most tumor-directed therapies [7]. According to 
examine the impact of ASCT and discuss the 
clinical utility of ASCT proved that ASCT was an 
effective therapy for myeloma patients [8]. 
Besides, ASCT have also been confirmed to 
play vital role in the treatment of Hodgkin’s lym-
phoma, type 2 diabetes mellitus, lymphoma, 
extramedullary plasmacytoma and so on [9-12]. 
Moreover, ASCT also served as an effective 
mehod in treating critical limb ischemia in a 
number of studies in previous. Thus, discover-
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Table 1. General characteristics of included studies

References Write 
time

Design 
Method

Treatment 
group (cases)

Control group 
(cases)

Treatment group inter-
ventions

Control group 
interventions

Follow-up 
time (month) Evaluation Adverse 

reactions
Mark D Iafrati [2] 2011 A randomized 

controlled
34 14 Intramuscular injection of 

bone marrow stem cells
Intramuscular 

placebo
3 Amputation rate, TcPO2, Pain score No

Ahmet Ozturk [3] 2012 A randomized 
controlled

20 20 Intramuscular injection of 
peripheral blood stem cells

Intramuscular 
placebo

3 Amputation rate, ABI, TcPO2, Magnetic 
resonance angiography, Pain score

No

Pingping Huang [4] 2005 A randomized 
controlled

14 14 Intramuscular injection of 
peripheral blood stem cells

Intravenous 
injection of pros-

taglandin E1

3 Amputation rate, ABI, Pain score No

Debin Lu [5] 2011 A randomized 
controlled

18 37 Intramuscular injection of 
bone marrow stem cells

Intramuscular 
saline

6 Amputation rate, ABI, TcPO2, Magnetic 
resonance angiography, Ulcer healing rates, 
Pain score

No

Richard J Powell [6] 2011 A randomized 
controlled

32 14 Intramuscular injection of 
bone marrow stem cells

Intramuscular 
placebo

6 Amputation rate, ABI, Ulcer healing rates No

Douglas W Losordo [7] 2012 A randomized 
controlled

16 12 Intramuscular injection of 
stem cells

Intramuscular 
placebo

12 Amputation rate, ABI, TBI, Rest pain, Ulcer 
healing rates, Quality of Life

No

C.Luedemann [8] 2011 A randomized 
controlled

26 21 injection bone marrow 
stem cells

Intramuscular 
placebo

3 Rutherford score, Larger amputation rate, 
TcPO2, KAI, Ulcer area

No
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ing the application of ASCT on limb ischemia 
could better introduce this efficient therapy.

In this study, we present a meta-analysis of 
research about the treatment of limb Ischemic 
with ASCT. The “stem cells” and “limb isch-
emia” were taken as the theme to search the 
English articles and extracted the data from 
the database including PubMed, CNKI, Wan-
fang Data and VIP. This may reveal the effec-
tiveness of the ASCT in curing limb ischemic.

Materials and methods

Include and exclude criteria

Include criteria: (1) Research type: Randomized 
controlled trial (RCT), non-randomized con-
trolled trial/controlled clinical trial (CCT) and 
cohort study. (2) Study object: Patients diag-
nosed as CLI, without good conventional medi-
cal treatment effectiveness, haven’t received 
amputation or lower limb blood flow reconstruc-
tion interventional surgery. No special require-
ments in age, sex and race. (3) Intervention 
measure and observational index: ① Interven- 
tion measure: The test group accepts autolo-
gous stem cell transplantation treatment, and 
control group accepts only placebo or other 
medical treatment. ② observational indexes 
are amputation rate, ABI, TcP02, ulcer heal 
rate, pain score and magnetic resonance arte-
riography. (4) Uniform and comparable in age, 
sex, biochemical and other parts between two 
groups. (5) Published papers at home and 
abroad.

Exclusion criteria: (1) Non-CLI patients. (2) 
Survival CLI greater than 1 year. (3) Repeat the 
same test on published literature or subgroup 
analyzes. (4) Data provided by the literature 
cannot be converted or used in the analysis.

Search strategy

Search strategy: We searched PubMed, CNKI, 
Wan-fang Date, VIP and other database stor-
age, from the database start time to December 
2013, traced all the documents incorporated 
by reference. We used “stem cells” and “limb 
ischemia” as the English search terms, also 
used their Chinese names.

Determine the efficacy index

We compare the difference of amputation rate, 
ABI, TcPO2, magnetic resonance angiography, 

ulcer healing rates, pain scores is difference 
between stem cell transplantation group and 
non-transplant group, and take this as the crite-
rion of judgment.

Quality assessment and data extraction

According to the inclusion and exclusion crite-
ria, at least 2 evaluators separately sift these 
papers, do Quality evaluation and information 
extraction and then cross checking. Negotiate 
through a third party if any disagreement 
comes out. Quality assessment of randomized 
controlled trials refers to the Jadad scale [13]. 
Extraction of information including basic rese- 
arch, sample size, intervention characteristics 
(interventions, follow-up time, etc.), the efficacy 
evaluation (amputation rate, ABI, TcPO2, mag-
netic resonance angiography, ulcer healing 
rates, pain scores) and results.

Statistical analysis

We do analysis with the help of one software 
(review manager 4.2) provided by the Cochrane 
Collaboration. Count data are presented by 
odds ratio (odds ratio, OR) and 95 % confidence 
intervals (95% confidence interval, 95% CI); 
continuous data will presents by the weighted 
average number of (weighted mean difference, 
WMD) and 95% confidence intervals. If the 
study was not statistically homogeneous, using 
fixed effects model analysis; if between studies 
heterogeneity, using a random effects model 
analysis. Significance level set as 0.05. It indi-
cates significant difference in the efficacy of 
different treatments if P < 0.05. Funnel plot 
was used for showing difference.

Results

General characteristics of included studies

Included seven English literature (both RCTs) 
[14-20]. A total of 292 cases of limb ischemia 
patients, including 160 cases in treatment 
group and 132 cases in control group. The 
basic characteristics of each study are shown 
in Table 1.

The quality evaluation of the included papers

Retrieval of English literature includes 500 
papers, among them 344 Chinese literature. 
After removing duplicate and irrelevant ones, 
totally get 11 English literatures and 4 Chinese 
literatures. After assessment with study entry 
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criteria, final 7 English literatures (both RCTs) 
were selected into the meta-analysis. Each 
paper describes include and exclude criteria of 
the object, sources of cases, basic characteris-
tics, treatment and control groups with compa-
rable baseline. 7 literatures all refer to “ran-
dom”, only the literature [14, 15] have brief 

description of stochastic 
methods, included into ran-
domized controlled study 
but failed to determine 
whether hide randomly or 
not; literature [14, 17, 19, 
20] propose double-blind 
method; literature [17, 18] 
report a case of lost and 
exit, describe the reasons 
for lost and exit in detail; All 
results data are complete; 
no selected reporting re- 
sults. During quality asse- 
ssment of these 7 litera-
tures, the literature [14, 17, 
19, 21] are high quality, lit-
erature [15, 16, 18] are low 
quality. Put these litera-
tures into funnel plot 
(Figure 1), the date indi-
cates that the true value of 
the included studies is the 
symmetric distribution cen-
ter, suggesting that differ-
ence is less. To further 
examine the reliability of 
the Meta-analysis, sensitiv-
ity analysis was used on 
the results (Figure 2), each 
of the included studies 
found no deviation from the 
true value, no larger or 
smaller weight. Begg’s test 
(Figure 3) shows that Pr > 
|z| = 0.548, publication 
bias was not found.

Index analysis

Amputation rate: 7 select-
ed papers regard amputa-
tion rate as an indicator of 
the judgment of effective-
ness, including 160 cases 
in the test group and 132 
cases in the control group. 

Figure 1. Put these 7 literatures into funnel plot, and shows that the true value 
of the included studies is the symmetric distribution center, suggesting that 
difference is less.

Figure 2. Sensitivity analysis shows the various research studies included did 
not deviate from the true value was found, the weight is too large or too small.

Test for heterogeneity Chi? = 3.36, df = 6, P = 
0.76, show no heterogeneity between studies, 
the application of the combined effect of the 
amount of the fixed effects model OR, OR com-
bined = 0.29, 95% CI is (0.16, 0.54), argyle for-
est map all located on the vertical left side, test 
the amount of the combined effect, Z = 3.86, P 
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= 0.0001, means that in reducing the amputa-
tion rate, compared with the control group, 
autologous stem cell transplantation can sig-
nificantly reduce the amputation rate among 
patients with limb ischemia, difference between 
them has statistically significant (Figure 4).

ABI index: literature [15-18] regard ABI as an 
indicator of the judgment of effectiveness, 84 
cases in the treatment group and 85 cases in 
the control group. Test for heterogeneity Chi? = 
3.28, df = 3, P = 0.35, did not show any hetero-
geneity between studies, the application of the 
combined effect of the amount of the fixed 
effects model WMD, WMD = 0.03, 95% CI is 
(-0.02, 0.07), diamond forest map located 
above the vertical pattern, test the amount of 
the combined effect, Z = 1.08, P = 0.28, regard-
ing prompted in improving ABI, compared with 
autologous stem cell transplantation, the treat-
ment group and the control group had no sig-
nificant improvement in the treatment, the dif-
ference between the two groups has no statisti-
cally significance (Figure 5).

TcPO2: literature [14, 15, 17, 20] regard TcP02 
as an indicator of the judgment of effective-
ness, the literature [20] shows that the  
difference between stem cell transplantation 
group and control group has no statistical sig-
nificance. Statistical analysis was not used in 
literature [14], but the results showed that 
autologous stem cell transplantation group was 
better than the control group, the difference 

between the treatment 
group and control group 
has statistically significant.

Magnetic resonance angi-
ography: Literature [15, 17] 
regards the result of mag-
netic resonance angiogra-
phy as an indicator of the 
judgment of effectiveness 
in lower limb vascu- 
lar regeneration. Literature 
[15] indicates that in pro-
moting lower extremity re- 
vascularization, the differ-
ence between autologous 
stem cell transplantation 
group and the control group 
has no statistically signifi-
cant, but much better than 
the control group. Literature 

Figure 3. Various studies by Begg’s test shows Pr > |z| = 0.548 no statistical 
significance was not found published offset.

[17] indicates that in promoting lower extremity 
revascularization, the difference between 
autologous stem cell transplantation group and 
the control group has statistically significant.

Ulcer healing rates: Literature [15, 17-20] 
regard ulcer healing as an indicator of thera-
peutic efficacy. The literature [15, 17] indicates 
that in promoting ulcer healing aspect, the dif-
ference between autologous stem cell trans-
plantation group and the control group has sig-
nificant differences. Literature [18] indicates 
that in promoting ulcer healing aspect, the 6 
months follow-up of autologous stem trans-
plant group has no difference with the control 
group. 12 months follow-up of autologous stem 
group has no significant difference with the 
control group, but much better than the control 
group. Literature [19] indicates that in promot-
ing ulcer healing, the difference between autol-
ogous stem cell transplantation group and the 
controlled group after 12 months has no statis-
tical significance. Literature [20] indicates ulcer 
area reduced by 27% in the autologous stem 
cell transplantation in the treatment group, but 
increased by 32% in the control group.

Pain rating: Selected literature [14-17, 19] will 
determine the effectiveness by pain scores, 
only literature [19] said the difference between 
autologous stem cell transplantation treatment 
group and control group has no statistical sig-
nificance in reducing the patient’s limb pain (P 
> 0.05), more than literature are tips on improv-
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ing a patient’s limb pain, other literatures insist 
that the difference between the treatment 
group and control group has statistically 
significant.

Adverse reactions

All studies found no significant adverse 
reactions.

Discussion

Lower limb ischemic disease is a group of seri-
ous harm to human health, reduce the quality 
of life of patients with the disease, with the 
average life expectancy, the incidence was sig-
nificantly increased [22-27]. Among arterioscle-
rosis obliterans [28, 29] and diabetic foot [30-
32] is common, patients may exhibit intermit-

Figure 4. The reducing amputation rate compared with the control group shows that autologous stem cell transplan-
tation can significantly reduce the amputation rate among patients with limb ischemia, difference between them 
has statistically significant.

Figure 5. Prompted in improving ABI, compared with autologous stem cell transplantation shows that the treat-
ment group and the control group had no significant improvement in the treatment, the difference between the two 
groups has no statistically significance.
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tent claudication, rest pain or limb necrosis. 
Medical treatment ineffective, surgical distal 
arterial occlusion also lacks a good way. In 
recent years, with the development of molecu-
lar biology and cell biology engineering technol-
ogy and in-depth understanding of stem cell 
research, stem cell transplant to lower limb 
ischemia, promote angiogenesis and improve 
blood supply to the lower limbs, provides a 
lower limb ischemic disease kind of new treat-
ment ideas.

Stem cells have a high degree of self-renewal 
and multiple differentiation potential, and its 
main objective is to promote the lower limb 
angiogenesis, differentiate into endothelial 
cells and further differentiate the formation of 
new capillaries Stem cell transplantation is by 
granulocyte colony-stimulating factor mobilized 
bone marrow or peripheral blood, and to obtain 
peripheral blood stem cells, mesenchymal 
stem cells, circulating progenitor cells, and 
CD34 or CDl33 such as stem cells, via a syringe 
multi-point injection into the gastrocnemius or 
shares four triceps other ischemic region, 
wherein the spacing between each injection 
point is 1-3 cm, there are stem cells were inject-
ed into the lower limb arterial ischemic lower 
limb ischemia or for windows (for example, tibi-
al puncture) so that drain directly into the bone 
marrow stem cells surrounding muscle tissue, 
the stem cells are transplanted into ischemic 
limb muscle stem cells can secrete a series of 
cytokines induced differentiation, the forma-
tion of new capillaries, improve and restore 
blood flow in the lower limb, lower limb isch-
emia for therapeutic purposes.

2002 Tateishi-Yuyama et al. [21] in the interna-
tional arena for the first time reported the appli-
cation of autologous bone marrow stem cells to 
treat ischemic lower extremity vascular dis-
ease, the clinical trials a total of 45 patients, 4 
to 24 weeks to receive stem cell transplants 
after treatment, these the patient’s ankle-bra-
chial index, transcutaneous oxygen pressure, 
normal walking distance, and the degree of rest 
pain has significantly improved. Kalka et al. 
[33] proved directly transplanted bone marrow 
mesenchymal stem cells can enhance the 
growth of some of ischemic vascular disease. 
Since then, other experiments show that bone 
marrow stem cells and peripheral blood stem 
cells in the ischemic locally laterally into vascu-

lar endothelial cells and further differentiate 
the formation of new blood vessels, the forma-
tion of new collateral , improve local blood sup-
ply patients to achieve therapeutic purposes 
[34-37].

There are many domestic and descriptive study 
of transplantation of autologous stem cells for 
the lack of reports of randomized controlled tri-
als, meta-analysis of the collected seven RCT 
studies, the results showed that each study 
had no adverse reaction, stem cell therapy 
group limb ischemia the incidence of amputa-
tion in patients than the control group (P < 
0.05), the difference between the two was sta-
tistically significant improvement in ABI stem 
cells in the treatment group compared with the 
control group showed no significant difference 
between them (P > 0.05). For the promotion of 
lower extremity revascularization, ulcer heal-
ing, relieve physical pain, improve TcPO2 value 
in patients with no statistical data, the study 
only set out the results of each test for 
reference.

In summary, this meta-analysis shows that, for 
conservative therapy, in addition to the ampu-
tation of limb ischemia patients with no choice, 
the autologous stem cell transplantation in the 
treatment of patients with amputations can 
reduce incidents and improve the quality of life 
for patients, their efficacy is yes, and is safe.
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COMMENTARY Open Access

Clinical trials for stem cell transplantation:
when are they needed?
Phuc Van Pham

Abstract

In recent years, both stem cell research and the clinical
application of these promising cells have increased
rapidly. About 1000 clinical trials using stem cells have
to date been performed globally. More importantly,
more than 10 stem cell-based products have been
approved in some countries. With the rapid growth of
stem cell applications, some countries have used clinical
trials as a tool to diminish the rate of clinical stem cell
applications. However, the point at which stem cell
clinical trials are essential remains unclear. This
commentary discusses when stem cell clinical trials are
essential for stem cell transplantation therapies.

Keywords: Clinical trials, Stem cells, Stem cell therapy,
Stem cell transplantation

Clinical trials
Clinical trials are studies aimed at evaluating whether a
proposed new therapy or drug is safe and effective. New
drugs are compelled to undergo clinical trials. Clinical
trials are commonly divided into four phases (phase I, II,
III, and IV). However, the product is eligible for regulatory
approval after just three successful phases.

Stem cells, drugs, and stem cells as drugs
Stem cells are living cells that exist in the human body.
Human growth and development originates from a sin-
gle totipotent stem cell, the zygote. This stem cell prolif-
erates continuously via two mechanisms, symmetric and
asymmetric division [1, 2]. During asymmetric division
in adults, stem cells ensure maintenance of important
roles, in particular homeostasis. Pluripotent stem cells
exist in the early stage of embryo development as the
blastocyst. Almost all adult stem cells exhibit multipo-
tent differentiation potential into a number of cell types.

Correspondence: pvphuc@hcmuns.edu.vn
Laboratory of Stem Cell Research and Application, University of Science, Viet
Nam National University, Ho Chi Minh City, Viet Nam

In the adult, the majority of tissues contain tissue-
specific stem cells, with tissues rich in stem cells includ-
ing bone marrow, adipose tissue, and muscle tissue, to
name a few. Traditional drugs are categorized as any
substance other than food used to cause a physiological
change in the body. More commonly, drugs are new
compounds, chemicals, or molecules that are synthe-
sized or extracted from natural materials. However, the
use of stem cells as drugs requires a new definition and
approach. Stem cells as drugs or stem cell drugs are
products containing live stem cells that are used as
drugs.

Stem cell therapy, personalized medicine, and
stem cell drugs
Stem cell therapies are treatment procedures using stem
cells. There are two types of stem cell therapy: autolo-
gous and allogeneic stem cell therapies. For autologous
stem cell therapy, or so-called personalized medicine,
the two subgroups include nonexpanded and expanded
autologous stem cell transplantation.
Allogenic stem cell therapy includes stem cell drugs

and expanded or nonexpanded allogenic stem cell ther-
apies. The main difference between stem cell drugs and
other approaches is that stem cell drugs are used to treat
a large population of patients using the same source of
stem cells.

When should stem cell clinical trials not be
performed?
As already explained, there are many different ap-
proaches for stem cell therapies. The objectives of clin-
ical trials are drug safety and effectiveness evaluation. In
personalized medicine, the stem cells are obtained from
the patients themselves; therefore the risk of rejection is
negligible. This makes the stem cells safe and nontoxic.
Nonexpanded autologous stem cell therapy is the only
process whereby stem cells are moved from one tissue
to another within the same patient. The key difference
between this approach and the use of new drugs, which

© 2016 Van Pham. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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are unfamiliar to the patient’s body, is therefore obvious.
Consequently, the main outcome in a clinical trial for
nonexpanded autologous stem cell transplantation is to
investigate treatment efficacy rather than safety of the
stem cells.
A key question is, if a procedure using nonexpanded

autologous stem cell transplantation is successful in one
country, whether it is essential to repeat the clinical trial
in countries aside from the original country? In my
opinion, repeating the clinical trial across different coun-
tries should not be requisite. At present, there are no
findings that can be recorded from these clinical trials.

Why we should not have to repeat clinical trials
Autologous stem cells are very safe. To date, there are
no publications which present stem cells as harmful. In
fact, in a systematic review by Benoit et al. [3], autolo-
gous cell therapy in critical limb ischemia was found to
be 100 % safe in treated patients. Meta-analysis of au-
tologous stem cell transplantation for the treatment of
limb ischemia similarly showed a 100 % safety success
rate [4]. Meta-analysis of autologous stem cell trans-
plantation for the treatment of patients with type 1 and
type 2 diabetes mellitus has also shown a 100 % safety
rate [5, 6]. Furthermore, autologous stem cell therapy
for end-stage liver cirrhosis [7], osteoarthritis [8], and
limbal stem cell deficiency [9] is reported to be 100 %
safe. Subsequent clinical trials using autologous stem cell
transplantation will therefore also determine that this
cell source is 100 % safe.
With respect to autologous patients, some countries

usually apply to repeat clinical trials for new drugs and
for imported approved drugs. Indeed, they need to check
the pharmacology of the drugs within the local patient
population. However, for autologous stem cell therapy,
the “drug” is from the patients themselves. Although the
quality of the stem cell drug may differ between patients,
the pharmacological effects may also differ in different
patients. We therefore cannot control the quality of
autologous stem cell products, meaning that efficacy
may also differ between patients.

When should we perform clinical trials?
Stem cell clinical trials should be carried out in the
following highlighted cases:

(1)A clinical trial can be essential for stem cell drugs.
The quality of the stem cell drug must be
maintained, controlled, and stable. The stem cell
drug will be used in many different patients (a
population); with each patient, the eliciting response
differs using the same drug. The clinical trial should
therefore be carried out to identify new findings for
safety or efficacy in a certain population. Similarly,

some clinical trials also can be repeated if there is
any modification that can directly affect stem cell
quality.

(2)Clinical trials may be essential when using allogenic
stem cell transplantation. However, stem cell quality
can differ between donors. The findings from one
donor patient cannot therefore always be applied to
the recipient patient population.

(3)Clinical trials should be carried out using both
autologous and allogeneic expanded stem cell
therapies. However, we need to understand that the
main objective of the clinical trial is for evaluation of
the culture protocol and not the stem cells; for
example, whether ex-vivo culture protocols affect
the stem cell genome stability.

Conclusions
Clinical trials are performed to test the safety and effi-
cacy for a proposed new therapy or drug. However, be-
cause they are different from the traditional definition of
a drug, in some cases stem cells are drugs but in other
cases they represent treatment processes similar to au-
tologous skin grafts. It is therefore nonessential to repeat
clinical trials for nonexpanded autologous stem cell ther-
apies. In fact, there are no new findings regarding autolo-
gous stem cell safety or efficacy following clinical trial
repeats. Clinical trials should be carried out only in some
stem cell drugs, or in cases that could cause changes in
the phenotype or genotype of the stem cells.
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The ratio of ADSCs to HSC-progenitors 
in adipose tissue derived SVF may provide the 
key to predict the outcome of stem-cell therapy
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Abstract 

Background: Stromal vascular fraction (SVF) represents an attractive source of adult stem cells and progenitors, hold-
ing great promise for numerous cell therapy approaches. In 2017, it was reported that 1524 patients received autolo-
gous SVF following the enzymatic digestion of liposuction fat. The treatment was safe and effective and patients 
showed significant clinical improvement. In a collaborative study, we analyzed SVF obtained from 58 patients having 
degenerative, inflammatory, autoimmune diseases, and advanced stage cancer.

Results: Flow analysis showed that freshly isolated SVF was very heterogeneous and harbored four major sub-
sets specific to adipose tissue;  CD34high  CD45−  CD31−  CD146− adipose-derived stromal/stem cells (ADSCs), 
 CD34low  CD45+  CD206+CD31−  CD146− hematopoietic stem cell-progenitors (HSC-progenitors),  CD34high  CD45− 
 CD31+CD146+ adipose tissue-endothelial cells and  CD45−CD34−CD31−CD146+ pericytes. Culturing and expanding 
of SVF revealed a homogenous population lacking hematopoietic lineage markers CD45 and CD34, but were positive 
for CD90, CD73, CD105, and CD44. Flow cytometry sorting of viable individual subpopulations revealed that ADSCs 
had the capacity to grow in adherent culture. The identity of the expanded cells as mesenchymal stem cells (MSCs) 
was further confirmed based on their differentiation into adipogenic and osteogenic lineages. To identify the poten-
tial factors, which may determine the beneficial outcome of treatment, we followed 44 patients post-SVF treatment. 
The gender, age, clinical condition, certain SVF-dose and route of injection, did not play a role on the clinical outcome. 
Interestingly, SVF yield seemed to be affected by patient’s characteristic to various extents. Furthermore, the therapy 
with adipose-derived and expanded-mesenchymal stem cells (ADE-MSCs) on a limited number of patients, did not 
suggest increased efficacies compared to SVF treatment. Therefore, we tested the hypothesis that a certain combina-
tion, rather than individual subset of cells may play a role in determining the treatment efficacy and found that the 
combination of ADSCs to HSC-progenitor cells can be correlated with overall treatment efficacy.

Conclusions: We found that a 2:1 ratio of ADSCs to HSC-progenitors seems to be the key for a successful cell therapy. 
These findings open the way to future rational design of new treatment regimens for individuals by adjusting the cell 
ratio before the treatment.

Keywords: Adipose, Stromal vascular fraction (SVF), Adipose-derived stromal/stem cells (ADSCs), Expanded 
mesenchymal stem cells, Cell therapy, Stem cell treatment

© The Author(s) 2018. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made.

Open Access

*Correspondence:  okilinc@stemimmune.com;  
szalay@biozentrum.uni-wuerzburg.de 
1 Department of Biochemistry, Biocenter, University of Wuerzburg, Am 
Hubland, 97070 Würzburg, Germany
Full list of author information is available at the end of the article

168

Case 5:18-cv-01005-JGB-KK   Document 59-2   Filed 08/09/19   Page 169 of 188   Page ID
 #:2646



Page 2 of 20Kilinc et al. Clin Trans Med  (2018) 7:5 

Background
The use of adipose tissue as a source of MSCs has become 
advantageous for cell-based therapy approaches, due 
to their easy accessibility, higher cell yields, and in vitro 
proliferative and multilineage differentiation capacity [1, 
2]. Adipose-derived stem cells have regenerative poten-
tial and exhibit anti-inflammatory, immunomodula-
tory, and pro-angiogenic effects [3–5]. Because of these 
distinctive characteristics, SVF, which includes ADSC, 
holds a great promise in regenerative medicine and tis-
sue engineering [6, 7]. Therapeutic applications of these 
cells in patients suffering from orthopedic conditions 
such as bone and cartilage defects, osteoarthritis, soft 
and hard-tissue defects, cardiovascular disorders, skin 
and wound defects, and auto-immune disorders have 
been documented with significant beneficial use and 
improvements as reported in some of the clinical trials 
[8–13]. Drs. Berman and Lander have recently published 
their safety and clinical assessment data gathered from 
a large number of patients (close to 1500) with various 
medical conditions using both IV and regional deploy-
ments of SVF [14]. Their data showed both safety and 
a good clinical outcome using a closed sterile surgical 
lipotransfer procedure. SVF can be freshly isolated from 
stroma lying within adipose tissue and blood vessels, and 
clinically used as autologous cells without further in vitro 
manipulation on the same day that the adipose tissue was 
collected.

In contrast to the hematopoietic stem cell’s (HSC) biol-
ogy, where the hierarchy of differentiation is well estab-
lished, the complex nature of stromal stem/progenitor 
cells biology remains a wide-open venue for discovery. 
Therefore, new researches focus on the characteriza-
tion of the stem/progenitor and/or immature MSC-like 
cell properties and the identification of the microen-
vironmental factors, which regulate them. SVF is very 
heterogeneous and contain ADSCs and hematopoietic 
precursors, mature vascular endothelial and progenitors 
cells, pericytes, fibroblasts, granulocytes, monocyte/mac-
rophages, and lymphocytes [15]. Characterization of SVF 
revealed the majority of the cells being either positive 
for CD45 (also known as a leukocyte common antigen) 
or CD34 which is a well-known stem cell marker in both 
hematopoietic and endothelial lineages. For more spe-
cific cell characterization, a combination of markers such 
as CD31 (endothelial marker) and CD146 (perivascular 
marker) is necessary to assess cell identity and their fre-
quency [16, 17]. These studies also revealed that  CD34+ 
cells displaying characteristics similar to MSC domi-
nate the stem/progenitor components. These ADSCs 
surround the outer ring of the vasculature by forming a 
supra-adventitial layer, which are colonized on their sur-
faces by  CD146+ pericytes [18, 19]. The  CD34+CD31+ 

ECs fraction is associated with the luminal layer and was 
shown to exhibit the ability to form functional blood ves-
sels in  vivo. It has been shown that adipose tissue-ECs 
have a different gene expression profile as well as lim-
ited in vitro expansion potential in comparison to blood 
derived endothelial progenitor cells (EPCs) [20, 21]. 
Adipose-derived and expanded-mesenchymal stem cells 
(ADE-MSCs) can be isolated from SVF by in  vitro cul-
tivation on plastic surfaces, which exhibit a spindle-like 
morphology similar to fibroblast [22]. Although ADE-
MSCs acquire a homogenous phenotype  CD90+,  CD73+, 
 CD105+,  CD45−,  CD34− during in  vitro culture, initial 
expression levels in the freshly isolated SVF are low [22, 
23]. They have self-renewal potency and ability to give 
rise to at least adipogenic, osteogenic, and chondrogenic 
lineages. Furthermore, there is evidence that these cells 
can generate a variety of other cell types including car-
diomyocytes [24]. Despite some controversy, studies 
suggest that classical  CD34+ ADSCs, also pericytes and 
HSC-progenitors can give rise to ADE-MSCs and con-
vey multipotency [25, 26]. The cause of contradiction is 
believed to be due to the differences in isolation methods 
as well as post-culture conditions [27].

Although there is still no clear consensus on the ben-
efit of culture expanded ADE-MSCs over freshly isolated 
SVFs, additional in vitro manipulation steps used to cre-
ate extensive numbers of ADE-MSCs in autologous set-
ting are costly, require regulatory approval, and could 
lead to contamination and early-differentiation problems 
diminishing therapeutic potency. As such, the success of 
SVF therapy in clinical settings clearly depends on the 
understanding of the mechanisms of action of ADSCs 
and other cellular components after infusion. Using SVF 
cells rather than ADSCs may bring more significant ben-
efits and healing potential because of the inclusion of het-
erogeneous cell types and different factors with paracrine 
effects [28]. Recent review articles have displayed that the 
major mode of action for MSCs is the establishment of 
a regenerative microenvironment in response to tissue 
injury [29, 30]. When delivered by IV, SVF cells are able 
to recruit into areas of inflammation through the vascu-
lar system. They specifically target those areas. When the 
damaged tissue stimulate the stem cells, they start secret-
ing an array of growth, anti-apoptotic, anti-inflammatory 
and angiogenic factors, and possibly differentiating into 
tissue cells [31].

Previous research has highlighted the difficulty of con-
cluding the therapeutic potential for a given application 
by just looking at SVF’s heterogeneity, yield, isolation 
method, and patient’s characteristics. Recently, a detailed 
biomarker analysis has been proposed as a clinical pre-
dictor, which was found to be inconclusive because 
of common phenotype distribution among distinct 
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subpopulations [32]. As abundantly addressed in the last 
couple of years, there is a great need to evaluate, identify, 
and optimize the potential factors to provide optimal 
clinical response in stem cell treatment [33]. Therefore, in 
this study, we particularly looked for the potential factors, 
which may determine the best therapeutic effect. We 
evaluated the composition and clinical efficacy of freshly 
isolated autologous SVF cells from donors with various 
medical conditions and tested them in further analysis by 
culture expansion. We followed 44 SVF-treated patients 
who received different SVF-dose with defined combi-
nation, and found that a certain combination of ADSCs 
to HSC-progenitor cells could be correlated with over-
all treatment efficacy. To our knowledge, this is the first 
report to reveal such correlation for the effectiveness of 
autologous treatment. We believe these novel findings 
will pave the way to more effective therapeutic cell prepa-
rations resulting in better clinical outcomes.

Methods
Study population and procedure
Patients applied to California stem cell treatment cent-
ers (Cell Surgical Network) and all participants signed an 
IRB-approved consent form. Liposuction aspirates were 
obtained under local anesthesia using an IRB-approved 
protocol (International Cell Surgical Society; IRB# ICSS-
2016-024) from donors as previously explained in details 
[14]. In short, patients received local anesthesia consist-
ing of lidocaine 0.5% with epinephrine. They underwent 
liposuction procedure utilizing 2.5–3 mm cannula.

Patient evaluation
To assess subjective outcomes, standard questionnaires 
and evaluation system for follow-ups were utilized. 
Details about which questionnaires were used were pub-
lished previously [14]. Data were collected via e-mail 
and telephone and entered into a customized TrackVia 
(Denver, Colorado) database. All responses were vol-
untary and patients did not receive compensation to 
participate. To assess the potential benefit of the treat-
ment, a benefit index by grading the improvements on 
a scale 1–5 based on the patient reports was generated. 
Each of these numbers was assigned by the principal 
investigators based on review of the following subjective 
outcomes tests for each condition. For category#1 (ortho-
pedic conditions), the following tests were administered 
to patients: Visual analog pain scale plus, knee injury and 
osteoarthritis outcome score, WOMAC Score, Hip injury 
and osteoarthritis outcome score, disability arm shoul-
der hand score, foot and ankle outcomes questionnaire, 
oswestry back questionnaire, neck disability index. For 
category #2 (organ and tissue dysfunction including neu-
rologic disease, cardiac disease and urologic disease), the 

following tests were administered for each specific condi-
tion: AQoL-4, cardiac status form, Minnesota heart fail-
ure questionnaire, erectile hardness grading form EHGS, 
Peyronie’s bother score, pelvic urgency frequency form 
and O’Leary-Sant form. For Category 3 (Autoimmune 
function), the following tests were administered: autoim-
mune status form and AQoL-4.

Adipose-tissue processing, isolation of SVF and injection
Stromal vascular fraction cells were isolated following 
established protocols [14]. 50 cubic centimeter (cc) of 
adipose tissue was collected into a TP-101 syringe (single 
use sterile fat processing syringe) and condensed by cen-
trifugation at 2800 rpm for 3 min in the Time Machine 
centrifuge. Good manufacturing practices (GMP) grade 
Collagenase (Roche GMP grade, Heidelberg, Ger-
many) containing 12.5 Wünsch units was added and the 
lipoaspirate was placed on a Time Machine shaker/incu-
bator in 37 °C for 30 min to enzymatically digest the col-
lagen matrix in order to procure the SVF inside closed 
Time Machine syringes (TP-102 syringe by MediKhan, 
Los Angeles, USA) in the operating room. Collagenase 
from Roche is assayed in Wünsch units. One (Collagen 
Degrading Units) CDU catalyzes the hydrolysis of 1 μmol 
of L-leucine equivalents from collagen in 5  h at 37  °C, 
pH 7.4 and 1  Wünsch unit  =  ~  1000 CDU. The Time 
Machine™ (USA trade name for the MediKhan Lipokit 
system—Los Angeles, CA, USA; 510(k) approved for fat 
grafting) is a specialized closed surgical processing sys-
tem for isolating stromal vascular fraction. It combines 
a centrifuge and incubator to prepare SVF in a closed 
system. The end product of 5–10  ml SVF was collected 
using a sterile 20 ml Luer Lock syringe (Sigma-Aldrich, St 
Louis, MO, USA). The patient’s SVF is then injected back 
into their body, either directly into the inflamed area 
(such as the knee or hip joint) or into the bloodstream, 
via an intravenous injection. SVF deployments in most 
orthopedic cases were I.V and intra-articular [14].

Flow analysis
Immunophenotyping, cell count and cell viability of 
freshly isolated SVFs were performed by flow cytome-
try on a 4-color FACSCalibur flow cytometer (Becton–
Dickinson). Removal of erythrocytes was carried out by 
using RBC lysis buffer (GIBCO). The following mono-
clonal antibodies (MAbs) conjugated to various fluoro-
chromes were used in single cell suspensions of SVFs: 
CD45 (clone HI30), CD34 (clone 8G12), CD90 (clone 
5E10), CD31 (clone WM59), CD73 (clone AD2), CD14 
(clone M5E2), CD206 (clone 19.2), CD105 (clone SN6), 
CD44 (clone L178), CD66b (G10F5), CD235a (GA-
R2 (HIR2)), CD3 (clone HIT3a), CD19 (clone HIB19), 
CD56 (clone B159). All antibodies were purchased 
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from BD Biosciences, except the anti-human CD105 
(clone SN6), which was purchased from e-biosciences, 
and staining was performed according to standard 
staining protocol as described before [34]. Cell viabil-
ity was verified by 7-amino-actinomycin D (7-AAD) 
or Propidium Iodide (PI) and Annexin-V staining (BD 
Biosciences).

Culture of SVF
A portion of freshly isolated SVF cells was plated in a 
CELLstart CTS (Gibco)-coated plate with culture media. 
The serum-free culture media was composed of DMEM 
(Invitrogen), 5% Stemulate (Cook Regentec, IN, USA), 
1 × GlutaMAX (Invitrogen), MEM non-essential amino 
acids, and Pen/Strep (Invitrogen). Stemulate is a GMP 
grade pooled human platelet lysate, which supports the 
expansion of multiple types of cells including MSCs. It 
has essential growth factors and other proteins such as 
platelet-derived growth factors (PDGF-AA, PDGF-AB/
BB), epidermal growth factor (EGF), vascular endothe-
lial growth factor (VEGF), basic fibroblast growth fac-
tor (bFGF), transforming growth factor beta 1 (TGF-B1), 
fibrinogen, regulated upon activation, normal T -cell 
expressed, and secreted (RANTES), and chemokine 
ligand 5 (CCL5), C-X-C Motif Chemokine Ligand 
CXCL1/2/3 that are necessary for cell growth and func-
tions. Primary cells were cultured for 7–14 days and were 
defined as “Passage 0” (P0). The medium was replaced 
every 3 days, and cells were passaged every week or two 
when 80% confluence was reached. 1 × TrypLE Express 
(Life Technologies) was used to dissociate cells. Immu-
nophenotyping on different passages were carried out as 
described above.

Mesodermal lineage differentiation assays
The ability of cells to differentiate into mesodermal lin-
eages was tested in adipogenic or osteogenic differen-
tiation mediums provided by iXcells Biotechnologies. 
Differentiation was initiated by seeding MSC at a den-
sity of 20,000 cells per  cm2. After 1–2  weeks of culture 
in defined media conditions, cells were stained with Oil 
Red O (Sigma) for the detection of lipids and Osteoim-
age Mineralization Dye (Lonza) to visualize osteogenic 
mineralization. The quantification of intracellular lipid 
droplets was performed using AdipoRed Assay kit from 
Lonza, following the instructions provided by the manu-
facturer. Fluorescence measurement was carried out at 
Tecan Infinite 200 plate reader with excitation at 485 nm 
and emission at 572 nm. For the quantification of miner-
alization, Osteoimage Mineralization Assay was utilized 
(Lonza). Excitation and emission wavelengths were 492 
and 520, respectively.

Cell sorting
Cells were processed and incubated with the following 
antibodies, CD45, CD235a, CD34, CD31 and CD146, as 
described above. The viability dye PI was added before 
sorting for exclusion of dead and apoptotic cells. Cell 
sorting was performed using on a FACSAria III cell sorter 
(BD Biosciences) equipped with a class I biosafety cabi-
net. Four-way sorting was performed at 10,000-to-20,000 
events per minute. Sorted populations were placed into 
flat bottom 48-well plates coated either with fibronec-
tin (Millipore) or CELLstart CTS (Gibco). DMEM + 5% 
Stemulate culture media was used to culture sorted cells. 
Viability was determined by Trypan blue exclusion on 
day 5–7 post-culture.

Data and statistical analysis
The data were analyzed by comparing a “benefit index” 
of the treatment to various patient factors such as age, 
gender, body mass index (BMI), dosage, and route of 
injection (further described in the proceeding sections). 
Table 1 contains the raw benefit index numbers for each 
patient. The ratios of various cell subtypes were also cal-
culated, and compared to the various patient factors in 
order to determine which, if any, factors were correlated 
to treatment efficacy.

Results
Effect of gender, age, clinical condition and route 
of injection on the clinical outcome post-SVF treatment
Most of the human clinical studies regarding implan-
tation of autologous adipose SVF containing ADSCs 
have specifically assessed effectiveness and safety, with-
out identifying the factors that might be responsible for 
potential benefits. Therefore, in this study we analyzed 
patient’s characteristics and SVF prepared by using 
standard procedures in order to assess the post-treat-
ment clinical outcome. The autologous SVF was returned 
back to the donor patients with various disease condi-
tions such as orthopedic, inflammatory, degenerative 
tissue or organ, and autoimmune diseases within 2–3 h. 
All patients underwent treatment with SVF cells as 
scheduled and no complications related to adipose tis-
sue processing and SVF cells preparation was noticed. 
There were no reported side effects associated with SVF 
cell therapy. We followed the patients every 3–4 months 
for about a year post-treatment, to assess the potential 
benefit of the treatment. All patients were requested to 
fill out a questionnaire, and we generated a benefit index 
by grading the improvements on a scale 1–5 based on the 
patient reports.

Grade numbering:
5-Complete recovery
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Table 1 List of 44 SVF-treated patient’s gender, age, medical reason, delivery methods and benefit index

Patient (P) num-
ber (#)

Gender: F/M Age Medical reason for SVF Rx/(classifica-
tion category)

Delivery method: direct (localized) 
injection (DI) or I.V.

Benefit index

P#1 F 65 Knee & poliomyelitis (1) IV + DI 4

P#2 M 81 Knee (1) IV + DI 2

P#3 F 20 Bladder disease (2) IV 5

P#4 M 70 Optic nerve ischemia (2) IV 2

P#5 M 84 Cardiac dysfunction (2) IV N/A

P#6 F 40 Multiple sclerosis (MS) (2) DI 3

P#7 M 50 Autoimmune disease (3) IV N/A

P#8 F 69 Hip (1) IV + DI 4

P#9 F 50 Knee (1) IV + DI 4

P#10 F 79 Arthritis (1) IV + DI 4

P#11 F 43 Arthritis (1) IV + DI N/A

P#12 F 56 Arthritis; hip (1) IV + DI 3

P#13 F 77 Arthritis; shoulder (1) IV + DI 3

P#14 F 56 Knee (1) IV + DI 3

P#15 M 64 Arthritis; knee& shoulder (1) IV + DI 4

P#16 M 62 Peyronie’s (2) DI 3

P#17 M 79 Degenerative joint disease; hips and 
knees (1)

IV + DI 4

P#18 M 57 Arthritis; knee (1) IV + DI 4

P#19 F 46 Fibromyalgia (2) IV + DI N/A

P#20 F 47 Autoimmune; lupus (3) IV + DI 2

P#21 M 62 Renal dysfunction (2) IV 1

P#22 F 37 Optic neuritis (2) IV 4

P#23 F 56 ALS (amyotrophic lateral sclerosis) (2) IV 1

P#24 M 91 Stroke (2) IV 3

P#25 M 55 Spinal cord injury &arthritis; shoulder (1) IV 4

P#26 M 79 Arthritis; knee (1) IV + DI 1

P#27 F 58 Arthritis; foot (1) IV + DI 2

P#28 F 82 Wellness & memory (2) IV 1

P#29 F 61 Arthritis; knee (1) IV + DI N/A

P#30 F 45 Arthritis; knee (1) IV + DI 1

P#31 F 65 Arthritis; knee (1) IV + DI 1

P#32 F 63 Gout (1) IV 4

P#33 M 59 Knee (1) IV + DI 4

P#34 F 76 Arthritis; hip (1) IV + DI 1

P#35 M 66 Arthritis; hip (1) IV + DI 3

P#36 F 66 Shoulder (1) IV + DI 3

P#37 M 62 Shoulder & knee (1) IV + DI N/A

P#38 M 56 Renal dysfunction (2) IV N/A

P#39 F 16 Torn achilles tendon (1) IV + DI N/A

P#40 M 54 Lower motor neuron disease (2) DI 1

P#41 M 62 Arthritis; hip& knee (1) IV + DI 3

P#42 M 68 Knee (1) IV + DI 3

P#43 M 67 Arthritis; knee & shoulder (1) IV + DI 1

P#44 F 66 Lower back pain (1) IV + DI 2
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4-A large difference (A noticeable & continuous 
difference)

3-Some improvements
2-Minimal improvement
1-No improvement.
Aiming to identify clinical factors predictive of 

response to SVF therapy, we first asked whether gender 
of the patients played a role in the effectiveness of treat-
ment. Table  1 list all of the patient’s gender, age, medi-
cal reason, delivery methods and benefit index. Out of 
24 females, 4 patients did not participate in the follow-
up program (N/A), and 5 patients reported no benefits 
(25%). Furthermore, 1 patient with “Complete recov-
ery” (5%); 6 patients with “A big difference” (30%); 5 
patients with “Some improvement” (25%), and 3 patients 
with “Minimal improvements” (15%), were detected 

respectively. For male patients, we observed almost an 
identical trend; Among 16 male patients, 12 patients ben-
efited at various degrees (Complete recovery: 0%, A big 
difference; 31%, Some improvement; 31%” and Minimal 
improvements; 13%), whereas 4 patients did not report 
any benefit (25%). A bar graph, in Fig. 1a shows the mean 
benefit index for gender with 95% confidence interval. 
The mean benefit index was 2.69 for male versus 2.75 
for female. Therefore, we argue that the gender did not 
play a role in the patients reported therapy outcome. We 
subsequently analyzed whether the age of the patients 
was a contributing factor. The treatment age started with 
the youngest patient who was 16 years old, and the old-
est patient who was 91 years old. The majority of patients 
were between 40 and 79 years old. The largest population 
of patients, at 15, was in the age group 60–69, followed 

a b
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Effect of gender on
clinical outcome

Effect of age on
clinical outcome

Benefit index

N
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Patient numbers per benefit index in
different clinical conditions

Category #1 Category #2

Patient numbers per benefit index based on
route of injection

Fig. 1 Correlation between clinical outcome and gender (a), age (b), clinical conditions (c), different routes of injections (d). a The mean benefit 
index is shown as the height of the bars for males and females, with the error bars representing the 95% confidence interval. b A scatter plot of the 
age versus benefit index is shown. c The breakdown of distribution of the benefit index in various clinical conditions, where Category #1 represents 
orthopedic applications and Category #2 represents organ or tissue dysfunctions. d The number of SVF-treated patients with various routes of injec-
tion is shown as the height of the bars, with the benefit index shown on the X-axis
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by 11 patients in the age group of 50–59, 6 for 70–79, 
and 5 for 40–49. There was only 1 patient for each of the 
following groups: < 20; 20–29; 30–39 and 90–99. When 
the ages of all patients were plotted against the benefit 
index for direct correlation, we could not see any differ-
ence for the mean benefit index among the different ages 
(Fig. 1b). Therefore, we concluded that age could not be a 
specific determining factor for treatment success. Next, 
we divided the patients into three main classification cat-
egories based on their clinical conditions to investigate 
whether any particular disease or condition benefitted 
most from the treatment. All of the orthopedic applica-
tions along with joint associated chronic pain, stiffness, 
deformity, decrease in the range of motion, and arthri-
tis were included in category #1 (Table 1). Organ or tis-
sue dysfunctions were grouped under category #2, and 
autoimmune diseases were grouped under category #3. 
We further indicated the route of SVF injection for each 
patient in our analyses: IV injection alone (I.V.), direct 
localized injection alone (D.I.), or both. We had the high-
est number of patients in category #1 with 29, followed 
by 13 and 2 patients for category #2 and #3, respectively. 
We analyzed the number of patients within category #1 
using the benefit index scale from 1 to 5, and compared 
the data with the distribution of category #2. Further-
more, we analyzed and compared the route of injections 
with their different benefit index. The data analyses indi-
cated that neither the specific clinical condition nor the 
route of injection played a significant role in clinical out-
come since patients from both of the categories, #1 and 
#2, and with different route of injections, could be found 
in every benefit index to almost the same extent. Taken 
together, the administration of the autologous SVF for 
the treatment of different medical conditions has a posi-
tive effect, but the factors such as gender, age, clinical 
condition, and route of injection did not play a decisive 
role in the treatment efficacy nor are the proof of the true 
underlying mechanism of improvement.

Characterization of cell types in SVF
Next we investigated whether the stem/progenitor cells 
composition and dose of SVF could show a correlation 
with treatment efficacy. Initially, we hypothesized that 
the presence of one of the major cell subsets injected at 
optimal numbers would favor the observed improve-
ments. Earlier studies reported the heterogeneity in 
SVF and great variability in the percentages of different 
subsets [35, 36]. Some reports have focused mostly on 
the difference in the isolation methods, handling, vari-
ability of cell yields and mode of administration [37, 38]. 
To date, there are insufficient data to establish a correla-
tion between SVF-dose, and direct therapeutic effect. 
Therefore, we conducted a comprehensive analysis by 

characterizing the cells types with regenerative poten-
tial present in the donor SVF samples. To determine 
the composition of SVF, we performed flow cytometry 
analysis and identified 4 distinct cell populations based 
on the surface expression of CD45 and CD34 (Fig.  2a). 
Two of these populations which are  CD34−  CD45high and 
 CD34−CD45low, were also present in the blood (Fig. 2a1). 
On the other hand, the  CD34+ positive subsets:  CD34high 
 CD45− and  CD34low  CD45+, were only detected in the 
SVF samples. In 21 out of 44 patients the combined 
ratio of all 4 populations was almost 100 percent of the 
nucleated cells. In these patients, the average percentage 
of  CD34−  CD45high,  CD34−CD45low,  CD34high  CD45−, 
and  CD34low  CD45+ was 16, 44, 28, 12%, respectively 
(data not shown). In 18 patients, on the other hand, the 
percentage of double negatives (DNs;  CD34−  CD45−) 
showed distinct variations in three different ranges; 
5–15% (n = 8), 30–70% (n = 2), and 80–99% (n = 13). 
Figure 2a panel 2 through 5 shows a representative anal-
ysis of CD34 and CD45 for each of these groups. The 
variation in the presence of fibroblasts, pre-adipocytes, 
smooth muscle, mature endothelial cells and the remain-
ing RBCs following the lysis is believed to be the main 
contributor for the differences of DNs among patients.

We further investigated SVF samples, in more detail 
using cell type specific surface markers in patient sam-
ples. There is not a unique marker for  CD34+ cell sub-
sets, therefore a combination of markers were used for 
more comprehensive analyses. Figure 2b shows the phe-
notype of the subsets based on flow cytometry analysis. 
CD31 (PECAM-1) is a classic marker for endothelial 
cells and their progenitors. In combination with CD146, 
we distinguished  CD34high  CD45−  CD31+CD146+ AT-
ECs separately from  CD34high  CD45−CD31−  CD146− 
ADSCs within the  CD34high cell subset. The fraction of 
EC compartment among  CD34high subset displayed a 
great variability by ranging from 1 to 55% with an aver-
age of 21%, across all of the donors with DN < 2. On the 
other hand,  CD34low  CD45+ cells, co-expressed CD206 
and CD14. This subset has been described as Hematopoi-
etic/Monocyte-like progenitor cells (HSC-progenitors) 
in the literature [39–41]. Back-gating analysis of this sub-
set on forward and side scatter (FSC and SSC) dot plot 
revealed that they reside on top of ADSCs indicating 
they are more granular (Fig. 1c). Heterogeneous expres-
sion of CD105 and CD73 was detected among SVF sam-
ples. Figure  1b shows a representative of well-separated 
subsets within the ADSCs;  CD34+CD105+  CD73− and 
 CD34+105−CD73+ cells. The percentage of pericytes 
described as  CD45−CD34−CD31−CD146+ cells made up 
only a small fraction (average percentage of nearly 1%) of 
whole SVF.  CD45+ cells were equally abundant in SVF, 
and the majority of these cells were  CD66b+ Neutrophils 
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(data not shown). Other observed immune cell popula-
tions included B-cells, NK cells, and T-cells and it is 
highly likely they were derived from blood vessels co-har-
vested during the procedure. The viability of  CD34+ cells 
was verified regularly by 7-AAD/PI and Annexin-V stain-
ing and they were 80–90% viable post-isolation.

In conclusion, the following four main adipose-res-
ident subsets were identified in SVF samples: ADSCs: 
 CD34high  CD45−  CD31−  CD146−, HSC-progeni-
tors:  CD34low  CD45+  CD206+CD31−  CD146−, AT-
ECs:  CD34high  CD45−  CD31+CD146+, and Pericytes: 
 CD45−CD34−CD31−CD146+. We believe that the abun-
dance of one or some of these subsets in combination 
reflecting some level of orchestration were the primary 
factors which determine the treatment outcome.

Patient characteristics and their effect on SVF yield
Few previous studies compared some of the patient fac-
tors such as age, gender, BMI that might affect the yield, 
composition, purity and potency of the freshly isolated 
SVF samples, reported controversial results [35, 42–
45]. To determine whether the patient’s disease condi-
tions may alter the SVF’s yield and composition, we also 
included 14 cancer patients. Enumeration analyses lead 
us to evaluate the possible effect of tumor growth on the 
cell composition of SVF and further assess the feasibil-
ity of utilizing SVF in cancer patient’s treatment. Identi-
cal liposuction procedure was followed for such patients 
and samples were analyzed for the presence of the same 4 
subsets of cells. Due to the variations in the ratio of dou-
ble negatives among all of the patients (non-cancer and 
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cancer), we calculated the absolute number of isolated 
cell subsets as shown in Table  2 and then performed a 
correlation analysis between patient characteristic and 
the SVF yield. We first checked the gender difference 
for a possible factor in harvested stem cells; ADSCs and 
HSC-progenitors. We found that the average absolute 
numbers of ADSCs in females (5.6E+3/per cc of fat/
non-cancer) was almost threefold higher than the aver-
age yield in male patients (1.9E+3/per cc of fat/non-
cancer) (Fig. 3a). A similar difference was observed with 
the absolute number of HSC-progenitors: 3E+3/cc of 
fat of HSC-progenitors in females versus 1.2E+3 cells, 
in males. Regarding the absolute number of AT-ECs, 
the difference between males and females was fivefold: 
1E+3/cc ECs in females versus 212E+0 cells, in males. 
No difference was observed for pericytes. Interestingly, 
a similar trend was observed in between 8 male and 6 
female cancer patients, although all of the 4 cell subsets 
were overall lower (at least two–threefold) in number 
compared to non-cancer patients (Fig.  3b). The aver-
age absolute number of ADSCs, HSC-progenitors, AT-
ECs and pericytes in female versus male cancer patients 
were 1.9E+3 versus 948E+0, 1.9E+3 versus 682E+0, 
417.5E+0 versus 70.3E+0, 75.3E+0 versus 56.3E+0, 
respectively. Furthermore, different age categories in 
9-year increments were made. In females, the treatment 
age range was 16–82 years old and marked the end points 
of eight different age groups. There were no patients in 
the age group of 20–29 and a single patient in each of 
these groups: 10–19, 30–39 and 80–89. Therefore, the 
yield of 4 SVF subsets were calculated in four different 
groups, each with more than 3 patients. The average total 
number of ADSCs was 5.9E+3 in the age group between 
40 and 49, reached its highest, 10.3E+3, in the age group 
50–59, and declined in the subsequent groups: 3.7E+3 
(60–69); 4.5E+3 (70–79). For HSC-progenitors, the 
highest average total number was recorded in the same 
group 8.5E+3 (50–59) but remained almost the same 
(1.5E+3 and 1.6E+3) in the other age groups. In AT-ECs 
and pericytes, the distribution of average count per age 
showed the following patterns: 658E+0/(40–49), 1.8E+3/
(50–59), 700E+0/(60–69), 1.7E+3/(70–79), and 82E+0/
(40–49), 165E+0/(50–59), 158E+0/(60–69), 93E+0/
(70–79), respectively. On the other hand, in males treat-
ment ages started very late, around the age of 50–59 and 
only two more age groups (60–69 and 70–79) could be 
used for statistical analysis due to the presence of only 
one patient in other groups (80–89 and 90–99). A con-
tinuous decline of the actual number was detected in 
all of the cell subsets except pericytes among these age 
groups; male ADSCs 2.4E+3 (50–59); 1.8E+3 (60–69), 
1.2E+3 (70–79); male HSC-progenitors 1.6E+3 (50–59); 
1.1E+3 (60–69), 700E+0 (70–79); male AT-ECs 368E+0 

(50–59); 143E+0 (60–69), 128E+0 (70–79); male peri-
cytes 171E+0 (50–59); 172E+0 (60–69), 51E+0 (70–79). 
All of the cancer patients were also included in the analy-
sis and no statistically significant difference was observed 
among 4 age groups as shown in the Fig.  3d. The aver-
age BMI for all of the participants was 25.5. The BMI was 
compared for two groups: BMI ≤ 25 and BMI > 25. Lean 
persons were defined with BMI  <  25 [46]. The average 
BMI for the group BMI ≤ 25 was 21.3 and for BMI > 25 
it was 29.7. Although it was not significant, the aver-
age total number for ADSCs and HSC-progenitors were 
higher in BMI > 25 group when compared to BMI ≤ 25 
group. The average numbers for BMI  >  25 groups were 
ADSCs: 4.6E+3, HSC-progenitors: 3.1E+3, AT-ECs: 
716.6E+0, and pericytes 145.2E+0. On the other hand, 
the average numbers for 25 ≤ BMI groups were ADSCs: 
3.2E+3, HSC-progenitors: 1.3E+3, AT-ECs: 612.5E+0, 
and pericytes 127.5E+0 (Data not shown). Over all, Fig. 3 
summarizes the correlation of absolute number, with the 
gender, and age of the donors in the cancer versus non-
cancer patients. In conclusion, the donor characteristics 
of gender, to some extent age, and BMI of the adipose tis-
sue donor, and their physiological condition such as can-
cer or non-cancer, have the potential to impact the total 
number of isolated adipose-specific cells. These findings 
are similar to those obtained by most of the other groups 
[44, 45].

Culture expansion of SVFs and their differentiation 
potency
The majority of the SVF samples were used for treatment 
in the clinics and a relatively minor fraction was sent to 
us for further analysis. When there were enough sam-
ples, a portion of the cells sent for characterization was 
also used for cell culture analysis. Cellular expansion of 
adherent cells was initiated in a culture medium supplied 
with 5% Stemulate and adipose-derived and expanded-
mesenchymal stem cells (ADE-MSCs) cultures were 
further analyzed for morphology, phenotype, and differ-
entiation. These cells exhibited the expected fibroblast-
like morphology following their adherence to the plastic 
(Fig.  4a) and continuous culture resulted in phenotypi-
cally homogeneous population as periodically verified 
by flow analysis (Fig. 4b). Phenotypic characterization of 
cultured cells revealed that all of the samples shared the 
same markers, which have been described, by Interna-
tional Federation of Adipose Therapeutics and Sciences 
(IFATS) and the International Society for Cell Therapy 
(ISCT) for the minimum criteria for identifying MSCs. 
They highly expressed CD90, CD73, CD105, and CD44, 
while remained negative for CD45, CD146, CD31, and 
CD34 [22]. There was no variation between the pheno-
types of cells from different passages or freezing–thawing 
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Table 2 The absolute number of isolated cell subsets in 44 non-cancer and 14 cancer patients

Patient number BMI Total ADSCs  
number/cc of fat

Total HSC-progenitors 
number/cc of fat

Total AT-ECs  
number/cc of fat

Total pericyte  
number/cc of fat

DN ratio (%)

1 22.1 354.6E+0 391.0E+0 85.0E+0 8.0E+0 80–98

2 N/A N/A N/A N/A N/A 5–15

3 14.7 N/A N/A N/A N/A 5–15

4 26.5 3.0E+3 1.5E+3 268.8E+0 107.5E+0 < 2

5 23.1 2.0E+3 924.0E+0 37.6E+0 37.2E+0 80–98

6 20.6 1.5E+3 192.0E+0 391.9E+0 42.4E+0 30–70

7 25.1 1.2E+3 630.0E+0 425.0E+0 23.5E+0 80–98

8 22.4 2.3E+3 1.7E+3 189.0E+0 141.1E+0 < 2

9 27.2 7.6E+3 4.8E+3 2.1E+3 38.4E+0 < 2

10 27.6 3.4E+3 2.1E+3 792.0E+0 61.7E+0 < 2

11 17.2 9.4E+3 2.1E+3 1.7E+3 252.0E+0 < 2

12 23.5 6.1E+3 5.0E+3 2.3E+3 71.9E+0 < 2

13 35.8 1.4E+3 672.0E+0 434.2E+0 40.1E+0 < 2

14 21 2.8E+3 3.1E+3 351.0E+0 328.5E+0 < 2

15 27.8 5.4E+3 5.0E+3 400.8E+0 521.8E+0 < 2

16 24.3 3.9E+3 751.0E+0 260.6E+0 142.1E+0 < 2

17 27.2 568.8E+0 456.9E+0 114.4E+0 19.6E+0 < 2

18 35.9 108.0E+0 172.8E+0 21.6E+0 785.0E+0 80–98

19 25.8 8.6E+3 2.4E+3 63.0E+0 58.2E+0 < 2

20 25.6 8.3E+3 2.5E+3 735.6E+0 40.7E+0 5–15

21 30.1 959.0E+0 1.1E+3 137.5E+0 523.4E+0 5–15

22 39.9 5.1E+3 2.1E+3 1.3E+3 218.4E+0 < 2

23 23.4 8.5E+3 1.7E+3 1.7E+3 381.9E+0 < 2

24 34.4 1.4E+3 826.5E+0 273.1E+0 164.2E+0 < 2

25 24.3 220.2E+0 34.6E+0 3.7E+0 1.6E+0 > 99

26 28.1 88.8E+0 127.2E+0 1.6E+0 25.2E+0 80–98

27 26.6 26.4E+3 28.0E+3 2.5E+3 5.0E+0 < 2

28 23.4 679.2E+0 540.0E+0 46.7E+0 50.1E+0 5–15

29 17.9 524.8E+0 280.0E+0 16.0E+0 163.2E+0 80–98

30 20 1.6E+3 460.0E+0 390.9E+0 16.4E+0 5–15

31 21.6 8.5E+3 3.3E+3 2.2E+3 149.4E+0 80–98

32 20.5 11.6E+3 4.4E+3 1.1E+3 459.4E+0 < 2

33 34.3 10.9E+3 8.4E+3 1.4E+3 96.0E+0 5–15

34 25.1 8.8E+3 1.9E+3 3.8E+3 176.8E+0 > 99

35 32 69.1E+0 64.8E+0 5.0E+0 66.7E+0 > 99

36 23.4 1.9E+3 528.0E+0 1.0E+3 64.7E+0 < 2

37 32.7 15.4E+0 207.9E+0 6.2E+0 3.1E+0 < 2

38 19.8 295.2E+0 28.8E+0 7.2E+0 72.0E+0 > 99

39 24.7 1.9E+3 213.8E+0 427.7E+0 79.2E+0 < 2

40 21 1.5E+3 487.2E+0 311.8E+0 49.7E+0 30–70

41 27.2 1.3E+3 440.2E+0 77.0E+0 51.7E+0 < 2

42 29.7 2.2E+3 1.2E+3 229.7E+0 21.1E+0 80–98

43 22.3 806.3E+0 121.4E+0 25.1E+0 47.9E+0 5–15

44 19 642.2E+0 23.9E+0 281.7E+0 118.3E+0 > 99

45 N/A 1.2E+3 106.0E+0 29.9E+0 9.9E+0 80–98

46 N/A 1.9E+3 3.4E+3 480.5E+0 38.6E+0 5–15

47 N/A 1.6E+3 2.3E+3 166.2E+0 241.8E+0 5–15

48 N/A 1.2E+3 1.1E+3 104.3E+0 80.9E+0 30–70

49 N/A 140.0E+0 224.2E+0 7.8E+0 40.2E+0 < 2
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Table 2 continued

Patient number BMI Total ADSCs  
number/cc of fat

Total HSC-progenitors 
number/cc of fat

Total AT-ECs  
number/cc of fat

Total pericyte  
number/cc of fat

DN ratio (%)

50 N/A 1.5E+3 2.2E+3 168.5E+0 114.1E+0 < 2

51 N/A 3.4E+3 3.1E+3 1.6E+3 71.1E+0 < 2

52 N/A 1.7E+3 2.0E+3 91.1E+0 23.0E+0 < 2

53 N/A 2.1E+3 1.2E+3 169.0E+0 88.1E+0 80–98

54 N/A 500.8E+0 117.0E+0 46.8E+0 88.9E+0 > 99

55 N/A 221.4E+0 87.4E+0 3.4E+0 2.7E+0 < 2

56 N/A 2.2E+3 92.9E+0 108.0E+0 10.8E+0 > 99

57 N/A 729.0E+0 324.0E+0 32.4E+0 25.9E+0 30–70

58 N/A 506.9E+0 244.0E+0 69.7E+0 66.4E+0 80–98

a b

c d

Non-cancer patients Cancer patients 

Male 

Female 

A
ve

ra
ge

 a
bs

ol
ut

e 
nu

m
be

r

Fig. 3 Evaluation of SVF yields based on gender, cancer and age. a Trends between the total numbers of 4 cell subsets freshly isolated from fat 
among female and male participants in (a) non-cancer patients versus (b) cancer patients can be seen by comparing the height of the bars. c The 
mean number of the subsets analyzed per age in males (upper figure) versus females (lower figure) in non-cancer patients is shown as the height 
of the bars. (Note that the age groups with less than one patient are not included in the analysis.) d The mean number of the subsets (the height of 
the bars) is compared for the various different age groups (the X-axis) for observing trends
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cycles. The last criterion to identify ADE-MSCs is to 
test their multipotency by differentiating into different 
cell types such as osteoblasts, and adipocytes. There-
fore, in order to confirm the mesenchymal stemness of 
expanded cells, their differentiation potential was tested. 
ADE-MSCs from different donors at 0–1 passages were 
induced to differentiate into adipocytes or osteoblasts 
for 8–14  days in defined culture conditions. The cells 
started to differentiate into adipocytes as early as day 3 
and were fully differentiated at day 14 as consistent with 
increased cell vacuolation of fatty acid observed under 
the light microscope using Oil O Red staining (Fig. 5a). 
The following figure (Fig.  5b) shows the partition of fat 
droplets of differentiated adipocytes as detected by Adi-
poRed reagent at day 14. The differentiation was further 
confirmed by quantification of the accumulation of intra-
cellular triglycerides using the same reagent and measur-
ing the fluorescence in four independent experiments. 
Relative fluorescence unit (RFU) was 14-fold higher in 
induced cells (5240 ±  1690) compared to non-induced 
cells (365 ±  233). Culturing the cells under osteogenic 

condition induced the cells to differentiate within a week. 
Osteogenic differentiation (Fig.  5a, b) was confirmed 
by the formation of aggregates and osteoimage miner-
alization assay. At day 8, the average calcium deposit 
in osteoblast reached into tenfold difference com-
pared to undifferentiated control (18,241 ± 2480 versus 
1800 ± 430) as quantified by RFU on a plate reader using 
492 nm excitation and 520 nm emission wavelengths.

Expanded MSC and their therapeutic potential
Understanding the key features of the cellular compo-
nents of SVF is vital for appreciation of the potential 
uses and contributions in tissue maintenance and repair. 
Therefore, we wanted to know which cell subset(s) gave 
rise to the expanded cell populations. Stem cell (ADSCs 
and HSC-progenitors) components as well as EC and 
pericytes of fresh SVF were simultaneously sorted and 
individually put into culture to observe expansion. Via-
ble (PI-) single cells (height-to-width ratio) were iso-
lated to purity close to 100% (Fig. 6) and put into 48-well 
plates coated with either Fibronectin or CELLstart CTS. 

Fig. 4 In vitro culture of adipose tissue-derived cells and their flow cytometry analysis. a The image of adipose tissue-derived cells in culture show-
ing fibroblast-like morphology following their adherence to the plastic (Passage 0), X10 magnification. b Representative histograms show adipose-
derived and expanded-mesenchymal stem cells are a homogeneous population of cells and express standard ADE-MSCs specific surface markers, 
including CD73, CD105, CD90, and CD44, and are negative for CD146, CD31, CD45 and CD34 (dark gray filled). Light gray filled lines represent 
unstained samples
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Among 4 different subsets, only  CD34high  CD45−  CD31− 
 CD146− cells formed fibroblast-like morphology and 
started to divide. This led to the conclusion that ADSCs 
represent an origin of the ADE-MSC grown in culture, 
a finding that has been validated by other groups [47–
49]. Although neither pericytes nor HSC-progenitors 
expanded, Trypan blue exclusion analysis determined 
that 40–60% of the adhered cells were still alive up to 
5–7 days post-culture. Next, we asked whether the ther-
apy with expanded cells was as efficient as SVF treatment 
and evaluated the therapeutic potential of autologous 
MSC cultured under GMP conditions by American Cry-
oStem. Table 3 summarizes patient’s gender, age, medical 
condition, the route of injection, injected total number 
of cells, and patient’s satisfaction assessment. The over-
all average response rate was 3.1 and did not show a sig-
nificant difference from the response rate (2.7) observed 
in SVF treatment group. Therefore we concluded that 
the therapy with expanded MSC cells originating from 
 CD34+ subset was not more efficacious compared to SVF 
treatment.

The ratio of 4 subsets in adipose tissue derived SVF 
injected back into the patient
Although the patient’s characteristic we followed 
seemed to affect the SVF yield, they did not show a cor-
relation with the treatment efficacy. We also checked 
the SVF cell composition and found out that a particu-
lar cell subset did not play a dominant role in the posi-
tive clinical outcome. In our cell culture experiments, 
only the ADSC component of SVF could give rise to 
expanded cell populations. Furthermore, the therapy 
with expanded MSCs did not suggest more efficacies 
compared to SVF treatment. The question remains; do 
other cell subsets directly contribute to tissue repair/
regeneration as a result of a complex interactive net-
work? Since all of the patients were given a combination 
of cell subsets, we asked whether a certain combina-
tion rather than individual subset might play a role in 
determining the treatment efficacy. We first explored 
the relative ratios of total injected numbers of ADSC: 
HSC-progenitors: AT-ECs: Pericytes. Since the num-
ber of pericytes made the lowest portion among these 4 

D2D0 D5 D8 D12a

b c

Fig. 5 The differentiation potency analysis of ADE-MSCs. a, b Morphological analysis of in vitro differentiation of ADE-MSCs (P1) under adipogenic 
and osteogenic media conditions using light microscopy (a) and fluorescence microscopy (b). c The quantification of the accumulation of intracel-
lular triglycerides and calcium deposit in adipogenesis and osteogenesis, respectively. RFU represents relative fluorescence unit read in both of 
the culture conditions; undifferentiated versus differentiated. Error bars are standard deviations from four independent samples. The P values were 
calculated using the Student t test. (*p < 0.05 for adipogenesis and **p < 0.02 for osteogenesis)
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subsets, we started our analysis by calculating the ratio 
based on pericytes. However, we couldn’t derive any 
meaningful conclusion (data not shown). Therefore, the 
pericytes were excluded and the relative ratios were next 
calculated based on 3 subsets. Table 4 shows the ratio of 

ADSCs: HSC-progenitors: AT-ECs, based on total num-
ber of each injected cell subset.

The degree of the ratio of ADSCs to HSC-progenitors 
in the given treatment was associated with overall treat-
ment efficacy, whereas their lower ratio resulted in a 

Fig. 6 Analyzing the source of culture expanded-mesenchymal stem cells. a The four candidate progenitor cell populations were simultaneously 
sorted and put into a culture according to the shown gating strategy. PI negative live cells were gated. Each region shows sorted population (P) 
P1; HSC-progenitors,  CD34low  CD45+  CD31−  CD146−, P2; ADSCs,  CD34high  CD45−  CD31−  CD146−, P3; AT-ECs,  CD34high  CD45−  CD31+CD146+, P4; 
Pericytes,  CD45−CD34−CD31−CD146+. b Representative bright field pictures of sorted SVF populations after 5 days in culture (n = 3)

Table 3 List of 13 ADE-MSCs-treated patient’s gender, age, medical indication, delivery methods and benefit index

Patient 
number

Gender: F/M Age Medical indication Total number of  
ADE-MSCs injected (× 106)

Delivery method Benefit index

59 M 84 Parkinson 40 IV 3

60 F 57 ALS 100 IV 2

61 F 41 MS 10 Ommaya: 4 M IV: 6 M 2

62 M 92 Stroke 80 IV 4

63 F 55 MS 135 Ommaya: 60 M IV:75 M 2

64 M 94 Neuropathy 40 IV 5

65 M 66 Peyronie’s 26 Penile injection 4

66 M 80 Cardiac 10 IV 3

67 F 82 Wellness/lyme disease 30 IV 4

68 M 12 Anoxic brain injury 20 IV 4

69 M 74 Parkinson 30 IV 4

70 M 69 Erectile dysfunction 10 Penile injection 1

71 F 57 ALS 100 IV 2
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Table 4 The ratio of ADSCs, HSC-progenitors, and AT-ECs based on total number of each injected cell subset

Patient 
number

Delivery method: Direct  
(localized) injection (DI) or I.V

Benefit 
index

Ratio ADSCs: HSC-progenitors: AT-ECs  
(based on total number of each injected fraction)

The Ratio of ADSCs 
to HSC-progenitors

3 N/A 5 N/A N/A

1 IV + DI 4 4:5:1 0.8

8 IV + DI 4 12:10:1 1.2

9 IV + DI 4 4:3:1 1.33

10 IV + DI 4 4:3:1 1.33

15 IV + DI 4 14:13:1 1.08

17 IV + DI 4 5:4:1 1.25

18 IV + DI 4 5:8:1 0.63

22 IV 4 4:2:1 2.00

25 IV 4 60:9:1 6.67

32 IV 4 11:4:1 2.75

33 IV + DI 4 7:6:1 1.17

Mean ratio of ADSCs to HSC-progenitors 1.84

 6 DI 3 4:0.5:1 8.00

 12 IV + DI 3 3:2:1 1.50

 13 IV + DI 3 3:2:1 1.50

 14 IV + DI 3 8:9:1 0.89

 16 DI 3 15:3:1 5.00

 24 IV 3 5:3:1 1.67

 35 IV + DI 3 14:13:1 1.08

 36 IV + DI 3 2:0.5:1 4.00

 41 IV + DI 3 17:6:1 2.83

 42 IV + DI 3 10:5:1 2.00

Mean ratio of ADSCs to HSC-progenitors 2.85

 2 N/A 2 N/A N/A

 4 IV 2 11:6:1 1.83

 20 IV + DI 2 23:3:1 7.67

 27 IV + DI 2 11:11:1 1.00

 44 IV + DI 2 2:0.1:1 20.00

Mean ratio of ADSCs to HSC-progenitors 7.63

 21 IV 1 3:1:1 3.00

 23 IV 1 5:1:1 5.00

 26 IV + DI 1 56:80:1 0.70

 28 IV 1 15:12:1 1.25

 30 IV + DI 1 4:1:1 4.00

 31 IV + DI 1 4:1:1 4.00

 34 IV + DI 1 2.5:0.5:1 5.00

 40 DI 1 5:1.5:1 3

 43 IV + DI 1 33:5:1 6.7

Mean ratio of ADSCs to HSC-progenitors 3.63

 5 IV N/A 55:25:1 2.20

 7 IV N/A 3:2:1 1.50

 11 IV + DI N/A 6:1:1 6.00

 19 IV + DI N/A 272:38:1 7.16

 29 IV + DI N/A 33:18:1 1.83

 37 IV + DI N/A 3:34:1 1.0

 38 IV N/A 41:4:1 10.25

 39 IV + DI N/A 5:0.5:1 10.00

Mean ratio of ADSCs to HSC-progenitors 4.99
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higher benefit index on average. The data from Table  4 
are summarized in Fig. 7. A downward trend can be seen 
between the benefit index and the mean ratio as the ben-
efit index increases (Fig. 7a). The error bars represent the 
95% confidence interval. The total average of the ratio of 
ADSCs to HSC-progenitors in patients who benefited 
highly from the treatment was 1.84, which signifies that 

every HSC-progenitor should be accompanied by at least 
two ADSCs to achieve the maximum patient benefit. For 
the next groups of patients with the benefit indexes of 
3 and 2, the average for the ratio became 2:85 and 7.73, 
respectively. The patients who reported no benefit, and 
the patients who did not report back to the clinic, both 
shared a close average ratio value of approximately 4 

Fig. 7 Analyzing the ADSC: HSC-progenitors ratio and correlating with the benefit index. a The mean ratio of ADSC’s to HSC progenitors is shown 
as the height of the bars, and the benefit index is shown as the X-axis. The error bars represent the 95% confidence interval. b The raw data from 
which a was derived is shown as a scatter-plot, with the ratio as the Y-axis and the reported benefit index as the X-axis. The Y-values are shown 
as × 106, and a downward trend is clearly visible in a, suggesting a correlation between the ratio and the benefit of the treatment
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(3.63 and 4.99, respectively). In another separate repre-
sentation the raw data from which (A) was derived was 
plotted for every single patient (Fig. 7b). Downward trend 
is again clearly visible suggesting a correlation between 
the ratio and the benefit of the treatment.

Discussion
There is already an abundant number of clinical trials 
and published research on the uses of adipose derived 
stem cells on a wide range of diseases and conditions. 
Data suggest that stem cell treatment either in the non-
cultured, unexpanded form as SVF or in the culture-
expanded form as MSC is safe. However, there is a 
paucity of evidence explaining clinical efficacy variations 
and explaining the mechanism of action of transplanted 
cells. There is a speculation that the potency of autolo-
gous stem cell treatment may vary due to cell isolation 
methods, heterogeneity of the patients reflected as age, 
disease type and state. However, the data are insufficient 
to establish a reliable dose and mode of administration 
versus effect relationship. Therefore, in this study we 
mainly focused on determining the factors that influence 
true effectiveness of the treatment in order to delineate 
the most clinically effective usage of SVF.

Stromal vascular fraction is an attractive treatment 
method because of the easy isolation of autologous SVF 
from 50  cm3 of adipose tissue lipoaspirate in a sterile 
closed system [14]. The harvesting procedure takes 1–2 h 
allowing the injection to take place in a very short period 
of time without any alterations. After digestion of the 
tissue and removal of differentiated adipocytes, the so-
called SVF, a mix of various cell types, is obtained. How-
ever, it is known that SVF contains a small percentage of 
ADSCs, estimated at 1–10% of the SVF [43], data that are 
also confirmed by us when blood contaminants, and all 
other stromal cells present in SVF were taken into the 
consideration. However, our data strongly suggest that 
not only blood contaminants  (CD45+CD34−), but also 
DNs (fibroblasts, pre-adipocytes, smooth muscle, mature 
endothelial cells, the remaining RBCs) are likely the cause 
of higher variation among the SVF samples. Therefore we 
believe that the presentation of the adipose-resident cell 
subsets as percentage could be misleading. Parting from 
other studies, we followed a different methodological 
approach and focused on identification and enumeration 
of SVF subpopulations. Flow analysis showed that freshly 
isolated SVF was very heterogeneous and harbored dif-
ferent stem cell and precursor/progenitor components 
as well as mature epithelial cells and PBMCs [20, 21]. As 
previously described by Zimmerlin et al., and others, we 
identified four major stem cell and precursor/progenitor 
subsets [19, 39]. They were specific to adipose tissue since 
they were not detected in the blood of the patients. Based 

on post-isolation absolute number  CD34high  CD45− 
 CD31−  CD146− ADSCs was the major subset, followed 
by  CD34low  CD45+  CD206+  CD31−  CD146− HSC-
progenitors. ADSCs were documented as conventional 
multipotent adventitial cells while HSC-progenitors were 
described to be superior to ADSCs to induce angiogen-
esis and be differentiated into vascular endothelial cells 
[19, 41].  CD34high  CD45−  CD31+CD146+ AT-ECs and 
 CD45−CD34−CD31−CD146+ pericytes made the third 
and forth subsets, which were detected in lower num-
bers. Pericytes, which were initially thought to be a prog-
eny for the less primitive ADSCs, compromised less than 
1% of SVF. In a couple of studies, hematopoietic pro-
genitor cells and pericytes, were shown to possess char-
acteristics similar to ADSCs, and therefore could grow 
in adherent culture and displayed mesenchymal multi-
potency [25, 50, 51]. A recent study by Hardy et al. cre-
ated a heatmap displaying hierarchical clustering among 
genes representative of ADSCs and pericytes and sug-
gested that a higher percentage of ADSCs exhibit a stem-
like phenotype as compared to pericytes [52]. Following 
the sorting and culturing of 4 individual subsets, the 
only cell subset, which gave rise to adipose-derived and 
expanded-mesenchymal stem cells in our study, was orig-
inated from the conventional ADSCs subset. It should be 
noted that this definition of ADE-MSCs applies to plas-
tic adherent cultured and not freshly isolated ADSCs. 
There are a couple of different explanations as to why the 
other subsets did not expand. First of all, the majority of 
the SVF samples were used for treatment and a relatively 
minor fraction was sent to us for further analysis. There-
fore, we were very limited in sample size in order to get 
enough number of cells after sorting and/or optimize the 
culture conditions for the growth of any particular sub-
set. Because of this limitation, the culture media condi-
tion (DMEM  +  %5 Stemulate) was kept consistent for 
all sorted cells in order to identify the source of culture-
expanded MSCs under such condition. Furthermore SVF 
samples used for sorting has always provided the lowest 
amount of  CD34+CD31+AT-ECs and  CD146+ pericytes 
which might be quiescent or may not reach enough num-
ber to induce an expansion partly because of limited cell 
number and/or the differential SVF processing compared 
to other methods. Secondly, adipose derived cells have 
been traditionally expanded with FBS as part of the cul-
ture media. However, in our study we used 5% Stemu-
late (clinically compliant pooled human platelet lysate) 
to provide growth factors and other proteins to support 
proliferation of the sorted cells. Any change in tissue 
culture practices is likely to contribute to the differential 
growth of lineage cells of different origin.

Previous studies suggested that factors such as 
age, gender, BMI, lesion or defect size, or stage of the 
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medical condition could be important in modulating 
the benefit of stem cell therapies [42–45]. We, on the 
other hand, initially hypothesized that the abundance 
of one or more of these subsets were the primary fac-
tors, which could determine the treatment outcome. 
ADSC counts varied widely between our patients, and 
the enumeration analyses suggest that the hypothesis 
that patient’s factors such as gender, to some extent age, 
and even physiological condition such as cancer versus 
non-cancer of the adipose tissue donor may have the 
potential to impact the total number of isolated adi-
pose-specific cells. However, the same criteria did not 
play a role on the clinical outcome using our current 
technique and approach. Since we used the same stand-
ard optimized technique to process the fat for each 
patient, the functionality and quality of the derived cells 
were expected to maintain among all of our patients. 
Regarding what was observed and measured as a signifi-
cant improvement including the methods of compari-
son there is variability in the literature [reviewed in 53]. 
However, symptom relief, especially the pain reduction 
and increased mobility and function were frequently 
used as the main criteria to report a successful outcome 
[8, 54]. For the assessment, we used the same evaluation 
forms, questionnaires, and score index, tests in addition 
to the patient’s additional descriptive information on 
pain, quality of life, and physical functioning. However, 
we cannot rule out the fact that there could be some 
patient bias to some degree, when they fill out the sur-
vey forms for the follow-up.

Conclusions
Autologous cell therapy holds promise for a nearly 
unlimited variety of different chronic diseases and degen-
erative or traumatic conditions. The concept of “drug” 
therapy is the use of one chemical agent that is intended 
for a generally single purpose to optimize physiologic 
conditions resulting in the mitigation of cellular dam-
age in an effort to promote healing. However the con-
cept of “cell therapy” significantly differs since live stem 
cells could potentially be directly responsible for healing 
either through direct engraftment or cellular communi-
cation. It has been acknowledged that SVF has a prom-
ising capacity as a tool for regenerative medicine and 
recently, a new debate on the regenerative effects of indi-
vidual SVF cell subsets has been introduced [1, 6, 55]. It 
is still unclear how each cell subset either individual or 
together, shows their effect at the site. It is possible that 
ADSCs can differentiate into mature cells and/or medi-
ate a therapeutic benefit through cytokine, chemokine, 
paracrine-driven mechanisms inducing angiogenesis, 
cell proliferation and anti-inflammatory responses thor-
ough a network of other SVF cells. Moreover, in addition 

to soluble factors, MSCs also secrete membrane-derived 
extracellular microvesicles (ExMVs), which may deliver 
messenger RNA, micro RNA, and proteins in order to 
communicate with the surrounding cells and orchestrate 
several biological processes [56]. Our data support the 
notion that a particular SVF-dose, with a certain com-
position/combination, may increase the clinical outcome 
benefit. The interaction of ADSCs and HSC-progenitors 
along with AT-ECs in a specific ratio could lead to the 
conditioning of each other for more efficient secretion of 
soluble factors, thereby increasing the healing potential 
of the injected cells. We believe that EC is an important 
contributing factor since we took the ADSC/HSC ratio 
per unit of EPC in our calculations and statistical analy-
sis. Consequently, we think EC’s role is very vital in terms 
of providing blood supply or vascular network. If these 
autologous healing cells can be made more bio-available 
by isolating them and re-introducing them in large num-
bers into or near damaged tissue, then such deployments 
are clinically justified for a very wide variety of disease 
conditions. Fresh autologous stromal vascular fraction 
containing a rich mixture of various regenerative cell 
lines can be easily isolated in the operating room and 
redeployed back into patients during the same proce-
dure to achieve the desired increase in stem cell bioavail-
ability. These findings open the way of tailored design of 
new treatment regimen for individuals by adjusting the 
cells ratio before the treatment. However, preparation 
of standardized concentrate for SVF injections could be 
cumbersome and limited mainly because of FDA regula-
tions and other concerns in handling. To our knowledge, 
this is the first report showing that the stem cell’s com-
position may have a predictive value for the treatment 
response. These findings permit further investigations to 
both better characterize this association in larger cohorts 
and begin to elucidate the underlying mechanism(s) of 
this phenomenon.
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