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meeting report

On 28 September 2015, the Nonhuman 
Primate (NHP) Induced Pluripotent 

Stem Cells (iPSCs) Workshop was held at 
the National Institutes of Health (NIH) 
campus in Bethesda, Maryland. The work-
shop was sponsored by the Office of Scien-
tific Director of the National Heart, Lung, 
and Blood Institute (NHLBI). 

Pluripotent stem cells (PSCs), includ-
ing embryonic stem cells (ESCs) and in-
duced pluripotent stem cells (iPSCs), offer 
unique opportunities for cell-based thera-
pies because of their capacity of unlimited 
self-renewal and the ability to generate all 
cell and tissue types. ESC-derived cells or 
tissues are now in clinical trials for therapy 
of several diseases, and the first clinical 
trial of iPSC-derived cells was recently 
initiated for age-related macular degen-
eration.1 However, several concerns have 
been raised, including tumorigenicity, im-
munogenicity, and cellular heterogeneity 
associated with this potential therapeutic 
approach.2–4 Efforts to investigate and opti-
mize both the safety and efficacy of human 
PSC-based regenerative therapies have re-

lied predominantly on in vitro cell-based 
and human–murine xenograft models. Al-
though these experiments have provided 
important mechanistic and proof-of-prin-
ciple information, their predictive value is 
limited, in particular for questions related 
to long-term safety, immunogenicity, and 
functional integration of PSC-derived cells 
and tissues. 

NHPs are developmentally and physi-
ologically closely related to humans, and 
their immune systems have been well 
studied.5 ESCs and iPSCs from NHPs, un-
like their leukemia inhibitory factor–de-
pendent murine counterparts, resemble 
human PSCs in terms of gene expres-
sion and supportive culture conditions.4,6 
Furthermore, NHP models provide op-
portunities for not only human–NHP xe-
nograft studies of organ integration but 
also NHP-NHP allogeneic or autologous 
transplantation of PSC-derived cell prod-
ucts, to carefully analyze inflammation, 
immune response, and intraspecies rather 
than interspecies tissue integration. There-
fore, preclinical utilization of NHP models 
could provide invaluable information for 
moving PSC-derived therapies forward 
into clinical applications. The goal of this 
workshop was to discuss how and whether 
NHP models should be integrated into 
human PSC therapy development. In ad-
dition, the place for such studies in the 
regulatory framework for enabling inves-
tigational new drug applications.

Sharing their research and perspec-
tives were 11 speakers from the NIH, the 
US Food and Drug Administration (FDA), 
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academia, and industry. The first session 
on stem cell biology and pluripotency cov-
ered the latest scientific and technology 
developments regarding NHP PSC deriva-
tion, maintenance, and characterization. 
Don P. Wolf (representing the laboratory 
of Shoukhrat Mitalipov at the Oregon 
National Primate Research Center) out-
lined some of the challenges of NHP-
based research, including lack of fund-
ing mechanisms to support critical NHP 
infrastructure development that is not 
usually provided by NIH R01 grants. The 
prolonged generation times of macaques 
also complicate studies involving gene tar-
geting or modification. PSC investigators 
using NHPs must also develop or adapt 
derivation, propagation, differentiation, 
and characterization protocols for NHP 
PSCs, generally using human conditions 
as a starting point, but expecting some 
differences to exist between human and 
NHP protocols. In this regard, Mitalipov’s 
group has published a study that involved 
molecular comparisons, in human, be-
tween iPSCs, nuclear transfer–ESCs, and 
in vitro fertilization–ESCs, asking whether 
all PSCs are equal.7 Residual epigenetic 
memory found in human iPSCs, inher-
ited from somatic cells, indicated that 
some iPSC lines will probably be superior 
to others and suggested that the same ap-
proach could be used to identify the best 
NHP PSC lines. 

Yoav Gilad (University of Chicago) ex-
tended the discussion regarding standard-
ization of methods for establishing, cultur-
ing, and differentiating NHP iPSCs. He 
pointed out that the heterogeneity of iPSC 
methodology represents a major challenge 
to the use of these cells in biomedical re-
search, in terms of reprogramming, cell 
origin, culture conditions, and differentia-
tion protocols. To study functional com-
parative genomics in primates, his group 
has generated several fully characterized 
chimpanzee iPSC lines as well as human 
lines using a consistent protocol and cell 
type of origin. Using this panel, he ob-
served much less within-species variation 
in iPSCs derived from different individu-
als than in somatic cells, indicating that 
the reprogramming process erases many 
interindividual differences. Also, Gilad’s 
group has identified novel interspecies 
regulatory differences between human and 
NHP iPSCs.8 
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at least 13,000 transplanted dopaminergic 
neurons survived for the follow-up period, 
they were sufficient to result in increased 
motor activity and functional motor im-
provement contralateral to the side of 
the brain injected with the dopaminergic 
iPSC-derived neurons, without the need 
for immunosuppression. This study rep-
resents the longest reported monitoring 
following transplantation of iPSC-derived 
cells in NHP models, and provides proof-
of-concept demonstration of functional 
efficacy of iPSC-derived midbrain dopa-
mine neuron transplantation in a NHP 
parkinsonian model. This study also high-
lights the potential advantages of autolo-
gous vs. allogeneic transplantation.

Charles Murry (University of Wash-
ington), Joseph Wu (Stanford University), 
and Steven Kattman (Cellular Dynamics 
International, CDI) focused on cardio-
myocyte differentiation from PSCs and 
preclinical transplantation testing of these 
cells in NHPs and other large-animal 
models. Dr Murry updated his group’s 
published experience with the transplan-
tation of human ESC-derived cardiomyo-
cytes (hESC-CMs) into pigtail macaque 
hearts following induction of a myocardial 
infarction (MI).16 In their protocol, MI 
was induced via balloon occlusion of the 
left anterior descending coronary artery 2 
weeks before cell delivery, which required 
very intensive immunosuppression, given 
the delivery of xenogenic human cells to 
macaques with normal immune systems. 
One billion hESC-CMs were injected into 
each infarcted macaque heart. Animals 
were sacrificed at 2 weeks, 4 weeks, and 
3 months following injection, and hearts 
were harvested for histology and ex vivo 
functional assays. No macroscopic or mi-
croscopic evidence of teratomas or other 
tumors were detected in any animal. Im-
munostaining for the sarcomeric pro-
tein a-actinin indicated that up to 98% 
of engrafted human cells in the MI zone 
were CMs, and underwent progressive 
morphological maturation between the 
2-week and 3-month time points, as evi-
denced by increased myofibril alignment, 
sarcomere registration, and CM diameter. 
Meanwhile, the hESC-CM grafts were per-
fused by host vessels and were shown to be 
electromechanically coupled to the host 
heart, as demonstrated via ex vivo elec-
trophysiological studies on the explanted 

Cynthia Dunbar (NHLBI) shared her 
experience in developing autologous rhe-
sus macaque models for evaluating the 
safety and regenerative capacity of iPSC-
derived cells.9 She showed that undiffer-
entiated autologous iPSCs indeed formed 
teratomas in a dose-dependent manner in 
immune-competent rhesus macaques. In-
terestingly, tumor formation was accom-
panied by an inflammatory reaction, even 
in the autologous setting. By contrast, iP-
SC-derived mesodermal stromal-like cells 
formed new bone in vivo without any evi-
dence of teratoma formation or inflamma-
tion. These results suggested that the risk 
of adverse events such as tumorigenicity is 
calculable, and the immunogenicity of iP-
SCs may differ depending on their differ-
entiation status or in vitro culture system. 

There are significant differences in re-
productive physiology between rodents 
and primates,10 adding to the importance 
of using NHP preclinical models for repro-
ductive and regenerative medicine.  Erin 
Wolff (NHLBI/National Institute of Child 
Health and Human Development) ex-
plained the use of a rhesus macaque NHP 
model to demonstrate isolation11 and func-
tion of ovarian-derived stem cells (OSCs). 
She showed that OSCs could be cultured 
in vitro, genetically labeled, and trans-
planted into both healthy autologous and 
ovarian-injury rhesus macaque models to 
generate mature oocytes (unpublished).  
The transplantation model developed in 
the study could be useful to validate safety 
and functions of iPSC-derived germ cells 
as an alternative source for future human 
infertility therapy, and offers a means to 
test various forms of OSC germ-line edit-
ing for creation of disease models.

The second session of the workshop 
focused on more directly preclinical as-
pects of NHP PSC models. Humans and 
NHPs share similar hematopoietic stem 
cell dynamics, engraftment properties, 
and cytokine requirements, making NHPs 
a potentially very appropriate model for 
preclinical testing of iPSC-based therapies 
for blood diseases.12 However, all in vivo 
animal models developed to date, from 
mouse–mouse to human–mouse xeno-
grafts, have shown negligible engraftment 
of phenotypic hematopoietic stem/pro-
genitor cells (HSPCs) differentiated from 
PSCs. It remains unclear whether poor 
engraftment is due to incomplete differ-

entiation, embryonic or fetal HSPC char-
acteristics that preclude marrow homing, 
or nonphysiological interactions with the 
marrow microenvironment. The work-
shop featured presentations from several 
investigators with the most encouraging 
data to date addressing these hurdles. Igor 
Slukvin (University of Wisconsin) demon-
strated that GSK3β inhibition promoted 
mesoderm induction and increased the 
efficiency of multipotent hematopoietic 
progenitor cell production from various 
types of NHP iPSCs by at least 10-fold, 
compared to previous approaches.13 NHP 
iPSC-derived HSPCs were capable of dif-
ferentiating into mature erythroid, my-
eloid, and lymphoid cells in the presence 
of cytokines and/or OP9 stromal cocul-
ture. Autologous cynomolgus monkey 
iPSC-derived CD34+CD45+ HSPCs were 
transplanted following nonmyeloablative 
conditioning, and were well tolerated with 
low-level engraftment detected for up to 6 
months after infusion (unpublished). 

Jennifer L. Gori (Fred Hutchinson 
Cancer Research Center) took another ap-
proach to improve HSPC production and 
engraftment by coculturing pigtail ma-
caque iPSCs with an engineered endothe-
lial cell (EC) supportive line, and demon-
strated that this re-creation of a “vascular 
niche” promoted definitive hematopoiesis 
via the action of notch ligands including 
JAG1 and DLL4 expressed on ECs.14 She 
then demonstrated that iPSC-derived and 
EC-induced HSPCs were able to engraft 
and produce both myeloid and lymphoid 
progeny over the long term in immunode-
ficient mice, at levels higher than previous-
ly reported by any investigators utilizing 
human or NHP PSC-derived HSPCs, and 
similar to patterns seen with cord blood–
derived HSPCs. 

Penelope Hallett (Harvard Medical 
School) presented her research on au-
tologous transplantation of iPSC-derived 
midbrain-like dopamine neurons in a 
NHP model of Parkinson’s disease. Cy-
nomolgus monkey iPSCs were differenti-
ated into dopaminergic neurons in vitro, 
and transplanted into the putamen of 
donor parkinsonian monkeys, in which 
stable parkinsonism had been induced us-
ing systemic administration of low-dose 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyr-
idine. Cell survival, function, and safety 
was monitored for up to 2 years.15 When 
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organ at study completion. Despite these 
encouraging findings, nonfatal but seri-
ous ventricular arrhythmias were detected 
by ECG recording in all monkeys after 
hESC-CM delivery. Dr Murry pointed out 
that these potentially serious side effects 
had not been detected during his group’s 
prior work utilizing delivery of hESC-CMs 
to the hearts of smaller animals, perhaps 
because of the disparity in heart sizes and 
beating rates, and emphasizing the impor-
tance of NHP preclinical testing. He also 
discussed the limitations of his studies 
and ways forward, focusing on optimiz-
ing his group’s model to incorporate larger 
infarcts to allow detection of functional 
improvements compared to controls with 
feasible group sizes, adapting hESC lines 
to defined acceptable clinical culture con-
ditions under in-house current good man-
ufacturing practice, as well as improving 
cell delivery methods. 

Dr Wu set the stage for his work by 
summarizing the overall modest results in 
over a decade of multiple human clinical 
trials utilizing adult stem cells delivered 
to the hearts of patients with cardiovas-
cular disease. He suggested that problems 
with production of well-characterized cell 
types, delivery, engraftment, and inappro-
priate end points all contributed to lack of 
progress.17 He then presented unpublished 
work in a porcine model for hESC-CM 
transplantation as an example of prog-
ress utilizing an alternative large-animal 
model. There are advantages and disad-
vantages of pig vs. NHP models, with the 
major advantages of the pig model being 
the similarity of heart size and physiology 
to those of humans, but their immunol-
ogy has been much less well characterized 
compared with NHPs. Dr Wu’s group de-
livered human ESC-CMs with or without 
cardiac patches into porcine hearts. Sur-
vival of transplanted cells in the heart was 
documented histologically using human-
specific antibodies at 4 weeks following 
transplantation. No evidence of teratoma 
was found in other major organs includ-
ing liver, spleen, kidney, lung, and brain at 
the same time point, suggesting evidence 
for safety. 

Finally, Dr Wu discussed the major 
challenges for implementation of ESC/
iPSC clinical therapies, focusing on the 
need for further development of appro-
priate large-animal models, but the diffi-

culties in obtaining funding to carry out 
expensive but necessary good laboratory 
practice–like studies that are often deemed 
not mechanistic by NIH study sections. 
For instance, development of a large-ani-
mal MI model with meaningful reduction 
in left ventricular ejection fraction results 
in some degree of surgical mortality and 
thus increased expense for animals and 
animal care. In addition, current deliv-
ery approaches appear to result in the 
majority of cells dying within a month of 
transplantation —an important clinical 
hurdle for cardiac stem cell therapy.18 All 
these issues and others must be addressed 
for preclinical application of ESC/iPSC-
based therapies in cardiovascular disease.3

Dr Kattman presented an industry per-
spective on advancing PSC-derived CMs 
into clinical trials. He outlined and con-
trasted cell manufacturing requirements 
(purity, consistency, scale, phenotype, 
function, cryopreservation, and quality 
assurance) for human PSC-derived CMs 
(hPSC-CMs) depending on their utiliza-
tion, whether in laboratories as research 
tools, in disease modeling, or as poten-
tial cell therapies. Typical manufacturing 
runs at CDI for cells used as research tools 
yield 1–6 billion hPSC-CMs per batch 
with >95% purity. For disease modeling, 
CDI has collaborated with the NHLBI to 
produce iPSC-CMs (>50 million cells per 
donor in 90% purity) from blood samples 
collected from 250 patients, including 
100 informative families included in the 
Hypertension Genetic Epidemiology Net-
work Cohort. Collaborating investigators 
are using these cells to study mechanisms 
of disease, such as the induction of a hyper-
trophy phenotype in vitro, and are attempt-
ing to correlate genome-wide association 
study findings with in vitro phenotypes.19 
To work toward therapeutics, CDI has fo-
cused on the avoidance of immunogenic-
ity in allogeneic transplantation, given the 
likely impossibility of using autologous 
cells in most cardiovascular clinical situa-
tions. CDI has generated two human iPSC 
cell lines under the current good manufac-
turing practices from “superdonors,” with 
common human leukocyte antigen (HLA) 
types predicted to be matched to up to 
19% of the US population (unpublished). 
The HLA superdonor approach presents 
a partial HLA match that has been shown 
to be beneficial in organ transplants. By 

expansion to a larger number of lines, 
these workers plan to generate a master 
stem cell bank predicted to be compatible 
with 95% of the US population. It has been 
estimated that a tissue bank from 150 se-
lected homozygous HLA-typed volunteers 
could match 93% of the UK population 
with a minimal requirement for immuno-
suppression.20 HLA superdonor cell lines 
will potentially provide a beneficial ge-
netic match to large numbers of patients. 
Dr Kattman also discussed CDI’s work in 
producing the cardiac progenitor cells that 
have the capacity to generate all cardiac 
lineages including CMs, endothelial cells, 
and vascular smooth muscle cells.

Alexander Bailey, a team leader in the 
Office of Cellular, Tissue, and Gene Thera-
pies within the Center for Biologics Evalu-
ation and Research at the FDA, discussed 
the preclinical regulatory considerations 
for PSC-based therapies. According to 
the Code of Federal Regulations Title 21, 
Part 312, adequate information derived 
from pharmacology and toxicology stud-
ies is needed to support a conclusion that 
the clinical trial is reasonably safe to con-
duct. Thus, data obtained from preclinical 
studies are used to help guide the design of 
early-phase clinical trials,21 including: (i) 
extrapolation of a safe starting dose, dose 
escalation scheme, and dosing schedule in 
human subjects, (ii) determination of a po-
tential safe route of administration in sub-
jects, (iii) identification of potential target 
tissues of toxicity and activity, (iv) selec-
tion of appropriate subject eligibility crite-
ria, and (v) establishment of an adequate 
clinical monitoring plan. In addition, data 
generated from the preclinical studies may 
also support the scientific rationale for the 
use of the proposed investigational prod-
uct in the specified clinical indication. The 
biological properties of stem cells make 
them attractive candidates for therapeu-
tic development but also pose regulatory 
challenges from evaluation of associated 
risks.22 As such, Dr Bailey overviewed 
the current Center for Biologics Evalua-
tion and Research’s regulatory practices 
regarding the preclinical development of 
PSC-based products as well as the poten-
tial regulatory and scientific challenges in 
designing preclinical studies to enable in-
vestigational new drug applications.23 

When designing a preclinical study, it 
is critical to select an appropriate animal 
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methods vary by medium composition 
(using defined vs. mouse embryonic 
fibroblast-conditioned medium), depen-
dence on extracellular matrix or feeder 
cells, passaging method (enzymatic, 
chemical, or manual), and even by NHP 
species. Some methods are labor inten-
sive and plagued by batch-to-batch in-
consistencies. 

Second, the protocols to differentiate 
NHP PSCs toward multiple relevant cell 
lineages and tissues are limited by many 
of the same types of problems in com-
parison with human PSCs. To accelerate 
preclinical investigation of NHP PSC-
derived cell products, efforts to develop 
efficient and large-scale differentiation 
protocols should be pursued, preferably 
via open collaboration between the major 
groups working on NHP PSC models. 

Third, the costs of housing large ani-
mals and the costs and technical difficul-
ties associated with optimization of sur-
gical injury and delivery models remain 
significant, especially in the current NIH 
funding climate. 

and immunogenicity during the develop-
ment of human PSC-based cell therapies. 
NHP models were also noted to be par-
ticularly important for long-term safety 
studies. In the future, NHP models will 
provide a unique opportunity to test the 
degree of immunosuppression needed for 
engraftment and persistence of allogeneic 
therapies, a treatment approach impos-
sible to study in immunodeficient mice. 
The obstacles that hinder broader use of 
NHP models for preclinical development 
of human PSC therapies were then sum-
marized. 

First, although NHP models are phys-
iologically similar to humans, careful 
optimization is often necessary to main-
tain pluripotency of NHP PSCs in vitro. 
Whereas human PSCs have been broadly 
studied, resulting in the availability of 
highly optimized and established culture 
conditions, experience is much more 
limited in NHP PSC pluripotency main-
tenance and is not supported by access 
to commercial NHP-optimized culture 
media. Published NHP PSC maintenance 

model to ensure biological relevance. A 
detailed list of considerations for selecting 
an animal model for regenerative medi-
cine product is available in a previously 
published article by Dr Bailey.23 In general, 
an animal species or model that is ana-
tomically and pathophysiologically similar 
to humans should be selected for preclini-
cal studies of the target disease or injury.23 
Although there is no default regulatory 
requirement to use a specific animal spe-
cies,23 small-animal models often present a 
challenge in meeting these criteria because 
of differences in organ size and architec-
ture as well as differences in response to 
disease or injury compared with the hu-
man counterparts.

At the end of the workshop, the speak-
ers and participants concluded that NHP 
models were a critical bridge to close the 
gap between human PSC studies in small 
animals and clinical trials in humans. Ta-
ble 1 summarizes in vivo studies presented 
at the workshop. The particular strengths 
of these models were felt to be in evalua-
tion of biodistribution, tumorigenicity, 

Table 1  Summary of in vivo studies presented at the NIH Nonhuman Primate (NHP) Induced Pluripotent Stem Cells (iPSCs) Workshop

Cell type Model Immunosuppression? Monitoring Result summary Ref.

NHP cells to NHP (autologous transplantation)

NHP iPSC-derived 
dopamine neurons NHP parkinsonian model No 2 years

Increased motor activity and 
functional motor improvement
The longest reported monitoring 
following transplantation of iPSC-
derived cells

15

NHP iPSC-derived 
SCs

NHP heterotopic 
ossification model No 10 months

Robust in vivo bone regeneration 
from autologous iPSCs without 
any evidence of teratoma 
formation

9 

Human cells to large animals (xenotransplantation)

Human ESC-derived 
CMs

NHP myocardial infarction 
model Yes 3 months

Human ESC-derived CMs 
remuscularized substantial amounts 
of the infarcted monkey heart
Human ESC-derived CMs were 
electromechanically coupled to 
the host heart

16

Human ESC-derived 
CMs Porcine model Yes 3 months

Survival of some transplanted 
cells in the heart was documented 
histologically at 1 month

Personal 
communication 

(J Wu)

NHP cells to mice (xenotransplantation)

NHP iPSC-derived 
HSPCs Immunodeficient mice N/A 4 months Long-term engraftment in 

immunodeficient mice 14

CM, cardiomyocyte; ESC, embryonic stem cell; HSPC, hematopoietic stem/progenitor cell; iPSC, induced pluripotent stem cell; N/A, not applicable; NHP,  
nonhuman primate; SC, mesodermal stromal-like cell. 
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endocrinology of the ovarian cycle in macaques. Toxicol 
Pathol 36: 7S–23S.

11. Hernandez, SF, Vahidi, NA, Park, S, Weitzel, RP, Tisdale, 
J, Rueda, BR et al. (2015). Characterization of extracel-
lular DDX4- or Ddx4-positive ovarian cells. Nat Med 21: 
1114–1116.

12. Donahue, RE and Dunbar, CE (2001). Update on the 
use of nonhuman primate models for preclinical testing 
of gene therapy approaches targeting hematopoietic 
cells. Hum Gene Ther 12: 607–617.

13. D’Souza, SS, Maufort, J, Kumar, A, Zhang, J, Smuga-
Otto, K, Thomson, JA et al. (2016). GSK3beta inhibition 
promotes efficient myeloid and lymphoid hematopoi-
esis from non-human primate-induced pluripotent stem 
cells. Stem Cell Rep 6: 243–256.

14. Gori, JL, Butler, JM, Chan, YY, Chandrasekaran, D, 
Poulos, MG, Ginsberg, M et al. (2015). Vascular niche 
promotes hematopoietic multipotent progenitor 
formation from pluripotent stem cells. J Clin Invest 125: 
1243–1254.

15. Hallett, PJ, Deleidi, M, Astradsson, A, Smith, GA, Coo-
per, O, Osborn, TM et al. (2015). Successful function of 
autologous iPSC-derived dopamine neurons following 
transplantation in a non-human primate model of 
Parkinson’s disease. Cell Stem Cell 16: 269–274.

16. Chong, JJ, Yang, X, Don, CW, Minami, E, Liu, YW, Wey-
ers, JJ et al. (2014). Human embryonic-stem-cell-derived 
cardiomyocytes regenerate non-human primate hearts. 
Nature 510: 273–277.

17. Fisher, SA, Doree, C, Mathur, A and Martin-Rendon, E 
(2015). Meta-analysis of cell therapy trials for patients 
with heart failure. Circ Res 116: 1361–1377.

18. Nguyen, PK, Riegler, J and Wu, JC (2014). Stem cell 
imaging: from bench to bedside. Cell Stem Cell 14: 
431–444.

19. Aggarwal, P, Turner, A, Matter, A, Kattman, SJ, Stod-
dard, A, Lorier, R et al. (2014). RNA expression profiling 
of human iPSC-derived cardiomyocytes in a cardiac 
hypertrophy model. PloS One 9: e108051.

20. Taylor, CJ, Peacock, S, Chaudhry, AN, Bradley, JA and 
Bolton, EM (2012). Generating an iPSC bank for HLA-
matched tissue transplantation based on known donor 
and recipient HLA types. Cell Stem Cell 11: 147–152.

21. US Food and Drug Administration, Center for Biologics 
Evaluation and Research (2013). Guidance for Industry: 
Preclinical Assessment of Investigational Cellular and 
Gene Therapy Products <http://www.fda.gov/Biologics-
BloodVaccines/GuidanceComplianceRegulatoryInforma-
tion/Guidances/CellularandGeneTherapy/ucm376136.
htm> (November 2013).

22. Bailey, AM (2012). Balancing tissue and tumor 
formation in regenerative medicine. Sci Trans Med 4: 
147fs128.

23. Bailey, AM, Mendicino, M and Au, P (2014). An FDA 
perspective on preclinical development of cell-based 
regenerative medicine products. Nat Biotechnol 32: 
721–723.
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Fourth, it can be challenging to re-
ceive NIH funding for preclinical studies 
in NHPs or other large-animal models, 
as these experiments often are criticized 
as “lacking mechanistic insights,” and re-
viewers may have poor understanding of 
these models if their own scientific expe-
rience is limited to in vitro or small-mod-
el organisms. 

Finally, the ongoing major public 
relations effort by animal welfare orga-
nizations to further restrict the utiliza-
tion of NHPs in research, following the 
recent discontinuation of NIH-funded 
chimpanzee studies, is a potential loom-
ing issue, and potential new guidelines 
will be discussed by a NIH panel in the 
summer and fall of 2016. All participants 
agreed that these considerations make 
it very important to publicize the value 
of these models to the clinical develop-
ment of PSC therapies, and to improve 
the efficiency and cost-effectiveness of 
experimental design, potentially by more 
extensive collaborations both between 
academic labs and with industry. The 
NIH-funded National Primate Research 
Centers and the intramural NIH primate 
programs have already played a central 
role in US PSC efforts, and offer critical 
resources for further progress as cen-
ters of excellence and expertise. Regular 
workshops to exchange information will 
be helpful to guide future directions and 
to interact with representatives from both 
funding and regulatory agencies.
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