
Banking on iPSC- Is it Doable and is it Worthwhile

Susan Solomon & Fernando Pitossi & Mahendra S. Rao

Published online: 17 December 2014
# The Author(s) 2014. This article is published with open access at Springerlink.com

Abstract The discovery of induced pluripotent stem cells
(iPSCs) and concurrent development of protocols for their
cell-type specific differentiation have revolutionized studies
of diseases and raised the possibility that personalized medi-
cine may be achievable. Realizing the full potential of iPSC
will require addressing the challenges inherent in obtaining
appropriate cells for millions of individuals while meeting the
regulatory requirements of delivering therapy and keeping
costs affordable. Critical to making PSC based cell therapy
widely accessible is determining which mode of cell collec-
tion, storage and distribution, will work. In this manuscript we
suggest that moderate sized bank where a diverse set of lines
carrying different combinations of commonly present HLA
alleles are banked and differentiated cells are made available
to matched recipients as need dictates may be a solution. We
discuss the issues related to developing such a bank and how it
could be constructed and propose a bank of selected HLA
phenotypes from carefully screened healthy individuals as a
solution to delivering personalized medicine.
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Using IPSC for Cell Based Therapy

The ability to harvest somatic cell from any individual and
reprogram them with high fidelity and reasonable efficiency
has lead to proposal of personalized medicine where either
autologous or HLAmatched tissue cells could be obtained and
then used to make iPSCs that are differentiated into the ap-
propriate required phenotype [1–3]. Several models of such
cell based therapy have been proposed [4]. One model is to
use autologous PSC-derived cell products or engineered PSC-
derived cells for cell replacement or as a vehicle for the
delivery of a payload such as an enzyme or drug. Like other
autologous cell therapies, the use of patient-specific PSCs will
bypass the issue of immune rejection. Alternatively, if HLA
matched banks of iPSCs are available, this “hybrid” model
will allow the selection and use of optimally-matched cells to
produce graft material that will only require limited immune
suppression [5–7].

The truly autologous model although ideal in principle
suffers from several practical disadvantages. Perhaps the most
important one is that it takes time to generate an iPSC line.
This time ranges in terms of weeks and months rather than
days. Performing the selection and characterization of a clone
as required by FDA regulations for all “more than minimally
processed cells based therapy” adds additional time to the
generation process as well as adding significantly to the cost
of therapy. Further autologous cells may carry gene defects
that will need to be corrected and thusmay require further time
to process, characterize and make available to the patient. This
may restrict the use of such autologous cells to only chronic
diseases where sufficient time is available to perform the
necessary processes and the benefits of the therapy are pro-
portionate to the cost of this process. The choice of such
autologous therapy may be further restricted if gene engineer-
ing is not sufficiently efficient or if the regulations require
additional testing of each subclone made [8–10].
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AHLAmatched bankmodel obviates some of these issues.
A pool of cells can be made based on allelic frequencies of
HLA phenotypes and standard HLA matching designs can be
used to give individuals a reasonable probability of obtaining
a match. Unlike other cells the IPSCs are a virtually infinite
supply so such a bank once set up would not be depleted by
demand. Current estimates are that a relatively small number
(in the hundreds) of lines carefully selected based on allelic
frequencies would be sufficient [5–7]. More importantly the
effort could be spread worldwide so that each group of indi-
vidual needed to contribute a small subset of lines making the
cost quite manageable. While the initial set-up would be
expensive [8, 9] the availability of an off the shelf product
that is rigorously tested and widely available would be much
easier for the regulatory authorities to grant approval for.
Equally important since carefully screened donors are selected
that are healthy and do not carry major susceptibility genes
one can reduce the need for genome editing as may be re-
quired in a true autologous transplant (see above).

It is important to point out that while such a model seems
attractive as compared to a truly autologousmodel it is still not
as cheap as having a allogeneic therapy where a single or two
or three cell lines are selected for their ability to grow and
differentiate into the required end product which can be used
for therapy. Proponents of such allogeneic therapy model have
argued that immune suppression may not be required in many
cases such as when cells are only required for a short time
period or when cells themselves are not immunogenic or when
cells are transplanted into immune privileged sites [11–13].
Investigators have noted as well that in the case where im-
mune suppression is required localized immune suppression
may be effective and in any case current matching and the
presence of minor antigen mismatches can be sufficient for
rejection whether the major antigens are matched or not
matched. The cost benefit and potential utility maymake these
the preferred choice for some PSC based therapy.

Overall it appears to us that each approachmay be uniquely
suited to certain disease indications. For cardiac transplant in
congestive cardiac failure or in pediatric malformations or for
bone defect repair sufficient time is available to obtain autol-
ogous cells, differentiate them and then transplant them. Lung,
gut, liver and spleen are generally thought to be more
immunogeneic and in acute disorders of such organs alloge-
neic therapy is unlikely to work but HLA matched cells with
immune suppression may be a viable choice. Likewise in
mongeneic diseases where gene editing is difficult but could
be standardized (such as replacing a whole exon rather than
correcting a point mutation) or using a safe harbor strategy one
can imagine that the economies of scale and time saving
would make banked types cells a cell of choice even in
diseases with a slow progression. Allogeneic therapy may be
an ideal cost effective solution where cells are required for
immune stimulation over a short time period or to provide

cells with a short life cycle or when cells are being
transplanted into immune privileged sites such as what has
being attempted in Parkinson`s disease [14, 15]. In the subse-
quent sections we review the process of immunematching, the
process of rejection and possible alternatives to a HLA bank.

Transplant Rejection and the Immune System

The rejection response to grafted tissue is caused by cell surface
molecules that induce an antigenic stimulus (see Table 1). The
immune system fully matures during early fetal development
and an immune response to self antigens is extinguished
through a careful processing step in the thymus and spleen.
This allows one to distinguish self-antigens from non-self and
is the basis for successful transplantation [16–19]. Thus deliv-
ery of cells prior to this maturation is successful even if no
matching is performed and even xenotransplants can be toler-
ated and tolerization strategies can be developed [20–24].
However, it is important to remember that only self-antigens
that are present at this stage are recognized as self. Embryonic
proteins that are not expressed at this stage will be rejected and
nuclear and cytoplasmic antigens that are not presented to the
thymus can still generate an immune response as is seen in
certain chronic diseases. These have important implications
when considering IPSC based therapy. IPSCsmay be immature
and even their differentiated products may express embryonic
antigens to which an immune response may be mounted.
Likewise it may be possible to treat individuals at an early stage
with allogeneic cells with immune suppression. Immunologists

Table 1 MHC based cell rejection. The table briefly summarizes the
issues related to cell transplants being rejected. The MHC systems is
primarily responsible for recognizing self vs non-self. However other
antigens and the innate immune system also contribute to rejection

The MHC system & foreign antigens

• MHC Class I by most cells in adult Including neural stem cells.

• Embryonic cells have little or none but will express them on
inflammation or differentiation

• MHC Class II by professional APC such as T cells, B cells,
macrophages, endothelial cells and thymic epithelial cells

•Different HLA antigens responsible for rejection at different time points.
HLA-DR mismatch important in the first 6 months, the HLA-B in the
first 2 years, and HLA- A mismatches over the long-term

• Foreign antigens are presented by cells expressing Class I or II peptides
on surface and lead to activation of T cells, B cells and macrophages.

• ABO blood groups and sex differences may have effects on transplants

• T–regs, Complement, atypical MHC antigens (HLA G), minor antigens
and modulators of local immune response (indoleamine, NO, etc.) can
exacerbate or inhibit rejection

• GVH (graft versus Host) immune issues may be important for blood
derivatives
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have also learnt that one can tolerize individuals to antigens so
that certain mismatches can be tolerated. Perhaps the best
example of this is tolerization to ABO mismatches in kidney
transplants [23, 24] (Table 2).

While there are exceptions as we have described above
nevertheless in the vast majority of cases when non-self tissue
is transplanted it evokes an immune response which is medi-
ated by a wide variety of transplantation antigens have been
described, including the MHCmolecules, minor histocompat-
ibility antigens, ABO blood group antigens, and monocytes/
endothelial cell antigens (Table 2). The minor histocompati-
bility antigens are processed peptides derived from cellular
antigens that are presented by MHC molecules but are not
derived from the MHC. ABO incompatibility can result in
hyperacute rejection of primarily vascularized grafts, such as
kidney and heart and could be an issue for IPSC derived
hematopoietic products [25–27]. Rejection is not always acute
but may be chronic and indeed different HLA antigens appear
to mediate different aspects of rejection Experience in trans-
plantation immunology has led to the realization that the
major impact in graft loss comes from the effects of HLA-B
and -DR antigens. There also appears to be a temporal HLA
mismatching effect. HLA-DR mismatch is most important in
the first 6 months after transplantation, the HLA-B effect
emerges in the first 2 years, and HLA-A mismatches have a
deleterious effect on long-term graft survival [28–30]. In
general a primary rejection response sensitizes the recipient
and the second exposure to the same antigen(s) results in a
greater, more rapid response that leads to rejection [31]. Cross

sensitization can occur as well and activation of the immune
system by non specific stimuli can override local inhibitory
effects and lead to rejection of otherwise tolerated mismatches
[32]. This is an important consideration when one considers
therapy that may require repeated transplants. It is also impor-
tant to note that different regions of the body show varying
degrees of rejection and in certain specialized instances (such
as pregnancy and cancer) mismatched alleles can be tolerated
[33].

An additional consideration that is of importance in trans-
plants related to the hematopoietic system is the issue of graft
versus host disease [34, 35]. Immune cells present in the
transplant can recognize recipient antigens as foreign and
activate an immune response by mobilizing host macrophages
and other effector cells.While this may not be relevant in most
PSC based therapy this will become of importance in delivery
of PSC derived cells of the hematopoietic lineage.

Thus PSC derived cells may provoke both an innate and
acquired immune response to embryonic antigens, foreign pro-
teins that are carried over from the culture system, minor HLA
antigen incompatibility, major HLA incompatibility and the
severity of the response depends on where the cells are
transplanted, the immune status of the individual and whether
the transplant is the first or one in a series of such transplants and
whether the individual has been cross sensitized by exposure to
other antigens. Rejection processes are similar to those of organs
and bone marrow though likely to be less severe (see below).

Immune Suppression Regimes after HLA Matching

While searching for an unrelated donor, high-resolution (4-
digit) genetic typing of both the patient and the donor is
necessary. The current standard of HLA typing has evolved
from bone marrow, cord blood and organ transplants is typing
at the HLA-A, HLA-B, HLA-C, HLA-DRB1, and HLA-
DQB1 genetic loci. An hematopoietic stem cell transplant
(HSCT)donor is referred to as a “10/10 allele match” or
“perfect match” when both HLA alleles are identical at each
of the HLA-A, HLA-B, HLA-C, HLA-DRB1, and HLA-
DQB1 loci. A similar HLA matching model is used for organ
transplants [36–39].

It is important to understand that even with a perfect match
between unrelated donors minor histocompatibility antigens,
which are naturally processed peptides derived from normal
cellular proteins, may evoke a strong MHC-restricted re-
sponse because of the presence of different polymorphisms
in the donor and in the recipient (Tables 1 and 3). Likewise the
innate immune response may precipitate a reduction in func-
tion of the graft. Natural killer (NK) cells may also contribute
to alloreactivity, particularly in haploidentical HSCT, through
an interaction between killer immunoglobulin-like receptors
(KIRs) onNK cells and HLA class I alleles (particularly HLA-

Table 2 Reduced immunogenicity of cells. The table summarizes the
likely reasons cells may be less immunogenic than tissues or organs or
marrow. In bold we list the reasons why cell based therapy may be more
immunogenic. The pathways for rejection are summarized in the first
column to remind the non expert as to the different pathways that are
activated in rejection

Rejection PSC based cell transplant should be less
immunogenic

• ABO blood group
mediated

• Presumably no DC cells in most transplants

• Complement
mediated

• Cell likely transplanted to immune privileged
sites

• Adaptive
immunity

• No ABO antigen response in most cases

• Innate immunity • IPSC/ESC cells may have some tolerance them-
selves and MSC and other stem cells maybe
immune modulatory

• Graft versus Host • No vasculature or complement mediated
rejection mechanisms

• Male vs. female •Other antigen presenting cells (support cells) may
not be present in the transplant

But: Fetal antigens may be present, Foreign protein may be present from
culture, atypical antigens may be formed, silenced genes expressed,
unknown therapeutic proteins may be present which may create rejection
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C) on mismatched cells. As a consequence of this biological
reality even in fully matched donations from unrelated donors
immune suppression regimes are considered necessary. In
bone marrow transplants these are done for a lifetime. It is
likewise considered necessary in transplants of highly
vascularized tissue such as liver, heart or pancreas. Indeed, it
was the breakthroughs in immune suppression such as cyclo-
sporine treatment, CTL antibodies and antithymoglobin
which allowed for the development of bone marrow and solid
organ transplants. The average cost of such immunotherapy is
approximately $20 K/year and the immune suppression ther-
apy has some morbidity as well [40]. Several investigators
have tired to eliminate or reduce the immune regimes 1–
2 years after transplant with mixed results [41, 42].

Initially there were concerns that iPSCs (and ESCs) unlike
other cells may be more immunogenic [43] than organs and
marrow and even other cells or that neoantigens may be
present [44, 45]. More recent work by Guha, Morizane and
others [46–48] provided data that autologous iPSC-derived
cells may not be more immunogenic. Indeed, It has been
shown that mouse ES cell-derived tissues display an inherent
capacity for immune privilege which permits the acceptance
of tissues across anMHC barrier without recourse to any form
of immune intervention [49, 50].

On the other hand, iPSCs, in contrary to ESCs, may have
residual information from the cell of origin, a phenomenon
known as epigenetic memory. The effects of epigenetic mem-
ory have just started to be explored. However, recent work
suggested that neurons derived from reprogrammed fibro-
blasts are more immunogenic than those derived from mesen-
chymal stromal cells [51]. It is also important to note that
epigenetic memory seems to be lost during successive pas-
sages in culture [52]. Irrespective of the functional relevance
of this phenomenon, we believe that this iPSC-specific issue
should not be overlooked without thorough discussion, in

particular in the case of iPSC-derived, clinical-grade cells to
be transplanted.

It is now thought that cell transplants will require less im-
mune suppression particularly for tissues that do not contain
MHC class I antigen presenting cells such as transplanting
neurons in the CNS. Likewise transplants with stem cells which
express low or no HLA antigens may require limited immune
suppression or where localized immune modulation is present
[53–55] Indeed, cells expressing no HLA antigens, obtained by
gene editing have been proposed as a future therapeutic alterna-
tive that can by-pass immune surveillance and therefore will
eliminate the need for immunosuppression. Recently, HLA-A
null cells have been obtained [56]. On the other hand,
transplanting cells that will not be recognized by the immune
system possesses intrinsic risks, that are currently being
discussed. Similarly transplants of the cornea, in transplants into
tissue where vascularity is limited, mismatched grafts appear to
be well tolerated and indeed the anterior chamber of the eye has
been used effectively as an immune privileged site even for
xenotransplants. The eye, like the brain is considered immune
privileged, owing to BBB properties as well as other active cell
mediated interactions known as anterior chamber-associated
immune deviation [ACAID]. Using cord blood cells has pro-
vided evidence that a 1 or 2 locus mismatch can be tolerated
from such cells [54, 55] and raised the hope that this may be the
case for other developmentally immature immature cells.

Transplants into the Central Nervous System

Besides the presence of the BBB, the immune response
in the central nervous system differs from other tissues
and organs mainly due to the absence of dendritic cells,
conventional lymphatics, the downregulation of major
histocompatibility complex (MHC) molecules within

Table 3 HLA typing and immune suppression. As discussed in the text
cells may be less immunogeneic than tissues or organs and this has raised
that possibility that with HLA matching no immune suppression will be

required. The argument for and against this are summarized. For a
detailed discussion the reader is directed to the references that discuss
these issues in detail

Will HLA typing allow us to eliminate use of immunosuppressants?

YES– Because No– Because

• Cells are less immunogenic than organs or tissue • But nevertheless cells are immunogenic

• Data that immune suppression can be removed • However in kidney and islets these data are controversial

• Data that fetal cells can tolerate some degree of
mismatch

• True but only limited mismatch tolerated

• Many target therapies are in immune privileged
sites

• However, blood and other non immune privileged sites being considered

• Embryonic cells have low or no MHC expression • Embryonic cells will elevate expression after transplantation and in cases of sensitization or
immune activation

• Cells may have localized immune modulatory
activity

• True but this may be overcome when homeostasis changes

If foreign protein expressed then immune suppression to that antigen will be required
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the CNS parenchyma, and the presence of local immu-
nosuppressive factors [57–59]. The immunomodulatory
effects of astrocytes in the CNS could further contribute
to the immune-privileged state [54]. To date, the main
areas of allogenic cellular therapeutic transplantation
strategies targeting brain and spinal cord disease or
injury have included human fetal dopaminergic cells
(Parkinson’s Disease (PD)), human fetal neural stem
cells (Pelizaeas Merzbacher disease (PMD), spinal cord
injury (SCI) and amyotrophic lateral sclerosis), and hu-
man ESC derived oligondendrocyte precursors (SCI). In
most cases a transient (60 days–12 months depending
on the study) immune suppression strategy has been
employed and graft persistence has been documented
up to 16 years post transplantation. Experience with
CNS cellular transplants has thus confirmed that the
immune response is modest and that this modest re-
sponse could be readily attenuated when immunosup-
pression was used during the initial period of surgical
breach of the BBB [60, 61]. These results largely con-
firmed the assumptions based on rodent syngenic, allo-
geneic and autologous transplants that had been per-
formed in the 1990’s [62] In addition, host immune
system monitoring has failed to detect graft directed
immune responses. Similar data with mismatched or
allogeneic MSC suggest that MSC while not immune
privileged are immunomodulatory and do not provoke a
large rejection response and in many instances can tamp
down a immune response [63–65].

While data for PSC-derived cell transplants in humans is
limited the results so far suggest that immune suppression is
likely required but may be less that what is necessary for organ
or marrow transplants (Table 2). Clinical trials using fetal tissue
transplantation into the brain of PD patients have used long-
term, short-term or no immunosuppression [66]. In some cases,
it has been argued that stopping immunosuppression had detri-
mental consequences to the survival, growth or function of the
transplanted cells [66]. In addition, inflammatory signals have
been shown to affect the survival, differentiation and prolifera-
tion of neural progenitor cells in animal models [67]. There-
fore, we would argue that one should be cautious in assuming
that no immune suppression will be required over the long term
as cells may begin to express immunogenic antigens or the
immune system begin to react to antigens present on these cells
in response to other insults or exposure to infections as may
occur years or decades after a transplant. Importantly, periph-
eral, sustained inflammation can modulate brain inflammation
and exacerbate neurodegeneration in the substantia nigra in
animal models, increasing the complexity of the analysis of
the possible consequences of immunomodulation on PD pro-
gression [68]. In summary despite the evidence that cells them-
selves may be less immunogenic than solid organs and bone
marrow it is also clear that transplanted cells can be rejected and

thus one would prefer using HLA matched cells rather than
mismatched cells should such cells be available. iPSC technol-
ogy allows one to consider creating such a bank and several
issue related to generating such a bank are under active discus-
sion. In the next section we summarize some of the consider-
ations in developing such a bank.

Size of Bank and its Creation

HLA are highly polymorphic, and gene sequencing analysis
and more than 2558 HLA class I and II alleles have been
recognized. This variability would suggest that the number of
lines required would be a daunting task. However, HLA anti-
gens are inherited in a Mendelian dominant manner. HLA
genes are almost always inherited together, thus the antigens
of the entire HLA region inherited from one parent collectively
are called haplotype. In humans, these genes reside in the short
arm of chromosome 6. Because chromosome 6 is an autosome
(a chromosome with two pairs), all individuals have two HLA
haplotypes (one for each chromosome). According to this, any
sibling pair has a 25 % chance of inheriting the same two
parental haplotypes, a 50 % chance of sharing one haplotype,
and a 25 % chance of having two completely different haplo-
types. All children are haploidentical with each parent. Based
on these facts several empirical calculations can be made based
on frequency, ethnic diversity and the type of therapy that will
be required. Several groups have performed such calculations
[69–76]. According to one estimate, an iPSC bank from 150
selected homozygous HLA-typed volunteers could match 93%
of the United Kingdom population with a minimal requirement
for immunosuppression [74]. Similarly, as few as 50 such lines
could potentially match 90% of the Japanese population [69].
A similar limited number of lines may be sufficient for Korea
and the Han population in China and perhaps Argentina (77–81
and references therein and C. Gamba, personal communica-
tion). However, more diverse populations will require more
lines as would be expected for Brazil, US and India (81 and
references therein). The data therefore suggest that creation of a
“haplobank” of iPSC lines homozygous for a range of HLA
types representative of different geographical populations and
ethnic groups could simplify HLA matching, provide matches
for a reasonable percentage of a target population, and extend
iPSC-derived therapies beyond the autologous setting.

Although only a limited number of lines are required it will
be critical to identify the right donor to generate lines that
carries the representative Haplotype. Thus one needs a source
of clinically compliant tissue sample which is typed for HLA
and access to the data set to select individual donors that are
most representative as contributors to a bank. The steps an
issues that need to be considered are summarized in Fig. 1. Of
the various questions perhaps the most important one is what
starting sample to use and how one may harmonize collection
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and storage and distribution of lines across the world. These
issues and concerns are being debated currently and the reader
is directed to those articles for a detailed discussion [82, 83].

Strategies to Extend the Utility of a Haplobank

Although banking of HLA matched samples is one possible
solution to resolving immune issues there are several other

potential strategies that have been considered. We describe
some of them and suggest that application of these strategies
can complement the Haplobank approach and in some cases
may render the use of immune matched cells unnecessary.
Some of these approaches are summarized in Table 4.

Perhaps the simplest approach based on findings describe
above with transplants of fetal cells is to consider localized
immune suppression. Successful local suppression with long
term engraftment has been described and is based on
the pathways that enable a mismatched fetus to survive for
prolonged periods as a transplant with a shared circulation.
These include molecules such as indolemine, nitric oxide
synthase and prostaglandins that modulate macrophage and
microglial behavior [84]. More recently it has been suggested
that some stem cells possess such localized immune modula-
tory activity and cells such as mesenchymal stem cells (MSC)
especially placental derivedMSCmay have a capability along
these lines. Therapy may then consist of co-transplantation of
the functionally required type with mixed with MSC or cells
engineered to express localized immune modualtory genes
(see references above).

Several other strategies have been proposed [85–95]. One
solution is to take advantage of the pluripotency of iPSCs to
generate not only therapeutic cells but also immature cells of
the immune system such as dendritic cells expressing
neoantigens to which tolerance is required [88] . Another
critical area of investigation into strategies to induce donor-
specific tolerance is rejuvenation of the thymus [89–91]. The
thymus is the main organ responsible for establishing immune
tolerance via elimination of autoreactive T cells. iPSCs could
be used as a replacement thymic epithelial cells (TECs) that

Fig. 1 Making iPSC banks. A
flowchart of the IPSC banking
process is provided. Note that
three types of data bases will be
required and that there are
important decisions that need to
bemade at each step. No clarity or
previous guidance from the
regulatory authorities exist.
Decisions will need to be made
early to avoid the cost of
recreating banks which have the
potential of lasting over decades

Table 4 Additional ways to modulate the immune system. The table
summarizes the various strategies that have been proposed to reduce or
eliminate a immune rejection of cells. Some of these strategies are only
possible with pluripotent cells and some require extensive gene
engineering. For detail see text and references

Ensuring survival of transplanted cells

• Autologous or Syngeneic transplant

• Transplant in utero

• Transplant to an immune privileged site

• Co-transplant of immune modulatory cells

• Localized immunesuppression (Indoleamine, NO, HLA-G)

• CTL blockade, anti-TCR therapy

• ABO tolerization and other antigen tolerization

• T-regs- (CD24-) to induce tolerization

• Mixed chimerism with accompanied bone marrow transplant

• iPSC engineering

• Generation of DC cells

• Thymic rejuvenation

• HLA matching with immune suppression
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could be used to induce tolerance to an iPSC-derived graft.
Two recent studies describe progress in generating TECs from
human PSCs, although work remains to be done improve their
maturity and functionality [89–91]. Other approaches include
development of immune-privileged PSC derivatives capable
of blocking the activation of co-stimulatory receptors respon-
sible for immune recognition. This could be accomplished by
genetic “knock-in” of ligands of potent inhibitory receptors
expressed by T cells (e.g. CTLA4 or PD-1) or by targeting
inhibitory pathways that mediate immunosuppression (e.g.
indoleamine 2,3-dioxyge-nase or HLA-G) [92–94]. Likewise
monoclonal antibodies could be used. For example Pearl et al.
[86] showed that monoclonal antibody-mediated co-stimula-
tion/adhesion blockade of host T cells can result in long-term
engraftment of hESC and human iPSC grafts in murine
models.

Thus the haplobank could serve not only as a source of
partially immune matched cells but could also be as a source
of transplants of mismatched cells by permitting the standard-
ized generation of tolerization inducing cells such as dendritic
cells or thymic epithelial cells. Likewise having a bank of well
characterized cells with appropriate patient history collected in
a clinically compliant fashion would allow gene engineering
to effectively modulate an immune response (56). Such gene
engineering strategies have been shown to be efficient and
reliable (56). The utility of the bank could thus be further
extended and the use of long term immunosupressive drugs
could be further reduced.

Summary

Several strategies can be utilized to overcome the rejection of
mismatched cells. At one extreme one can generate autolo-
gous cells and on the other one can use mismatched cells that
have been modified or are co-transplanted with reagents that
allow such cells to bypass the rejection phenomenon.. A
intermediate approach is to reduce the rejection possibility
by using HLA matched cells followed by limited immuno-
suppression as dictated by the cell type delivered and the host
immune status. No solution seems to be clearly superior over
another and cost, regulations and scientific breakthroughs will
determine which strategy will be the strategy of choice in the
future. iPSC clearly have the potential to reduce the cost of
cell based therapy and likely will play an important role in an
future approach to personalized medicine.

Acknowledgments The authors would like to thank the New York
Stem Cell Foundation, and the NIH center fro regenerative medicine a
NIH common fund effort.

Author Contributions Mahendra Rao: Conception and design, data
analysis and interpretation, manuscript writing, approval of manuscript

Susan Solomon: manuscript writing, final approval of manuscript

Fernando Ptossi: manuscript writing, editing, final approval of
manuscript.

Disclosure of Potential Conflicts of Interest The authors have no
potential conflicts of interest to disclose. Susan Solomon is the cofounder
of the New York Stem cell foundation. The foundation did not commis-
sion this article and the opinions expressed in this article reflect the
consensus opinion of the authors Dr. Rao is the founder of Q therapeutics
and serves as a consultant on several company boards and as a consultant
to several companies involved in developing cell based therapies. Dr. Rao
was not paid a fee to write this article and all the opinions expressed are
the consensus opinions of the authors.

Open Access This article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the
source are credited.

References

1. Nishikawa, S., Goldstein, R. A., & Nierras, C. R. (2008). The
promise of human induced pluripotent stem cells for research and
therapy. Nature Reviews Molecular Cell Biology, 9, 725–729.

2. Okano, H., Nakamura, M., Yoshida, K., Okada, Y., Tsuji, O., et al.
(2013). Steps toward safe cell therapy using induced pluripotent stem
cells. Circulation Research, 112, 523–533.

3. Inoue, H., & Yamanaka, S. (2011). The use of induced pluripotent
stem cells in drug development. Clinical Pharmacology &
Therapeutics, 89 5, 655–661. doi:10.1038/clpt.2011.38.

4. Rao, M. (2013). iPSC crowdsourcing: a model for obtaining large
panels of stem cell lines for screening. Cell Stem Cell, 13, 389–391.

5. Turner, M., Leslie, S., Martin, N. G., Peschanski, M., Rao, M., et al.
(2013). Toward the development of a global induced pluripotent stem
cell library. Cell Stem Cell, 13, 382–384.

6. de Rham, C., & Jean, V. (2014). Potential and limitation of HLA-
based banking of human pluripotent stem cells for cell therapy.
Journal of Immunology Research Volume, 518135, 6.

7. Taylor, C. J., Peacock, S., Chaudhry, A. N., Bradley, J. A., & Bolton,
E. M. (2012). Generating an iPSC bank for HLA-matched tissue
transplantation based on known donor and recipient hla types. Cell
Stem Cell, 11(2), 147–152.

8. http://advbiols.com/documents/BraveryAllogeneicCBstrategyAbstract31.
pdf

9. http://stemcellassays.com/2014/09/challenges-commercialization-of-
hla-typed-ips-cell-banks/

10. http://www.fda.gov/BiologicsBloodVaccines/TissueTissueProducts/
RegulationofTissues/ucm150485.htm

11. Galea, I., Beckmann, I., & Perry, V. H. (2007). What is immune
privilege (not)? Trends in Immunology, 28(1), 12–18.

12. Streilein, J. W., & Stein-Streilein, J. (2002). Anterior chamber asso-
ciated immune deviation (ACAID): regulation, biological relevance,
and implications for therapy. International Reviews of Immunology,
21(2–3), 123–52.

13. Hong, S., & Van Kaer, L. (1999). Immune privilege: keeping an eye
on natural killer T cells. The Journal of Experimental Medicine,
190(9), 1197–1200.

14. Freed C. R., Greene P. E., Breeze R. E., et al. (2001). Transplantation
of embryonic dopamine neurons for severe Parkinson’s disease. New
England Journal of Medicine, 344, 710–719.

15. Winkler C., Kirik D., Bjo rklund A. (2005). Cell transplantation in
Parkinson’s disease: how can we make it work? Trends in
Neurosciences, 28, 86–92.

Stem Cell Rev and Rep (2015) 11:1–10 7

http://dx.doi.org/10.1038/clpt.2011.38
http://advbiols.com/documents/BraveryAllogeneicCBstrategyAbstract31.pdf
http://advbiols.com/documents/BraveryAllogeneicCBstrategyAbstract31.pdf
http://stemcellassays.com/2014/09/challenges-commercialization-of-hla-typed-ips-cell-banks/
http://stemcellassays.com/2014/09/challenges-commercialization-of-hla-typed-ips-cell-banks/
http://www.fda.gov/BiologicsBloodVaccines/TissueTissueProducts/RegulationofTissues/ucm150485.htm
http://www.fda.gov/BiologicsBloodVaccines/TissueTissueProducts/RegulationofTissues/ucm150485.htm


16. Zenclussen A. C., Schumacher A., ZencluseenM. L., Wafula P., Volk
H. D. (2007). Immunology of pregnancy: cellular mechanisms
allowing fetal survival within the maternal uterus. Expert Reviews
in Molecular Medicine, 9(10), 1–14.

17. Lobach, D. F., &Haynes, B. F. (1987). Ontogeny of the human thymus
during fetal development. Journal of Clinical Immunology, 7, 81–97.

18. Holt, P. G., & Jones, C. A. (2000). The development of the immune
system during pregnancy and early life. Allergy, 55, 688.

19. Vrecenak, J. D., & Flake, A. W. (2013). In utero hematopoietic cell
transplantation-recent progress and the potential for clinical applica-
tion. Cytotherapy, 15(5), 525–35. doi:10.1016/j.jcyt.2013.01.003.

20. Roybal, J. L., Laje, P., Vrecenak, J. D., & Flake, A.W. (2012). Use of
manipulated stem cells for prenatal therapy. Methods in Molecular
Biology, 891, 169–81.

21. Xie Z., Chang C., Zhou Z. (2014). Molecular mechanisms in auto-
immune type 1 diabetes: a critical review. Clinical Reviews Allergy
Immunology, 47(2), 174–92.

22. Shoenfeld, Y. and Gershwin,M.E. (2002). “Autoimmunity at a glance.”.
Autoimmune Reviews 1: 1. doi:10.1016/S1568-9972(01)00011-8

23. Tatsuo Kawai, David H. Sachs, A. Benedict Cosimi. Clinical
Transplantation Tolerance. In: Textbook of Organ Transplantation.
John Wiley & Sons, Ltd, 2014:844–854.

24. Fuchs, E. J. (2014). Transplantation tolerance: from theory to clinic.
Immunological Reviews, 258(1), 64–79.

25. Kawai, T., Sachs, D. H., Sprangers, B., Spitzer, T. R., Saidman, S. L.,
Zorn, E., Tolkoff-Rubin, N., Preffer, F., Crisalli, K., Gao, B., Wong,
W., Morris, H., LoCascio, S. A., Sayre, P., Shonts, B., Williams, W.
W., Smith, R.-N., Colvin, R. B., Sykes, M., & Cosimi, A. B. (2014).
Long-term results in recipients of combined HLA-mismatched kid-
ney and bone marrow transplantation without maintenance immuno-
suppression. American Journal of Transplantation, 14(7), 1599–
1611.

26. Paul, L. C., & Tilney, N. L. (1996). Alloantigen-dependent events in
chronic rejection. In N. L. Tilney, T. B. Strom, & L. C. Paul (Eds.),
Transplantation biology: Cellular and molecular aspects (pp. 567–
75). Philadelphia: Lippincott-Raven.

27. Tilney, N. L., & Paul, L. C. (1996). Antigen-independent events
leading to chronic graft dysfunction. In N. L. Tilney, T. B. Strom,
& L. C. Paul (Eds.), Transplantation biology: Cellular and molecular
aspects (pp. 629–37). Philadelphia: Lippincott-Raven.

28. Krensky, A. M., Weiss, A., Crabtree, G., Davis, M. M., & Parham, P.
(1990). T-lympho- cyte–antigen interactions in transplant rejection.
New England Journal of Medicine, 322, 510–7.

29. Zantvoort F. A., D'Amaro J., Persijn G. G., et al. (1996). “The impact
of HLA-A matching on long-term survival of renal allografts,”.
Transplantation, 61(5), 841–844.

30. Takemoto S. K., Terasaki P. I., Gjertson D. W., Cecka J. M. (2000).
“Twelve years’ experience with national sharing of HLA-matched
cadaveric kidneys for transplantation,” The New England Journal of
Medicine, 343(15), 1078–1084.

31. Colvin, R. B., & Smith, R. N. (2005). Antibody-mediated organ-
allograft rejection. Nature Reviews Immunology, 5(10), 807–817.

32. Janeway C. A. Jr., Travers P., Walport M., et al. (2001).
Immunobiology: The Immune System in Health and Disease. 5th
edition. New York: Garland Science; Responses to alloantigens and
transplant rejection. Available from: http://www.ncbi.nlm.nih.gov/
books/NBK27163/.

33. Trowsdale, J., & Betz, A. G. (2006). Mother’s little helpers: mecha-
nisms of maternal-fetal tolerance. Nature Immunology, 7(3), 241–
246. doi:10.1038/ni1317.

34. Welniak, L. A., Blazar, B. R., & Murphy, W. J. (2007).
Immunobiology of allogeneic hematopoietic stem cell transplanta-
tion. Annual Review of Immunology, 25, 139–170.

35. Jagasia, M., Arora, M., Flowers, M. E., et al. (2012). Risk factors for
acute GVHD and survival after hematopoietic cell transplantation.
Blood, 119, 296–307.

36. http://bethematch.org/For-Patients-and-Families/Finding-a-donor/
HLA-matching/

37. Bjorkman, P. J., Saper, M. A., Samraoui, B., Bennett, W. S.,
Strominger, J. L., &Wiley, D. C. (1987). The foreign antigen binding
site and T cell recognition regions of class I histocompatibility
antigens. Nature, 329, 512–518.

38. Beck S., Trowsdale J., (2000). The human major histocompatibility
complex: lessons from the DNA sequence. Annu Rev Genomics
Hum Genet;1:117–137. http://www-immuno.path.cam.ac.uk/
~immuno/mhc/mhc.html.

39. Lee, S. J., Klein, J., Haagenson, M., et al. (2007). High-resolution
donor-recipient HLAmatching contributes to the success of unrelated
donor marrow transplantation. Blood, 110, 4576–4583.

40. Nandita, K., Zeliadt, S. B., & Stephanie, J. (2012). Economics of
hematopoietic cell transplantation. Blood, 120(8), 1545–1551. doi:
10.1182/blood-2012-05-426783G.

41. Opelz, & D¨ohler, B. (2007). Effect of human leukocyte antigen
compatibility on kidney graft survival: comparative analysis of two
decades. Transplantation, 84(2), 137–143.

42. Starzl, T. E., Demetris, A. J., Murase, N., Thomson, A. W., Trucco,
M., & Ricordi, C. (1993). Donor cell chimerism permitted by immu-
nosuppressive drugs: a new view of organ transplantation.
Immunology Today, 14(6), 326–332.

43. Zhao, T., Zhang, Z. N., Rong, Z., & Xu, Y. (2011). Immunogenicity
of induced pluripotent stem cells. Nature, 474, 212–215.

44. Tang, C., & Drukker, M. (2011). Potential barriers to therapeutic
sutilizing pluripotent cell derivatives: intrinsic immunogenicity of
in vitro maintained and matured populations. Seminars in
Immunopathology, 33, 563–572.

45. Martin, M. J., Muotri, A., Gage, F., & Varki, A. (2005). Human
embryonic stem cells express an immunogenic nonhuman sialic acid.
Nature Medicine, 11, 228–232.

46. Araki, R., Uda, M., Hoki, Y., Sunayama, M., Nakamura, M., Ando,
S., Sugiura, M., Ideno, H., Shimada, A., Nifuji, A., & Abe, M.
(2013). Negligible immunogenicity of terminally differentiated cells
derived from induced pluripotent or embryonic stem cells. Nature,
49(4), 100–104.

47. Guha, P., Morgan, J. W., Mostoslavsky, G., Rodrigues, N. P., &
Boyd, A. S. (2013). Lack of immune response to differentiated cells
derived from syngeneic induced pluripotent stem cells. Cell Stem
Cell, 12, 407–412.

48. Morizane, A., Doi, D., Kikuchi, T., Okita, K., Hotta, A., Kawasaki,
T., Hayashi, T., Onoe, H., Shiina, T., Yamanaka, S., & Takahashi, J.
(2013). Direct comparison of autologous and allogeneic transplanta-
tion of iPSC- derived neural cells in the brain of a nonhuman primate.
Stem Cell Reports, 1, 283–292.

49. Fairchild, P. J., Cartland, S., Nolan, K. F., & Waldmann, H. (2004).
Embryonic stem cells and the challenge of transplantation tolerance.
Trends in Immunology, 25, 465–470.

50. Robertson, N. J., Brook, F. A., Gardner, R. L., Cobbold, S. P., Herman,
W., & Fairchild, P. J. (2007). Embryonic stem cell-derived tissues are
immunogenic but their inherent immune privilege promotes the induc-
tion of tolerance. Proceedings of the National Academy of Sciences of
the United States of America, 104, 20920–20925.

51. Liu, P., Chen S., Li X., Qin L., Huang K.,Wang L., et al. (2013). Low
immunogenicity of neural progenitor cells differentiated from in-
duced pluripotent stem cells derived from less immunogenic somatic
cells. PLoS One 8(7):e69617. doi:10.1371/journal.pone.0069617.

52. Polo, J. M., Liu S., Figueroa M. E., Kulalert W., Eminli S., Tan K. Y.,
et al. (2010). Cell type of origin influences the molecular and func-
tional properties of mouse induced pluripotent stem cells. Nature
Biotechnology, 28(8), 848–55.

53. Gimsa, U., Mitchison N. A., and Brunner-Weinzierl C. (2013).
Immune privilege as an intrinsic CNS property: astrocytes protect
the CNS against T-Cell-mediated neuroinflammation. Mediators of
Inflammation Vol 2013, Article ID 320519, 11 pages..

8 Stem Cell Rev and Rep (2015) 11:1–10

http://dx.doi.org/10.1016/j.jcyt.2013.01.003
http://dx.doi.org/10.1016/S1568-9972(01)00011-8
http://www.ncbi.nlm.nih.gov/books/NBK27163/
http://www.ncbi.nlm.nih.gov/books/NBK27163/
http://dx.doi.org/10.1038/ni1317
http://bethematch.org/For-Patients-and-Families/Finding-a-donor/HLA-matching/
http://bethematch.org/For-Patients-and-Families/Finding-a-donor/HLA-matching/
http://www-immuno.path.cam.ac.uk/%7Eimmuno/mhc/mhc.html
http://www-immuno.path.cam.ac.uk/%7Eimmuno/mhc/mhc.html
http://dx.doi.org/10.1182/blood-2012-05-426783G
http://dx.doi.org/10.1371/journal.pone.0069617


54. Kurtzberg, J., Prasad, V. K., Carter, S. L., et al. (2008). Results of the
cord blood transplantation study (COBLT): clinical outcomes of
unrelated donor umbilical cord blood transplantation in pediatric
patients with hematologic malignancies. Blood, 112(10), 4318–4327.

55. Kamani, N., Spellman, S., Hurley, C. K., Barker, J. N., Smith, F. O.,
Oudshoorn, M., Bray, R., Smith, A., Williams, T. M., Logan, B.,
Eapen, M., Anasetti, C., Setterholm, M., Confer, D. L., & National
Marrow Donor Program. (2008). State of the art review: HLA
matching and outcome of unrelated donor umbilical cord blood trans-
plants. Biology of Blood and Marrow Transplantation, 14(1), 1–6.

56. Torikai, H. 1., Reik A., Soldner F.,Warren E. H., Yuen C., ZhouY., et
al. (2013). Toward eliminating HLA class I expression to generate
universal cells from allogeneic donors. Blood, 122(8), 1341–9.

57. Roca, V., Casabona J. C., Radice P.,Murta V., Pitossi F. J. (2011). The
degenerating substantia nigra as a susceptible region for gene
transfermediated inflammation. Parkinsons Dis 2011:931572.

58. Date, I., Kawamura, K., & Nakashima, H. (1988). Histological signs
of immune reactions against allogeneic solid fetal neural grafts in the
mouse cerebellum depend on the MHC locus. Experimental Brain
Research, 73, 15–22.

59. Tambur, A. R. (2004). Transplantation immunology and the central
nervous system. Neurological Research, 26, 243–55.

60. Date, I., Felten, S. Y., & Felten, D. L. (1991). The nigrostriatal
dopaminergic system in MPTP-treated mice shows more prominent
recovery by syngeneic adrenal medullary graft than by allogeneic or
xenogeneic graft. Brain Research, 545, 191–8.

61. Muldoon, et al. (2013). Immunologic privilege in the central nervous
system and the blood–brain barrier. Journal of Cerebral Blood Flow
and Metabolism, 33(1), 13–21.

62. Aggarwal, S., & Pittenger, M. F. (2005). Human mesenchymal stem
cells modulate allogeneic immune cell responses. Blood, 105, 1815–
22.

63. Figliuzzi, M., Cornolti, R., Perico, N., et al. (2009). Bone marrow-
derived mesenchymal stem cells improve islet graft function in
diabetic rats. Transplantation Proceedings, 41, 1797–800.

64. Li, H., Guo, Z., Jiang, X., Zhu, H., Li, X., & Mao, N. (2008).
Mesenchymal stem cells alter migratory property of T and dendritic
cells to delay the development of murine lethal acute graft-versus-
host disease. Stem Cells, 26, 2531–41.

65. F. Nakajima, K. Tokunaga, and N. Nakatsuji, “Human leukocyte
antigen matching estimations in a hypothetical bank of human em-
bryonic stem cell lines in the Japanese population for use in cell
transplantation therapy,” Stem Cells, vol. 25, no. 4, pp. 983– 985,
2007.

66. Barker, R. A., Barrett, J., Mason, S. L., Björklund, A. (2013). Fetal
dopaminergic transplantation trials and the future of neural grafting in
Parkinson’s disease. Lancet Neurological 12, 84–91.

67. Mathieu, P., Battista, D., Depino, A., Valeria Roca y Fernando J.
Pitossi. (2010). The more you have, the less you get: the functional
role of inflammation on neuronal differentiation of endogenous and
transplanted neural stem cells in the adult brain. Journal of
Neurochemistry, 112(6), 1368–85.

68. Pott-Godoy, C., Tarelli, R., Ferrari, C., Sarchi, M. I., Pitossi, F.
(2008). Central and systemic Interleukin-1 exacerbates neurodegen-
eration and motor symptoms in a model of Parkinson ‘s disease.
Brain, 131(Pt 7), 1880–94.

69. Taylor, C. J., Bolton, E. M., Pocock, S., Sharples, L. D., Pedersen, R.
A., & Bradley, J. A. (2005). Banking on human embryonic stem
cells: estimating the number of donor cell lines needed for HLA
matching. The Lancet, 366, 2019–2025.

70. Kollman, C., Maiers, M., Gragert, L., et al. (2007). Estimation of
HLA- A, −B, −DRB1 haplotype frequencies using mixed resolution
data from a national registry with selective retyping of volunteers.
Human Immunology, 68(12), 950–958.

71. Zimmermann, A., Preynat-Seauve, O., Tiercy, J., Krause, K., &
Villard, J. (2012). Haplotype-based banking of human pluripotent

stem cells for transplantation: potential and limitations. Stem Cells
and Development, 21(13), 2364–2373.

72. Taylor, C. J., Peacock, S., Chaudhry, A. N., Bradley, J. A., & Bolton,
E. M. (2012). Generating an iPSC bank for HLA-matched tissue
transplantation based on known donor and recipient HLA types. Cell
Stem Cell, 11, 147–152.

73. Nakatsuji, N., Nakajima, F., & Tokunaga, K. (2008). HLA-haplotype
banking and iPS cells. Nature Biotechnology, 26, 739–740.

74. Gourraud, P. A., Gilson, L., Girard, M., & Peschanski, M. (2012).
The role of human leukocyte antigen matching in the development of
multiethnic “haplobank” of induced pluripotent stem cell lines. Stem
Cells, 30, 180–186.

75. Klitz, W., Gragert, L., Maiers, M., et al. (2009). Four-locus high-
resolution HLA typing in a sample of Mexican Americans. Tissue
Antigens, 74(6), 508–513.

76. http://www.bmdw.org/uploads/media/BMDW2011.pdf
77. Carvalho, M. G., Tsuneto, L. T., Moita Neto, J. M., Sousa, L. C., Sales

Filho, H. L., Macêdo, M. B., Barroso, J. R., Pereira, E. M., Araújo, A.
S., Silva, A. S., & Monte, S. J. (2013). HLA-A, HLA-B and HLA-
DRB1 haplotype frequencies in Piauí’s volunteer bone marrow donors
enrolled at the Brazilian registry. Human Immunology, 74(12), 1598–
602. doi:10.1016/j.humimm.2013.08.283.

78. Chhaya, S. U., & Shankarkumar, U. (2003). HLA Antigen distribu-
tion in selected Gujarati subcaste from Mumbai, Maharastra, India.
International Journal of Human Genetics, 3(3), 135–138.

79. Qinqin Pan, S., Fan, X. W., Zhao, X., Pan, M., Wang, C., & Shen, J.
(2011). The distribution of HLA-A, −B, and -DRB1 alleles and
haplotypes in inhabitants of Guizhou Province of China. Journal
Biomedicine Research, 25(5), 328–334. doi:10.1016/S1674-
8301(11)60044-4.

80. Turner, M., Leslie, S., Martin, N. G., Peschanski, M., Rao, M.,
Taylor, C. J., Trounson, A., Turner, D., Yamanaka, S., & Wilmut, I.
(2013). Toward the development of a global induced pluripotent stem
cell library. Cell Stem Cell, 13(4), 382–4. doi:10.1016/j.stem.2013.
08.003.

81. Andrews, P. W., Joy, C., Robert, D., Ellen, F., Ed, H., Armand, K.,
Mahendra, R., Marc, T., Ian, W., & Shinya, Y. (2014). Harmonizing
standards for producing clinical-grade therapies from pluripotent
stem cells. Nature Biotechnology, 32, 724–726.

82. Chidgey, P., Layton, D., Trounson, A., & Boyd, R. L. (2008).
Tolerance strategies for stem-cell-based therapies. Nature,
453(7193), 330–337.

83. Fairchild, P. J. (2010). The challenge of immunogenicity in the
questfor induced pluripotency. Nature Reviews Immunology,
10(12), 868–875.

84. Ravishankar, B., Liu, H., Shinde, R., Chandler, P., Baban, B., Tanaka,
M., Munn, D. H., Mellor, A. L., Karlsson, M. C., & McGaha, T. L.
(2012). Tolerance to apoptotic cells is regulated by indoleamine 2,3-
dioxygenase. Proceedings of the National academy of Sciences of the
United States of America, 109, 3909–3914.

85. Swijnenburg, R. J., Schrepfer, S., Govaert, J. A., Cao, F., Ransohoff,
K., Sheikh, A. Y., Haddad, M., Connolly, A. J., Davis, M. M.,
Robbins, R. C., & Wu, J. C. (2008). Immunosuppressive therapy
mitigates immunological rejection of human embryonic stem cell
xenografts. Proceedings of the National academy of Sciences of the
United States of America, 105, 12991–12996.

86. Pearl, J. I., Lee, A. S., Leveson-Gower, D. B., Sun, N., Ghosh, Z., Lan,
F., Ransohoff, J., Negrin, R. S., Davis, M. M., & Wu, J. C. (2011).
Short-term immunosuppression promotes engraftment of embryonic
and induced pluripotent stem cells. Cell Stem Cell, 8, 309–317.

87. Dhodapkar, M. V., & Steinman, R. M. (2002). Antigen-bearing
immature dendritic cells induce peptide-specific CD8 regulatory T
cells in vivo in humans. Blood, 100, 174–177.

88. Anderson, G., Lane, P. J., & Jenkinson, E. J. (2007). Generating
intrathy-microenvironments to establish T-cell tolerance. Nature
Reviews Immunology, 7, 954–963.

Stem Cell Rev and Rep (2015) 11:1–10 9

http://www.bmdw.org/uploads/media/BMDW2011.pdf
http://dx.doi.org/10.1016/j.humimm.2013.08.283
http://dx.doi.org/10.1016/S1674-8301(11)60044-4
http://dx.doi.org/10.1016/S1674-8301(11)60044-4
http://dx.doi.org/10.1016/j.stem.2013.08.003
http://dx.doi.org/10.1016/j.stem.2013.08.003


89. Parent, A. V., Russ, H. A., Khan, I. S., LaFlam, T. N., Metzger, T. C.,
Anderson, M. S., & Hebrok, M. (2013). Generation of functional
thymic epithelium from human embryonic stem cells that supports
host T cell development. Cell Stem Cell, 13, 219–229.

90. Sun, X., Xu, J., Lu, H., Liu, W.,Miao, Z., Sui, X., Liu, H., Su, L., Du,
W., He, Q., Chen, F., Shi, Y., & Deng, H. (2013). Directed differen-
tiation of human embryonic stem cells into thymic epithelial
progenitor-like cells reconstitutes the thymic microenvironment
in vivo. Cell Stem Cell, 13, 230–236.

91. Bluestone, J. A., St. Clair, E. W., & Turka, L. A. (2006). CTLA4Ig:
bridging the basic immunology with clinical application. Immunity,
24, 233–238.

92. Freeman, G. J., Long, A. J., Iwai, Y., Bourque, K., Chernova, T.,
Nishimura, H., Fitz, L. J., Malenkovich, N., Okazaki, T., Byrne, M.
C., Horton, H. F., Fouser, L., Carter, L., Ling, V., Bowman, M. R.,

Carreno, B. M., Collins, M., Wood, C. R., & Honjo, T. (2000).
Engagement of the PD-1 immunoin-hibitory receptor by a novel B7
family member leads to negative regulation of lymphocyte activation.
Journal of Experimental Medicine, 192, 1027–1034.

93. Chen, T.-C., Waldmann, H., & Fairchild, P. J. (2004). Induction of
dominant transplantation tolerance by an altered peptide ligand of the
male antigen, Dby. Journal of Clinical Investigation, 113, 1754–
1762.

94. Scott, D., Addey, C., Ellis, P., et al. (2000). Dendritic cells permit
identification of genes encoding MHC class II-restricted epitopes of
transplantation antigens. Immunity, 12, 711–720.

95. Riolobos, L., Hirata, R. K., Turtle, C. J., Pei-Rong, W., Gornalusse,
G. G., Maja, Z., Riddell, S. R., & Russell, D. W. (2013). HLA
Engineering of Human Pluripotent Stem Cells Molecular Therapy,
21(6), 1232–1241. doi:10.1038/mt.2013.59.

10 Stem Cell Rev and Rep (2015) 11:1–10

http://dx.doi.org/10.1038/mt.2013.59

	Banking on iPSC- Is it Doable and is it Worthwhile
	Abstract
	Using IPSC for Cell Based Therapy
	Transplant Rejection and the Immune System
	Immune Suppression Regimes after HLA Matching
	Transplants into the Central Nervous System
	Size of Bank and its Creation
	Strategies to Extend the Utility of a Haplobank
	Summary
	References


