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Despite decades of studying rodent models of type 1 diabetes (T1D), no therapy capable of
preventing or curing T1D has successfully been translated from rodents to humans. This
inability to translate otherwise promising therapies to clinical settings likely resides, to a
major degree, from significant species-specific differences between rodent and human
immune systems as well as species-related variances in islets in terms of their cellular com-
position, function, and gene expression. Indeed, taken collectively, these differences under-
score the need to define interactions between the human immune system with humanb cells.
Immunodeficient mice engrafted with human immune systems and human b cells represent
an interesting and promising opportunity to study these components in vivo. To meet this
need, years of effort have been extended to develop mice depleted of undesirable compo-
nents while at the same time, allowing the introduction of constituents necessary to recapit-
ulate physiological settings as near as possible to human T1D. With this, these so-called
“humanized mice” are currently being used as a preclinical bridge to facilitate identification
and translation of novel discoveries to clinical settings.

Our understanding of TID has been influ-
enced greatly by studies performed using

rodent models. The two rodent models studied
most extensively are the nonobese diabetic
(NOD) mouse and the biobreeding (BB) rat
(Greiner et al. 2001). These two rodent models
have helped define the autoimmune response

that leads to the destruction of b cells and to
provide clues into the pathogenesis of T1D. These
models have noted that T1D is characterized by a
T-cell-mediated immune response against islet
autoantigens, that it can be transferred with au-
toreactive lymphocytes (i.e., T cells), and that
the autoimmunity persists long after the loss of
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b cells, displaying recurrent autoimmunity when
transplanted with syngeneic islets (Von and Ne-
pom 2009). Similar patterns of pathogenesis have
been observed in humans, particularly with re-
spect to recurrent autoimmunity. A key observa-
tion made by Sutherland and colleagues (1984)
showed that T1D individuals transplanted with
kidneys and pancreas from identical twins re-
tained the kidney graft, but rejected the islets in
the pancreatic graft. Recurrent autoimmunity
has also been observed following transplantation
of allogeneic islets (Vendrame et al. 2010).

In addition to studies of T1D pathogenesis,
rodent models have been used to investigate po-
tential therapeutics for the treatment and cure
of this disease (Staeva-Vieira et al. 2007). In the
NOD mouse, 200 therapies have been shown to
prevent diabetes (Atkinson and Leiter 1999).
However, it must be noted that NOD mice are
resistant to tolerance induction even to nonislet
tissues and grafts (Pearson et al. 2003) and thus,
their immune systems appear to differ in many
respects from that of nonautoimmune mice. In
the BB rat, far fewer therapies have been shown
to prevent diabetes (Greiner et al. 2001). How-
ever, despite decades of studies with rat as well
as mouse models of T1D, we have yet to success-
fully translate therapies that prevent, delay, or
cure T1D in humans (Roep 2007; Staeva-Vieira
et al. 2007; Couzin-Frankel 2011; Greenbaum
and Atkinson 2011).

Underlying this failure is the increasing
awareness that mouse and human immune
systems, as well as islets, differ significantly in
terms of their cell composition, function, and
gene expression. These distinctive features of
human immune systems and islets, combined
with the need to translate emerging findings
from rodent biology to human therapeutic ef-
ficacy, have formed roadblocks for translating
discoveries in rodents to new approaches to pre-
vent or delay T1D in humans.

HUMAN ISLETS DIFFER SUBSTANTIALLY
FROM RODENT ISLETS

Mouse and human pancreatic islets as the target
of autoimmune attack differ in many ways, in-
cluding cellular architecture and composition,

proliferative capacity, susceptibility to injury,
ability to form islet amyloid, and expression
of heat-shock proteins, islet-enriched tran-
scription factors, antioxidant enzymes, and
the principal glucose transporter (i.e., GLUT1
vs. GLUT2) (Eizirik et al. 1994; Welsh et al.
1995; Brissova et al. 2005; Butler et al. 2007).
In contrast to the more familiar rodent islet
cellular architecture (characterized by non-b
endocrine cells surrounding the inner b-cell
mass), the endocrine cells in human islets
are more intermingled (Brissova et al. 2005;
Cabrera et al. 2006; Bosco et al. 2010). Further-
more, in contrast to rodent b cells that repli-
cate or regenerate in response to a number
of stimuli such as insulin resistance, b-cell ab-
lation, and partial pancreatectomy, the human
b-cell proliferative capacity appears to be very
modest and often nonexistent (Butler et al.
2007).

HUMAN IMMUNE SYSTEMS DIFFER
SIGNIFICANTLY FROM RODENT IMMUNE
SYSTEMS

Of particular interest in the study of autoimmu-
nity are the differences between human and
mouse immune systems (Mestas and Hughes
2001). The first and foremost difference involves
the major histocompatibility complex (MHC),
a primary genetic factor for determining diabe-
tes susceptibility. In the NOD mouse, the MHC
class I is KdDb, with a unique I-Ag7 class II mol-
ecule. The initial CD4 T-cell autoimmune re-
sponse in NOD mice appears to be directed
against insulin (Atkinson et al. 1990; Zhang
et al. 1991 ) and specifically, against an epitope
of insulin (B9-23) presented by the I-Ag7 class II
molecule (Abiru et al. 2001). On the basis
of these observations, the NIH Diabetes Pre-
vention Trial-1 was initiated, but this study
suggested a beneficial effect (i.e., delay in devel-
oping disease) in only a small subgroup of in-
dividuals at high risk for T1D and treated with
oral insulin (whole molecule); no beneficial in-
fluence was seen with prophylactic daily subcu-
taneous administration of this antigen (Skyler
et al. 2005). In humans, the B9-23 epitope does
not appear to be the dominant insulin epitope
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(Skowera et al. 2008; Dromey et al. 2011). More-
over, using NOD mice deficient in mouse
MHC class I and expressing human HLA-A2,
it has been observed that a primary initiating
autoantigenic epitope appears to be IGRP265 –273

(Niens et al. 2011). Another key difference
between the study of T1D pathogenesis in ro-
dents and humans is their environment. Mice
and rats in most animal facilities are housed
under specific pathogen-free (SPF) conditions
in which they are not exposed to pathogenic
infectious agents. In contrast, humans are not
only exposed to infectious agents, they are
also immunized to these agents, leading to the
generation of effector/memory immune re-
sponses that generate immune systems that
may cross-react with islet autoantigens (Saru-
geri et al. 2001; Tong et al. 2002; Chou et al.
2004).

Mice and humans also differ in their bal-
ance of leukocyte subsets, defensins, inducible
nitric oxide synthase (NOS), g/d T cells, and
natural killer (NK) inhibitory receptor families,
cells, and molecules that are important players
in immune and autoimmune responses (Mestas
and Hughes 2001). The T-cell signaling path-
ways and costimulatory molecule expression
of humans and rodents also shows many differ-
ences, as does their cytokine and chemokine
receptor expression. Of particular interest are
differences in the innate immune responses
that are known to play a critical role in the gen-
eration of an adaptive immune response. For
example, following IV injection of lipopolysac-
charide, humans are as much as 100,000-fold
more susceptible to endotoxin shock than
mice (Munford 2010). In addition, the Toll-
like receptor (TLR) repertoires that control in-
nate immune responses also differ substantially.
TLR11 is expressed in mice but not in humans;
indeed, this gene has stop codons that prevent
its expression. Conversely, TLR10 is expressed
in humans, but in mice this TLR is a pseudo-
gene. With this setting, the community of trans-
lational investigators is in great need of im-
proved small animal models that would more
effectively identify human-specific agents that
will prove successful in human T1D (Green-
baum and Atkinson 2011).

SCID Mice—A Paradigm Shift
in T1D Research

As described above, progress in understanding
thepathogenesis, aswellasanalysesof theefficacy
of therapeutics for T1D, has been impeded by
considerable differences of rodent models and
human disease. This is compounded by our in-
ability to analyze in vivo the interaction of dia-
betogenic human immune cells with human is-
lets without placing individuals at risk (Atkinson
et al. 2000). One potential approach to overcome
these limitations is to study this interaction in
vivo by engraftment of human immune cells
and islets into immunodeficient mice.

Engraftment of Human Immune Systems
in Genetically Modified SCID Mice

Progress in development of effective small ani-
mal models to facilitate in vivo studies of hu-
man adaptive immune responses followed the
discovery of the severe combined immunodefi-
ciency (Prkdcscid, abbreviated as scid) mutation
in a colony of CB17 mice (Bosma et al. 1983).
However, the utility of the CB17-scid model,
particularly for studies of human immunity
and autoimmune disease such as T1D, is limit-
ed by low levels of human hematolymphoid
cell engraftment owing to host adaptive and
innate immune factors, including elevated NK
cell activity (Bosma et al. 1988; Shultz et al.
1995; Peled et al. 1999). Improved engraftment
has been achieved in NOD-scid mice (Greiner
et al. 1998), but these mice still express detect-
able NK activity and innate immunity that im-
pedes human hematolymphoid cell engraft-
ment. To improve human hematolymphoid
cell engraftment, differentiation, and immune
function in immunodeficient mice, two general
approaches have been pursued: (1) additional
genetic modification of the host and (2) devel-
opment of new protocols for engraftment.

GENETIC MODIFICATION: INTERLEUKIN-2
RECEPTOR COMMON g CHAIN NULL
IMMUNODEFICIENT MURINE HOSTS

An alternative method for decreasing innate im-
munity in scid, Rag1null, or Rag2null immuno-
deficient mice involves genetic intercrossing
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with mice carrying a targeted mutation at the
IL-2rg common chain (Shultz et al. 2007). De-
ficiency of IL-2 receptorg chain causes X-linked
SCID in humans (Uribe and Weinberg 1998).
This molecule is indispensable for IL2, IL4, IL7,
IL9, IL15, and IL21 high-affinity binding and
signaling (Sugamura et al. 1996).

IL-2rg common chain deficiency complete-
ly blocks NK cell development and causes addi-
tional defects in innate immunity (Shultz et al.
2007). Research groups have independently pro-
duced targeted IL-2 receptor g chain mutations
(Cao et al. 1995; DiSanto et al. 1995; Ohbo
et al. 1996). Ito et al. (2002) backcrossed a trun-
cated IL2rg mutation onto the NOD/Shi-scid
strain. Adult NOD/Shi-scid IL2rgnull mice in-
jected IV with human CD34þ umbilical cord
blood (UCB) cells results in the generation of
a functional human immune system (Ito et al.
2002; Yahata et al. 2002). Traggiai et al. (2004)
engrafted BALB/c-Rag2null IL2rgnull mice gen-
erated using an IL2rgnull truncated knockout
originally made by Ito et al. (2002), and injec-
tion of newborn mice with human hematopoi-
etic stem cells (HSC) generated a functional
adaptive immune system (Traggiai et al. 2004).
Our laboratories have generated NOD/Lt-scid
IL2rgnull (NSG) mice using a complete null mu-
tation of the IL2rg gene and have documented
that both adult and newborn mice engrafted
with human HSC generate functional human
immune systems (Ishikawa et al. 2005; Shultz
et al. 2005, 2007; Brehm et al. 2010b).

The NSG Mouse

Focusing our efforts on NSG mice (Shultz et al.
2007), we have shown that these mice are supe-
rior to all other stocks of IL2rgnull mice in their
ability to support engraftment with a functional
human immune system (Shultz et al. 2007; Pear-
son et al. 2008a; Brehm et al. 2010b;). Because
of the ability of NSG mice to engraft at high
levels with mature human lymphocytes and
HSC, NSG mice are ideal hosts for investigating
the in vivo function of human immune and
autoimmune systems. These preclinical models
can also be used to identify mechanisms by
which therapeutic interventions for T1D medi-
ate their effects.

A number of human immune engraftment
models have been developed that can be used to
study human immune cell function, including
the Hu-PBL-SCID, Hu-SRC-SCID, and the BLT
(i.e., fetal hematopoietic stem cell, liver, thy-
mus) models (Table 1). The Hu-PBL-SCID
model is based on injection of human periph-
eral blood leukocytes (PBL) or splenocytes into
NSG mice and is used for the analyses of mature
immune and autoreactive T cells and the effec-
tor arm of the immune system. This model has
been used to examine both alloimmunity and
autoimmunity as well as viral immunity (Shultz
et al. 2007). The Hu-SRC-SCID model is based
on the engraftment of HSC. This model devel-
ops functional innate and adaptive human
immune systems, including all of the cells of

Table 1. Models of human immune systems in immunodeficient mice

Model Characteristics Uses

Hu-PBL-SCID Immunodeficient mice engrafted with
human PBMCs

Study of human-specific infectious agents,
alloimmunity and autoimmunity in
vivo

Hu-SRC-SCID Immunodeficient mice engrafted with
human HSCs

Study of human HSC and development
of a functional human immune
system

SCID-hu (BLT) Immunodeficient mice engrafted under
the renal capsule with human fetal
liver/thymus and injected IV with
fetal liver HSC

Study of human HSC, T-cell development
and intrathymic selection and
development of a functional human
immune system

Abbreviations: PBL, peripheral blood leukocytes; PBMCs, peripheral blood mononuclear cell cultures; SRC, scid-

repopulating cell; BLT, bone marrow/liver/thymus; HSCs, hematopoietic stem cells.
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hematopoietic lineage, and has been used to
study many aspects of human immunobiology
(Shultz et al. 2007; Manz and Di Santo 2009). In
the BLT model, mice are engrafted under the
renal capsule with fragments of human fetal
liver and thymus, and injected intravenously
with human HSC derived from the liver of the
same donor tissue (McCune et al. 1988; Nami-
kawa et al. 1988; Melkus et al. 2006; Sun et al.
2007; Denton et al. 2008; Wege et al. 2008; Den-
ton and Garcia 2009). These mice also develop
functional innate and adaptive human immune
systems, but in this model human T cells are
educated on autologous human thymic epithe-
lium, leading to robust HLA-restricted human
immunity.

Models to Study Human Islet Function and
Allo- and Autoimmunity

NSG Normoglycemic Mice

One simple model to study the function of hu-
man islets in the absence of potential effects of
glucose toxicity encountered following trans-
plantation of human islets into hyperglycemic
mice involves the transplantation of human is-
lets into normoglycemic NSG mice. We have
observed that we can evaluate human islet func-
tion by their ability to secrete human insulin
and C-peptide following glucose administra-
tion (unpublished observations).

The NSG model system will allow the anal-
yses of development and function of repro-
grammed, ES (embryonic stem) and induced
pluripotent stem (iPS) -derived b cells in a nor-
moglycemic environment. It should also be
noted that euglycemia in a mouse is �120–
160 mg/dL, whereas the “set point” in humans
is �80–100 mg/dL, essentially exposing the
human b cells to chronic low hyperglycemic
stimulation even in a “normoglycemic” mouse
host. Despite this, there are numerous advan-
tages for the use of this model system. These
include (1) normoglycemic NSG mice are read-
ily available in essentially unlimited numbers,
(2) transplanted cells are not exposed to high
levels of glucose, avoiding the potential con-
founding effects of glucose toxicity, (3) fewer

cells are required for functional analyses than
are required for regulation of hyperglycemia in
diabetic recipients, and (4) this model has been
shown to successfully support the engraftment
of mouse and human islets. Finally, (5) we have
published a “gold standard” protocol for how to
establish human immune systems in these im-
munodeficient mice (Pearson et al. 2008a), per-
mitting investigation of the function of human
islets or b cells in the presence of alloreactive
and, in the future, autoreactive immune sys-
tems. The disadvantages of this model include
the inability to determine if the engrafted islets
or b cells can function properly with respect to
their ability to regulate hyperglycemia in vivo.

Chemically Induced Hyperglycemic
NSG Mice

NSG mice have been induced to become hy-
perglycemic by the injection of streptozotocin
(STZ) (King et al. 2008; Pearson et al. 2008b).
Transplantation of human or mouse islets, or
dissociated mouse islet insulin-positive cells
can restore normoglycemia. These mice can
also be engrafted with functional human im-
mune systems following injection of human pe-
ripheral blood mononuclear cells (PBMC, the
Hu-PBL-SCID model) (King et al. 2009; Pino
et al. 2009) or human HSC (the Hu-SRC-SCID
model) (Shultz et al. 2005; Giassi et al. 2008;
Jaiswal et al. 2009; Brehm et al. 2010a). Data
validating the ability of the NSG mouse mod-
el to serve as recipients of human islets and
human immune systems has been published
(Shultz et al. 2007). Advantages for the use of
this model system include (1) readily available
NSG mice in essentially unlimited numbers,
(2) the ability to induce hyperglycemia at will,
(3) human and mouse islets and dissociated
mouse islet cells (single-cell suspensions of in-
sulin-positive cells) can restore normoglycemia,
and (4) the NSG mice can be engrafted with a
functional human immune system. The disad-
vantages of this model are the inconsistent in-
duction of hyperglycemia in STZ-treated mice,
the potential for “reversion” of the hyperglyce-
mia by recovery of the endogenous mouse islets,
and toxicity of STZ.

Animal Models of Human Type 1 Diabetes

Cite this article as Cold Spring Harb Perspect Med 2012;2:a007757 5

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



Monogenetic Models of Hyperglycemia

The use of chemical toxins for the induction of
hyperglycemia has a number of drawbacks as
described above. To address this, a number of
monogenic mouse models of hyperglycemia
have been described. These include, among oth-
ers, the Ins2Akita (Akita), the Eif2ak3 (PERK)
knockout, the Fxn (frataxin) and Tfam condi-
tional knockouts, and the Ncb5or (NCB5OR
knockout) strains (Table 2). Our laboratory
has focused on the use of the Ins2Akita model
of spontaneous diabetes as a foundation strain

for the generation of a monogenic model of ge-
netically induced spontaneous hyperglycemia.

NOD-Rag1null Prf1null Ins2Akita Mouse Model

The dominant mutation in the murine insulin 2
gene, termed Ins2Akita, results in spontaneous
nonimmune mediated hyperglycemia (Yoshi-
oka et al. 1997; Mathews et al. 2002). This
spontaneously arising mutation replaces a cys-
teine at position 96 with tyrosine, and disrupts a
disulfide linkage required for proper folding of

Table 2. Monogenic mouse models of insulin-dependent diabetes

Mouse model

Gene

symbol Phenotype Human disease References

AKITA
Spontaneous
mutation in insulin-2
gene

Ins2Akita Spontaneous insulin-
dependent diabetes

Permanent
neonatal/
infancy-onset
diabetes mellitus
(PNDM)

Yoshioka et al. 1997;
Wang et al. 1999;
Colombo et al.
2008

PERK
Phosphorylation of
eukaryotic translation
initiation factor 2 a

kinase 3 knockout

Eif2ak3 PERK knockout mice
show progressive loss
of ab cells as well as
loss in pancreatic
acinar cell viability

Walcott-Rallison
syndrome

Shi et al. 1998;
Harding et al.
1999; Zhang et al.
2002; Cavener
et al. 2010; Julier
and Nicolino 2010

FRATAXIN
Nuclear-encoded
protein localized at
the mitochondrial
matrix conditional
knockout

Fxn Conditional disruption
in b cells results in
diabetes owing to
loss of b-cell mass

Freidrich’s ataxia Cossee et al. 2000;
Ristow et al. 2000,
2003; Pandolfo
2003; Gucev et al.
2009

TFAM
Mitochondrial
transcription factor A
Nuclear-encoded
mitochondrial protein
Conditional knockout
NCB50r

Tfam Conditional disruption
in b cells results in
impaired insulin
secretion and
hyperglycemia by 5
wk of age

Mitochondrial
diabetes

Larsson et al. 1998;
Silva et al. 2000;
Maassen et al.
2002; Falkenberg
et al. 2007

NCB5OR
Cytochrome B5
reductase 4
Soluble flavoheme
NAD(P)H reductase
localized in the ER
protects b cells from
oxidative stress

Cyb5r4
Old
symbol
(Ncb5or)

Cyb5r4 knockout mice
develop severe
hyperglycemia by 7
wk of age
accompanied by
hepatic lipid
metabolic
abnormalities

No reported
association with
diabetes in
humans

Andersen et al. 2004;
Xie et al. 2004; Xu
et al. 2011

Abbreviation: ER, endoplasmic reticulum.

M.A. Brehm et al.

6 Cite this article as Cold Spring Harb Perspect Med 2012;2:a007757

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



insulin. Improper folding of the nascent insulin
2 molecule, induction of the unfolded protein
response, and finally apoptosis of b cells leads
to diabetes and permanent hyperglycemia (Ron
2002; Izumi et al. 2003). We generated a strain of
immunodeficient spontaneously hyperglyce-
mic mice, the NOD-Rag1null Prf1null Ins2Akita

strain. The NOD-Rag1null Prf1null Ins2Akita strain
was based on the previously described NOD-
Rag1null Prf1null strain that was shown to accept
human islet transplants and allowed for allograft
rejection following engraftment with human
PBMC (Banuelos et al. 2004). NOD-Rag1null

Prf1null Ins2Akita mice develop spontaneous
hyperglycemia, similar to Ins2Akita-harboring
strains of immunocompetent mice (Pearson
et al. 2008b). There was no mononuclear cell
infiltration into the islets that had spontaneous-
ly lostb cells, and human islets transplanted into
diabetic NOD-Rag1null Prf1null Ins2Akita mice re-
sulted in a return to euglycemia.

Immunodeficient NOD mice harboring the
Ins2Akita mutation are an appealing host for hu-
man islet transplants and for humanb stem and
progenitor cells when concerns about drug-in-
duced hyperglycemia are encountered. Advan-
tages of this model are (1) spontaneous devel-
opment of hyperglycemia in the absence of
administration of toxic drugs, (2) consistent
and severe hyperglycemia, (3) no “reversion”
of the hyperglycemia by recovery of the endog-
enous mouse islets, and (4) no need for admin-
istration of exogenous insulin to prevent the de-
velopment of metabolic decompensation and
death. Disadvantages of this model include the
inability of NOD-Rag1null Prf1null Ins2þ/Akita

mice to support consistent levels of human
PBMC or HSC engraftment and the inability
of HSC engraftment to generate a fully func-
tional human immune system, including T cells
(Shultz et al. 2003; Banuelos et al. 2004; Mina-
miguchi et al. 2005).

NOD-Rag1null IL-2rgnull Ins2Akita

Mouse Model

The NOD-Rag1null IL-2rgnull Ins2Akita (NRG-
Akita) mouse model of spontaneous hypergly-
cemia has recently been described (Brehm et al.

2010a), and these mice become hyperglycemic
with the same kinetics as do NOD-Rag1null

Prf1null Ins2Akita mice (Pearson et al. 2008b).
Furthermore, human islets can also restore nor-
moglycemia in diabetic NRG-Akita mice. A ma-
jor advantage of these mice is that they can be
engrafted with a fully functional human im-
mune system (Brehm et al. 2010b) that can reject
transplanted allogeneic human islets (Brehm
et al. 2010a). This model has all the advantages
of the NOD-Rag1null Prf1null Ins2Akita model
plus the ability to support engraftment with
functional human immune systems so that al-
loimmunity and autoimmunity can be studied
in these mice.

New Models of Hyperglycemia under
Development

NOD-Scid IL-2rgnull Tg(Ins-rtTA)
Tg(TET-DTA) Strain of Mice

This mouse model developed by Drs. Nir, Dor,
and Melton expresses diphtheria toxin A
(DTA) in b cells following addition of doxycy-
cline to the drinking water (Nir et al. 2007).
Expression of a single DTA molecule is toxic to
mouse b cells, and the mice have been shown
to remain hyperglycemic throughout the peri-
od of doxycycline administration. Following
removal of doxycycline, the b cells proliferate
and restore normoglycemia (Nir et al. 2007).
The generation of these mice by speed con-
genic backcrossing of the Ins-rtTA and TET-
DTA transgenes to the NSG strain is currently
under way.

NOD-Scid IL-2rgnull Tg(RIP-HuDTR)
Strain of Mice

The Tg(RIP-HuDTR) model system developed
by Dr. Herrera (Thorel et al. 2010) is currently
being backcrossed onto the NSG strain. Both
X-linked and autosomal versions of the model
are under development. In the X-linked model
system, administration of diphtheria toxin to
hemizygous female mice will lead to a loss of
50% of b cells, whereas administration of diph-
theria toxin to the autosomal model will result
in up to 99% elimination of the b-cell mass

Animal Models of Human Type 1 Diabetes
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(Thorel et al. 2010). These models will permit
timing of the induction of hyperglycemia to be
precisely controlled.

Use of Immunodeficient Mice for the In Vivo
Study of Human b-Cell Proliferation

It is well known that mouse b cells can be in-
duced to proliferation in the presence of hyper-
glycemia (Schuit and Drucker 2008), but it is
unknown whether human b cells will also ex-
perience proliferation under similar stimula-
tion. Based on the ability of immunodeficient
mice to accept human islet grafts, two groups
have recently used these model systems to study
the ability of hyperglycemia to induce human
b-cell proliferation in vivo. In one study, human
islets were transplanted into STZ-diabetic NOD-
scid mice, and the mice were injected with BrdU
(Levitt et al. 2011). In the second study, human
islets were transplanted into diabetic NRG-Aki-
ta mice (DiIorio et al. 2011). In both studies,
human b cells were observed to increase their
proliferation rates in a hyperglycemic environ-
ment, but the rate of proliferation was much
lower than that observed in mouse islets sub-
jected to similar hyperglycemic conditions
(Schuit and Drucker 2008). These model sys-
tems can now be used for the study of human
b-cell responses to experimental drugs and to
human immune and autoimmune systems.

Models for the Study of Human T1D

Hu-PBL-SCID Model

One approach for the study of human T1D in
immunodeficient mice is the use of the Hu-
PBL-SCID model. This model has historically
been used to study multiple types of autoim-
munity (Tighe et al. 1990; Martin et al. 1992;
Davis et al. 2002), including T1D (Petersen
et al. 1993). Although the autoantibodies to islet
components were detected following PBL trans-
fer from individuals with T1D, no infiltration
or b-cell destruction was observed (Petersen
et al. 1993). More recently, the development of
human T-cell clones with specificities for islet
autoantigens has permitted the study of adop-

tive transfer of diabetes into NOD-scid mice.
In these studies, infiltration, but not islet cell
destruction was detected (van Halteren et al.
2005). The availability of newer strains of im-
munodeficient mice based on the IL2rgnull mu-
tation and transgenic expression of human HLA
molecules has provided models that now appear
to permit the direct study of human autoreac-
tive T cells in vivo. A recent manuscript has used
NSG-HLA-A2 mice as recipients of HLA-A2
PBMC from T1D and non-T1D donors, and
reported that in the Hu-PBL-SCID model sys-
tem, peripheral blood lymphocytes from T1D
patients preferentially infiltrated the islets of
NSG-HLA-A2 recipients (Whitfield-Larry et al.
2011). Using splenocytes from T1D donors ob-
tained through the nPOD program supported
by JDRF, we have obtained similar results in that
splenocytes from HLA-A2 T1D donors prefer-
entially induce insulitis in NSG-HLA-A2 recip-
ients (unpublished observations).

Hu-SRC-SCID Model

Although the Hu-PBL-SCID model enables
in vivo analyses of functional mature human
T cells, other cell lineages fail to engraft effi-
ciently following injection of PBMC (Shultz
et al. 2007). In rodent models of T1D, other
immune cell lineages, including macrophages,
NK cells, NKT cells, dendritic cells, and B cells
have been implicated in the pathogenesis of
T1D (Von and Nepom 2009). These additional
human cell lineages can be generated in immu-
nodeficient mice by engraftment of HSC. How-
ever, to engraft HSC from a donor with a genetic
susceptibility for T1D requires the recovery of
HSC from T1D donors via bone marrow biop-
sies or mobilization of HSC into the peripheral
blood following G-CSF treatment. Alternative-
ly, in the virus research community, TCRs from
virus-specific human T-cell clones have been
generated and lentivirus constructs containing
these TCRs have been used to transduce human
HSC that are subsequently transplanted into
immunodeficient mice. For example, HIV-spe-
cific TCR constructs were used to transduce
HSC (“retrogenic” approach), and these en-
grafted HSCs generated mature HLA-restricted
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cytotoxic CD8 T cells expressing this “transgen-
ic” TCR (Kitchen et al. 2009). A large number of
human islet autoantigenic epitopes have been
identified (Di Lorenzo et al. 2007). In addition,
autoreactive T-cell clones are now becoming
available. These tools now permit the TCR “ret-
rogenic” approach used successfully for the
study of HIV to be applied to the study of T1D.

iPS Cells for the Study of Human T1D

Recent breakthroughs in the ability to “repro-
gram” cells into pluripotent stem cells that can
be used via directed differentiation to generate
all cell lineages have been reported (Cohen and
Melton 2011). Various groups are now generat-
ing iPS cells derived from T1D donors, and are
pursing the directed differentiation of these
cells into b cells, HSC, and thymic epithelium.
If successful, this approach would permit T1D
genetically susceptible HSC to be educated on
autologous thymic epithelium with autologous
b cells as targets of the autoimmune response.
In rodent models, it is well known that HSC can
transfer diabetes to adoptive recipients (Greiner
et al. 2001; Von and Nepom 2009), and isolated
case reports have suggested this is also true for
humans (Lampeter et al. 1998, 1993; Mellouli
et al. 2009). This system would allow the analysis
of the relative importance of different diabetic
genotypes, risk loci, and environmental stimuli
on the etiology of T1D, and may thus identify
novel points for therapeutic intervention.

CONCLUDING REMARKS

Despite many decades of studying rodent mod-
els of T1D, we have yet to translate therapies
that prevent or cure T1D in rodents to the suc-
cessful prevention or cure of T1D in humans.
This is in part owing to the fact that rodent and
human immune systems, as well as their islets,
differ significantly in terms of cell composition,
function, and gene expression. These differ-
ences form the basis for our need to understand
interactions of human autoimmune systems
with human b cells to allow successful transla-
tion of emerging findings from rodent biology
to humans. The use of novel immunodeficient

mouse models engrafted with functional hu-
man immune systems and islets is now provid-
ing the tools to investigate specific mechanisms
by which alloimmune and diabetogenic human
immune cells attack human b cells and how b

cells respond to immune attack. Findings from
this approach can guide the development of
novel strategies to prevent and cure T1D. This
information, because is it based on human cells,
tissues, and immune systems, has the potential
to translate directly into information that will
identify targets for therapeutic intervention,
guide clinical trials, and ultimately transform
our understanding of human T1D.
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