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The dysregulation of receptor tyrosine kinases (RTKs) in multiple
cell types during chronic inflammation is indicative of their
pathogenic role in autoimmune diseases. Among the many RTKs,
vascular endothelial growth factor receptor (VEGFR) stands out
for its multiple effects on immunity, vascularization, and cell
migration. Herein, we examined whether VEGFR participated in
the pathogenesis of type 1 diabetes (T1D) in nonobese diabetic
(NOD) mice. We found that RTK inhibitors (RTKIs) and VEGF or
VEGFR-2 antibodies reversed diabetes when administered at the
onset of hyperglycemia. Increased VEGF expression promoted
islet vascular remodeling in NOD mice, and inhibition of VEGFR
activity with RTKIs abrogated the increase in islet vascularity,
impairing T-cell migration into the islet and improving glucose
control. Metabolic studies confirmed that RTKIs worked by
preserving islet function, as treated mice had improved glucose
tolerance without affecting insulin sensitivity. Finally, examina-
tion of human pancreata from patients with T1D revealed that
VEGFR-2 was confined to the islet vascularity, which was
increased in inflamed islets. Collectively, this work reveals
a previously unappreciated role for VEGFR-2 signaling in the
pathogenesis of T1D by controlling T-cell accessibility to the
pancreatic islets and highlights a novel application of VEGFR-2
antagonists for the therapeutic treatment of T1D. Diabetes
62:2870–2878, 2013

I
n type 1 diabetes (T1D), genetic and environmental
risk factors lead to immune dysregulation, provoking
an autoimmune response directed toward insulin-
producing b-cells of the islets of Langerhans. Pre-

vious investigations have estimated that b-cells or islets in
nonobese diabetic (NOD) mice and humans are diminished
to 10–30% of their initial mass (1,2), and the residual islets are
largely dysfunctional when hyperglycemia is first detected
(1,2). However, low levels of C-peptide can be detected in
T1D patients as far out as 1–2 years postdiagnosis, indicating

a window of opportunity for therapies that can restore or
preserve islet mass and function (3).

Multitarget receptor tyrosine kinase inhibitors (RTKIs),
such as sunitinib, were originally designed to target ma-
lignant tumors that express dysregulated tyrosine kinases,
including platelet-derived growth factor (PDGF)-R, c-FMS,
or c-Kit. However, these inhibitors also target vascular
endothelial growth factor (VEGF) receptors (VEGFRs),
which are elevated in the parenchyma and tissue vascu-
lature in many tumor microenvironments and during
chronic inflammation. VEGF regulates vasculogenesis and
angiogenesis largely through activation of VEGFR-2 (4). In
addition to stimulating endothelial cell mitogenesis and cell
migration, VEGF also has effects on a limited number of other
cell types, including stimulation of monocyte/macrophage mi-
gration. Studies of transgenic mice lacking VEGFR-1 (5) or
that express VEGFR-1 with a “dead” kinase domain (6)
reveal that VEGFR-1 functions as a negative regulator of
vasculogenesis and angiogenesis. Similarly, VEGFR-2 de-
ficiency is embryonically lethal in mice but is attributed to
a nonfunctional and underdeveloped vascular system (7).
The phenotypes of VEGFR-1 and VEGFR-2–null mice in-
dicate that, although VEGF-A has limited function through
VEGFR-1, the vascular remodeling functions of VEGF-A
are largely mediated through the activation of VEGFR-2.

Tyrosine kinase inhibitors (TKIs) have shown efficacy in
mouse models of muscular dystrophy (8), multiple sclerosis
(9), rheumatoid arthritis (10–12), and psoriasis (13). TKI can
prevent and reverse diabetes in NOD mice (14–16). Imati-
nib, which predominantly targets c-abl and PDGF, reversed
diabetes in NOD mice (14), but other RTKIs with distinct
inhibitory profiles (e.g., sunitinib) were even more effective,
suggesting that the precise constellations of TK targets were
critical for maximum efficacy. In this regard, the VEGF-A/
VEGFR-2 pathway, a key target of sunitinib, stands out as
a key kinase regulating the pathogenesis of several of these
inflammatory disorders (17–19). Intriguingly, VEGF serum
levels are elevated in T1D patients compared with healthy
controls and positively correlate with increased HbA1c
levels (20).

In this study, we determined whether VEGFR-2 might be
involved in the pathogenesis of T1D and tested the thera-
peutic efficacy of VEGFR-2 inhibition in the NOD mouse
model of T1D. We report that inhibition of VEGFR-2 by
RTKIs or blocking antibodies rapidly reversed diabetes and
maintains euglycemia with continued drug administration.
Reversal of diabetes was attributed to an abrogation of
vascular remodeling in the pancreatic islets, which impairs
T-cell trafficking and the severity of insulitis, ultimately
improving glucose tolerance. Histological analysis of human
and mouse pancreata revealed a positive correlation be-
tween the severity of insulitis and islet vascularity, impli-
cating inflammation as a major driving force in the vascular
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remodeling observed in the islets. Collectively, our findings
suggest that VEGF/VEGFR-2 signaling serves a critical gate-
keeper function by controlling essential remodeling of the
vasculature that is necessary for T cells to gain access to
tissues.

RESEARCH DESIGN AND METHODS

Animals. Female NOD mice were purchased from Taconic. NOD.GREAT mice
were derived in our laboratory (21). All mice were housed in a pathogen-free
facility at the University of California, San Francisco. All animal experiments
were approved by the Institutional Animal Care and Use Committee of the
University of California, San Francisco.
Compounds and treatments. Sunitinib (22), SU-9518 (23), and PF-337210 (24),
provided by Pfizer, were resuspended in methylcellulose (MC) at 10 mg/mL.
Inhibitory profiles and structure data are provided in Supplementary Tables 1
and 2. Female NOD mice with new-onset diabetes were treated with RTKI or MC
only immediately on the day blood glucose levels were.250 but not.400 mg/dL.
In some experiments, treatment was initiated 3 weeks after the onset of hy-
perglycemia (long-term diabetic mice). Diabetes reversal is defined as decline
in mice of blood glucose levels to ,250 mg/dL. NOD mice with new-onset
diabetes were treated intraperitoneally three times per week for 3 weeks with
800 mg of DC101 (anti–VEGFR-2 antibody; BioXCell). Diabetic NOD mice were
also treated with weekly intraperitoneal injection of 1 mg anti–PDGF-BB, anti–
PDGF-DD mAb (provided by Pfizer), anti-PDGFRb (eBioscience), or an isotype-
matched, monoclonal rat IgG1 antibody. At the end of the dosing period, mice
were killed and pancreases were dissected. Half the pancreas was embedded
in optimum cutting temperature (OCT) compound and snap-frozen in liquid
nitrogen; the remaining half was fixed in formalin and then embedded in
paraffin for subsequent histological analysis.
Assessment of diabetes and insulitis. Blood glucose levels were measured
with a LifeScan glucose meter (OneTouch Ultra). Severity of insulitis was
performed as previously described (25) on hematoxylin and eosin–stained
sections separated by a 100-mm distance.
Flow cytometry analysis. Single-cell suspensions were prepared from the
lymph nodes and purified islets using standard procedures, followed by Fc
receptor blocking with anti-CD16/32 (clone 2.4G2) prior to staining. Single-cell
suspensions were stained with antibodies against the following cell surface
antigens: CD4 and Thy1.2 or Thy1.1 (Biolegend); CD62L, CD8, CD11c, CD11b,
CD25, CD44, and CD69 (BD Biosciences); and DAPI (Invitrogen Life Tech-
nologies) to assess cell viability. Analysis was performed on live cells (DAPI2)
on a BD LSRII flow cytometer with FACSDiva software (BD Pharmingen).
Postacquisition analysis was performed with Flowjo software version 9.1.
Histological staining of pancreatic tissue. Frozen sections of human and
mouse pancreas were analyzed using standard immunofluorescence staining
procedures. The following antibodies were used: guinea pig anti-insulin
(DAKO), goat anti-human or mouse VEGFR-2 (R&D Systems), mouse anti-
human CD31 and CD45 (Biolegend), and rat anti-mouse CD31 and CD45
(Southern Biotech). Sections were subsequently washed and incubated with
the species-appropriate, Alexa-conjugated secondary antibodies (Invitrogen).
Sections were stained with DAPI for 5 min to stain nuclei and mounted with
FluorSave reagent (Calbiochem).
Metabolic studies. Intraperitoneal insulin (IPITT) and glucose tolerance testing
(IPGTT) was performed on prediabetic NOD mice as described previously (26).
In brief, NOD mice were treated with MC or PF-337210 (5–10 mg/kg) by gavage
for 3 weeks, and IPITT or IPGTT were performed weekly. For IPITT, mice were
intraperitoneally injected with regular human insulin (Novolin R) at 1.0 unit/kg
after a 10-h fast. For IPGTT, mice were intraperitoneally injected with sterile
30% glucose solution (Sigma-Aldrich) at 1.5 g/kg after a 17-h fast. Blood glucose
levels were sampled at the indicated time points after insulin or glucose ad-
ministration. Insulin was measured by insulin ELISA (Exocell).
Statistical analysis. Statistical analyses were performed using GraphPad
Prism version 5.01 or Microsoft Office Excel 2007. Statistical comparisons
between two groups were performed using an unpaired two-tailed Student
t test or a nonparametric Mann-Whitney test. Comparisons between multiples
groups were performed by one-way or two-way ANOVA, followed by a post
hoc Bonferroni test to determine significance of differences between two
groups. Values of P # 0.05 were considered significant.

RESULTS

Inhibition of VEGFR-2 reverses T1D in NOD mice. To
delineate the specific contributions of PDGFR and VEGFR
activity in the reversal of diabetes after RTKI treatment
(14), we treated diabetic NOD mice at the onset of diabetes
with oral doses of SU-9518 (40 mg/kg) and PF-337210

(10 mg/kg), RTKIs with varying affinity for VEGFRs (Supple-
mentary Table 1). SU-9518, a strong PDGFR inhibitor with
weak affinity for VEGFR-2, was ineffective at reversing
hyperglycemia (Fig. 1A), suggesting a lack of efficacy in
compounds that ineffectively block VEGFR activity. How-
ever, daily dosing of diabetic mice with the potent VEGFR
inhibitor PF-337210 (5 mg/kg) reversed diabetes and reduced
blood glucose levels in all mice by the first week of treatment
(Fig. 1A and B). Despite 10 weeks of continuous dosing, all
mice became diabetic within 3–5 weeks after drug adminis-
tration was discontinued (Fig. 1C). All RTKI-mediated re-
versal of diabetes was dependent on viable islet mass, as we
found no drug efficacy when treating mice that had no or very
few remaining islets by dosing with streptozotocin or using
long-standing diabetic mice (Supplementary Fig. 1A and B).

We tested whether an anti–VEGFR-2 blocking antibody,
DC101, could also reverse diabetes (27–29). DC101 effi-
ciently reversed diabetes in all mice treated for 3 weeks
(Fig. 1D and E). Moreover, indirect blockade of VEGFR-2
activity through the use of a neutralizing anti–VEGF-A
antibody (clone r84) (30) reversed diabetes in 70% of mice
(Supplementary Fig. 1C). However, treatment of diabetic
NODmice with blocking antibodies against PDGFRb-specific
ligands (PDGF-BB and PDGF-DD) or PDGFRb did not re-
verse diabetes (Fig. 1F). Although these data are in con-
trast with those made previously that soluble PDGFRb
receptor can reverse disease (14), this antagonist can also
block elements of the VEGF pathway (31). Taken to-
gether, these data suggest that VEGFR-2 is a central tar-
get in the RTKI-mediated reversal of diabetes and reveal
a previously unappreciated role for VEGFR-2 signaling in
the pathogenesis of T1D.
VEGFR-2 expression in islets is confined to the
vasculature of NOD mice with new-onset diabetes. We
next examined which cell types in the pancreas expressed
VEGFR-2 to identify the key cellular target of RTKIs. Using
immunofluorescence staining for CD45, a pan leukocyte
marker, and VEGFR-2, we found that leukocytes did not
express VEGFR-2 (Supplementary Fig. 2A). Flow cyto-
metric analysis of CD11b+, CD8+, and naive or activated
CD4+ immune cells isolated from the axillary or pancreatic
lymph nodes of new-onset diabetic NOD mice confirmed
our histological findings (Supplementary Fig. 2B). We also
found that insulin-producing b-cells or CK19+ duct cells do
not express VEGFR-2 (Supplementary Fig. 3). However,
examination of the islet vasculature using coimmuno-
fluorescence for CD31 (Fig. 2A and Supplementary Fig. 3E
and F) and VEGFR-2 (Fig. 2B and Supplementary Fig. 3C
and D) showed that CD31+ vessels distributed within the
islets express significant levels of VEGFR-2 (overlay, Fig.
2C and Supplementary Fig. 3G and H). Quantitative PCR
revealed that VEGFR-2 levels were not differentially reg-
ulated across the conditions we tested (Fig. 2D). Together,
these results suggested that RTKI-mediated reversal of
diabetes likely was not due to a direct effect on leukocytes
or insulin-producing b-cells but, rather, occurred through
a direct action on endothelial cells.

Next, we tested the hypothesis that receptor activity
may be controlled by regulated expression of VEGF-A in
the islets of new-onset diabetic NOD mice by immuno-
histochemistry and found increased VEGF-A expression in
the islets (Fig. 2E). Similarly, we found increased VEGF-A
staining in islets of prediabetic mice (Fig. 2F), whereas
a low immune reactivity for VEGF-A was detected in
b-cells of islets from NOD-RagKO mice that are devoid of
inflammation (Fig. 2G). Western analysis of whole-islet
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homogenates substantiated these histological observations
(Fig. 2H), suggesting that increased expression of VEGF-A
is linked to inflammation rather than a secondary response
to hyperglycemia.

We performed coimmunofluorescence for VEGF-A, im-
mune cell markers, and insulin to determine the identity of
the VEGF-A–expressing cells in the inflamed pancreas. We
found that insulin+ b-cells expressed detectable levels of
VEGF-A (Fig. 2I–K, red arrows) as well as multiple im-
mune cell subsets, including CD4+ (Fig. 2Iii, white
arrows), CD8+ (Fig. 2Jii, white arrows), and CD11c+ (Fig.
2Kii, white arrows) cells. Collectively, these results in-
dicate that VEGFR activity in endothelial cells is regulated
by a multicellular source of VEGF that is increased in
inflamed islets and highlight a role for VEGF-A–expressing
cell and islet endothelium interactions in the pathogenesis
of T1D.
RTKIs prevent increases in islet vascular density
associated with insulitis. We next tested the hypothe-
sis that the elevated expression of VEGF-A induces islet
vascular remodeling, subsequently enhancing leukocyte
migration and insulitis. Immunofluorescent staining of
purified islets from NOD mice with new-onset diabetes
revealed a more extensive and branched vascular network
with an increased number of dilated vessels, compared
with islets isolated at an age (4 weeks) preceding invasive
insulitis (Fig. 3A and B). Islets of 18-week-old NOD mice

were stained with anti-CD31 and anti-Thy1.2 antibodies to
visualize the islet endothelium and infiltrating T cells, re-
spectively. Linear regression analysis revealed a positive
correlation between the CD31+ and Thy1.2+ islet area, in-
dicating that increases in islet vascular area were partly
attributed to increased insulitis (Fig. 3C). Moreover, the
CD31+ islet area was increased threefold in islets isolated
from 18-week-old NOD mice compared with islets iso-
lated at 4 weeks of age (Fig. 3D). Treatment of NOD mice
with new-onset diabetes with PF-337210 significantly de-
creased islet vascular density compared with control mice
(Fig. 3E).
RTKI-mediated inhibition of VEGFR signaling impairs
T-cell trafficking. We next examined the effects of
VEGFR inhibition on T-cell migration. To minimize vari-
ability in the absolute number and frequency of T cells
isolated from purified islets of prediabetic NOD mice
treated with PF-337210 (data not shown), we took advan-
tage of an islet antigen–specific T-cell transgenic model
(BDC2.5 T cells congenically marked with Thy1.1+) to
synchronize the migration and tracking of T cells into the
islet in an in vivo migration assay (32). A 2-week pre-
treatment of NOD-RagKO mice with PF-337210 resulted in
a significant reduction in the proportion of islets infiltrated
with Thy1.1+ T cells 48 h after transfer (Fig. 4A). The
enumeration of Thy1.1+ T cells by immunofluorescence
revealed that T cells in islets were reduced by twofold in

FIG. 1. Inhibition of VEGFR-2 reverses diabetes at onset. A and B: NOD mice with new-onset diabetes (blood glucose levels ranging between 250
and 400 mg/dL) were treated daily (Monday–Friday) with SU-9518 (40 mg/kg), PF-337210 (PF; 10 mg/kg), or MC. C: Diabetic mice were treated
with PF (5 mg/kg, n = 5) or MC (n = 10) for 10 weeks (Monday–Friday). D and E: Diabetic mice were treated with monoclonal antibodies specific
for VEGFR-2 or a rat IgG1 isotype control (800 mg/mouse). F: Diabetic mice were treated with antibodies against PDGFRb ligands (PDGF-BB or
PDGF-DD) or PDGFRb (1 mg/mouse). Five to ten mice were treated per group.
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PF-337210–treated animals compared with control-treated
mice (Fig. 4B–D, red). The impaired T-cell migration was
associated with a reduced vascularity in NOD-RagKO mice
that received activated BDC2.5 T cells and were treated
with PF-337210 (Fig. 4E).

The impairment in T-cell trafficking was not restricted to
islets, as we noted reduced spleen mass, total splenocyte
counts, and numbers of transferred Thy1.1+ T cells in the
spleen (Supplementary Fig. 4A–C). However, the number
of PBMCs or Thy1.1+ T cells in the blood was not affected
by PF-337210 administration (Supplementary Fig. 4D and
E), suggesting that VEGFR inhibition did not lead to T-cell
toxicity or altered proliferation that could account for the
reduced number of transferred BDC2.5 T cells in the tis-
sues of PF-337210–treated mice. The expression of T-cell
activation markers on transferred T cells in the blood and
spleen was not affected by PF-337210 (Supplementary

Fig. 5). Taken together, these data are consistent with our
observations that leukocytes in NOD mice express in-
significant levels of VEGFR-2 and confirm that PF-337210
does not directly affect T cells.
VEGFR-2 inhibition reduces insulitis and preserves
islet function. We next examined whether RTKI or the
anti-VEGFR antibody (DC101) led to reduced insulitis and
improved islet function in NOD mice. Examination of islet
infiltration after drug administration showed that the per-
centage of severely infiltrated islets (score = 3) in diabetic
mice treated for 3 weeks with RTKI or DC101 was signif-
icantly reduced compared with vehicle-treated (MC) mice
(Fig. 5A–E). Furthermore, the decrease in severely infil-
trated islets was accompanied by an increased proportion
of immunologically spared islets (score = 0) and islets with
noninvasive insulitis (score = 1). Similar to the transfer
setting, inhibition of VEGFR-2 with PF-337210 had no effect

FIG. 2. Insulitis promotes overexpression of VEGF-A. Immunofluorescence staining of CD31 (A, red), VEGFR-2 (B, green), and overlay (C).
D: Quantification of VEGFR-2 transcripts from islet RNA at different stages of diabetes progression (n = 5 per group). NO-Db, new-onset diabetic;
Pre-Db, prediabetic; RagKO, NOD RAG-deficient mice. Immunohistochemistry for VEGF-A performed on pancreatic sections from new-onset (E),
prediabetic NOD (F), or NOD-RagKO female mice (G). H: Western analysis of whole-islet homogenates for VEGF-A from two mice per group.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase. I–K: Representative coimmunofluorescence staining of pancreata from diabetic NODmice for
insulin (white), VEGF-A (green), CD4 (I, red), CD8 (J, red), CD11c (K, red), and DAPI (blue). White arrows highlight examples of CD4

+
, CD8

+
,

and CD11c
+
cells that express VEGF-A. Red arrows indicate b-cells that express VEGF-A. Images i and ii for I–K are the same section with different

signals depicted to highlight the islet area (white, Ii–Ki) and the VEGF-A
+
cells (green, Iii–Jii).
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on the expression of activation markers or interferon-g
(IFN-g) by T cells in the islets (Fig. 5F). The reduced
insulitis improved islet function based on an IPGTT assay
in prediabetic mice, after a 3-week PF-337210 treatment.
The RTKI treatment improved glucose tolerance, suggest-
ing preservation of islet function (Fig. 5G). However, the
improvement of glucose tolerance was not restored to the
levels present in mice at 4 weeks of age, a stage preceding
detrimental islet destruction in NOD mice (Fig. 5H). We
also found that PF-337210 treatment reduced glucose lev-
els of nonfasted diabetic mice (Fig. 5I) and retained pan-
creatic insulin content (Fig. 5J) but did not significantly
alter serum insulin levels relative to vehicle (Fig. 5K).
Measurements of serum insulin after a glucose challenge
showed no difference between fasted mice treated with

PF-337210 or vehicle, indicating that the first- and late-
phase insulin release is not affected by inhibition of
VEGFR (Fig. 5L). Collectively, the results indicate that the
PF-337210–mediated increase in pancreatic insulin content
is not attributed to defects in insulin secretion; they likely
reflect a preservation of islet mass.

We tested whether the rapid effects of the RTKIs were
attributed to augmented insulin sensitivity as seen in db/db
mice or rats fed a high-fat diet treated with anti–VEGF-B
antibodies (33). No difference was found in blood glucose
clearance rates during an IPITT or in the levels of phos-
phorylated AKT, which is activated downstream of the
insulin receptor, after an insulin bolus in PF-337210–treated
mice versus controls (Supplementary Fig. 6A and B). More-
over, the improved glucose tolerance in PF-337210–treated
mice was not attributed to differences in food consumption
(Supplementary Fig. 6C) or weight loss (Supplementary Fig.
6D). These findings suggest that the enhanced glucose
tolerance observed in PF-337210–treated mice is not at-
tributed to improved insulin sensitivity in peripheral tissues.
Instead, the data support our hypothesis that the RTKI-
mediated improvement in glucose tolerance is due to im-
paired T-cell trafficking, which reduces insulitis and leads
to improved islet function and glucose control.
Increase in islet vascularity in T1D patients is
associated with increased insulitis. To gain insight
into the potential translation of our preclinical findings,
we examined the vasculature features of islets from T1D
patients and controls. The islet boundary was first ap-
proximated by insulin and DAPI staining (Fig. 6A, B, E,
and F, white line). Concurrent staining of tissues with
anti-CD31 and anti-CD45 antibodies to allow visualization
of blood vessels and leukocytes, respectively, revealed
that all CD31+ vessels in the islets of both T1D patients
and controls were VEGFR-2+ (Fig. 6C and D). VEGFR-2 ex-
pression was not detected in CD45+ leukocytes in either
normal or T1D patients, similar to what was observed in
the mouse studies (Fig. 6G and H). In addition, we did not
detect expression of VEGFR-2 in b-cells, unlike previous
studies showing VEGFR expression in human islets (34).
The images in Fig. 6I and J (which are from the same
section shown in C and D, respectively) reveal that
VEGFR-2+ cells (white arrows) are not b-cells. Instead
these are the CD31+ cells in Fig. 6C and D (white arrows).
Notably, the quantification of the CD45+ (insulitis, Fig. 6K)
and VEGFR-2+ (vascularity, Fig. 6L) islet areas revealed that
both are increased in T1D patients relative to controls.
Collectively, our results suggest that inflammation and islet
vascular remodeling are linked processes that are associ-
ated with the pathogenesis of T1D in humans.

DISCUSSION

Herein, we demonstrate that VEGFR-2 is a central target in
the RTKI-mediated reversal of diabetes in NOD mice. The
pathogenesis of T1D requires infiltration of immune cells
into the pancreatic islets, and this is dependent upon
VEGF-mediated activation of VEGFR-2 within the islet
endothelium. Inhibition of VEGFR-2 signaling impairs T-cell
migration and reduces insulitis, restoring islet function and
glucose control. Histological studies of human pancreata
indicate that a similar pathogenic process occurs in T1D
patients and suggests that activation of the VEGF/VEGFR-
2 signaling axis is a key molecular event linking vascular
remodeling and insulitis, processes that contribute to loss
of glucose control and onset of hyperglycemia.

FIG. 3. VEGFR inhibition prevents the increases in islet vascularity asso-
ciated with insulitis. Representative micrographs of purified islets from
4-week-old (A) and new-onset (B) NOD females that were subjected to
immunofluorescent staining with anti-CD31 (teal). C: Linear regression
analysis shows a positive correlation between CD31

+
and Thy1.2

+
islet area

in islets isolated from prediabetic mice. The micrograph depicts the cu-
mulative data from 67 purified islets analyzed from five mice. D: The islet
CD31

+
area was increased in purified islets of 18-week-old, prediabetic

mice relative to islets from 4-week-old NOD mice. E: A 5-day dosing period
of mice with new-onset diabetes with PF-337210 (PF; 20 mg/kg) prevented
further increases in islet vascular density. MC, 28 islets analyzed from two
mice; PF-337210 (PF), 45 islets analyzed from three mice.
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VEGFR-2 is a master regulator of angiogenesis and
vascular permeability and contributes to the establishment
of chronic inflammation in various pathological settings
(35–37). We show that VEGFR-2 inhibitors abrogate
increases in islet vascular density and subsequently im-
pede the development of insulitis. Similar observations
have been reported in streptozotocin-induced diabetes
(38) and other inflammatory settings in which inhibition of
VEGFR-2 signaling impairs vascular remodeling and
reduces inflammation (19,28,39,40). In addition to pro-
moting increased vascularity, VEGF-A contributes to
inflammation and leukocyte recruitment by inducing the
expression of adhesion molecules and chemokines by
endothelial cells (19,41–43). Our findings support the
conclusion that reduced insulitis is due to decreased
islet vascularity. However, there is also the possibility
that VEGFR-2 antagonists repress the expression of
molecules that promote leukocyte trafficking/homing to
the islet vasculature. Future studies will require the
characterization of potential molecular changes in acti-
vated islet endothelial cells to fully understand the role
of islet vascular remodeling in the pathogenesis of T1D.

Our results suggest that there may be distinct molecular
and functional properties of islet endothelial cells in
a pathogenic state versus those in homeostasis, rendering
them more sensitive to RTKI treatment. We found that the
islet vascularity showed obvious morphological changes
indicative of pathological angiogenesis, which is induced

by elevated expression of VEGF-A (36). Although Akirav
et al. (44) previously reported that VEGF-A is increased in
the inflamed islets of prediabetic NOD mice, they found that
islet vascularity decreases with the progression of diabetes.
The discrepancies between these studies may reflect a dif-
ference in the assays used to measure islet vascularity.

A pathogenic role for VEGF-A is supported by the ob-
servation that the overexpression of VEGF-A in b-cells led
to increased islet vascularity, inflammation, and disruption
in islet architecture, resulting in impaired glucose ho-
meostasis and insulin secretion during a high-fat diet (45).
However, a complete loss of VEGF signaling in islets is
also detrimental. For instance, b-cell–specific ablation of
VEGF-A resulted in reduced islet vascularity and endo-
thelial cell fenestration, culminating in impaired insulin
secretion and glucose intolerance. However, in the setting
of autoimmune diabetes, this potential impairment in
function is outweighed by the protection offered by pre-
venting diabetogenic leukocytes from entering the islet
and destroying b-cells. Collectively, our data and the al-
tered islet function after perturbations in b-cell–specific
VEGF-A expression indicate that VEGF-A functions in
a narrow physiological range to maintain islet homeostasis
and function.

We propose a model in which reversal of diabetes is de-
lineated in three distinct stages, including 1) acute reversal,
2) maintenance of euglycemia, and 3) long-term remission
of diabetes in the absence of continued drug dosing. The
acute reversal and maintenance of euglycemia of diabetes is
dependent on the inhibition of VEGFR-2. However, the lack
of complete diabetes reversal in mice treated with anti–
VEGF-A antibody indicates that other VEGFRs may also
mediate the islet vascular remodeling. In this regard, in-
hibition of VEGFR-3 was shown to reduce insulitis in NOD
mice (38). Alternatively, it is very likely that small molecule
antagonists, such as the RTKIs used in this study, are able to
penetrate the target tissue more effectively than mAbs such
as r84. We cannot exclude the effect of RTKIs on other
physiological systems that control glucose metabolism (e.g.,
liver or adipose tissue). For instance, RTKI treatment also
enhances insulin-independent glucose metabolism in pe-
ripheral tissues. In this regard, recent studies have shown
that JAK-STAT inhibitors increased peroxisome proliferator–
activated receptor-g (PPAR-g), a critical regulator of fatty
acid storage and glucose metabolism, expression in adipo-
cytes and immune cells (46).

The discrepancy between the lack of reversal of di-
abetes with the PDGFR antagonists used in this study and
the previously reported reversal using a soluble PDGFRb-
Ig fusion protein (14) may be explained by functional dif-
ferences between the reagents used to inhibit PDGFR.
Kietly and colleagues (31) recently demonstrated that
PDGFR is able to functionally bind VEGF ligand, leading to
PDGFR activation. Therefore, it is possible that the acute
reversal of diabetes after soluble PDGFRb-Ig may be at-
tributed to the binding and neutralization of VEGF ligands
in addition to PDGF ligands. The studies using Gleevec
suggest that c-Abl also participates in reversal of hyper-
glycemia and long-term remission, but through a distinct
mechanism that likely involves the inhibition of proapoptotic
pathways in b-cells (15,47) and altered T-cell immunity
(48), leading to islet mass preservation. Similarly, the cur-
rent study suggests that RTKIs function by preserving islet
mass. Although we cannot rule out the possibility of b-cell
regeneration, previous studies have shown that the most
likely effect of drugs on the islets is to reverse the metabolic

FIG. 4. VEGFR inhibition impedes T-cell migration by reducing islet
vascularity. A: The proportion of islets infiltrated by BDC2.5 (Thy1.1

+
)

cells 48 h after transfer in PF-337210 (PF)-treated or control mice. The
micrograph depicts the cumulative data from 60–100 islets per mouse
and 16–18 mice per group. Representative immunofluorescence images
of islets purified fromMC- (B) or PF-treated (C) mice stained for Thy1.1
(red) and CD31 (teal). D: Enumeration of the number of Thy1.1

+
cells

per islet in PF-treated mice versus control (MC) mice. E: Vascularity of
PF-treated or control mice expressed as the percentage of CD31

+
area of

the total islet. PF was administered at a dose of 20 mg/kg.
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stress caused by the immune response, leading to re-
covery of the insulin production by the remaining b-cells
(49,50).

In summary, our findings that VEGFR-specific RTKIs and
blocking anti–VEGFR-2 antibodies reverse diabetes by pre-
serving islet function suggest that therapeutic modalities

aimed at preventing islet vasculature activation may provide
an alternative treatment strategy for T1D.
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