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A	major	stumbling	block	for	research	on	and	treatment	of	type	1	diabetes	is	the	inability	to	directly,	but	non-
invasively,	visualize	the	lymphocytic/inflammatory	lesions	in	the	pancreatic	islets.	One	potential	approach	
to	surmounting	this	impediment	is	to	exploit	MRI	of	magnetic	nanoparticles	(MNP)	to	visualize	changes	in	
the	microvasculature	that	invariably	accompany	inflammation.	MNP-MRI	did	indeed	detect	vascular	leak-
age	in	association	with	insulitis	in	murine	models	of	type	1	diabetes,	permitting	noninvasive	visualization	
of	the	inflammatory	lesions	in	vivo	in	real	time.	We	demonstrate,	in	proof-of-principle	experiments,	that	
this	strategy	allows	one	to	predict,	within	3	days	of	completing	treatment	with	an	anti-CD3	monoclonal	anti-
body,	which	NOD	mice	with	recent-onset	diabetes	are	responding	to	therapy	and	may	eventually	be	cured.	
Importantly,	an	essentially	identical	MNP-MRI	strategy	has	previously	been	used	with	great	success	to	image	
lymph	node	metastases	in	prostate	cancer	patients.	This	success	strongly	argues	for	rapid	translation	of	these	
preclinical	observations	to	prediction	and/or	stratification	of	type	1	diabetes	and	treatment	of	individuals	
with	the	disease;	this	would	provide	a	crucially	needed	early	predictor	of	response	to	therapy.

Introduction
Type 1 diabetes is an autoimmune disease characterized by lym-
phocytic infiltration of the pancreatic islets, culminating in spe-
cific destruction of insulin-producing β cells (1–3). This immuno-
logical process unfolds over a variable number of years, resulting 
in clinically detectable hyperglycemia and, ultimately, diagnosis of 
diabetes. At the present time, the islet infiltrate, termed insulitis, is 
only detectable by biopsy (4), usually at autopsy.

The ability to detect lymphocytic infiltration and associated 
inflammation of the pancreas through noninvasive means would 
most likely have clinical benefits in 2 major areas. The first is diag-
nostic: helping physicians distinguish patients that have an atypi-
cal type 1 rather than type 2 diabetes or identifying individuals with 
preclinical type 1 diabetes as early as possible, ensuring early initia-
tion of therapy and regular follow-up. The second area, of perhaps 
even greater potential, involves following patients who are under-
going interventions to prevent or reverse overt disease. Currently, 
the only accepted endpoint for trials in these areas is the clinical 
diagnosis of diabetes. This makes the trials lengthy and expensive 
— for example, 7 years for the parenteral insulin treatment arm of 
the Diabetes Prevention Trial–Type 1 (5). An accurate method for 
noninvasively following the progression or regression of insulitis 
might permit the early recognition and monitoring of potentially 
beneficial therapies and the discarding of ineffective treatments.

The complex cellular infiltrate associated with autoimmune 
diabetes is accompanied by a range of alterations in the micro-

vasculature, including modification of endothelial cells, vascu-
lar swelling, increased islet blood flow, and edema (6–13). These 
microvascular changes may be amenable to visualization with a 
range of newly described imaging probes and techniques (14). A 
particularly attractive approach is the use of high spatial resolu-
tion MRI combined with magnetic nanoparticles (MNP) in deriv-
ing physiologic (15) and molecular (16) information. One highly 
useful MNP platform has been the application of long-circulating, 
dextran-coated, monocrystalline, superparamagnetic iron oxides 
that exhibit strong magnetic behavior detectable by high-resolu-
tion MRI. The attractiveness of this approach is heightened by our 
recent experiments demonstrating that it can be used to identify 
insulitis in the BDC2.5 TCR Tg mouse model of type 1 diabetes 
(17) coupled with its demonstrated safety and utility in the visual-
ization of small and otherwise undetectable lymph node metasta-
ses in patients with prostate cancer (18).

Our earlier report (17) began with and focused on ex vivo con-
focal microscopic analysis of the accumulation of fluorescently 
labeled nanoparticles in the pancreas, in order to establish some of 
the basic parameters of the approach. It demonstrated that vascu-
lar leakage occurs in association with insulitis in the exaggerated 
BDC2.5 model, that this leakage can be detected as an accumula-
tion of labeled nanoparticles in invading macrophages, and that 
nanoparticle accumulation is well correlated with the aggressivity 
of the islet lesion. Similar though decidedly less striking results 
were obtained using the same ex vivo imaging modality in the more 
complex, and thus probably more relevant, NOD mouse model. In 
a final experiment, we demonstrated the ability to identify infil-
trated BDC2.5 islets in vivo using MNP-MRI. Here we build on 
these preliminary observations to exploit this noninvasive in vivo 
imaging strategy to track pancreatic inflammation during the 
unfolding of autoimmune diabetes in BDC2.5 and then in NOD 
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nanoparticles; ROI, region of interest; VVF, vascular volume fraction.
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mice. Encouraging results from these experiments prompted us 
to apply the technique to 2 clinically relevant issues: predicting 
an individual’s risk of developing autoimmune diabetes and early 
monitoring of the effectiveness of an immunomodulatory therapy 
aimed at reversing diabetes.

Results
Seeing the evolution of pancreatic inflammation during the development 
of cyclophosphamide-induced diabetes. The overarching goal of these 
experiments was to provide proof-of-principle preclinical data 
on mouse models of type 1 diabetes to guide us in safely and 
successfully applying an in vivo MNP-MRI technique to patients 
who have or are at risk of autoimmune diabetes. A logical first 
step was to track the inflammatory signals arising from the pan-
creas during disease unfolding. As it is impossible to predict the 
exact age at which diabetes will spontaneously appear in a given 
NOD mouse, we initially employed the simpler BDC2.5 TCR 
Tg model. BDC2.5/NOD mice carry the rearranged TCR genes 
from a diabetogenic CD4+ T cell clone, isolated from a female 
NOD mouse, that recognizes an islet–β cell antigen presented 
by the MHC class II molecule Ag7 (19–21). These mice have a T 
cell repertoire highly skewed toward β cell reactivity. All animals 
exhibit insulitis abruptly between 2 and 3 weeks of age, but the 
rate and penetrance of diabetes development varies according to 
the genetic background, a phenomenon now known to reflect 
immunoregulation (22). Treatment of BDC2.5/NOD mice with 

cyclophosphamide (CPA) destabilizes the 
immunoregulatory balance and induces auto-
immune diabetes in 100% of animals between 
4 and 10 days after injection (23). Such rapid, 
highly reproducible kinetics allow a detailed 
temporal analysis of inflammatory changes 
occurring within the pancreas during the devel-
opment of autoimmune diabetes.

In order to synchronize development of dia-
betes, 6- to 8-week-old female BDC2.5/NOD 
mice were injected with CPA, and MRI was 
performed at various time points thereafter. 
Routinely, animals were anesthetized and a 
baseline MRI obtained. Without removing 
the mice from the MRI scanner, we injected 
MNP intravenously, and a second image was 
obtained immediately in order to yield vascular 
volume data from the blood-borne nanopar-
ticles. Mice underwent a third scan 24 hours 
later to provide information about microvas-
cular permeability. A region of interest (ROI) 
was drawn around the pancreas (Figure 1), and 
the T2 value of the organ was calculated, with 
the presence of nanoparticles within an organ 
decreasing its T2 value.

Little difference was detected in the pancreatic 
T2 values of control animals and those imaged on 
day 1 or 2 after treatment with CPA (Figure 2A).  
In both cases, the T2 response was as expected 
in the absence of pancreatic inflammation. It 
dropped below the baseline value immediately 
after MNP injection due to the presence of cir-
culating iron oxide within the bloodstream but 
recovered to baseline within 24 hours, reflecting 

an absence of nanoparticle leakage across the intact endothelial 
barrier. In contrast, striking alterations in the pancreatic T2 val-
ues were apparent on days 3 or 4 and 5 or 6 after CPA treatment 
(plotted in Figure 2A; shown in Figure 3). On these days, the values 
before and immediately after MNP injection had increased mark-
edly. This augmentation probably reflects the fact that baseline T2 
is sensitive to alterations in free water, the increase in this instance 
probably signifying edema within the organ. The T2 value on these 
days had substantially dropped by 24 hours after MNP injection, 
indicating that the probe had extravasated from the inflamed pan-
creatic microvasculature. The resulting accumulation of iron oxide 
within the pancreas, most likely within macrophages, altered its 
local magnetic characteristics and thereby decreased its total T2 
value to below that seen on most other days studied, despite the 
effects of increased T2 from edema at these time points.

It was striking how well the MRI observations, made noninvasive-
ly on live animals, reflected the histological changes that accom-
panied CPA-triggered diabetes in the BDC2.5/NOD model (23). 
Little morphological change was detectable on days 1 and 2 after 
injection of CPA (data not shown). On day 6, most of the islets had 
lost their characteristic structure due to massive lymphocytic infil-
tration, and this disintegration was accompanied by edema and 
separation of the surrounding acinar lobules (Figure 3).

We went on to scan mice at 2 time points late after CPA 
treatment, when β cell destruction was complete and the local 
immune response was resolving (Figure 2A). On day 14 or 15, the 

Figure 1
Mapping organ-specific T2 values. Multiple-slice, multiple-echo T2-weighted spin-echo 
sequences were acquired, and ROIs for analysis were defined manually on the pancreas 
or paraspinal muscles. (A) Coronal view of a mouse visualized by MRI. Pancreas and 
paraspinal muscle ROIs are outlined with dotted lines. (B) T2 values for the individual 
tissues outlined in A were calculated by fitting a standard exponential relaxation model 
(Signal intensity = B0.e–(Te/T2); where B0 is initial magnetic field strength [1.5 T], Te is echo 
time, and T2 is T2 relaxation time) to the data within the ROIs. Values shown as blue 
squares were below background and were not included in analysis.
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pancreatic T2 values at baseline and immediately following MNP 
injection were indistinguishable from those of controls, suggest-
ing that the edema had resolved. However, the T2 values at 24 
hours after MNP injection remained below baseline, indicating 
that pancreatic inflammation continued to enhance microvas-
cular leak in these animals. On day 35 or 36 after CPA treatment, 
pancreatic T2 values had completely returned to the control level, 
signifying that at this late stage after islet destruction, microvas-
cular integrity had returned to the normal, noninflamed state. 
Importantly, the inflammatory changes were specific to the pan-
creas, as no alterations in T2 values were observed in other tis-
sues, such as muscle (Figure 2B).

Inflammation can be accompanied by a range of microvascu-
lar changes, including transient vasoconstriction, vasodilatation, 
increased blood flow, and vascular leakage (24). One of the attri-
butes of MNP-MRI is the ability to precisely quantify the relative 
contribution of 2 important microvascular parameters. First, 
this imaging strategy can measure alterations in vascular volume 
fraction (VVF) of the pancreas, caused by acute vasodilation or 
vasoconstriction, by comparing the baseline T2 value with the 
T2 value obtained immediately after MNP injection (15). Second, 
comparison of the baseline T2 value with the T2 value measured 
24 hours after MNP injection yields information about vascular 
leakiness. The VVF of the pancreas remained unchanged during 
the evolution of CPA-induced diabetes in BDC2.5/NOD mice 

(Figure 2C). In contrast, pancreatic microvas-
cular leak followed a crescendo-decrescendo 
pattern, peaking at the time of maximal islet 
destruction (Figure 2E). No significant altera-
tions in either VVF or microvascular leak were 
observed in the muscle (Figure 3, D and F). 
Thus, this MNP-MRI approach allows one 
to infer, noninvasively from live animals, the 
major morphological features that accompany 
the development of autoimmune diabetes trig-
gered by CPA in BDC2.5/NOD mice.

Alterations in pancreatic inflammation asso-
ciated with spontaneous autoimmune diabetes. 
Given our interest in eventually imaging the 
development of autoimmune diabetes in 
humans, we turned next to the more com-
plex, and therefore more clinically relevant, 
NOD mouse model. The critical features of 
human type 1 diabetes, especially its genetic 
and immunological aspects, are very similar 
to those of the NOD disease, making this 
strain currently the most popular model 
for studying autoimmune diabetes. Since 
the T cell repertoire in standard NOD mice 
is much less skewed toward β cell reactiv-
ity than in the engineered BDC2.5/NOD 
model, we expected that the inflammatory 
signal during the spontaneous development 
of autoimmune diabetes in NOD animals 
would be more subtle.

We were primarily interested in answer-
ing 2 questions: Do mice recently diagnosed 
with spontaneous autoimmune diabetes have 
more pancreatic inflammation than non-
diabetic animals? Is it possible to differenti-

ate new-onset diabetic animals from those at risk of developing 
autoimmune diabetes based on noninvasive measures of pan-
creatic microvascular leakiness? Three groups of mice were com-
pared in order to address these questions. Female NOD mice with 
new-onset diabetes (n = 9), defined as hyperglycemia of less than 
7 days duration, were compared with age-matched, nondiabetic 
female littermates (n = 7). Eα16/NOD mice (n = 13) served as a 
negative control — these animals have seemingly normal T and 
B lymphocyte compartments but are completely protected from 
insulitis and the subsequent development of autoimmune diabe-
tes through transgene-induced expression of the E complex on all 
cells normally displaying MHC class II molecules (25).

The pancreatic T2 values obtained at baseline and immediately 
after MNP injection were indistinguishable among the 3 groups 
(Figure 4A). These similarities in NOD mice contrast with the 
alterations seen in the BDC2.5/NOD animals, indicating that 
pronounced pancreatic edema is not a general feature of spon-
taneous autoimmune diabetes but is rather a particularity of the 
exaggerated TCR Tg model. Interesting differences became appar-
ent only 24 hours after MNP administration, which demonstrat-
ed that diabetes in NOD mice is also associated with alterations 
in microvascular leakiness rather than in pancreatic VVF caused 
by vasodilation or vasoconstriction. T2 values in the noninsulitic 
Eα16/NOD mice (Figure 4B) recovered to baseline 24 hours after 
MNP injection, indicating that there was no significant vascu-

Figure 2
Tracking pancreatic inflammation during the development of autoimmune diabetes. Young 
female BDC2.5/NOD mice were injected with CPA to provoke autoimmune diabetes and 
were imaged at the indicated time points. Each group contained 4–7 mice. T2 values for 
pancreas (A) and paraspinal muscles (B) are shown. VVF (C and D) and microvascular leak 
(E and F) were estimated for each organ using formulae described in Methods. **P < 0.01.
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lar leak in the absence of insulitis. In contrast, the T2 in heavily 
infiltrated new-onset diabetic animals (Figure 4C) remained well 
below the baseline value and was significantly lower (and hence 
vascular leak was higher) than in both the noninsulitic Eα16/
NOD group (P = 0.00004) and the nondiabetic NOD littermates 
(P = 0.01). The latter mice, which had insulitis of varying severity, 
there being significant individual-to-individual variation in dis-
ease progression in the standard NOD model, had T2 levels that 
fell between those of noninsulitic Eα16/NOD animals (P = 0.05) 
and the new-onset diabetic animals (P = 0.01). Thus, the evolution 
of pancreatic inflammation during the development of sponta-
neous diabetes in NOD mice can be monitored noninvasively in 
living animals using MNP-MRI.

Will noninvasive MRI predict the eventual development of diabetes? 
Extensive effort has focused on identifying markers that signal the 
imminent conversion of preclinical insulitis to clinical diabetes. 
To date, for both the NOD mouse model and human patients, 
the serum titers of autoantibodies directed against a defined set 
of islet-cell antigens have proven to be the most reliable indica-
tors, as highlighted by recent results from the Diabetes Prevention 
Trial–Type 1 (5, 26). However, autoantibodies are at best an indi-
rect measure of pancreas inflammation, and a noninvasive means 
of directly following diabetes progression in vivo would have a 
number of important applications.

Therefore, a cohort of nondiabetic female NOD mice was 
scanned at 13 and 20 weeks of age, and the group was followed 
for the spontaneous development of diabetes up until 30 weeks. 
Unfortunately, it seems that this imaging approach is unlikely to 
be useful for prediction of diabetes risk, at least in the long-term 
time frame tested here (Figure 5). Data from the scan performed 
at 13 weeks showed no correlation between the pancreatic T2 
value 24 hours after MNP injection and the time at which diabe-
tes was eventually diagnosed (Figure 5A). However, some inter-

esting insights were gained from the 20-week scans (Figure 5B).  
The 3 mice with the lowest pancreatic T2 values (reflecting the 
highest microvascular leak) recorded at the 20-week scan all 
became diabetic within 1 week of the scan (Figure 5B, circle). In 
contrast, mice that became diabetic at later times had T2 val-
ues essentially indistinguishable from those of the group that 
remained normoglycemic beyond 30 weeks. Together, these data 
suggest that noninvasive monitoring of microvascular leakage 
provides important information concerning acute inflammation 
of the pancreas, i.e., that associated with recent-onset or impend-
ing diabetes. However, this particular imaging strategy is unlikely 
to be helpful in assessing an individual’s long-term risk of devel-
oping autoimmune diabetes.

Monitoring alterations in pancreatic inflammation following anti-CD3 
monoclonal antibody treatment. A major potential application of this 
imaging technique is in monitoring acute changes in pancreatic 
inflammation in patients undergoing trial interventions to treat 
or prevent type 1 diabetes. The long half-life of islet autoantibod-
ies renders them unresponsive to acute changes in autoimmune 
attack of the pancreas. In contrast, microvascular permeability is 
likely to change rapidly with successful immunointervention.

Short-term treatment of NOD mice with mAbs directed 
against the CD3ε subunit of the TCR reverses recent-onset dia-
betes and restores self tolerance to β cell antigens in a variable 
proportion of animals (27–29). Mice responding to this treat-
ment generally return to normoglycemia within 2 to 4 weeks. 
The rate of diabetes remission varies with disease severity and is 
influenced by multiple factors, including the breeding facilities 

Figure 3
Severity of insulitis revealed by noninvasive MNP-MRI. Young female 
BDC2.5/NOD mice were imaged on day 6 after CPA treatment and 24 
hours after MNP injection. A pseudocolor was assigned to the pan-
creas, reflecting the T2 value of the organ. Photomicrographs show 
representative islet histology from these animals. Magnification, ×20.

Figure 4
Detection of pancreatic inflammation associated with spontaneous auto-
immune diabetes. Female NOD mice with new-onset diabetes of less 
than 7 days’ duration (n = 9), nondiabetic female littermates of the diabet-
ic animals (n = 7), and age-matched noninsulitic Eα16/NOD mice (n = 13)  
underwent MRI imaging according to the protocol described in Meth-
ods. (A) Mean pancreatic T2 values ± SEM for each group. (B and C)  
Representative islet histology from Eα16/NOD and new-onset diabetic 
NOD animals. Magnification, ×20.
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employed (30); our protocol generally results in a remission rate 
of 40–60%. Imaging this therapeutic regime in mice is particu-
larly attractive because an analogous approach has been applied 
clinically using a nonactivating humanized mAb against CD3 
and was found to mitigate the deterioration in insulin produc-
tion and to improve metabolic control in patients for up to 12 
months following treatment (31).

To specifically monitor the phases previously shown to reflect 
the restoration of immunological self tolerance, we performed 
MRI analyses of mice on days 4, 8, and 18 following initiation of 
anti-CD3 mAb therapy (Figure 6A). On days 4–8, the pancreas 
in mice responding favorably to treatment should be cleared of 
infiltrate; on day 18, the lymphocytes will have reappeared, but 
will accumulate in a peri-islet pattern. At these early time points, 
it was often unclear clinically which animals had responded 
favorably to the immunointervention. Since some animals in 
this study remained profoundly hyperglycemic for longer than 3 
weeks (i.e., the anti-CD3 nonresponder group imaged at day 18), 

the pancreas/muscle T2 ratio was calculated in mice scanned 24 
hours after MNP injection in order to control for any nonspecif-
ic changes in MRI parameters caused by these metabolic abnor-
malities. On day 4 of the 5-day treatment course, no difference 
was detected between animals that eventually responded to anti-
CD3 therapy by long-term restoration of normoglycemia and 
those that failed to respond (responders, n = 4; nonresponders, 
n = 6). On day 8 after initiation of anti-CD3 therapy, mice with 
a favorable response had significantly less microvascular leak in 
the pancreas than did either the animals that did not respond to 
therapy (P = 0.01) or those treated with a control mAb (P = 0.005; 
responders, n = 6; nonresponders, n = 4; control mAb–treated,  
n = 3). These differences were still detectable at day 18 although 
the magnitude of the differences was less (P = 0.02; responders, 
n = 4; nonresponders, n = 6).

To address the possibility that pancreatic inflammation as 
measured by MNP-MRI merely correlated with glycemic control, 
we plotted the pancreas/muscle T2 ratio against serum glucose 
at the time of scanning for individual mice in this experimental 
series (n = 33). There was marked variation in pancreas/muscle 
T2 ratio at all levels of serum glucose (Figure 6B) and hence no 
relationship between the degree of pancreatic inflammation and 
the level of hyperglycemia.

Thus, MR-based imaging can be used to noninvasively moni-
tor changes in pancreatic inflammation following treatment with 
mAbs targeting CD3. Moreover, MNP-MRI identified animals with 
a favorable response to therapy as early as 3 days after completion 
of the course of anti-CD3 treatment (i.e., on day 8).

Figure 5
Prediction of diabetes risk with noninvasive imaging. Nondiabetic 
female NOD mice underwent MRI scanning at 13 (A) and 20 (B) weeks 
according to the protocol described in Methods. Animals were followed 
for the spontaneous development of diabetes until 30 weeks. Correla-
tion between T2 value of the pancreas obtained 24 hours after MNP 
injection and time to diagnosis of overt diabetes is shown. Circle in B 
indicates 3 mice with the lowest recorded pancreatic T2 values and 
shortest time to diabetes onset.

Figure 6
Noninvasive imaging of pancreatic inflammation can predict clinical 
response to anti-CD3 immunotherapy. Female NOD mice with very 
recent onset of diabetes were treated with either anti-CD3 or control 
F(ab′)2 fragments for 5 consecutive days as described in Methods. MRI 
was performed 24 hours after MNP injection on days 4, 8, and 18 after 
starting mAb immunotherapy. (A) Results from long-term responders 
rendered normoglycemic following F(ab′)2 treatment (triangles) are 
compared with those of mice failing to respond to therapy, i.e., anti-
CD3 nonresponders (squares) and control antibody nonresponders 
(circles). Since some mice remained profoundly hyperglycemic for 
over 3 weeks in this experimental series, pancreas/muscle T2 ratio 
is presented to control for nonspecific alterations in MRI parameters 
induced by these global metabolic changes. Groups represent the fol-
lowing number of mice: day 4: responders, n = 4, nonresponders, n = 6;  
day 8: responders, n = 6, nonresponders, n = 4, control mAb treated, 
n = 3; day 18: responders, n = 4, nonresponders, n = 6. (B) Pancreas/
muscle T2 ratio is plotted against the serum glucose measured at the 
time of scanning (n = 33), showing no correlation between pancreatic 
inflammation as determined by MNP-MRI and serum glucose.
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Discussion
Type 1 diabetes is an autoimmune disease characterized by lym-
phocytic infiltration of the pancreatic islets and, ultimately, 
destruction of insulin-producing β cells. To date, no reliable meth-
od to directly but noninvasively detect and follow this lymphocyte 
invasion has been established. Due to the small size of the islets 
and the chronic nature of insulitis, conventional imaging meth-
odologies — including computed tomography, nuclear magnetic 
resonance, and ultrasound techniques — have so far been unable 
to directly visualize insulitis (32).

Previous attempts to image pancreatic inflammation and sub-
sequent β cell destruction in autoimmune diabetes in vivo have 
used 2 distinct approaches. The first attempted to quantify resid-
ual β cell mass in mice using a β cell–specific mAb IC2 modified 
with a radioisotope chelator for nuclear imaging (33). Unfortu-
nately, this system was limited by nonspecific accumulation of 
the probe in organs adjacent to the pancreas, such as the liver 
and spleen, preventing imaging in intact, living animals. The 
second approach, recently published, used MRI to track recruit-
ment of diabetogenic CD8+ T cells to the pancreas (34). Since this 
method relied on antigen-specific labeling of autoreactive T cells 
with a targeted MNP, it was entirely dependent upon knowledge 
of the islet antigen(s) recognized by autoreactive T cells — infor-
mation that remains incomplete for mice and largely nonexistent 
for humans at this time (35–37).

We report the ability of a newly described imaging technique, 
specifically high-resolution MNP-MRI, to identify and quantify 
the vascular volume and permeability changes associated with 
inflammation of the pancreas during the development of autoim-
mune diabetes in the mouse. This method relies on measurement 
of the microvascular changes associated with inflammation and 
is not hampered by the variations in MHC alleles or autoreactive 
T cell specificities that limit other experimental approaches. Our 
enthusiasm for this technique is further heightened by the dem-
onstrated safety and utility of an analogous protocol in the study 
of humans with prostate cancer (18).

When applied to preclinical mouse models of autoimmune 
diabetes, MNP-MRI allowed noninvasive, real-time quantifi-
cation of pancreatic inflammation. In the simplified BDC2.5/
NOD model, microvascular changes developed dramatically 3 
days after CPA injection, just 2 days prior to the onset of overt 
diabetes. Analysis of NOD mice, which more accurately model 
many of the features of human type 1 diabetes, confirmed the 
benefits of measuring nanoparticle-induced signal changes. This 
imaging strategy was able to differentiate between new-onset 
diabetics, nondiabetic NOD littermates at risk of developing 
diabetes, and noninsulitic Eα16/NOD mice. These results sug-
gest, by analogy, that MRI combined with MNP may be helpful 
in identifying human patients at immediate risk of developing 
autoimmune diabetes and in differentiating between those who 
have type 1 and type 2 diabetes.

The ability to monitor the response of an individual following 
an intervention designed to prevent or cure diabetes is an impor-
tant clinical need that currently remains unmet. Investigators 
are left to rely on a range of imperfect parameters to monitor 
the response to any therapeutic intervention. Islet-cell antibod-
ies (ICAs), with their long circulating half-life, are mute witnesses 
to acute changes in autoimmune islet damage (38, 39) Metabolic 
parameters, such as glycemic control, insulin requirements, and 
episodes of hypoglycemia, are highly variable and unreliable end 

points (40). Consequently, C-peptide, which is secreted by the 
pancreas on an equimolar basis with insulin, has emerged as the 
preferred measure of β cell function (40). However, despite the 
established utility of measuring C-peptide levels following an 
immunointervention, they do not provide direct information 
about the pathology underlying type 1 diabetes — the autoim-
mune lesions within the pancreas. We predicted that changes in 
pancreatic inflammation, as measured by MNP-MRI, would pro-
vide a direct real-time readout of the effects of an immunointer-
vention designed to reverse diabetes.

To test this hypothesis, we followed new-onset diabetic mice treat-
ed with mAbs specific for CD3ε. Such treatment effectively reverses 
hyperglycemia in a proportion of animals and induces long-last-
ing protection from diabetes (27–29). It is of particular interest to 
focus on this therapeutic intervention because, based on the suc-
cess of this therapy in rodent models, a humanized anti-CD3 mAb 
with decreased Fc receptor affinity is currently undergoing phase 
I/II trials in patients with recent-onset type 1 diabetes, and initial 
results have been promising (31). The tolerogenic effects of treat-
ing mice with anti-CD3 mAbs seem to evolve in 2 distinct phases 
(41): the first, occurring up to 7–8 days following initiation of anti-
CD3 therapy, entails clearing the infiltrating cells from the islets; 
the second, long-lasting phase is associated with active immuno-
regulation and the reappearance of a lymphocytic infiltrate that 
is now nondestructive and confined to the periphery of the islets. 
Noninvasive imaging in vivo allowed us to identify as early as 3 
days after completing the anti-CD3 treatment course (i.e., on day 
8) those animals benefiting from immunomodulation. Mice that 
responded favorably generally experienced complete normalization 
of blood glucose levels within 2 to 4 weeks following treatment; 
hence, we were able to detect the beneficial effects before it was clear 
which animals were destined to become normoglycemic. Interest-
ingly, imaging on day 18 of the treatment protocol, a time when 
the regulated lymphocytic infiltrate is reappearing at the periph-
ery of the islets, revealed a less marked difference in microvascular 
leak between mice responding favorably and those not responding 
to anti-CD3 therapy. The evolution of the T2 values may reflect a 
slight increase in microvascular leak associated with the accumu-
lation of the immunoregulatory infiltrate in responding animals. 
Interestingly, a similar transient increase in microvascular leak was 
observed in BDC2.5/NOD mice during the development of a regu-
lated lymphocytic islet infiltrate (17). While these results are quite 
striking and augur well for eventual translation to human anti-
CD3 mAb clinical trials, divergences between human and murine 
systems will need to be accounted for, including any mechanistic 
differences due to the different mAbs employed.

We have developed a noninvasive method for monitoring auto-
immune inflammation in the pancreas of a living animal. Using 
this imaging approach, we were able to track the insulitis that 
accompanies the development of autoimmune diabetes in induced 
and spontaneous mouse models and to follow the resolution of 
pancreatic inflammation after successful reversal of diabetes with 
anti-CD3 mAb therapy. We anticipate that these preclinical results 
will be useful in guiding the successful translation of this imaging 
technique to the care of patients with type 1 diabetes.

Methods
Mice. NOD/Lt, Eα16/NOD, and BDC2.5/NOD mice were bred in the 
Joslin Diabetes Center barrier facility or were purchased from the Jack-
son Laboratory. Mice were monitored for diabetes as described previ-
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ously (21), and mice with serum glucose greater that 350 mg/dl were 
considered diabetic. For some experiments, diabetes was provoked in 6- 
to 8-week-old female BDC2.5/NOD mice by intraperitoneal injection of 
CPA (200 mg/kg) using established protocols (23). To allow survival of 
BDC2.5/NOD mice for analysis 35 days after CPA treatment, exogenous 
insulin was provided by subcutaneous insulin-releasing implants (Lin-
Bit; LinShin Canada Inc.). Animals were cared for in accordance with 
ethical guidelines of Joslin Diabetes Center and Harvard Medical School, 
and all studies were approved by the Joslin Diabetes Center Institutional 
Animal Care and Use Committee (#99-20).

Histology. Pancreata were collected and fixed in 10% neutral-buffered 
formalin (Sigma-Aldrich). Paraffin-embedded sections were stained with 
H&E and were examined for insulitis.

Anti-CD3 mAb therapy. Anti-CD3 mAbs were purified from the super-
natant of 145-2C11 hamster B cell hybridoma (ATCC) grown under the 
recommended conditions. F(ab′)2 fragments were generated [Immuno-
Pure F(ab′)2 Preparation Kit; Pierce Biotechnology Inc.] according to the 
manufacturer’s protocol, and purity was confirmed by SDS-PAGE gel 
electrophoresis. Anti-CD3 mAb therapy was commenced within 1 week 
of NOD mice developing spontaneous diabetes. Mice with new-onset 
diabetes received an intravenous injection of 50 µg 145-2C11 F(ab′)2 
fragments per day for 5 consecutive days (28). Mice were considered to 
have responded to therapy if blood glucose levels fell to the normal range 
and glycosuria resolved, and these benefits were maintained for at least 
2 weeks. F(ab′)2 fragments prepared from hamster monoclonal anti-
bodies against DNP-derivatized keyhole limpet hemocyanin (UC8-1B9;  
ATCC) were used for control studies.

MRI. A 4.7 Tesla microimaging system (PharmaScan; Bruker Biospin) 
was used to perform MRI. Mice were anesthetized by inhalation of iso-
flurane and were placed in a birdcage radio-frequency coil with an inner 
diameter of 36 mm. The imaging protocol included multiple-slice and 
multiple-echo spin-echo sequences (Tr, 2000 msec; TE, 6.5–195 msec; FOV, 
3.5 cm, matrix size, 128 × 128; slice thickness, 0.6 mm interleaved; number 
of excitations, 4). A total of 16 sequential coronal images were obtained to 
cover the entire pancreatic region.

Model MNPs (in this case, monocrystalline iron oxide nanoparticles 
[MION-47]) were injected at 20 mg/kg Fe to allow quantification of micro-
vascular changes associated with pancreatic inflammation (15). MION-47 
(Center for Molecular Imaging Research, Massachusetts General Hospital, 
Harvard Medical School) had a size of 22 nm and an R2 relaxivity of 69 
mMsec–1 at 37°C (0.47 T). Mice underwent scanning immediately before 

and after MION-47 injection, and a third scan was performed 24 hours 
after MION-47 administration to quantify microvascular leakiness.

Image analysis was performed using software custom built at the Center 
for Molecular Imaging Research and developed in Interactive Data Language 
(Research Systems Inc.). ROIs for analysis were defined manually on the pan-
creas or paraspinal muscles on 3 consecutive slices. To ensure that there were 
no volume-averaging effects with adjacent organs on calculated T2 values, 
the ROIs were propagated to adjacent slices and were modified as needed 
such that the windows on original and adjacent slices contained only the 
tissue of interest. T2 values for individual organs were calculated by fitting a 
standard exponential relaxation model to the data averaged over the entire 
ROI on each slice. Values less than background were not included in analysis 
(Figure 1). The mean T2 value for the 3 consecutive slices was then calcu-
lated to determine the value for each organ. For some experiments VVF and 
vascular leak were calculated as described previously (VVF, [ln(T2before MNP/ 
T2immediately after MNP)]; vascular leak, [ln(T2before MNP/T224 h after MNP]) (15).

Statistical analyses. Data were analyzed using Student’s t test, assuming 
2-tailed distribution, or Dunnett’s multiple comparison test (GraphPad 
Prism 4 software; GraphPad Software Inc.). P ≤ 0.05 was considered sta-
tistically significant.
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