








Intravital imaging allows the study of T cell behavior in vivo
without damaging the pancreas or affecting blood flow. The
pancreas was surgically exposed via a semicircular incision
through the skin and peritoneum. To stabilize the surgically ex-
posed pancreas, we reversibly adhered an imaging window (26) to
the pancreas with gentle suction and heated the window to 35˚C–
37˚C (Fig. 1A). This relatively simple procedure maintained the
stability required for imaging with minimal force applied to the
pancreas. This technique is significantly less invasive than previ-
ously established procedures for intravital pancreas imaging (13,
17).
The islets were distinguished from the exocrine tissue based

on the characteristic dense, convoluted islet vasculature (13)
compared with the looser, mesh-like exocrine tissue vasculature
(Fig. 1B). We confirmed that, as previously reported (13), this
vasculature morphology was associated specifically with islets, by
examining the islet vascular morphology in the MIP-GFP b cell
reporter mice (Supplemental Fig. 1). A collagen-rich basement

membrane that surrounds the islets breaks down with advanced
insulitis (30). We were able to visualize peri-insulitic T cell in-
filtration inside the collagen of the intact basement membrane
(Fig. 1C).
Damage to the pancreas can lead to local and systemic in-

flammation (31). Previous studies using other methods of intravital
pancreas imaging did not determine whether manipulation of the
pancreas induced damage or inflammation. To determine whether
our imaging technique induced tissue damage, we assessed neu-
trophil accumulation at the imaging site (Fig. 1D, Supplemental
Video 1). The absence of neutrophil accumulation suggests that
the pancreas remained undamaged during our imaging time frame.
To determine whether blood flow was impeded by the application
of the suction imaging window, we also imaged fluorescent bead
motility through the blood vessels. Blood flow rates were similar
to flow rates reported within the mouse pancreas (13, 32), indi-
cating that the blood flow through the islets was unimpeded by our
intravital imaging technique (Fig. 1E, Supplemental Video 2).

FIGURE 3. T cell motility increases with pro-

gression of islet infiltration. (A and B) Activated

BDC-2.5 T cells (green) were fluorescently labeled

and transferred 24 h prior to imaging. Representa-

tive maximum intensity projection images from

explanted (A) or intravital (B) islets captured using

two-photon microscopy. Dashed lines represent the

islet border. Green lines represent 10-min paths of

BDC-2.5 T cell movement. Images are representa-

tive of islets with mild infiltration (,30% of islet

volume infiltrated) or advanced infiltration (30–60%

of islet volume infiltrated). Scale bars, 50 mm. (C–

E) Quantification of T cell motility within explanted

or intravital islets. Data pooled from 16 explanted

islets from four mice in three independent experi-

ments and 16 intravital islets from seven mice in

seven independent experiments. *p , 0.05, mea-

sured by Student t test. (C) Linear correlation of the

average T cell velocity within an islet versus the

percentage of the infiltrated islet volume. Each dot

represents the average of all of the tracked T cells

within a single islet. (D and E) Average of individual

islets. (D) T cell crawling speed in explanted versus

intravital islets. (E) Fold increase in crawling speed

between islets with mild and advanced infiltration.
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Imaging intact explanted islets enables analysis of large numbers
of islets. Live explanted islet imaging has not been validated to
ensure that T cell behavior in the explants reflects T cell activity
within the intact pancreas. Isolated islets were embedded in low
melt agarose and maintained at 35˚C–37˚C with flow of warmed
oxygenated media (Fig. 2A). Effective islet imaging was depen-
dent upon maintaining intact islets throughout the isolation and
imaging process, and was ensured by careful control of digestion
time and handpicking of intact islets under a dissecting micro-
scope (Fig. 2B). This technique allowed us to image large num-
bers of islets from each mouse.

T cell motility increases as islet infiltration increases

The rate of T cell motility and arrest within tissues can be used to
determine whether T cells are likely to be interacting with APCs or
target cells, resulting in T cell signaling. Thus, using adoptively
transferred BDC2.5 T cells, T cell motility was measured within the
islets to determine when T cells were likely to be receiving anti-
genic signals during islet infiltration (Fig. 3). Additionally, using
i.v. 70-kDa dextran to label the blood volume, we observed
vascular leakage surrounding some infiltrated islets (Fig. 3B),
which has been shown to be a prognostic indicator of pathogenic
infiltration (33).
Our analysis demonstrated a correlation between T cell crawling

speed and degree of islet infiltration (Fig. 3C, 3D). Therefore, to
understand how progression of islet infiltration affected T cell
behavior within the islets, we categorized islets based on stage
of islet infiltration. Islets were categorized as having mild (,30%

of islet volume infiltrated) or advanced (30–60% of islet volume
infiltrated) infiltration (Fig. 3A, 3B). Islets exhibiting both infil-
tration levels were found within the same animal, demonstrating
the heterogeneity of the islet infiltration. T cell behavior differed
between individual islets of the same animal, but correlated with
the degree of islet infiltration.
Significant differences in T cell motility existed between mild

and advanced islet infiltration (Fig. 3D, 3E, Supplemental Videos
3–6). Although there were small differences in crawling speed
between the two imaging methods, the change in T cell behavior,
indicated by the fold increase in T cell speed between mild and
advanced islets, was comparable (Fig. 3E). Cellular confinement is
measured in part by T cell track straightness, which was consistent
between the explanted and intravital imaging methods. However,
track straightness was increased in advanced versus mild infil-
trated islets, suggesting that T cells were less confined and/or they
had increased directional motility with increased infiltration (Fig.
4A). Analysis of T cell arrest by the arrest coefficient (percentage
of time T cell speed is ,2 mm/min) showed that T cells in ad-
vanced islet infiltration arrested less than T cells in mild islet
infiltration (Fig. 4B). The change in arrest coefficient resulted
from an increased percentage of cells that were arrested for a long
period of time in islets with mild infiltration (Fig. 4C), possibly
due to interactions with APCs. A T cell’s ability to move away
from its point of origin can be analyzed by the mean squared
displacement (MSD) over time. After 5 min, there were significant
differences in the MSD between mild and advanced islet infil-
tration for both explanted and intravitally imaged islets (Fig. 4D).

FIGURE 4. T cells reduce arrest and increase

displacement as islet infiltration progresses. Acti-

vated BDC-2.5 T cells were fluorescently labeled

and transferred 24 h prior to imaging, as in Fig. 3.

Data were pooled from 16 explanted islets from

four mice in three independent experiments and 16

intravital islets from seven mice in seven indepen-

dent experiments. (A and B) Average of individual

islets. (A) T cell track straightness (1 = cell moves

in a straight line). (B and C) T cell arrest coefficient

(% of time crawling speed is ,2 mm/min). (D)

Mean squared displacement (mm2) over time. *p ,
0.05, **p , 0.01, ***p , 0.001; measured by two-

way ANOVAwith Bonferroni posttests or Student t

test.
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In contrast, there was no significant difference in the MSD when
comparing the intravital versus explanted methods (Supplemental
Fig. 2).
The changes in T cell motility with progressing islet infiltration

suggest that the islet environment is an important factor in T cell
behavior in the islets. The difference in absolute speed (Fig. 3C,
3D) and arrest coefficient (Fig. 4B, 4C) between the two methods
may be due to differences in available oxygen (34). However, this
did not affect the biological change in T cell motility (Fig. 3E) or
the ability of T cells to translocate (Fig. 4D). These data dem-
onstrate that the environmental factors that drive these biological
changes are maintained with both imaging techniques. These data
validate explanted islet imaging as a technique to examine cellular
motility and interactions within the islet.

The presence of islet Ag drives T cell arrest early in islet
infiltration

Based on these data and our previous data (9), it was clear that
environmental factors play a critical role in the behavior of T cells in
the islets as infiltration progresses; however, the environmental changes
driving the observed behaviors have not been elucidated. We therefore
examined the presence of specific Ag as a potential environmental
factor governing T cell behavior within the islets. To determine
whether the presence of T cell Ag was important for the arrest
(Fig. 4B, 4C) and slow motility (Fig. 3D) observed in mild islet in-
filtration, we analyzed NOD.BDC-6.9 TCR transgenic (25) T cells in
the NOD.C6 mouse. The NOD.C6 mouse contains a portion of the
BALB/c mouse chromosome 6, which lacks the Ag for the BDC-6.9
T cell clone (35) used to generate the NOD.BDC-6.9 TCR transgenic
(25), whereas WT NOD chromosome 6 contains the Ag. The NOD.C6
mouse has normal islet infiltration and diabetes incidence, but the
NOD.C6.BDC-6.9 has no disease progression (25). Utilizing the
NOD.C6 as a recipient mouse, we cotransferred in both BDC-2.5
T cells (for which Ag was present) and BDC-6.9 T cells (for which
Ag was absent). This allowed us to determine how the presence of
specific Ag affects T cell motility and arrest in the islet environment.

In WT NOD mice, BDC-6.9 T cells exhibited slower motility
than BDC-2.5 T cells, but showed a similar increase in motility as
infiltration increased (Fig. 5A). The slower BDC-6.9 T cell mo-
tility could be due either to higher levels of Ag for the BDC-6.9
T cells in the islets or to a higher affinity TCR for the presented
Ag. However, in the NOD.C6 in which the Ag for BDC-6.9 T cells
was absent, BDC-6.9 T cells had higher motility compared with
BDC-2.5 T cells in the same islet environment (Fig. 5B). BDC-2.5
T cells had similar motility in islets from both WT NOD and
NOD.C6, demonstrating that the islet environments were similar,
whereas BDC-6.9 had faster motility when their Ag was absent in
the NOD.C6 islets compared with WT NOD islets (Supplemental
Fig. 3).
Comparing the ratio of BDC-6.9/BDC-2.5 T cell motility within

the same islet shows that in very mild infiltration (0–5% infiltrated)
and advanced infiltration (30–60% infiltrated), both populations of
T cells moved at similar velocities regardless of the presence of
specific Ag. Notably, under conditions of very mild infiltration, the
T cells were largely arrested, most likely due to physical con-
finement. In contrast, in advanced states of infiltration, the T cells
were moving quickly regardless of Ag presence.
Significantly, in islets with mild infiltration (5–30%), infiltrating

BDC-6.9 T cells (No Ag) increased crawling velocity compared
with BDC-2.5 T cells (+Ag) within the same islet (Fig. 5C). This
difference in motility in mild islet infiltration is due to a decrease
in BDC-6.9 T cell (No Ag) arrest (Fig. 5D). The decreased BDC-
6.9 arrest demonstrates that the presence of Ag is a major envi-
ronmental factor that governs T cell behavior at early stages of
islet infiltration.

T cell–APC interaction duration is reduced with increased islet
infiltration

To determine whether the Ag-dependent arrest in mild islet infil-
tration was due to interactions with CD11c+ APCs, T cell–APC
interactions were analyzed in explanted islets by two-photon mi-
croscopy (Fig. 6). Fluorescently labeled BDC-2.5 T cells were

FIGURE 5. Early T cell arrest is Ag dependent.

BDC-2.5 T cells were fluorescently labeled and

transferred into WT NOD or NOD.C6 recipient

mice 48 h prior to imaging to determine infiltration

state. BDC-6.9 T cells and BDC-2.5 T cells were

cotransferred 24 h prior to imaging to determine T

cell motility. The Ag for BDC-6.9 T cells is absent

in the NOD.C6 recipients. Data represent 25 WT

islets from four mice in four experiments and 25

NOD.C6 islets from five mice in five experiments.

Each point represents the average T cell motility

within one islet. (A) In WT NOD islets in which the

Ag was present for BDC-2.5 and BDC-6.9 T cells,

both types of T cells increase motility at a similar

rate as islet infiltration increases. (B) In NOD.C6

islets, in which the Ag is present for BDC-2.5

T cells, but absent for BDC-6.9 T cells, the BDC-

6.9 T cells move faster in the absence of their Ag.

(C) The ratio of average BDC-6.9 T cell motility to

the average BDC-2.5 T cell motility within the

same islet. Infiltration states: very mild (0–5%),

mild (5–30%), and advanced (30–60%). (D) Com-

parison of the arrest coefficient of all BDC-2.5 and

BDC-6.9 T cells within islets with mild infiltration.

BDC-6.9 T cells (No Ag) have reduced arrest. *p ,
0.05, **p , 0.01, ***p , 0.001 by two-tailed

Student t test.
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transferred into NOD.CD11c-YFP recipient mice. We analyzed
the frequency and duration of T cells that contacted CD11c+

APCs in the islets. Sustained interactions, lasting at least 10 min
(Fig. 6A, Supplemental Video 7), or transient brief interactions
(Fig. 6B, Supplemental Video 8) were present in islets with both
mild and advanced infiltration. Although the percentage of
T cells that contacted a CD11c+ APC was slightly reduced in
islets with advanced infiltration (Fig. 6C), this was not signifi-
cant. However, the percentage of contacts that resulted in sus-
tained interactions ($10-min contact) was significantly greater
in islets with mild infiltration (Fig. 6D). Additionally, the du-
ration of T cell–APC contacts was significantly reduced in islets
with advanced infiltration, further supporting the loss of sus-
tained T cell–APC interactions (Fig. 6E). These data suggest
that T cells are receiving antigenic restimulation from CD11c+

APCs in islets with mild infiltration, but that these interactions
along with antigenic stimulation are lost in islets with advanced
infiltration.

Discussion
The data presented in this work in the spontaneously autoimmune
NOD model of T1D show that early in islet infiltration, Ag-
dependent T cell arrest occurs, and is due at least in part to
antigenic interactions with CD11c+ APCs. As islet infiltration
progresses, these Ag-dependent sustained interactions with APCs
are lost, and T cell behavior is governed by factors other than Ag.
We analyzed T cells from a single adoptive transfer; however,
varying degrees of endogenous autoimmune islet infiltrate were
present within individual islets. T cell behavior within an animal
was governed by the individual islet environment rather than the
overall state of disease within the animal or the time spent within
an islet. This highlights the importance of the individual islet
environment in controlling T cell behavior within the islets, in-
cluding factors such as Ag presentation and the chemokine and
cytokine milieu.
Changes in the T cell response with T1D disease progression

were not examined by the work of others studying the dynamics of

FIGURE 6. Sustained T cell–CD11c+ APC in-

teractions are lost with progression of islet infil-

tration. Fluorescently labeled BDC-2.5 T cells were

transferred into CD11c-YFP hosts 24 h prior to islet

isolation and imaging. Data represent 15 islets from

five mice in five independent experiments. (A and

B) Maximum intensity projection images showing

BDC-2.5 (red) and CD11c+ APCs (green) within

pancreatic islets. Yellow box indicates the region

shown in time-lapse images on the right. Gray

circles highlight the CD11c+ APCs that the T cell of

interest has contacted; yellow arrows show current

T cell–APC contacts. Time stamps = min:s. (A)

Sustained T cell–APC interaction in an islet with

mild infiltration. Scale bar, 40 mm for whole islet

and 10 mm for time-lapse images. (B) Transient T

cell contacts with different CD11c+ APCs in an islet

with advanced infiltration. Scale bar, 50 mm for

whole islet and 20 mm for time-lapse images. (C)

Average percentage of T cells within individual

islets that contact CD11c+ APCs for at least 2 min.

(D) Average percentage of T cells that contacted

CD11c+ APCs, which had sustained interactions

of $10 min. (E) Duration of T cell– CD11c+ APC

contacts. *p , 0.001, ***p , 0.001 by two-tailed

Student t test.
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the T cell response in the islets (12, 15, 17, 22). Our findings
showing changes in T cell behavior with progression of infiltration
are significant in two ways. First, they suggest that antigenic T cell
interactions with APCs in the islets are present in the early stages
of infiltration. It is likely that these T cell interactions lead to
expression of effector functions (9, 10), which promote inflam-
mation and drive entry of other cells into the islets (12, 36).
Secondly, the lack of Ag recognition in the islets with increased
infiltration suggests that autoimmune T cell response in the islets
may be at least temporarily dampened during the course of islet
infiltration and disease progression. These data are in agreement
with results analyzing the OT-I T cell response in RIP-mOva islets
(9). However, tolerance is re-established in the RIP-mOva model,
so we were surprised to consistently find the same behavior in the
islets of female NOD mice, considering that the incidence of
disease is 75% by 40 wk in our colony.
There are several potential explanations for why T cells lose

antigenic interactions with progression of islet infiltration. Because
transient T cell–APC interactions result in tolerance induction in
lymph nodes (19, 21, 22), it is possible that similar tolerance
mechanisms occur within the islets, and this behavior represents
the establishment of tolerance. Alternatively, T cells may have
completed interactions with APCs and no longer require restim-
ulation. However, data in the RIP-mOva model suggest that ef-
fector cytokine production is lost along with restimulation,
suggesting that a requirement may still be present. Other possi-
bilities include that Ag levels on APCs may be below a stimula-
tory threshold or the APC populations change (9) and those
present within the islets are no longer able to support sustained
interactions. Increased chemokine expression with islet infiltration
(36) may also contribute to increased T cell motility, particularly
in advanced islet infiltration in which Ag presence has a reduced
effect on T cell motility.
The correlation between T cell behavioral changes and islet

infiltration levels in both explanted and intravital imaging validates
these techniques for analyzing immune cell dynamics within the
islets. Explanted islet imaging is a higher throughput technique that
allows for the use of lower intensity fluorescent reporters. As we
have shown previously, this can allow reporters such as biosensors
to dynamically indicate effector function or signaling to be ana-
lyzed within the islets (9). Intravital imaging allows us to inves-
tigate processes such as T cell entry into the islets (18) from the
vasculature and vascular leakage, which are processes that require
intact blood flow and vascular structure. Our intravital imaging
technique also allows for the identification of the islets based on
the vascular morphology, eliminating the need for a fluorescent b
cell reporter such as MIP-GFP. Examining T cell motility within
islets of MIP-GFP mice is challenging because the bright signal
can obscure other fluorescent cells. Eliminating the need for such
reporters allows for imaging within the interior of intact islets
using both of our imaging methods. By validating that both
techniques provide the same readout of T cell motility at different
stages of infiltration, we are able to use the techniques for their
best application.
The lack of effective treatments to halt the autoimmune response

in patients with T1Dmay be in part due to differences in efficacy of
treatment within islets at different stages of infiltration present
within the same patient. This heterogeneity may leave a portion of
the autoimmune response untreated in these patients. The imaging
studies we present in this work and the studies of others (37)
demonstrate the importance of examining islets on an individual
basis. Examination of the heterogeneous response within the entire
pancreas may hide important differences in immune response at
different stages of islet infiltration. Using our imaging techniques

in models of T1D, we can examine differences in T cell effector
functions and activation state at different stages of disease. This
approach may generate insights into the effects of therapeutic
treatments and mechanisms of peripheral tolerance at different
stages of the disease progression.
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