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Entry of diabetogenic T cells into islets induces
changes that lead to amplification of the

cellular response
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In an accompanying paper, we find specific localization of di-
abetogenic T cells only to islets of Langerhans bearing the specific
antigen. Instrumental in the specific localization was the presence
of intraislet dendritic cells bearing the p-cell-peptide-MHC com-
plex. Here, we report that the entry of diabetogenic CD4 T cells
very rapidly triggered inflammatory gene expression changes in
islets and vessels by up-regulating chemokines and adhesion mol-
ecules. Vascular cell adhesion molecule-1 (VCAM-1) expression was
notable in blood vessels, as was intercellular adhesion molecule-1
(ICAM-1). ICAM-1 was also found on p-cells. These expression
changes induced the entry of nonspecific T cells that otherwise
did not localize to the islets. In contrast to the entry of diabeto-
genic CD4 T cells, the entrance of nonspecific T cells required a che-
mokine response and VCAM-1 expression by the islets. IFN-y was
important for the early gene expression changes in the islets. By
microarray analysis, we detected up-regulation of a group of IFN-
inducible genes as early as 8 h post-T-cell transfer. These studies
establish that entry of diabetogenic T cells induces a state of re-
ceptivity of islets to subsequent immunological insults.

T-cell migration | autoimmunity | type 1 diabetes

he entry of T cells to tissues containing antigen-presenting

cells (APCs) bearing their protein antigen leads to an in-
flammatory response. Within a few days, specific cells are difficult
to distinguish among the many inflammatory cells made up of
various leukocytes: macrophages, dendritic cells (DC), natural
killer cells, and neutrophils. These events have been extensively
examined, mainly in the case of the central nervous system (CNS)
autoreactivity, where activated myelin antigen-specific T cells
migrate to the CNS, leading to autoimmune encephalomyelitis (1).
Flow of specific and nonspecific T cells into the capillaries of the
cerebral vasculature and adherence to endothelial cells has been
shown, particularly after inflammation (2-4). The retention of the
circulating autoreactive T cells that allows the passage across the
blood-brain barrier depends on the presence of class II MHC
bearing APC within the perivascular or Virchow—Robin space (5,
6). After specific T cells are in play, they dictate the migration of
nonspecific T cells into the CNS (4, 6, 7). Moreover, a random
nonspecific entry and exit of T cells has been described in the
mouse and rat (4, 8-10).

In the case of autoimmune diabetes, activated diabetogenic
CD4 T cells localized only to islets bearing their cognate antigen;
thus, in mice bearing hen-egg white lysozyme (HEL) under the
insulin promoter (IP-HEL), T cells bearing a transgenic T-cell
receptor for HEL peptides only localized to islets bearing HEL.
The same was true for the localization of diabetogenic T cells in
the NOD model of spontaneous diabetes (11). In both cases, the
intraislet DCs were instrumental in the presentation of the pep-
tide-MHC complexes and in the localization of the CD4 T cells.
We did not obtain evidence that activated CD4 T cells would lo-
calize to noninflamed islets unless they expressed the antigenic
proteins. We now report that islets rapidly changed their biological
response on entry of diabetogenic CD4 T cells, leading to pro-
found changes and making islets permissive to the entry of non-
diabetogenic cells.
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Results

Entry of Diabetogenic T Cells Induces Changes in Islets and the Entry
of Nonspecific CD4 T Cells. Localization of activated CD4 T cells to
islets of Langerhans rapidly triggered changes within the f-cells,
blood vessels, and DCs. By 24 h, endothelial cells as well as f-cells
were intensely positive for ICAM-1. Strikingly, VCAM-1 ex-
pression in blood vessels became positive by 24 h (Fig. 1 4 and B
shows experiments in IP-HEL mice). Flow cytometry analysis of
islet cells (gated on CD45-negative cells) at 24 h post-T-cell
transfer corroborated the increased expression of ICAM-1 com-
pared with mice that did not receive T cells (~52% and ~15%,
respectively, from three independent experiments). Other mark-
ers analyzed (CD62E and CD62P) were negative in resting and
inflamed islets. X-irradiation did not induce any such changes in
the p-cells, vessels, or DCs; moreover, identical findings were
made in islets from irradiated mice where the upper abdomen was
shielded by a lead cuff.

The extent of the response roughly correlated with the number
of T cells found in islets. Islets that contained more than ~10
T cells showed strong expression of ICAM-1 on the entire islet
(endocrine cells and vessels), whereas those that contained fewer
T cells showed weaker ICAM-1 expression, usually localized to
islet cells proximal to the T cells (Fig. 1 4 and B). To note, about
one-third of islets showed VCAM-1-positive vessels without de-
tectable T cells (Fig. 1B). Either CD4 T cells entered, imprinted
on islet reactivity, and then left, or islets bearing CD4 T cells
influenced the surrounding islets. Similar findings were made
when transferring the diabetogenic BDC 2.5 (BDC) T cells into
NOD Ragl ™~ mice.

Islet DCs also changed their expression of surface markers
after CD4 T-cell transfer. Islet DCs from nondiabetic strains such
as IP-HEL and NOD Ragl ™'~ mice were positive for class I MHC
molecules, F4/80, and CD11b and weakly positive for ICAM-1,
B7-1, B7-2, and CD40 (12). Twenty-four hours after T-cell
transfer, islet DC from IP-HEL mice showed up-regulation of
CD11b, ICAM-1, B7-1, and CD40 and a minor increase in B7-2.
Class II MHC expression remained about the same, whereas F4/
80 expression was reduced (Fig. 1C). Whether these mod-
ifications reflect changes in the islet DC or entry of new cells from
blood has not been examined.

We asked whether nonspecific T cells that did not enter nor-
mal islets would behave differently after the localization of di-
abetogenic T cells. Indeed, as a result of such changes, nonspecific
CD4 T cells localized to islets if coinjected with activated di-
abetogenic T cells (Fig. 2). When cotransferred with carboxy-

Author contributions: B.C., J.LA.C., and E.R.U. designed research; B.C. and J.A.C. performed
research; M.J.M. contributed new reagents/analytic tools; B.C., J.A.C., and E.R.U. analyzed
data; and B.C,, J.A.C,, and E.R.U. wrote the paper.

The authors declare no conflict of interest.
Freely available online through the PNAS open access option.

Data deposition: The data reported in this paper have been deposited in the Gene
Expression Omnibus (GEO) database, www.ncbi.nlm.nih.gov/geo (accession no. GSE26147).

"To whom correspondence should be addressed. E-mail: unanue@pathology.wustl.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1018975108/-/DCSupplemental.

PNAS | January 25,2011 | vol. 108 | no.4 | 1567-1572

>
O
=]
=
[=]
=
=2
H
=



http://www.ncbi.nlm.nih.gov/geo
http://www.pnas.org/external-ref?link_type=NCBIGEO&access_num=GSE26147
mailto:unanue@pathology.wustl.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1018975108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1018975108/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1018975108

g

A VCAM-1 B

ICAM-1

fluorescein succinimidyl ester (CFSE)-labeled 3A9 T cells, non-
specific CD4 T cells localized to 30% of the IP-HEL islets at 24 h,
increasing to 92% by 48 h (Fig. 24 and B). The nonspecific CD4
T cells were from B10.BR (BR) mice activated by a 24-h culture
with concanavalin A. Unstimulated nonspecific T cells also local-
ized when injected with 3A9 T cells but to a lesser extent than when
activated: 35% of the islets contained nonspecific CD4 T cells by
48 h. The localization of nonspecific CD4 T cells depended on the
amount of cotransferred diabetogenic T cells (Fig. 2 C and D).
Equal findings were seen in the BDC transfer model when
nonspecific activated CFSE-labeled B6.g7 CD4 T cells were co-
injected into NOD Ragl ™~ mice (Fig. 2 E and F). The nonspecific
CD4 T-cell entry was dependent on the presence of diabetogenic
CD4 T cells, because drug-induced islet inflammation by low-dose
streptozotocin (STZ) treatment alone did not influence the non-
specific CD4* T-cell localization in the islets (Fig. 2 C and D).
The duration of contacts between nonspecific cells and di-
abetogenic T cells with islet DCs was compared in experiments in
which activated 3A9 T cells were cotransferred with activated
nonspecific CD4 T cells into IP-HEL mice: isolated islets were
then examined by two-photon microscopy. The contact of 3A9
with DC had a median duration of 6.5 min, whereas that of
nonspecific cells with DC had a median duration of 3 min (Fig. 2
G and H). By the last point of observation (15 min), 11% of the
nonspecific CD4 T cell-DC interactions were still stable com-
pared with 39% of specific CD4 T cell-DC interactions (Fig. 2H).
The mechanisms of localization of diabetogenic and nonspecific
T cells differed. First, the percentage localization of neither 3A9
nor BDC T cells was affected by blocking chemokine receptor
signaling by treatment with pertussis toxin (PTx) before their
transfer (Fig. 3.4 and B). In contrast, the localization of activated
nonspecific T cells was impaired. Second, VCAM-1 expression in
the vessels of inflamed islets was required for the localization of
nonspecific activated CD4 T cells but not diabetogenic T cells.
Although 93% of the activated 3A9 and BDC CD4 T cells were
positive for very late antigen-4 (VLA-4) (a4f1, the ligand of
VCAM-1,; the other ligand was a4p7), blocking VCAM-1 by mAb
treatment did not have an effect on the percentage of localization
into the islets of IP-HEL or NOD Ragl ~'~ mice, respectively (Fig.
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3 C and D), nor did it affect the number of specific T cells per islet
present during the evaluation time point (mean of about 45 and 50
specific T cells per infiltrating islet at 48 h in isotype IgG and anti—
VCAM-1 mAb treatment). However, the same mAD reduced the
entry of activated nonspecific CD4 T cells cotransferred with the
diabetogenic T cells (either 3A9 or BDC) (Fig. 3 C and D) and the
number of cells per infiltrated islet (about 10 and 2 nonspecific T
cells per infiltrated islet in isotype IgG and anti-VCAM treatment,
respectively). Most of the nonspecific activated T cells (87%) also
expressed VLA-4.

IFN-y Signaling Influences the Entry of Nonspecific T Cells. The early
entry of diabetogenic and nonspecific CD4 T cells into the islets in
the presence or absence of IFN-y signaling was examined. As
described next, the localization of diabetogenic T cells resulted in
expression of IFN-activated genes. Previously, we showed that
the lack of the IFN-y receptor (IFN-yR) in NOD Ragl ™'~ resulted
in lower incidence of diabetes, although the islets showed in-
flammation. The transfer of diabetes required the expression of
the IFN-yR on host myeloid cells but not -cells (13).

Neutralizing IFN-y by mAbs did not influence the entry of 3A9
T cells into the islets of IP-HEL mice (Fig. 4 A and B). When
activated, nonspecific CD4 T cells were coinjected with 3A9 T
cells, the number of islets with nonspecific CD4 T cells was slightly
reduced by anti-IFN-y mAb (66% in the presence of anti-IFN-y
mADb from 93% in the untreated group), but the number of cells
within them was clearly affected (Fig. 4 A and B). This effect of
neutralizing IFN-y can best be observed when estimating the
relative numbers of specific and nonspecific CD4 T cells per islet
(Fig. 4C). Although the control group showed a mean of four
diabetogenic CD4 T cells for one nonspecific CD4* T cell, this
ratio was highly altered when IFN-y was neutralized, showing 24
diabetogenic CD4 T cells to 1 nonspecific T cell.

The transfer of activated BDC T cells into IFN-yR ™~ mice re-
duced slightly the percentage of infiltrated islets compared with IFN-
YRY* recipients (42% and 76%, respectively), but the number of
cells per infiltrated islet remained about the same (Fig. 4 D and E).
Activated nonspecific B6.g7 T-cell entry was affected in the absence
of the IFN-yR when coinjected with BDC CD4 T cells (Fig. 4 D-F).
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Fig. 2. Entry of nonspecific CD4 T cells after specific T-cell localization. (A)
Activated nonspecific BR CD4 T cells were CFSE-labeled and transferred
alone or with activated 3A9 CD4 T cells (indicated at the top of the graph)
into sublethally irradiated IP-HEL mice. Cell counts of CFSE+ cells in the islets
were obtained at 24 and 48 h posttransfer. (B) Percentage of infiltrated islets
with CFSE+ cells from the previous experiment (A). Data are representative
of five experiments. (C) Sublethally irradiated IP-HEL mice received activated
BR CFSE-labeled CD4 T cells, which were transferred alone into un-
manipulated recipients, transferred alone into low-dose STZ-treated mice, or
cotransferred with titrating amounts of activated 3A9 CD4 T cells. Cell counts
of CFSE+ cells in the islets at 48 h postcell transfer are shown. (D) Percentage
of infiltrated islets with BR CD4 T cells from the previous experiment (C). Data
are representative of two experiments. (E) Activated B6.g7 CD4 T cells were
tested as in A, either transferred alone or with activated BDC T cells into
NOD Rag7~~ mice. Cell counts were obtained at 24 and 48 h. (F) Percentage
of infiltrated islets with CFSE+ cells from a previous experiment (E). Data are
representative of three experiments. (G) Two-photon microscopy analysis of
isolated islets. Plot shows T cell-DC contact durations of 3A9 (CFSE-labeled)
and nonspecific BR (CMAC-labeled) T cells at 24 h postcell transfer in IP-HEL
mice. Contact durations were obtained from 10 to 15 min time-lapse movies
from two experiments. (H) Analysis showing percentage of T cell-DC
remaining contact for any given duration.

Specific CD4 T-Cell Entry Induces Rapid Changes in Gene Expression.
The pattern of transcriptional changes in the islets after T-cell
transfer was examined. Within 8 h posttransfer of 3A9 T cells
into IP-HEL, there was at least a fourfold up-regulation of six
genes: Cxcl10 (5.2-fold), Serpin3n (5.1-fold), Steap4 (4.5-fold),
Gbp4 (4.2-fold), Mpa2l (4.3-fold), and Gbp2 (4.8-fold) (Fig. 54,
column 3). More pointedly, at 24 h post-3A9 transfer, 355 genes
were found to be up-regulated by at least fourfold. We confined
our initial analysis to the most significant genes by performing
moderated ¢ test with Benjamini—-Hochberg False Discovery Rate
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Fig. 3. Localization mechanism of nonspecific T cells to islets. (A) Activated
3A9 or nonspecific CFSE-labeled BR T cells were treated with PTx and trans-
ferred alone or together. Graph shows the percentage of infiltrated islets after
24 h. Experimental permutations are indicated in the bottom section of the
graph. Data are representative of two experiments. (B) The same experimental
manipulations and design as in A testing activated BDC and nonspecific B6.g7
T-cell transfers. Data are representative of three experiments. (C) Activated
3A9 or nonspecific CFSE-labeled BR T cells were transferred into sublethally
irradiated IP-HEL mice after injection of control isotype antibody or the
blocking anti-VCAM-1 mAb. Percentages of infiltrated islets at 48 h are shown.
Data are representative of two experiments. (D) The same experimental
manipulations as in C testing activated BDC and nonspecific B6.g7 CD4 T cells.

analysis (14). Thirty-six genes were up-regulated fourfold or more
at a >90% confidence. Thirty of thirty-six genes were up-regu-
lated by IFN signaling (Fig. 54, column 4): 14 were GTPases,
including the p47 and Gbp families of IFN-inducible GTPases
(15). Type I IFN (Oas2) and IFN-y (Icaml) -specific genes were
up-regulated (16), but the majority of the genes were up-regu-
latable by both families of receptors. The most up-regulated
transcript was for the chemokine Cxcl10 (~150-fold up-regula-
tion; P < 0.0001 by moderated ¢ test). There was also up-regu-
lation of Cxcl9 (~18-fold) and Cxcl11 (~fivefold). There were no
significant changes in inflammatory gene expression when 3A9 T
cells were injected into B10.BR mice (Fig. 54, column 2).

Examination of BDC T-cell transfer revealed a similar gene
expression signature but delayed by 1 d (Fig. 5B). At 48 h, the
strong IFN-signature transcriptional profile was found, with up-
regulation of most of the same genes (Fig. 5B, column 8). The top-
expressed transcripts included GTPases, Cxcl10 (~79-fold; P <
0.0001 by moderated ¢ test), and Cxcl9 (~24-fold up-regulation;
P <0.0001). Again, Cxcl11 up-regulation was also detected (~2.5-
fold). Most of the IFN signature genes were reduced or absent in
NOD.IFN-yR ™~ mice after BDC transfer (Fig. 5B, column 6 and
Table S1). Global gene expression patterns between the 3A9 and
BDC CD4 T-cell transfer models were similar as noted when
plotting the entire datasets as volcano plots relating the fold
change and statistical significance by moderated ¢ test (Fig. 6D).
The Cxcl10 and Gbp genes are highlighted in the volcano plots to
facilitate comparison of datasets.

To examine whether the transcriptional changes was a func-
tion of islet cells and/or the leukocyte population, whole islets
were isolated after BDC T-cell transfer, dispersed, and depleted
of the CD45" and CD11c™ cells by magnetic bead isolation. The
postenrichment purity was >99% f-cells, as determined by flow
cytometry (Fig. S1). After depleting the contaminating leuko-
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cytes, 59 of 77 genes (76%) found at fourfold or higher up-
regulation were maintained or increased in relative expression
(Fig. 5C and Table S2). The IFN gene signature was evident in
the leukocyte-depleted cells: the GTPases and Cxcl9/10 chemo-
kines were detected at comparable levels after leukocytes de-
pletion. Most of the remaining 18 genes were clearly leukocyte-
specific gene products. Depletion of leukocytes abolished the
detection of leukocyte-specific transcripts such as Gzma, Gzmb,
Ms4a4c (all three genes are NK and T cell-specific), Cd53 (pan-
leukocyte-specific), and Clec7a (macrophage and dendritic
cell-specific). In addition to genes that were mostly IFN-yR—
dependent or leukocyte-specific, we found a cluster of genes that
were reduced in expression in both IFN-yR™~ recipients and
leukocyte-depleted islet cells (compare columns 2 and 4 in Fig. 5C
Right Middle). They most likely represent IFN-y—dependent gene
up-regulation on leukocytes, but additional experimentation
would be required to validate this conclusion.

By gene ontology (GO) analysis, the top five most significant
groupings from the infiltrated islets were immune response, im-
mune system process, defense response, response to stimulus, and
response to biotic stimulus (Fig. 6 A and B). The top five
groupings from the leukocyte-depleted islet cells after BDC T-
cells transfer were immune response, immune system process,
response to stimulus, defense response, and antigen processing
(Fig. 6C). This was determined by hypergeometric probability
distribution, which examines the probability of randomly selecting
a particular cluster of genes. There was no change in expression
of key islet transcripts, such as glucagon and insulin, or in islet
regeneration-related or apoptosis-related genes after T-cell trans-
fer. Therefore, the transcriptional changes were confined to the
earliest events in T-cell activation, homing, and entry.

The microarray results were validated by quantitative real time
polymerase chain reaction (QRT-PCR). Fig. 6 E-H shows qPCR
data for Cxcl10, Gbp2, Iigp, and Stat1. All four genes were found to
be up-regulated at levels comparable with those seen in our
microarray analyses. Irradiation in the 3A9 into IP-HEL transfer
system did not caused changes in gene expression that might have
altered the dynamics of the transfer system by inducing nonspecific
inflammation. We compared the gene expression profiles of irra-
diated TP-HEL mice and nonirradiated NOD Rag™~ mice and
found no significant difference in expression of inflammatory genes.

Discussion

In a rather short interval after localization of diabetogenic CD4
T cells, the islets developed profound changes and became re-
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IFNgR-/- postcell transfer. Left y axis is the number of BDC T cells, and
right y axis is the number of B6.g7 T cells (CFSE-labeled) per islet.
(F) Relative ratios of specific to nonspecific T cells from a pre-
vious experiment (E). Data representative of two experiments.

ceptive to cells other than those that originated the disease
process. The changes involved three of the cells in the islets: the
endothelium, which expressed both ICAM-1 and VCAM-1, the
B-cells, expressing a number of genes as well as ICAM-1 (a sit-
uation that may makes them susceptible to CD8 T-cell attack),
and the DCs themselves. Genes, many having an IFN signature,
were very rapidly expressed after specific localization of the di-
abetogenic T cells. Many genes were expressed in the leukocyte-
depleted islet cells, but others were expressed in the entire islet.
Included were genes encoding several chemokines as well as
anumber of small GTPases of unknown function. How these gene
products participate in the diabetic process, by protecting or fa-
voring inflammation, needs to be determined. These results do
not rule out that other cytokines may participate, perhaps through
an analogous process, an issue currently under investigation.

Our microarray analysis was significantly different yet congruent
with previous gene expression studies performed on islet cells (17).
One study noted the induction of IFN-y—dependent genes by islets
after in vivo treatment with cyclophosphamide (18), attributing
them to infiltrating leukocytes. We confirmed here the presence of
leukocyte-specific genes, but these constituted a minority of the
strongest transcriptional changes. In fact, the leukocyte-depleted
islets were a major target for IFN responsiveness in vivo, with 73%
of the genes up-regulated 48 h after T-cell injections.

The response to T-cell transfer was dominated by a few highly
expressed gene products. Among the most highly up-regulated
genes was Cxcl10. We also detected strong up-regulation of the
other two CXCR3 chemokines, Cxcl9 and Cxcl11, both chemokines
previously implicated in the pathogenesis of type I diabetes.

The abundance of GTPases after T-cell transfer is a clear in-
dicator of IFN signaling. Previous work showed that GTPase up-
regulation is a signature of both type I and type II IFN pathways
(15). The bias to up-regulation of the p47 and p65 is a signature
of the IFN-y pathway (19). Although much is known about the
expression and subcellular localization of p47 and p65 GTPases,
their possible role in diabetes induction is unknown. The p47
family members are recruited to nascent phagosomes after in-
fection with bacteria and parasites (15). The p65 family member
Gbpl is recruited to the Golgi after chemical activation (20). The
potential biological outcome of p47 and p65 activation during
microbial infection has been postulated to involve rapid killing/
degradation and trafficking of the pathogen to the antigen-
processing compartments. The islet response to IFN-y signaling
may be a preparation for infection with a pathogen. However,
the cells of the islet are very rich in secretory components. Could
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the up-regulation of the GTPases affect the secretory activity of
islet cells and contribute to the development of diabetes?
Natural NOD diabetogenesis was affected to variable de-
grees in situations where the IFN-y receptor or the structural
genes for IFN-y were mutated. Clearly, other pathways of ac-
tivation and effector functions are taking place during this
chronic process, some of which may be independent of IFNS.
We reviewed the influence of IFN-y in normal diabetogenesis
and in various experimental models in a previous study (13).
In brief, the end result of priming the islet was the entrance of
nonspecific T cells by mechanisms distinctly different from the
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on fourfold change between untreated NOD Rag1~~
mice and BDC T-cell transfer into NOD Rag7~~ mice. The
heat map was grouped by Pearson’s Correlation. The
same gene list was clustered using k-means analysis and
Pearson’s Correlation with three gene clusters and 100
trials. Representative genes from each cluster are listed.

diabetogenic cells. It is likely that other cells will enter the
primed islets after CD4 T cells: this study was limited to non-
specific CD4 T cells. The presence of T,ce and NK T cells has
been documented in the early stages of diabetogenesis, but how
they are guided into islets remains unknown (21-23).

Materials and Methods

See ref. 11 for details. For experiments using STZ, a dose of 50 mg/kg i.p. was
administered for two consecutive days (24). PTx treatment was performed
as in ref. 25 at 100 ng/ml. Microarray, qRT-PCR, evaluation of microarrays,
and statistics are described in S/ Materials and Methods.
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