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Abstract

Activation of self-reactive T cells and their trafficking to target tissues leads to autoimmune organ
destruction. Mice lacking the coinhibitory receptor CTLA-4 develop fatal autoimmunity
characterized by massive lymphocytic invasion into non-lymphoid tissues. Here we demonstrate
that the CD28 costimulatory pathway regulates the trafficking of self-reactive Ctla4™~ T cells to
tissues. Co-ablation of the CD28-activated Tec family kinase ITK does not block spontaneous T
cell activation, but instead causes self-reactive Ctla4 ™'~ T cells to accumulate in secondary
lymphoid organs. Despite a fulminant autoimmune process in the lymphoid compartment,
Itk=/~Ctla4~/~ mice are otherwise healthy and exhibit a long lifespan. We propose that ITK
licenses autoreactive T cells to enter tissues to mount destructive immune responses. Importantly,
ITK inhibitors mimic the null mutant phenotype and also prevent pancreatic islet infiltration by
diabetogenic T cells in mouse models of Type | diabetes, highlighting their potential utility for the
treatment of human autoimmune disorders.

CD28 is the primary costimulatory molecule for naive CD4* conventional T (Tconv) cell
activationl. CD28 binding to B7 ligands leads to increased duration and magnitude of T cell
responses?, enhanced survival and glucose metabolism3, 4 and acquisition of migratory
properties®. CD28 activates integrin-mediated adhesion of T cells® and promotes actin
polymerization’:8. Cd28~/~ mice have impaired delayed-type hypersensitivity responses®
and fail to develop Experimental Autoimmune Encephalitis (EAE)19,11, In non-obese
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diabetic (NOD) mice, loss of CD28 exacerbates Type 1 diabetes (T1D)2, likely due to
decreased frequency of FOXP3* Treg cells!3. However, NOD mice treated with CTLA4Ig
(Abatacept), a protein that binds to and sequesters B7, are protected from diabetesl4,
Interpretations of these studies are complicated by the function of the CD28 antagonist,
CTLA-4, that binds B7 with a much higher affinity than CD2815:16,

CTLA-4 maintains T cell tolerance to selfl®, and polymorphisms in Ctla4 have been linked
to human autoimmune diseases!’. Ctla4~/~ mice die of a lymphoproliferative disorder
driven by rampant CD28-dependent self-reactive CD4* T cell activation and infiltration into
tissues1819, This loss in tolerance is initiated by the inability of CTLA-4-deficient Treg cells
to function19-22, resulting in hyper-stimulatory antigen presenting cells?0-21, CTLA-4 also
has Tconv cell-intrinsic functions and regulates trafficking of self-reactive T cells1922,
Expression of a truncated CTLA-4 containing only the B7-binding domain protects Ctla4 /'~
mice from organ infiltration by T cells?3. These results suggest that modulation of CD28
signals by competitive sequestration of B7 ligands can regulate tissue infiltration by
autoreactive T cells.

Studies have suggested the involvement of CD28-activated PI3Kinase (PI13K) in the
trafficking of effector T cells to tissues?:25, The IL-2 inducible Tec kinase ITK is recruited
to both the TCR and CD28 upon stimulation in a PI3K-dependent manner2®. Phosphorylated
ITK activates PLC-p1, leading to calcium (Ca2*) mobilization and actin polarization to the
site of TCR stimulation?’. ITK is also activated by p1-integrins and is involved in Cdc42
and Rac mediated chemokine-induced migration?8:29, However, CD28 and ITK appear
dispensable for T cell localization to target tissues in inflammatory settings1® 30. Here, we
show that CD28-1TK signals specifically regulate self-reactive T cell migration in tissues.
Importantly, small molecule inhibitors of ITK significantly diminished T cell infiltration and
destruction of islet cells in T1D models, providing proof of principle that targeting ITK may
be beneficial for treating T cell-mediated human organ-specific autoimmune diseases.

Ctlad™~ T cell migration to tissues requires CD28-B7 signals

Ctlad~/~ CD4* T cells recognize tissue self-antigens and represent a model of multi-organ
autoimmunity. Mice deficient in both Cd28 and Ctla4 are protected from lethal
autoimmunity since T cells cannot be activated3L. Further, CD28 signals were necessary for
tissue infiltration by self-reactive T cells as transfer of Ctla4~/~ lymph node (LN) T cells
into B7-sufficient Ragl ™'~ mice instigated an aggressive autoimmune disease similar to
intact Ctla4~/~ mice, but transfer into B7~/"Rag1~/~ mice did not (Fig. 1a). Transfer of
Ctlad™= T cells into MHC Class II-deficient Ragl™~ mice resulted in an intermediate
disease course with 75% of mice displaying tissue infiltrates (Supplementary Fig. 1a).
These results suggested a more stringent requirement for CD28 than TCR-MHC class 11
signals for activated Ctla4~/~ T cell accumulation in tissues.

Endothelial cells (ECs) in LNs express some B7 and MHC class Il molecules, 32-35, We
determined the expression of B7 on stromal subsets in the lungs (Supplementary Fig. 1b).
CD86 was expressed on CD45™ hematopoietic cells, and at low but significant amounts on
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CD45"9 stromal cells (Supplementary Fig. 1c). Imaging studies also identified a
CX3CR1* DC population on vessel walls of lungs that projected dendrites into the lumen (3¢
and data not shown). These results suggested that B7 molecules in tissues are accessible to
blood-borne T cells. In vitro, B7-CD28 signals were required for the migration of activated
Ctlad™~ T cells across B7* SVEC4-10 ECs34:37, as neutralizing B7 antibodies curtailed
their migration (Supplementary Fig. 1d).

We next performed 2-photon imaging of fluorescently labeled Ctla4~'~ T cells in lung
vasculature38:39 of WT and B7-deficient mice to characterize their motility. Ctla4™'~ T cells
in WT mice were highly motile within blood vessels in lung slices, made frequent stable
contacts with, and often migrated across, vessel walls (Supplementary Movie 1, Fig. 1b).
They showed significant mean displacement within the time frame of recording (Fig. 1c, d)
and had the characteristic elongated morphology of migrating cells (Fig. 1b, €). In contrast,
Ctlad~'~ T cells in ex vivo B7~/~ lung tissues did not make stable contact with ECs, lost
directionality and assumed a circular morphology (Fig. 1b-e; Supplementary Movie 2).
These results indicated that CD28-B7 interactions modulate Ctlad~/~ T cell trafficking in
tissues.

ITK deficiency prevents lethality of Ctla4™/~ mice

To identify a CD28 signaling molecule required for T cell trafficking, we focused on ITK.
To confirm that ITK functions downstream of CD28, we stimulated naive WT and Itk=/—
CD4* T cells with a CD28 super-agonist (SACD28) antibody*? that can trigger T cell
activation without overt TCR signaling. WT naive T cells responded to SACD28
crosslinking by up-regulating activation markers CD25 and CD69, but Itk~/~ CD4*T cells
failed to do so (Supplementary Fig. 1€).

We then generated Itk/~Ctla4~/~ double knockout (DKO) mice to test if ITK functions in
self-reactive T cell trafficking. Unlike Ctla4~/~ mice that die by 3-4 weeks of age of multi-
organ autoimmunity, DKO mice were healthy and had a significantly extended life span
(Fig. 2a). Yet, DKO mice had engorged LNs (Fig. 2b), 20 times larger than those of normal
mice, packed with proliferating (Ki67*), activated (CD44MNCD62L°) T cells (Fig. 2b, c) that
were fully capable of effector cytokine production (Supplementary Fig. 2a), and
comparable to Ctla4~~ T cells in apoptosis (Supplementary Fig. 2b). These results
indicated that ITK signaling was not required for the activation of Ctlad~/~ T cells.
Consistent with this, naive CD4* T cells from 5C.C7Tgltk~/~Ctlad~/~Rag1 ™~ mice
responded normally to the cognate antigen (Supplementary Fig. 2c). Lastly, global gene
expression profiling of CD4* T cells from Ctla4~/~ and DKO mice showed that these two
populations were molecularly convergent, with less than 0.5% of genes differentially
expressed (Supplementary Fig 2d), supporting the conclusion that the activation and
functional states of Ctla4~~ T cells were not impaired by the loss of ITK.

Lack of autoimmune tissue pathology in Itk’~Ctla4~~ mice

While DKO mice exhibited an increased frequency of Treg cells in SLOs (Fig. 2¢), the lack
of CTLA-4 rendered these Treg cells functionally impaired, as they were unable to regulate
colitogenic naive WT T cells in vivo (Supplementary Fig 2€). Further, in the presence of

Nat Med. Author manuscript; available in PMC 2014 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jain et al.

Page 4

WT Treg cells in mixed bone marrow chimeras, DKO T cells were prevented from
activation (Supplementary Fig. 2f), showing that the rampant T cell expansion in DKO
mice was caused by the lack of CTLA-4 on Treg cells 21,

Despite defective Treg cells and lymphoproliferation, DKO mice did not exhibit
autoimmune tissue infiltration histologically (Fig. 3a). The few T cells present in tissues of
older DKO mice did not exhibit differences in cell survival (Supplementary Fig. 2b). The
compromised tissue infiltration by DKO T cells was a cell-intrinsic defect, as reconstitution
of Terb™= mice with DKO T cells did not cause diesease, whereas transferred Ctla4 =/~ T
cells caused lethal autoimmunity (Fig. 3b). Pertussis toxin (PTx) facilitates the movement of
autoreactive T cells to brain tissues to induce EAE in mice*!. Treatment of DKO mice with
PTx led to a rapid wasting disease with death starting in one month (data not shown).
Consistently, there were increased lymphocytic infiltrates into organs accompanied by
robust effector cytokine production by CD4* T cells (Fig. 3c). Importantly, DKO mice
could mount effective anti-viral T cell responses in tissues and clear infections with the
AJPRS strain of Influenza A and LCMV Armstrong viruses similar to controls
(Supplementary Fig. 2g, h). These results indicated that DKO T cells are not irreversibly
excluded from tissues, and that ITK appears to only license aberrantly activated, self-
reactive T cells to accumulate in tissues.

Chemokine responses and tissue homing of Itk”"Ctla4™~ T cells

Gene expression and flow cytometry assays revealed no significant differences in the
expression of adhesion molecules and most chemokine receptors between Ctla4~/~ and
DKO T cells (Supplementary Fig. 3a, b). RNA analysis showed similar expression of the
S1P receptor, important for LN egress, and comparable migration to S1P ligand by Ctlad~/~
and DKO T cells (Supplementary Fig. 3c). Increased numbers of CD4* T cells in blood of
DKO mice further indicated that DKO T cells can exit the LNs (Supplementary Fig. 3d).
Of note, however, were the decreased expression of CXCR3%2 on activated DKO CD4* T
cells and their failure to migrate to CXCL-11 in vitro (Supplementary Fig. 4a, b).
However, while Cxcr3~/~Ctla4~/~ mice displayed a small but significant extension in
lifespan relative to Ctla4~/~ mice, massive lymphocytic infiltrates were still evident in most
organs (Supplementary Fig. 4c, d). Thus, reduced expression of CXCR3 on DKO CD4+ T
cells likely contributes to, but cannot fully account for the paucity of DKO T cells in tissues.

To determine whether DKO T cells are selectively impaired in migration to tissues, we
performed a competitive short-term homing assay of DKO and Ctla4~~ T cells in Ragl ™/~
mice. At 6-8 hours post-transfer, the cells remained undivided and there was no difference in
the expression of apoptosis marker AnnexinV in tissues (Supplementary Fig. 4€). In the
lungs and liver, the normalized ratios of DKO/Ctla4~/~ CD4* and CD8* T cells (homing
index; HI), was <1.0 (Fig. 4a; Supplementary Fig. 4€), indicating a significant advantage
of Ctla4~/~ T cells in repopulating these tissues. Reciprocally, a HI of >1.5 in the LNs
indicated an enhanced accumulation of DKO T cells in lymphoid tissues. The difference was
observed regardless of initial input ratios ranging from 2:1 to 1:4 of Ctla4~/~:DKO cells
(data not shown). These results indicate that in this short time frame, DKO T cells do not
migrate to non-lymphoid tissues as efficiently as Ctla4™/~ T cells.
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Itk~Ctlad™~ T cells are defective in trans-endothelial migration

Morphological changes enable T cells to traffic across ECs from the blood to tissues*3.
Activated DKO CD4* T cells had impaired F-actin polarization relative to Ctlad ™'~ T cells
ex vivo (Fig. 4b, Supplementary Fig. 3e). Further, unlike Ctla4~/~ T cells, a significantly
lower frequency of DKO CD4* T cells was able to migrate across an EC layer in vitro (Fig.
4c). Pre-treatment of DKO T cells with a Ca2* ionophore that can partly substitute for CD28
signaling increased the frequency of DKO T cells that were able to migrate across the
endothelium (Supplementary Fig. 3f). Similarly, migration of Ctla4~/~ T cells across ECs
in vitro was blocked by an ITK inhibitor** (Supplementary Fig. 3g).

Two-photon imaging of DKO lymphocytes in lung slices showed that, in contrast to
Ctlad™"~ T cells, DKO T cells exhibited a random movement within blood vessels in lung
tissue and were morphologically distinct (Fig. 4d-g; Supplementary Movie 3, 4). The
migratory properties of DKO cells were strikingly similar to that of Ctla4~'~ T cells in
B7~/~ lung slices (Fig. 1), suggesting that impaired CD28 signaling in DKO T cells was
responsible for the observed defects.

ITK inhibitors moderate autoimmunity

Data in aggregate suggested that pharmacological inhibition of ITK might moderate
autoimmune disease pathogenesis. Treatment of Ctla4~/~ mice with two ITK inhibitors,
BMS5097444° and 10n46, significantly increased their lifespan (Fig. 5a). The inhibition of
ITK did not alter the activation state or proliferative capacity of Ctla4™/~ T cells
(Supplementary Fig. 5a), but led to a significant increase in the size of LNs
(Supplementary Fig. 5b), consistent with earlier genetic studies (Fig. 2b, ¢). However,
despite the increased longevity, lymphocytic infiltration was observed in most tissues (data
not shown). This result was not unexpected given the relatively poor pharmacokinetics of
the ITK inhibitors, combined with the rapid-onset, destructive disease in Ctla4~/~ mice.

We next tested the ability of ITK inhibitors to prevent B-islet infiltration in NOD mice.
Administration of 10n to female NOD mice caused an increase in the cellularity of the LNs
(Supplementary Fig. 5¢). Notably, 10n treatment reduced the migration of self-reactive T
cells into B-islets of NOD mice by 50% (Fig. 5b, c). Given the prohibitive amount of 10n
required for long-term studies in NOD mice, we instead chose to examine whether 10n
could block diabetogenic BDC2.5/NOD CD4* T cells from causing islet cell destruction.
Transfer of BDC2.5/NOD CD4*CD25"9 T cells into young NOD/Scid mice?”, with parallel
10n treatment moderated insulitis (Fig. 5d) and diminished the onset of diabetes (Fig. 5€).

Discussion

CTLA-4 and CD28 are critical for regulating autoimmunity such as T1D, but are often
dispensable for responses against foreign pathogens!2:21.48:49 Most in vivo studies support
the role of ligand competition as the primary mode of CTLA-4 inhibition of CD28
signals23:50-53_ \We show here that CD28-B7 interactions and ITK regulate the trafficking of
self-reactive T cells to tissues, but are not essential for pathogen clearance®*. Given the
established biochemical connection between CD28 and ITK, these data support the model
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that one Tconv cell-intrinsic function of CTLA-4 is to modulate the CD28-1TK pathway
controlling self-reactive T cell motility in tissues.

We showed that ITK inhibitors are effective in treating T1D in mice. Costimulatory
blockade is a major therapeutic strategy for autoimmune diseases such as rheumatoid
arthritis and T1D. Abatacept, a CD28 antagonist, has achieved moderate success in T1D
patients, leading to the preservation of beta-cell mass for over two years®®. However, this
approach ultimately fails due to the increased antigen sensitivity of autoreactive T cells, and
their relative independence from costimulation for their activation. Another major drawback
is the failure to specifically target auto-reactive T cells as the B7 blockade can interfere with
Treg cell functionl3. In contrast, focused approaches aimed at regulating self-reactive T cell
migration to organs to limit immune pathology are beneficial in treating severe
autoimmunity®®. ITK has been shown to have a similar functional repertoire in human T
cells as in mice*457:58_Qur data indicate that ITK inhibitors can become an alternate
strategy to treat diverse human T cell mediated organ-specific autoimmune diseases, while
allowing pathogen-elicited immune responses to occur.

Online Methods

Mice

Itk~/~ mice were crossed with Ctla4~/~ mice to generate Itk/~Ctla4~/~ (DKO) mice on the
C57/BL6 background. Female NOD, NOD/Scid mice, Cxcr3~/~ and Cd80~/~Cd86~/~
(B777) mice were purchased from Jackson Laboratories (Bar Harbor, ME). BDC2.5/NOD
mice were bred in our animal facility. Cd80~/~Cd86~/~Rag1~/~ and
5C.C7Itk~/~Ctla4~/~Rag1~/~ mice were generated in our colony.
Ragl™~H-2Aa~/~Cd74~/~ (no I-A, E; MHC Class 117/~) mice were provided by Dr.
Huseby. All experiments were approved by the University of Massachusetts Medical School
Institutional Animal Care and Use Committee.

Reagents, antibodies, flow cytometry and histology

Pertussis toxin was from List Biological Laboratories, Campbell CA; ITK inhibitors,
BMS507944 and 10n, were synthesized at the NIH’s Chemical Genomics Centre and
dissolved in 70% (20%w/v) 2-hydroxypropyl-B-cyclodextrin in water and 30% PEG300
(EMD), CD28 superagonist antibody (SACD28, clone D665) was a gift from Dr. T Hunig
and S1P was from R&D Systems. Most antibodies used in these experiments were
purchased from BD Bioscience (San Jose, California) and eBioscience (San Diego, CA)
(Supplementary Table 1). All data were acquired on the LSRII flow cytometer (BD), and
analyzed using FlowJo software (Treestar, CA). Peripheral T cell subsets were sorted to
greater than 95% purity using a MoFlo (Cytomation) cell sorter. CD4*T cells were enriched
from SLOs by depleting CD8* T cells and B220* T cells using MACS (Miltenyi Biotec)
beads according to the manufacturer’s protocol. For histology, organs were fixed in 10%
formalin. Four microns paraffin embedded sections were cut and stained with hematoxylin
and eosin (H&E). Minimally, 4 sections at multiple depths were analyzed.
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In vitro T cell activation and migration assays

5 x 10° naive CD4* T cells from 5C.C7Rag1 ™/~ mice were stimulated with indicated
concentrations of MCCgg_103 (moth cytochrome c) pulsed CHO cells expressing MHC class
I1, 1-EX, with or without scFvCD28 (variable fragment of CD28 antibody expressed as a
trans-membrane protein on CHO cell surface). FACS sorted naive
(CD4*CD8CD19°CD11¢c"CD25"CD62L *CD4410) CD4*T cells from WT and Itk~/~ mice
were stimulated with 10ug ml~1 SACD28 antibody at 37°C for 24 hours, with recombinant
IL-4 (2ng mI~1, R&D Systems) in some cultures. DKO LN cells were stimulated with 2ug
mI~1 lonomycin for 2 hours prior to trans-endothelial migration assay. Ctla4~/~ LN cells
were pre-incubated with ITK inhibitor, 10n (10pug mi~1), for 2 hours prior to trans-
endothelial migration assay. Intra-cellular cytokine staining was performed after stimulating
cells with PMA (50ng ml~1) and lonomycin (750ng mi~1) for 4 hours in the presence of
Golgi Stop and Plug (BD Bioscience). For trans-endothelial migration assays, a monolayer
of SVEC4-10 (ATCC-CRL-2181; characterized as lymphatic, HEV, or blood microvascular
endothelium) ECs was established on the underside of a trans-well insert such that the
migrating lymphocytes would first contact the basal surface of the endothelium,
recapitulating migration in vivo, as previously described3’. Briefly, 100ul of 0.1% Gelatin
was added to the underside of trans-well insert and incubated for 2 hours at 37°C. The
gelatin was then discarded and 5 x 104 SVEC4-10 cells in 50ul complete media were added
to the inverted insert. The set-up was incubated for 72 hours at 37°C. Confluency of cells
was determined by staining insert with the cytosolic dye, CFSE, and visualizing under a
fluorescence microscope. Where indicated, monolayers were stimulated with 25ng mi~1 of
TNFa for 24 hours, after which MACS purified CD4* T cells were added to the upper
chamber. The frequency of migrated cells was determined after 4 hours of incubation at
37°C.

Short-term migration assays

Cells from LNs and spleen of 3-4 weeks old DKO and Ctla4~/~ mice (both sexes) were
labeled with CFSE and eFluor670, respectively, mixed at different ratios and 30 x 10 cells
were intravenously injected into age-matched, non-irradiated Ragl ™'~ mice. 6-8 hours after
transfer, peripheral blood lymphocytes were collected via tail bleed. Mice were then
euthanized and lymphocytes isolated from perfused lungs and liver by collagenase digestion,
as well as from SLOs. Frequencies of CD4* and CD8* T cells (TCRpB* or Thy1*) were
determined by flow cytometry in each tissue.

Treg cell assays

To generate mixed bone marrow chimeras (BMC), BM cells were flushed from the femurs
and tibias of donor mice and depleted of CD4* and CD8* T cells using magnetic Dynal
beads (Invitrogen). 5 x 106 BM cells were injected into lightly irradiated (300 rads) Rag1~/~
(Ly5.2*) mice via the tail vein. Ly5.1* wt BM was used for control experiments to verify
normal reconstitutions. Mice were bled periodically to determine reconstitution of the
peripheral T cell pool. Mice were sacrificed and analyzed at >8 wks post transfer. For colitis
assays, 2 x 10° sorted CD4*CD25" Treg cells were co-transferred with 5 x 10> WT CD4*
Tconv cells into Ragl ™~ mice. Mice were weighed weekly and examined for signs of colitis
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and wasting. Histological examination of colons was performed 6 weeks after adoptive
transfer for transmural inflammation and leukocyte infiltration.

Viral infections

Age and sex-matched mice were infected with 5 x 104 PFU of LCMV Armstrong intra-
peritoneally. To measure relative viral load, mice were euthanized at d11 post-infection,
spleens removed and halved prior to homogenizing in 1 mL of RPMI complete media. RNA
was isolated using TRIzol reagent and reverse-transcribed according to manufacturer’s
protocol. Real-time quantitative PCR was performed on the glycoprotein (GP) of LCMV
and 18sRNA as previously described>®. To track T cell responses infected mice were
analyzed at various times by flow cytometry using viral epitope-specific MHC Class |
tetramers and intracellular cytokine production. For Influenza A virus, age and sex-matched
mice were infected intra-nasally under light isoflurane anesthesia with 2,500 Egg Infectious
Doses 50 (EIDsg) of A/PR8 strain of influenza A virus in 50ul of PBS. Mice were weighed
every day and euthanized at d18 post-infection. Viral titres were determined at d7 and 14
post-infection by quantifying viral RNA as previously described®°.

Gene expression profiling

CD4*CD25M9 T cells from 3 weeks old male Ctla4~/~ or DKO mice were sorted in
duplicates, RNA was extracted using TRIzol reagent and microarray analysis performed
with the Affymetrix MoGene 1.0 ST array based on the ImmGen protocol (http://
www.immgen.org/Protocols/Total RNA Extraction with Trizol.pdf). Data were analyzed
with modules of the GenePattern genomic analysis platform of the Broad Institute (http://
www.broadinstitute.org/ cancer/software/genepattern). Differences in gene expression were
identified by the Multiplot module (coefficient of variation <0.5; P value <0.05, Student’s t-
test; expressed genes defined as those with mean expression value > 120 in at least one
sample, 95% confidence interval, based on Immgen.org data processing of the MoGene 1.0
ST arrays) and functional categorization was performed using the Functional Annotation
Tool DAVID for GO annotations. Heat maps were generated by row (gene) based
hierarchical clustering (pairwise complete linkage) of data using the HierarchicalClustering
module. Data were log transformed and row centered (subtraction from the mean) and a
relative color scale based map generated using the HierarchicalClusteringViewer module.
Microarray data deposition to GEO is in progress.

Confocal Microscopy and Immunofluorescence

2 x 108 MACS enriched CD4* T cells were fixed in 4% para-formaldehyde and
permeabilized in 0.15% saponin and stained for actin with phalloidin-488 (5 Units,
Invitrogen). Images were captured using a Nikon Eclipse E 600 microscope and IPlab
Spectrum software (Scanalytics, VA). At least 15 fields were photographed and no less than
100 cells per sample were analyzed for each experiment. For confocal microscopy, CD4* T
cells were photographed using a Leica confocal microscope.
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Preparation of lung slices for microscopy

The procedure was performed as described3® with some modifications. Briefly, mice were
intravenously injected with 50uM of CMTMR Orange dye (Invitrogen). After 30 minutes,
20-50 x 10% CFSE (Invitrogen) labeled LN cells were intravenously injected and mice
euthanized 5 minutes later. The trachea was cannulated, and lungs inflated with 0.9-1.3ml of
1.8% LMP agarose in sHBSS (HBSS+20mM HEPES, pH 7.4). The agarose was gelled and
a lung lobe was cut into 200um thick serial sections. Lung slices were adhered to a glass
bottom dish (In vitro Scientific) by serial additions of a thin film of 2% agarose and bathed
in 2 ml of phenol-red free DMEM containing HEPES and 10% FBS. Microscopy was
performed at 35°C.

Fluorescence microscopy

Fluorescence imaging was performed using a custom-built 2-photon or confocal microscope
using a 40X or 60X objective with numerical apertures of 1.35 or 1.42, respectively. Cells
were excited at 820 nm for 2-photon microscopy, and at 488 nm and 543 nm for confocal
microscopy. Simultaneous fluorescence images were collected by separating the emitted
fluorescence light with a 540 nm dichroic mirror in conjunction with a red (590 nm) and
green (510 nm) barrier filter (Semrock). No substantial differences in the data were observed
between the 2 microscopes. To follow lymphocyte motility, a time-lapse 2D image sequence
was acquired by averaging 16 images (480 x 800 pixels at 15 images/second) every 5
seconds using Video Savant software (10 Industries). Each average image had dimensions
of 240 um x 288 um with a pixel resolution of 0.5 x 0.36 pm using a 40x objective. Data
was analyzed using both Video Savant and Image J (NIH) software. Various descriptors of
lymphocyte motility (displacement, roundness) were calculated using ImageJ software.

Diabetes induction and calculation of insulitis index

5 weeks old female NOD mice were treated with ITK inhibitor as indicated and extent of
insulitis was determined by histopathological analysis of pancreatic sections. For T cell
transfer experiments, 1 x 108 sorted CD4*CD25"¢9 conventional T cells from 4 weeks old
female BDC2.5/NOD TCR Tg mice were i.v. injected into 4wks old female NOD/scid mice.
Mice were considered diabetic if they had 3 consecutive blood glucose readings of >250mg
dL~L. Insulitis index was calculated by scoring the islets as Grade 0: No infiltration; Grade
1: Peri-insulitis only; Grade 2: <20% of islet mass infiltrated; Grade 3: 75% of islet mass
infiltrated; Grade 4: <20% of islet mass remaining as determined by insulin immuno-
histochemistry. Insulitis index was calculated using the formula: 1=(0xNO)+(1xN1)+
(2xN2)+(3xN3)+(4xN4)/ (NO+N1+N2+N3+N4); where NO, N1, N2, N3 and N4 are the
number of islets showing Grade 0, 1, 2, 3 and 4 pathology respectively.

ITK inhibitor characterization and purification

10n: 'H NMR (400 MHz, DMSO-dg) § 13.14-13.00 (br.s., 1H), 8.24-8.11 (br.s., 1H),
7.92-7.79 (br.s., 1H), 7.63 (d, J= 3.8 Hz, 1H), 7.52 (s, 1H), 7.49 (d, J= 8.4 Hz, 1H), 7.22 (d,
J=3.8 Hz, 1H), 7.20 (dd, J= 8.4, 1.0 Hz, 1H), 5.03 (s, 1H), 4.14 (s, 2H), 3.91 (d, J= 12.7 Hz,
1H); 3.66 (d, J= 12.7 Hz, 1H), 2.20 (q, J= 6.4 Hz, 1H), 1.23 (s, 6H), 0.95 (d, J= 6.4 Hz, 3H),
0.86 (s, 9H). 13C NMR (100 MHz, DMSO-dg) § 168.4, 152.2, 140.8, 140.0, 136.1, 130.5,
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129.2,128.7,125.8, 122.7, 122.3, 115.2, 111.0, 110.7, 70.8, 60.0, 52.5, 51.4, 34.0, 27.5,
26.2, 14.0; LC/MS: retention time 3.930 min (Gradient: 4% to 100% acetonitrile (0.05%
TFA) over 7 min); HRMS: m/z (M+H™*) = 495.2538 (Calculated for CogHz5Ng0,S =
495.2542).

Statistical analysis

Sample size for in vivo studies including inhibitor treatment and diabetes induction were
estimated by conducting pilot experiments. No samples or animals were excluded from the
analyses. For animal studies, no randomization and blinding were used. Data were analyzed
using Prism statistical software. Normally and non-normally distributed data were analyzed
for significance by Student’s t-test and Mann-Whitney test respectively. The variance was
similar between groups being compared. Standard error and p-values are shown on
individual graphs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. B7 signalsregulate Ctla4™~ T cdll migration
a. H&E sections of tissues from Rag1 ™~ and B7~/~Rag1~/~ mice 3 weeks after transfer of

Ctlad™~ T cells. Data are representative of =3 experiments with 4-6 mice in each group. b-
e. Imaging of CFSE labeled Ctla4~'~ T cells in lung vasculature of WT or B7~/~ mice b.
Representative frames (0-20 minutes) from a Video Savant movie recording showing T cell
movement (green) in blood vessels (red) of lung slices. c. 2-D tracks of 10 representative T
cells within blood vessels (in 10 minutes), superimposed after normalizing their starting
coordinates to the origin. A minimum of 30 cells was analyzed for each genotype. Scale:
0.18 microns pixel™2. d. Displacement of individual Ctla4~/~ T cells in WT or B7~/~ lungs
from the point of origin in 10 minutes. e. Roundness of cells as calculated by ImageJ (NIH)
software. 1= circular object; <1: decreasing circularity. Data in d and e show mean and
SEM, p values in d and e based on the Mann-Whitney and Student’s t-test, respectively.
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Figure 2. ITK deficiency prolongs lifespan of Ctla4™"~ mice

a. Survival curves of Ctlad~'~ (n=10) and Itk/~Ctla4~/~ (DKO) (n=10) mice. P-value
=<0.0001 (Log-rank Mantel-Cox test) b. (Left) Size of peripheral (inguinal, axial and
brachial) LNs. (Right) Cell numbers in peripheral LNs, mesenteric LNs (MLN) and spleen
of 3 weeks old Ctla4~/~ and 6-8 weeks old WT, Itk™~ and DKO mice. c. (From left to
right) Frequencies of CD4*/CD8* T cells, CD4" Tconv cells expressing activation markers
CD44/CD62L, CD4* Tconv cells expressing Ki67, and Treg cells in LNs of indicated mice
as in b. Data in b and c are representative of 3 experiments with >4 mice in each group.
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Figure 3. ITK deficiency preventsCtIa4'/' T cell infiltration into tissues
H&E sections of tissues from a. 3 weeks old Ctla4™~ and 8-12 weeks old WT, Itk~/~ and

DKO mice, and b. Tcrb™~ mice 4 weeks post-transfer of 107 CD4* T cells from Ctlad~/~
and DKO mice. c. (Left) H&E sections of tissues 8 weeks after PTX treatment of DKO
mice. (Right) Flow cytometry profiles of ex vivo IL-2 and IL-17 production by LN CD4* T
cells from PTX-DKO mice. Data are representative of 3 independent experiments with >4
mice in each group.
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Figure4. Impaired trans-EC migration by DKO T cells
a. HI of eFluor670-labeled Ctla4~'~ and CFSE-labeled DKO CD4* and CD8" T cells in

indicated organs 6-8 hours post-transfer into female Rag1~/~ mice. HI was calculated as the
ratio of CFSE:eFluor670 in tissues normalized to the ratio of CFSE:eFluor670 T cells
injected into the host. Data are combined from 2 independent experiments, each with 3-4
recipients/group. b. Frequency of CD4" T cells with polarized F-actin in the LNs and
spleens of Ctla4~/~ and DKO mice. Data are from 3 experiments with at least 300 cells
analyzed for each genotype. c. Frequency of Ctla4~/~ and DKO CD4* T cell migration
(diapedesis) across SVEC4-10 ECs. Data are representative of 4 experiments. d-g. Imaging
of LN T cells from Ctla4~/~ and DKO mice in lung vasculature of Rag1 ™~ mice d.
Representative frames (0-20 minutes) from a Video Savant movie recording showing
movement of T cells (CFSE, green) in blood vessels (red) of lung slices. e. 2-D tracks of 10
representative T cells within blood vessels (in 10 minutes), superimposed after normalizing
their starting coordinates to the origin. A minimum of 40 cells was analyzed/genotype.
Scale: 0.18 microns pixel™L. f. Displacement of Ctla4~/~ and DKO T cells from the point of
origin. g. Shape of Ctla4~/~ and DKO T cells within blood vessels in lung slices (1= circular
cell, <1=elongated cell). Data in d-g are from 6 experiments. Data in a-c and f, g show
mean, SEM and p-values (Student’s t-test).
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Figure5. ITK inhibitors modulate autoimmunity
a. Survival curves of Ctla4~/~ mice (10 days old) that were treated with ITK inhibitors,

BMS509744 (50mg kg~1, n=11), and 10n (1mg kg1, n=8; and 10mg kg~1, n=5), and
solvent alone (n=10). P-values shown based on the Log-rank Mantel-Cox test. b. Frequency
of islets infiltrated and c. the insulitis index of 8 weeks old female NOD mice treated with
10n (1mg/kg from 5 weeks of age). Data from 3 experiments with 4-10 mice per group/
experiment. d, e. CD4* Tconv cells from BDC2.5/NOD mice were transferred into NOD/
Scid mice followed by 10n treatment at 1mg kg™L. d. Insulitis index and e. frequency of
diabetic mice. Data are from 3 experiments with 10 and 5 mice in control and 10n treated,
respectively.
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