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Abstract

TCR engagement triggers the polarized recruitment of membrane, actin, and transducer assemblies
within the T cell-APC contact that amplify and specify signaling cascades and Teffector activity.
We report that caveolin-1, a scaffold that regulates polarity and signaling in nonlymphoid cells, is
required for optimal TCR-induced actin polymerization, synaptic membrane raft polarity, and
function in CD8, but not CD4, T cells. In CD8* T cells, caveolin-1 ablation selectively impaired
TCR-induced NFAT-dependent NFATc1 and cytokine gene expression, whereas caveolin-1 re-
expression promoted NFATCc1 gene expression. Alternatively, caveolin-1 ablation did not affect
TCR-induced NF-xB—dependent Ikba expression. Cav-1~/~ mice did not efficiently promote CD8
immunity to lymphocytic choriomeningitis virus, nor did cav-17/~ OT-1* CD8" T cells efficiently
respond to Listeria mono-cytogenes-OVA after transfer into wild-type hosts. Therefore, caveolin-1
is a T cell-intrinsic orchestrator of TCR-mediated membrane polarity and signal specificity
selectively employed by CD8 T cells to customize TCR responsiveness.

T cells have the remarkable capacity to sense subtleties in Ag quality and presentation and to
respond appropriately in one of several manners. Specific TCR binding to peptide-bound
MHC on APC can stimulate a T cell to become tolerant or activated, differentiate into one of
several effector T cell lineages, or selectively synthesize and secrete T cell cytokines or
cytotoxic effectors (1-3).

The TCR couples to downstream signal transduction pathways and functional output
through the induced association and activation of nonreceptor tyrosine kinases Lck and
ZAP70. These proximal kinases, in turn, activate effector-signaling cascades responsible for
actin remodeling, polarized membrane and effector protein trafficking, gene expression, and
T cell functional responses (1-3). Although it is well established that the TCR can couple to
a number of downstream transducer pathways with discrete capacities to impact T cell
activities, mechanisms by which TCR engagement is selectively channeled toward the
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activation of a subset of downstream transducer cascades are only now beginning to be
elucidated.

TCR Ag recognition induces the formation of a polarized immunological synapse at the T
cell-APC junction, providing context for TCR signal transduction and a target for polarized
membrane traffic and T effector molecule delivery (3). The recruitment and organization of
membrane microdomains, scaffold proteins, and actin-dependent macromolecular
assemblies within the synaptic contact help set tunable thresholds, guide TCR signal
specificity, and dictate fate and functional output (1-4). During activation, TCRs engaged at
the periphery of the contact form actin-dependent microclusters that traffic toward a central
supra-molecular activation cluster (3).

The assembly and composition of T cell synapses differ throughout T cell development and
differentiation and between mature T effector subsets (1, 3). In some T cell subsets,
cholesterol and sphingolipid-rich raft membrane microdomains translocate to the synapse,
where they cluster and concentrate TCR signal transducers, exclude negative regulators, and
modify actin-mediated synaptic organization (2, 5, 6). However, mechanisms by which
different T cell subsets specialize synapses to set signaling thresholds and specify TCR
output are not well understood.

Caveolin-1 is a key organizer of membrane specializations that orchestrate signal
transduction and membrane and protein traffic in polarized epithelial cells, neuronal
synapses, and other cell types (7— 22). By directly interacting with cholesterol and
membrane raft-associated sphingolipids (23, 24), caveolin-1 promotes the assembly and
stability of plasma membrane raft microdomains in which specific transducers preferentially
partition and that serve as platforms for signal transduction (21, 23-25). Additionally,
caveolin-1 orchestrates the assembly and activity of multimolecular signaling complexes
through its activity as a protein scaffold, binding a wide array of signal transducers through
interactions with phosphorylated tyrosine 14 or the scaffolding domain (aa 82-101) within
caveolin-1 (23, 26). Many of the proteins identified as caveolin-1 binding partners in non-T
cells have been implicated in TCR-regulated membrane dynamics, actin reorganization,
signaling, and function (14, 17, 18, 20, 27). However, initial reports that T lineage cells may
not express caveolin-1 discouraged investigation of a potential role for caveolin-1 as an
organizer of TCR synaptic membrane dynamics and signal transduction (28-32).

Based on studies defining caveolin-1 as an orchestrator of cell polarity, membrane traffic,
and signal transduction in other cell types, we hypothesized that caveolin-1 might regulate
similar processes in T cells. In this study, we provide data demonstrating caveolin-1
expression in primary T lineage cells. We define a role for caveolin-1 in orchestrating
specific T cell responses to Ag receptor engagement in CD8, but not CD4, T cells despite
expression in both T cell subsets. Caveolin-1 expression facilitated the polarized
redistribution of membrane rafts to the APC-T cell contact and the Ag-induced actin
polymerization required for this redistribution. Caveolin-1 expression selectively enhanced
TCR-induced CD8 T cell NFAT but not NF-xB—dependent gene expression. Accordingly,
cav-17/~ CD8 T cells demonstrated defective TCR-triggered proliferation, expansion, CTL
activity, IFN-y and TNF-a production, and a diminished ability to clear a lymphocytic
choriomeningitis virus (LCMV) challenge in vivo. T cells lacking caveolin-1 remained
competent to affect these functions when triggered by PMA and ionomycin, highlighting a
role for caveolin-1 in coupling TCR engagement to select downstream signal transduction
and effector pathways. These findings elucidate caveolin-1 as an orchestrator of TCR signal
specificity, actin reorganization, and synaptic polarity in CD8, but not CD4, T cells.
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Materials and Methods

Mice

Cav-17"~ mice on a mixed C57BL/6*129/sv*SJL background (Cav1tm1MIs/J; The Jackson
Laboratory) were backcrossed 14 generations with C57BL/6 mice to produce
cav-17/~C57BL/6 mice. cav-17/~ OT-1 mice were generated by crossing cav-17/-C57BL/6
mice with OT-1 TCR-transgenic mice. Mice were genotyped using protocols available
through The Jackson Laboratory (Cavltm1Mls; standard PCR). Experiments followed an
approved protocol of the University of California, Los Angeles, Chancellor’s Animal
Research Committee.

Immunoblotting analysis

Cells were lysed on ice for 30 min in TNE buffer (50 mM Tris, 1% Nonidet P-40, 2 mM
EDTA) containing protease and phosphatase inhibitors. Samples were separated on 12%
SDS-PAGE, transferred to nitrocellulose, and immunoblotted with a rabbit polyclonal Ab
directed against the first 97 (1-97) aa of caveolin-1 (610059; BD Pharmingen) (Fig. 1A, 1B),
a rabbit polyclonal Ab directed against 20 aa in the N terminus of caveolin-1 (sc-894; Santa
Cruz Biotechnology) (Fig. 1C), or a mouse mAb directed against full-length caveolin-1
(610406; BD Pharmingen) (Fig. 4C). Abs directed against Erk2 (C-14) (sc-154, rabbit
polyclonal Ab; Santa Cruz Biotechnology) and p38a (C-20) (sc-535, rabbit polyclonal Ab;
Santa Cruz Biotechnology) were used to normalize for protein loading.

FACS analysis

CTL assay

Thymaocytes and splenocytes from mice (6.2 and/or 8 wk) were counted and stained with
directly fluorescently labeled anti-CD3, -CD4, and -CD8 Abs (BD Pharmingen) using
standard protocols, acquired on an FACSCalibur (BD Biosciences), and analyzed using
CellQuest software (BD Bio-sciences). For cytokine expression, 1 ul GolgiPlug (BD
Pharmingen) was added to wells 5 h before harvest; cells were subsequently stained with
anti-CD8 Ab, fixed, permeabilized with Cytofix/Cytoperm (BD Pharmingen), and stained
with anti-IFN-y Ab (BD Pharmingen).

Purified wild-type or cav-17/-CD8* cells were primed with 2 g anti-CD3 and 5 g anti-
CD28 Abs for 72 h, counted, and incubated with P815 cells at indicated E:T ratios for 4 h.
Cell-mediated cytotoxicity was determined using the Cytoscan-LDH Cytotoxicity Assay Kit
(Genotech) and percent cytotoxicity calculated according to the manufacturer’s instructions.

Proliferation assays

Splenocytes from C57BL/6 mice were enriched for CD8 cells using a CD8 isolation kit
(Miltenyi Biotec) and magnetic cell sorting (AutoMACS). Purity ranged from 85-95% CD8
T cells. For [3H]thymidine assay, 2 x 10° CD8 cells were cultured with 2 x 105 Ab-coated
beads (50 pg/ml anti- CD3 with 200 ug/ml anti-CD28) for 72 h. A total of 1 pCi
[3H]thymidine (Amersham Biosciences) per well was added 8 h before harvesting cells onto
glass fiber filters (PerkinElmer) with an automated cell harvester (Tomtec). Incorporated
radioactivity was measured using a -plate scintillation counter.

Alternatively, CD8 cells were labeled with CFSE (Invitrogen) and stimulated with plate-
bound anti-CD3 (2 ug/ml) and anti-CD28 (2-5 pg/ ml) Abs for indicated times, after which
cells were collected and stained with anti-CD8 Ab (BD Pharmingen). Average stage of
division was calculated by analyzing CFSE histograms gated on live CD8 cells using the

J Immunol. Author manuscript; available in PMC 2014 January 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tomassian et al.

Page 4

following equation: average stage = ([(% undivided) + (2 x % division 1) + (3 x % division
2) + xxx)]/100) - 1.

Fluorescent microscopy

Purified wild-type or cav-17~ OT-1*CD8" cells were incubated with APCs for 30 min as
previously described (33). Cells were stained with 8 pg/ml FITC-conjugated cholera toxin 3
subunit (Sigma-Aldrich). Images were collected using a Zeiss Axio Imager Z1 microscope
(Carl Zeiss). For GM1 clustering, light microscopy was used to identify T cell-APC
conjugates. The degree of GM1 synaptic clustering was assessed by a blinded observer. At
least 50 conjugates were scored for each condition. Cells were scored positive for synaptic
clustering when >60% of the cellular GM1 was relocalized within the half of the T cell
proximal to the T cell-APC junction. Two independent experiments were performed, and
the mean and SD was calculated to quantitate the percentage of GM1-polarized cells.

Actin polymerization

Purified wild-type or cav-17/~ OT-1*CD8" cells were stimulated with APCs for varying
time points and stained for 1 h with 1 ug/ml FITC-conjugated phalloidin (P-5282; Sigma-
Aldrich) and anti-CD8p (BD Pharmingen), washed, and analyzed as previously described
(33). Change in mean fluorescent intensity of F-actin was calculated by subtracting the mean
fluorescent intensity of unstimulated samples from the mean fluorescent intensity of
stimulated samples. Peak fold increase in F-actin to cav-17~ was calculated from peak F-
actin levels observed in cav-1*"* and cav-17/~ samples from three independent experiments.
Data were analyzed using a two-tailed Student t test.

RNA isolation, reverse transcription, and quantitative PCR

Purified wild-type or cav-17/~ OT-1*CD8* cells were stimulated for various times with
CD3/CD28 or PMA/ionomycin. Cells were harvested and resuspended in TRIzol
(Invitrogen). RNA was reverse-transcribed using Superscript 11 (Invitrogen), and
quantitative PCR (for primer sequences, see Supplemental Table I) was performed and
analyzed as previously described (33).

Cloning and retrovirus production

Full-length caveolin-1 was amplified by PCR and cloned into the pMIG retroviral vector (a
gift from Sankar Ghosh, Columbia University, New York, NY) using Xhol and EcoRI
restriction sites. Primer sequences are as follows: cav-1a Xhol_For: 5/-
ATCGCAATTCTCGAGATGTCTGGGG-GCAAA TACGTAGACTCC-3’; and
EcoR1_Rev: 5-GATATTCAGCAA-
CATCCGCATCAGACGCAGAAAGAGATATGAGAATTCACATGT-3'. To generate
retrovirus, 293T cells were transfected with pCL-Eco and pMIG-cav1l using TransIT 293
(Mirus) according to the manufacturer’s directions. After 48 and 72 h, viral supernatant was
harvested and used to spin-infect T cells as described below.

Overexpression of caveolin-1

Purified wild-type or cav-17/~ CD8 cells were expanded on APCs for 3 d. Cells were then
transduced with caveolin-1—expressing viral supernatant by spinning cells for 90 min in the
presence of 8 pg/ml polybrene (Millipore). Viral supernatant was removed, and media was
replaced with complete RPMI 1640 supplemented with 200 U/ml human IL-2 overnight.
Cells were spin-infected two additional times. Twenty-four hours after the last spin
infection, cells were restimulated for 6 h with 2 pg/ml plate-bound anti-CD3 and 5 pg/ml
anti-CD28. Cells were harvested and used for RNA or total cell lysates.
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LCMV infections

Mice were inoculated with 2 x 10° PFU Armstrong strain of LCMV. Seven days
postinfection, splenocytes were counted and stained with anti-CD8 and GP33_41
(KAVYNFATC) or NP3gg_404 (FQPQNGQFI) tetramer (Immunomics) as per the
manufacturer’s recommendations. Viral titers were quantified as described (34). CTL
activity was determined using a standard chromium-release assay of LCMV-infected MC57
target cells (35).

Adoptive transfers

Purified naive wild-type or cav-17~ OT-1 CD8 cells (2.5 x 10°) were transferred into
C57BL/6 recipients, and 1 d later, recipient mice were immunized with 5 x 108 CFU actA-
deficient Listeria monocytogenes-OVA (LM-OVA,; gift of John Harty, University of lowa,
lowa City, IA). At day 6 postinfection, splenocytes were obtained, counted, stained with
anti-CD8 Ab (BD Pharmingen) and OV Ays7_o64 tetramer (Immunomics), and analyzed by
FACS.

Ex vivo cytokine expression

Results

For adoptive transfer experiments, 1 x 108 cells from recipient spleens were incubated with
PMA/ionomycin or OVAys57_o64 peptide. For LCMV experiments, 1 x 10° splenocytes were
stimulated ex vivo with PMA/ionomycin or 2 pg/ml GP33_41 or NP39g_404 peptide. Cells
were cultured in the presence of 1 pl GolgiPlug/well for 5 h and subsequently surface
stained with anti-CD8 Ab. Cells were fixed and permeabilized using Cytofix/Cytoperm and
stained with anti-IFN-y and —IL-2 Ab. The absolute number of cytokine-producing CD8 T
cells was determined by multiplying the frequency of cytokine-positive cells by the total
number of cells in the spleen.

Caveolin-1is expressed in T lineage cells

To determine whether caveolin-1 was expressed in primary T cell populations, T lineage
cells were purified from thymus and spleen of wild-type and caveolin-1-deficient (cav-17/")
mice. Immunoblotting total cell lysates with two independent Abs specific for caveolin-1
revealed bands corresponding to the predicted sizes in wild-type, but not cav-17/~ thymus,
spleen, and lymph node (Fig. LA—C). A rabbit polyclonal Ab directed against the first 97 (1-
97) aa of caveolin-1-detected bands migrating at molecular masses corresponding to both a
(24 kDa) and B (21 kDa) caveolin-1 isoforms (Fig. 1A, 1B), whereas a rabbit polyclonal Ab
to the a isoform-specific N-terminal 20 aa only recognized a single band migrating at 24
kDa (Fig. 1C). Caveolin-1 protein and mRNA encoding caveolin-1 a and 8 isoforms was
detected in both CD4 and CD8 T cell subsets (Fig. 1C, 1D). We similarly observed
caveolin-1 expression in both CD4 and CD8 T cell populations and total splenocytes from
wild-type mice, but not in splenocytes from caveolin-1 knockout mice using a second Ab
(610059, rabbit polyclonal Ab directed against the first 97 [1-97] aa of caveolin-1; BD
Pharmingen), further confirming our findings (not shown). Levels of caveolin-1 expression
in T cell subsets were consistently lower than levels observed in control muscle cell lysates
(Fig. 1B). Thus, previous reports that T lineage cells lack caveolin-1 expression may reflect
lower levels of caveolin-1 in T cells, assay sensitivity limits, or expression alterations
associated with cell transformation (28, 29). Our findings clearly demonstrate that
caveolin-1 is expressed in some primary T lineage cells.

J Immunol. Author manuscript; available in PMC 2014 January 06.
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Caveolin-1is not required for development of thymocytes or peripheral CD4 or CD8 T cells

subsets

To determine whether caveolin-1 gene expression influenced developing or mature T cell
subpopulations, thymocytes and splenic T cells were isolated from wild-type and cav-1~/~
mice and stained with Abs to CD3, CD4, CD8, CD69, CD62L, CD25, and CD5. No
differences were observed among the percentage, total cell number, or relative ratios of
CD4~CD8™ double-negative, CD4*CD8* double-positive, or CD4* and CD8" single-
positive subpopulations from wild-type and cav-17~/~ thymocytes or splenocytes (Fig. 1E-J).
Surface levels of CD3, CD4, CD8, CD69, CD62L, CD25, and CD5 proved unaffected
between wild-type and cav-1~/~ thymocytes or splenic T cells (data not shown). Therefore,
development of conventional CD4 and CD8 peripheral T cell subpopulations does not
appear to be overtly impaired by loss of caveolin-1 expression, though assessment of
caveolin-1 requirements for the development of rare and/or specialized T cell subsets will
require additional analysis.

Cav-1~/~ CD8, but not CD4, T cells showed defects in TCR-induced proliferation and IFN-y

production

To investigate the effect of caveolin-1 expression on T cell proliferation, mature CD8 and
CDA4 cells from wild-type or cav-17/~ mice were purified and assessed for their ability to
proliferate in response to TCR/costimulator engagement, as measured by tritiated thymidine
incorporation (Fig. 2A) and CFSE dilution assays (Fig. 2B-G). CD8 (Fig. 2B—E and not
shown), but not CD4 (Fig. 2F, 2G), T cells underwent fewer cell divisions in response to
TCR/CD28 engagement at both 48 (Fig. 2B—E) and 72 h (Fig. 2A and data not shown)
poststimulation. Indeed, cav-1~/~ CD8 T cells stimulated with plate-bound Abs to CD3/
CD28 underwent approximately half as many divisions within the first 48 h (Fig. 2D).
Fewer cav-17/~ CD8 T cells were found to reside in populations undergoing one, two, and
three divisions, indicating defective coupling of TCR/ CD28 engagement to proliferation
rather than a selective inability to undergo multiple divisions (Fig. 2C). Consistent with this
interpretation, caveolin-1-deficient CD8 T cells retained the ability to divide in response to
PMA/ionomycin stimulation (Fig. 2E), known to bypass TCR/CD28 engagement through
direct activation calcium flux and protein kinase C (PKC) activation. Conversely, CD4 T
cells isolated from cav-1~/~ mice proliferated as well as wild-type CD4 cells in response to a
range of TCR/CD28-specific Ab concentrations and at both 48 and 72 h (Fig. 2F, 2G and
data not shown). These findings identify a unique requirement for caveolin-1 in coupling
TCR/CD28 engagement to T cell proliferation in CD8, but not CD4, T cells.

To determine whether caveolin-1 plays a role in CD8 T cell effector function, we analyzed
the effects of caveolin-1 gene knockout on IFN-y production. After 72 h of TCR/CD28
stimulation, we found a lower percentage of IFN-y—producing CD8 T cells in the later
divisions of cultured CFSE-labeled cav-17/~ CD8 T cells (Fig. 2H). Published reports
indicate that IFN-y effector function is greater in cells that have undergone several divisions
(36), thus fewer IFN-y—producing cells is an expected secondary effect of impaired T cell
division. However, even among those cav-17~ CD8 T cells successfully undergoing four or
more divisions, fewer cells were capable of producing IFN-v, reflecting a defect in TCR-
induced IFN-vy production extending beyond defective CD8 T cell proliferation.

To further investigate CD8 T cell effector function, we performed Ab-dependent cellular
cytotoxicity (ADCC) assays using wild-type and cav-1~/~ CD8 CTLs. Purified CD8 T cells
from wild-type and cav-17/~ mice were stimulated with Abs to TCR/ CD28 for 3 d, and then
tested for ADCC. Although cav-1~/~ CD8 cells demonstrated some cytolytic activity, this
activity was significantly reduced compared with wild-type cells (Fig. 2I). Because CTL
activity was assessed on a per-CD8 T cell basis, our findings indicate that even those
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cav-17~ CD8 T cells that do divide and survive are defective in coupling TCR/CD28
engagement to the development or triggering of CD8 T effector function.

Caveolin-1 promotes Ag-induced membrane raft synaptic polarity and actin polymerization
in CD8" T cells

Caveolin-1 can stabilize membrane raft microdomains by organizing membrane rafts and
maintaining raft cell-surface expression (37). These activities have been implicated in
caveolin-1 control of cell polarity in other cell types (38, 39). To determine whether
caveolin-1 expression influences polarized membrane raft accumulation at the immune
synapse, we compared the redistribution of the raft-associated glycolipid GM1 to synaptic
contacts formed between caveolin-1-sufficient and —deficient OT-1 TCR-transgenic CD8 T
cells and specific Ag/APC. As predicted, GM1-containing membrane rafts were polarized
toward OT-1 T cell-APC synapses within 30 min of stimulation (Fig. 3A, top panel). In
contrast, synaptic raft polarization was impaired in caveolin-1-de-ficient OT-1 CD8 T cells
(Fig. 3A, bottom panel).

The redistribution of membrane rafts to the immune synapse is known to require TCR
mediated actin polymerization (2). Therefore, we assessed a role for caveolin-1 in Ag/APC-
induced actin polymerization by quantitating increases in polymerized F-actin. As shown in
Fig. 3B, F-actin levels are similar between unstimulated wild-type and caveolin-1-deficient
OT-1*CD8 T cells. Ag/APC stimulation led to an increase in F-actin levels in wild-type
OT-1*CD8 T cells when compared with unstimulated cells (Fig. 3B). In contrast,
caveolin-1-deficient OT-1*CD8 T cells did not polymerize actin as efficiently as wild-type
cells (Fig. 3B). This experiment is representative of three similar experiments. However, in
one experiment, actin levels peaked earlier than in the other two, thus, to obtain statistics
demonstrating significance, peak values from three experiments were averaged (Fig. 3C).
Together, these findings demonstrate a role for caveolin-1 in coordinating Ag-induced actin
polymerization and promoting Ag-induced membrane raft polarization at the immune
synapse.

Caveolin-1 selectively regulates gene expression induced by TCR engagement in CD8, but
not CD4, T cells

NFAT and NF-«B are key transcription factors that control the expression of genes activated
by TCR/costimulator engagement. Thus, to determine whether caveolin-1 plays a role
coupling TCR engagement to downstream NFAT or NF-«B activity, we measured mRNA
expression of NFAT and NF-kB-regulated target genes (Nfatcl and IxBa, respectively) in
CD8 and CDA4 T cells stimulated with either Abs to CD3/CD28 or PMA/ionomycin.
Caveolin-1 deficiency in CD8 T cells resulted in selective disruption of TCR/CD28
upregulation of NFATc1, but not 1kxBa mRNA expression, compared with wild-type CD8 T
cells (Fig. 4A). Accordingly, caveolin-1-deficient CD8 T cells were defective at
upregulating NFAT-dependent TNF-a, IFN-y, and IL-2 mMRNA expression in response to
TCR engagement (Fig. 4A). These data elucidate a role for caveolin-1 in directing TCR
signal specificity. Consistent with our findings that caveolin-1 deficiency impacted TCR-
induced proliferation in CD8, but not CD4, T cells, cav-17~ CD8 T cells, but not cav-1~/~
CDA T cells, were selectively impaired in TCR signaling to NFAT-dependent TNF-a
cytokine gene expression (Fig. 4B). Responses to PMA/ionomycin remained intact.

Re-expression of caveolin-1 in primary caveolin-1-deficient T cells using a retroviral
expression construct led to enhancement of TCR-mediated upregulation of NFATc1 mRNA
(Fig. 4C). These findings corroborate a role for caveolin-1 in coupling TCR engagement to
upregulation of gene expression and indicate that defects observed in CD8 T cells result
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from the direct loss of caveolin-1 and are not strictly due to secondary or compensatory
effects of caveolin-1 gene knockout.

Caveolin-1is required for optimal CD8 T cell Ag-induced expansion and function in vivo

To determine whether caveolin-1 regulates CD8 T cell expansion and viral clearance in
vivo, wild-type and cav-17~ mice were infected with the Armstrong strain of LCMV, which
is known to enter cells through a mechanism independent of caveolin-1 (40). GP33-41/DbP
tetramers were used to track the expansion of virus-specific CD8 T cells on days 5, 7, 9, and
12 postinfection (Fig. 5A-D). Seven days postinfection, cav-1~~ mice had significantly
reduced numbers of CD8 T cells in their spleens compared with wild-type mice (Fig. 5C).
Accordingly, spleens from cav-1/~ mice had lower percentages and absolute numbers of DP
GP33_41 tetramer-positive CD8 T cells relative to spleens from wild-type mice on day 7
(Fig. 5A, 5B, 5D). Further, specific expansion of D GP33 4;-reactive CD8 T cells was
delayed in cav-17/~ spleens, peaking at days 9—12 rather than at days 7-9 as seen in wild-
type spleens (Fig. 5B). These data indicate that caveolin-1 expression facilitates timely Ag-
specific CD8 T cell expansion in response to infection in vivo.

Next, we examined the ability of virus-specific CD8 T cells to produce IFN-y in response to
Ag. Splenocytes from wild-type and cav-17~ mice were restimulated ex vivo with GP33 41
and NP396_ 404 peptide and levels of intracellular IFN-y detected by FACS (Fig. 6). LCMV-
infected cav-17/~ mice showed a lower percentage and total number of responding CD8 T
cells producing IFN-y in response to GP33 41 (Fig. 6A, left panels, and data not shown) and
NP3g6_404 peptide (Fig. 6A, right panels, 6B) compared with wild-type LCMV-infected
mice.

Viral plaque assays showed increased viral titers in the spleens of cav-1~/~ mice 5 d
postinfection (Fig. 6C) at a time when wild- type animals had already cleared the virus.
Although both wild-type and cav-1~/~ mice ultimately cleared virus by day 7 (data not
shown), these data highlight the relevance of caveolin-1 expression for timely and efficient
viral clearance in vivo. Taken together, these results show that caveolin-1 is important for
the generation of efficient CD8 CTL immune responses and viral clearance in vivo.

Because caveolin-1 is expressed by several other cells controlling immunity, such as B cells
and APCs (19, 41), we next determined if the defects in T cell responsiveness observed in
caveolin-1-deficient mice were due to the specific loss of caveolin-1in CD8 T cells. To this
end, purified wild-type or cav-17/~ OT-1*CD8 T cells were transferred into wild-type
C57BL/6 recipient mice, and chimeric mice were immunized with actA-deficient LM-OVA
1 d later. OVAys57_064/KP tetramers were used to track the expansion of Ag-specific
OT-1*CD8 T cells at day 6 postinfection. Fewer tetramer-positive CD8 T cells had
expanded in the spleens of mice that received cav-1~~ CD8 donor T cells in response to
antigenic stimulation relative to mice that received wild-type CD8 donor T cells (Fig. 7A—
C). Further, fewer cav-17/~ CD8 T cells responded to Ag stimulation by producing IFN-y,
whereas no differences in cytokine production were seen in response to PMA/ionomycin
stimulation (Fig. 7D, 7E). These findings demonstrate that caveolin-1 regulation of CD8 T
cell immunity can be directly attributed to expression of caveolin-1 in CD8 T cells.

Discussion

In this study, we demonstrate that primary T cells express caveolin-1. Caveolin-1 protein
was detected in freshly isolated thymocytes and CD4 and CD8 subpopulations from spleen
and lymph node. Detection of caveolin-1 protein in wild-type but not knockout T lineage
cells, using three independent well-characterized Abs, rules out potential artifacts due to Ab
cross-reactivity with other proteins. PCR amplification of cDNA made from CD4 and CD8
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T cell subpopulations using caveolin-1-specific primers further validate our results. These
findings are in contrast to the initial and widely cited reports that T lineage cells and
lymphocytes, in general, do not express caveolin-1 (28-32). These reports were largely
based on assessment of caveolin-1 expression in transformed cells, which may have lost
caveolin-1 during the course of transformation or culture. Alternatively, the relatively low
expression levels in T lineage cells may account for the reported lack of detection using less
sensitive techniques. More recent evidence has shown that caveolin-1 is expressed in other
immune cells including murine macrophages and mast cells (41), human and bovine
dendritic cells (41), murine B cells (42), human, rat and murine neutrophils (41), activated T
cell leukemia lines (43, 44), and bovine T cells (41). Additional expression profiling in
thymocyte and effector T subsets will be necessary to determine if all T lineage cells express
caveolin-1 or whether varying levels of caveolin-1 throughout development might function
as a mechanism of setting subset-specific TCR thresholds or membrane trafficking.

To investigate a potential role for caveolin-1 in T cell maturation and function, we assessed
T cell subset profiles and activity in caveolin-1-deficient C57BL/6 and OT-1 TCR-
transgenic C57BL/6 mice. Analysis of thymocyte and peripheral T cell developmental and
activation markers including CD3, CD4, CD8 CD25, CD69, CD62L, and CD5 demonstrated
normal numbers and relative percentages of thymic and peripheral T cell subsets defined by
their expression, indicating that caveolin-1 expression is not essential for T cell
development. No overt autoimmunity or immune deficiency was observed in these mice in
the absence of antigenic challenge, consistent with findings that thymocyte development or
mature T lymphocyte homeostasis is not grossly altered.

In assessing TCR/CD28 responsiveness in mature peripheral CD4 and CD8 T cell subsets
lacking caveolin-1, we found that CD8, but not CD4, T cells were uniquely affected by
caveolin-1 deficiency, despite its expression in both subsets. Freshly isolated caveolin-1-
deficient CD8 T cells demonstrated defective TCR-induced actin polymerization, synaptic
polarity, and NFAT-dependent NFATc1 and effector cytokine transcription and
proliferation. Accordingly, re-expression of caveolin-1 in deficient primary CD8 T cells
enhanced downstream NFATc1 transcription, ruling out the possibility that the effects of
caveolin-1 deficiency in CD8 T cells are strictly secondary to compensatory mechanisms
during the course of development. Further, cav-1~/~ CD8 T cells remain competent to
respond to PMA/ionomycin by proliferating and inducing NFATc1 and effector cytokine
transcription. These findings demonstrate that caveolin-1 CD8 T cells are defective at
coupling TCR/CD28 engagement to downstream signal transduction and effector activation
and pinpoint the lesion as lying upstream or independent of Ca** flux and PKC activation
pathways. Alternatively, TCR coupling to NF-kB-responsive IxBa gene transcription
remains intact, elucidating a role for caveolin-1 in selectively guiding TCR/CD28 signal
specificity toward activation of a subset of available downstream pathways. Re-expression
of caveolin-1 in caveolin-1-deficient CD8 T cells only partially reconstituted TCR-induced
NFATc1 transcription, leaving open the possibility that caveolin-1 deficiency might also
impair CTL development. Each of the outputs affected by caveolin-1 deficiency were
significantly diminished, but not ablated, in the caveolin-1 knockout CD8 T cells, consistent
with a role for caveolin-1 in setting TCR signaling thresholds and guiding signal specificity
rather than as an essential TCR transducer scaffold.

In other cell systems, caveolin-1 promotes the stability of cell-surface membrane rafts and
directs membrane dynamics and polarity (reviewed in Refs. 24, 26). Caveolin-1 can directly
impact membrane dynamics by binding and shuttling cholesterol to the plasma membrane
and through interaction with sphingolipids including GM1 (21, 24) or indirectly by
coordinating signal transducers that regulate the actin cytoskeleton and/or membrane traffic
(23, 24). The actin-mediated polarized redistribution of membrane rafts to the T cell-APC
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contact is proposed to guide synaptic composition and assembly and potentiate TCR signal
transduction by concentrating and organizing transducers within membrane specializations
(1, 2). We found that caveolin-1 ablation diminishes the trafficking of membrane raft
microdomains to the T cell- APC contact. Caveolin-1 ablation also impairs Ag induced
actin polymerization required for synaptic raft redistribution. Therefore, we propose that
caveolin-1 regulation of TCR-induced actin and membrane dynamics at the synapse might
specialize the synapse for recruitment and activation of transducer assemblies required for
coupling TCR engagement to NFAT-dependent and potentially other downstream signal
transduction pathways.

Caveolin-1 has been characterized as a protein scaffold that directly binds and controls the
activity of Csk, Fyn, PP1/PP2a, dynamin-2, and filamin-A, each of which have been
implicated in mediating CD28/TCR-induced signals, membrane dynamic, and functions
impacted in caveolin-1-deficient T cells (14, 17, 18, 20, 27). Caveolin-1 also binds Ras,
PKC-0, heterotrimeric G proteins, and other transducers with capacities to influence TCR
signal transduction (7, 8, 10, 13). Although caveolin-1 has been linked to Csk activity in
other cell types (12), we were unable to distinguish differences in Lck 505 phosphorylation
status in resting or stimulated caveolin-1 wild-type versus deficient CD8 T cells in
preliminary experiments (T. Tomassian and M.C. Miceli, unpublished observations). Similar
to dynamin 2 ablation (45), caveolin-1 deficiency impacted Ag-induced actin reorganization,
but not TCR internalization prior to or after engagement (T. Tomassian and M.C. Miceli,
unpublished observations). It is noteworthy that filamin-A also physically associates with
CD28 and integrins and is required for CD28-mediated recruitment of membrane rafts to the
immune synapse (46). Bruton’s tyrosine kinase—caveolin-1 complexes have been identified
in B cells (42). The sites responsible for the interactions of Bruton’s tyrosine kinase and Fyn
with caveolin-1 are conserved in ITK and Lck family members required for efficient T cell
activation, actin polymerization, and NFAT signaling (47). Thus, ITK and Lck represent
additional candidate caveolin-1 effectors.

Although similarities between T cells lacking caveolin-1 and T cells lacking these potential
T cell-binding partners are striking, in no case does the ablation of any single transducer
perfectly recapitulate the effects observed in caveolin-1 knockout mice (45— 48).

Scaffolding proteins have emerged as key central organizers of multicomponent signaling
complexes in numerous systems, creating focal points for control of signal transduction
cascades. Therefore, it is likely that caveolin-1 acts through multiple binding partners,
positioning them for select participation in a subset of available signal transduction
cascades. Future studies assessing which potential caveolin-1 interactions are intact in CD8
and CD4 T cells and the affects of caveolin-1 on their contributions to TCR/ CD28-mediated
signal transduction should help elucidate the molecular basis of caveolin-1 activity in CD8 T
cells and may provide an explanation for its select contributions to TCR/CD28 signaling
dynamics in CD8, but not CD4, T cells.

By infecting caveolin-1-deficient mice with LCMV and tracking Ag-specific CD8 T cells,
we demonstrated that caveolin-1 is required for efficient CD8 T cell Ag-specific expansion
and effector function in vivo. Though caveolin-1-deficient CD8 T cells expanded with a
delayed kinetic, responding cells were shown to be less efficient at producing IFN-vy. These
defects translated into defective viral clearance, highlighting the biological relevance of
caveolin-1 in regulating CD8 T cell responses in vivo. Similar results were seen in OT-1 T
cell expansion and effector function after adoptive transfer into wild-type hosts and
stimulation with LM-OVA, demonstrating that caveolin-1 expression in CD8 T cells is
directly responsible for observed CD8 defects. Together, these findings identify caveolin-1
as a novel positive regulator of CD8-mediated responses to viral and bacterial pathogens in
vivo. Previous reports have identified a role for caveolin-1 in regulating B cell and

J Immunol. Author manuscript; available in PMC 2014 January 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tomassian et al.

Page 11

macrophage responses (42, 49, 50), though contributions to regulating T cell responsiveness
have not been previously noted. Accordingly, findings that caveolin-1-deficient mice are
more susceptible to Salmonella and parasitic infections have been attributed to defective
macrophage activity and inflammatory responses (49, 50). In light of our findings
demonstrating a role for cavolin-1 in regulating T cell immunity, defective T cell
responsiveness might also contribute to these previously reported defects.

In conclusion, we have identified caveolin-1 as a specifier of T cell polarity, synaptic
composition, TCR signal transduction, and functional output that is selectively employed in
different T cell subsets to customize T cell responses. These findings support the emerging
view that protein and membrane scaffolds serve as points of control for setting signaling
thresholds and modulating TCR output (2, 4). Thus, future studies elucidating mechanisms
of pathway activation coordinated by scaffolds may elucidate targets for selective
manipulation of particular TCR signals and T effector functions.
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FIGURE 1.

Caveolin-1 is expressed in mouse T lineage cells, though caveolin-1-deficient mice develop
typical CD4~CD8~, CD4*CD8*, CD4*, and CD8" subpopulations in thymus and spleen.
Total cell lysate from wild-type (cav-1*/*) and caveolin-1-deficient (cav-17/~) thymocytes
(A) or splenic (B) or lymph node (C) T or non-T cells were immunoblotted using Abs to the
first 97 (1-97) aa of caveolin-1 (A, B) or against 20 aa in the N terminus of caveolin-1 (C),
respectively. cav-1*/* and cav-17/~ endothelial muscle cell lysates serve as controls. Erk2
levels served as loading controls. D, RNA from purified CD4 and CD8 splenocytes from
cav-1*"* and cav-17/~ mice was converted to cDNA and caveolin-1a and f mRNA levels
determined using N-terminal-specific primers and quantitative PCR. Relative levels
normalized to L32 are shown. E-J, CD4 and CD8 expression profiles on developing
thymocyte subpopulations (E) and splenic T cells (H) from 6.2-wk-old cav-1*/* (left panels)
and cav-17/~ (right panels) mice. The percentage of cells in each subset is denoted in its
respective quadrant. The ratio of CD4* to CD8* thymocytes (F) or splenic T cells (1) from
cav-1*/* (left panels) and cav-17~ (right panels) mice are shown. G, The mean of the total
cell numbers (+ SD) for each thymic subpopulation was determined by multiplying the
percentage of cells in each subset by the total number of thymocytes (n = 4 mice/genotype):
cav-1*/* (black bar) and cav-1~/~ (open bar). H, CD4 and CD8 flow profiles are
representative of 10 independent mice. J, The mean of the total cell numbers (+ SD) for each
splenic T cell subpopulation.

J Immunol. Author manuscript; available in PMC 2014 January 06.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Tomassian et al.

A 100000 *p=0.0256
75000
x e
S 50000
25000
cav-1 +/+ cav-1 -/-
B cav-1++ cav-1-"
s Date. 009 s mnum_
» 3 $i
[T
o 8 81
o i 5
o °§ &4
O =]
% £ 2
% 3 10¢
CFSE
< 125 *p=0.0113
§-g 1.00
S 3 0.75]
©
* g 0.501 [
Qo
O 8 0.251
[
0.00- T
cav-1 +/+ cav-1 -/-
F cav-1++ cav-1-+
B Date 006 o Data 008
3 3
2 g g
[0}
o 24 b3
< 3% o8
Q 8
O & a
* g g
C‘|-n° 10! 107 107 104 “x
FLICFSE
2 80
; g 70 -=-cav-1 +/+
4 = -&-cav-1 /-
LR .o 60
zo g 50
T 25 40
ST 5 30
o .g o 20
g9 10
e 0+ —T—rTr —
0 1 2 3 4 5 6 7
Division
FIGURE 2.

Page 16

@ c 707 Elcav-1 +/+

0% 60 Ccav-1 /-

) S 504

T 404

T 2 301 & o

S w20 I ’

()

sl A B WA

41 |IN (AN |
Und D1 D2 D3
E Elcav-1 +/+
L cav-1 -/-

-
g

Percent (%) divided
o
<o

i

254
0
anti-CD3/28  PMA/lono
c 1.25- p=0.4170
%2 1.001
g s
g 5 0.75-
20
+g ® 0.50
O 8 0.254
(]
0.00- T
cav-1 +/+ cav-1 -/-
30 e Mlcav-1 +/+
-] p=0.0060 cav-1 -/-
£
B 2 *p=0.0165
£
§ 10
&
ol M -
32:1 16:1
E:T ratio

Only caveolin-1-deficient CD8* T cells are defective at TCR/CD28-mediated proliferation
and IFN-y and CTL effector function. A, cav-1*"* (black bar) or cav-1~/~ (white bar) CD8
cells stimulated for 72 h with CD3/CD28-specific Ab-conjugated beads and assessed for
proliferation using thymidine incorporation assay. B, CFSE dilution profile of cav-1*/*
(Ieft panels) and cav-17/~ (right panels) CD8 (B) or CD4 (F) cells stimulated with plate-
bound Ab to CD3/CD28 for 48 h. The dotted line separates undivided (right panels) from
dividing (left panels) cells. The percent of cells in each division of CD8 (B, C) and CD4 (F)
and average stage of division of CD8 (D) or CD4 (G) cav-1*/* (black bars) and cav-17/~
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(open bars) cells was calculated. Data are representative of three and four independent
experiments for CD8 and CD4 T cells, respectively. E, The percent of divided versus
undivided cells in cultured cav-1*/* (black bars) and cav-17/~ (open bars) CD8 cells in
response to CD3/CD28-specific Abs (right panel) or PMA/ionomycin (left panel) (PMA/
ionomycin data: n = 2 cav-1*"* and n = 3 cav-17"). H, The percent of IFN-y—positive cells
in each division of cav-1*/* (black squares) and cav-1~/~ (open squares) CFSE-labeled CD8
cells stimulated with plate-bound Abs to CD3/CD28 for 72 h. |, ADCC activity of cav-1*/*
(black bars) and cav-17/~ (open bars) CD8 cells directed against CD3-specific Ab-labeled
P815 targets at various E:T ratios (E:T). Significance was determined using paired Student t
test. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 3.

Caveolin-1 promotes Ag-induced membrane raft synaptic polarization and actin
polymerization in CD8* T cells. A, Left panel, Phase and fluorescent microscopy of raft-
associated GM1 glycolipid localization in CD8* cells from OT-1 cav-1*/* and cav-1~~ mice
stimulated with APCs expressing OVAzs57_264 Ag for 30 min. Right panel, The percentage
of cells with GM1 polarized at the synapse of OT-1 cav-1*/* (black bar) and cav-17~ (open
circle) CD8™ cells. Cells were stained with FITC-conjugated Cholera Toxin 8 subunit and
cells were imaged using a 63x/1.4 oil immersion objective lens. Mean and SD from two
experiments was used to calculate percent GM1-polarized cells. Fifty T cell-APC

J Immunol. Author manuscript; available in PMC 2014 January 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tomassian et al.

Page 19

conjugates were counted per experiment, and cells were scored positive for synaptic
clustering when >60% of the GM1 was polarized toward the T cell-APC junction. B,
cav-1** (left panel) or cav-17/~ (middle panel) OT-1 T cells were incubated with OVA-
expressing APCs for 5 or 15 min to stimulate actin polymerization. T cells were washed of
APCs, fixed, and stained with FITC-conjugated phalloidin and analyzed by FACS. Change
in actin was calculated (stimulated mean intensity minus unstimulated mean intensity, B
right panel) and representative of three independent experiments. C, Mean and SD of fold
change of F-actin was calculated from peak levels observed in three independent
experiments.
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FIGURE 4.

Caveolin-1 selectively modulates TCR-induced transcriptional activation in CD8* T cells. A,
Purified cav-1*/* (solid line) or cav-17/~ (dashed line) CD8" T cells were stimulated with
Abs to CD3/CD28 and harvested at the various time points for gene expression analysis via
quantitative RT-PCR; data are representative to two independent experiments. B, cav-1*/* or
cav-17/~ CD8* (top panels) or CD4* (bottom panels) T cells were left unstimulated (open
bars) or stimulated with either Ab to CD3/CD28 or PMA/ionomycin (black bars) for 4 h and

analyzed as in A; shown is the average of two experiments (paired Student t tests were

performed; *p < 0.05, **p < 0.01, ***p < 0.001). C, cav-1*/* or cav-17/~ OT-1 CD8 cells
were expanded on APCs for 3 d and then left untransduced or retrovirally transduced with
MIG—caveolin-1 retroviral vector. At 72 h posttransduction, cells were stimulated with

plate-bound Ab to CD3/CD28 for 6 h. TCR-induced NFATc1 mRNA levels were
quantitated and normalized to L32 mRNA levels (left panel). Cell lysates were
immunoblotted with Abs to caveolin-1 (610406, mouse mAb; BD Pharmingen) (middle
panel). Intensity of caveolin-1 bands was quantitated using Odyssey software and

normalized to p38 levels. Numbers are shown relative to cav-1~/~ (right panel).
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FIGURE 5.

Caveolin-1 knockout mice are deficient at Ag-specific CD8* T cell expansion in response to
LCMYV infection. A, Flow cytometry profiles (CD8 versus GP33_41/DP tetramer) of CD8*
gated splenocytes from day 7 post—-LCMV-infected cav-1*/* (left panel) and cav-17/~ (right
panel) mice. The percentage of tetramer-positive CD8 T cells is indicated in the upper right
quadrant. B, The percentage of CD8* tetramer-positive cells from cav-1*/* (solid line, black
squares) or Cav-17/~ (hatched line, black triangles) mice at day 5, 7, 9, and 12 postinfection.
Bars represent SD of T cell responses from a single experiment with three independent wild-
type and cav-1~~ mice. Similar results were seen in two independent experiments. C, The
total number of CD8" cells in the spleens of cav-1*/* (black squares) and cav-1~/~ (black
triangles) mice. D, The total number of CD8 T cells that are tetramer positive from cav-1*/*
(black squares) or cav-17/~ (black triangles) mice at day 7 postinfection. Total cell numbers
were determined by multiplying the total number of splenocytes by the percentage of CD8*
T cells (C) or CD8* T cells that were GP33_41/DP-positive (D). T cell responses from 3
independent experiments and 14 independent cav-1*"* and cav-1~/~ mice 7 d postinfection
with LCMV are shown in C and D. Significance was determined using paired Student t test.
*p<0.05, **p < 0.01.
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FIGURE 6.

Caveolin-1 expression is required for generation of optimal virus-specific CD8" T cell
function and viral clearance. Cav-1*/* and cav-17~ mice were injected with 2 x 10% PFU
LCMV Armstrong strain i.p. A, Flow profiles (CD8 versus IFN-v) of day 7 postinfection
splenocytes stimulated with GP33 41 (l€ft panel) and NP3gg_404 peptide (right panel) ex vivo
for 5 h. The percentage of CD8 T cells that are IFN-y positive is indicated in the upper right
quadrant. B, The percentage of cav-1*/* (black squares) and cav-17/~ (black triangles) CD8
cells making IFN-y after restimulation with NP3g6_404 peptide. C, Viral titer from serum of
day 5 postinfection cav-1*"* (black squares) and cav-1~/~ (black triangles) mice obtained
from eight mice in two independent experiments. Viral titers were calculated using a
standard plaque assay.
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FIGURE 7.

Caveolin-1 expression by Ag-specific CD8" T cells is required for optimal CD8* T cell
expansion and effector function in vivo. Purified cav-1*/* or cav-17/~ OT-1 CD8* T cells
were adoptively transferred into wild-type C57BL/6 mice that were immunized with actA-
deficient LM-OVA 1 d later. A, Flow profiles (CD8 versus OV Ays7_64/KP tetramer) of

splenocytes from
CD8™" donor cells

mice that received cav-1*/* (left panel) and cav-17~ (right panel) OT-1
6 d after immunizing with actA-deficient LM-OVA. The circled region

indicates percentage of tetramer-positive CD8* cells. Percent (B) and total number (C) of

tetramer-positive

CD8 T cells from mice that received cav-1*"* (black squares) or cav-17/~
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(black triangles) OT-1*CD8 donor T cells. Values were determined by multiplying the total
number of splenocytes by the percent of OVA,s57_s64/KP tetramer-positive CD8 cells. D and
E, The percentage of cav-1*/* (black squares) and cav-17/~ (black triangles) OT-1*CD8
donor T cells making IFN-y after restimulation with OV A,57_5¢4 peptide or PMA/ion-
omycin.

J Immunol. Author manuscript; available in PMC 2014 January 06.



