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Here we report a unique role for MHC ll-peptide complexes in
controlling immune responses of naive CD8 T cells. Compared with
CD8 T cells from WT mice, CD8 T cells isolated from MHC I/~ mice
hyperproliferated under lymphopenic conditions, differentiated
into effector cells producing proinflammatory cytokines, and me-
diated more severe tissue inflammation. The elevated responses
of MHC II”'~ CD8 T cells were due to the absence of MHC II, but not
CD4, T cells. The hyperreactivity appeared to be a feature of ma-
ture T cells, given its absence in CD8 single positive thymocytes
derived from MHC II”/~ mice. Expression of the MHC Il ligand LAG3
was markedly enhanced during in vivo activation of MHC I/~
CD8 T cells, and blockade of MHC II-LAG3 interactions further
enhanced T-cell expansion. Importantly, CD8 T cells isolated from
H-2M~'~ mice expressing WT levels of MHC Il also displayed hyper-
responsiveness similar to that of MHC II=/~ CD8 T cells, suggesting
that peptides presented on MHC Il are involved in the control of
CD8 T-cell responses. Our results uncover a previously undefined
MHC Il-dependent regulation that tunes CD8 T-cell reactivity and
may have implications for an improved understanding of CD8
T-cell homeostasis and functions.
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T-cell recognition of self-peptide-MHC complexes is a critical
step that warrants the development of T cells with useful yet
harmless antigen receptors. Whether TCR-MHC interactions are
necessary for maintaining cell survival in the periphery remains
a matter of debate (1-5); however, these “low-affinity” inter-
actions can promote antigen sensitivity of CD4 T cells, in part by
sustaining partial TCR-{ chain phosphorylation (6). Under lym-
phopenic settings, naive T cells undergo endogenous proliferation
(7, 8) induced in part by recognition of self-peptide-MHC com-
plexes, occurring in a MHC-restricted manner (9-11). Unlike
naive CD4 T cells that fail to proliferate in MHC II-deficient
lymphopenic recipients, naive CD8 T cells undergo substantial
proliferation in MHC I-deficient lymphopenic conditions (12).
This MHC I-independent proliferation is completely abolished in
the absence of both MHC I and MHC II molecules, suggesting
the possible involvement of a CD8 T-cell-MHC II molecule in-
teraction in this proliferation (12). Previous studies indicated that
some CD8 T cells gain unusual reactivity to MHC Il-restricted
epitopes, especially in CD4-deficient hosts, after bacterial or viral
infection (13, 14). However, CD8 T-cell recognition of self-pep-
tide-MHC II complexes and the biological significance of such
interactions have not yet been formally explored.

Here we report that MHC II molecules negatively control
naive CD8 T-cell reactivity in vivo. Naive CD8 T cells isolated
from MHC II7~ donors exhibited enhanced proliferation and
expansion when transferred to lymphopenic recipients. These
CD8 T cells also responded vigorously under inflammatory
conditions, inducing colitis after transfer into Rag™'~ recipients
and severe CD8-dependent contact hypersensitivity after hapten
skin sensitization and challenge. Elevated production of proin-
flammatory cytokines was found after stimulation of MHC 117/~
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CD8 T cells. The hyperresponsiveness of MHC I/~ CD8 T cells
was due primarily to the lack of MHC II expression rather than
to the absence of CD4 T cells. Importantly, the hyperresponse of
MHC 11"/~ CD8 T cells was not due to an anti-MHC II CDS
T-cell response. The expression of LAG-3, an activation-induced
cell surface molecule that interacts with MHC 11, was greater in
MHC I~ CD8 T cells after transfer into lymphopenic recipi-
ents, and administration of blocking anti-LAG-3 mAb increased
the expansion. Most strikingly, naive CD8 T cells isolated from
H-2M~'~ mice exhibited similar hyperproliferation as MHC 117/~
CD8 T cells, suggesting that peptides loaded onto MHC II
molecules are involved in regulating the CD8 T-cell responses.
Taken together, our results suggest that interactions between
self-peptide-MHC II complexes and CD8 T cells are likely to
occur in vivo and may play a key role in controlling both
proliferation and differentiation of CD8 T cells in response to
homeostatic and inflammatory cues.

Results and Discussion

We previously reported that naive CD8 T-cell proliferation un-
der lymphopenic conditions is not influenced by the lack of MHC
I, and that the MHC I-independent CD8 proliferation requires
MHC 1II (12). CDS8 T cells that either are restricted to or cross-
recognize MHC II have been reported previously (13, 14), al-
though the frequency of these cells is likely low. Aiming to ex-
plore the biology of MHC Il-restricted CDS8 T cells, we
compared endogenous proliferation of naive CD8 T cells iso-
lated from WT and MHC I/~ donor mice, with the expectation
that MHC II-restricted CD8 T cells might be absent in the MHC
IT”~ mice (13). When naive (CD44'°%) CD8 T cells were
transferred into Rag™~ recipients, MHC 11"~ naive CD8 T-cell
proliferation was markedly pronounced compared with that of
WT naive CD8 T cells, based on carboxyfluorescein succinimidyl
ester (CFSE) dilution and total cell recovery (Fig. 14). Likewise,
BrdU incorporation was significantly higher in MHC 117/~ CD8
T cells than in WT cells (Fig. 14). This unexpected behavior of
MHC I~ CDS8 T cells was also seen when the cells were
transferred into other lymphopenic (sublethally irradiated, TCR-
p~'~, and TCR-p8~") recipients (Fig. S1). When both WT and
MHC 117~ CD8 T cells were cotransferred into the same
recipients, MHC IT”~ CD8 T cells still expanded better than WT
cells (Fig. 1B), indicating that the enhanced proliferation of
MHC 117~ CDS8 T cells is a cell-intrinsic property.
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Fig. 1. Expansion of MHCII™~ CD8 T cells in different lymphopenic recipients. (A) CFSE-labeled 1 x 10° naive Thy1.1 WT or MHC II”"CD8 T cells were
transferred into groups of Rag1™~ recipients. CFSE profiles, absolute numbers, and BrdU incorporation of Thy1.1* cells in the pLN were examined at 7 d after
the transfer. The results shown are representative of six individually tested recipients. (B) FACS-sorted naive Ly5.1 WT and Thy1.1 MHC I~ CD8 T cells (5 x 10°
cells per recipient) were cotransferred or transferred separately into TCR- /5~ recipients. The absolute numbers of donor cells in the pLN were examined at 7
d after the transfer. Each symbol represents an individually tested recipient. (C) Distribution of TCR- Vp expression was compared between WT and MHC 117/~
naive CD8 T cells. Data shown are the mean + SD of individually tested mice (n = 3). (D) CFSE-labeled 1 x 10° naive Thy1.2 WT or Thy1.2 MHC I~ CD8 T cells
were transferred into Thy1.1 WT recipients. The CFSE profile was examined at 7 d after the transfer. (E) WT or MHCII~~ CD8 T cells were transferred into MHC
11/~ Rag™" recipients. The results shown are representative of three individually tested recipients. *P < 0.05; **P < 0.01; ***P < 0.001.

The TCR-V distribution of naive CD8 T cells was similar in Enhanced in vivo responses of MHC 117~ CDS8 T cells were
the two strains of mice (Fig. 1C), and the TCR distribution further supported by the phenotypes acquired during pro-
remained similar after proliferation into TCR-B~~ recipients liferation. Frequencies of CD25% and IL-2* CD8 T cells were
(Fig. S2), strongly suggesting that enhanced proliferation is not  substantially higher in MHC II”~ CD8 T cells compared with
related to an oligoclonal expansion of a T-cell clone specific for WT CDS8 T cells (Fig. 24). Consistent with this finding, IL-2
undefined Ag expressed in the recipient mice. In support of this mRNA expression was significantly increased in MHC II™'~ CD8
suggestion, when MHC 117~ CD8 T cells were transferred into T cells (Fig. 2B). Measurement of T-cell expansion at 2 wk
lymphocyte-sufficient mice, the transferred cells remained un-  posttransfer showed superior MHC IT™"~ CD8 T-cell expansion
divided (Fig. 1D). Furthermore, naive MHC IT”/~ CD8 T cells or ~ compared with WT cells; however, IL-2 and CD25 expression
proliferating CD8 T cells reisolated from TCR-B~~ recipients  was then down-regulated (Fig. S4). This finding was expected,
after transfer remained unstimulated by MHC II-expressing cells  given the expected slowing of proliferation as the need for ho-
in vitro (Fig. S34). These enhanced responses of MHC 117~  meostatic expansion wanes over time. MHCII™'~ CD8 T cells
CDS8 T cells were not seen after anti-CD3 stimulation in vitro  displayed a significant down-regulation in CDS5 expression com-
(Fig. S3B). Moreover, the proliferative advantage of MHCII™~  pared with WT CD8 T cells (Fig. 2C), although the expression on
CDS8 T cells was also seen in Rag™~ recipients deficient in MHC  naive CD8 T cells before transfer was similar in WT and MHC
I, again strongly suggesting that an anti-MHC II alloresponse is 11/~ donors (Fig. 2D). In vivo CD3 down-regulation and Zap70
not a factor in the unexpected hyperexpansion of MHC I/~  phosphorylation were more pronounced in MHC I/~ CDS8

CDS8 T cells (Fig. 1E). T cells compared with WT CD8 T cells (Fig. 2E). Collectively,
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Fig. 2. Activation phenotypes of MHC I~ CD8 T cells in vivo. FACS-sorted naive Thy1.1 WT or MHC Il "~ CD8 T cells were transferred into TCR-3~/~ recipients. (A
and B) CD25 and intracellular IL-2 expression (A) and CD8 T-cell IL-2 mRNA expression (B) were measured at 7 d after the transfer. Results shown are repre-
sentative of between three and six individually tested recipients. (C and D) Surface CD5 expression was examined at 7 d posttransfer (C) or before transfer (D).
Graphs show mean =+ SD values of between four and six individually tested mice from two independent experiments. (E) Surface CD3¢ expression on WT and
MHC 117~ CD8 T cells was examined at 16 h posttransfer. The graph shows the mean + SD of three individually tested mice. **P < 0.01; ***P < 0.001.
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these results suggest that the overall activation of naive CDS§
T cells in response to homeostatic signals is greatly enhanced
when these cells are derived from MHC II7'~ environments.

The foregoing hyperproliferation might possibly be attributed
to the lack of CD25" regulatory T cells in donor MHC 11~
mice (15). To examine this issue, we used naive CD8 T cells iso-
lated from CD4~'~ donor mice lacking CD4 T cells, including
regulatory T cells. Proliferation and expansion of CD4~/~ CD8 T
cells in Rag™'~ recipients were similar to that in WT CD8 T cells
(Fig. 34). Likewise, naive CD8 T cells isolated from WT mice
treated for 3 wk with mAb to deplete CD25* cells showed similar
proliferated as WT CD8 T cells (Fig. S5). This finding indicates
that MHC 1T deficiency confers hyperproliferation of MHC IT7~
CD8 T cells in response to homeostatic signals. Importantly,
enhanced proliferation was not observed when CDS8 SP thymo-
cytes isolated from MHC 117/~ mice were used instead (Fig. 3B),
suggesting that that the hyperresponse of MHC I/~ CDS8 T cells
is a feature of fully mature T cells. This finding also implies that
MHC II expressed within the thymus is not directly involved in
altering the behavior of developing CDS8 T cells. To directly
address this possibility, BM chimeras in which MHC II expres-
sion was compartmentalized were generated. Lethally irradiated
MHC II™"~ and WT mice were reconstituted with WT and MHC
II”~ BM cells, respectively. Naive CD8 T cells were then iso-
lated from the LNs of MHC II”/~ BM — WT or WT BM —
MHC II™~ chimeric mice at 6 wk after reconstitution and
transferred into Rag™~ recipients. Expansion of CD8 T cells
derived from MHC II”'~ BM — WT mice was markedly ele-
vated, similar to CD8 T cells from MHC II™/~ mice (Fig. 3C). In
contrast, CD8 T cells from WT BM — MHC I~ mice pro-
liferated to similar levels as WT CD8 T cells. These results
suggest that the enhanced proliferation of MHC II7'~ CD8 T
cells occurs only after they have matured and seeded the pe-
riphery, and that MHC II expressed in the periphery and/or
MHC II+ cells of hematopoietic origin in the thymus control the
hyperreactivity of CD8 T cells.

We next evaluated whether the hyperproliferative status of
MHC II"~ CD8 T cells is also seen during CD8 T-cell-mediated
immune responses. It was previously reported that CD8 T cells
can differentiate into colitogenic IL-17A-producing cells in
Rag™~ recipients in an IL-6-dependent manner (16). WT or
MHC I/~ naive CD8 T cells were transferred to Rag_/ ~ mice,
which were then monitored for the development of colitis. Un-
like in the previous report (16), here the Rag™~ recipients of WT
CD8 T cells continued to gain weight and had a normal histo-
logical appearance of the colon (Fig. 44 and Fig. S64). In

contrast, Rag™'~ recipients of MHC II™/~ CD8 T cells rapidly lost
body weight and exhibited severely inflamed colon tissues (Fig.
44 and Fig. S64). Consistent with this, donor CD8 T-cell accu-
mulation in the mesenteric LNs (Fig. S6B) and lamina propria
(Fig. 4B) was substantially greater in MHC 117~ T-cell recipi-
ents. More importantly, expression of proinflammatory cytokines
IFN-y and IL-17 was dramatically higher in MHC I~ CD8 T
cells than in WT CDS8 T cells (Fig. 4B and Fig. S6B).

Escalated responses of MHC 117/~ CD8 T cells were also found
in hapten-induced contact hypersensitivity (CHS), a response
mediated by CD8 T cells producing IFN-y and IL-17 (17). WT,
CD4~~, and MHC II”'~ mice were sensitized with 2,4-dinitro-
fluorobenzene (DNFB). CD8 T cells were harvested from the
draining LNs of the sensitized mice and then adoptively trans-
ferred into naive recipients, which were immediately challenged
on each side of both ears with DNFB to elicit the CHS response.
Little or no ear swelling was seen in DNFB-challenged naive mice
(Fig. 4C). Significantly greater ear swelling was seen in challenged
mice that had received sensitized WT or CD47~ CD8 T cells.
However, the mice that received sensitized MHC I/~ CDS8
T cells demonstrated a significantly elevated CHS response
compared with the other groups (Fig. 4C). Importantly, an en-
hanced CHS response of MHC II"'™ T cells was also seen in
MHC IT™'~ recipients (Fig. 4C), providing more evidence that anti-
MHC 1II response is not an aspect of the hyperresponsiveness.
Evaluation of cytokine secretion of hapten-specific CD8 T cells
showed significantly higher numbers of hapten-specific CD8
T cells producing IL-17A in MHC II"”~ donors, and higher
numbers of hapten-specific CD8 T cells producing IFN-y in mice
that received either MHC 117/~ or CD4~'~ CD8 T cells (Fig. S7).
On transfer of MHC 117~ 2C TCR Tg CD8 T cells were trans-
ferred into Rag™~ recipients, the expansion of MHC 117~ 2C
cells exceeded that of WT 2C T cells (Fig. S8). Furthermore,
MHC II""~ 2C cells displayed greater cytotoxicity (Fig. 4D).
These results suggest that vigorous responses of MHC II"™'~ CD8
T cells are not limited to homeostasis, but are seen in inflamma-
tory responses as well.

MHC 1II is known to interact with LAG-3, an activation-in-
duced inhibitory molecule expressed on T cells (18). Our results
raise the possibility that the absence of MHC II molecules may
alter LAG-3 expression and/or function of MHC 1"~ CD8 T
cells, and thus account for their enhanced responsiveness. Al-
though LAG-3 expression of naive CD8 T cells was not detected
in WT and MHC II™/~ mice (Fig. S94), both surface and
intracellular LAG-3 proteins were significantly })-regulated
in MHC II™/~ CD8 T cells after transfer into Rag™" recipients

B C
LN Thy S 2

Y 614 el ok .
= 28.3 b
x WT _g A
0 0.1 TRR
E 93.4 2 880
Jui MHCII-/- ) 28.3 o) 0.01 <
2 O & & &
Qo. O @Q\O \':r

WT CD4-/- MHCII-/- CESE ‘é\/\ 5 q@\\‘

K

Fig.3. MHC Il deficiency is responsible for the enhanced response of MHC I~ CD8 T cells. (A) 1 x 10° naive Thy1.2 WT, CD4~"~, and MHC I/~ CD8 T cells were

transferred into Rag™~

recipients. CFSE profiles and the absolute numbers of donor T cells in the pLN were examined at 7 d after the transfer. The results

shown are representative of six individually tested recipients in two independent experiments. (B) Thy1.1 WT or MHC I/~ thymic CD8*CD4~CD44" or pe-

ripheral CD8*44— cells were transferred into Rag™~

recipients (1 x 10° per recipient). CFSE profiles of the donor cells in the pLN were examined at 7 d after

transfer. Similar results were observed from two independent experiments. (C) Lethally irradiated WT and MHC 11/~ mice received BM cells from MHC 11"~
and WT mice, respectively. After 6 wk of BM reconstitution, naive CD8 T cells were sorted and transferred into TCR-p~'~ recipients. Donor cell recovery in the
pLN was analyzed at 7 d after the transfer. The graph shows the mean + SD of two independent experiments.
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posttransfer, and cytokine expression was analyzed by intracellular cytokine staining. Total IFN-y— and IL-17A-producing Thy1.1 CD8 T cells were enumerated.
*P < 0.05. (C) WT, CD4~'~, and MHC 1"~ mice were sensitized with DNFB as described in Materials and Methods. Draining LN CD8 T cells were isolated on day

5. Then 1 x 107 cells were transferred into naive WT or MHC I/~ recipients, and the recipients were subsequently challenged on each side of both ears with
DNFB. After 16 h, ear swelling was measured. Each symbol represents an individually tested mouse. (D) WT 2C or MHC I~ 2C TCR Tg CD8 T cells were

transferred into Rag™~

mice and then reisolated from the recipients at 7 d posttransfer. An ex vivo killing assay was performed using differentially CFSE-

labeled target or control cells. (E) Surface and intracellular LAG-3 expression of WT (black) and MHC 11/~ (red) was measured at 7 d posttransfer into Rag™~
mice. (F) WT and MHC 11/~ CD8 T cells were transferred into TCR-p5~'~ mice that had been injected with rat IgG or anti-LAG-3 mAb.

(Fig. 4E). Serum levels of soluble LAG-3 were also higher in
Rag™~ recipients of MHC 117/~ CD8 T cells (Fig. S9B). Con-
sistent with the notion that LAG-3 plays an inhibitory role during
T-cell proliferation in lymphopenic recipients (19), injection of
anti-LAG-3 Ab further enhanced the expansion of MHC II7/~
CDS8 T cells (Fig. 4F). No such effect was seen in WT CD8 T
cells, however, suggesting that the level of LAG-3 expression
may determine the extent of inhibition induced by LAG-3.

The finding that MHC II deficiency renders CD8 T cells hy-
perresponsive during immune responses raises an unexpected,
yet interesting possibility that MHC II molecules control CDS§
T-cell homeostasis by limiting the expansion of activated CD8
T cells. Whether peptides bound on the MHC II molecules play
a role in this process is not known, however. To directly test this
possibility, we used naive CD8 T cells isolated from mice de-
ficient in H-2M (20). MHC II expression was normal in the H-
2M ™~ mice (Fig. 54); however, the peptides loaded on the MHC
II molecules were predominantly class II-associated invariant
chain peptides (20). Naive H-2M~'~ CD8 T-cell proliferation
and subsequent expansion were greatly enhanced in Rag™~

recipients compared with WT cells, and the extent of expansion
was similar to that seen in MHC I~ CD8 T cells (Fig. 5B).
Consistent with the results shown in Fig. 3, CD8 SP thymocytes
from H-2M~'~ mice did not exhibit hyperresponsiveness, again
indicating that the hyperresponsive feature is achieved on mat-
uration of these cells (Fig. 5C). Collectively, these results
strongly suggest that the repertoire of peptides loaded in MHC II
rather than the MHC II molecule itself plays a central role in
setting CD8 T-cell reactivity.

Our finding that naive CD8 T cells raised in an MHC 117/~ (or
H-2M~") environment vigorously respond to both homeostatic
and inflammatory signals uncovers an unexpected “inhibitory”
role for self-peptide-MHC II complexes in limiting CD8 T-cell
reactivity. This contrasts with naive CD4 T cells that interact with
MHC II complexes to maintain antigen sensitivity (6). The mo-
lecular mechanism underlying this discrepancy remains to be
identified; however, a negative feedback mechanism involving
the tyrosine phosphatase-1, SHP-1, and/or TCR desensitization
via Lck kinase inactivation might play a role (21). As a result,
TCR-MHC II interaction may generate a “tune down” signal,
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Fig.5. H2M™~ naive CD8 T cells expanded better than WT CD8 T cells. (A) Expression of MHC Il molecule of WT and H2M ™~ splenic CD11¢* dendritic cells was
measured by FACS analysis. The results shown are representative of two or three individually tested recipients. (B) CFSE-labeled 1 x 10° naive Thy1.1 WT or
Thy1.1 H2M™~ CD8 T cells were transferred into Rag1~~ recipients, and the absolute numbers of donor T cells were counted at 7 d after the transfer. The
results shown are representative of three or four individually tested recipients. (C) CFSE-labeled CD8 SP thymocytes from H2M~'~ mice were transferred into
Rag™~ recipients. Absolute numbers in the pLN were examined at 7 d posttransfer. *P < 0.05; ***P < 0.001.

Do et al. PNAS | July 31,2012 | vol. 109 | no.31 | 12701

IMMUNOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1207219109/-/DCSupplemental/pnas.201207219SI.pdf?targetid=nameddest=SF9

L T

/

1\

=y

without which it induces a strong phosphorylation of ZAP70 as
well as down-regulation of CD3 and CD5 and hyperactivation of
CD8 T cells after activation. Consistent with this possibility,
MHC 1T~ CDS8 T cells displayed phenotypes associated with
stronger activation compared with those of WT CD8 T cells,
including greater LAG-3 expression.

LAG-3 is known to play a negative role in T-cell activation.
Blocking LAG-3 interaction with its ligand MHC II in vivo fur-
ther enhanced the expansion of MHC I/~ CD8 T cells, indi-
cating that LAG-3 may still be ca|7:>able of limiting the expansion.
Interestingly, however, MHC II™"~ CDS8 T cells expressing high
levels of LAG-3 after in vivo proliferation expand better than
WT CDS8 T cells expressing low levels of LAG-3. Therefore, the
level of LAG-3 expressed on activated MHCIT~ CD8 T cells
does not appear to be sufficient to mediate the inhibitory role.
The finding that blocking LAG-3 did not affect the expansion of
WT CDS8 T cells that express lower LAG-3 supports this notion.
It also has been suggested that soluble LAG-3 molecules cleaved
from activated T cells may bind to MHC II on antigen-presenting
cells and result in activation of the antigen-presenting cells as
well as T cells (22). However, this does not appear to be the case
based on the results from the cotransfer experiment. Impor-
tantly, the fact that a dominant class II-associated invariant chain
peptide bound on MHC II molecules is sufficient to allow CD8 T
cells to become hyperresponsive strongly suggests that CD8 T-
cell-MHC II interaction may involve TCR. Thus, CD8 T cells
may “scan” self-peptide-MHC II complexes probably via TCR,
which then generate a signal that tunes down CD8 T-cell activity.
Given that LAG-3 is an activation-induced molecule, it will be
important to investigate the relationship of the pathway that
induces LAG-3 and that mediates LAG-3—-dependent inhibition
via LAG-3-MHC II. Collectively, CD8 T-cell sensitivity to antigen
stimulation can be determined by a “nonconventional” pathway
that uses MHC II-peptide complexes. Defining both cellular and
molecular mechanisms will promote a better understanding of
CDS8 T-cell immunity.

Materials and Methods

Mice. C57BL/6, B6 Ly5.1, B6 Thy1.1, B6 CD4~'~, B6 TCR-p~'~, B6 TCR-p5~'~, B6
Rag1~~, and B6 MHC Il (H29'4P1"E3)~~ mjce were purchased from Jackson
Laboratory. B6 H-2M~~ mice were provided from Dr. Charles Surh (The
Scripps Research Institute, La Jolla, CA). B6 2C TCR Tg and B6 MHC == 2¢
TCR Tg mice were maintained in the laboratory. All animal procedures were
conducted in accordance with the guidelines of the Lerner Research Institute
Institutional Animal Care and Use Committee.

Cell Sorting and Adoptive Transfer. LN naive T cells were obtained as follows.
Peripheral LNs (pLNs; axillary, cervical, and inguinal LN) and mesenteric LNs
(mLNs) were pooled and the total T cells were purified by negative selection.
In brief, cells were stained with FITC-conjugated anti-B220 (RA3-6B2), anti-
FcyR (clone 93), anti-NK1.1 (PK136), and anti-MHC Il (M5/114) Abs (all pur-
chased from eBioscience). FITC-labeled LN cells were subsequently incubated
with anti-FITC microbeads (Miltenyi) and passed through a LS column (Mil-
tenyi). CD44"°" naive T cells were further sorted using a FACSAria cell sorter
(BD Bioscience). In some experiments, donor T cells were labeled with CFSE
(Molecular Probes) and transferred i.v. into recipients. In some experiments,
blocking rat anti-LAG-3 mAb (C9B7W) was injected (day 0, 100 ug; day 5, 50
pg) as described previously (23).

FACS Analysis. Recipients were killed at the indicated time points after T-cell
transfer. pLN, mLN, and the spleen cells were harvested, single cell sus-
pension obtained, and stained with anti-CD3 (2C11), anti-CD5 (53-7.3), anti-
CD8 (53-6.7), anti-CD25 (PC61), anti-CD122 (5H4), anti-CD127 (A7R34), anti-

1. Murali-Krishna K, et al. (1999) Persistence of memory CD8 T cells in MHC class I-de-
ficient mice. Science 286:1377-1381.

2. Tanchot C, Lemonnier FA, Pérarnau B, Freitas AA, Rocha B (1997) Differential re-
quirements for survival and proliferation of CD8 naive or memory T cells. Science 276:
2057-2062.

3. Swain SL, Hu H, Huston G (1999) Class Il-independent generation of CD4 memory T
cells from effectors. Science 286:1381-1383.
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CD44 (IM7), anti-CD62L (MEL-14), anti-CD45.1 (A20), anti-MHC Il (M5/114),
anti-PD-1 (J43), anti-Thy1.1 (HIS51), and anti-Thy1.2 (30-H12) Abs. For in-
tracellular staining, anti-IL-2 (PC61.5), anti—-IFN-y (XMG1.2), and anti-IL-17A
(ebio17B7) Abs were used (all purchased from eBioscience). Cells were ac-
quired with a BD Biosciences LSRII flow cytometer and analyzed with FlowJo
software (TreeStar).

BM Reconstitution. BM cells collected from the tibia of donor animals were
transferred i.v. into lethally irradiated recipients. Gentamycin was injected
(1 mg) into the recipients at day 0 and day 2 of BM transfer. Before
experiments, BM cell reconstitution was confirmed by FACS analysis. Typi-
cally, reconstituted mice were used at 6-8 wk after BM transfer.

Lamina Propria Cell Isolation. Colons were isolated and cleaned in HBSS.
Colons were cut into small pieces, resuspended in HBSS containing 0.5 pM
EDTA and 15 pg/mL of DTT, and shaken twice for 15 min at room temper-
ature. Colons were then resuspended in complete RPMI with 400 pg/mL of
DNase and 1 mg/mL of collagenase and shaken at 37 °C for 90 min. Su-
pernatant and colon wwere passed through a 70-pm strainer and washed.
Cells were resuspended in a 33% Percoll gradient and spun at room tem-
perature for 20 min. The resulting pellet was collected, washed, and used
for further experiments.

Ex Vivo Stimulation. Cells harvested as described above were stimulated with
PMA (10 ng/mL) and ionomycin (1 pM) for 4 h in the presence of 2 uM
Monensin (Calbiochem) during the last 2 h. The cells were then immediately
fixed with 4% paraformaldehyde, permeabilized, and stained with fluores-
cence conjugated antibodies.

Hapten Sensitization and Elicitation of CHS. Mice were sensitized to DNFB by
painting the shaved abdomen with 25 pL of 0.25% DNFB (Sigma-Aldrich) and
each paw with 10 pL of 0.25% DNFB on days 0 and 1 (17). Then, 5 d later,
CD8 T cells were isolated from draining LNs. A total of 1 x 107 cells were
adoptively transferred into WT Thy1.1 mice that were subsequently chal-
lenged on each side of each ear with 10 pL of DNFB. After 16 h, ear thickness
was measured using an engineer’s micrometer (Mitutoyo America). For en-
zyme-linked immunosorbent spot analysis, isolated CD8 T cells were stimu-
lated with hapten-pulsed syngenic T-cell-depleted splenocytes, and
cytokine-producing cells were enumerated.

Real-Time PCR. Sorted CD8 T cells were disrupted using a TissueLyser Il
(Qiagen). Total RNA was extracted using an RNeasy column (Qiagen), and
cDNA was obtained using SuperScript Ill reverse transcriptase (Invitrogen).
Real-time PCR was performed using gene-specific primers and probe sets and
an ABI 7500 PCR machine (Applied Biosystems).

Ex Vivo Cytotoxicity Assay. In brief, T-cell-depleted splenocytes from BALB/c
and B6 mice were differentially labeled with CFSE. Equal numbers of target
(CFSE'™") and control target (CFSEM9") cells were mixed together and
cocultured with WT or MHC 117/~ 2C TCR Tg CD8 T cells reisolated from Rag™~
recipients that had received the cells 1 wk earlier. Target cells incubated
alone were used as a negative control. The plate was briefly centrifuged
(300 x g for 1 min) to gather cells into contact and incubated overnight at
37 °C. Specific lysis was calculated as follows: [1 — (ratio of targets only/ratio
of target + T cells)] x 100.

Data Analysis. Statistical significance was determined by the Student t test
using the Prism 4 software (GraphPad). P < 0.05 was considered to indicate
statistical significance.
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