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Abstract

Functional CD8 T cell effector and memory responses are generated and maintained during
murine y-herpesvirus 68 (yHV68) persistent infection despite continuous presentation of viral lytic
Ags. However, the identity of the CD8 T cell subpopulations that mediate effective recall
responses and that can participate in the generation of protective memory to a y-herpesvirus
infection remains unknown. During yHV68 persistence, ~75% of yHV68-specific CD8 T cells
coexpress the NK receptors Killer cell lectin-like receptor G1 (KLRG1) and NKG2A. In this study,
we take advantage of this unique phenotype to analyze the capacity of CD8 T cells expressing or
not expressing KLRG1 and NKG2A to mediate effector and memory responses. Our results show
that yHV68-specific KLRG1*NKG2A* CD8 T cells have an effector memory phenotype as well
as characteristics of polyfunctional effector cells such us IFN-y and TNF-o production, killing
capacity, and are more efficient at protecting against a yHV68 challenge than their
NKG2A“KLRG1™ counterparts. Nevertheless, yHV68-specific NKG2A*KLRG1* CD8 T cells
express IL-7 and IL-15 receptors, can survive long-term without cognate Ag, and subsequently
mount a protective response during antigenic recall. These results highlight the plasticity of the
immune system to generate protective effector and proliferative memory responses during virus
persistence from a pool of KLRG1*NKG2A* effector memory CD8 T cells.

After the resolution of an infection, the expanded pathogen-specific T cell population
contracts via programmed cell death leaving only a small population of long-lived memory
T cells (1). These memory T cells persist independently of Ag and self-renew by
homeostatic proliferation in response to the cytokines IL-7 and IL-15 (2-4). Memory T cells
are maintained at increased frequencies compared with those of their Ag-specific naive
repertoire and have reduced costimulatory requirements compared with those of their naive
counterparts (5-7). However, when the Ag or pathogen persists, the generation and
maintenance of memory is affected. During persistent viral infections, CD8 T cell function
and memory responses become progressively dysfunctional with increasing amounts of Ags
and time (8, 9). CD8 T cells upregulate a variety of receptors that have the capacity to
modify their function during a variety of persistent infections (10-12). Inhibitory NK (iNK)
receptors are also thought to contribute to the modulation of T cell function (13). The
expression of two of these NK receptors, Killer cell lectin-like receptor G1 (KLRG1) and
NKG2A, on the surfaces of CD8 T cells has been associated with an effector phenotype and
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function (14-16). KLRG1 is typically expressed on terminally differentiated senescent CD8
T cells (17-19). NKG2A forms a heterodimer with CD94 and has been reported to prevent
cytolysis by CD8 T cells after TCR engagement and ligand binding (16, 20).

Murine y-herpesvirus 68 (yHV68) infection of mice results in a low-level persistent viral
infection in which there is continuous presentation of lytic viral Ags (21). Despite this, CD8
T cells retain their functional and protective capacities during the long-term latency phase of
infection (21, 22). In addition, protective Ag-independent CD8 T cell memory is generated
and maintained during YHV68 persistence (23). However, the identity and phenotype of the
specific CD8 T cell subpopulations that can generate protective memory to yHV68 during a
recall response remains unknown. In the current study, we show that ~75% of yHV68-
specific CD8 T cells during the long-term latency phase of infection coexpress KLRG1 and
NKG2A. These cells have characteristics of polyfunctional effector cells such us IFN-y and
TNF-a production, killing capacity, and are more efficient at protecting against an
immediate yHV68 challenge than their NKG2A™KLRG1™ counterparts. Even so, yYHV68-
specific NKG2ATKLRG1* CD8 T cells also express IL-7 and 1L-15 receptors, can survive
long-term without cognate Ag, and subsequently proliferate and mount a protective response
during antigenic recall.

Materials and Methods

Mice and viral infection

C57BL/6J and B6.PL-Thyla/CyJ mice were obtained from The Jackson Laboratory, Harlan
Farms, or were bred at The Research Institute at Nationwide Children’s Hospital. Mice were
housed in BL2 containment under pathogen-free conditions. yHV68, clone WUMS, was
propagated and titered on a monolayer of NIH3T3 fibroblasts. Mice were anesthetized with
2,2,2-tribromoethanol and intranasally inoculated with 1000 PFU yHV68. The institutional
animal care and use committee approved all of the animal studies described in this work.

Flow cytometry analysis

Intracellular

Single-cell suspensions were obtained from bronchoalveolar lavage, lung, spleen, and bone
marrow. RBCs were lysed, and the number of cells per organ was determined. Cells were
stained with Fc-block (CD16/32) and washed and stained with a combination of yHV68-
specific MHC tetramers ORF6,g7_495/DP and ORF615,4_531/KP and Abs against CD8
(53-6.7), CD90.2 (53.2-1), NKG2A (20d5 and 16b11), KLRG1 (2F1), CD62L (MEL-14),
CD43 (1B-11), CD44 (IM7), CD122 (TM-b1), and CD127 (A7R34). Flow cytometry data
were acquired on a BD LSR Il (BD Biosciences) and analyzed using FlowJo software. Gates
were set using negative controls and isotype controls. For any given cell surface marker and
tetramer combination, all the analysis gates are identical in size and position.

cytokine staining

A total of 2 x 10° cells/sample was incubated in medium in the presence of 1L-2 (10 U/ml),
brefeldin A (10 pg/ml), and purified ORF64g7_495 or ORF61504 531 peptides for 5 h at 37°C.
As positive control, cells were stimulated with PMA/ionomycin. After Fc blocking, the cells
were stained with Abs against cell surface markers, fixed, permeabilized, and stained with
anti-IFN-y (XMG1.2) and anti-TNF-a (MP6-XT22) or isotype control Abs. In separate
wells, the intracellular cytokine assay was performed as described above with the addition of
affinity-purified blocking Abs against NKG2A, KLRG1, Syrian hamster IgG, or rat IgG2A
during the 5-h incubation.
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Degranulation assay

A total of 2 x 108 cells/sample was incubated in 1 ml medium with 1 pug/ml of each of Abs
against CD28 (37.51), CD49d (9C10), CD107a (1D4B), and CD107b (ABL-93), purified
ORF64g7_495 or ORF61504 531 peptides, 1L-2 (10 U/ml), and brefeldin A (10 pg/ml). As
positive control, cells were stimulated with PMA/ionomycin. A negative control (anti-CD28,
anti-CD49d, anti-CD107a, and anti-CD107b) was included to control for spontaneous
production of cytokine and/or expression of CD107a/b. The cultures were incubated for 1 h
at 37°C, followed by an additional 5 h in the presence of monensin. After Fc blocking, the
cells were stained with cell surface and intracellular Abs as described above. In separate
wells, the degranulation assay was performed as described above with the addition of
affinity-purified blocking Abs against NKG2A (20d5) or KLRG1 (2F1), Syrian hamster
1gG, or rat IgG2A during the 6-h incubation.

In vivo cytotoxicity assay

Single-cell suspensions obtained from naive spleens were pulsed with ORF64g7_495 peptide
or irrelevant influenza NP3g6_374 peptide (1 pg/108 cells) for 2 h at 37°C. The NP-pulsed
control cells were stained with 50 nM CFSE and the relevant targets with 500 nM CFSE for
15 min at 37°C. The cells were thoroughly washed, combined in a 1:1 ratio, and a total of 1
x 107 cells were injected intravenously into mice. Recipient mice were injected with purified
Abs against NKG2A (20d5) or KLRGL1 (2F1), Syrian hamster 1gG, or rat IgG2A Abs on day
—3 and day —1 before transfer of target cells. The presence of CFSE-positive cells was
analyzed in spleen cell suspensions from the recipient mice 18 h later. The results are shown
as the percentage-specific killing, which was calculated according to the following formula:
Percentage-specific killing = [1 — (Ratio of infected recipients/Ratio of naive recipients) x
100], where Ratio = (Number of CFSEN9"/Number of CFSE!oW).

Adoptive cell transfers

Virus titers

Results

Splenocytes from C57BL/6 mice that were at least 3 mo post-yHV68 infection were plated
in flasks coated with anti-mouse 1gG and IgM Abs for 1 h to enrich for T cells. The
nonadherent cells were incubated with Fc-block, washed, and stained with Abs against
CD44, CD8, NKG2A, and KLRG1. CD44M9h CD8 T cells were purified into
NKG2A*KLRG1* and NKG2A“KLRG1~ populations using a FACSVantage with Diva
option (purity 98%). Purified cells (1 x 105) from each group were intravenously injected
into naive recipient B6.PL mice. The presence of CD90.2* CD8 T cells was analyzed in
spleen cell suspensions from recipient mice at different time points after transfer. The
presence of contaminating yHV68 was routinely analyzed in the spleens of host mice after
adoptive transfer by limiting dilution nested PCR and infective center assays, with negative
results.

The number of latently infected cells was determined on splenic cell suspensions on day 16
postinfection (p.i.) using a standard infectious center assay as described (24).

yHV68-specific CD8 T cells coexpress KLRG1 and NKG2A during long-term latency

Our previous studies have shown that during YHV68 long-term latency, CD8 T cells
maintain their effector, proliferative, and memory capacities (21, 23). In this study, we
sought to gain a better understanding of the heterogeneity of the CD8 T cell populations
present in the lymphoid organs and the respiratory tract during yHV68 latency. We analyzed
the expression of a variety of inhibitory coreceptors on the CD8 T cells during yHV68
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latency. We found that yHV68-specific CD8 T cells expressed NKG2A and KLRG1 on their
cell surfaces during the initial phase of infection (3 wk p.i.), and their expression was
sustained during long-term viral latency (Fig. 1A). We next analyzed the coexpression of
NKG2A and KLRG1 on yHV68-specific CD8 T cells and compared it with their expression
on naive CD8 T cells and with that on virus-specific CD8 T cells during the memory phase
to a well-studied virus infection, influenza virus. The data show that the majority of yHV68-
specific CD8 T cells in the spleen coexpressed both of the receptors (75-80%), whereas
their expression on naive or influenza virus-specific CD8 T cells was ~4 and ~12%,
respectively (Fig. 1B). A detailed analysis of the expression pattern of NKG2A and KLRG1
on a per cell basis during yHV68 infection, influenza virus infection, or in naive mice in
CD8 T cells isolated from spleen, lung, and bone marrow is shown in Fig. 1C. The majority
of yHV68-specific CD8 T cells (58-80%) coexpressed NKG2A and KLRGL1 in all organs
analyzed. The percentage of influenza virus-specific CD8 T cells that expressed both
receptors ranged between 9 and 30%. The frequency of naive CD8 T cells that coexpressed
NKG2A and KLRG1 was 1-4%. Table I displays the mean percentages of the receptor
expression profile and compares the percentages of each NKG2A-KLRG1 subset for each
organ analyzed between the experimental groups. The majority of the NKG2A-KLRG1
double-negative cells were found in the bone marrow in mice experimentally infected with
vHV68 or influenza virus. Altogether, these results indicate that during long-term latency,
yHV68-specific CD8 T cells have an unusual proportion of NKG2A*KLRG1* cells that is
distinct from that of influenza virus-specific memory CD8 T cells or their naive
counterparts.

The expression of KLRG1 and NKG2A on the surfaces of CD8 T cells has been associated
with effector phenotype and function (14-16). KLRGL1 expression is also used as a surrogate
marker of replicative senescence and terminal differentiation of CD8 T cells (17-19). We
grouped the virus-specific CD8 T cells into subsets based on the expression of L-selectin
(CD62L) and CD43-associated glycoform (21, 25, 26) to determine how the expression
pattern of NKG2A and KLRG1 on yHV68-specific CD8 T cells correlated with different
subsets of effector and memory CD8 T cell populations. The results show the frequency of
NKG2A and KLRG1 receptor expression in the virus-specific CD8 T cell population in the
spleen or in total CD8 T cells in the case of naive mice (Fig. 2). The data show that during
yHV68 long-term latency, the majority of effector (CD62L°WCD43M9h) and effector
memory (CD62L!oWCD43!oW) yHV68-specific CD8 T cells coexpress NKG2A and KLRG1
(~50-80%), whereas the majority of central memory (CD62LN3INCD43!oW) yHV68-specific
CD8 T cells do not express either receptor (~40%). This pattern of expression is quite
different from that of influenza virus-specific CD8 T cells at 3 mo p.i. or from that of CD8 T
cells isolated from naive mice. KLRG1™NKG2A* cells are the dominant subpopulation in
every subset of influenza virus effector or memory cells among the NP3gg_374/D? CD8 T
cell population. Most of the CD8 T cells isolated from naive mice lacked expression of
NKG2A and KLRG1 regardless of their CD62L-CD43 expression pattern. The results
obtained in the spleen were similar to those from lung and bone marrow (data not shown).
These findings corroborate that the NKG2A-KLRG1 expression profile of CD8 T cells is
different depending on the history of previous pathogen exposure. The majority of yHV68-
specific KLRG1*NKG2A* CD8 T cells have an effector or effector memory phenotype,
which is in accord with studies suggesting that KLRG1 expression correlates with the
replicative history of the T cell and its terminally differentiated status (17, 19).

Long-term KLRG1*NKG2A* CD8 T cells have sustained effector function

NK cells express a variety of receptors that enhance or mitigate their ability to exert effector
activity against target cells expressing low levels of MHC class | molecules while
maintaining tolerance toward normal cells (reviewed in Ref. 13). However, the function of
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these iNK receptors on CD8 T cells is less well defined. NKG2A-CD94 ligation on T cells
may result in dampened effector activity (16, 27, 28), although this effect has not been
consistently observed in other T cell studies (29-31). KLRG1 triggering inhibits suboptimal
TCR signaling (32) and dampens cytokine production and killing (15, 18, 33, 34), although
the described effects are modest. The yHV68 model of infection provides an excellent
system to analyze the impact of KLRG1 and NKG2A expression on CD8 T cell function
because the majority of the yHV68-specific CD8 T cells express KLRG1, NKG2A, or both
receptors on their cell surfaces by 3 mo p.i. This pattern of expression also allows us to
explore the effect of their coexpression on cellular function. Therefore, we analyzed the
effector function of yHV68-specific CD8 T cells by measuring IFN-y and TNF-a production
by intracellular cytokine staining. The data show the existence of yHV68-specific CD8 T
cells capable of producing IFN-y or TNF-a and IFN-y simultaneously in response to peptide
stimulation (Fig. 3A). We next determined the expression of NKG2A or KLRGL1 on the
polyfunctional IFN-y*TNF-a* CD8 T cells. The majority of yHV68-specific CD8 T cells
that were making TNF-o and IFN-y expressed NKG2A and KLRG1 (80%) (Fig. 3B). Next,
we tested whether Ab blocking of these NK receptors (28, 34) had any impact on the ability
of the yHV68-specific CD8 T cells to produce IFN-y. The cells were incubated with
saturating levels of anti-KLRG1, anti-NKG2A, or the corresponding isotype controls. The
results show that the IFN-y production was unchanged between the five groups of Ab
treatment, suggesting that the engagement of these iNK receptors on the cell surface of
YHV68 ORF615,4_531/KP-specific CD8 T cell was not sufficient to alter IFN-y production
(Fig. 3C).

To analyze the impact of KLRG1 and NKG2A expression on the killing capacity of yHV68-
specific CD8 T cells, we initially measured CD107a/b degranulation, a surrogate marker of
cytolytic T cells (35). The results show that yHV68-specific CD8 T cells are capable of
producing IFN-y and mobilizing CD107 to the cell surface, and 80% of these polyfunctional
CD8 T cells expressed KLRG1 and NKG2A (Fig. 4A, 4B). We next wanted to assess the in
vivo cytotoxic capacity of yHV68-specific CD8 T cells and the role that NKG2A and
KLRG1 could play in this process. We performed in vivo CTL assays on yHV68-infected
mice at 3 mo p.i. (23) and administered Abs specific to NKG2A, KLRG1, or the
corresponding isotype control into mice at day —3 and —1 before the assay. Ab
administration did not deplete NKG2A* or KLRG1* CD8 T cells or affect the number of
yHV68-specific CD8 T cells (data not shown). As shown in Fig. 4C and 4D, there were no
significant differences observed in specific lysis between the mice that received anti-KLRG1
or anti-NKG2A Abs and their respective isotype controls. Altogether, these results indicate
that the expression of NKG2A and KLRGL receptors or their blockade with Abs in the
presence of virus-specific peptides does not impact the overall capacity of yHV68-specific
CD8 T cells to mount a functional effector response during the long-term latency phase of
infection.

KLRG1*NKG2A* phenotype correlates with protective efficacy during recall responses

We have previously shown that CD8 T cells generated during long-term viral persistence
can mediate protection to yHV68 during a recall response (21, 23). However, the identity
and phenotype of the specific CD8 T cell subpopulation that has this potential remains
obscure. KLRGL is used as a marker of nonreplicative, senescent or terminally differentiated
CD8 T cells (19, 36, 37). Thus, we wanted to investigate if KLRG1*NKG2A* or
KLRG1"NKG2A™ CD8 T cells isolated from yHV68 latently infected mice were
responsible for mediating the protective recall response to yHV68 infection. We FACS
purified Ag-experienced CD8 T cells from mice infected with yHV68 3 mo earlier into
KLRG1*NKG2A™ and KLRG1™NKG2A™ subsets and then adoptively transferred 108 cells
into naive CD90.1 congenic recipients. The average frequency of virus-specific cells
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transferred per mouse was 5000 ORF6,57_495/DP-positive and 50,000 ORF6154_531/KP-
positive. The mice were challenged with yHV68 24 h after adoptive transfer. We assessed
the frequency and number of virus-specific donor cells in the spleens of the recipient mice
16 d p.i. Our results show that the frequency and cell numbers of donor CD90.2 CD8 T cells
and of yHV68-specific CD90.2 CD8 T cells were not significantly different when comparing
the mice that received KLRG1*NKG2A* or KLRG1"NKG2A~ CD8 T cells (Fig. 5A, 5B).
This finding suggests that long-term yHV68-specific KLRG1*NKG2A* CD8 T cells have a
similar potential to participate in a recall response as that of their KLRG1"NKG2A™ CD8 T
cell counterparts. Next, we analyzed the number of yHV68 latently infected cells in the
spleens of mice that had received adoptively transferred cells 17 d before. The data show
that the mice that received KLRG1*NKG2A* CD8 T cells had significantly less latently
infected splenocytes than that of the mice that received KLRG1"NKG2A™ CD8 T cells (p <
0.0008) (Fig. 5C), suggesting that KLRG1*NKG2A™ expression correlates with better
protective function. Altogether, these results indicate that although the capacity to
participate in a recall response is similar between KLRG1*NKG2A* or KLRG1"NKG2A~
CD8 T cells, the KLRG1I*NKG2A* CD8 T cell subset has a functional protective advantage
over their KLRG1"NKG2A™ CD8 T cell counterparts.

KLRG1*NKG2A* CD8 T cells mount protective memory responses

Having established that yHV68-specific KLRG1*NKG2A* CD8 T cells have functional
characteristics of effectors and can participate in protective recall responses, we wanted to
examine their capacity to survive in the absence of cognate Ag and to participate in memory
responses. Therefore, we FACS sorted Ag-experienced CD8 T cells into KLRG1*NKG2A*
and KLRG1™NKG2A™ subsets and adoptively transferred 108 cells into naive CD90.1
congenic recipients. We allowed the adoptively transferred cells to rest in a cognate Ag-free
environment for at least 30 d before analyzing their frequency in the recipient animals and
determining their NKG2A-KLRG1 phenotype. As shown in Fig. 6, both the
KLRG1*NKG2A* and KLRG1™"NKG2A~ CD8 T cell subsets persisted in their respective
naive hosts for up to 30 d. Importantly, each group of transferred cells retained their original
NKG2A-KLRG1 phenotype during this time frame. These results indicate that
KLRG1*NKG2A* CD8 T cells isolated from long-term yHV68-infected mice have the
capacity to endure in the absence of cognate Ag without reverting to a KLRG1™NKG2A™
phenotype. These data suggest the possibility that at least some of the yHV68-specific
KLRG1*NKG2A* CD8 T cells have characteristics of memory precursors that allow them
to survive without the need for constant Ag stimulation. To investigate this possibility, we
analyzed the expression of the receptors for the homeostatic cytokines IL-7 and IL-15 (38,
39) on yHV68-specific CD8 T cells expressing or not expressing NKG2A and KLRG1
during long-term infection. The data show that the majority of the yHV68-specific
ORF615,4_531/KP CD8 T cells expressed CD122 and CD127 (Fig. 7). In addition, the level
of IL-7 and IL-15 receptor expression was similar between the KLRG1*NKG2A* and
KLRG1™NKG2A™ subsets of yHV68-specific CD8 T cells. These results suggest that
vHV68-specific CD8 T cells isolated long-term p.i. could respond to homeostatic cytokine
signaling regardless of their NKG2A-KLRG1 expression profile and explain why these cells
can survive in the absence of cognate Ag.

To test whether rested yHV68-specific KLRG1*NKG2A* CD8 T cells could mount a
protective recall response against yHV68 via proliferation and protection against infection,
we challenged the naive congenic recipient mice with yHV68 30 d after the adoptive transfer
of KLRG1*NKG2A™ or KLRG1"NKG2A™~ Ag-experienced CD8 T cells. The data in Fig. 8
show that the mice that received Ag-experienced CD8 T cells purified from persistently
infected mice had significantly lower numbers of yHV68-infected cells than those of the
control mice. In addition, there were no significant differences in the number of yHV68
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latently infected cells between the mice that received KLRG1*NKG2A* or
KLRG1"NKG2A™ Ag-experienced CD8 T cells. These data demonstrate that yHV68-
specific CD8 T cells preserve their protective capacity after prolonged cognate Ag
withdrawal regardless of their NKG2A-KLRG1 phenotype.

Discussion

Despite recent advances, our understanding of the generation and maintenance of protective
memory responses during persistent infections is still incomplete. In this study, we show that
during long-term yHV68 persistent infection, the majority of virus-specific CD8 T cells
coexpress KLRG1 and NKG2A. These cells have characteristics of polyfunctional effector
cells such us IFN-y and TNF-a production, Killing capacity, and the ability to participate in
protective recall responses. Nevertheless, they also express IL-7 and IL-15 receptors, can
survive long-term without cognate Ag, and subsequently mount a protective response during
antigenic recall. Altogether, these findings support the concept that during long-term yHV68
persistence, YHV68-specific KLRG1*NKG2A* CD8 T cells have concurrent functional
characteristics of effector and of memory cells.

We found that ~75% of the yHV68 virus-specific CD8 T cells express both KLRG1 and
NKG2A during yHV68 latency. The expression of NKG2A or of KLRG1 on CD8 T cells
has been reported during a variety of viral infections, in particular during persistent viral
infections (16, 29, 33, 40-45). The expression of these NK receptors on CD8 T cells appears
to be a common consequence of CD8 T cell antigenic exposure and activation, and
therefore, their expression is sustained during infections characterized by diverse degrees of
Ag persistence. Our results show that the KLRG1*NKG2A™* CD8 T cells have an effector/
effector-memory phenotype, whereas their KLRG1™NKG2A™ counterparts display a central
memory phenotype during YHV68 persistence. Our attempts to use the expression of
NKG2A or KLRG1 as a surrogate marker to define different functional subsets of yHV68-
specific CD8 T cells did not show qualitative differences. However, the KLRG1*NKG2A*
CD8 T cell population had a more activated phenotype (as measured by CD62L and CD43
expression) and a higher proportion of polyfunctional (i.e., can make IFN-y, TNF-q, and
kill) cells than their KLRG1™NKG2A™ counterparts. These two characteristics contribute to
explain why the KLRG1*NKG2A* CD8 T cells were more efficient than their
KLRG1™NKG2A™ counterparts in controlling the establishment of yHV68 latency when the
recipient mice were infected immediately after their adoptive cell transfer. These findings
support the idea that yHV68-specific KLRG1*NKG2A* CD8 T cells do not exhibit
dampened effector function and, on the contrary, that KLRG1*NKG2A* expression on
yHV68-specific CD8 T cells predicts protective efficacy.

A critical aspect of our findings is that yHV68-specific KLRG1*NKG2A* CD8 T cells
coexpress IL-7 and IL-15 receptors during the persistent phase of infection and survive up to
a month in the absence of cognate Ag without reverting back to a KLRG1 " NKG2A™
phenotype. KLRG1 expression on CD8 T cells is thought to correlate with replicative
senescence and impaired proliferative potential (18, 19, 33, 36, 37). Our data support the
idea that KLRG1 expression is not sufficient to lock CD8 T cells in a terminally
differentiated state and that an activated phenotype can coexist with attributes of memory
cells, such as expression of homeostatic cytokine receptors and proliferative capacity.
KLRG1*NKG2A* CD8 T cells were protective when the recipient mice were challenged
with yHV68 directly after adoptive transfer, and also when the mice were challenged 1 mo
after adoptive transfer. Resting in an environment free of cognate Ags will likely select for
adoptively transferred cells that can either survive or proliferate in the absence of persistent
viral Ags. This process may enrich for cells within both the INK* (KLRG1*NKG2A*) and
the INK™ (KLRG1™"NKG2A™) populations that are capable of protecting against yHV68
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challenge. It seems that under this experimental condition, both iINK™ and iNK* T cells are
equally protective. In addition, the expression of NKG2A on iNK* yHV68-specific CD8 T
cells may contribute to explain their proliferative capacity because it has been demonstrated
that NKG2A expression is associated with proliferative potential of CD8 T cells during
persistent polyoma virus infection (41). Thus, although the specific circumstances that are
necessary for the expression of these NK receptors during yHV68 persistence are unknown,
it appears that KLRG1 and NKG2A expression may reflect the dual personality of yHV68-
specific CD8 T cells as activated effectors and proliferative memory cells, respectively. IL-7
receptor expression on effector T cells contributes to their long-term maintenance during
chronic Leishmania major infection (46). Altogether, these results highlight the plasticity of
the immune system to generate protective effector memory responses despite the presence of
persistent Ags.

Our findings with the yHV68 model of infection support the concept that a large population
of activated effector memory CD8 T cells induced by low-level Ag persistence is beneficial
for the control of secondary infections and for the generation of protective memory. Two
different results sustain this idea. First, there is more robust protection after adoptive transfer
of KLRG1*NKG2A* than of KLRG1 " NKG2A~ CD8 T cells when the mice are challenged
immediately (Fig. 5). Second, KLRG1*NKG2A* CD8 T cells are as efficient as
KLRG1"NKG2A™ CD8 T cells at surviving after Ag withdrawal and equally protective
during a subsequent yHV68 challenge (Figs. 6, 7). Other lines of evidence in the literature
also support the concept that a certain degree of Ag persistence may contribute to protection
by stimulating T cell responses. YHV68 persistence enhances viral protection by shaping
CD8 T cell memory responses (22). Persistent infection contributes to T cell-mediated
protective immunity against ehrlichiosis (47). Vaccine vectors based on persistent CMV
elicit cellular protection to SIV mediated by effector memory T cell responses (48). In
addition, activation phenotype can predict the recall efficacy of memory CD8 T cells (49).
Thus, optimal vaccination strategies aimed to elicit cell-mediated protection will benefit
from the generation of a large cohort of activated effector memory CD8 T cells, and a
certain level of Ag persistence may be beneficial to accomplish this objective.
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FIGURE 1.

Expression of KLRG1 and NKG2A on yHV68-specific CD8 T cells during long-term
infection. Mice were infected with yHV68, influenza virus, or kept as naive age-matched
controls, and tissues were analyzed at the indicated times p.i. A, Representative histograms
showing KLRG1 and NKG2A expression on CD8 T cells isolated from naive mice (dotted
line) and on yHV68-specific CD8 T cell splenocytes (ORF64g7_495/DP [left panels] and
ORF615,4_531/KP [right panels]) at 3 wk p.i. (continuous line) and at 3 mo p.i. (gray fill). B,
Representative dot plots showing KLRG1 and NKG2A coexpression in naive mice and in
vHV68- or influenza virus-infected mice at 3 mo p.i. Splenocytes were gated on yHV68
ORF6,4g7_495/DP-specific CD8 T cells, influenza virus NP3g_377/DP-specific CD8 T cells,
or total CD8 T cells (naive mice), and numbers indicate percentage of cells in the quadrant.
C, Pie charts show the distribution of NKG2A and KLRG1 expression in the spleen, lung,
and bone marrow of mice infected 3 mo earlier with yHV68 (left column), influenza virus
(center column), or kept as naive age-matched controls (right column). Results were gated
on virus-specific or naive CD8 T cells as indicated above.
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KLRG1-NKG2A double-positive cells constitute the majority of effector/effector-memory
CD8 T cells during YHV68 persistent infection. Bar diagrams show the frequency of
different NKG2A-KLRG1 subsets in the effector (CD62L!°WCD43Nigh), effector memory
(CD62L'°WCD43!oW) and central memory (CD62LMINCD4310W) CD8 T cells. Mice were
infected 3 mo earlier with yHV68 (left panels), influenza virus (center panels), or kept as

naive age-matched controls (right panels). Cells were gated on virus-specific (yHV68

ORF64g7_ag5/DP-specific or influenza virus NP3gg_374/DP-specific) CD8 T cells as
indicated. Bars represent the mean value of three experimental mice, and error bars indicate

SD.
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FIGURE 3.

KLRG1" and NKG2A* expressing cells constitute the majority of the IFN-y/TNF-o
polyfunctional CD8 T cells during yHV68 persistent infection. Splenocytes were isolated
from mice infected with yHV68 for 3 mo. A, Representative plots showing TNF-o and IFN-y
production by CD8 T cells in response to yHV68-specific peptides ORF6,4g7_495 and
ORF61504_531. Numbers indicate percentage of cells in each quadrant. B, Bar diagram
displays the frequency of KLRG1 and NKG2A receptor expression among IFN-y/TNF-a
polyfunctional CD8 T cells. Bars represent the mean value of three experimental samples,
and error bars indicate SD. C, Representative plots showing IFN-y production by CD8 T
cells stimulated in the presence of ORF61554_531/KP and Abs against KLRG1, NKG2A, or
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their respective isotype controls. Numbers indicate percentage of cells in the gate. Similar
results were obtained in three independent experiments.
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FIGURE 4.

KLRG1*NKG2A* cells constitute the majority of the IFN-y/CD107a/b polyfunctional CD8
T cells during yHV68 persistent infection. A, Representative plots show intracellular IFN-y
production and cell surface CD107a/b mobilization on previously gated CD8 T cells.
Splenocytes isolated from mice infected with yHV68 3 mo earlier were stimulated with
YHV68-specific ORF64g7_495 and ORF61574 531 peptides. B, Bar diagram displays the
frequency of KLRG1 and NKG2A receptor expression among IFN-y/CD107a/b
polyfunctional CD8 T cells. Bars represent the mean value of three experimental samples,
and error bars indicate SD. C, Representative histograms of CFSE intensity of an in vivo
CTL assay in the presence or absence of Abs against KLRG1 and NKG2A. D, Bar diagram
shows the percentage specific lysis of ORF64g7_495-l0aded target cells injected into yHV68-
infected mice at 3 mo p.i. that were previously treated or not treated with Abs against
KLRG1 and NKG2A. Data are the mean of three individual mice per experiment, and error
bars represent SD. Similar results were obtained in three independent experiments.
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FIGURE 5.

KLRG1*NKG2A* expression on CD8 T cells correlates with protective efficacy during a
recall response to yHV68. KLRG1*NKG2A* and KLRG1"NKG2A~ CD8 T cells were
FACS purified from the spleens of mice 3 mo after yHV68 infection, adoptively transferred
into naive congenic animals, and the mice were infected with yHV68 24 h later. The analysis
was performed using the spleens of recipient mice on day 16 p.i. A, Representative plots
show the frequency of CD90.2* cells among the CD8* T cell population (top panels) and the
frequency of YHV68 ORF6,4g7_495/DP-specific cells among the CD90.2* CD8* T cell
population (bottom panels). The left panels show the KLRG1*NKG2A* adoptive transfer
group (iNK*), and the right panels shows the KLRG1"NKG2A™ adoptive transfer group
(iNK™). Numbers represent the percentage of cells in each gate. B, Bar diagrams show the
frequency (left panels) and cell numbers (right panels) of donor CD90.2* CD8* T cells (top
panels) and those of yHV68 ORF64g7_495/DP-specific cells among the donor CD90.2+ CD8*
population (bottom panels). C, Bar diagram displays the number of latently infected cells per
10% splenocytes. Data are the mean of three individual mice per experiment, and error bars
represent SD. Similar results were obtained in three independent experiments.
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KLRG1*NKG2A* CD8 T cells survive in an environment free of cognate yHV68 Ags.
KLRG1*NKG2A* and KLRG1"NKG2A~ CD8 T cells were FACS purified from the
spleens of mice 3 mo after yHV68 infection and adoptively transferred into naive congenic
animals. The spleens of recipient mice were analyzed 30 d after adoptive cell transfer. A,
Representative plots showing the NKG2A-KLRG1 expression profile of sorted CD44* CD8
T cells before being adoptively transferred (day 0). B, Plots show the frequency (left panels)
and phenotype (right panels) of donor CD90.2* CD8 T cells 30 d after transfer. The top
panels correspond with the KLRG1*NKG2A* adoptive transfer group (iNK*), and the
bottom panels correspond with the KLRG1™NKG2A™ adoptive transfer group (iNK™).
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Numbers represent the percentage of cells in each respective gate or quadrant. C, Bar
diagram shows the frequency of donor KLRG1*NKG2A* CD8 T cells recovered in the
spleens of mice of each transfer group (iNK* or iNK™) on day 30 after adoptive transfer.
Data are the mean of three individual mice per experiment, and error bars represent SD.
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FIGURE 7.

yYHV68-specific KLRG1*NKG2A* CD8 T cells express homeostatic cytokine receptors.
Splenocytes were isolated from mice infected with yHV68 for 3 mo. A, Representative
histograms display the expression profile of CD122 (left panel) and CD127 (right panel) on
CD8T cells, yYHV68 ORF61524_531/Kb—specific CD8T cells, yHV68 ORF61524_531/Kb-
specific KLRG1*NKG2A* CD8 T cells (iNK*), and YHV68 ORF615,4_531/KP-specific
KLRG1"NKG2A™ CD8 T cells (iNK™). B, Bar diagram shows the mean fluorescence
intensity (MFI) of CD122 and CD127 within the groups described above. Data are the mean
of three individual mice per experiment, and error bars represent SD.
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FIGURE 8.

Rested yHV68-specific KLRG1*NKG2A* CD8 T cells mediate a protective recall response.
BL6.PL mice received 1 x 108 KLRG1*NKG2A * (iNK*) or KLRG1"NKG2A™ (iNK™)
CD44* CD8 T cells isolated from the spleens of mice 3 mo after yHV68 infection. The
recipient mice were rested for 30 d after adoptive cell transfer and then infected with
yHV68. Data correspond with spleen cells from day 16 p.i. (day 47 after adoptive cell
transfer). A, Representative FACS plots show the frequency of donor CD90.2* CD8 T cells
(top panels), of yHV68 ORF615,4_531/KP-specific CD8 T cells among the CD90.2 donor
population (middle panels), and of yHV68 ORF64g7_495/DP-specific CD8 T cells among the
CD90.2 donor population (bottom panels) in the iINK* and iNK™ adoptive transfer groups.
B, Bar diagram shows the number of latently infected cells per 108 splenocytes. Data are the
mean of three individual mice per experiment, and error bars represent SD. Similar results
were obtained in three independent experiments.
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