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ABSTRACT

CD8 and CD4 T cells are each critically important for immune control of murine gammaherpesvirus 68 (�HV68) infection. In
immunocompetent mice, acute �HV68 infection results in lifelong latency, but in the absence of CD4 T cell help, mice succumb
to viral recrudescence and disease. However, the requirements for CD4 T cell help in the generation and maintenance of antiviral
CD8 T cell responses are incompletely understood, and it is unclear whether there are epitope-specific differences in the require-
ment of CD8 T cells for CD4 help. In this report, we characterized the CD8 T cell response to �HV68 in major histocompatibility
complex (MHC) class II�/� mice, which lack CD4 T cells, or after antibody-mediated depletion of CD4 T cells. All antiviral CD8
T cells exhibited marked upregulation of surface expression of the inhibitory receptor programmed death-1 (PD-1), but surpris-
ingly, while the immunodominant memory response appeared to be functionally impaired, helpless CD8 T cells of a subdomi-
nant specificity had increased numbers and enhanced functionality. Thus, we demonstrate differential requirements for CD4
help in the antiviral CD8 T cell response to a latent gammaherpesvirus.

IMPORTANCE

�HV68 is a mouse pathogen closely related to the oncogenic human �HVs, which infect a majority of the world’s population.
Reactivation of these viruses from latency can lead to complications, disease, and even death. CD4 T cells are required for com-
plete immune control of long-term infection, in part by providing key signals to dendritic cells that in turn instruct optimal anti-
viral CD8 T cell responses. We have investigated multiple virus-specific CD8 T cell responses during infection and identified a
subdominant CD8 T cell response that is numerically and functionally enhanced in the absence of CD4 T cell help. This occurs in
spite of high surface expression of an inhibitory receptor and in contrast to the immunodominant response, which is impaired.
Our data suggest that signals from CD4 T cells are important in maintaining the CD8 T cell hierarchy during �HV infections.

The human gammaherpesviruses (�HVs) are ubiquitous and
present a considerable public health risk by establishing life-

long latent infections. Under conditions of immunosuppression,
such as HIV coinfection, �HVs can reactivate from latency, lead-
ing to recurrent disease, transplantation complications, and can-
cers (1). The human �HVs are tightly species specific, making
studies of their in vivo pathogenesis and of virus-specific immu-
nity difficult. Intranasal (i.n.) infection of mice with the natural
rodent pathogen murine �HV68 provides a tractable small-ani-
mal model of human �HV pathogenesis and immunity.

CD8 and CD4 T cells are critically important for long-term
survival of �HV68-infected mice. Mice deficient in either CD8 or
CD4 T cells succumb to infection, albeit with different kinetics,
and both CD8 and CD4 T cells contribute to the long-term control
of viral latency (2–5). In some models of viral infection, CD4 T
cells are critically important for helping CD8 T cells generate op-
timal memory cells. In the absence of CD4 help, the resulting
“helpless” CD8 T cells are often impaired in the ability to mount
recall responses (6). When CD4 T cells are absent during the prim-
ing of �HV68-specific CD8 T cells, whether by antibody (Ab)-
mediated depletion or in major histocompatibility complex
(MHC) class II knockout (I-Ab�/�) mice, the initial acute infec-
tion is cleared, but control of viral latency is disrupted, resulting in
viral recrudescence and mortality (3, 7, 8).

Early studies of �HV68-infected mice suggested that the lack of
viral control in CD4-deficient mice was not due to gross CD8 T
cell dysfunction, as helpless CD8 T cell numbers, gamma inter-
feron (IFN-�) production, and cytotoxicity were not decreased (3,

7, 8). However, helpless �HV68-specific CD8 T cells exhibited
impaired recall responses, and boosting helpless CD8 T cell num-
bers by postexposure vaccination did not improve survival, likely
due to impaired functionality of the responding T cells (9, 10).
Thus, the quality of the helpless CD8 T cells was called into ques-
tion. Indeed, more recent studies have demonstrated that helpless
CD8 T cells express the B7 family inhibitory receptor pro-
grammed death-1 (PD-1), and blocking the interaction of PD-1
with its ligand PD-L1 (also called B7-H1) reduces the viral burden
in helpless mice (11, 12). Additionally, a small population of CD8
T cells develops in helpless �HV68-infected mice that has been
shown to produce interleukin-10 (IL-10) and suppress viral con-
trol (13).

Not all CD8 T cell responses need CD4 help for their optimal
generation, and different epitope-specific requirements have been
noted for responses to a single viral infection (14, 15). Our labo-
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ratory and others have recently identified new �HV68-specific
CD8 T cell epitopes (16, 17) and demonstrated that the epitope-
specific CD8 T cell responses are differentially regulated during
viral infection and reactivation from latency, suggesting they may
also have differential requirements for CD4 help (18). Therefore,
we revisited the role for CD4 help in the priming of CD8 T cell
responses during �HV68 infection. We found that the immuno-
dominant ORF61524Kb-specific CD8 T cell response showed pro-
found PD-1 expression but lower expression of the �-subunit of
the IL-7 receptor (CD127) and a marker of terminal differentia-
tion, killer cell lectin-like receptor G-1 (KLRG-1). ORF61524Kb-
specific CD8 T cells also had reduced numbers during latency and
exhibited functional deficiencies. Surprisingly, the subdominant
ORF8604Kb-specific response showed similar surface receptor ex-
pression but had elevated numbers and improved functionality.
Our study has identified added complexity in the regulation of
CD8 T cell responses during �HV infections and provides poten-
tial therapeutic vaccination targets to consider. These findings
also may be relevant to understanding the generation and main-
tenance of �HV-specific T cell responses in HIV-coinfected, CD4-
deficient patients.

MATERIALS AND METHODS
Mice and viruses. Female 8- to 12-week-old C57BL/6 (B6; CD45.2�),
B6.SJL-PtprcaPepcb/Boy (CD45.1�), and B6.129S-H2dlAb1-Ea (I-Ab�/�;
CD45.2�) mice were obtained from the Trudeau Institute animal facility
and maintained under specific-pathogen-free conditions. Mice were
anesthetized with 2,2,2-tribromoethanol and infected intranasally (i.n.)
with 400 PFU �HV68 (strain WUMS). All studies were approved by the
Trudeau Institute Animal Care and Use Committee.

Tetramers and flow cytometry. Allophycocyanin-conjugated MHC
class I-restricted tetramers specific for �HV68 epitopes ORF6487-495Db

(AGPHNDMEI), ORF8604-612Kb (KNYIFEEKL), ORF39167-174Kb (LVL
FYRPI), ORF48148-155Kb (TNYKFSLV), ORF54253-260Kb (AVVQFIRV),
ORF61524-531Kb (TSINFVKI), ORF75c176-184Db (SAIENYETF), and
ORF75c940-947Kb (KSLTYYKL) were obtained from the Trudeau Institute
Molecular Biology Core Facility. Splenocytes were treated with Fc block
(BD Biosciences) and then stained with tetramers for 1 h at room temper-
ature, followed by incubation with appropriate antibodies. For intracel-
lular cytokine staining, cells were incubated with congenic splenocytes, 10
�g/ml appropriate peptide, and anti-CD107a antibody for 5 h at 37°C in
the presence of brefeldin A and recombinant human IL-2 and then
washed, labeled, and permeabilized using the BD Cytofix/Cytoperm kit.
Fluorochrome-conjugated antibodies to CD4, CD8�, CD44, CD45.1,
CD45.2, CD62L, CD107a, CD127, IL-2, IFN-�, KLRG-1, PD-1, and tu-
mor necrosis factor alpha (TNF-�) were purchased from BioLegend, BD
Biosciences, or eBioscience as needed. Samples were acquired on a BD
FACSCanto II cytometer and analyzed using FlowJo software (TreeStar).

Anti-CD4 MAb treatment. Mice were administered anti-CD4 mono-
clonal Ab (MAb; clone GK1.5; BioXcell) intraperitoneally (i.p.) at days
�2, 0, and 2 (0.5 mg/injection) and at days 7, 14, 21, 28, and 34 (0.25
mg/injection). Control mice were treated with phosphate-buffered saline
(PBS).

Statistical analysis. Data were analyzed using the parametric Student
t test or one-way analysis of variance (ANOVA) where appropriate using
Prism 5 software (GraphPad). Differences were considered significant at P
values of less than 0.05.

RESULTS
CD8 T cell responses without CD4 T cell help. The CD8 T cell
response to �HV68 is comprised of numerous specificities. These
individual viral epitope-specific responses appear to be differen-
tially regulated during acute infection and latency, likely due to

kinetic differences in �HV68 epitope expression (16, 17, 19).
Whether these responses are similarly dependent on CD4 T cell
help during infection is unknown. We investigated the number of
memory CD8 T cells specific for 8 of these epitopes 1 month after
infection in either wild-type C57BL/6 (B6) or MHC class II-defi-
cient (I-Ab�/�) mice, which lack CD4 T cells (Fig. 1). Surpris-
ingly, the individual responses appeared to be differentially sus-
ceptible to the lack of CD4 help in I-Ab�/� mice, with many
subdominant responses seemingly enhanced in the absence of
CD4 T cells.

We next examined the requirement for CD4 T cell help in more
detail for cells specific for two of the epitopes, the immunodomi-
nant epitope ORF61524Kb and the subdominant ORF8604Kb

epitope, using I-Ab�/� mice and another well-characterized
model, treatment of B6 mice with the anti-CD4 MAb GK1.5. In
both models, CD4 T cells remained deficient at all times tested
(Fig. 2A). First, B6 or I-Ab�/� mice were infected intranasally with
�HV68, and total CD8 T cells were enumerated in the spleen at
various times after infection (Fig. 2B). Overall, there was little
difference in total CD8 T cell numbers between B6 and I-Ab�/�

mice, but ORF61524Kb-specific responses had slightly decreased
numbers at 21 and 35 days postinfection (p.i.). At all time points
tested, there were more CD8 T cells specific for the ORF8604Kb

epitope. Interestingly, we observed a small increase in total and
ORF61524Kb-specific cell numbers following anti-CD4 MAb treat-
ment (Fig. 2C). Consistent with the data from I-Ab�/� mice,
GK1.5-treated mice had an increase in ORF8604Kb-specific cells at
all times tested. The change in immune dominance hierarchy is
clearly shown as a ratio of the number of ORF8604Kb-specific cells
to ORF61524Kb-specific cells (Fig. 2D). Whereas the memory CD8
T cell pool in B6 mice is highly skewed toward an ORF61524Kb-
specific response, in I-Ab�/� or GK1.5-treated mice, the two re-
sponses are nearly codominant.

PD-1 expression on helpless CD8 T cell responses. In several
infection models, including �HV68, CD8 T cells primed in the
absence of CD4 T cells have been shown to upregulate the B7

FIG 1 Numbers of �HV68 epitope-specific CD8 T cells in I-Ab�/� mice. One
month after �HV68 infection of B6 or I-Ab�/� mice, spleens were harvested
and numbers of tetramer� CD8 T cells were enumerated by flow cytometry
(n � 8/group). **, P � 0.01; ***, P � 0.001; ns, not significant (Student’s t test).
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costimulatory family molecule programmed death-1 (PD-1) (20).
Expression of PD-1 is correlated with impaired cytokine produc-
tion and reduced recall potential. We measured PD-1 expression
on CD8 T cells specific for multiple epitopes 35 days p.i. in B6 or
I-Ab�/� mice (Fig. 3A). Consistent with previous reports (11, 12),
all epitope-specific responses tested showed significant upregula-
tion of PD-1 expression. We examined the kinetics of PD-1 ex-
pression in I-Ab�/� mice (Fig. 3B and D) or after GK1.5 treatment
(Fig. 3C and D) for ORF61524Kb-specific and ORF8604Kb-specific
responses. Both helpless responses exhibited high PD-1 expres-
sion (Fig. 3D), and the higher proportion of PD-1 positivity com-
bined with increased numbers resulted in significantly higher
numbers of PD-1� ORF8604Kb-specific CD8 T cells in the absence
of CD4 help at all times tested (Fig. 3B and C). Similarly, the level
of PD-1 expression was high early but declined over time on virus-
specific cells, but helpless CD8 T cells retained elevated PD-1 ex-
pression (Fig. 3E and F). These data suggest that all virus-specific
CD8 T cell responses are functionally impaired in the absence of
CD4 T cell help, even though some responses are numerically
enhanced. Notably, GK1.5 MAb-treated mice had markedly more
PD-1� ORF61524Kb-specific cells than controls at day 35 p.i. (Fig.
3C), in contrast to I-Ab�/� mice, which maintained numbers sim-
ilar to those of B6 mice (Fig. 3B). This discrepancy was due to the
presence of more overall ORF61524Kb-specific CD8 T cells in
GK1.5 MAb-treated mice than PBS-treated controls compared to
fewer overall ORF61524Kb-specific cells than controls in I-Ab�/�

mice (Fig. 1). Such differences reinforce the importance of using
two distinct model systems in these studies.

We next investigated whether CD4 T cell help affected the de-
velopment of memory CD8 T cell responses. Which CD8 T cells
will develop into memory cells can be identified at the peak of the
effector immune response based upon differential expression of
CD127 and a marker of terminal differentiation, KLRG-1 (21).
Expression of KLRG-1 without CD127 marks a population of
short-lived effector cells (SLECs). Cells that are negative for both
receptors have been termed early effector cells (EECs), and their
development is regulated by IL-2 (22). Cells that are CD127� and
KLRG-1� have been termed memory precursor effector cells
(MPECs) and are thought to survive throughout the response and
develop into memory cells in acute infections. Double-positive
(DP) cells are less well characterized, but they have been noted in
models of chronic infection.

We examined expression of CD127 and KLRG-1 on
ORF61524Kb-specific or ORF8604Kb-specific CD8 T cell responses
with and without CD4 T cell help. At day 12 p.i., the peak of the
effector response, we observed no differences in the expression of
either marker between B6 and I-Ab�/� mice for either response
(Fig. 4A). For ORF61524Kb-specific cells in B6 mice, there was an
accumulation of DP cells over time, as CD127 is expressed on
KLRG-1� cells. In I-Ab�/� mice, however, CD127 was subopti-
mally expressed at late times, resulting in a decrease in DP cells and
a corresponding increase in double-negative EECs (Fig. 4B). Ac-

FIG 2 Enhancement of the subdominant ORF8604Kb-specific response in the absence of CD4 T cell help. At indicated times after �HV68 infection of B6 or
I-Ab�/� mice (A and B) or of B6 mice treated with PBS or GK1.5 MAb (A and C), spleens were harvested and CD4 expression on T cells (A) and numbers of total
and tetramer� CD8 T cells (B and C) were enumerated by flow cytometry. (D) The ratio of the number of ORF8604Kb-specific to ORF61524Kb-specific CD8 T cells
is shown (n � 5 to 10/group, representative of 2 to 3 experiments). *, P � 0.05; **, P � 0.01; ***, P � 0.001 (Student’s t test).
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cordingly, there were no significant differences in the proportions
of MPEC (CD127� KLRG1�) or SLEC (CD127� KLRG1�) cells
but rather a significant increase in the percentage of EECs
(CD127� KLRG1�). Interestingly, these findings were not appli-

cable to ORF8604Kb-specific cells, as there was not as much accu-
mulation of DP cells over time for this specificity (Fig. 4A and B).
Similar results were seen for B6 mice treated with GK1.5 MAb
(Fig. 4C), demonstrating that a lack of CD4 T cells during priming

FIG 3 Elevated PD-1 expression without CD4 T cell help. One month (A) or at the indicated times after �HV68 infection of B6 or I-Ab�/� mice (B, D, and E)
or of B6 mice treated with PBS or GK1.5 MAb (C, D, and F), spleens were harvested and the percentage of tetramer� cells expressing PD-1, the total numbers of
tetramer� PD-1� CD8 T cells, or the mean fluorescence intensity (MFI) of PD-1 expression was enumerated by flow cytometry (n � 8 to 10/group, representative
of at least 2 independent experiments). *, P � 0.05; **, P � 0.01; ***, P � 0.001 (Student’s t test).
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differentially affects memory T cell development for ORF61524Kb-
specific and ORF8604Kb-specific responses.

In order to determine the outcome of increased PD-1 expres-
sion and differential memory T cell phenotype, we investigated
the ability of virus-specific CD8 T cells to synthesize IFN-� follow-
ing ex vivo antigen stimulation with or without CD4 T cell help
(Fig. 5). In I-Ab�/� mice, we observed decreased IFN-� produc-
tion by ORF61524Kb-specific cells and increased IFN-� produc-
tion by ORF8604Kb-specific cells compared to B6 mice (Fig. 5A).
These differences were clear when we compared overall IFN-�
mean fluorescence intensity and the percentage of cells that were
IFN-�� (Fig. 5B). We then measured the proportion of IFN-��

cells that produced TNF-� or exhibited surface expression of
CD107a, a marker of degranulation (Fig. 5C). There was a signif-
icant reduction in the percentage of IFN-�� ORF61524Kb-specific
cells that coexpressed TNF-� or upregulated CD107a during stim-
ulation. Remarkably, there was no change in the percentage of
IFN-�� ORF8604Kb-specific cells that expressed TNF-�, and there
was a significant increase in the percentage that exhibited CD107a
surface expression (Fig. 5C). We observed similar results for
ORF8604Kb-specific cells when we tested mice that had been
treated with GK1.5 MAb: IFN-� expression was higher, and a
greater proportion of IFN-�� cells produced TNF-� and ex-

pressed CD107a (Fig. 5D to F). The only discrepancy between
I-Ab�/� and GK1.5 MAb-treated mice was the difference in the
percentage of ORF61524Kb-specific cells that produced IFN-�
(Fig. 5E). In the GK1.5 MAb-treated mice there was a small in-
crease in ORF61524Kb-specific cells that produced IFN-�, whereas
in I-Ab�/� mice the percentage of IFN-�� cells that were TNF-��

after stimulation was reduced (Fig. 5F). Although the reason for
the discrepancy is unclear, overall it is evident that the function-
ality of ORF8604Kb-specific CD8 T cells is enhanced and the func-
tionality of ORF61524Kb-specific CD8 T cells is impaired in the
absence of CD4 T cell help.

DISCUSSION

Mucosal infection of mice with �HV68 leads to acute replication
at the sites of inoculation and concomitant establishment of la-
tency in dendritic cells, macrophages, and B cells mainly in the
spleen (23). In the absence of either B cells or T cells, the virus is
never fully controlled, and latent virus reactivates, leading to pro-
gressive disease and eventually death (3, 24). CD4 T cells are par-
ticularly important for full protection; they are key orchestrators
of anti-�HV68 immunity by providing necessary signals for CD8
T cells and B cells to each function properly, and CD4 T cells
themselves provide direct antiviral functions. Without signals

FIG 4 Impaired memory cell generation in the absence of CD4 T cell help. At the indicated times after �HV68 infection of B6 or I-Ab�/� mice (A and B) or B6
mice treated with PBS or GK1.5 MAb (C), spleens were harvested, stained with anti-CD127 and anti-KLRG-1, and then analyzed by flow cytometry. (B and C)
The percentages of tetramer� CD8 T cells that are in each quadrant are enumerated. MPEC, memory precursor effector cells (CD127� KLRG-1�); DP,
double-positive cells (CD127� KLRG-1�); SLEC, short-lived effector cells (CD127� KLRG-1�); EEC, early effector cells (CD127� KLRG-1�) (n � 3 to 5/group,
representative of 2 experiments). *, P � 0.05; **, P � 0.01; ***, P � 0.001 (Student’s t test).
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from CD4 T cells to provide help, CD8 T cell responses have been
shown to be impaired in several ways, including cell survival, cy-
tokine production, and secondary recall efficacy.

The functional exhaustion that results from a lack of ade-
quate CD4 T cell help during persistent or chronic infections
can lead to impaired control and often death. However, it is still
unclear exactly how CD4 T cells provide help to CD8 T cells.
Recent evidence suggests that CD4 help is indirectly transmit-

ted to CD8 T cells through an antigen-presenting cell (APC)
intermediate via interactions of CD40 and its ligand, CD154
(11, 25). These signals then instruct the APC to regulate CD8 T
cell responses via CD27 and CD70 interactions (26, 27). The
CD8 T cells that arise exhibit increased expression of TNF-
related apoptosis-inducing ligand (TRAIL) and PD-1, thereby
becoming susceptible to increased apoptosis and severe func-
tional and proliferative impairment (12, 28).

In the �HV68 infection model, supporting CD40 signaling
with an agonist antibody restores functionality to �HV68-specific
CD8 T cells in I-Ab�/� mice (11, 25). However, the lack of helper
signals can be overcome in other ways. In HSV-1 infection, for
example, antiviral CD8 T cells in the trigeminal ganglion initially
exhibit profound impairment, but over time only the most func-
tional cells are retained (29). Therefore, on a population level,
CD4 help is only transiently required. In other models, such as
acute lymphocytic choriomeningitis virus (LCMV)-Armstrong
infection, CD4 help during the primary response is dispensable
for effector cell generation but required for secondary recall re-
sponses (6, 30). However, chronic functional exhaustion and de-
pletion of helpless CD8 T cell responses occurs following persis-
tent LCMV-clone 13 infection (31, 32). Thus, persistent antigen
has a profound impact on the actions of CD4 T cell help. Indeed,
high viral loads might contribute to the shift in CD8 T cell epitope
hierarchy we see here, as mice deficient in CD4 T cells have been
shown to exhibit high viral loads (3). Interestingly, numbers of
ORF61524Kb-specific cells, which are reduced late after infection
in I-Ab�/� mice, are also lower in mice following infection with a
latency-null virus (17). Thus, more work is needed to fully under-
stand the influence of antigenic load on the virus-specific CD8 T
cell response.

I-Ab�/� mice lack CD4 T cells because they cannot be selected
in the thymus. CD8 T cells in these mice mature in the absence of
CD4 T cells; thus, they never receive signals from CD4 T cells.
�HV68 infection in I-Ab�/� mice leads to a progressive loss of
CD8 T cell control of viral latency, and the mice ultimately suc-
cumb to the infection (3). The antiviral CD8 T cells that develop
after �HV68 infection in I-Ab�/� mice are characterized by pro-
found expression of the inhibitory receptor PD-1, and blocking
PD-1/PD-L1 interactions with monoclonal antibodies reduced vi-
ral reactivation (11). However, helpless CD8 T cell functionality in
I-Ab�/� mice is less defined, as some studies have demonstrated
direct functional deficiency and others have failed to find such
defects (8, 11). Part of this discrepancy may be due to the methods
used to measure functions or to the functions measured. Indeed,
as T cell polyfunctionality has become a recognized measure of
potency, determining the extent of functional impairment of
helpless CD8 T cells requires more specific measurements. In ad-
dition, CD8 T cells that mature in an environment deficient in
peptide-MHC-II interactions have recently been shown to be hy-
peractive in their proliferative capacity in lymphopenic conditions
(33). Due to these concerns, we also examined the role of CD4
help in B6 mice treated with GK1.5 MAb, which depletes CD4 T
cells. In these mice, the CD8 T cells develop in a normal environ-
ment and CD4 T cells are depleted just prior to infection. In both
situations subdominant ORF8604Kb-specific CD8 T cells are pro-
moted within the response hierarchy and exhibit improved effec-
tor functionality in spite of increased PD-1 expression and con-
current decreased functionality of the immunodominant
ORF61524Kb-specific responses.

FIG 5 Enhanced functionality of ORF8604Kb-specific CD8 T cells. One month
after infection, spleens were harvested and stimulated with cognate peptide in
the presence of anti-CD107a antibody and brefeldin A. Samples then were
stained for intracellular accumulation of IFN-� and TNF-�. (A and D) Rep-
resentative dot plots show IFN-� production in B6 or I-Ab�/� mice (A) or in
B6 mice treated with PBS or GK1.5 MAb (D). (B and E) Enumeration of the
mean fluorescence intensity (MFI) and percentage of tetramer� cells that are
IFN-��. (C and F) The percentage of tetramer� IFN-�� CD8 T cells that are
TNF-�� (top graph) or exhibit surface CD107a expression (bottom graph)
(n � 5/group, representative of at least 2 experiments). *, P � 0.05; **, P �
0.01; ***, P � 0.001 (Student’s t test).
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To our knowledge, this is the first study to examine immuno-
dominant and subdominant �HV68-specific CD8 T cell responses
in the absence of CD4 T cell help. However, it is not the first study
to investigate the role of help on different CD8 specificities in
persistent infections. We have previously shown that the infec-
tious mononucleosis-like expansion of T cell receptor V�4� CD8
T cells in �HV68 infection is dependent on the presence of CD4 T
cells (14). These cells likely are stimulated to expand by actions of
the viral M1 protein (34), and it remains unclear how CD4 T cell
help regulates this process. In chronic murine cytomegalovirus
(MCMV) infection, the IE3-specific CD8 T cell response greatly
expands well after the establishment of viral latency (35, 36). This
inflationary response has been shown to have a differential re-
quirement for CD4 T cell help than the noninflationary responses;
in the absence of CD4 T cell help, there is no inflation of the
IE3-specific response, and the noninflationary responses are not
functionally affected under helpless conditions (15). Thus, in
these two infectious model systems, responses that greatly expand
appear more dependent on signals provided by CD4 T cells than
their noninflationary counterparts. In addition, in polyomavirus
(PyV) infections, PyV-specific CD8 T cells are differentially de-
pendent on CD4 T cell help in different allogeneic strains of in-
bred mice as well as differentially dependent on CD4 T cell help
during the acute and persistent phases of infection (37), as we
observe here.

Our data call into question the inhibitory activity of PD-1.
Although subdominant ORF8604Kb-specific CD8 T cells highly
upregulate PD-1 expression, they are actually numerically and
functionally enhanced in the absence of CD4 help. The immuno-
dominant ORF61524Kb-specific response, however, is impaired
without CD4 T cells. How ORF8604Kb-specific CD8 T cell func-
tion is maintained in the face of high PD-1 expression is still un-
clear. As these responses occur within the same animal, the overall
latent viral loads and reactivations must be similar under these
conditions, and we can eliminate the overall inflammatory milieu
in mediating these epitope-specific differences. Thus, we can ex-
clude PD-1 expression, gross inflammation, and latent viral loads
in driving these different effects, although we cannot rule out sub-
tle differences in the presentation of the viral epitopes. Interest-
ingly, we did observe significant increases in CD127� KLRG1�

EECs in ORF61524Kb-specific, but not ORF8604Kb-specific, CD8 T
cells at day 35 p.i. in both models of CD4 T cell deficiency. There-
fore, our data suggest that impaired T cell function is related to
impaired conversion of effector cells to CD127� effector memory
cells. Why cells of subdominant specificity would react differently
is still an open question.

Taken together, our data demonstrate complex epitope-spe-
cific differences in the requirement for antiviral CD8 T cells to
receive CD4 T cell-driven help. These findings may be particularly
relevant in understanding the generation, function, and mainte-
nance of �HV-specific CD8 T cell responses in HIV� patients with
reduced CD4 T cell numbers, especially those who fail to recon-
stitute CD4 T cell numbers following antiretroviral treatment
(38).
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