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ABSTRACT

Virus-specific CD8� T cells provide classical adaptive immunity by responding to cognate peptide antigen, but they may also act
in an “innate” capacity by responding directly to cytokine stimulation. Here, we examined regulation of these distinct T cell
functions by anti-inflammatory cytokines (interleukin-4 [IL-4], IL-10, and transforming growth factor � [TGF-�]). Innate
gamma interferon (IFN-�) production by CD8� T cells following exposure to IL-12 plus IL-18, IL-12 plus tumor necrosis factor
alpha (TNF-�), or IL-12 plus IL-15 was inhibited by exposure to anti-inflammatory cytokines either before or shortly after stim-
ulation. However, inhibition was not universal, as other activation parameters, including upregulation of CD25 and CD69, re-
mained largely unaltered. In contrast, peptide-specific T cell responses were resistant to inhibition by anti-inflammatory cyto-
kines. This was not due to downregulation of cytokine receptor expression or an inability to signal through cytokine receptors
since phosphorylation of STAT proteins remained intact. These results highlight key differences in cytokine-mediated regulation
of innate and adaptive T cell functions, which may help balance effective antiviral immune responses while reducing T cell-medi-
ated immunopathology.

IMPORTANCE

This study demonstrates key differences between the regulation of “innate” and “adaptive” CD8� T cell functions following acti-
vation by innate cytokines or viral peptide. Innate production of IFN-� by CD8� T cells following exposure to IL-12 plus IL-18,
IL-12 plus TNF-�, or IL-12 plus IL-15 was inhibited by exposure to anti-inflammatory cytokines (IL-4, IL-10, and TGF-�). How-
ever, inhibition was not universal, as other activation parameters, including upregulation of CD25 and CD69, remained largely
unaltered. In contrast, peptide-specific T cell responses were resistant to inhibition by anti-inflammatory cytokines. This distinct
regulation of innate and adaptive T cell functions may serve to reduce T cell-mediated immunopathology while still allowing for
effective antiviral responses at a site of infection.

CD8� T cells play a critical role in the control and clearance of
many viral infections through the release of antiviral cyto-

kines and lysis of infected cells. During the course of acute viral
infection, antigen-specific T cells monitor their local microenvi-
ronment and in addition to responding to cognate antigen
through the T cell receptor (TCR), antigen-experienced effector
and memory CD8� T cells can function in a non-antigen-specific,
“innate” capacity by responding directly to cytokines (1–5). This
allows virus-specific CD8� T cells to act as “sentinels” and re-
spond to subsequent, unrelated infections, even when their spe-
cific cognate antigen may not be present. In this manner, “by-
stander activation” of CD8� T cells can play a role in the early
control of bacterial infections and confer innate protection (2, 6,
7). However, nonspecific cytokine-induced T cell activation may
also contribute to immunopathology. For example, endotoxic
shock associated with Gram-negative bacterial infection is exacer-
bated by a cytokine storm that includes gamma interferon (IFN-
�)-mediated pathology due to innate activation of NK cells and
CD8� T cells (4, 8). This highlights the critical importance of
regulating CD8� T cell activation.

Lymphocytic choriomeningitis virus (LCMV) infection of
mice is a well-established model for studying CD8� T cell re-
sponses (9–11) and provides an ideal system to examine innate
and adaptive CD8� T cell functions (5, 10, 12). Virus-specific T
cells are readily identified using peptide-major histocompatibility
complex (MHC) tetramer reagents, making it possible to monitor

the responses of T cells with defined antigenic specificity at various
stages of infection. Although interleukin-12 (IL-12) and IL-18 are
the prototypical CD8� T cell activating cytokines that elicit IFN-�
production, programmed proliferation, and enhanced antiviral
activity (12), a wide array of inflammatory cytokine combinations
are capable of modulating CD8� T cell function in a synergistic
manner (4, 13–16). The interplay between inflammatory and anti-
inflammatory cytokines on various CD8� T cell functions is
poorly understood. In previous studies examining the effects of
�1,800 cytokine combinations on LCMV-specific CD8� T cell
activation, we identified several cytokines that could effectively
reduce innate IFN-� production, including IL-4, IL-10, and trans-
forming growth factor � (TGF-�) (13). These are prototypical
anti-inflammatory cytokines, but their direct effects on CD8� T
cells are not fully defined and appear to be context dependent (13,
17–20). Moreover, IL-10 and TGF-� have been implicated in me-
diating T cell dysfunction during chronic LCMV infection (21–
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25). However, the ways in which these anti-inflammatory cyto-
kines may act in concert to regulate the innate and adaptive
functions of virus-specific CD8� T cells are not fully understood.

Here, we have examined the abilities of IL-4, IL-10, and TGF-�
to modify cytokine-mediated or peptide-mediated activation of
virus-specific CD8� T cells to determine whether the control of
these distinct “innate” and “adaptive” T cell functions are differ-
entially regulated. Interestingly, anti-inflammatory cytokines did
not block all T cell functions but instead resulted in preferential
downregulation of the secreted protein, IFN-�, while allowing
upregulation of CD25 and CD69 on the T cell surface to occur
unabated in response to innate activating cytokines. In contrast to
the robust inhibition of innate cytokine-mediated IFN-� produc-
tion by virus-specific CD8� T cells, anti-inflammatory cytokines
had no direct effect on adaptive CD8� T cell functions in response
to peptide stimulation through the TCR. Together, these data
show that activation of virus-specific CD8� T cells in response to
innate cytokine stimuli or viral peptide antigen is independently
regulated in a sophisticated and highly controlled manner that
may provide optimal innate/adaptive T cell-mediated immunity
for the host while minimizing immunopathology.

MATERIALS AND METHODS
Mice and viral infections. BALB/c mice (The Jackson Laboratory, Bar
Harbor, ME) were infected at 6 to 12 weeks of age via intraperitoneal
injection of 2 � 105 PFU LCMV-Armstrong, and T cell responses were
analyzed at either 8 days postinfection (acute) or �60 days postinfection
(immune/memory). Spleens were pressed through 70-�m-pore nylon fil-
ters to create single-cell suspensions and depleted of red blood cells by
NH4Cl lysis prior to direct ex vivo stimulation. All animal experimental
procedures were reviewed and approved by the Oregon Health and Sci-
ence University Institutional Animal Care and Use Committee.

Reagents. Recombinant murine cytokines were purchased from R&D
Systems (Minneapolis, MN), and high-pressure liquid chromatography
(HPLC)-purified (�95% pure) LCMV nucleoprotein 118-126 (NP118)
peptide was obtained from Alpha Diagnostics (San Antonio, TX). NP118
tetramers (H-2Ld) were provided by the NIH Tetramer Core Facility (At-
lanta, GA). Anti-CD8� (53-6.7), anti-IFN-� (XMG1.2), anti-tumor ne-
crosis factor alpha (anti-TNF-�) (MP6-XT22), anti-CD11a (2D7), anti-
phospho-STAT3 (4/P-STAT3), anti-phospho-STAT6 (J71-773.58.11)
were purchased from BD Pharmingen. Anti-CD25 (PC61) was purchased
from BioLegend (San Diego, CA), and anti-CD69 (H1.2F3) was pur-
chased from eBioscience (San Diego, CA). Antibodies to IL-12 receptor
�2 (IL-12R�2), IL-15R�, IL-18R�, and tumor necrosis factor receptor
(TNFR1) were purchased from R&D Systems (Minneapolis, MN). Aqua
cell viability stain and carboxyfluorescein diacetate succinimidyl ester
(CFSE) were purchased from Invitrogen (Carlsbad, CA).

Stimulations and staining. Cells were stimulated with cytokines (10
ng/ml) or NP118 peptide (1 � 10	7 M) in RPMI supplemented with 10%
fetal bovine serum (FBS), 20 mM HEPES, penicillin-streptomycin, and
L-glutamine at 37°C in 6% CO2. To assess cytokine production during
stimulation, brefeldin A (2 �g/ml) (Sigma-Aldrich, St. Louis, MO) was
added during the final hour of incubation. Cells were stained overnight at
4°C with Aqua (to identify live cells) and antibodies to cell surface markers
in phosphate-buffered saline (PBS) plus 1% fetal calf serum (FCS) with
0.1 mg/ml mouse IgG (Sigma-Aldrich) and 1 �g/ml anti-CD16/32
(2.4G2, Fc block). Cells were washed, fixed with 2% formaldehyde in PBS,
permeabilized with Permwash (0.1% saponin [Sigma-Aldrich], 0.1%
NaN3 [Sigma-Aldrich], 2% FBS in PBS), and stained for intracellular
cytokines for 1 h. Analysis of STAT phosphorylation was performed using
a previously described sequential staining technique (26, 27). Briefly, cells
were fixed in 2% formaldehyde, stained for surface markers, permeabil-
ized in 100% ice-cold methanol, washed, and incubated with anti-phos-

pho-STAT antibodies. NP118 tetramer staining was not feasible after fix-
ation (data not shown), but virus-specific T cells were identified by gating
on CD11ahi CD8� T cells. Data were acquired on an LSR Fortessa flow
cytometer (BD, San Jose, CA) and analyzed using FlowJo software (Tree-
star, Ashland, OR).

MACS purification. CD8� T cell purification was performed by mag-
netically activated cell sorting (MACS) in accordance with the manufac-
turer’s instructions (Miltenyi Biotec, Auburn, CA). Briefly, single-cell sus-
pensions were incubated with anti-CD8� microbeads in MACS buffer
(PBS, 0.5% FBS, 2 mM EDTA) at 1 � 108 cells/ml at 4°C for 15 min,
washed with MACS buffer, and applied to a magnetic column (LS col-
umn; Miltenyi Biotec). The column was washed, and the retained CD8�

cells were eluted with MACS buffer. Flow cytometric analysis of sorted
cells indicated �95% purity.

RNA isolation, cDNA synthesis, and quantitative real-time PCR.
Total RNA was isolated using the Isol-RNA lysis reagent (5 PRIME,
Gaithersburg MD) method and reverse transcribed using the High-
capacity cDNA reverse transcription kit (Life Technologies, Carlsbad,
CA). Gene expression was measured by quantitative real-time PCR
using Maxima Probe/ROX quantitative PCR (qPCR) master mix (2�)
(Fermentas, Glen Burnie, MD) and TaqMan gene expression assays
(Life Technologies) using a StepOnePlus instrument (Life Technolo-
gies). Duplicate reactions of IFN-� (Mm01168134_m1) and �-2-mi-
croglobulin (Mm01168134_m1) were performed for each cDNA tem-
plate analyzed. Duplicate cycle threshold (CT) values were analyzed
using the 2	

CT method. The values were first normalized to the
endogenous reference gene (coding for �-2-microglobulin) and are
presented as relative change in comparison to the “medium-only”
sample in relative quantification (RQ) units.

CTL assays. Flow cytometry-based cytotoxic T lymphocyte (CTL) as-
says were performed as previously described (12). A20 target cells were
labeled with 4 �M CFSE (CFSEhigh) or 1 �M CFSE (CFSElow) for 7 min at
room temperature and subsequently washed to remove excess CFSE. CF-
SElow cells were coated with NP118 peptide (10	7 M) for 1 h at 37°C,
washed to remove unbound peptide, and combined with uncoated
CFSEhigh cells at a 1:1 ratio. Splenocytes were isolated from LCMV-in-
fected BALB/c mice at 8 days postinfection, and an aliquot of CD8� T cells
was stained with NP118 tetramers to determine effector-to-target (E:T)
cell ratios. Target cells were combined with effector cells at specified E:T
ratios and incubated at 37°C in 6% CO2 for 5 h. Cells were then washed
with PBS plus 1% FCS, incubated for 1 h at 4°C with Aqua (Invitrogen,
Carlsbad, CA) to allow for determination of target cell viability, and
washed again prior to analysis. Data were acquired on an LSR Fortessa
flow cytometer (BD, San Jose, CA) and analyzed using FlowJo software
(Treestar, Ashland, OR). Peptide-specific killing of target cells at each E:T
ratio was calculated by determining the percentage of dead (Aquahigh)
CFSElow cells after subtracting “background” cell death, which was mea-
sured as the percentage of Aquahigh CFSElow target cells that were observed
when no effector cells were added to the culture. Nonspecific lysis was
defined by the percentage of Aquahigh CFSEhigh cells at each E:T ratio after
subtraction of the percentage of Aquahigh CFSElow target cells observed in
the absence of effector T cells.

Statistical analysis. A two-tailed Student’s t test was used to evaluate
the statistical significance of differences between groups. A value of P �
0.05 was considered significant.

RESULTS
Innate activation of virus-specific CD8� T cells by inflamma-
tory cytokines. IL-12 is an innate inflammatory cytokine that is
elicited in response to a number of microbial infections (3, 4, 28),
and although it is only weakly stimulatory on its own (13), it
synergizes with several other cytokines to elicit IFN-� production
by virus-specific CD8� T cells (13). To further characterize cyto-
kine-mediated effector (i.e., day 8 postinfection) and memory
(i.e., �60 days postinfection) CD8� T cell activation, splenocytes
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from LCMV-infected mice were tested for IFN-� production by
intracellular cytokine staining for up to 24 h (Fig. 1). Virus-spe-
cific CD8� T cells were identified using MHC class I tetramers
loaded with LCMV nucleoprotein (NP) peptide 118-126
(NP118), which is the immunodominant epitope that comprises
�90% of the CD8� T cell response to LCMV in BALB/c mice
(29, 30).

Virus-specific CD8� T cells were activated by IL-12 plus IL-18,
IL-12 plus TNF-�, or IL-12 plus IL-15, and both effector and
memory cells displayed variable levels of IFN-� production after 6
h of stimulation with these cytokine combinations (Fig. 1A). IL-12
plus IL-18 elicited the strongest response, with 80% of virus-spe-
cific effector T cells and 53% of virus-specific memory T cells
producing IFN-� (mean fluorescence intensities [MFIs], 10,300
and 5,500, respectively) at this time point. IL-12 plus TNF-� was
also a potent cytokine pair, as 79% of virus-specific effector T cells
(MFI, 9,400) and 33% of memory T cells (MFI, 4,300) produced
IFN-� in response to this cytokine combination. The combination
of IL-12 and IL-15 was a relatively weaker stimulus, eliciting
IFN-� production from 34% of effector T cells (MFI, 3,000) and
17% of memory T cells (MFI, 3,900) after 6 h of exposure. These
data demonstrate three cytokine combinations of various poten-
cies, all of which activate at least a subpopulation of virus-specific
effector and memory CD8� T cells in the absence of their cognate
antigen.

In prior studies, we found that effector T cells expressed IFN-�
more rapidly than memory T cells following stimulation with
IL-12 plus IL-18 (31), but it was unclear if this was unique to the
combination of IL-12 plus IL-18 or common to other stimulatory
cytokine combinations. Effector and memory CD8� T cells were
rapidly activated following exposure to the indicated combina-
tions of cytokines (Fig. 1). IL-12 plus IL-18 was the most potent
cytokine combination, eliciting IFN-� production by approxi-
mately 80% of NP118 tetramer-positive (NP118 tetramer�)
CD8� T cells (Fig. 1B), with a maximum IFN-� MFI of 13,700
(effector) or 10,700 (memory), (Fig. 1E). Effector T cells reached
maximum IFN-� production in as little as 4 to 6 h after cytokine
exposure, while memory T cells (�60 days postinfection) were
slower to respond to innate stimulation, requiring up to 8 h to
reach peak IFN-� production (31). IFN-� production by both T
cell populations was sustained for at least 24 h in the continued
presence of stimulation. As expected, stimulation occurred in a
potently synergistic manner, with individual cytokines having
limited ability to elicit IFN-� production on their own. Stimula-
tion of virus-specific CD8� T cells with IL-12 plus TNF-� led to
synergistic activation kinetics that were similar to those observed
with IL-12 plus IL-18 treatment with 60 to 70% of both effector
and memory T cells producing IFN-� in response to this cytokine
combination (Fig. 1C), reaching a maximum IFN-� MFI of ap-
proximately 8,000 (Fig. 1F). IL-12 plus IL-15 was the weakest
combination of stimulatory cytokines, but it still showed the ca-
pacity to synergistically trigger IFN-� production by 30 to 40% of
virus-specific CD8� T cells (Fig. 1D). Similar to IL-12 plus IL-18
or IL-12 plus TNF-� stimulation, effector T cells upregulated
IFN-� production somewhat more rapidly than memory T cells.
However, at the peak of the cytokine-induced IFN-� response,
nearly half (47%) of the memory T cells were IFN-��, whereas
only about one-third of effector T cells (34%) became IFN-�� in
response to this cytokine pair (Fig. 1D). Memory T cells also

reached a higher MFI (peak MFI, 5,500) than effector cells (peak
MFI, �3,400), (Fig. 1G).

Innate IFN-� production is inhibited by brief prior exposure
to anti-inflammatory cytokines. IL-4, IL-10, and TGF-� are
widely recognized as anti-inflammatory cytokines that can
dampen inflammatory responses (32, 33), and here we compared
the abilities of these cytokines (individually or in combination) to
directly inhibit innate functions of virus-specific NP118 te-
tramer� CD8� T cells. We began by exposing T cells to combina-
tions of IL-4, IL-10, and TGF-� for 2 h prior to activation by
innate inflammatory cytokines, including IL-12 plus IL-18, IL-12
plus TNF-�, or IL-12 plus IL-15, for an additional 6 h. Individual
anti-inflammatory cytokines had only modest effects, with pre-
treatment with IL-4 or TGF-� reducing effector T cell responses
from 80% IFN-�� to �66% IFN-�� (P � 0.05), whereas IL-10
had little to no effect on IFN-� production (Fig. 2A). The paired
combinations of IL-4 plus IL-10, IL-4 plus TGF-�, and IL-10 plus
TGF-� were more effective, reducing the effector T cell responses
to 48%, 50%, and 62% IFN-��, respectively (P � 0.01 versus no
pretreatment). A similar trend was observed in NP118-specific
memory T cells, with IL-4 plus IL-10 being the most effective
inhibitory cytokine pair, reducing IFN-� production from 60%
IFN-�� to 21% IFN-�� (P � 0.01). When all three anti-inflam-
matory cytokines were used together, the percentages of NP118-
specific T cells producing IFN-� in response to IL-12 plus IL-18
were reduced to 40% and 14% in effector and memory T cells,
respectively (P � 0.01). To determine the relative resistance/sus-
ceptibility to cytokine-mediated inhibition of effector and mem-
ory T cells, the results were normalized to the maximum IFN-�
response observed in the absence of anti-inflammatory cytokines
(Fig. 2A, right panel).

IL-12 plus TNF-� provided an intermediate level of inflamma-
tory T cell activation (Fig. 2B), and both IL-4 and TGF-� were
effective individual inhibitors of effector T cell responses to this
cytokine pair, dropping the percentage of IFN-�� NP118 te-
tramer� CD8� T cells by nearly half (to 35% and 30% IFN-��,
respectively), whereas IL-10 again had no measurable effect. For
memory T cells, the three individual anti-inflammatory cytokines
had no significant impact on IFN-� production. Pairwise combi-
nations of IL-4, IL-10, and TGF-� did not lead to substantially
more inhibition than IL-4 by itself, but the triple combination of
IL-4, IL-10, and TGF-� resulted in significantly reduced IFN-�
production from 54% IFN-�� to 17% IFN-�� NP118 tetramer�

CD8� effector T cells and from 26% to 5% IFN-�� memory T
cells (P � 0.05).

Of the three stimulatory cytokine combinations examined,
IL-12 plus IL-15 elicited the least IFN-� production from virus-
specific CD8� T cells but was also the most sharply reduced by
anti-inflammatory cytokine exposure in both effector and mem-
ory cells (Fig. 2C). IL-4 was the most inhibitory individual cyto-
kine, reducing IFN-�� NP118-specific CD8� T cells from 23% to
9% IFN-�� in effector T cells and from 15% to 4% IFN-�� in
memory T cells. IL-10 or TGF-� showed a small but insignificant
trend toward reduced IFN-� production, but the triple combina-
tion of IL-4, IL-10, and TGF-� reduced T cell responses to only
2% IFN-�� effector T cells and to �1% IFN-�� memory T cells,
representing a �90% reduction in IFN-� expression compared to
IL-12 plus IL-15 alone (P � 0.05). Collectively, these data demon-
strate that effector and memory CD8� T cells respond similarly to
combinations of stimulatory or inhibitory cytokines.
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FIG 1 Innate cytokine-induced IFN-�production by virus-specific CD8� T cells. Splenocytes from BALB/c mice at 8 days (effector) or�60 days (memory) after LCMV
infection were stimulated with the indicated cytokines (10 ng/ml each) directly ex vivo for up to 24 h. Brefeldin A was added to cultures for the final hour of incubation
to allow for visualization of cytokine production by intracellular cytokine staining at each time point. (A) Innate IFN-� production by CD8� effector T cells following
stimulation with IL-12 plus IL-18, IL-12 plus TNF-�, or IL-12 plus IL-15 for 6 h. Numbers in parentheses represent the mean fluorescence intensity (MFI) of IFN-��

NP118 tetramer� CD8� T cells. The percentage of NP118 tetramer� CD8� T cells producing IFN-� was monitored for 24 h after stimulation with IL-12 plus IL-18 (B),
IL-12 plus TNF-� (C), or IL-12 plus IL-15 (D). Responses to individual cytokines (IL-12, IL-15, IL-18, and TNF-�) in immune mice were �5% IFN-�� CD8� T cells
at all time points tested. The MFI of IFN-� expression by NP118 tetramer� CD8� T cells was measured for 24 h after stimulation with IL-12 plus IL-18 (E), IL-12 plus
TNF-� (F), or IL-12 plus IL-15 (G). Numbers show the average  standard deviation (SD) from 4 to 6 mice.
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FIG 2 Exposure to anti-inflammatory cytokines inhibits innate IFN-� production by CD8� T cells. Splenocytes from BALB/c mice at 8 days (effector) or �60
days (memory) after LCMV infection were treated directly ex vivo with combinations of IL-4, IL-10, and TGF-� (10 ng/ml each) for 2 h, followed by stimulation
with IL-12 plus IL-18 (A), IL-12 plus TNF-� (B), or IL-12 plus IL-15 (C) at 10 ng/ml for 6 h. Brefeldin A was added to cultures for the final hour of incubation,
and cytokine production was assessed by intracellular cytokine staining and flow cytometry. Numbers represent the percentage of NP118 tetramer� CD8� T cells
producing IFN-� and are the average  SD from 4 to 6 mice. IFN-� responses of T cells pretreated with inhibitory cytokines were compared to those of cells
pretreated with medium alone using an unpaired two-tailed Student’s t test. Inhibitory cytokine combinations that significantly reduced IFN-� production are
marked with asterisks: *, P � 0.05; **, P � 0.01. For normalization, IFN-� responses from day 8 (black bars) or immune responses (gray bars) are graphed as a
percentage of the maximum response to proinflammatory cytokine stimulation with no IL-4, IL-10, or TGF-� added. (D) Cytokine receptor expression on
virus-specific CD8� T cells. Splenocytes from BALB/c mice at 8 days post-LCMV infection were treated with IL-4 plus IL-10 plus TGF-� or medium alone for
2 h at 37°C. Levels of IL-12R�2, IL-18R�, TNFR1, and IL-15R� on NP118 tetramer� CD8� T cells were examined by flow cytometry. Gray-shaded histograms
represent unstained controls. Compared to cells treated with medium alone (thick gray line), cells treated with IL-4 plus IL-10 plus TGF-� (thin black line)
showed no significant difference in expression levels of IL-12R�2 (P � 0.48), IL-18R� (P � 0.52), TNFR1 (P � 0.55), or IL-15R� (P � 0.2), and the histograms
were nearly superimposable. Data show representative histograms from 3 mice. (E) Anti-inflammatory cytokines reduce IFN-� transcription in response to
subsequent stimulation. MACS-purified splenic CD8� T cells (�95% pure) from BALB/c mice at 8 days post-LCMV infection were pretreated with medium or
IL-4 plus IL-10 plus TGF-� (10 ng/ml each) for 2 h at 37°C and then treated for 6 h with the indicated cytokine pairs (10 ng/ml each). RNA was isolated, and levels
of IFN-� transcript were assessed by quantitative RT-PCR. Two spleens were pooled for each sample, and the results are the average  SD from three individual
samples.
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Despite the ability of IL-4 plus IL-10 plus TGF-� to dramati-
cally reduce innate IFN-� production, we found that these anti-
inflammatory cytokines had no effect on expression levels of IL-
12R�2, IL-18R�, TNFR1, or IL-15R� on CD8� effector T cells
(Fig. 2D), indicating that inhibition is likely occurring further
downstream in the cellular activation pathway. Such regulation
may allow for fine-tuning of immune responses by continuing to
allow inflammatory signals into the cell while specifically reducing
the production of cytokines, such as IFN-�, which may contribute
to immunopathology. Pretreatment with IL-4 plus IL-10 plus
TGF-� resulted in a dramatic reduction in IFN-� transcript levels
in MACS-purified CD8� T cells in response to IL-12 plus IL-18
(95% inhibition) or IL-12 plus TNF-� (86% inhibition) com-
pared to pretreatment with medium alone (Fig. 2E). Inhibition of
the response to IL-12 plus IL-15 was less pronounced (48% inhi-
bition); however, this cytokine pair is not as effective at eliciting
strong IFN-� production in purified CD8� T cell cultures (13).
This indicates that the regulatory effects of these anti-inflamma-
tory cytokines on IFN-� production begin at the transcriptional
level.

Differential regulation of secreted versus membrane-bound
immunomodulatory proteins. IFN-� production is only one
outcome of T cell activation, and virus-specific CD8� T cells also
upregulate several surface immunomodulatory proteins in re-
sponse to cytokine stimulation. To determine whether other acti-
vation parameters are modulated by anti-inflammatory cytokines,
we monitored the expression of CD25, which is important for
cellular proliferation and homeostasis (34, 35), and CD69, a sur-
face glycoprotein that is one of the earliest activation markers to be
upregulated and alters lymphocyte migration (36, 37). LCMV-
specific CD8� T cells were cultured in medium or with IL-4 plus
IL-10 plus TGF-� for 2 h prior to stimulation with IL-12 plus
IL-18, IL-12 plus TNF-�, or IL-12 plus IL-15 (Fig. 3). Preexposure
to IL-4, IL-10, and TGF-� led to a reduction in both the percent-
age of virus-specific CD8� T cells producing IFN-� and the
amount of IFN-� being produced per cell (as measured by mean
fluorescence intensity [MFI]) (Fig. 3A). For example, following
treatment with IL-12 plus IL-18, 77% of NP118-specific CD8� T
cells produce IFN-� (MFI, 17,000). However, if the cells were first
exposed to IL-4 plus IL-10 plus TGF-�, then only 49% of NP118-
specific CD8� T cells produced IFN-� (MFI, 8,000). The response
to IL-12 plus TNF-� was reduced from 59% IFN-�� (MFI,
13,000) to 26% IFN-�� (MFI, 3,300), and the response to IL-12
plus IL-15 was reduced from 37% IFN-�� (MFI, 5,800) to 6%
IFN-�� (MFI, 1,300) by anti-inflammatory cytokine exposure.
These results show that not only is the number of IFN-�-produc-
ing T cells reduced, but the amount of IFN-� expression is also
greatly decreased.

Despite the sharp reduction in the IFN-� response, CD25 up-
regulation by CD8� effector T cells following incubation with
IL-12 plus IL-15, IL-12 plus IL-18, or IL-12 plus TNF-� remained
relatively stable regardless of prior history of exposure to anti-
inflammatory cytokines (Fig. 3A and B). Memory T cells showed
similar results, with sharply reduced IFN-� expression but largely
unaltered CD25 expression (Fig. 3B). CD69 expression was not
inhibited as dramatically as IFN-� production but was almost as
resistant as CD25 in terms of modification by anti-inflammatory
cytokines (Fig. 3C). Collectively, these data demonstrate that the
inhibitory effects of IL-4, IL-10, and TGF-� were not all encom-
passing but instead resulted in differential regulation of surface

immunomodulatory proteins (CD25 and CD69) and secreted an-
tiviral proteins such as IFN-�, indicating a unique hierarchy of
inhibition among different CD8� T cell activation parameters.

Inhibition of innate CD8� T cell activation occurs within a
limited time frame. The data in Fig. 2 and 3 show that prior
exposure to anti-inflammatory cytokines can limit T cell-medi-
ated IFN-� production following subsequent innate activation by
IL-12 plus IL-18, IL-12 plus TNF-�, or IL-12 plus IL-15. However,
virus-specific CD8� T cells in vivo may first encounter proinflam-
matory cytokines before receiving inhibitory/anti-inflammatory
cytokine signals. We therefore determined whether IL-4, IL-10,
and TGF-� could reduce IFN-� production by T cells after induc-
tion of the IFN-� response had been initiated (Fig. 4). Effector T
cells were stimulated directly ex vivo for a total of 6 h (Fig. 4A) or
24 h (Fig. 4B) with IL-12 plus IL-18, IL-12 plus TNF-�, or IL-12
plus IL-15. In Fig. 4A, combinations of IL-4, IL-10, and TGF-�
were added to the cultures at 2 h after incubation with the indi-
cated innate cytokine combinations, and IFN-� production was
monitored at the 6-h time point. Even though CD8� T cell acti-
vation had already begun, IFN-� production could still be sub-
stantially reduced by the addition of anti-inflammatory cytokines.
The strongest inhibition was observed when all three anti-inflam-
matory cytokines were added simultaneously. In contrast, if
CD8� T cells were exposed to anti-inflammatory cytokines at 14 h
after initial innate cytokine stimulation, then there was virtually
no effect on the continued IFN-� production (Fig. 4B). As ex-
pected, addition of the protein synthesis inhibitor cycloheximide
quickly abrogated IFN-� production, as did withdrawal of the
stimulatory cytokines as previously described (31). However, the
addition of IL-4 plus IL-10 plus TGF-� had no impact on
the IFN-� response to IL-12 plus IL-18, IL-12 plus TNF-�, or
IL-12 plus IL-15. Similar results were observed when memory
CD8� T cells were examined (data not shown). Taken together,
these data demonstrate that anti-inflammatory cytokines can in-
hibit the early stages of IFN-� production, but there is a finite
window of opportunity during which regulation of these innate
CD8� T cell functions can occur.

Peptide-specific CD8� T cell responses are not directly in-
hibited by IL-4, IL-10, or TGF-�. To determine the potential im-
pact of anti-inflammatory cytokines on peptide-specific T cell ac-
tivation, we incubated virus-specific CD8� T cells in medium
alone or in medium containing the combination of IL-4 plus
IL-10 plus TGF-� for 2 h prior to stimulation with NP118 peptide
(Fig. 5). In stark contrast to the inhibition of innate cytokine-
mediated T cell activation (Fig. 2), these anti-inflammatory cyto-
kines had no measurable effect on the frequency of IFN-�� or
TNF-�� CD8� T cells after 6 h of peptide stimulation (Fig. 5A).
Moreover, the amount of IFN-� produced on a per cell basis in
response to NP118 peptide stimulation (i.e., cytokine MFI) re-
mained unaltered, regardless of exposure to anti-inflammatory
cytokines (Fig. 5B) (data not shown). Interestingly, a reduction in
IFN-� transcript levels was observed in response to NP118 peptide
stimulation following pretreatment with anti-inflammatory cyto-
kines; however, this did not correlate with reduced IFN-� protein
expression after 6 h of stimulation, indicating that mRNA levels
may not necessarily predict protein levels at this early time point
(data not shown). Expression of CD25 (Fig. 5B) and CD69 (Fig.
5C) was rapidly upregulated following peptide stimulation, re-
gardless of whether the cells had been cultured with or without
IL-4, IL-10, and TGF-�.
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Strong peptide-specific cytolytic activity is a hallmark of CD8�

T cell effector function, and we determined whether CTL re-
sponses might be inhibited by exposure to anti-inflammatory cy-
tokines. Virus-specific CD8� T cells were cultured in medium
alone or in medium containing IL-4 plus IL-10 plus TGF-� for 2 h
prior to incubation with peptide-coated target cells at the indi-
cated effector-to-target (E:T) ratios (Fig. 5D). Similar to peptide-
specific cytokine responses, the anti-inflammatory cytokines had

no measurable impact on peptide-specific cytolytic activity. This
resistance to inhibition of peptide-specific responses was observed
in both effector T cells (Fig. 5) and memory T cells (data not
shown) and highlights an important and fundamental difference
in the regulation of innate and adaptive CD8� T cell functions.

T cell resistance to IL-4 and IL-10 occurs despite efficient sig-
naling through the JAK/STAT pathway. There are many ways in
which a T cell might lose reactivity to cytokine-mediated regula-

FIG 3 Differential regulation of secreted protein and surface membrane-bound immunomodulatory protein expression following cytokine exposure. At 8 days
(effector) or �60 days (memory) after LCMV infection, T cells were pretreated with medium or IL-4, IL-10, and TGF-� (10 ng/ml each) for 2 h, followed by
stimulation with IL-12 plus IL-18, IL-12 plus TNF-�, or IL-12 plus IL-15 (10 ng/ml) for 6 h. (A) Innate upregulation of CD25 expression and IFN-� production
by virus-specific CD8� effector T cells. The numbers in each quadrant represent the percentage of NP118 tetramer� CD8� T cells expressing IFN-� and/or CD25,
while the numbers in parentheses represent the MFI of IFN-�� T cells. Data are representative of 4 mice from 2 independent experiments. (B and C) Surface
marker upregulation and IFN-� production in response to proinflammatory cytokine stimulation following pretreatment with medium only (solid symbols) or
medium containing inhibitory cytokines (open symbols). Each data point represents the percentage of NP18-tetramer� CD8� T cells that expressed IFN-� and
CD25 (B) or IFN-� and CD69 (C) following treatment with IL-12 plus IL-18 (circles), IL-12 plus TNF-� (squares), IL-12 plus IL-15 (triangles), or medium alone
(diamonds). Data represent the average  SD from 4 mice per group from 2 independent experiments.
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tion, including downregulation of cytokine receptors from the cell
surface or loss of signaling through those receptors. To examine
this question in more detail, we measured phosphorylation of
STAT3 and STAT6 in CD8� T cells that had been previously ac-
tivated by innate cytokines or peptide. CD8� T cells cultured in
medium alone did not express phosphorylated STAT6 (Fig. 5E).
However, following direct exposure to IL-4, STAT6 was rapidly
phosphorylated. Likewise, CD8� T cells previously exposed to
IL-12 plus IL-18 (which are susceptible to IL-4-mediated inhibi-
tion) (Fig. 4) also showed phosphorylation of STAT6 following
exposure to IL-4. Peptide-stimulated CD8� T cells were resistant
to IL-4-mediated inhibition, but surprisingly, these cells still
phosphorylated STAT6 following exposure to IL-4, indicating
that IL-4 receptor signaling was still intact, despite the ability of
peptide-stimulated T cells to resist IL-4-mediated downregulation
of effector function. Similar results were observed with IL-10-
mediated phosphorylation of STAT3 (Fig. 5F). This indicates that
cytokine-resistant virus-specific CD8� T cells are able to override
the downregulatory signals initiated by IL-4 and IL-10 through
their respective receptors, even though these anti-inflammatory
cytokines initiate effective signal transduction and STAT phos-
phorylation.

DISCUSSION

Virus-specific CD8� T cells are able to respond to innate cytokines
as well as their cognate antigen, which allows for activation of T
cells during infection with pathogens that are unrelated to their
antigen specificity. While this ability diversifies the contributions
of virus-specific CD8� T cells to host immunity, it must be care-
fully regulated to avoid immunopathology. In this study, we ex-
amined the regulation of cytokine-mediated or peptide-specific
activation of virus-specific CD8� T cells by anti-inflammatory
cytokines and show that these two aspects of T cell functionality
are differentially regulated by IL-4, IL-10, and TGF-�. This pro-
vides a unique and previously unrecognized mechanism for fine-
tuning CD8� T cell responses by the local microenvironment,
which is likely to be essential for balancing effective host immune
responses while attempting to avoid severe immunopathology.

Interestingly, although IFN-� production was almost com-
pletely abrogated by anti-inflammatory cytokines, CD25 and
CD69 upregulation remained largely intact. This shows that inhi-
bition of innate activation of virus-specific CD8� T cells by IL-4
plus IL-10 plus TGF-� is not global in nature, but instead appears
to target selected T cell activation outcomes. Upregulation of

FIG 4 Anti-inflammatory cytokines have a limited therapeutic window to inhibit innate IFN-� production. (A) CD8� T cells from mice at 8 days post-LCMV
infection were stimulated (stim) directly ex vivo for 6 h with IL-12 plus IL-18, IL-12 plus TNF, or IL-12 plus IL-15. Combinations of IL-4, IL-10, and TGF-� (10
ng/ml each) were added 2 h after stimulation began. IFN-� responses were compared to the maximum response in the absence of anti-inflammatory cytokines
using an unpaired two-tailed Student’s t test. Inhibitory cytokine combinations that significantly reduced IFN-� production are marked with asterisks: *, P �
0.05; **, P � 0.01. (B) Splenocytes from mice at 8 days post-LCMV infection were stimulated directly ex vivo with the indicated cytokines for 14 h. Activated T
cells were then either maintained in the indicated stimulatory cytokines, treated with anti-inflammatory cytokines (IL-4, IL-10, and TGF-� at 10 ng/ml each),
treated with cycloheximide (100 �g/ml), or washed and placed in medium without cytokines. Brefeldin A was added to cultures for the final hour of incubation,
and IFN-� production at each time point was assessed by intracellular cytokine staining and flow cytometry. The numbers represent the percentage of NP118
tetramer� CD8� T cells producing IFN-� and are the average  SD from 4 to 6 mice.

Regulation of Innate and Adaptive T Cell Functions

July 2014 Volume 88 Number 13 jvi.asm.org 7481

http://jvi.asm.org


CD69 inhibits lymphocyte migration, allowing T cells to remain at
a site of infection (37, 38). Increased expression of the high-affin-
ity IL-2 receptor CD25 enhances the ability of T cells to respond to
the proliferative and activation signals provided by IL-2 and is
important in programmed proliferation and rapid expansion of

antigen-specific T cells (12). Controlling IFN-� secretion while
allowing these other activation events to proceed could serve to
reduce immunopathology, while enabling CD8� T cells to better
respond to signals such as IL-2, which is likely to be generated near
a site of active infection. Importantly, the timing of exposure to

FIG 5 Anti-inflammatory cytokines do not inhibit peptide-specific CD8� T cell responses. Splenocytes from BALB/c mice at 8 days post-LCMV infection were
treated directly ex vivo with the indicated combinations of IL-4, IL-10, and TGF-� (10 ng/ml each) for 2 h, followed by stimulation with NP118 peptide (1 � 10	7

M) for 6 h. (A) Peptide-specific IFN-� and TNF-� production by virus-specific CD8� T cells. Numbers represent the percentage of NP118 tetramer� CD8� T
cells producing IFN-� or TNF-� and are the average  SD from 4 mice. (B and C) Surface marker upregulation in response to peptide stimulation with or without
pretreatment with anti-inflammatory cytokines. Numbers in each quadrant represent the percentage of CD8� T cells expressing IFN-� and/or CD25 (B) or CD69
(C), while numbers in parentheses represent the MFI of IFN-�� T cells. Data are representative of 4 mice from 2 independent experiments. (D) At 8 days
following infection with LCMV, T cells were incubated in medium alone or medium containing IL-4, IL-10, and TGF-� for 2 h prior to incubation with
NP118-coated (solid lines) or uncoated (dashed lines) target cells for 5 h. Results are representative of 2 independent experiments. (E) At 8 days post-LCMV
infection, splenocytes were stimulated with IL-12 plus IL-18, IL-12 plus TNF-�, or IL-12 plus IL-15 (10 ng/ml each) or NP118 peptide directly ex vivo. After 2 h,
IL-4 (E) or IL-10 (F) was added for 20 min, cells were immediately fixed and permeabilized, and phosphorylation of STAT3 (E) and STAT6 (F) was assessed.
Results are representative of 4 mice and 2 independent experiments.
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proinflammatory or anti-inflammatory cytokine signals was crit-
ical in determining innate T cell outcomes. Although pretreat-
ment with anti-inflammatory cytokines allowed them to exert the
most substantial inhibitory effects on T cell activation, the addi-
tion of IL-4 plus IL-10 plus TGF-� 2 h after IL-12 plus IL-18, IL-12
plus TNF-�, or IL-12 plus IL-15 was still able to reduce IFN-�
production. However, there is a limit to this window of opportu-
nity for inhibition, since exposure to anti-inflammatory cytokines
at 14 h after initial stimulation had no measurable effect on IFN-�
production. This has implications for the treatment of acute in-
flammation or sepsis with anti-inflammatory cytokines since
treatment at the early stages of inflammation would be essential to
achieve maximum benefit.

Signaling through the T cell receptor and through cytokine
receptors results in the activation of a group of shared and distinct
transcription factors that regulate T cell activation in a combina-
torial fashion (39–42). Because of the commonalities of TCR and
cytokine-induced transcription factors (e.g., NF-�B activation),
stimulations of T cells with peptide or cytokines share some
matched outcomes (e.g., IFN-� production). However, differ-
ences between the precise combinations of signaling cascades and
transcription factors that are activated by innate and antigenic
signals also result in distinct cellular outcomes following exposure
to these stimuli and offer the opportunity for differential regula-
tion. Previous studies have demonstrated that several differences
in virus-specific CD8� T cell responses exist following exposure to
either cognate antigen or innate cytokines. For example, stimula-
tion of LCMV-specific CD8� T cells with viral peptide leads to
production of IFN-�, TNF-�, and IL-2, whereas TNF-� and IL-2
are not produced following exposure to IL-12 plus IL-18, despite
robust IFN-� production (31). The data presented herein demon-
strate that suppression of innate and adaptive T cell functions is
differentially regulated as well. While cytokine-mediated IFN-�
production was highly susceptible to inhibition by IL-4 plus IL-10
plus TGF-�, peptide-specific effector functions (e.g., cytokine
production, CTL activity, etc.) were resistant to cytokine-medi-
ated inhibition. Despite these disparate cellular outcomes, cells
that had been exposed to either activating cytokines or peptide
remained similarly capable of initiating signaling in response to
anti-inflammatory cytokines. We examined STAT phosphoryla-
tion in response to anti-inflammatory cytokines after pretreat-
ment with either viral peptide (NP118) or stimulatory cytokines
(IL-12 plus IL-18, IL-12 plus TNF-�, or IL-12 plus IL-15) and
found that activation of both STAT3 and STAT6 remained intact,
regardless of pretreatment. This suggests that the mechanism for
overriding anti-inflammatory signals in peptide-stimulated T
cells exists downstream of the initial signaling events leading to
STAT phosphorylation. This result is not unexpected, as the dif-
ferential regulation of IFN-� and surface molecules such as CD25
and CD69 (Fig. 3) also suggests a downstream mechanism to fine-
tune cellular responses, since the effects of inhibitory cytokines are
not all-encompassing. In vivo, this differential regulation of innate
and adaptive CD8� T cell functions may serve to limit unwanted
inflammation while still allowing potent peptide-specific re-
sponses at a site of infection to function at full potential.

Collectively, the data described here highlight the intriguing
differential regulation of anti-inflammatory cytokines on CD8� T
cells and demonstrate that the initiation of innate, “bystander”
activation of virus-specific CD8� T cells is more susceptible to this
form of immune regulation than antigen-specific T cell activation.

Further studies are needed to elucidate the precise mechanisms
that contribute to these distinct cellular outcomes, particularly
when cells are receiving multiple stimulatory and inhibitory sig-
nals at a site of infection, and also to determine whether they
might be exploited for therapeutic purposes. In vivo, these funda-
mental differences in innate and adaptive CD8� T cell functions
likely allow for finely tuned cellular activation that is regulated at
least in part, by the local microenvironment.
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