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Vaccine-induced memory is necessary for protective immunity to pathogens, but many viruses induce a state
of transient immune suppression that might contribute to the inability of a vaccine to elicit immunity. We
evaluated here the fate of bystander T cells activated by third party cognate antigens during acute viral
infections in vivo, using distinct models to track and specifically activate HY and P14 transgenic bystander CD8
T cells in vivo during acute arenavirus infections of mice. Viral infections acted as stimulatory adjuvants when
bystander T cells were exposed to an inflammatory milieu and cognate antigens at the beginning of infections,
but bystander CD8 T cell proliferation in response to cognate antigen was inhibited 3 to 9 days after virus
infection. Reduced proliferation was not dependent on Fas-FasL- or tumor necrosis factor (TNF)-induced
activation-induced cell death or on deficiencies of antigen presentation. Instead, reduced proliferation was
associated with a delayed onset of division that was an intrinsic defect of T cells. Inhibition of proliferation
could be simulated by exposure of T cells to the Toll-like receptor agonist and type I interferon (IFN) inducer
poly(I � C). T cells lacking IFN-�/� receptors resisted both the suppressive effects of preexposure to poly(I � C)
and the stimulatory effects of type I IFN, indicating that the timing of exposure to IFN can have negative or
positive effects on T cell proliferation. Inhibition of T cell receptor-stimulated bystander CD8 T cell prolifer-
ation during acute viral infections may reflect the reduced ability of vaccines to elicit protective immunity when
administered during an acute illness.

Many virus infections induce a transient state of immune
suppression that can be measured by reduced T cell responses
in vitro to mitogens or specific recall antigens and by dimin-
ished delayed-type hypersensitivity (DTH) responses in vivo to
antigens such as tuberculin (17, 24, 47). Although some viruses
encode proteins that inhibit various phases of the immune
response, many do not. The diverse natures of the many viruses
that induce immune suppression suggest broad and possibly
host-regulated mechanisms. In several acute and persistent
viral infections, the failure of T cells to proliferate in response
to these mitogens or antigens in vitro has been linked to the
Fas-FasL-dependent activation-induced cell death (AICD) of
these cell populations (1, 11, 50). Studies of other virus sys-
tems, however, have indicated that the failure to proliferate in
vitro is linked to deficient dendritic cell (DC) function and/or T
cell costimulation (2, 3, 8, 26, 38–40). Other reports indicate
that production of virus-induced anti-inflammatory cytokines,
such as interleukin 10 (IL-10) or transforming growth factor �
(TGF-�) (5, 8, 32, 43), or reduced production of inflammatory
cytokines, such as IL-12 (26, 38, 40), may suppress T cell
outgrowth. Another possibility is that cytokine receptors on
virus-specific T cells may bind limiting amounts of growth
factors, such as IL-2 or IL-15, and compete with newly devel-
oping T cell responses. This lack of consensus using in vitro
assays suggests that an in-depth analysis of virus-induced tran-

sient immune deficiency should be studied in vivo, using trac-
table models in which T cells clearly defined as not specific or
cross-reactive for the virus can be examined in the milieu of a
viral infection when they encounter their cognate ligand.

Vaccination efficacy can be compromised by an ongoing viral
infection, and this may be linked to transient virus-induced
immune suppression. A moderate-to-severe illness is a U.S.
Centers for Disease Control-recommended precaution against
vaccination, but even a mild illness might reduce vaccine effi-
cacy. This reduced efficacy is not simply due to an infection-
induced interferon (IFN) response restricting the replication
of a live virus vaccine, as the immunity induced by both infec-
tious and noninfectious vaccines can be compromised when
administered during an ongoing infection. For example, hep-
atitis C virus (HCV)-infected patients elicited reduced anti-
body responses to a recombinant HBV protein vaccine (HB-
Vax) compared to those of healthy controls (48). Nematode
and malaria infections have also been shown to reduce the
protective efficacy of heterologous vaccines, whether they are
live (e.g., Mycobacterium bovis BCG [BCG]) or subunit (e.g.,
meningococcal polysaccharide) vaccines (9, 14, 41).

Naïve bystander T cells not specific for a virus do not pro-
liferate during an infection, nor do they upregulate expression
of the activation marker CD44 or downregulate expression of
CD62L, both indicators of T cell receptor (TCR) stimulation
(7). This does not mean, however, that they are unchanged
within the inflammatory milieu of an infection. Some naïve T
cells will upregulate expression of CD69 and granzyme B, and
we have recently reported that a subpopulation of those cells
may respond to self-major histocompatibility complex (MHC)
in the presence of type I IFN and upregulate expression of
Eomesodermin (Eomes), a transcription factor important for
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T cell effector functions and memory (20). In this study, we
sought to investigate whether bystander naïve CD8 T cells
would be susceptible to immune suppression if the T cells were
activated by cognate antigen during an acute viral infection in
vivo. Consistent with the enhanced susceptibility to cell death
noted in vitro, we found that bystander CD8 T cells when
activated with cognate antigen in vivo during acute viral infec-
tions underwent markedly reduced proliferation. Despite the
reduced proliferation of TCR-stimulated bystander CD8 T
cells, susceptibility to Fas-FasL and tumor necrosis factor
(TNF)-TNF receptor (TNFR) AICD was not required. This
virus-induced transient immune suppression in vivo was in-
stead associated with a delayed onset of division that was not
due to an antigen presentation defect but rather to a T cell-
intrinsic defect. This suppression could be simulated with the
IFN inducer poly(I � C), indicating that inflammation could
mediate suppression. Finally, CD8 T cells lacking receptors for
IFN-�/� could proliferate normally, demonstrating that direct
IFN-�/� signaling on T cells was required for suppression.

MATERIALS AND METHODS

Mice. C57BL/6J (Ly5.2�) male mice and B6.Smm.C3H-Tnfsf6gld (gld) mice
were purchased from The Jackson Laboratory (Bar Harbor, ME). B6.SJL
(Ly5.1�) male and female mice were purchased from Taconic Farms (German-
town, NY) or bred within the Department of Animal Medicine at the University
of Massachusetts Medical School (UMMS). P14 (33) and HY (18) TCR-trans-
genic mice, B6.MRL-Tnfrsf6lpr (lpr) mice (34), and B6 IFN-�/� receptor knock-
out (B6.IFN��R KO) mice (29) were bred at the UMMS. The P14 transgenic
mice were bred onto the Thy1.1 and Ly5.1 C57BL/6 backgrounds in order to
distinguish the transgenic cells from each other and from wild-type (WT) cells in
C57BL/6 (Thy1.2� Ly5.2�) mice. The P14 transgenic mice were also bred onto
the B6.IFN��R KO background in order to generate P14 CD8 T cells lacking
IFN-�/�R; we screened for such cells by determining the surface expression of
V�2� TCR on CD8 T cells and by performing genomic PCR to detect the
IFN-�/�R KO locus. The HY transgenic mice were crossed to lpr mice to
generate HY transgenic CD8 T cells expressing a mutated Fas protein.
B6.Tg(HY)-Tnfrsf6lprF2 mice (here referred to as HY/lpr mice) were screened
via surface expression of the HY TCR and Fas after a 5-h in vitro anti-CD3
stimulation. All mice were maintained in accordance with the guidelines of the
Institutional Animal Care and Use Committee of the UMMS.

Virus stocks and inoculations. Lymphocytic choriomeningitis virus (LCMV),
strain Armstrong, and Pichinde virus (PV), strain AN3739, were propagated in
baby hamster kidney (BHK21) cells, as previously described (46, 49). Mice were
injected intraperitoneally (i.p.) with 5 � 104 PFU of LCMV or 1.5 � 107 PFU of
PV. To activate P14 TCR-transgenic CD8 T cells in vivo, mice were inoculated
with 5 �g of a 13-mer peptide of the LCMV glycoprotein from amino acids 33 to
45 (GP33–45) (KAVYNFATCGIFA), which is more effective than the minimal
epitope (GP33–41) for T cell activation in vivo (KAVYNFATC) (6). Alternatively,
mice were inoculated with 107 GP33–41-labeled DC2.4 cells intravenously (i.v.).
Both peptides were purchased from 21st Century Biochemicals (Marlborough,
MA). DC2.4 cells were incubated with 1 �M GP33–41 for 45 min at 37°C and
washed 4 times in Hanks balanced salt solution (HBSS) to label. To block TNF,
mice were inoculated with 100 �g etanercept (Enbrel) i.p. (25).

Adoptive transfers. Spleens were harvested from TCR-transgenic mice (P14 or
HY), and single-cell suspensions were prepared. Red blood cells were lysed with
a 0.84% NH4Cl solution, and lymphocytes were washed with HBSS. Where
described below, cells were labeled with the fluorescent dye carboxyfluorescein
succinimidyl ester (CFSE) by incubation in 2 �M CFSE in HBSS (Invitrogen,
Carlsbad, CA) at 37°C for 15 min. TCR-transgenic T cells (5 � 105 to 20 � 105)
were injected into congenic recipient mice i.v.

Flow cytometry. Spleen leukocytes were stained with a combination of fluo-
rescently labeled monoclonal antibodies (MAb) specific for CD8 (53-6.7; BD
Pharmingen), Ly5.2/CD45.2 (104; BD Pharmingen), Ly5.1/CD45.1 (A20;
eBioscience, San Diego, CA, or BioLegend, San Diego, CA), Thy1.2/CD90.2
(53-2.1; BD Pharmingen), Thy1.1/CD90.1 (H1S51; eBioscience), V�2 TCR
(B20.1; eBioscience), HY TCR (T3.70; eBioscience), CD44 (IM7; BD Pharmin-
gen), CD62L (MEL-14; BD Pharmingen), CD43 (1B11; BioLegend), and
IFNAR-1 (MAR1-5A3; BioLegend) for 20 min at 4°C. To stain for intracellular

Ki-67, spleen leukocytes were fixed and permeabilized with Cytofix/Cytoperm
(BD Pharmingen) for 20 min at 4°C. Following permeabilization, cells were
stained with anti-human Ki-67 (B56; BD Pharmingen).

Freshly stained and previously fixed samples were acquired using a BD Bio-
sciences LSR II flow cytometer with FACS Diva software and analyzed with
FlowJo software (TreeStar Inc., Ashland, OR).

Poly(I � C) experiments. Poly(I � C) was purchased from InvivoGen (San Di-
ego, CA) and used as a nonspecific stimulator for IFN-�/� and other cytokines.
Splenocytes (1 � 107), representing 1.2 � 106 to 1.8 � 106 transgenic CD8 T
cells, from P14 transgenic mice bred onto the Ly5.1� or Thy1.1� background
were transferred i.v. into congenic C57BL/6 (Ly5.2� Thy1.2�) mice. One day
after transfer, mice were either untreated, mock treated with HBSS, or treated
with 200 �g poly(I � C) i.p. Spleens were harvested 18 to 20 h later, and single-
cell suspensions were prepared. The percentage of P14 cells in each group [mock
and poly(I � C) treated] was determined via flow cytometry, and a total of 10,000
P14 cells (5,000 from each environment) were cotransferred into congenic mice
i.v. Competition groups included (i) Ly5.1� P14 cells from mock-treated mice
mixed 1:1 with Thy1.1� P14 cells from poly(I � C)-treated mice and (ii) Thy1.1�

P14 cells from mock-treated mice mixed 1:1 with Ly5.1� P14 cells from
poly(I � C)-treated mice. Mice were infected with 5 � 104 PFU LCMV Arm-
strong i.p. and peritoneal exudate cells (PECs), and spleens were harvested 7
days postinfection.

Statistical analyses. Where appropriate, Student’s t tests were calculated using
GraphPad InStat software. Significance was set at a P of �0.05; * indicates a P
of �0.05, ** a P of �0.005, and *** a P of �0.0005. All results are expressed as
means � standard deviations.

RESULTS

Transient inhibition of TCR-stimulated bystander CD8 T
cell proliferation during acute viral infections. In order to
study the susceptibility of bystander CD8 T cells to transient
immune suppression in a physiological setting, we developed in
vivo models to track and to specifically activate bystander CD8
T cells. We tested HY (male-antigen-specific) and P14
(LCMV-specific) transgenic CD8 T cells for this purpose and
defined bystander as a transgenic CD8 T cell population that
did not divide (dilute CFSE), proliferate (increase in cell num-
ber), or regulate activation markers during the viral infection.
As shown in Fig. 1 (left), in the LCMV-infected female mice,
HY transgenic CD8 T cells did not divide (with a high con-
centration of CFSE [CFSEhi]) and remained phenotypically
naïve (with low expression of CD44 and CD43 [CD44lo and
CD43lo, respectively] and high expression of CD62L
[CD62Lhi]), as opposed to the polyclonal host CD8 T cells,
which included LCMV-specific CD8 T cells. LCMV-specific
P14 transgenic CD8 T cells similarly did not divide and re-
mained phenotypically naïve during PV infection (Fig. 1,
right). Additionally, the HY and P14 CD8 T cells did not
proliferate, in terms of frequency (data not shown) or cell
number (Fig. 2A and B), during the respective viral infections.
Of note is that naïve HY T cells, whether in the HY transgenic
mouse or after transfer into a female mouse, were always lower
in CD44 expression than P14 T cells. This might reflect differ-
ences in endogenous antigen stimulation of these transgenic
cells. Nevertheless, CD44 was substantially still upregulated in
the P14 cells after antigen stimulation.

To determine if bystander CD8 T cells were susceptible to
immune suppression when activated by cognate antigen during
an acute viral infection in vivo, we adoptively transferred HY
transgenic CD8 T cells into naïve or day 5 LCMV-infected
congenic female or male recipients (Fig. 2A). Because of their
male antigen specificity, HY CD8 T cells are reported to be-
come activated in male but not female C57BL/6 WT mice (36).
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Two days later, proliferation was measured by calculating the
number of HY CD8 T cells in the spleens of each group of
mice. There was a slight reduction in the number of HY CD8
T cells recovered from the LCMV-infected female mice com-
pared to the number in the naïve female mice (Fig. 2A), and
the HY CD8 T cells that remained in either female host had a
naïve phenotype (data not shown). However, the HY CD8 T
cells became activated and proliferated in the naïve male mice,
resulting in an increase in their overall cell number, but this
proliferation was inhibited in the LCMV-infected male mice
(Fig. 2A).

As a second model for testing virus-induced immune sup-
pression, P14 CD8 T cells were adoptively transferred into
naïve congenic recipients, followed by infection with PV. At
day 5 of PV infection, mice were inoculated with the highly
immunogenic GP33–45 13-mer peptide i.v. to specifically acti-
vate the P14 CD8 T cells (6). Two days later, the same time
after activation as in the HY experiment, the numbers of P14
CD8 T cells in the spleens of each group were determined.
Without antigen, there was a slight decrease in the number of
P14 CD8 T cells recovered from the PV-infected mice, possibly
due to IFN-�/�-induced T cell attrition (21) (Fig. 2B). After
infusion of GP33–45 peptide, the P14 CD8 T cells in the naïve
mice proliferated, but this proliferation was inhibited in the
PV-infected mice (Fig. 2B), much like the inhibition of prolif-
eration of HY cells in LCMV-infected male mice. These data
therefore demonstrate, in two independent experimental mod-
els, that acute arenavirus infections inhibited the proliferation
of TCR-stimulated bystander CD8 T cells in vivo.

We next addressed whether the virus-induced inhibition of
proliferation was a transient event by transferring HY CD8 T
cells into naïve or LCMV-infected male mice at 3, 6, 9, and 12
days postinfection and examining the proliferation of HY CD8
T cells 3 days later. The proliferation of HY CD8 T cells
activated on days 3 to 9 of LCMV infection was inhibited
compared to the proliferation in naïve mice (Fig. 2C). HY
CD8 T cells activated on day 3 of LCMV infection had the
most pronounced defect in proliferation, followed by cells ac-
tivated on day 6 and day 9, but the proliferation was back to
normal naïve levels at day 12 postinfection (Fig. 2C). In con-
trast, antigen-mediated activation of CD8 T cells at the onset
of virus infection, either involving HY cell transfer immedi-
ately prior to the time of LCMV infection or GP33–45 inocu-
lation immediately prior to the time of PV infection, markedly
enhanced the proliferation of the bystander CD8 T cells (note
differences in y axes) (Fig. 2D). These data indicated that viral

FIG. 1. HY and P14 CD8 T cells remain phenotypically naïve dur-
ing LCMV and PV infections, respectively. CFSE-labeled HY trans-
genic CD8 T cells were adoptively transferred into naïve congenic
female recipients, which were infected with 5 � 104 PFU LCMV i.p.
the following day. Similarly, CFSE-labeled P14 transgenic CD8 T cells
were adoptively transferred into naïve congenic male recipients, which
were infected with 1.5 � 107 PFU PV i.p. the following day. At days 0
(naïve) and 5 (d5) postinfection, splenocytes were stained for the
activation markers shown. Host polyclonal CD8 T cells and TCR-
transgenic CD8 T cells were gated, and representative histograms from
the same individual mice are overlaid.

FIG. 2. Transient susceptibility to proliferative inhibition of TCR-
stimulated bystander CD8 T cells during acute viral infections. (A) HY
CD8 T cells were adoptively transferred into naïve or day 5 LCMV-
infected female and male congenic recipients. Two days after cell
transfer, the number of HY CD8 T cells in the spleen was determined.
(B) P14 CD8 T cells were adoptively transferred into naïve congenic
recipients, followed by infection with 1.5 � 107 PFU PV the following
day. At day 5 of PV infection, mice were inoculated i.v. with 5 �g
GP33–45 peptide i.v. Two days after peptide inoculation, the number of
P14 CD8 T cells in the spleen was determined. (C) HY CD8 T cells
were adoptively transferred into naïve or LCMV-infected male mice at
day 3, 6, 9, or 12 postinfection. Three days after cell transfer, the
number of HY CD8 T cells in the spleen was determined. (D) HY CD8
T cells were transferred into naïve male congenic recipients, followed
immediately by infection with 5 � 104 PFU LCMV i.p. P14 CD8 T cells
were transferred into naïve congenic recipients. The following day,
mice were inoculated with 5 �g GP33–45 peptide i.v. immediately prior
to infection with 1.5 � 107 PFU PV. Four days after activation, the
number of transgenic CD8 T cells in the spleen was determined. *, P �
0.05; **, P � 0.005; ***, P � 0.0005.
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infections acted as powerful stimulatory adjuvants when by-
stander T cells were exposed to the inflammatory milieu and
cognate antigens at the beginning of infections but were im-
munosuppressive when bystander T cells engaged antigen after
the infection had progressed.

Reduced proliferation of TCR-stimulated bystander CD8 T
cells in vivo is not exclusively mediated by Fas-FasL- or TNF-
induced AICD. The reduced proliferation of TCR-stimulated
bystander CD8 T cells during acute viral infections was pre-
dicted by numerous in vitro studies showing that T cells derived
from virus-infected hosts are often more susceptible to AICD
on TCR stimulation with antigen or T cell mitogens (1, 11, 50).
We therefore tested whether the reduced proliferation of de-
fined bystander T cell populations was a consequence of AICD
in vivo by testing the influence of Fas-FasL and TNF in this
process. To investigate the role of Fas-FasL, we studied the
fate of HY transgenic T cells bred onto the B6.MRL-Tnfrsf6lpr

(lpr, Fas mutant) background and the fate of HY or P14 CD8
T cells in B6.Smm.C3H-Tnfsf6gld (gld, FasL-deficient) recipient
mice. The HY/lpr CD8 cells lack a functional Fas surface
receptor and cannot, therefore, undergo apoptosis initiated by
FasL (31). gld mice lack a functional FasL and cannot, there-
fore, initiate apoptosis in Fas-expressing T cells (31). To in-
vestigate the role of TNF, we treated mice with the human
TNF receptor fusion protein etanercept to neutralize serum
TNF (25). Using these systems, we found that HY and P14
CD8 T cell proliferation was still inhibited in virus-infected
mice, whether Fas-FasL, TNF, or both pathways were blocked
(Table 1), indicating that Fas-FasL and TNF are not required
for the reduced proliferation of TCR-stimulated bystander
CD8 T cells. Further, the overall transgenic T cell numbers in
these mice were not statistically different from those of wild-
type controls.

Despite not finding a role for Fas-FasL or TNF in mediating
AICD, we further explored the possibility that TCR-stimulated
bystander CD8 T cells underwent cell death in vivo through
another apoptotic pathway. In several experiments, we as-
sessed apoptosis by caspase activation, phosphatidyl serine ex-
posure via annexin-V reactivity, and DNA fragmentation via
terminal deoxynucleotidyltransferase-mediated dUTP-biotin

nick end labeling (TUNEL) stain on TCR-stimulated HY and
P14 CD8 T cells, but the TCR-stimulated bystander CD8 T
cells did not consistently show an apoptotic phenotype com-
pared to unstimulated T cells (data not shown). This was in-
vestigated at various time points between 1 h and 8 days after
T cell activation and in different tissues (spleen, lymph nodes,
bone marrow, peritoneum, lung, liver, and blood) for both
transgenic models, indicating that the reduced expansion of
TCR-stimulated bystander CD8 T cells may only minimally be
due to enhanced cell death. We also found that the reduced
number of TCR-stimulated transgenic T cells in the spleen was
not due to sequestration or specific trafficking to peripheral
tissues, such as lymph nodes, bone marrow, peritoneum, lung,
and liver, or in the circulating blood, as we could not recover
them in those compartments (data not shown).

Reduced proliferation of TCR-stimulated bystander CD8 T
cells in vivo is associated with delayed division. Because the
reduced proliferation of TCR-stimulated bystander CD8 T
cells could not be exclusively explained by their death, we
questioned whether a defect in division accounted for their
diminished expansion. Thus, CFSE-labeled P14 CD8 T cells
were assessed for dilution of CFSE at various time points
between 0 and 5 days after GP33–45 peptide inoculation. As
shown in Fig. 3A, P14 CD8 T cells activated by GP33–45 in
naïve mice started to divide approximately 48 h after peptide
treatment, and by 120 h, many of the P14 CD8 T cells in the
naïve mice had fully diluted the CFSE. In contrast, only 23% �
8% (n � 12) of the P14 CD8 T cells activated during the acute
PV infection had divided at least once by 72 h after peptide
treatment, compared to 87% � 6.4% (n � 10) of P14 CD8 T
cells activated in naïve mice at the same 72-h time point. It was
only at 96 h and later that a larger proportion of P14 cells
activated in the PV-infected mice had divided.

The kinetics of CFSE dilution were also analyzed by calcu-
lating the division index, a measure of the average number of
divisions that any cell in the starting population underwent.
The division index for P14 CD8 T cells activated by GP33–45

peptide in naïve mice peaked at 72 h after peptide treatment,
while it was still increasing at 120 h for the P14 CD8 T cells
activated in PV-infected mice (Fig. 3B). Additionally, the ex-

TABLE 1. Fas-FasL and TNF are not required for the inhibition of TCR-stimulated bystander CD8 T cell proliferationa

No. of
expts

Source of TCR
transgene Host mice Treatment

Functional Avg fold
inhibition � SDFas-FasL TNF/TNFR

7 HY WT � � 4.2 � 1.4
8 P14 WT � � 4.4 � 1.9
2 HY gld � � 4.9 � 1.9
4 HY/lpr WT � � 4.4 � 1.1
4 P14 gld � � 4.5 � 3.7
3 HY WT Etanercept � � 4.0 � 1.6
3 P14 WT Etanercept � � 5.1 � 4.5
1 HY gld Etanercept � � 4.3 � 0.0
1 HY/lpr WT Etanercept � � 4.1 � 0.0
2 P14 gld Etanercept � � 3.8 � 0.9

a HY or HY/lpr-transgenic CD8 T cells were adoptively transferred into naı̈ve or day 5 LCMV-infected WT or gld recipient male mice. Two days after adoptive
transfer, the numbers of HY CD8 T cells in the spleens of individual mice were determined. P14 transgenic CD8 T cells were adoptively transferred into naı̈ve WT
or gld recipient mice, followed by infection with 1.5 � 107 PFU PV i.p. At day 5 of PV infection, mice were inoculated with GP33-45 i.v. Two days after peptide treatment,
the numbers of P14 CD8 T cells in the spleens of individual mice were determined. Etanercept-treated mice were inoculated with 100 �g etanercept i.p. at day 4 of
virus infection (1 day prior to transgenic T cell activation). Fold inhibition was calculated as the number of transgenic CD8 T cells in naı̈ve mice over the number of
transgenic CD8 T cells in virus-infected mice. The numbers of independent experiments are indicated, and the average levels of inhibition (n-fold) for all experiments
performed � standard deviations are shown.
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pression of Ki-67 is often used as a marker of cell division (12),
and P14 CD8 T cells activated with GP33–45 in naïve mice
upregulated Ki-67 within 3 days after peptide treatment, but
the upregulation of Ki-67 was delayed in the P14 CD8 T cells
activated in the PV-infected mice (Fig. 3C). These data suggest
that the reduced proliferation of TCR-stimulated bystander
P14 CD8 T cells during an acute viral infection was a conse-
quence of delayed onset of division. Despite the delayed onset
of division of the TCR-stimulated bystander CD8 T cells dur-
ing acute viral infection, the overall kinetics of T cell prolifer-
ation were similar regardless of whether the CD8 T cells were
stimulated in a naïve or virus-infected environment (Fig. 3D).

Reduced proliferation of TCR-stimulated bystander CD8 T
cells is not due to a defect in antigen presentation during acute
viral infection. The delayed onset of TCR-stimulated by-

stander CD8 T cell division could have been due to a T cell-
intrinsic defect or could have been a consequence of aberrant
antigen presentation during the acute viral infection. However,
the frequency of total CD11c� DCs in the spleen at day 5 of
PV infection (1.7% � 0.17%, n � 8) was not different than that
found in naïve mice (1.5% � 0.08%, n � 6). Nevertheless,
since our experiments relied on host antigen-presenting cells
(APC) to present the endogenous male Smcy epitope to HY
CD8 T cells or the inoculated GP33–45 peptide to P14 CD8 T
cells, we asked if the proliferation of bystander CD8 T cells
could be rescued if exogenous GP33–41-pulsed DCs were ad-
ministered to PV-infected mice instead of only the GP33–45

peptide. We inoculated P14-implanted naïve and PV-infected
mice with 107 unlabeled DCs or peptide-labeled DCs-GP33 i.v.
and measured the division and proliferation of the P14 CD8 T

FIG. 3. Delayed division of TCR-stimulated bystander P14 CD8 T cells during acute PV infection. CFSE-labeled P14 CD8 T cells were
adoptively transferred into naïve congenic recipients, followed by infection with 1.5 � 107 PFU PV the following day. At day 5 of PV infection,
mice were inoculated i.v. with 5 �g GP33–45 peptide and at 0, 36, 48, 60, 72, 96, and 120 h after peptide inoculation, the dilution of CFSE in P14
CD8 T cells was assessed. (A) CFSE profiles from representative naïve and PV-infected mice at each time point are shown. (B) The division index
of P14 CD8 T cells was calculated and graphed. (C) At days 0, 3, 4, and 5 after peptide inoculation, the intracellular expression of Ki-67 antigen
was assessed. (D) The numbers of P14 CD8 T cells in the spleen at 2, 4, and 8 days after GP33–45 peptide treatment are shown. *, P � 0.05; **,
P � 0.005; ***, P � 0.0005.
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cells 2 to 4 days later. This administration of DCs-GP33 acti-
vated the P14 CD8 T cells in naïve mice to divide by day 2 (Fig.
4A) and substantially proliferate by day 4 (Fig. 4B). However,
both the division and proliferation of P14 CD8 T cells in
response to DCs-GP33 were inhibited in the PV-infected mice,
much like that in response to peptide infusion only. This sug-
gests that the reduced proliferation of P14 CD8 T cells in
PV-infected mice was not due to a defect in the processing or

presentation of the GP33–45 peptide but was seemingly a T
cell-intrinsic defect.

Nevertheless, it was still possible that the milieu of the viral
infection inhibited the functions of the inoculated GP33-pulsed
DCs, or alternatively, the developing host T cell response may
have competed against the P14 response by consuming growth
factors, so we used an alternative approach to test the intrinsic
sensitivity of virus infection-sensitized T cells on exposure to
normal antigen-presenting cells. We asked whether bystander
HY CD8 T cells from LCMV-infected female mice could pro-
liferate normally if transferred into uninfected male mice dis-
playing the cognate male antigen ligand. If the reduced prolif-
eration of HY CD8 T cells in LCMV-infected male mice were
due only to a defect in antigen presentation during the virus
infection, then we would predict that HY CD8 T cells from
LCMV-infected female mice would be able to proliferate nor-
mally when transferred into naïve uninfected male mice, which
should present antigen normally. To do this, we harvested
splenocytes from naïve (naïve donor HY) and day 5 LCMV-
infected (bystander donor HY) HY transgenic female mice
and transferred equal numbers of naïve donor HY or by-
stander donor HY CD8 T cells into naïve or infection-matched
day 5 LCMV-infected male recipient C57BL/6 WT mice. Pro-
liferation of either donor cell population, as expected, was
inhibited in the infected male HY mice (Fig. 4C). Notably,
however, the proliferation of bystander-sensitized donor HY
cells was also inhibited in the uninfected naïve male mice (Fig.
4C). This result indicates that the defect in proliferation of HY
CD8 T cells in LCMV-infected male mice was not due to a
defect in antigen presentation of the recipient host or compe-
tition with another T cell response in the recipient host but
instead may have been due to a T cell-intrinsic inhibition
developed in the infected donor. It was possible that this ex-
perimental setup resulted in the transfer of virus from the
LCMV-infected HY female mice to the naïve male mice, but
we noted that the host CD8 T cells in the naïve male mice
receiving LCMV-infected HY T cells remained phenotypically
naïve (CD44lo and CD62Lhi) during this time period, suggest-
ing that little-to-no virus was transferred. Taken together,
these data demonstrate that the inhibition of TCR-stimulated
bystander CD8 T cell proliferation was not due to a defect in
antigen presentation or to a competition with expanded num-
bers of virus-specific T cells during the acute viral infections
but instead was probably due to a T cell-intrinsic defect caused
by the milieu of viral infection.

Impaired proliferation of poly(I � C)-stimulated CD8 T
cells. In a parallel study using similar transgenic and viral
systems, we reported that naïve bystander CD8 T cells behaved
like memory cells with regard to rapidly becoming activated to
produce IFN-	 upon encountering their cognate ligand (20).
This sensitization was associated with a type I IFN-dependent
upregulation of the transcription factor Eomes, which tran-
scriptionally activates the IFN-	 gene and other T cell effector
genes, such as perforin. Of note is that the simple exposure of
mice to the type I IFN-inducer poly(I � C) would upregulate
Eomes in naïve T cells and sensitize them to rapidly become
effector cells when encountering their cognate ligand (20). In
the present study, we noted that the peak inhibition of by-
stander T cell proliferation occurred at day 3 after viral infec-
tion (Fig. 2C), near the published peak of the type I IFN and

FIG. 4. Proliferative inhibition of TCR-stimulated bystander CD8
T cells still occurs if P14 CD8 T cells are activated with GP33–41-labeled
DCs or if bystander HY CD8 T cells are activated in naïve male mice.
(A and B) CFSE-labeled P14 CD8 T cells were adoptively transferred
into naïve congenic recipients followed by infection with 1.5 � 107

PFU PV the following day. At day 5 postinfection, mice were inocu-
lated i.v. with 107 GP33–45 peptide-pulsed DC2.4 cells, and 2 and 4 days
later, the CFSE profiles (day 2) (A) and the numbers of P14 CD8 T
cells (B) were analyzed. (C) HY transgenic mice were infected with
5 � 104 PFU LCMV. At day 5 postinfection, splenocytes from naïve
and LCMV-infected HY transgenic female mice were normalized to
obtain equal numbers of naïve donor HY or bystander donor HY CD8
T cells, which were transferred into naïve or day 5 LCMV-infected male
recipient mice. Two days later, the number of HY CD8 T cells in the
spleen was determined. *, P � 0.05; **, P � 0.005; ***, P � 0.0005.
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innate cytokine responses (22, 45). We therefore questioned
whether the virus-induced impairment in cell proliferation
could be mimicked by this IFN inducer. To that end, Thy1.1�

Ly5.2� or Thy1.2� Ly5.1� P14 transgenic CD8 T cells were
transferred into C57BL/6 mice (Thy1.2� and Ly5.2�), some of
which were treated with poly(I � C). After 1 day of stimulation
in vivo, splenocytes were removed from poly(I � C) and control
treatment groups and cotransferred at equal numbers of P14
cells into uninfected C57BL/6 mice, which were then subse-
quently infected with LCMV. The CD8 T cells exposed to the
poly(I � C)-treated environment underwent substantially re-
duced expansion compared to the control P14 CD8 T cells
from the nonstimulated mice (Fig. 5). Figure 5A shows repre-
sentative plots of donor P14 CD8 T cells from the spleen and
peritoneum (PECs). The poly(I � C)-treated samples are on
the Ly5.1� background in the plots on the left and on the
Thy1.1� background in the plots on the right; we deemed it
important to test these experiments on different congenic
backgrounds to rule out any effects of the backgrounds versus

the treatments on proliferation. The averages of total P14 CD8
T cells in the spleen and PECs from two independent experi-
ments revealed that the poly(I � C)-sensitized P14 CD8 T cells
underwent reduced proliferation in response to LCMV infec-
tion, regardless of the congenic background (Fig. 5B). There-
fore, exposure to poly(I � C) 1 day prior to infection can sim-
ulate the type of immune suppression induced by many viruses,
indicating that exposure to innate factors before antigen stim-
ulation is sufficient to inhibit the proliferation of T cells receiv-
ing signals from their cognate ligands during the context of a
virus infection.

Poly(I � C) is a potent type I IFN inducer, but it also induces
other cytokines, directly and indirectly, so we sought to deter-
mine if IFN played a role in this system. Our recently published
report on poly(I � C)-dependent sensitization of naïve T cells
to rapid effector function on exposure to cognate ligand
showed that this sensitization occurred whether or not P14 T
cells expressed receptors for type I IFN, indicating that this
sensitization was an indirect effect of IFN, possibly acting on

FIG. 5. Poly(I � C)-induced sensitized P14 CD8 T cells have an impaired ability to proliferate compared to untreated P14 cells. P14 CD8 T cells
(Thy1.1� or Ly5.1�) were transferred into naïve congenic C57BL/6 mice that were untreated or treated with poly(I � C). One day later, P14 CD8
T cells were isolated from poly(I � C)- or control vehicle-treated mice and cotransferred at equal numbers i.v. into the same naïve mice. Recipient
mice were infected with 5 � 104 PFU LCMV i.p., and at day 7 postinfection, splenocytes and PECs were harvested. (A) Representative plots gated
on CD8� V�2� cells; on the left are plots using poly(I � C)-treated Ly5.1� P14 cells, and on the right are poly(I � C)-treated Thy1.1� P14 cells.
(B) Total numbers of P14 CD8 T cells from spleens and PECs, with 3 mice per group in two independent experiments. #, P � 0.05; *, P � 0.05;
**, P � 0.005; ***, P � 0.0005.
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antigen-presenting cells (20). It was unclear whether the
poly(I � C)-induced suppressed proliferation of P14 cells ob-
served herein was due to type I IFN and whether it was a direct
or indirect effect of IFN on the T cells. To design an experi-
ment to test this, we could not put IFN-�/�R-expressing T cells
in competition with IFN-�/�R KO T cells, because exposure to
IFN greatly enhances the proliferation of P14 T cells if it
occurs after ligand stimulation (19). We therefore asked if the
reduced proliferation of T cells sensitized in the poly(I � C)-
treated environment could be seen in mice receiving only one
donor population and challenged with LCMV. When
poly(I � C)-sensitized versus untreated WT P14 cells were sep-
arately transferred into hosts that were infected with LCMV
and tested 7 days later, statistically higher numbers of P14 cells
were derived from the untreated control populations than
from the poly(I � C)-sensitized populations [control � 5.1 �
0.9 � 106 P14 cells; poly(I � C)-sensitized � 1.7 � 0.2 � 106

P14 cells; n � 4, P � 0.009], consistent with the data for which
combined transfers were used (Fig. 5). We hypothesized that if
a direct stimulation of IFN-�/�R on P14 cells was responsible
for this impaired proliferation, there would be no differences in
expansion of the IFN-�/�R KO P14 cells under these similar
conditions. Our data first showed that the expansion of IFN-
�/�R KO P14 cells sensitized in either environment was sub-
stantially (
200-fold) lower than that of wild-type P14 cells
sensitized in either environment (e.g., after being in a control
environment, WT P14 cells numbered 5.1 � 106 � 0.9 � 106

versus IFN-�/�R KO P14 cells, which numbered 2.3 � 104 �
0.3 � 104 [n � 4 per group, P � 0.001]), reflective of the
augmentation effect that type I IFN can have when exposed to
T cells after TCR ligand stimulation, such as under normal
conditions of a virus infection (19). Nevertheless, IFN-�/�R
KO P14 populations still expanded 20-fold during the LCMV
infection (Fig. 6A and B), but there were no significant differ-
ences in the percentages or total numbers of those sensitized
with poly(I � C) versus those that were not treated (Fig. 6B)
(P � 0.9). This pattern of no inhibition of the IFN-�/�R KO
P14 cells after poly(I � C) pretreatment was seen in five sepa-
rate day 7 experiments. It could be argued that, with the IFN-
�/�R KO P14 cell experiment, there were not enough cell
divisions for us to be able to detect a difference in division rate.
We therefore examined cells at days 8 and 9 after infection. At
day 8, the cells had doubled in number over day 7 numbers, but
again no differences were seen in numbers of poly(I � C)-
treated (8.7 � 104 � 1.7 � 104) versus control vehicle-treated
(8.3 � 104 � 1.1 � 104) IFN-�/�R KO P14 T cell per spleen.
By day 9, the numbers of IFN-�/�R KO P14 cells were in
decline. To further evaluate the degree of cell division, sensi-
tized CFSE-labeled versus control IFN-�/�R KO P14 cells
were transferred into mice and examined at 7 days postinfec-
tion. Both cell groups lost all CFSE staining, indicating that
they had undergone at least 8 divisions. Kolumam et al. had
previously reported that the yield of IFN-�/�R KO P14 cells
was less than that expected for their number of division be-
cause of decreased cell survival during proliferation (19). Thus,
there should have been enough divisions to see differences in
proliferation between the poly(I � C)-sensitized versus control-
sensitized IFN-�/�R KO P14 cells, had there been any, and we
conclude that IFN-�/�R on the T cells was needed for the
inhibitory effects of IFN on proliferation.

When we began these experiments, we could not put IFN-
�/�R KO P14 cells exposed to different environments in direct
competition with each other in the same host, as we did for the
experiments whose results are shown in Fig. 5, because we had
these IFN-�/�R KO P14 cells on only one congenic back-
ground. However, enough Thy1.1� Thy1.2� IFN-�/�R KO
P14 cells became available to compare them with Thy1.1�

Thy1.2� cells in a mixed experiment within a Thy1.1� Thy1.2�

congenic C57BL/6 host background in an experiment designed
like that for Fig. 5. Four mice received poly(I � C)-sensitized
Thy1.1� Thy1.2� cells combined with control vehicle-treated
Thy1.1� Thy1.2� cells, whereas four mice received the recip-
rocal, i.e., poly(I � C)-sensitized Thy1.1� Thy1.2� cells com-
bined with control vehicle-treated Thy1.1� Thy1.2� cells, all
followed by a 7-day LCMV infection. The average prolifera-

FIG. 6. IFN-�/�R KO P14 cells treated with poly(I � C) are not
impaired in proliferation compared to control vehicle-treated IFN-
�/�R KO P14 cells. IFN-�/�R KO P14 cells were transferred into
naïve congenic mice that were mock treated or treated with poly(I � C).
One day later, these IFN-�/�R KO P14 cells were isolated from
poly(I � C)- or control vehicle-treated mice and transferred in equal
numbers into separate naïve mice. Recipient mice were then infected
with 5 � 104 PFU LCMV i.p., and at day 7 postinfection, spleens were
harvested. (A) Representative results from each group are shown;
plots are gated on CD8� cells. (B) Total numbers of IFN-�/�R KO
P14 CD8 T cells � standard deviations (4 mice per group) are calcu-
lated.
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tion of the Thy1.1� Thy1.2� cells was about half (52%, 54%)
of that of the Thy1.1� Thy1.2� cells, regardless of the pretreat-
ment, indicating a need to be careful about subtle variations in
cell proliferation between different strains of congenic mice.
However, when all 16 poly(I � C)-treated versus control vehi-
cle-treated cell populations were analyzed, regardless of con-
genic markers, their proliferations in spleens were very similar:
the percentage of poly(I � C)-treated cells was 2.8% � 0.4%,
whereas the percentage of control vehicle-treated cells was
2.5% � 0.5% (P � 0.7, n � 8 per group); the total number of
poly(I � C)-treated cells was 3.5 � 104 � 0.6 � 104, whereas the
total number of control vehicle-treated cells was 3.0 � 104 �
0.5 � 104 (P � 0.5, n � 8). Because these several experiments
indicated that impaired proliferation after poly(I � C) pretreat-
ment was not observed with IFN-�/�R KO P14 cells, we con-
clude that direct IFN signaling was involved in this impaired
proliferation seen in wild-type P14 cells. Hence, the recently
published IFN-induced sensitization to acquisition of effector
functions of bystander T cells (20) probably occurred by a
mechanism distinct from the IFN-induced suppression of cell
proliferation.

DISCUSSION

Many viruses induce a transient state of immune suppres-
sion, and there is in vitro evidence linking immune suppression
to T cell AICD, aberrant costimulation, and DC dysfunction
(1–3, 5, 8, 11, 23, 26, 32, 38–40, 43, 50). Due to the lack of
consensus from in vitro systems, we sought to investigate the
transient immune suppression induced by acute infections with
the arenaviruses LCMV and PV using adoptive-transfer mod-
els to track and specifically activate TCR-transgenic bystander
CD8 T cells in vivo (Fig. 1). We demonstrated here that the
proliferation of bystander CD8 T cells activated by cognate
antigen during the acute phase of virus infection in vivo was
inhibited (Fig. 2A and B). Susceptibility to immune suppres-
sion was transient, as by day 12 postinfection, TCR-stimulated
bystander CD8 T cells underwent normal proliferation (Fig.
2C), and the proliferation of TCR-stimulated bystander CD8 T
cells was actually dramatically enhanced if the T cells were
activated with antigen immediately prior to the viral infection
(Fig. 2D). Thus, while there was a strong adjuvant effect of
viral infections on T cell proliferation at the beginning of
infection, there was a strong suppression of T cell proliferation
as early as 3 days into the infection. Our studies focused on T
cells with specificities for ligands other than those encoded by
the infecting virus, but we presume that these findings are also
relevant to latecomer virus-specific T cells whose TCR does
not encounter viral antigen until later in infection.

Despite the reported susceptibility of bystander CD8 T cells
to AICD as measured in vitro (1, 11, 50), the reduced prolif-
eration of bystander CD8 T cells in our models was not exclu-
sively mediated by or dependent on Fas-FasL- and/or TNF-
induced AICD (Table 1). In addition, we could not
convincingly show enhanced apoptosis in vivo, though it should
be noted that apoptotic cells can sometimes be cleared in vivo
before they are readily detectable. Nevertheless, most of the
inhibition in antigen-induced proliferation could be explained
by a delay in the onset of division (Fig. 3).

Infections of human or mouse DCs with human cytomega-

lovirus, murine cytomegalovirus, measles virus, adenovirus, re-
spiratory syncytial virus, vaccinia virus, or LCMV clone 13 can
interfere with DC maturation and inhibit MHC and costimu-
latory-molecule expression (2, 10, 26, 30, 32, 38–40), and mea-
sles virus, vaccinia virus, and herpes simplex virus (HSV) have
all been shown to induce apoptosis of DCs (4, 10, 11, 15, 28).
These events are proposed to lead to reduced T cell responses.
However, we found that administration of peptide-labeled un-
infected DCs could not rescue the inhibition of bystander CD8
T cell proliferation (Fig. 4A and B), suggesting that DC dys-
function in vivo was not the exclusive cause of immune sup-
pression during acute infections of mice with PV. Reduced
expression of the homeostatic chemokines CCL21 and
CXCL13 in lymphoid organs during acute viral infections have
also been postulated to inhibit the development of new T cell
responses by hindering the localization of naïve T cells with
DCs during ongoing antiviral immune responses (27). Again,
this does not appear to be the cause of immune suppression in
our models, because the bystander donor HY CD8 T cells
sensitized by virus infection in female mice could not prolifer-
ate to the extent of naïve HY CD8 T cells when transferred
into uninfected male mice (Fig. 4C), where there should be
normal APC and normal gradients of chemokines expressed.

Type I IFN seems to be at least one of the factors inducing
the immune suppression, as impaired proliferation correlated
with the peak of IFN production during viral infection, virus-
induced suppression of proliferation could be simulated by
exposure to the IFN inducer poly(I � C) (Fig. 5), and no
poly(I � C)-induced impairment in proliferation could be seen
in cells lacking IFN-�/�R (Fig. 6). The IFN-associated im-
paired proliferation may occur through a mechanism distinct
from that of the IFN-induced upregulation of Eomes and sen-
sitization to effector cell activation, as studies with IFN-�/�R
KO P14 cells indicated that Eomes expression was due to an
indirect effect of IFN, perhaps acting on antigen-presenting
cells (20), but that the suppression of proliferation may be a
direct effect. Analyses of these experiments is challenging, as
type I IFN can also be a potent augmenter of CD8 T cell
proliferation in the LCMV system (19). This means that the
timing of IFN exposure is of utmost importance in regard to
whether IFN inhibits or enhances T cell proliferation. Note
that, as shown in Fig. 2D, the simultaneous stimulation of
transgenic cells with virus infection and antigen greatly aug-
mented proliferative responses to either HY or P14 transgenic
T cells.

That type I IFN can either enhance or inhibit T cell prolif-
eration in vitro has been known since the 1970s (44). Here we
report that the timing of the IFN response in vivo is funda-
mental in determining the inhibitory or stimulatory properties
of IFN. How IFN causes this suppression is at the moment
unclear. Our unpublished microarray analyses of poly(I � C)-
or LCMV-induced naïve-phenotype CD8 T cells show many
changes in gene expression in addition to the augmentation of
Eomes mRNA that we recently reported (20). Further, the cell
growth-inhibitory properties of IFN, particularly in tumor
models, have been known for years and are well described (35).
IFN has also been shown to cause a hyporesponsiveness of
cells to IFN inducers, and some studies have shown that nat-
ural killer cells eventually become hyporesponsive to IFN-
mediated activation after they have previously been treated
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with IFN (37, 42). Exposure to IFN at the time of or soon after
TCR stimulation dramatically enhances T cell proliferation
(Fig. 2D and reference 19), and it is possible that the suppres-
sive effect of IFN exposure prior to TCR stimulation may
create a state hyporesponsive to the IFN signal that occurs
after TCR stimulation. It has been suggested that changes in
STAT1 expression by CD8 T cells under different conditions of
activation may modulate their sensitivity to the growth-inhib-
itory effects of IFN, and this could be a factor influencing how
the timing of IFN exposure could cause different outcomes in
proliferation (13). A hyporesponsive state might also be caused
by IFN downregulating the expression of its receptor. Indeed,
we found an approximately 25% loss in receptor expression on
P14 T cells as detected by MAb to the IFNA1 receptor
{MFI � 372 � 4.6 [control] versus 277 � 6.7 [poly(I � C)}. We
do not know at this time whether this represents a true loss of
receptor expression or a blockade of MAb binding by the
bound IFN, and this is under investigation. Nevertheless, most
of the IFN receptors are still present. Finally, we showed in a
previous publication that IFN-sensitized CD8 T cells can rap-
idly manifest effector function upon exposure to cognate anti-
gen (20). Thus, it is possible that a rapid cytolytic elimination
of APC may limit the ability of the APC to provide good
stimulation for T cell proliferation. Whatever the mechanism,
the timing of inflammatory signals likely has an impact on
vaccine efficacy, and immunization of a host harboring a viral
infection would likely lead to a reduced proliferation of vac-
cine-specific T cells. This mechanism would also limit the pro-
liferation and expansion of latecomer virus-specific T cells that
initially encounter their ligand after the first 3 days of infection.
Given that the proliferative expansion of T cells is a pro-
grammed event (16), this would likely allow for a more discrete
and synchronized T cell contraction as the viral infection re-
solves.
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