OPEN 8 ACCESS Freely available online

@'PLOS ‘ ONE

Enhanced Response of T Cells from Murine
Gammaherpesvirus 68-Infected Mice Lacking the
Suppressor of T Cell Receptor Signaling Molecules Sts-1

and Sts-2

Brandon Cieniewicz, Nicholas Carpino, Laurie T. Krug*

Molecular and Cellular Biology Program and Department of Molecular Genetics and Microbiology, Stony Brook University, Stony Brook, New York, United States of

America

Abstract

The human gammaherpesviruses establish life-long infections that are associated with the development of lymphomas and
neoplasms, especially in immunocompromised individuals. T cells play a crucial role in the control of gammaherpesvirus
infection through multiple functions, including the direct killing of infected cells, production of cytokines such as interferon-
v (IFN-y), and costimulation of B cells. Impaired T cell function in mice infected with murine gammaherpesvirus 68 (MHV68)
leads to increased reactivation and pathologies, including a higher incidence of lymphoid hyperplasia. Here we report that
the absence of Suppressor of TCR signaling —1 and —2 (Sts-177/27") during MHV68 infection leads to the generation of T
cells with significantly heightened responses. Transient differences in the T and B cell response of infected Sts-177/27 (Sts
dKO) mice were also observed when compared to WT mice. However, these alterations in the immune response and the
overall absence of Sts-1 and Sts-2 did not impact viral pathogenesis or lead to pathology. Acute lytic replication in the lungs,
establishment of latency in the spleen and reactivation from latency in the spleen in the Sts dKO mice were comparable to
WT mice. Our studies indicate that Sts-1 and Sts-2 are not required for the immune control of MHV68 in a normal course of
gammaherpesvirus infection, but suggest that interference with negative regulators of T cell responses might be further

analysis, decision to publish, or preparation of the manuscript.

* E-mail: laurie.krug@stonybrook.edu

explored as a safe and efficacious strategy to improve adoptive T cell therapy.

Citation: Cieniewicz B, Carpino N, Krug LT (2014) Enhanced Response of T Cells from Murine Gammaherpesvirus 68-Infected Mice Lacking the Suppressor of T
Cell Receptor Signaling Molecules Sts-1 and Sts-2. PLoS ONE 9(2): €90196. doi:10.1371/journal.pone.0090196

Editor: David A. Leib, Geisel School of Medicine at Dartmouth, United States of America
Received November 1, 2013; Accepted January 27, 2014; Published February 28, 2014

Copyright: © 2014 Cieniewicz et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: BC was supported by Award Number T32A1007539 from the National Institute of Allergy And Infectious Diseases. LTK was supported by an American
Cancer Society research scholar grant, RSG-11-160-01-MPC. NC was supported by NIH R0O1AI080892. The funders had no role in study design, data collection and

Competing Interests: The authors have declared that no competing interests exist.

Introduction

The human gammaherpesviruses Epstein-Barr virus (EBV/
HHV-4) and Kaposi’s Sarcoma-associated Herpesvirus (KSHV/
HHV-8) collectively infect over 95% of individuals, causing life-
long infections that predispose infected individuals to the
development of malignancies [1-4]. While the extent of productive
replication upon primary infection with EBV or KSHV is not
clear, these viruses ultimately establish a latent infection wherein
the genome is maintained, but few viral proteins are expressed [5—
8]. In an immunocompetent host, immune surveillance by virus-
specific T cells controls intermittent virus reactivation from latency
[9-13]. However, loss of immune control increases the risk of
malignancies in viral reservoirs including B lymphocytes (EBV and
KSHYV), epithelial cells (EBV) and endothelial cells (KSHV)
[14,15]. Reactivation and persistent infection cause disease in
HIV-infected individuals (e.g Kaposi’s Sarcoma), while the seeding
of naive lymphocytes leads to uncontrolled proliferative expansion
in EBV- or KSHV-negative transplant recipients (e.g. post
transplant lymphoproliferative disorder, PTLD) [16,17].

The murine gammaherpesvirus 68 is a natural pathogen of
murid rodents with genetic and biological similarities to the
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human gammaherpesviruses [5,18]. This model pathogen has
aided in the dissection of the roles of T lymphocytes during a
natural host infection [19-21]. Both CD4" and CD8" T cells
promote clearance of productive replication in the lung during
acute infection [22,23]. T cell surveillance plays a critical role in
control of MHV68 during the chronic, latent phase of infection
[9,24,25]. Virus specific CD8" T cells persist for the life of the
infected host [9,11,26,27] and secrete effector molecules such as
perforin and IFNYy that are necessary to repress reactivation from
B cells and macrophages, respectively [24,28,29]. Activated CD4"
T cells are present throughout chronic infection to promote B cell
responses, support CD8* T cell effector function [30,31], and
directly inhibit reactivation through the secretion of cytokines
[12,13,22,32,33]. T cells spectific for viral antigens exposed during
latency control virus expansion in the spleen, while those that
recognize lytic epitopes prevent viral recrudescence in the lungs
[9,27,32]. Vaccination that drives the generation of virus-specific
CD8 T cells reduces viral burden [34], as does adoptive transfer of
virus-specific T' cells to naive mice prior to infection [35].
Effective T cell function requires signaling through costimula-
tory receptors and sustained activation of intracellular signaling
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pathways. Alteration of these signaling factors can reduce or
enhance T cell responses, which in turn impacts control of
MHV68 latency. A knockout mouse lacking both B7-family
receptors CD80 and CD86 has severe defects in IFNy secretion by
T cells and the response to secondary infection, in addition to a
failure to produce neutralizing antibodies and maintain long-term
control of latency [36,37]. Deletion of another B7 family member,
4-1BB, impairs T cell effector function and leads to increased viral
latency [38]. On the other hand, mice lacking the SLAM
associated protein (SAP), a negative regulator of lymphocyte
signaling, have increased CD8" T cell activation in response to
infection and impaired antibody production that ultimately does
not alter long term control of the virus [39,40]. The role of
mutations that generate gain-of-function T cells in the absence of
other off-target B cell effects in the control of MHV68 infection
has not been determined.

Negative feedback molecules control the duration of T cell
activation by engagement of inhibitory receptors or inactivation of
TCR signaling intermediates through direct binding, phosphatase
activity, or ubiquitin ligase activity [41]. Removal of these negative
regulators can increase TCR sensitivity [42], extend the duration
of T cell effector function [43] or increase effector function
[41,43-45]. Sts-1 and Sts-2 (TULA-2 and TULA-1, respectively)
are intracellular phosphatases conserved in mice and humans that
promote the dephosphorylation of the TCR signaling intermedi-
ates Zap-70 and syk [46-49]. Sts-1 is ubiquitously expressed,
whereas Sts-2 has a more restricted pattern of expression,
predominantly in naive and mature T cells [46,47]. Sts-1 and
Sts-2 serve distinct but compensatory inhibitory roles in TCR
signaling that impact T cell biology [47,48]. Disruption of both Sts
genes lowers the threshold of T cell activation and leads to
increased cytokine production and proliferation in response to
TCR stimulation [48]. In addition, loss of these TCR regulators
confers increased incidence of autoimmunity in a model of
multiple sclerosis [47].

In this study we examined the impact of Sts-1 and Sts-2 on the
control of gammaherpesvirus pathogenesis. We infected Sts-1/2
double knockout mice (Sts dKO) with MHV68 and monitored
immune responses and viral burden at multiple time points during
the acute and chronic phases of infection. We found that the
absence of the negative TCR regulators Sts-1 and Sts-2 led to
increased effector T cell responses in culture that did not impact
the normal course of MHV68 pathogenesis m vivo.

Materials and Methods

Ethics Statement

All of the animal experiments described herein were done under
strict observance of the National Institute of Health guidelines.
The Stony Brook University Institutional Animal Care and Use
Committee approved this study (IACUC protocol #253637). All
efforts were made to minimize suffering. Infection and adoptive T
cell transfers were performed under isofluorane anesthesia.

Mice

Mice bearing germline Sts-17" and Sts-27" (Sts dKO) on a
C57BL/6 background were bred in our facility [47]. Age and sex
matched C57BL/6 mice were purchased from Jackson Labs
(Maine, USA). 8-12 week old animals of mixed genders were used
in groups of 3-7 for most experiments. Experiments were
conducted with BSL2 safety precautions.
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Cell Culture

Low passage murine embryonic fibroblasts were cultured at
37°C 5% CO, in DMEM containing 10% FBS, 2 pM L-
glutamine, 50 U/ml penicillin and 50 pg/ml streptomycin (10%
CMEM). NIH murine 3T12 fibroblasts were cultured at 37°C 5%
COy in DMEM containing 8% FBS, 2 uM L-glutamine, 50 U/ml
penicillin and 50 pg/ml streptomycin (8% CMEM).

Virus and Infections

For all infection experiments, we used the WT' MHV68 isolate
(WUMS strain, ATCC # VRI1465) that was propagated as
previously described [50]. For intranasal infection, mice were
lightly anesthetized using isofluorane and infected with 1,000
plaque forming units (PFU) of virus in a 20 ul bolus of 10%
CMEM applied to the nose. Back titers of inoculate were
performed to confirm infectious dose. For intraperitoneal infec-
tions, mice were lightly anesthetized using isofluorane and injected
intraperitoneally with 1000 PFU of virus in 500 pl of 10%
CMEM. For infections of primary MEFs, semi-confluent MEFs
were infected at a multiplicity of infection (MOI) of 10 PFU with
WT MHV68 24 h prior to use. Peritoneal exudate cells were
1solated by peritoneal injection of 10 ml of DMEM, agitating the
abdomen, and withdrawing the peritoneal wash by syringe.

Flow Cytometry

For analysis of immune cell responses in mouse tissues, 2x10°
cells per sample were resuspended in 200 ul PBS+2% FBS
(FACS). Cells were blocked with TruStain fcX (Clone 93,
Biolegend), washed, and stained with the following combinations:
Effector T cell (CD4 or CD8, CD62L, CD44), V4 T cells (CD3,
CD8, VB4, CD62L), p79 tetramer CD8" T cell (CD8, CD62L,
p79 tetramer kindly provided by the NIH Tetramer facility,
TSINFVKI/H-2K"), p36 tetramer CD8" T cell (CD8, CD62L,
pd6 tetramer kindly provided by the NIH Tetramer facility,
AGPHNDMEI/H-2K"), activated B cell (CD19, CD69), germinal
center B Cell (CD19, CD95, GL7). Cells were analyzed using a
FACScalibur or Dxp8 FACScan (Cytek Development; BD
Biosciences).

For analysis of T cell effector responses, spleens were isolated
from naive and infected mice 28 dpi. 2x10° bulk splenocytes were
plated into each well of a 96-well round bottomed plate and either
left untreated or treated with 1 ug/ml LEAF-purified aCD3
antibody (Clone 17A2, Biolegend), or 2x10° 24 hr-infected MEFs
that were gamma-irradiated with 2000 rads immediately prior to
coculture. Cells were incubated overnight at 37°C for 12 h in
CMEM with golgiplug (BD Biosciences) and LAMP1/CD104a
antibody (Clone 1D4B, Biolegend). The Fc receptors were blocked
(TruStain fcX Clone 93, Biolegend) prior to staining with the
following antibodies: CD8 (Clone 53-6.7, Biolegend), CDI19
(Clone 6D5, Biolegend), and CD3 (Clone 145-2C11, Biolegend).
Cells were also stained with APC-conjugated p79 tetramer. Upon
fixation and permeabilization with the BD Cytofix/Cytoperm kit
(BD Biosciences), cells were stained with IFNy (Clone XMG1.2,
Biolegend). Cells were analyzed using a Dxp8-FACScan (Cytek
Development; BD Biosciences) and data was analyzed using
FlowJo vX (Treestar).

Viral pathogenesis assays

For acute titers, mice were sacrificed by isofluorane at the
indicated days post infection, the left lung was removed, frozen at
—80°C, thawed, and disrupted in 1 ml of 8% CMEM using | mm
beads in a bead beater (Biospec). Serial dilutions in CMEM were
plated on subconfluent monolayers of NIH 3T12 murine
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fibroblasts in 6 well plates. Plates were rocked intermittently for
1 h and then overlaid with 3 ml of 8% CMEM+1.5% methylcel-
lulose. Cells were fixed after 1 week, stained, and counted.

For quantitation of latency, limiting-dilution nested PCR with
primers for the MHV68 ORF50 region was used to determine the
frequency of virally infected cells. Frozen samples were thawed,
resuspended in isotonic buffer, counted, and plated in serial 3-fold
dilutions into a 96-well plate in a background of 10* NIH $T12
murine fibroblasts. Six serial dilutions were plated, and 12 wells
were plated per dilution. Plates were covered with PCR foil
(Eppendorf Scientific), and cells were lysed with proteinase K for
6 h at 56°C prior to the addition of 10 ul of round 1 PCR mix to
each well by foil puncture. Following first-round PCR, 10 pl of
round 2 PCR mix was added to each well by foil puncture and
samples were subjected to round 2 PCR. Products were resolved
on 2% agarose gels and each dilution was scored for positive
bands. Control wells containing uninfected cells or 10, 1, and 0.1
plasmid copies of ORF50 were run with each plate to ensure
single-copy sensitivity and no false positives. Data is representative
of three independent experiments with four to six mice each. Error
bars represent standard deviation.

For quantitation of reactivation, a limiting-dilution reactivation
assay was performed. Bulk splenocytes in cMEM were plated in
serial 2-fold dilutions (starting with 10° cells) onto MEF
monolayers in each well of a 96-well tissue culture plates. Twelve
dilutions were plated per sample, and 24 wells were plated per
dilution. Wells were scored for cytopathic effect at 21 d
postplating. To detect preformed infectious virus, parallel samples
of mechanically disrupted cells were plated onto MEF monolayers.

Statistical Analyses

All data were analyzed by using GraphPad Prism software
(GraphPad Software, http://www.graphpad.com). Titer data were
analyzed for Gaussian distribution using the D’Agostino and
Pearson omnibus normality test followed by an unpaired t-test or a
non-parametric Mann-Whitney two-tailed test. The frequencies
of reactivation and viral genome—positive cells were obtained from
the nonlinear regression fit of the data where the regression line
intersected 63.2% based on the Poisson distribution, and then
statistically analyzed by unpaired two-tailed #test.

Results

Sts dKO T cells have heightened responses to MHV68
infected cells in culture

Mice that lack the antiviral cytokine IFNYy or the IFNYy receptor
exhibit increased susceptibility to MHV68 infection, characterized
by uncontrolled lytic infection, pathology-induced pneumonia,
fibrosis of the lungs and spleen, and death [22,23,51-54]. A
striking phenotype of Sts dKO mice is the production of
hyperresponsive T cells that lead to enhanced proliferation and
cytokine responses, including IFNy upon TCR stimulation
[47,48,55,56]. We reasoned that the T cells from Sts dKO mice
might be hyperresponsive to MHV68 infection. To examine the
role of Sts-1 and Sts-2 in the T cell response to gammaherpesvirus
infection, we infected Sts dKO and WT mice with WT MHV68
by the intranasal route of infection. Splenocytes isolated at 28 days
post-infection (dpi) were simulated overnight with 1 pg/ml aCD3
antibody in the presence of monensin to capture intracellular
IFNy production. Unstimulated Sts dKO and WT T cells were
largely IFNy negative (Figure 1A, top). However, when stimulated
with a low level of aCD3, T cells from infected mice were more
sensitive to mnon-specific TCR  stimulation than their naive
counterparts (Figure 1B, middle). The Sts dKO mice had a
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significant five-fold increase in the production of IFNy by T cells
as compared to WT mice (Figure 1A&B, middle). Similar to what
we observed with non-specific antibody stimulation, there was a
significant increase in the levels of IFNy production in Sts dKO T
cells relative to WT T cells following stimulation with gamma-
irradiated murine embryonic fibroblasts (MEFs) infected with
MHV68 (Figure 1A&B, bottom). This data indicates that Sts dKO
T cells from infected mice have a heightened response to viral
antigens as compared to T cells from infected WT mice.

We next sought to determine the effector function of both CD4*
and CD8" T cell subsets by examining IFNy production and
LAMP! surface staining. LAMPI marks perforin-containing
granules docked at the plasma membrane as an indicator of
degranulation. Splenocytes isolated from naive or infected WT
and Sts dKO animals 28 dpi were incubated overnight with 1 pg/
ml aCD3 antibody or cocultured with infected MEFs in the
presence of monensin. As illustrated in the flow plots of Figure 2A
and summarized in the scatter plots of Figure 2B, untreated CD8"
T cells from Sts dKO animals had a slight elevation in LAMPI
production compared to their WT' counterparts. «CD3 stimula-
tion induced significantly more IFNy and LAMP1 in the CD8" T
cells from infected Sts dKO mice (Figure 2B, left column).
Interestingly, Sts dKO CD8" T cells from infected mice had
significantly more IFNy and surface LAMPI upon coculture of
splenocytes with MHV68-infected MEFs relative to WT CD8" T
cells. We next investigated the responses of CD8" T cells specific to
the viral p79/ORF61 epitope (Figure 2B, middle column).
Without stimulation, the frequency of p79-tetramer+ virus-specific
T cells was comparable between infected Sts dKO and WT mice
(Table 1), and we observed no difference in IFNy production or
LAMPI. However, TCR stimulation with aCD3 antibody or
infected MEFs induced significantly greater IFNy and LAMP1 in
the virus-specific T cells lacking Sts-1 and Sts-2 (Figure 2B, middle
column).

CD4" T cells play an important role in controlling MHV68
[32]. There was a striking increase in IFNy production and
LAMPI staining in CD4" T cells from Sts dKO infected mice
compared to CD4" T cells from WT infected mice prior to
stimulation (Figure 2B, right column). TCR complex stimulation
with aCD3 antibody induced significantly more IFNy and
LAMPI1 in Sts dKO CD4" T cells than in WT cells, and this
heightened response was also observed upon stimulation by virus-
infected MEFs (Figure 2B, right column). Collectively, the absence
of Sts-1 and Sts-2 enhances the T cell response to direct TCR
stimulation by CD3 or MHV68-infected cell antigens.

The absence of Sts-1 and Sts-2 does not alter lytic
replication in vivo

The loss of Sts-1 and Sts-2 leads to greater antiviral cytokine
production and degranulation by T cells from infected mice upon
stimulation in culture (Figure 2). However, the role of Sts-1 and
Sts-2 in virus replication is unknown. We examined whether loss of
Sts-1 and Sts-2 impacted MHV68 replication i vitro by examining
replication in primary MEFs and primary bone marrow-derived
macrophages (BMDM:s) prepared from WT and Sts dKO mice.
We observed no difference in virus production in either MEFs
infected at a low MOI (0.05) or high MOI (5.0) or in BMDMs at a
MOI of 10 (Figure S1). Next, we tested whether heightened
effector functions would impact acute MHV68 infection i vivo by
measuring virus replication in the lungs of infected Sts dKO and
WT mice at multiple timepoints. The course of acute replication in
Sts dKO and WT mice proceeded with similar kinetics and
peaked at similar levels at 9 dpi (Figure 3). Examination of the
immune response at 12 dpi revealed no differences in B cell or T
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Figure 1. Increased IFNy response to infected cells in the absence of Sts1 and Sts2. Sts dKO and C57BL/6 WT mice were infected 1000 PFU
of MHV68 by the intranasal route and spleens were harvested 28 dpi. Splenocytes were left untreated or stimulated with 1 ug/ml aCD3 antibody or
cocultured with gamma-irradiated MHV68-infected MEFs, both overnight in the presence of monensin. Cells were stained with the T cell marker
CD90.2 and the intracellular cytokine IFNy and analyzed by flow cytometry. (A) Representative flow plots of IFNy expression in cells stained for CD90.2
are shown for each genotype and culture condition. (B) Scatter plot summary of the percentage of T cells producing IFNy+ after overnight
stimulation. Symbols represent data from individual mice. * =p<.05, **** =p<.0001.

doi:10.1371/journal.pone.0090196.g001

cell subsets recruited to the lungs, including no change in the
percentage of virus-specific CD8" T cells as evidenced by staining
for the early immunodominant epitope of ORF6 with the p56
tetramer (Table 1). Virus was cleared from the lungs by 16 dpi and
remained undetectable at later time points of chronic infection in
both genotypes (Figure 3). We also observed no reduction in
MHVG68 replication in spleens after intraperitonal infection (Figure
S2A). These findings indicate that Sts-1 and Sts-2 do not influence
acute virus replication.

Previous studies have demonstrated that the transfer of virus-
specific T cells provides protection against primary MHV68
infection [31,35] and prevents the expansion of MHV68-
immortalized B cells in immunocompromised mice [57,58]. We
tested if the transfer of T cells from infected Sts dKO or WT mice
could confer protection against primary infection in naive mice.
Donor T cells were enriched from the splenocytes of infected Sts
dKO mice and WT mice 28 dpi. Naive WT mice received 1x10°,
1x10°, or 1x107 donor T cells by retro-orbital transfer 24 hours
prior to MHV68 infection (Figure S3A). We observed a dose-
responsive trend in the reduction of virus replication at 6 dpi with
a significant nearly one-log decrease in viral burden upon the
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transfer of 1 x107 T cells (Figure S3B). However, both Sts dKO T
cells and WT T cells generated similar levels of protection,
indicating that in these experimental conditions, WT T cells were
as potent as Sts dKO T cells in conferring protection against
MHV68 replication i vivo.

Immune response is minimally altered in Sts dKO mice
We next monitored if knockout of Sts-1 and Sts-2 alters the T
cell profile or the generation of CD621/°/CD44" effector T cells
over a timecourse of chronic infection. We observed fewer CD4*
T cells at 28 dpi in the infected Sts dKO mice, but the levels
increased to that of WT mice by 6 weeks post infection. Sts dKO
mice had reduced levels of CD4" effector T cells at 16 dpi, but had
equivalent amounts at 28 dpi, and more at 6 weeks post infection
(Table 2). CD8" T cell populations that were lower at 16 dpi in the
absence of Sts-1 and Sts-2 returned to WT levels by 28 dpi. On
the other hand, effector CD8* T cells were significantly increased
at 28 dpi in the Sts dKO mice. We observed no difference in virus-
specific p79" CD8" T cells at early or late stages of latency. The
sustained expansion of VB4 CD8" T cells is an immunological
hallmark of MHV68 infection of C57Bl/6 mice [59]. The
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Figure 2. Sts dKO CD4" and CD8" T cells have increased effector responses to infected cells. Sts dKO and C57BL/6 WT mice were infected
1000 PFU of MHV68 by the intranasal route and spleens were harvested 28 dpi. Stimulations were performed as described in Figure 1 with the
addition of aLAMP1, followed by costaining for CD4, CD8, and p79 tetramers. (A) Representative flow plots of LAMP-1 and IFNy expression on CD8" T
cells are shown for each genotype and culture condition. (B-D) Scatter plot of the percentage of the indicated T cell subsets positive for IFNy or
LAMP-1. Axes were adjusted to better illustrate differences within each experimental condition. Symbols represent data from individual mice.

*=p<.05, ¥*=p<.01, **=p<.001. **** =p<.0001.
doi:10.1371/journal.pone.0090196.g002

production of IFNYy from V4 CD8+ T cells represses reactivation
from peritoneal macrophages [51]. Interestingly, there was an
enhanced VB4" CD8* T cell response at 28 dpi that returned to
WT levels by 6 weeks post infection in the absence of Sts-1 and
Sts-2.

In addition to being the primary targets for latency establish-
ment in the spleen, B cells also mediate a humoral response to
MHV68 infection [60,61]. We examined if the lack of Sts-1 and
Sts-2 altered B cell frequency and responses to infection. Levels of
B cells in Sts dKO animals were higher at 16 dpi, but not at later
time points (Table 3). Activated B cells in Sts dKO animals were
higher at 28 dpi but returned to WT levels by 6 weeks post
infection. Germinal center B cells typically undergo rapid
expansion that peaks approximately two weeks after MHV68

Table 1. Immune response in the lungs during acute
infection.

Mean (SD) %?

Cell type WT Sts dKO
CD4+ T cells 11.68 (0.95) 15.92 (7.53)
Effector CD4+ T cells 28.2 (6.13) 37.04 (16.11)
CD8+ T cells 18.2 (7.19) 15.2 (5.49)
Effector CD8+ T cells 58.79 (17.38) 66.4 (12.34)
p56 tetramer+ T cells 8.78 (4.96) 9.28 (6.21)

B cells 13.31 (4.46) 12.31 (3.49)
Activated B cells 4.21 (1.65) 3.97 (0.79)
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4, The data shown are the percentage +/— standard deviation for each subset
derived from FACS analysis of individual infected mice.
doi:10.1371/journal.pone.0090196.t001

infection [62]. This expansion was observed for both WT and Sts
dKO infected mice, but the frequency of germinal center B cells
was lower in Sts dKO mice compared to WT mice. Taken
together, the loss of Sts-1 and Sts-2 led to transient differences in T
cell and B cell responses at early and late periods of chronic
infection.
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Figure 3. Sts dKO T cells do not alter the kinetics or levels of
acute replication in the lungs. Sts dKO and C57BL/6 WT mice were
infected 1000 PFU of MHV68 by the intranasal route. Lungs were
harvested and disrupted at the indicated timepoints to quantitate levels
of pre-formed infectious virus. Bar indicates median of log,, trans-
formed data; dashed line indicates limit of detection. 3-8 animals are
included per replicate experiment, n=3 for 4 dpi, n=2 for 9 dpi, n=2
for 12 dpi, and n=1 for 16 and 42 dpi; no significant differences were
found based on Mann-Whitney non-parametric t-tests.
doi:10.1371/journal.pone.0090196.g003
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Table 2. T cell subsets in the spleens of infected mice.

Role of Sts-1 and Sts-2 in Immune Control

Mean (SD) %, *

CD4+ T cells Effector CD4+ T cells CD8+ T cells Effector CD8+ T cells p79 tetramer+ T cells Vp4+ CD8+ T cells
dpi WT Sts dKO wT Sts dKO wT Sts dKO wT Sts dKO wWT Sts dKO wT Sts dKO
12 11.81 (2.08) 10.38 (3.19) 6.04 (1.09) 7.82(0.98) 12.54 (2.34) 9.85 (1.45) 14.0 (6.28) 21.87 (5.84) 1.34(0.76) 1.75(0.95) nd nd
16 17.8 (3.65) 1537 (1.3) 33.6 (1.3) 26.8 (246) 126 (1.41) 7.16 (1.23) 256 (9.12) 32.57 (8.20) nd nd nd nd
28 16.87 (3.93) 12.5 (3.44)* 57.07 (3.94) 60.97 (2.66) 17.48 (4.81) 18.53 (4.92) 45.76 (9.34) 58.69 (6.71)* 3.97 (1.84) 4.18 (3.87) 29.27 (9.96) 38.95 (8.51)*
45-57 19.05 (3.83) 16.6 (3.18) 20.9 (4.81) 28.63 (2.24) 23.8 (2.57) 19.48 (5.61) 33.5(9.14) 28.84(9.01) nd nd 28.84 (12.97) 28.55 (12.87)

between infected WT and STS dKO mice.
doi:10.1371/journal.pone.0090196.t002

Sts-1 and Sts-2 do not impact latency or reactivation
from latency

Sts dKO mice did not exhibit substained alterations in effector
T cell responses or the B cell profile between two and six weeks
after infection, suggesting a normal course of virus colonization of
the spleen. However, Sts-1 and Sts-2 might play intrinsic roles in
the latent cell reservoirs that influence establishment of latency and
reactivation from latency. Next, we sought to examine whether
Sts-1 and Sts-2 influence viral latency in the spleen at early and
late time points during chronic infection. To examine changes in
latency, we determined the frequency of MHV68-genome positive
splenocytes by a limiting dilution nested PCR assay. At 16 dpi we
observed no significant difference in the levels of viral latency in
the spleen (Figure 4A). Previous studies found that mice lacking
CD8" T cells, IFNy, or perforin exhibit increased reactivation
[9,29,63]. To examine the role of Sts-1 and Sts-2 in reactivation
from latency at 16 dpi, we performed a limiting dilution plating
assay wherein serial dilutions of intact splenocytes are co-cultured
with a monolayer of mouse embryonic fibroblasts that are
monitored for cytopathic effect at two and three weeks post
infection. There was no change in the frequency of splenocytes
undergoing reactivation upon explant from infected mice in the
absence of Sts-1 and Sts-2 as compared to WT mice (Figure 4B).
We sought to increase the number of virus-specific T cells present
in the explant co-culture reactivation assay by the addition of
enriched T cells (70% purity) from previously infected mice at a
5:1 ratio with splenocytes from W' infected mice at 16 dpi. Co-
culture with an enriched population of T cells from either Sts dKO
or WT infected mice 28 dpi did not alter levels of reactivation
(Figure S2B). Because T cells achieve control of latent gamma-
herpesviruses in the peritoneal exudate macrophages through the

Table 3. B cell subsets in the spleens of infected mice.

2, The data shown are the percentage +/— standard deviation for each subset derived from FACS analysis of individual infected mice. *, significant difference (p<0.05)

secretion of IFNy [29], we also enriched T cells from Sts dKO or
WT infected mice prior to co-culture at a 5:1 or 25:1 ratio with
peritoneal exudate cells (PECs) from infected mice. The hyperre-
sponsive T cells from infected Sts dKO mice did not alter levels of
PEC reactivation (Figure S2C). Lastly, we examined long-term
latency and found that levels of latency in Sts dKO mice remained
similar to WT levels up to 57 dpi (Figure 4C). These data indicate
that the lack of Sts-1 and Sts-2 does not alter pathogenesis during
acute infection or at early or late times during chronic infection.

Discussion

In this study we examined how the loss of Sts-1 and Sts-2
influences viral pathogenesis, with a particular interest in whether
Sts dKO T cells that exhibit hyper-responsiveness to TCR
engagement influence the host immune response and control of
gammaherpesvirus pathogenesis. When isolated from MHV68-
infected mice, T cells lacking the Sts proteins displayed striking
increases (relative to wild-type T cells) in effector responses in
response to antibody or viral antigen stimulation. Similarly, Sts-
I7/2”" mice had altered splenic T cell responses. However, the
absence of Sts-1 and Sts-2 did not impact acute replication, latency
establishment or maintenance, and did not reduce reactivation
from latency.

Unexpectedly, the enhanced response to infection by the Sts
dKO T cells did not impart greater host control. During MHV68
infection of C57BL/6 mice, perforin is critical in maintaining
latency in the spleen [29] and controlling viral recrudescence in
the lung in the absence of CD4 T cells [54]. When stimulated ex
vivo with virally infected cells, Sts dKO T cells expressed both
increased levels of surface LAMP1, indicative of degranulation and

Mean (SD) %, *

B cells Activated B cells Germinal Center B cells
dpi wT Sts dKO wT Sts dKO wT Sts dKO
12 39.27 (2.55) 45.57 (2.38)* nd nd nd nd
16 55.17 (2.83) 56.3 (6.76) nd nd 2.70 (1.14) 221 (1.14)
28 43.13 (5.49) 43.26 (5.24) 3.28 (0.22) 3.82 (0.48)* 1.18 (0.45) 1.43 (0.47)
45-57 221 (2.33) 24.6 (1.82) 11.38 (0.63) 10.68 (0.38) 2.38 (0.50) 1.70 (0.09)*

between infected WT and STS dKO mice.
doi:10.1371/journal.pone.0090196.t003
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A. Latency, 16 dpi

B. Reactivation, 16 dpi

Role of Sts-1 and Sts-2 in Immune Control

C. Latency, 42 dpi
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Figure 4. Viral latency and reactivation from latency are unchanged in Sts dKO animals. Sts dKO and C57BL/6 WT mice were infected with
1000 PFU of MHV68 by the intranasal route and single cell suspensions of the spleens were prepared at 16 dpi. (A) Frequency of splenocytes
harboring viral genomes determined by limiting dilution nested PCR assay. (B) Frequency of splenocytes reactivting virus determined by a limiting
dilution ex vivo reactivation assay. (C) Frequency of splenocytes harboring viral genomes at 45-57. For all limiting-dilution assays, curve fit lines were
derived from nonlinear regression analysis, and symbols represent the mean percentage of wells positive for virus (viral DNA or CPE) * the standard
error of the mean. The dotted line represents 63.2%, from which the frequency of viral genome-positive cells or the frequency of cells reactivating
virus was calculated based on the Poisson distribution. Graphs represent 3 independent experiments of 3-4 mice.

doi:10.1371/journal.pone.0090196.g004

perforin secretion, and increased levels of the effector cytokine
IFNYy. However, we detected no change in the initial levels of
latency established in the spleen or reactivation from splenic
latency in Sts dKO mice. Analysis of latency during later time
points revealed that Sts dKO mice maintained MHV68 at levels
similar to WT. In addition, incubation of explanted splenocytes or
peritoneal macrophages with purified T cells from infected mice
did not alter levels of reactivation. Taken together, the straight-
forward interpretation is that T cells enhanced by the removal of
these negative TCR regulatory molecules are not functionally
significant in the control of gammaherpesvirus latency and
reactivation during a normal course of infection in an immuno-
competent animal. However, it must also be noted that CD4* T
cells and CD8" T cells have antagonistic functions during
infection. For instance, upon CD4" T cell depletion in mice
infected with MHV68 and the ensuing viral recrudescence in the
lungs, Molloy et al. [31] observed that CD8 T cells secrete the
immunosuppressive cytokine IL-10. The administration of anti-
bodies against the IL-10 receptor restored host control of
reactivation. Therefore, it is possible that analysis of the individual
role of CD4" T or CD8" T cell subsets might better reveal specific
functions of helper or cytotoxic T cells whose functions have been
altered by removal of Sts-1 and Sts-2. In this context, it is also
important to note that we have observed recently a significant
increase in the frequency of peripheral CD4" regulatory T cells
that are normally thought to act in an immunosuppressive
capacity (Carpino, unpublished observations). Thus, the absence
of an i vivo impact in immunocompetent mice reported here may
represent a net neutral outcome from a more complex array of
opposing T cell effector functions that will only be revealed by
targeted antibody depletions or reconstitution with specific T cell
subsets.

Examination of early acute infection by MHV68 revealed that
the hypersensitive Sts dKO T cells did not aid in control or
clearance of the virus in the lungs of infected mice. There was no
difference in the infiltration of B cell or T cells, including p56
tetramer+ virus-specific T cells, into the lungs at 12 dpi. Previous
studies demonstrate that the transfer of T cells specific to MHV68
epitopes reduced initial viral replication and reduced latency and
long-term maintenance [31,35]. Although we observed a decrease
in lytic virus in the lungs after transfer of high numbers of T cells,
Sts dKO T cells did not provide increased levels of protection in

PLOS ONE | www.plosone.org

our adoptive transfer experiments. Based on the fact that CD8" T
cells specific to the immunodominant p79 epitope/ORF61
comprised approximately 4% of the total CD8" T cell population
(Table 2), we surmise that only a small percentage of the T cells
that were transferred were specific to viral epitopes. Further
enrichment of virus-specific T cells in combination with an
increased dose of infectious particles may reveal a protective effect
of hyper-responsive Sts dKO T cells. Sehrawat et al. [35] recently
reported the generation of TCR transgenic mice specific for lytic
epitopes of MHV68; a source of mono-specific T cells would
enhance adoptive transfer studies that seek to enhance T cell
effector responses.

Restoration of immune surveillance via the adoptive transfer of
T cells specific to both lytic and latent EBV antigens is a highly
efficacious therapeutic intervention in the context of immune
suppression [64]. Gammaherpesvirus-associated lymphoprolifera-
tive diseases, such as the EBV-associated nasopharyngeal carci-
noma and post-transplant lymphoproliferative disease, express
more immunogenic targets than latently infected B cells [65], and
adoptive transfer of i vitro-expanded virus-specific T cells from an
autologous or homologous source can efficiently control trans-
planted virus-infected tumor lines or PTLD [57,66,67]. However,
adoptive T cell transfer is not always effective in eliminating EBV-
associated malignancies [68]. T cell therapies primarily focus on
the expansion of virus-specific CD8* T cells, but CD4* T cells
have significant direct effector roles [69,70] in addition to
enhancing CD8" T cell function [70,71]. An additional challenge
is that gammaherpesviruses may induce the T-cell suppressive
cytokine IL-10 [72] or encode an IL-10 homologue (VIL-10)
[73,74]. In EBV+ PTLD, elevated IL-10 levels have been
correlated with an increased failure to respond to adoptive T cell
transfer [75]. Mechanisms that enhance T cell responses may
substitute for CD4" T cell help or counter inhibitory cytokines
produced by the host to improve the efficacy of adoptive T cell
transfer.

We conclude that the heightened Sts dKO T cell responses
upon stimulation in culture do not confer increased immune
control and do not induce pathology in immunocompetent mice
infected with MHV68 over an extended timecourse. Interestingly,
MHV68 infection and the lack of Sts-1 and Sts-2 have each been
reported to promote the development of experimental autoim-
mune encephalomyelitis [47,76]. Future adoptive T cell transfer
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studies will examine whether virus-specific Sts dKO CD8* T cells
can augment the control of gammaherpesvirus infections or
clearance of lymphomas in immunodeficient hosts. More studies
are warranted to ensure that Sts dKO T cells can be therapeutic
without leading to autoimmune complications in the context of
MHV68 and other infections.

Supporting Information

Figure S1 MHV68 replication in WT and Sts dKO cells.
(A) Murine embryonic fibroblasts cells (MEFs) were infected with
MHV68 at a MOI 0.05 or 5. (B) Primary bone marrow-derived
macrophages were infected with MHV68 at a MOI 10. At the
indicated times post infection, cultures were freeze-thawed and
titered on NIH 3T12 fibroblasts.

(TIF)

Figure S2 Effect of Sts dKO on intraperitoneal infection
and reactivation from peritoneal macrophages. Mice were
infected intraperitoneally with 1000 PFU of MHV68. (A) Viral titer
was measured in the spleen 9 dpi. Bar indicates median of log)
transformed data and the dotted line marks the limit of detection.
Data represents two experiments of 4-8 animals; no significant
differences were found based on Mann-Whitney non-parametric t-
test. (B) Splenocytes and (C) peritoneal exudate cells were harvested
from ten WT mice 16 dpi and reactivation was measured by a
limiting dilution ex vivo reactivation assay without T cells or with
enriched T cells from Sts dKO or W'T infected mice 28 dpi. The
ratios of T cells to target cells are indicated in the legend.

(TIF)
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Figure S3 T cell transfer prior to infection reduces
acute replication. (A) Schematic of T cell transfer experiment.
Sts dKO and C57/BL6 WT mice were infected 1000 PFU of
MHV68 by the intranasal route and spleens were harvested
28 dpi. Naive mice received phosphate buffered saline (PBS) or the
indicated numbers of enriched T' cells by retroorbital transfer one
day prior to intranasal infection with 1000 PFU MHV68. (B)
Lungs were harvested 6 dpi and pre-formed infectious virus was
measured by plaque assays. Symbols represent individual animals;

*= p>0.05.
(TIF)
Methods S1 The file Methods Sl.pdf contains additional

information to the manuscript explaining materials and methods
for the supporting information Figure S1, Figure S2, and Figure
S3. It consists of 2 pages.

(PDF)

Acknowledgments

Special thanks to Neena Carpino, Nana Minkah and Sandeep Steven
Reddy for technical assistance; Laurie Levine for animal husbandry; Drs.
Tony Byers and Adrianus van der Velden for helpful discussions.

Author Contributions

Conceived and designed the experiments: BC NC LTK. Performed the
experiments: BC NC LTK. Analyzed the data: BC NC LTK. Contributed
reagents/materials/analysis tools: NC. Wrote the paper: BC NC LTK.

17. Kanakry JA, Ambinder RF (2013) EBV-related lymphomas: new approaches to
treatment. Curr Treat Options Oncol 14: 224-236.

18. Forrest JC, Krug LT, Speck SH (2008) Murine Gammaherpesvirus 68 Infection
of Mice: a small animal model for characterizing host aspects of gamma-
herpesvirus pathogenesis. In: Damania B PJ, editor. DNA Tumor viruses. New
York, NY: Springer.

19. Barton E MP, Speck SH (2011) Pathogenesis and host control of gammaher-
pesviruses: lessons from the mouse. Annual Review of Immunology 29: 351-397.

20. Stevenson PG, Efstathiou S (2005) Immune mechanisms in murine gamma-
herpesvirus-68 infection. Viral Immunol 18: 445-456.

21. Stevenson PG, Simas JP, Efstathiou S (2009) Immune control of mammalian
gamma-herpesviruses: lessons from murid herpesvirus-4. ] Gen Virol 90: 2317—
2330.

22. Sparks-Thissen RL, Braaten DC, Hildner K, Murphy TL, Murphy KM, et al.
(2005) CD4 T cell control of acute and latent murine gammaherpesvirus
infection requires IFNgamma. Virology 338: 201-208.

23. Ehtisham S, Sunil-Chandra NP, Nash AA (1993) Pathogenesis of murine
gammaherpesvirus infection in mice deficient in CD4 and CD8 T cells. J Virol
67: 5247-5252.

24. Steed A, Buch T, Waisman A, Virgin HW IV (2007) Gamma interferon blocks
gammaherpesvirus reactivation from latency in a cell type-specific manner.
J Virol 81: 6134-6140.

25. Braaten DC, Sparks-Thissen RL, Kreher S, Speck SH, Virgin HW IV (2005) An
optimized CD8+ T-cell response controls productive and latent gammaherpes-
virus infection. J Virol 79: 2573-2583.

26. Stevenson PG, Doherty PC (1998) Kinetic analysis of the specific host response
to a murine gammaherpesvirus. J Virol 72: 943-949.

27. Freeman ML, Lanzer KG, Cookenham T, Peters B, Sidney J, et al. (2010) Two
kinetic patterns of epitope-specific CD8 T-cell responses following murine
gammaherpesvirus 68 infection. J Virol 84: 2881-2892.

28. Bax HI, Freeman AF, Anderson VL, Vesterhus P, Laecrum D, et al. (2013) B-cell
lymphoma in a patient with complete interferon gamma receptor 1 deficiency.
J Clin Immunol 33: 1062-1066.

29. Tibbetts SA, van Dyk LF, Speck SH, Virgin HW IV (2002) Immune control of
the number and reactivation phenotype of cells latently infected with a
gammaherpesvirus. J Virol 76: 7125-7132.

30. Belz GT, Doherty PC (2001) Virus-specific and bystander CD8+ T-cell

proliferation in the acute and persistent phases of a gammaherpesvirus infection.

J Virol 75: 4435-4438.

Molloy MJ, Zhang W, Usherwood EJ (2011) Suppressive CD8+ T cells arise in

the absence of CD4 help and compromise control of persistent virus. J Immunol

186: 6218-6226.

31.

February 2014 | Volume 9 | Issue 2 | €90196



32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

52.

53.

Freeman ML, Burkum CE, Lanzer KG, Jensen MK, Ahmed M, et al. (2011)
Cutting edge: activation of virus-specific CD4 T cells throughout gamma-
herpesvirus latency. J Immunol 187: 6180-6184.

Cardin RD, Brooks JW, Sarawar SR, Doherty PC (1996) Progressive loss of
CD8+ T cell-mediated control of a gamma-herpesvirus in the absence of CD4+
T cells. J Exp Med 184: 863-871.

Liu L, Usherwood EJ, Blackman MA, Woodland DL (1999) T-cell vaccination
alters the course of murine herpesvirus 68 infection and the establishment of
viral latency in mice. J Virol 73: 9849-9857.

Sehrawat S, Kirak O, Koenig PA, Isaacson MK, Marques S, et al. (2012)
CD8(+) T cells from mice transnuclear for a TCR that recognizes a single H-
2K(b)-restricted MHV68 epitope derived from gB-ORF8 help control infection.
Cell Reports 1: 461-471.

Lyon AB, Sarawar SR (2006) Differential requirement for CD28 and CD80/86
pathways of costimulation in the long-term control of murine gammaherpes-
virus-68. Virology 356: 50-56.

Fuse S, Obar JJ, Bellfy S, Leung EK, Zhang W, et al. (2006) CD80 and CD86
control antiviral CD8+ T-cell function and immune surveillance of murine
gammaherpesvirus 68. J Virol 80: 9159-9170.

Fuse S, Bellfy S, Yagita H, Usherwood EJ (2007) CD8+ T cell dysfunction and
increase in murine gammaherpesvirus latent viral burden in the absence of 4-

1BB ligand. J Immunol 178: 5227-5236.

Yin L, Al-Alem U, Liang J, Tong WM, Li C, et al. (2003) Mice deficient in the
X-linked lymphoproliferative disease gene sap exhibit increased susceptibility to
murine gammaherpesvirus-68 and hypo-gammaglobulinemia. J Med Virol 71:
446-455.

Kim IJ, Burkum CE, Cookenham T, Schwartzberg PL, Woodland DL, et al.
(2007) Perturbation of B cell activation in SLAM-associated protein-deficient
mice is associated with changes in gammaherpesvirus latency reservoirs. Journal
of Immunology 178: 1692-1701.

Acuto O, Di Bartolo V, Michel F (2008) Tailoring T-cell receptor signals by
proximal negative feedback mechanisms. Nat Rev Immunol 8: 699-712.
Stefanova I, Hemmer B, Vergelli M, Martin R, Biddison WE, et al. (2003) TCR
ligand discrimination is enforced by competing ERK positive and SHP-1
negative feedback pathways. Nature Immunology 4: 248-254.

Dong S, Corre B, Foulon E, Dufour E, Veillette A, et al. (2006) T cell receptor
for antigen induces linker for activation of T cell-dependent activation of a
negative signaling complex involving Dok-2, SHIP-1, and Grb-2. J Exp Med
203: 2509-2518.

Yasuda T, Bundo K, Hino A, Honda K, Inoue A, et al. (2007) Dok-1 and Dok-2
are negative regulators of T cell receptor signaling. Int Immunol 19: 487-495.
Shui JW, Boomer JS, Han J, Xu J, Dement GA, et al. (2007) Hematopoietic
progenitor kinase 1 negatively regulates T cell receptor signaling and T cell-
mediated immune responses. Nat Immunol 8: 84-91.

Carpino N, Kobayashi R, Zang H, Takahashi Y, Jou ST, et al. (2002)
Identification, cDNA cloning, and targeted deletion of p70, a novel, ubiquitously
expressed SH3 domain-containing protein. Mol Cell Biol 22: 7491-7500.
Carpino N, Turner S, Mekala D, Takahashi Y, Zang H, et al. (2004) Regulation
of ZAP-70 activation and TCR signaling by two related proteins, Sts-1 and Sts-
2. Immunity 20: 37-46.

Carpino N, Chen YT, Nassar N, Oh HW (2009) The Sts proteins target tyrosine
phosphorylated, ubiquitinated proteins within TCR  signaling pathways.
Molecular Immunology 46: 3224-3231.

Agrawal R, Carpino N, Tsygankov A (2008) TULA proteins regulate activity of
the protein tyrosine kinase Syk. J Cell Biochem 104: 953-964.

Weck KE, Barkon ML, Yoo LI, Speck SH, Virgin HW IV (1996) Mature B cells
are required for acute splenic infection, but not for establishment of latency, by
murine gammaherpesvirus 68. Journal of Virology 70: 6775-6780.

. Evans AG, Moser JM, Krug LT, Pozharskaya V, Mora AL, et al. (2008) A

gammaherpesvirus-secreted activator of Vbetad+ CD8+ T cells regulates
chronic infection and immunopathology. J Exp Med 205: 669-684.

Dutia BM, Clarke CJ, Allen DJ, Nash AA (1997) Pathological changes in the
spleens of gamma interferon receptor-deficient mice infected with murine
gammaherpesvirus: a role for CD8 T cells. J Virol 71: 4278-4283.

Ebrahimi B, Dutia BM, Brownstein DG, Nash AA (2001) Murine gamma-
herpesvirus-68 infection causes multi-organ fibrosis and alters leukocyte
trafficking in interferon-gamma receptor knockout mice. Am J Pathol 158:

2117-2125.

PLOS ONE | www.plosone.org

54.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

72.

76.

Role of Sts-1 and Sts-2 in Immune Control

Tsai CY, Hu Z, Zhang W, Usherwood EJ (2011) Strain-dependent requirement
for IFN-gamma for respiratory control and immunotherapy in murine
gammaherpesvirus infection. Viral Immunol 24: 273-280.

. Mikhailik A, Ford B, Keller J, Chen Y, Nassar N, et al. (2007) A phosphatase

activity of Sts-1 contributes to the suppression of TCR signaling. Mol Cell 27:
486-497.

San Luis B, Sondgeroth B, Nassar N, Carpino N (2011) Sts-2 is a phosphatase
that negatively regulates zeta-associated protein (ZAP)-70 and T cell receptor
signaling pathways. Journal of Biological Chemistry 286: 15943-15954.

Liang X, Crepeau RL, Zhang W, Speck SH, Usherwood EJ (2013) CD4 and
CD8 T cells directly recognize murine gammaherpesvirus 68-immortalized cells
and prevent tumor outgrowth. J Virol 87: 6051-6054.

Robertson KA, Usherwood EJ, Nash AA (2001) Regression of a murine
gammaherpesvirus 68-positive b-cell lymphoma mediated by CD4 T lympho-
cytes. J Virol 75: 3480-3482.

Tripp RA, Hamilton-Easton AM, Cardin RD, Nguyen P, Behm FG, et al.
(1997) Pathogenesis of an infectious mononucleosis-like disease induced by a
murine gamma-herpesvirus: role for a viral superantigen? J Exp Med 185: 1641
1650.

Tibbetts SA, McClellan JS, Gangappa S, Speck SH, Virgin HW IV (2003)
Effective vaccination against long-term gammaherpesvirus latency. J Virol 77:
2522-2529.

Kim IJ, Flano E, Woodland DL, Blackman MA (2002) Antibody-mediated
control of persistent gamma-herpesvirus infection. J Immunol 168: 3958-3964.
Flano E, Husain SM, Sample JT, Woodland DL, Blackman MA (2000) Latent
murine gamma-herpesvirus infection is established in activated B cells, dendritic
cells, and macrophages. Journal of Immunology 165: 1074-1081.

Steed AL, Barton ES, Tibbetts SA, Popkin DL, Lutzke ML, et al. (2006) Gamma
interferon blocks gammaherpesvirus reactivation from latency. J Virol 80: 192—
200.

Heslop HE, Slobod KS, Pule MA, Hale GA, Rousseau A, et al. (2010) Long-
term outcome of EBV-specific T-cell infusions to prevent or treat EBV-related
lymphoproliferative disease in transplant recipients. Blood 115: 925-935.

. Rowe M, Lear AL, Croom-Carter D, Davies AH, Rickinson AB (1992) Three

pathways of Epstein-Barr virus gene activation from EBNAI-positive latency in
B lymphocytes. J Virol 66: 122-131.

Bollard CM, Rooney CM, Heslop HE (2012) T-cell therapy in the treatment of
post-transplant lymphoproliferative disease. Nat Rev Clin Oncol 9: 510-519.
El-Bietar J, Bollard C (2011) T-cell therapies for Epstein-Barr virus-associated
lymphomas. Pediatr Hematol Oncol 28: 627-639.

Louis CU, Straathof K, Bollard CM, Ennamuri S, Gerken C, et al. (2010)
Adoptive transfer of EBV-specific T cells results in sustained clinical responses in
patients with locoregional nasopharyngeal carcinoma. J Immunother 33: 983—
990.

Liu Z, Noh HS, Chen J, Kim JH, Falo LD, Jr., et al. (2008) Potent tumor-
specific protection ignited by adoptively transferred CD4+ T cells. J Immunol
181: 4363-4370.

Wang LX, Shu S, Disis ML, Plautz GE (2007) Adoptive transfer of tumor-
primed, in vitro-activated, CD4+ T effector cells (TEs) combined with CD8+
TEs provides intratumoral TE proliferation and synergistic antitumor response.
Blood 109: 4865-4876.

Fallarino F, Grohmann U, Bianchi R, Vacca C, Fioretti MC, et al. (2000) Th1
and Th2 cell clones to a poorly immunogenic tumor antigen initiate CD8+ T
cell-dependent tumor eradication in vivo. J Immunol 165: 5495-5501.

Siegel AM, Herskowitz JH, Speck SH (2008) The MHV68 M2 protein drives IL-
10 dependent B cell proliferation and differentiation. PLoS Pathog 4: ¢1000039.

. Niiro H, Otsuka T, Abe M, Satoh H, Ogo T, et al. (1992) Epstein-Barr virus

BCRF1 gene product (viral interleukin 10) inhibits superoxide anion production
by human monocytes. Lymphokine Cytokine Res 11: 209-214.

. Ohshima K, Suzumiya J, Akamatu M, Takeshita M, Kikuchi M (1995) Human

and viral interleukin-10 in Hodgkin’s disease, and its influence on CD4+ and
CD8+ T lymphocytes. Int J Cancer 62: 5-10.

. Hinrichs C, Wendland S, Zimmermann H, Eurich D, Neuhaus R, et al. (2011)

IL-6 and IL-10 in post-transplant lymphoproliferative disorders development
and maintenance: a longitudinal study of cytokine plasma levels and T-cell
subsets in 38 patients undergoing treatment. Transpl Int 24: 892-903.
Casiraghi C, Shanina I, Cho S, Freeman ML, Blackman MA, et al. (2012)
Gammaherpesvirus latency accentuates EAE pathogenesis: relevance to Epstein-
Barr virus and multiple sclerosis. PLoS Pathog 8: ¢1002715.

February 2014 | Volume 9 | Issue 2 | €90196



