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Kaposi’s Sarcoma-Associated Herpesvirus Inhibits Expression and
Function of Endothelial Cell Major Histocompatibility Complex Class
IT via Suppressor of Cytokine Signaling 3

L. M. Butler,®* H. C. Jeffery,®® R. L. Wheat,® H. M. Long,® P. C. Rae,*" G. B. Nash,? and D. J. Blackbourn®<

School of Clinical and Experimental Medicine,? School of Cancer Sciences and CR UK Centre for Cancer Research,” and MRC Centre for Immune Regulation,© College of
Medical and Dental Sciences, University of Birmingham, Birmingham, United Kingdom

Endothelial cells (EC) can present antigen to either CD8* T lymphocytes through constitutively expressed major histocompati-
bility complex class I (MHC-I) or CD4" T lymphocytes through gamma interferon (IFN-v)-induced MHC-II. Kaposi’s sarcoma-
associated herpesvirus (KSHV) is the etiological agent of Kaposi’s sarcoma (KS), an EC neoplasm characterized by dysregulated
angiogenesis and a substantial inflammatory infiltrate. KSHYV is understood to have evolved strategies to inhibit MHC-I expres-
sion on EC and MHC-II expression on primary effusion lymphoma cells, but its effects on EC MHC-II expression are unknown.
Here, we report that the KSHV infection of human primary EC inhibits IFN-y-induced expression of the MHC-II molecule
HLA-DR at the transcriptional level. The effect is functionally significant, since recognition by an HLA-DR-restricted CD4™" T-
cell clone in response to cognate antigen presented by KSHV-infected EC was attenuated. Inhibition of HLA-DR expression was
also achieved by exposing EC to supernatant from KSHV-inoculated EC before IFN-vy treatment, revealing a role for soluble me-
diators. IFN-vy-induced phosphorylation of STAT-1 and transcription of CIITA were suppressed in KSHV-inoculated EC via a
mechanism involving SOCS3 (suppressor of cytokine signaling 3). Thus, KSHV infection resulted in transcriptional upregula-
tion of SOCS3, and treatment with RNA interference against SOCS3 relieved virus-induced inhibition of IFN-y-induced STAT-1
phosphorylation. Since cell surface MHC-II molecules present peptide antigens to CD4* T lymphocytes that can function either
as direct cytolytic effectors or to initiate and regulate adaptive immune responses, inhibition of this antigen-presenting pathway

would provide a survival advantage to the virus.

K;iposi’s sarcoma-associated herpesvirus (KSHV) (11) is the etio-
ogic agent of the endothelial tumor Kaposi’s sarcoma (KS). It
also causes primary effusion lymphoma (PEL) and is associated with
multicentric Castleman’s disease (7). Immunocompromised pa-
tients, such as those either infected with human immunodeficiency
virus or individuals undergoing organ transplantation, are at risk of
developing KS if infected with KSHV (14). KS lesions are histologi-
cally complex; there is aberrant angiogenesis through proliferation of
KSHV-transformed spindle-shaped endothelial cells (EC) and a pro-
nounced inflammatory cell infiltrate, including CD4* and CD8" T
lymphocytes (18, 27, 45).

KSHV has evolved numerous immune evasion strategies
against both innate and adaptive immune responses (4, 34). Cell
surface major histocompatibility complex class I (MHC-I) mole-
cules present antigenic peptides from endogenously expressed
proteins to CD8 " T lymphocytes. KSHV has evolved to negatively
regulate this process by causing lysosomal degradation of cell sur-
face MHC-I through the viral E3 ubiquitin ligases K5 and K3 (16,
20, 41, 44). Cell surface MHC-II molecules present peptide anti-
gens to CD4" T lymphocytes that then initiate and regulate adap-
tive immune responses. Resting EC do not express MHC-II, but it
is induced by gamma interferon (IFN-v) (25), a cytokine present
in KS lesions (27) and capable of reactivating latent KSHV (6, 12).
This induction requires de novo synthesis of the “master regula-
tor” of the expression of MHC-II genes: class II transactivator
(CIITA) (39, 40). This protein is recruited to the MHC-II pro-
moter by RFX5, where it functions as a scaffold to coordinate
transcription factor complex assembly (50). Transactivation of
CIITA occurs predominantly from its promoter IV (PIV) follow-
ing IFN-vy engagement with its receptor that triggers the tyrosine
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phosphorylation of signaling components, including the recep-
tor-associated tyrosine kinases, Jakl and Jak2, and the transcrip-
tion factor STAT-1 (29). Both STAT-1 and IRF-1 are required for
IFN-vy-induced expression of CIITA from PIV (28), as is remod-
eling of its promoter region into a complex chromatin structure
(305 see reference 33).

In addition to their role in initiating and regulating adaptive
immune responses, it is now clear that CD4* T lymphocytes spe-
cific for several herpesviruses can directly recognize and kill
MHC-II-positive cells expressing their cognate antigen (5, 13, 24).
Indeed, appreciation of the in vivo relevance of cytotoxic CD4" T
lymphocytes against virus-infected cells is increasing (8). Evasion
of the CD4™" T-lymphocyte response should therefore provide a
survival advantage to herpesviruses. Although less well studied
than interference of the MHC-I pathway, some examples and
mechanisms of viral interference of the MHC-II pathway have
been identified for cytomegalovirus (CMV), Epstein-Barr virus
(EBV), and herpes simplex virus 1 (HSV-1) (47).

In the present study the effects of KSHV infection on IFN-vy-
induced expression and function of the MHC-II molecule
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HLA-DR in EC were examined. KSHV inhibited IFN-y-induced
STAT-1 phosphorylation, concomitant transcription of CIITA
and HLA-DR, and EC expression of HLA-DR protein. The inhi-
bition of STAT-1 phosphorylation was mediated by suppressor
of cytokine signaling 3 (SOCS3), a negative regulator of the
IFN-v signaling pathway that was induced upon KSHV infec-
tion. Importantly, KSHV-mediated suppression of IFN-vy-in-
duced HLA-DR expression attenuated an MHC-matched
CD4™" T-lymphocyte response to cognate antigen.

MATERIALS AND METHODS

KSHYV production. The KSHV used for the present studies was the re-
combinant strain rKSHV.219 expressing red fluorescent protein (RFP)
from the KSHV Iytic PAN promoter, green fluorescent protein (GFP)
from the EF-1a promoter, and a puromycin resistance gene as a selectable
marker (46). The method of production of this virus was that of the
originators, Vieira and O’Hearn (46), and was as described previously (9).
Thus, latently infected VK219 cells were maintained in minimal essential
Eagle medium, 2.2 g of NaHCO,/liter, 10% fetal calf serum, and puromy-
cin at 5 pg/ml (all from Sigma-Aldrich) and penicillin and streptomycin
(10 pg/ml; Invitrogen). To induce KSHYV lytic reactivation, the cells were
infected with BacK50 and treated with 1.25 mM sodium butyrate (Sigma-
Aldrich). BacK50 is a recombinant baculovirus engineered to express the
KSHYV lytic switch replication and transcription activator (RTA) protein,
encoded by ORF50 (46). BacK50 was produced in insect SF9 cells grown
in Grace’s insect medium (Invitrogen) supplied with 10% fetal bovine
serum at 28°C in a 5% CO, incubator. At 3 days after BacK50 infection the
baculovirus-containing supernatant was separated from SF9 cells by cen-
trifugation at 450 X g for 10 min. The supernatants were passed through
a 0.45-pm-pore-size filter.

After reactivation of rKSHV.219 in VK219 cells for 48 h, the superna-
tant was removed, centrifuged at 500 X g for 15 min, and then ultracen-
trifuged at 65,000 X g for 4 h. The resultant pellet was resuspended over-
night in EBM2 medium (Lonzo; Clonetics). The titer was determined by
infecting HEK293 cells with serial dilutions of rKSHV.219 and enumer-
ating the GFP-positive cells at 48 h postinfection by fluorescence micros-
copy. One GFP-positive cell was assumed to result from infection by one
infectious unit of virus; indeed, immunofluorescence assay (IFA) staining
confirmed that the majority of GFP-positive cells contained a single
LANA dot (data not shown). In some experiments, rKSHV.219 was inac-
tivated by UV irradiation prior to EC infection.

Endothelial cell culture. Human umbilical vein endothelial cells
(HUVEC) were isolated from umbilical cords as described previously (15)
and maintained in medium 199 (M199; Invitrogen) containing 20% fetal
calf serum, 28 pg of gentamicin/ml, 2.5 pg of amphotericin B/ml, 1 ng of
epidermal growth factor/ml, and 1 pg of hydrocortisone/ml (all from
Sigma-Aldrich) until confluent. Either the first or the second passage EC
from a different donor were used in each experiment. In the T-lympho-
cyte recognition experiments, only the microvascular cell line HMEC-1
was used, which was also maintained in M199 supplemented as described
above. Cultures of either HUVEC or HMEC-1 were dissociated with tryp-
sin-EDTA (Sigma) and passaged into either tissue culture multiwell plates
(Falcon; Becton Dickinson) as described previously (10) or prefabricated
channel slides (p-Slide VI; Ibidi GmbH). The seeding density yielded
confluent monolayers for infection within 24 h.

Ethical approval. Umbilical cords were collected after written in-
formed consent, with the assistance of the Birmingham Women’s Health
Care National Health Service Trust and the approval of the South Bir-
mingham Research Ethics Committee.

Infection of endothelial cells with KSHV and treatment with cyto-
kines. rKSHV.219 was diluted in EBM2 to give appropriate concentra-
tions prior to inoculating either HUVEC at a multiplicity of infection
(MOI) of 10 or HMEC-1 at an MOI of 5. Virus-inoculated cells were
centrifuged at 450 X g for 30 min (noninoculated samples were treated in
an identical manner, but without rKSHV.219). EC were incubated (37°C
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5% CO,) for a further 90 min before the KSHV-containing medium was
replaced with M199 and supplements. The KSHV-inoculated EC cultures
are referred to as “KSHV-EC.” Within the KSHV-inoculated cultures,
infected cells could be identified as those that were positive for GFP ex-
pression. The recombinant virus rKSHV219 expresses GFP from the
EF-1a promoter and RFP from the KSHV lytic PAN promoter; RFP could
occasionally be detected in a minority of EC at 24 h (<5%), demonstrat-
ing minimal lytic replication. Where necessary, supernatants from noni-
noculated or KSHV-inoculated EC were harvested at 24 h postinfection
and stored at —80°C until required. In some experiments, EC were treated
with recombinant human IFN-y (PeproTech, Inc.) for 4 h before rinsing
and replacement with fresh medium and culture for a further 72 h prior to
assay.

Treatment of endothelial cells with siRNA against SOCS3. EC were
plated in six-well plates in M199 (supplemented as described above but with-
out antibiotics) to reach ca. 70% confluence the following day. The cells were
transfected either with a pool of three target-specific commercial prevalidated
SOCS-3 small interfering RNAs (siRNAs) or an appropriate scrambled con-
trol (all from Santa Cruz Biotechnology), with Lipofectamine RNAIMAX
reagent (Invitrogen) according to the manufacturer’s instructions. Approxi-
mately 24 h later EC were inoculated with KSHV, as described above. Trans-
fection did not affect the subsequent level of GFP-positive EC. Efficient
knockdown of SOCS3 protein (a reduction in expression by more than 80%),
at 24 h postinfection, was verified by Western blotting, as we previously de-
scribed (9).

Flow cytometry and antibodies. EC were either fixed and permeabil-
ized for intracellular staining according to the manufacturer’s instruc-
tions (Fix & Perm kit; Caltag) or surface stained on ice. The antibodies
used were as follows: MHC-II (Alexa Fluor 647-conjugated mouse anti-
human HLA-DR [Biolegend] and HLA-DP [BD Biosciences]); STAT-1
(Alexa Fluor 647-conjugated mouse anti-human STAT-1 [BD Biosci-
ences]); and IFNyRa (unconjugated mouse anti-human IFNyRa [Santa
Cruz Biotechnology]), followed by specific secondary conjugated anti-
body (Alexa Fluor 633-conjugated anti-mouse IgG [H&L; Invitrogen] or
fluorescein isothiocyanate [FITC]-conjugated anti-mouse IgG [Dako]).
Expression was analyzed by flow cytometry (Dako CyAn). KSHV-infected
cells were positive for GFP expression. The data were analyzed using either
Summit (Becton Dickinson) or FloJo (TreeStar, Inc.) software.

Evaluation of gene expression by qRT-PCR. RNA was extracted from
EC using TRIzol (Invitrogen), and quantitative reverse transcriptase PCR
(qQRT-PCR) was conducted either in one step with a QuantiTect probe
PCR kit (Qiagen) (SOCS3 and CIITA) or in two steps with conversion to
cDNA, followed by qPCR, using TagMan reagents (Applied Biosystems).
Assay-on-Demand primers and probes were used for SOCS3, CIITA, and
HLA-DRA (Applied Biosystems) and 18S as a control gene (Eurogentec or
Applied Biosystems). All products were used according to the manufac-
turer’s instructions. Samples were amplified using the 7900 HT real-time
PCR machine and analyzed using the software package SDS 2.2 (Applied
Biosystems).

Immunocytochemistry and antibodies. HUVEC were formaldehyde
fixed, methanol permeabilized, and blocked with phosphate-buffered sa-
line and 5% goat serum. Primary antibody against phospho-STAT-1 (un-
conjugated rabbit anti-pSTAT-1 [Tyr701]; Cell Signaling Technology)
was added, followed by incubation overnight at 4°C, and then conjugated
secondary antibody (Alexa Fluor 647-conjugated anti-rabbit IgG [H&L;
Invitrogen]) was added for 1 to 2 h. Bisbenzimide (Sigma) served as a
nuclear stain, and channels were coated with Prolong Gold antifade
mountant (Invitrogen) prior to visualization. Images were captured by
confocal microscopy (Zeiss LSM510) and analyzed with ImageJ software.

CD4*% T-lymphocyte antigen recognition assay. HMEC-1 cells
(1.5 X 10°) were seeded in prefabricated channel slides (j.-Slide V1) prior
to KSHV inoculation and treatment with IFN-y, as described above. After
IFN-vy treatment, some channels were exposed to PRS peptide (amino
acid residues 276 to 295 of EBV nuclear antigen 2 [EBNA2]; 50 wg/ml) for
1 hand then washed. After washing, 1.5 X 10* of the CD4 " T-lymphocyte
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clone PRS ¢93 were added to each well, and the coculture was incubated at
37°C for 18 h. The PRS ¢93 clone is specific for the EBNA2 epitope aa276-
295 presented by HLA-DRB3*02 and was generated by standard proce-
dures as previously described (23). Extracellular IFN-y released from T
lymphocytes into the coculture supernatant was quantified by sandwich
enzyme-linked immunosorbent assay (ELISA; Endogen) according to the
manufacturer’s protocol.

Statistical analyses. Effects of multiple treatments were tested using
analysis of variance (ANOVA) followed by the Bonferroni post hoc test.
The effects of single treatments were tested by using the Student paired
t test.

RESULTS

KSHYV suppresses IFN-y-induced surface expression of HLA-DR
by EC. To establish the effects of KSHV on EC HLA-DR expres-
sion, surface levels were quantified on either IFN-vy-treated or
untreated cells and either with or without prior KSHV inocula-
tion. Early-passage HUVEC were inoculated with recombinant
rKSHV.219 expressing GFP from the EF-1a promoter to identify
latently infected cells (46). The EC monolayer remained intactand
viable when inoculated with KSHV at an MOI of 10. As we previ-
ously reported, spindle-shaped morphology was apparent at 24 h
postinoculation and was always accompanied by GFP expression
(9). In this system, GFP was a reliable surrogate marker of KSHV
infection since GFP-expressing cells also showed typical punctate
immunofluorescence staining for the latency-associated nuclear
antigen (LANA; data not shown). Approximately 30% of KSHV-
inoculated EC expressed GFP within 24 h.

Without either virus inoculation or cytokine treatment, EC
were negative for HLA-DR (Fig. 1Ai and B), and expression was
not induced by KSHV inoculation per se (Fig. 1Aii and B). IFN-y
treatment alone induced a marked increase in expression of
HLA-DR (Fig. 1Aiii and B), whereas the levels induced on KSHV-
inoculated EC were significantly lower (Fig. 1Aiv and B). Impor-
tantly, after IFN-v treatment, both the GFP-positive and the GFP-
negative EC within the KSHV-inoculated cell population
expressed lower levels of HLA-DR than EC not inoculated with
virus (Fig. 1B), suggesting the involvement of a soluble factor.
Inoculation of EC with KSHYV inactivated by UV irradiation did
not inhibit HLA-DR expression in response to IFN-y treatment,
indicating that viral gene expression was required for the effect
(data not shown). The intracellular levels of HLA-DR were also
reduced: the protein levels for IFN-y-treated KSHV-EC were re-
duced by 77.2% = 1.73%, compared to IFN-y-treated EC (i.e., as
determined from the mean fluorescence intensity [MFI] values
from three experiments). These data are commensurate with the
extracellular levels shown in Fig. 1B. In order to determine
whether this inhibition was specific to HLA-DR, we measured the
levels of another MHC-II antigen HLA-DP on EC and KSHV-EC
treated with IFN-vy. Indeed, we observed that the expression of
HLA-DP in response to IFN-y was also inhibited by KSHV inoc-
ulation (Fig. 1C).

The KSHV-encoded proteins K3 and K5 can downregulate the
expression of the IFN-y receptor (IFNyR) (21). The possibility
was therefore considered that such downregulation could explain
the reduced expression of HLA-DR on KSHV-inoculated EC
compared to noninoculated cells. KSHV-infected (GFP-positive)
EC within KSHV-inoculated cultures did not express IFNyR to
significantly different levels than EC that had not been inoculated
with virus (Fig. 2). KSHV-uninfected (GFP-negative) EC within
KSHV-inoculated cultures expressed IFNyR to levels slightly
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FIG 1 Effect of KSHV on IFN-y-induced EC MHC-II expression. EC were
inoculated with KSHV atan MOI of 10 (KSHV-EC) and cultured for 24 h prior
to treatment with [FN-vy (400 U/ml, 4 h). After a further 72 h, the cells were
analyzed by flow cytometry for MHC-II (HLA-DR) expression. (A) Represen-
tative scatter plots of HLA-DR expression on noninoculated EC (EC) and
KSHV-EC with or without IFN-vy treatment. (B) MFI values for HLA-DR
expression on IFN-y-treated EC and the GFP-positive and -negative EC
within the KSHV-inoculated (KSHV-EC) population. Data are means *
the SEM from six independent experiments. **, P < 0.01 (EC versus
KSHV-EC as determined by paired Student ¢ test). (C) MFI values for
HLA-DP expression on IFN-y-treated EC and KSHV-inoculated EC
(KSHV-EC). Data are means * the SEM from three independent experi-
ments. *, P < 0.05 (EC versus KSHV-EC as determined by paired Student
t test).
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FIG 2 Effect of KSHV on EC IFNyR expression. EC were inoculated with
KSHYV atan MOI of 10 (KSHV-EC) and cultured for 24 h prior to flow cytom-
etry analysis of IFN'yR expression. MFI values are shown as means = the SEM
from three independent experiments for noninoculated EC (EC) and KSHV-
EC. US, unstained cells. IgG, cells stained with an isotype control antibody for
the anti-IFNyR antibody.

KSHV-EC EC

higher than those of noninoculated cells, but this difference also
was not statistically significant (Fig. 2). Thus, modification of
IFN+YR expression levels was not responsible for the reduced
HLA-DR expression seen on both GFP-positive and -negative
cells within KSHV-inoculated EC cultures.

Supernatant from KSHV-inoculated EC cultures inhibits
IFN-v-induced expression of HLA-DR. Since suppression of
MHC-II expression in response to IFN-vy occurred on both GFP-
positive and -negative EC within the KSHV-inoculated EC popu-
lation, we tested whether KSHV-infected EC released soluble fac-
tor(s) that modulated HLA-DR expression. Treatment with
supernatants for 24 h from either KSHV-inoculated or noninocu-
lated EC did not induce HLA-DR expression on otherwise-un-
treated EC (Fig. 3Ai, Aii, and B). However, when the supernatant
from KSHV-inoculated EC was used to condition EC prior to
their IFN-y treatment, HLA-DR expression was significantly re-
duced by more than 50% compared to the levels for EC treated
with supernatants from uninfected EC (Fig. 3Aiii, Aiv, and B).

KSHYV inhibits IFN-y-induced expression of HLA-DRA and
CIITA by EC. To establish whether the inhibition of HLA-DR
expression by KSHV occurred at the transcriptional level, we mea-
sured IFN-y-induced HLA-DRA mRNA in KSHV-inoculated and
noninoculated EC. As expected, the HLA-DRA mRNA levels were
upregulated in response to IFN-y (Fig. 4A). However, this up-
regulation was significantly inhibited in KSHV-inoculated EC
compared to noninoculated EC (Fig. 4A). MHC-II gene expres-
sion is dependent upon the transactivator CIITA (40). We there-
fore determined whether its expression was modified by KSHV. As
expected, CIITA mRNA levels were upregulated in response to
IFN-v, but this upregulation was significantly inhibited in KSHV-
inoculated EC (Fig. 4B). These data indicated that KSHV-medi-
ated inhibition of HLA-DR expression occurs upstream of CIITA
transcription.

KSHYV inhibits IFN-y-induced phosphorylation of STAT-1.
Upon engagement of the IFN-y receptor, STAT-1 monomers are
phosphorylated and form homodimers that translocate to the nu-
cleus and transactivate IFN-y-responsive genes (17), including
CIITA (28). To establish whether the inhibition of CIITA tran-
scription was a consequence of inhibition of STAT-1 phosphory-
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FIG 3 Effect of pretreating EC with conditioned supernatant from KSHV-
inoculated EC on IFN-vy-induced MHC-II expression. EC were treated with
conditioned supernatants from either noninoculated EC (EC supernatant) or
KSHV-inoculated EC (KSHV-EC supernatant) for 24 h. They were then
treated with IFN-y (+IFNvy) or not (No IFNvy). After a further 72 h, the cells
were analyzed by flow cytometry for MHC-II (HLA-DR) expression. (A) Rep-
resentative scatter plots of HLA-DR expression on EC conditioned with either
EC supernatant or KSHV-EC supernatant and then either treated with [FN-y
or not. (B) MFI values for HLA-DR expression. Data are means = the SEM
from five independent experiments. *, P < 0.05 (EC supernatant- versus
KSHV-EC supernatant-conditioned EC as determined by paired Student ¢
test).

lation, the levels of STAT-1 phosphorylated at Tyr701 (phospho-
STAT-1) were compared in KSHV-inoculated (KSHV-EC) and
noninoculated EC (EC) with or without IFN-vy treatment. First,
we established that the basal (nonphosphorylated) STAT-1 levels
were not modified by KSHV inoculation as determined by flow
cytometry (KSHV-EC, 9.8 = 1.1,and EC, 9.3 = 1.2 [mean MFI =
the SEM for three experiments]). However, in the absence of
IFN-vy treatment, the phospho-STAT-1 levels were higher in
KSHV-inoculated EC compared to noninoculated EC (Fig. 5).
These data indicated that de novo KSHV infection induces STAT-1
phosphorylation.

As expected, STAT-1 was rapidly phosphorylated in response
to IFN-vy treatment, since the fluorescence intensity of labeled
phospho-STAT-1 increased by 85.3% = 3.3% after 2 min of
IFN-vy treatment (means * the SEM for three experiments). How-
ever, in EC that were inoculated with KSHV, the phospho-
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FIG 4 Effect of KSHV on IFN-y-induced EC HLA-DRA and CIITA gene
expression. EC were either inoculated with KSHV at an MOI of 10 (KSHV-
inoculated) or not (KSHV-noninoculated) and cultured for 24 h. They were
then treated with 40 0U of IFN-y/ml for up to 2 h before being harvested at the
time points indicated on the x axis. Samples were harvested in TRIzol for
mRNA extraction and qRT-PCR analysis. (A) HLA-DR mRNA levels. The data
are means = the SEM from three independent experiments. ANOVA showed
a significant effect of KSHV-infection. **, P < 0.001 (as determined by the
Bonferroni post hoc test [KSHV-EC versus EC]). (B) CIITA mRNA levels. The
data are means = the SEM from three independent experiments. ANOVA
showed a significant effect of time (P < 0.0005) and KSHV infection (P <
0.0001). *, P < 0.05 (as determined by the Bonferroni post hoc test [KSHV-EC
versus EC]).

STAT-1 levels were significantly lower compared to noninocu-
lated EC after IFN-y treatment for either 2 or 20 min (Fig. 5B).
Importantly, the reduction in phospho-STAT-1 levels in KSHV-
inoculated EC could be seen in both the GFP-positive and -nega-
tive cells (Fig. 5A), a finding consistent with our observations on
the inhibition of HLA-DR expression on the surface of cells from
both of these populations (Fig. 1).

Inhibition of phosphorylation of STAT-1 is mediated by
KSHV-induced upregulation of SOCS3. Since IFN-y-induced
STAT-1 phosphorylation was inhibited in KSHV-inoculated EC,
the possible contribution of SOCS1 or SOCS3, negative regulators
of the JAK/STAT signaling pathway (see reference 49), was evalu-
ated. Significant upregulation of SOCS3 mRNA was observed by
qRT-PCR in KSHV-inoculated EC compared to noninoculated
EC (Fig. 6A, left panel), a finding consistent with our previous
observations (9). In parallel assays, SOCSI mRNA levels were not
upregulated by KSHV infection (Fig. 6A, left panel), showing that
modification of IFN-vy signaling could not be attributed to induc-
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FIG 5 Effect of KSHV on IFN-y-induced EC STAT-1 phosphorylation. EC
were either inoculated with KSHV at an MOI of 10 (KSHV-EC) or not (EC)
and cultured for 24 h. They were then treated with 400 U of IFN-y/ml for 0
(none), 2, or 20 min before formaldehyde fixation and staining for phosphor-
ylated STAT-1 (phospho-STAT1). (A) Confocal microscopy images represen-
tative of three independent experiments. KSHV infection is revealed by GFP
expression (KSHV-GFP) and nuclear staining (DAPI [4',6’-diamidino-2-phe-
nylindole]) revealed the total cell population. (B) The levels of STAT-1 phos-
phorylation (phospho-STAT1) were quantified from confocal images of
KSHV-EC, relative to non-KSHV-inoculated EC, using ImageJ software to
determine fluorescence intensity, and these values were normalized to the cell
number. The data are means * the SEM from three independent experiments.
*, P < 0.05 (for KSHV-EC versus EC as determined by paired Student ¢ test).
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supernatant treatment) (right panel). The EC were then cultured for 24 h prior to harvesting for mRNA extraction and quantification of SOCS3 and SOCS1 gene
expression by real-time qRT-PCR. (B) EC were either untransfected (UT) or transfected with siRNA against either SOCS3 (SOCS3) or a nonspecific siRNA
control (NS). The EC were then either inoculated with KSHV at an MOI of 10 (KSHV-EC) or not (EC) and cultured for 24 h prior to treatment with IFN-vy (400
U/ml, 2 min). The EC were then fixed with formaldehyde and stained for phosphorylated STAT-1 (pSTAT1). The data are means = the SEM from two to four
independent experiments. ¥, P < 0.05; **, P < 0.01 (EC versus KSHV-EC or EC supernatant versus KSHV-EC supernatant conditioned EC as determined by

paired Student ¢ test).

tion of SOCSI expression. Furthermore, significant upregulation
of SOCS3 was also observed in EC that had been treated with
supernatant from KSHV-inoculated EC compared to those cells
treated with supernatant from noninoculated EC (Fig. 6A, right
panel).

To determine whether SOCS3 played a role in the KSHV-me-
diated inhibition of STAT-1 phosphorylation, its KSHV-induced
expression was inhibited with siRNA prior to IFN-vy treatment.
Western blotting confirmed that SOCS3 protein was upregulated
by KSHV inoculation of EC and that >80% knockdown was
achieved with SOCS3 siRNA, while there was no effect of the non-
specific control siRNA (data not shown; see also reference 9). In
noninoculated EC, nonspecific siRNA (NS) or SOCS3 siRNA
(SOCS3) did not significantly modify IFN-y-induced phospho-
STAT-1 levels compared to EC receiving no siRNA (UT) (Fig. 6B).
Consistent with Fig. 5, KSHV-inoculated EC expressed lower lev-
els of phospho-STAT-1 after [IFN-vy treatment than noninoculated
EC. This inhibition of phospho-STAT-1 levels was abolished
when the EC were pretreated with SOCS3 siRNA (Fig. 6B) but was
not affected by the nonspecific siRNA. These data correlate with a
requirement for SOCS3 expression in KSHV-mediated inhibition
of phosphorylation of STAT-1.
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Effect of human IL-6 preconditioning on IFN-y-induced EC
HLA-DR expression. SOCS3 expression can be induced by hu-
man interleukin-6 (hIL-6) (2), and KSHV infection of EC induces
hIL-6 (9). We therefore sought to determine whether KSHV-in-
duced hIL-6 played a role in the inhibition of HLA-DR expression
in response to IFN-vy treatment. EC were preconditioned with
hIL-6 for 24 h prior to IFN-v treatment and subsequent measure-
ment of the HLA-DR levels. hIL-6 preconditioning significantly
inhibited HLA-DR expression but did not completely recapitulate
the effect of the virus (Fig. 7). Indeed, the addition of hIL-6 neu-
tralizing antibody to KSHV-EC did not rescue HLA-DR expres-
sion in response to IFN-y (the HLA-DR levels for IFN-vy-treated
EC were as follows: noninoculated EC, 604.8 = 195.4; KSHV-
inoculated EC, 109.4 * 28.8; and KSHV-inoculated hIL-6 neu-
tralizing antibody-treated EC, 75.7 # 18.1 [mean MFI * the SEM
from four experiments]). These data suggest that hIL-6 alone is
not responsible for the KSHV-mediated inhibition of HLA-DR
expression.

KSHV-mediated reduction in IFN-y-induced MHC-II ex-
pression inhibits antigen-specific CD4* T-lymphocyte re-
sponses. To assess the functional impact of KSHV inhibition of
IEN-v-induced MHC-II expression, the ability of KSHV-inocu-
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FIG 7 Effect of human IL-6 preconditioning on IFN-y-induced EC HLA-DR
expression. EC were treated either with (IL-6 preconditioned) or without (un-
treated) recombinant human IL-6 for 24 h prior to being treated with IFN-y
(400 U/ml, 4 h; IFN-+ treated). The HLA-DR expression levels were measured
by flow cytometry 3 days later and normalized to the level obtained with
IL-6-untreated cells. The data are means = the SEM from seven independent
experiments. ¥, P < 0.05 (hIL-6 preconditioning versus untreated as deter-
mined by paired Student  test).

lated versus noninoculated EC to present antigen to MHC-
matched antigen-specific human CD4* T lymphocytes was exam-
ined. Since T-lymphocyte clones specific for KSHV antigens were
not available, a CD4™ T-lymphocyte clone specific for a defined
epitope (PRS aa275-296) within EBNA2 was utilized. The target
EC were the MHC-II-matched human microvascular cell line
(HMEC-1). Since HMEC-1 were more susceptible to infection by
KSHYV than HUVEC, these cells were infected with KSHV at an
MOI of 5 to give levels of infection comparable to those seen on
HUVEC in previous experiments. The level of CD4" T-lympho-
cyte stimulation after coculture with target cells was measured by
quantifying IFN-vy released by the responding cells.

HMEC-1 cells were negative for HLA-DR expression without
either IFN-vy treatment or KSHV inoculation (Fig. 8A). IFN-y
treatment induced HLA-DR expression but, as for the HUVEC
(Fig. 1), the levels were lower on HMEC-1 that had been inocu-
lated with KSHV (Fig. 8A). UV irradiation of KSHV did not alter
the level of IFN-y-induced MHC-II (Fig. 8A), demonstrating that
viral gene transcription is required.

Upon the addition of CD4™ T lymphocytes to either KSHV-
inoculated or noninoculated HMEC-1 cells, there was a low back-
ground level of IFN-vy produced that did not increase with the
addition of cognate peptide (Fig. 8B). These data demonstrate that
the unstimulated, MHC-II-negative HMEC-1 could not present
peptide to the CD4™ T lymphocytes. However, pretreatment of
non-KSHV-inoculated HMEC-1 with IFN-+y prior to peptide ex-
posure led to the induction of >5-fold-greater IFN-vy secretion
from the CD4™ T lymphocytes (Fig. 8B), corresponding to the
induction of MHC-II expression. Consistent with the KSHV-me-
diated inhibition of HLA-DR expression, the CD4" T-lympho-
cyte response was significantly inhibited by KSHV inoculation of
HMEC-1 (Fig. 8B).

DISCUSSION

KSHYV is the etiological agent of KS, an EC neoplasm characterized
by dysregulated angiogenesis and a substantial inflammatory in-
filtrate. In the present study we have shown that KSHV inhibits
IFN-v-induced MHC-II expression on the surfaces of EC, as de-
termined by quantifying extracellular and intracellular HLA-DR
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FIG 8 Effect of KSHV attenuation of IFNy-induced HMEC-1 MHC-II ex-
pression on CD4" T-lymphocyte antigen-specific activation. Human micro-
vascular endothelial cells (HMEC-1) were either inoculated with KSHV at an
MOI of 5 (KSHV-EC) or not (EC) or inoculated with UV-irradiated KSHV
(UV KSHV-EC). They were then cultured for 24 h prior to being treated with
IFN-v (400 U/ml, 4 h) (+ IFEN-v) or not (No [FN-vy). After a further 72 h, cells
were either analyzed by flow cytometry for MHC-II (HLA-DR) expression (A)
or pulsed with peptide (PRS aa275-296 of EBV EBNA2) for 1 h before the
addition of antigen-specific MHC-1I-matched CD4 " T-lymphocyte clone cells
for a further 18 h (B). The supernatants were then collected and assayed for
IFN-y by sandwich ELISA. The data are means * the SEM from three inde-
pendent experiments. ¥, P < 0.05; **, P < 0.01 (as determined by paired
Student ¢ test).

levels. This inhibition was apparent on the surfaces of both in-
fected and uninfected EC within the KSHV-inoculated culture,
indicating a role for one or more soluble mediators released from
infected EC. Indeed, when uninfected (noninoculated) EC were
conditioned with supernatant from KSHV-inoculated EC, prior
to IFN-vy stimulation, the inhibition of HLA-DR expression seen
on KSHV-inoculated EC was recapitulated. Upregulation of
HLA-DP in response to IFN-y treatment was also inhibited by
KSHV infection, indicating the effect was not restricted to
HLA-DR and was most likely a consequence of modification of
upstream IFN-y signaling processes. Indeed, IFN-y-induced
transactivation of both HLA-DR and CIITA genes was inhibited in
KSHV-inoculated EC, as was the phosphorylation of STAT-1 at
tyrosine residue 701. Using RNAi, we showed that this effect was
attributable to KSHV-induced upregulation of SOCS3, a cyto-
kine-inducible gene product that is a negative regulator of the
JAK/STAT signaling pathway. Thus, we propose that KSHV infec-
tion of EC induces the expression of SOCS3, as we and others have
previously described (9, 43), which inhibits early components of
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the IFN-y signaling pathway and the subsequent upregulation of
MHC-II gene expression.

Importantly, EC presentation of epitope peptide to an
MHC-II-matched antigen-specific human CD4" T-lympho-
cyte clone was impaired by KSHV, demonstrating a functional
consequence of the inhibition of EC MHC-II expression. To
our knowledge, this is the first report of the ability of KSHV to
inhibit IFN-vy induction of EC MHC-II, identifying a new viral
immune evasion strategy. In addition, our findings reveal a
potentially more general role for SOCS3 in the regulation of
antigen presentation in inflammation through its ability to
modulate expression of MHC-II.

Previous studies have shown that EC can present antigen to
both CD8* and CD4™ T lymphocytes in vitro and in vivo (19, 35).
Given the importance of CD4" T lymphocytes to the immune
system for the initiation and regulation of adaptive immunity and
as direct cytotoxic effectors, the expression of MHC-II on EC, the
predominant cell type in KS lesions (32), should be an important
component of the host anti-KSHV response. Resting EC do not
constitutively express MHC-II. However, in agreement with oth-
ers (25), we observed an increase in expression 72 h after treat-
ment with IFN-v, a cytokine that is present in KS lesions (27). This
expression was attenuated when EC were inoculated with KSHV
24 h prior to IFN-y treatment. Modulation of MHC-II expression
by KSHV would provide a selective advantage to the virus, by
repressing CD4 " T-lymphocyte function in terms of both direct
cytolytic activity and the regulation of adaptive responses.

Schmidt et al. (36) recently reported that the KSHV protein
VIRF-3 could inhibit the constitutive expression of MHC-II on
PEL cells, through inhibition of CIITA. However, in the present
study the inhibition of MHC-II expression was similar on both
GFP-positive and GFP-negative EC within the KSHV-inoculated
cell population and could be attributed to the action of a soluble
mediator. Thus, it is unlikely that vIRF-3 or any other viral protein
was directly and exclusively responsible for the entire HLA-DR
downregulation observed in the present study.

The KSHYV proteins K3 and K5 can induce IFNyR ubiquitina-
tion, endocytosis, and degradation, thus depleting its cell surface
expression (21). In the present study, IFNyR expression was not
downregulated in the entire KSHV-infected culture but IFN-vy
signaling was inhibited in both KSHV-infected and uninfected
EC. These data are inconsistent with K3 and K5 being responsible
for the downregulation of MHC-II from the surfaces of KSHV-
infected EC cultures.

The SOCS family consists of eight structurally related proteins
that attenuate signaling by blocking JAK tyrosine kinase activity or
STAT activation and are typically induced by different cytokines
and other stimuli (49). SOCS3 was recognized as one of the most
highly and consistently upregulated EC genes following KSHV
infection (43). In the present study and our previous work (9),
SOCS3 was expressed at very low levels in untreated EC and sig-
nificantly upregulated upon either KSHV inoculation or treat-
ment with supernatant from KSHV-inoculated EC. Our data in-
dicate KSHV infection per se induces STAT-1 phosphorylation. A
previous report showed such effects can be mediated by KSHV
VvFLIP (3). However, the entire increase in STAT1 phosphoryla-
tion in our system could not be attributed to vFLIP alone, since
increased levels were seen in both GFP-positive and -negative
cells. Here, our data are commensurate with KSHV-induced
SOCS3 either inhibiting or delaying STAT-1 phosphorylation af-
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ter IFN-+y stimulation. Furthermore, they are consistent with pre-
vious studies reporting that stable overexpression of SOCS3 in-
hibited tyrosine phosphorylation of STAT-1 in response to IFN-vy
in HeLa and MCF-7 cell lines (38) and that transfection of SOCS3
into macrophages inhibited the transcriptional response to IFN-vy
by reducing JAK1 activation (42). Our studies reveal that hIL-6
can contribute to HLA-DR downregulation, since precondition-
ing EC with this cytokine reduced IFN-vy-induced EC expression
of this antigen. The mechanism is presumably through the induc-
tion of SOCS3, as we showed previously (9). However, the func-
tion-neutralizing antibody to hIL-6 did not rescue HLA-DR ex-
pression in IFN-y-treated KSHV-EC. Therefore, other factors
acting in concert with this cytokine may downregulate HLA-DR.
In addition, very high local intercellular concentrations of hIL-6
produced by infected cells may contribute to this activity.

SOCS3 upregulation is also a consequence of infection with
viruses, including other members of the Herpesviridae, such as
HSV-1 (48) and EBV (22), as well as influenza virus A (31). These
findings suggest a more widespread role for SOCS3, and possibly
other SOCS proteins, in viral pathogenesis. Our study is the first to
link virus-induced SOCS3 expression to the inhibition of signal-
ing elements necessary for the induction of MHC-II expression
and the potential consequences for immune surveillance and viral
clearance. This mechanism may explain the inhibition in IFN-y-
induced MHC-II expression described following infection of EC
by other herpesviruses, such as CMV (26, 37) and varicella-zoster
virus (1).

We highlight here the role of paracrine signaling in viral im-
mune evasion mechanisms. This signaling process is likely to play
a key role in KSHV immune modulation in KS lesions. Since cell
surface MHC-II molecules present antigenic peptides that can be
recognized by CD4" T lymphocytes, inhibition of MHC-II ex-
pression in the KS lesion would provide a survival advantage to
both the virus and the transformed EC in which it resides. In
summary, we demonstrated here not only a previously unrecog-
nized immunomodulatory strategy of KSHV in EC but also sug-
gest a role for SOCS3 in the regulation of antigen presentation.
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