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ABSTRACT Kaposi’s sarcoma (KS) is an unusual neoplasia wherein the tumor consists primarily of endothelial cells infected with
human herpesvirus 8 (HHV-8; Kaposi’s sarcoma-associated herpesvirus) that are not fully transformed but are instead driven to
excess proliferation by inflammatory and angiogenic factors. This oncogenic process has been postulated but unproven to de-
pend on a paracrine effect of an abnormal excess of host cytokines and chemokines produced by HHV-8-infected B lymphocytes.
Using newly developed measures for intracellular detection of lytic cycle proteins and expression of cytokines and chemokines,
we show that HHV-8 targets a range of naive B cell, IgM memory B cell, and plasma cell-like populations for infection and induc-
tion of interleukin-6, tumor necrosis factor alpha, macrophage inhibitory protein 1�, macrophage inhibitory protein 1�, and
interleukin-8 in vitro and in the blood of HHV-8/HIV-1-coinfected subjects with KS. These B cell lineage subsets that support
HHV-8 infection are highly polyfunctional, producing combinations of 2 to 5 of these cytokines and chemokines, with greater
numbers in the blood of subjects with KS than in those without KS. Our study provides a new paradigm of B cell polyfunctional-
ity and supports a key role for B cell-derived cytokines and chemokines produced during HHV-8 infection in the development of
KS.

IMPORTANCE Kaposi’s sarcoma (KS) is the most common cancer in HIV-1-infected persons and is caused by one of only 7 human
cancer viruses, i.e., human herpesvirus 8 (HHV-8). It is unclear how this virus causes neoplastic transformation. Development
and outgrowth of endothelial cell lesions characteristic of KS are hypothesized to be dependent on virus replication and multiple
immune mediators produced by the KS cells and inflammatory cells, yet the roles of these viral and cell factors have not been
defined. The present study advances our understanding of KS in that it supports a central role for HHV-8 infection of B cells in-
ducing multiple cytokines and chemokines that can drive development of the cancer. Notably, HIV-1-infected individuals who
developed KS had greater numbers of such HHV-8-infected, polyfunctional B cells across a range of B cell phenotypic lineages
than did HHV-8-infected persons without KS. This intriguing production of polyfunctional immune mediators by B cells serves
as a new paradigm for B cell function and classification.

Received 30 April 2014 Accepted 25 July 2014 Published 2 September 2014

Citation Knowlton ER, Rappocciolo G, Piazza P, Lepone LM, Nadgir SV, Bullotta A, Berendam SJ, Li J, Reinhart TA, Jenkins FJ, Rinaldo CR. 2014. Human herpesvirus 8 induces
polyfunctional B lymphocytes that drive Kaposi’s sarcoma. mBio 5(5):e01277-14. doi:10.1128/mBio.01277-14.

Editor Vincent Racaniello, Columbia University College of Physicians & Surgeons

Copyright © 2014 Knowlton et al. This is an open-access article distributed under the terms of the Creative Commons Attribution-Noncommercial-ShareAlike 3.0 Unported
license, which permits unrestricted noncommercial use, distribution, and reproduction in any medium, provided the original author and source are credited.

Address correspondence to Charles R. Rinaldo, rinaldo@pitt.edu.

Human herpesvirus 8 (HHV-8, also termed Kaposi’s sarcoma-
associated herpesvirus) is the etiologic agent of Kaposi’s sar-

coma (KS) (1). How this herpesvirus causes KS is not clear. KS
tumor cells are primarily of endothelial cell origin. Although
HHV-8 infection of endothelial cells is necessary for development
of KS, it is insufficient to drive the formation of KS lesions, and
these cells are not fully transformed (2). Extensive studies suggest
that this oncogenic process involves HHV-8 latency oncoproteins
and microRNAs that cause cell proliferation and prevent apopto-
sis (3). Accumulating evidence, however, has incriminated lytic
HHV-8 infection in driving HHV-8-associated cancers (4), with
persistent latent HHV-8 infection being associated with ongoing
lytic virus replication (5–7). Several HHV-8 lytic proteins with
homology to human proteins are thought to contribute to endo-
thelial cell survival and proliferation by mimicking host proteins

that regulate the cell cycle as well as having immunomodulatory
effects that favor virus replication. An unsolved enigma of KS is
that HHV-8 latency and lytic cycle encoded factors, while unique
among human oncogenic viruses, are insufficient to cause the can-
cer.

An emerging hypothesis is that KS is a paracrine neoplasia in
which HHV-8-infected endothelial cells depend on an abnormal
excess of host cytokines and chemokines for their outgrowth (2).
We propose that B lymphocytes contribute to this process. Early
studies found HHV-8 DNA associated with circulating B cells in
patients with KS (2, 8). HHV-8-infected B cells are present in a
large percentage of KS lesions (9). HHV-8 replicates in B cells in
vitro, requiring preactivation of the cells with CD40 ligand
(CD40L) and interleukin 4 (IL-4) (10), which are surrogates for
CD4� T helper cells (11). There is no information, however, on
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HHV-8 infection in relation to the cytokine and chemokine re-
sponse of B cells in development of KS.

We assessed HHV-8 infection and production of cytokines and
chemokines of B lymphocytes. Our results show that naive and
IgM memory B cells, and plasma cell-like populations, support
infection with HHV-8 both in vitro and in the blood of subjects
with KS. Importantly, virus-infected B cells are highly polyfunc-
tional, producing multiple cytokines and chemokines that have
been postulated to enhance endothelial cell outgrowth (2). Our
data support that HHV-8 driven, B cell cytokines and chemokines
are central to the development of KS.

RESULTS
HHV-8 lytic infection induces a cytokine-chemokine response
in B cells. We previously showed that HHV-8 replication in B cells
in vitro requires preactivation of the cells with CD40L and IL-4,
which maintains B cell viability and increases expression of the
HHV-8 receptor dendritic cell-specific intercellular adhesion
molecule-3-grabbing nonintegrin (DC-SIGN) (10). To extend
this model, we developed new quantitative assays for measuring
HHV-8 lytic proteins in purified B cells by flow cytometry, viral
DNA by quantitative real-time PCR, and infectious virus based on
the 50% tissue culture infectious dose (TCID50) (12). We found
that HHV-8 productively replicated in a mean of 8.5% of CD40L-
and IL-4-activated, HHV-8-naive CD19� B cells infected in vitro

by 48 h, as shown by staining with a monoclonal antibody (MAb)
specific for the HHV-8 lytic protein ORF59, processivity factor 8
(PF-8) (Fig. 1A, left panel), which is necessary for processing of
HHV-8 DNA polymerase and viral DNA replication (13). Similar
results were found when a MAb specific for lytic cycle glycopro-
tein K8.1A/B was used (data not shown); this protein is part of the
virion envelope (14), binds to heparan sulfate on cell surfaces (15),
and regulates vascular endothelial growth factor (VEGF) produc-
tion (16). This evidence of HHV-8 replication was supported by
an approximate 0.7-log10 increase in HHV-8 DNA copies/500,000
cells (Fig. 1A, middle panel) and a �3-log10 increase in the TCID50

(Fig. 1A, right panel) by 48 h. Cell viability at 48 h was similar in
HHV-8-exposed and -unexposed cultures, i.e., with average per-
centages of viable B cells of 80% and 83%, respectively (P value not
significant), as determined by trypan blue dye exclusion (data not
shown).

We next determined levels of 16 cytokines, chemokines, and
growth factors that have been related to KS, in B cell supernatants
by cytokine bead array (CBA), i.e., gamma interferon (IFN-�),
IL-1�, -2, -4, -6, -7, -8, -10, and -12, tumor necrosis factor alpha
(TNF-�), monocyte chemoattractant protein 1 (MCP-1),
MIP-1� (or CCL3), MIP-1� (or CCL4), the regulated on activa-
tion, normal T cell expressed and secreted protein (RANTES, or
CCL5), IFN-inducible protein 10, and VEGF (data not shown). As
expected, B cell activation with CD40L and IL-4 and without ex-

FIG 1 HHV-8 lytic infection in vitro and induction of a cytokine-chemokine response in B cells. (A, left panel) CD40L- and IL-4 activated, HHV-8-naive CD19�

B cells were infected in vitro for 48 h and assessed for intracellular expression of HHV-8 ORF59 PF-8. (Middle panel) HHV-8 DNA copies were determined in
cell pellets over 48 h. (Right panel) The TCID50 in HHV-8-exposed B cell culture supernatants was determined (values are means � SE; n � 4). (B) Supernatants
from B cells either unexposed or exposed to HHV-8 were collected at 3, 24, and 48 h and used in a CBA to determine cytokine-chemokine production (values are
means � SE; n � 18). *, P � 0.05, Student’s t test. (C) RNA was extracted from B cells left unexposed or exposed to HHV-8 and hybridized to Illumina HT-12
v4 microchips (values are means � SE of duplicate slides). Bars represent the fold increases in RNA extracted at the indicated times postinfection.
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posure to HHV-8 in vitro resulted in production of these 16 cyto-
kines, chemokines, and growth factors (data not shown). In mul-
tiple experiments, however, we found significant levels of IL-6,
TNF-�, MIP-1�, MIP-1�, and IL-8 during 48 h of virus exposure
above those in the non-HHV-8-exposed, activated B cell cultures
(Fig. 1B). This was confirmed in a transcriptome microarray in
which �2-fold increases in mRNA were detected for IL-6, TNF-�,
MIP-1�, CCL3-like (CCL3L), and CCL4L in virus-exposed com-
pared to unexposed B cells at 3, 4, 6, 9, 15, and 27 h post-HHV-8
exposure (Fig. 1C).

Collectively, these results extend our previous finding (10) that
a subset of approximately 8.5% of activated B cells from healthy,
HHV-8-seronegative adults replicates HHV-8 in vitro and dem-
onstrate a selective cytokine and chemokine response (IL-6,
TNF-�, MIP-1�, MIP-1�, and IL-8) that is associated with lytic
cycle viral replication.

HHV-8-infected B cells are polyfunctional. We defined the
intracellular pattern of cytokines and chemokines produced in B
cells also expressing viral ORF59 PF-8 and compared the pattern
to that of B cells not supporting HHV-8 infection in the same
cultures by using multiparameter flow cytometry (see Fig. S1 in
the supplemental material). We first determined that the propor-
tion of cytokines and chemokines produced on a single-cell basis
was not significantly different between the bulk cultures of unex-
posed and virus-exposed B cells (Fig. 2A, upper row of pie charts).
We therefore examined cytokines and chemokines produced
within the 8.5% of HHV-8-exposed B cells that supported HHV-8
infection, i.e., expressed virus lytic protein ORF59 PF-8 at 48 h,
compared to B cells in the same cultures that were not replicating
virus, i.e., negative for these viral proteins (Fig. 2A, middle row,
black and gray pie sections, respectively). The results indicated
that, although not significantly different by SPICE analysis, HHV-
8-infected B cells were more polyfunctional than virus-exposed B
cells that were not infected with HHV-8, i.e., more of the ORF59
PF-8-positive B cells produced 3, 4, and 5 cytokines and chemo-
kines than HHV-8-exposed, ORF59 PF-8-negative B cells
(Fig. 2A, middle row; note the larger orange, yellow, and red sec-
tions in the pie charts for ORF59-positive than ORF59-negative B
cells). For example, approximately 40% of virus-infected, ORF59
PF-8-positive B cells produced 4 to 5 mediators, compared to 4%
of uninfected B cells. Conversely, �1% of uninfected B cells in the
virus-exposed cultures produced all 5 cytokines and chemokines,
with a large portion being monofunctional (28%) or not produc-
ing any cytokines and chemokines (20%). These intracellular data
for the virus-exposed, total CD19� B cell population support that
B cells expressing HHV-8 lytic proteins in vitro are polyfunctional,
whereas uninfected, virus-exposed B cells have less polyfunction-
ality.

HHV-8 targets naive B cells, IgM memory B cells, and plasma
cell-like subsets for infection and induction of polyfunctional
responses in vitro. We hypothesized that a more distinct differ-
ential in cytokine and chemokine production induced by HHV-8
could be revealed at the level of B cell lineage subsets than was
evident in the total CD19� B cell population. For this, initial flow
cytometry panels included IgM and IgD heavy chains to represent
non-isotype-switched cells, as well as the IgG heavy chain to rep-
resent class-switched isotypes. Since we did not observe significant
differences in the number of CD19� B cells expressing either
ORF59 PF-8 or K8.1A/B (data not shown), we only used MAb
specific for ORF59 PF-8 in these and all further flow cytometry

experiments. As ORF59 PF-8 expression was not detected in class-
switched B cells (data not shown), further assessment of cellular
IgG was not included in this study. B cell subsets were classified as
naive (CD19� CD20� IgM� IgD� CD27� CD138�), IgM memory
(CD19� CD20� IgM� IgD� CD27� CD138�) and plasma cell-
like (CD138� CD20� CD38�) (17, 18) (see Fig. S2 in the supple-
mental material). We found that at 24 h, HHV-8-infected, ORF59
PF-8-expressing B cells consisted of 74% naive, 14% IgM mem-
ory, �5% plasma cell-like subsets, and 7% other phenotypes (data
not shown). By 72 h, these infected subsets were 54%, 21%, 7%,
and 18%, respectively. There was, however, a similar shift in B cell
subsets in the ORF59 PF-8-negative cells in these virus-exposed
cultures. Furthermore, a higher proportion of naive and plasma-
like cells within the ORF59� population expressed DC-SIGN than
did ORF59� cells (data not shown).

This analysis revealed that HHV-8 infection of all 3 lineage
subsets, i.e., naive B cells, IgM memory B cells, and plasma cell-like
cells, induced significantly more polyfunctionality than that in
virus-exposed but uninfected B cells in the same cultures. This is
visually apparent based on the increase in the size of the red (3
functions), yellow (4 functions), and orange (5 functions) sections
of the pie charts and decreases in the green (2 functions), blue (1
function), and white (0 functions) sections in Fig. 2A (HHV-8-
exposed cultures, bottom row, ORF59 positive compared to
ORF59 negative). Individual patterns of cytokine and chemokine
polyfunctional data are shown in Fig. 2B. An increase in a shift to
the left of predominant black bars is notable for naive and IgM
memory B cell and plasma cell-like subsets. Of the HHV-8-
infected cells, 35 to 41% produced at least 3 cytokines and chemo-
kines, compared to 1.0 to 9.1% of uninfected cells (P � 0.01).

Thus, analysis of B cell lineage phenotypes revealed that
HHV-8 targets naive and IgM memory B cells and plasma cell-like
subsets for infection in vitro. Each of these B cell subsets expressed
a variety of combinations of cytokines and chemokines that were
greater than those produced by HHV-8-exposed, uninfected B cell
subsets.

Circulating serum and B cell-associated cytokines and
chemokines are enhanced in subjects with KS. We next investi-
gated the role of virus replication and production of cytokines and
chemokines in KS based on our in vitro B cell model. We examined
archived serum or plasma and peripheral blood mononuclear cells
(PBMC) from participants in the Multicenter AIDS Cohort Study
(MACS) who were coinfected with HIV-1 and HHV-8 for similar
time periods prior to the advent of effective combination antiret-
roviral therapy and who did (KS positives) or did not (KS nega-
tives) develop KS (Table 1). Asymptomatic, HHV-8 antibody-
positive, HIV-1-negative MACS subjects served as healthy
controls. As expected (19, 20), KS positives had lower CD3� and
CD4� T cell counts and higher plasma HIV-1 and HHV-8 viral
loads than KS negatives and healthy controls. HHV-8 DNA was
detected in plasma of 61% of KS positives, 23% of KS negatives,
and 0% of HHV-8-seropositive, HIV-1-negative healthy controls.

Analysis of serum collected within 1 year prior to KS diagnosis
showed that levels of TNF-�, MIP-1�, and IL-8 were nearly 2-fold
higher in KS positives than KS negatives (P � 0.01, 0.03, and 0.02,
respectively) (Fig. 3). There was a trend for increased MIP-1� and
decreased IL-6 levels in KS positives compared to KS negatives (P
� not significant). Collectively, these data showed that systemic
levels of IL-8, TNF-�, MIP-1�, and MIP-1�, but not IL-6, were
increased within a year prior to KS diagnosis.
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FIG 2 HHV-8 targets naive and IgM memory B cells and plasma cell-like subsets for lytic infection and induction of polyfunctional responses in vitro. (A, top
row) Cytokine and chemokine responses were assessed at 48 h in unexposed and HHV-8-exposed B cells that were derived from HHV-8-naive, CD19� B cells
activated with CD40L and IL-4 by intracellular staining of ORF59 PF-8 and 5 cytokines and chemokines by polychromatic flow cytometry. The colored pie charts
show the relative production of 0 to 5 cytokines and chemokines in HHV-8-unexposed (left) and -exposed (right) B cell cultures. (Middle row) Further gating
was done on the virus-exposed B cell cultures to distinguish infected from uninfected cells. The black and gray pie chart indicates the proportion of infected
ORF59 PF-8pos (black) and uninfected ORF59 PF-8neg (gray) B cells. The colored pie charts display the proportion of uninfected (left) and infected (right) B cells
within the virus-exposed cultures that expressed 0 to 5 cytokines and chemokines. (Bottom row) Production of cytokines and chemokines in B cell lineage
phenotypes: naive (CD19� CD20� IgM� IgD� CD27� CD138�), IgM memory (CD19� CD20� IgM� IgD� CD27� CD138�), and plasma cell-like (CD138�

CD20� CD38�) subsets within the ORF59 PF-8neg (left charts) and ORF59 PF-8pos (right charts). (B) HHV-8-exposed B cells were stained for phenotypic
markers, ORF59 PF-8, and intracellular cytokines at 48 h. Cytokine and chemokine production was determined for naive, IgM memory, and plasma cell-like
populations among ORF59 PF-8neg and ORF59 PF-8pos cells. Values are means � SE; n � 4. SPICE was used to derive P values. Fig. 2B: *, P � 0.05 comparing
HHV-8 exposed ORF59 negative to HHV-8 exposed ORF59 positive.
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To examine these factors at the cellular level in blood, HHV-8
infection was directly assessed within circulating, purified CD19�

B cells in KS positives and KS negatives (Table 2). Overall, KS
positives displayed 32-fold more HHV-8 DNA in their B cells than
KS negatives, although HHV-8 DNA was not detected in B cells

from every KS-positive patient studied. By the same token, one
donor in the KS-negative group had detectable HHV-8 DNA in
his B cells. Furthermore, a mean of 2.3% of B cells expressed
ORF59 PF-8 among KS positives, compared to 0.64% in KS neg-
atives, confirming that KS positives had the greatest percentage of
infected, circulating B cells.

To determine whether B cells infected with HHV-8 in vivo were
a source of cytokines and chemokines, we examined purified
CD19� B cells directly without in vitro culture for cytokine and
chemokine mRNA by real-time reverse transcription-PCR (RT-
PCR). These B cells were obtained from HIV-1/HHV-8-
coinfected patients that either did or did not develop KS and were
not superinfected with HHV-8 in vitro. We found a consistent
gradation in the levels of the 5 cytokine and chemokine mRNAs
from the lowest amounts expressed in B cells from HHV8�

HIV-1� controls, to higher levels in HHV8� HIV-1� KS negatives,
to the highest levels in the HHV8� HIV-1� KS positives (Fig. 4),
although these differences were not statistically significant by a
one-way analysis of variance (ANOVA). The latter group also had
the greatest increases, of 4.1-, 3.6-, and 3.1-fold, in MIP-1�, MIP-
1�, and IL-8, respectively, compared to KS negatives.

Direct analysis of purified B cells from the blood of HHV-8-

TABLE 1 T cell counts and viral loads in KS-positive and KS-negative study subjectsa

Study group
Study visit
age (yrs)

Median (range) time of visit
in relation to KS diagnosis

T cell counts Plasma viral load

CD3 CD4 CD8 HHV-8 HIV-1

HHV-8� HIV-1� healthy
controls (n � 7)

54 � 6 NAb 1,348 � 198 797 � 113 552 � 102 0 0

HHV-8� HIV-1� KS
negatives (n � 13)

39 � 2 NA 1,529 � 79 543 � 39 957 � 62 1,050 � 803
(3/13)

61,846 � 35,577

HHV-8� HIV-1� KS
positives (n � 13)

40 � 2 4.5 mos prior (18 mos prior
to 3 mos after)

1,111 � 180 180 � 38 881 � 134 2,333 � 1,938
(8/13)

187,442 � 32,142

P value NSc NA 0.03 3.9 � 10�7 NS NS 0.007
a Each visit corresponds to a MACS clinic visit when blood was collected and used for this study. Although some samples included time points after KS diagnosis, these subjects
were not receiving treatment for KS. P values were determined by a paired t test between KS positives and KS negatives. For HHV-8 plasma viral loads, the numbers of positive
donors per donors tested are given in parentheses.
b NA, not applicable.
c NS, not significant.

FIG 3 Levels of serum cytokines and chemokines are enhanced in KS. Con-
centrations of IL-6, TNF-�, MIP-1�, MIP-1�, and IL-8 were determined in
serum from 7 HIV-1�/HHV-8� healthy controls, 13 HIV-1�/HHV-8� KS
negatives, and 13 HIV-1�/HHV-8� KS positives. Each symbol represents an
individual; red horizontal lines are the means.

TABLE 2 Viral loads and protein expression in KS-negative and KS-positive study subjectsa

Study group Subject no.
Plasma HHV-8 viral
load (copies/ml)

B cell HHV-8 viral load
(copies/500,000 cells)

% ORF59 PF-8�

B cellsa

Plasma HIV-1 viral
load (copies/ml)

HHV-8� HIV� KS negatives
(KS controls)

1 0 0 0.37 300
2 0 NDb 0.11 22,810
3 10,154 0 0.94 24,409
4 0 6,835 1.00 891,846
5 0 ND 0.90 593
6 0 0 0.60 34,227
7 0 0 0.64 19,552

Mean � SE 2,038 � 2,038 1,367 � 1,367 0.65 � 0.12 141,962 � 125,819

HHV-8� HIV� KS positives 8 25,447 183,307 3.60 243,333
9 4,779 ND 2.10 144,161
10 0 0 1.75 87,037
11 0 20,884 2.10 69,444
12 1,009 ND 2.85 68,585
13 0 0 1.28 89,909
14 0 14,914 2.44 12,090

Mean 4,462 � 3,567 43,821 � 35,208 2.3 � 0.28 102,080 � 27,934
a The flow cytometry percentages were normalized to the isotype controls of each experiment.
b ND, not done.
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infected subjects for 31 combinations of intracellular cytokine and
chemokines by flow cytometry showed that more ORF59 PF-8-
positive B cells from both the KS negatives and KS positives ex-
pressed 2 to 5 cytokines and chemokines than ORF59 PF-8-
negative B cells, i.e., mean percentages (� standard errors [SE])
for KS negatives of 15.4% � 4.5% compared to 1.3% � 0.9% (P �
0.02), and in KS positives 17.2% � 4.5% compared to 7.2% �
5.8% (P � 0.01) (Fig. 5A, red, yellow and orange pieces, respec-
tively, in ORF59 PF-8-positive compared to ORF59 PF-8-negative
B cells). Lower numbers of ORF59 PF-8-negative B cells express-
ing each combination of 2 to 5 cytokines and chemokines for both
the KS-negative and KS-positive groups are evident in Fig. 5B,
compared to results for ORF59 PF-8-positive B cells in Fig. 5C.

These data support that HHV-8-infected, CD19� B cells from
both HHV-8� HIV-1� individuals who did or did not develop KS
had greater polyfunctionality than uninfected B cells.

HHV-8 infection is detected in highly polyfunctional naive
and memory B cells and plasma cell-like subsets in subjects with
KS. Based on our in vitro findings, we postulated that HHV-8
induced greater production of cytokines and chemokines in lin-
eage subsets of B cells in the blood of KS positives than KS nega-
tives. Initial analysis of intracellular cytokine and chemokine pro-
duction showed that HHV-8-infected cells among the IgM
memory and plasma cell-like B cell lineage subsets were signifi-
cantly more polyfunctional than HHV-8-uninfected cells in both
KS-negative and KS-positive subjects (Fig. 6A, P values above pie
charts). This was visually evident from the greater size of the or-
ange (5 functions), yellow (4 functions), and red (3 functions)
sections in the pie charts for ORF59 PF-8-positive versus ORF59
PF-8-negative subjects in Fig. 6A. Importantly, the 3 HHV-8-
infected B cell subsets in the blood of the KS positives were more
polyfunctional than those of the KS negatives (Fig. 6A, P values
below pie charts).

Notably, HHV-8-infected (ORF59 PF-8-positive) IgM mem-
ory B cells and plasma cell-like subsets had the greatest polyfunc-
tionality, with 3, 4, and 5 combinations in both the KS positives
and KS negatives (Fig. 6B). In sum, 61% to 88% of infected B cell
subsets among KS positives were polyfunctional, compared to
46% to 75% of KS negatives (P � 0.01). In contrast, uninfected
cells were more monofunctional in both KS positives and KS neg-
atives. Furthermore, a higher percentage of naive, IgM memory,
and plasma-like cells derived from KS-positive subjects expressed

DC-SIGN than did cells obtained from KS-negative subjects (data
not shown).

These data provide evidence that HHV-8 infection drives pro-
duction of multiple cytokines and chemokines as revealed by anal-
ysis of B cell lineage subsets circulating in HHV-8� HIV-1� sub-
jects with and without KS. Greater polyfunctional responses were
found among the more-differentiated, IgM memory B cells and
plasma cell-like subsets in the blood of subjects who developed KS.

DISCUSSION

B lymphocytes infected with HHV-8 are a potential source of in-
fectious virus as well as inflammatory cytokines and chemokines
that drive the oncogenic process of KS, yet little direct evidence
exists to support this hypothesis. Here we have extended our pre-
vious results (10) to show that approximately 8.5% of CD19� B
cells derived from the blood of healthy HHV-8-seronegative
adults support lytic replication of HHV-8 by demonstrating con-
sistent increases in HHV-8 DNA, ORF59 PF-8 expression, and
infectious virion production after in vitro infection. Virus replica-
tion requires preactivation of the B cells with CD40L and IL-4,
surrogates of CD4� T helper cells, and subsequent expression of
the HHV-8 receptor DC-SIGN (10). Importantly, our new in vitro
findings implicate less-differentiated naive and IgM memory B
cells as predominant targets during 72 h of HHV-8 infection. This
fits with classic, HIV-1-negative KS, where the preimmune/natu-
ral effector B cell compartment, including marginal zone-like
memory and naive B cells, is expanded compared to healthy con-
trols (21). Expansion of such B cell populations would provide
targets for initial HHV-8 infection and lytic cycle replication. We
also noted infection of plasma cell-like subsets during in vitro
HHV-8 infection. It is not yet clear if there is a transition in
HHV-8 infection from less-differentiated naive to memory B cells
and finally to plasma cell-like subsets.

A similar yet distinct pattern of HHV-8 infection of B cells was
evident in vivo in relation to KS. Using new flow cytometry meth-
ods to delineate infected B cells based on expression of ORF59
PF-8 directly in archived MACS samples, we found that B cells of
KS positives had a higher percentage of viral lytic protein expres-
sion than KS negatives, i.e., approximately 2.3% and 0.64%, re-
spectively. Expression of ORF59 PF-8 is a reliable marker of
HHV-8 infection, having previously been observed in lymph node
B cells of multicentric Castleman’s disease patients and KS tissue
biopsy specimens (6). Interestingly, HHV-8 DNA was detected in
B cells from the 3 of 5 KS positives and 1 of 5 KS negatives, sup-
porting a greater presence of circulating, B cell-associated virus in
KS positives. Two of the 5 KS positives displayed minimal expres-
sion of ORF59 PF-8 by flow cytometry, with undetectable levels of
plasma or B cell-associated HHV-8 DNA. These data are consis-
tent with those of earlier studies in which there was a range of
HHV-8 DNA in the blood prior to development of KS (22) and
detection in PBMC of only 50% of individuals with KS, compared
0 to 10% without KS (23). As detection of HHV-8 DNA is depen-
dent on the number of PBMC used for DNA extraction (24), in-
fected B cells with lower HHV-8 copy numbers could generate a
negative PCR signal, while transcription/translation of the ge-
nome results in sufficient copies of ORF59 PF-8 for detection by
flow cytometry.

Analysis of HHV-8 infection in subjects with KS provided ev-
idence that virus infection was present in a more differentiated B
cell, as 60% of the infected cells expressed the CD138� plasma cell

FIG 4 Levels of B cell cytokine and chemokine mRNA. RNA was extracted
from purified CD19� B cells of 2 healthy controls, 3 KS negatives, and 4 KS
positives and used in a real-time RT-PCR assay to measure the expression
levels of the indicated cytokine mRNAs relative to an endogenous control
gene, the gene for �-glucuronidase. Data shown in the graphs were calculated
as means � SE. One-way ANOVA was used for statistical analysis, and no
significant differences were observed among groups.
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marker among KS positives. This is consistent with plasmablast
gene expression profiles in HHV-8-associated, primary effusion
lymphoma (25, 26). This supports that the virus drives plasma cell
differentiation, as terminal B cell differentiation is associated with
viral reactivation (27). Furthermore, our data suggest that HHV-8
coinfection could be a contributing factor in HIV-1-infected in-
dividuals who exhibit abnormal proportions of transitional im-
mature, activated mature B cells and plasmablasts (28). Our com-
bined in vitro and in vivo results expand on in vitro evidence that
latent HHV-8 infection is detected in plasmablasts expressing the

IgM heavy and lambda light chains (29). Collectively, these results
support the hypothesis that B lymphocytes serve as a reservoir for
HHV-8 lytic replication and/or latent reactivation. Although it
has been demonstrated that plasma viral load, and not PBMC viral
load, correlates with KS progression (30), B cell viral load and lytic
protein expression together could serve as more sensitive prog-
nostic factors for KS. We also need to determine if different sub-
sets of B cells are targeted by HHV-8 in lymphoid compartments
than in blood, similar to Epstein-Barr virus (31, 32), and also their
relationships to KS.

FIG 5 HHV-8-infected, polyfunctional B cells detected in individuals with and without KS. (A) CD19� B cells were stained for ORF59 PF-8 and IL-6, TNF-�,
MIP-1�, MIP-1�, and IL-8. Percentages of B cells expressing 0 to 5 cytokines and chemokines and that were ORF59 PF-8� or ORF59 PF-8� in 7 HHV-8� HIV-1�

KS negatives (colored pies, top left) and 7 HHV-8� HIV-1� KS positives (colored pies, top right) are shown. (B) Percentages of B cells expressing different
combinations of cytokines and chemokines within the ORF59 PF-8neg population of the study subjects (values are means � SE; n � 7 HHV-8� HIV-1� KS
negatives and 7 HHV-8� HIV-1� KS positives). (C) Percentages of B cells expressing different combinations of cytokines and chemokines within the ORF59
PF-8pos population of the 2 groups of subjects. Values are means � SE. SPICE was used to derive P values. Fig. 5B: *, P � 0.05.
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FIG 6 HHV-8 targets naive and IgM memory B cells and plasma cell-like subsets for infection and induction of polyfunctional responses in KS positives and
KS negatives. (A) HHV-8� HIV-1� KS negatives (top left) and HHV-8� HIV-1� KS positives (top right) were analyzed for ORF59 PF-8neg and ORF59 PF-8pos

cells. Gates for B cells were used to derive naive and IgM memory B cell and plasma cell-like populations based on phenotypic markers and ORF59 PF-8
expression, as defined for Fig. 2. (B) HHV-8-infected B cells were stained for phenotypic markers, ORF59 PF-8, and intracellular cytokines. Cytokine production
was determined for naive (top panel), IgM memory (middle panel), and plasma cell-like (bottom panel) subsets among ORF59 PF-8neg and ORF59 PF-8pos cells
of the HHV-8� HIV-1� KS negatives and HHV-8� HIV-1� KS positives. Values are means � SE; n � 7 in each group. SPICE was used to derive P values. Fig
6B: *, P � 0.05, where the color of the asterisk corresponds to the color of the KS negative/positive and ORF59 negative/positive group that is significantly
different from the other 3 groups for that combination of cytokines and chemokines.

Knowlton et al.

8 ® mbio.asm.org September/October 2014 Volume 5 Issue 5 e01277-14

mbio.asm.org


Examination of the cytokines and chemokines produced by B
cells infected with HHV-8 revealed multiple characteristics that
could be important in HHV-8 pathogenesis and oncogenesis.
When we analyzed this initially in our in vitro model, we found
that among 16 cytokines and chemokines examined, HHV-8 in-
fection of B cells induced the greatest amounts of mRNA and
protein for 2 cytokines (IL-6 and TNF-�) and 3 chemokines
(MIP-1�, MIP-1�, and IL-8). Within HHV-8-exposed B cell cul-
tures, B cells supporting HHV-8 lytic infection exhibited the most
significant polyfunctionality, i.e., concurrent production of 2 to 5
cytokines and chemokines, compared to both virus-negative B
cells in HHV-8-exposed cultures and CD40L/IL-4-activated, un-
infected B cell control cultures. In sum, these in vitro results indi-
cate that actively replicating HHV-8 induces the highest levels and
polyfunctionality of cytokines and chemokines in B cells over a
background of that induced by the CD4� T cell surrogates CD40L
and IL-4.

Using this comprehensive approach that we developed in vitro,
we were able for the first time to directly assess clinical correlates of
HHV-8 infection and production of cytokines and chemokines in
B cells of subjects who developed KS. We found enhanced mRNA
expression for all of the cytokines and chemokines in circulating B
cells of KS-positive compared to KS-negative subjects. Moreover,
the proportion of infected cells among the KS positives was 2-fold
higher than in KS negatives and was linked to a higher quantity of
polyfunctional cytokine- and chemokine-producing B cells. No-
tably, a small portion of HHV-8-uninfected B cells among HIV-
1-coinfected subjects was polyfunctional, an effect possibly due to
activation by HIV-1 (28). Since the underlying HIV-1 effect on
B cell activation is present in both KS-negative and KS-positive
donors, we can postulate that the differences in B cell polyfunc-
tionality are due to an HHV-8 effect. In addition to this overabun-
dance of B cell activation, HHV-8 interactions with other profes-
sional antigen-presenting cells, including myeloid (33) and
plasmacytoid (34) dendritic cells and monocytes/macrophages
(35), as well as HHV-8 homologues of cellular cytokines, chemo-
kines, and growth factors (2), could contribute to a systemic as
well as localized cytokine and chemokine milieu that drives endo-
thelial cell outgrowth in KS.

We present here a new paradigm of B cell biology wherein B
cell subsets produce multiple cytokines and chemokines that me-
diate a variety of functions. Memory B cells have been shown to
produce more IL-6, TNF-�, MIP-1�, and MIP-1� than naive B
cells, which produce greater amounts of IL-10 (36, 37). However,
little is known about the functional role of cytokines and chemo-
kines produced by B cells. We propose that the presence of a small
but highly active population of polyfunctional B cells in HHV-8
infection has detrimental rather than beneficial outcomes. HHV-
8-infected B cells produced elevated levels of MIP-1� and -�,
which are chemokines involved in B cell recruitment, activation,
and immunoglobulin production (38, 39). MIP-1� and -� could
increase the activated B cell population most capable of replicating
HHV-8. Enhanced production of the B cell proliferation factor,
IL-6, could also increase targets for HHV-8 replication (40). IL-6
is a proinflammatory cytokine that enhances TNF-�, and these
cytokines together can create a rich inflammatory microenviron-
ment that promotes KS tumor growth and vascularization (41).
Our results indicating that IL-6 serum levels were lower prior to
KS are similar to other reports (42) and imply that B cell-
associated IL-6 production is more closely linked to development

of KS than circulating IL-6 levels. Finally, IL-8 can serve as a ligand
for the HHV-8-encoded viral G protein-coupled receptor (vGPCR),
which after binding results in production of angiogenic factors
VEGF, IL-6, and the chemokine growth-regulated oncogene �, as
well as more IL-8 production (43, 44). As vGPCR expression up-
regulates the promoter for the lytic switch protein, leading to ex-
pression of ORF50 replication transcriptional activator (45), IL-8
could also act as an autocrine or paracrine factor to enhance
HHV-8 replication via vGPCR-signaled enhancement of ORF50.

In conclusion, our study indicates that naive and IgM memory
B cells, and a plasma cell-like population, serve as major targets for
HHV-8 infection. HHV-8 infection of B cells is associated with
production of a cytokine and chemokine milieu that is conducive
to KS oncogenic cell proliferation. We propose that these virus-
infected, polyfunctional B cells play a significant role in HHV-8
replication and dissemination, and also proliferation of the target
cell populations of KS.

MATERIALS AND METHODS
Study participants and samples. This study was approved by the Univer-
sity of Pittsburgh Institutional Review Board, with written informed con-
sent by participants. In vitro studies used adult blood donors who were
HHV-8 antibody negative by an indirect immunofluorescence micros-
copy assay (46). Blood plasma and serum and PBMC were derived from
Pittsburgh MACS men who have sex with men (47), were Caucasian, of
average age 36.6 years (range, 24 to 77 years) at the first visit, and were
chosen based on HIV-1 and HHV-8 infection and development of KS.
HHV-8 viral load was determined by PCR as described below. HIV-1 viral
load was determined using the Roche Ultrasensitive RNA PCR assay
(Hoffman-LaRoche). T cell numbers were determined using flow cytom-
etry (48). The participants were classified into 3 groups of 7 healthy con-
trols (HIV-1� HHV-8�), 13 HIV-1� HHV-8� KS negatives, and 13
HIV-1� HHV-8� KS positives. Blood samples were obtained within
1.5 years of KS diagnosis for KS positives and correspondingly for KS
negatives.

B cells for in vitro studies. PBMC were isolated by Ficoll-Hypaque
density gradient separation. CD19� B cells were collected by negative selec-
tion (B-Cell Isolation kit II; Miltenyi Biotec) and cultured in RPMI 1640
medium (Gibco) with 10% heat-inactivated fetal calf serum (FCS; GemCell).
B cells were activated for 48 h at 37°C in 5% CO2 with 1 �g of trimeric
Mega CD40L (Alexis) and 1,000 U recombinant human IL-4 per ml.

HHV-8 purification and infection of B cells in vitro. HHV-8 was
purified from a BCBL-1 cell line latently infected with HHV-8 (49). Prior
to sucrose cushion ultracentrifugation, supernatants were treated with
1 U/100 �l DNase (Sigma). A total of 1�106 B cells/ml were left unex-
posed or exposed to 107 DNA copies of HHV-8 for 3 h at 37°C. Cells were
washed and centrifuged twice. A total of 1�106 cells/ml were cultured in
RPMI–10% FCS at 37°C.

Soluble cytokine and chemokine detection. Supernatant samples
were collected from unexposed and HHV-8-exposed B cells and screened
for IL-1�, -2, -4, -6, -7, -8, and -10, IL-12p70, IFN-�, TNF-�, IP-10,
MIP-1�, MIP-1�, MCP-1, RANTES, and VEGF by CBA (BD) as per the
manufacturer’s instructions. Samples were read on an LSR II flow cytom-
eter (BD Immunocytometry Systems) and analyzed with FCAP Array
software (BD). Sera were tested in duplicate for biomarkers by using an
electrochemiluminescence Meso Scale Discovery (MSD) multiarray as-
say. Ultrasensitive kits for human IL-6, IL-8, TNF-�, MIP-1�, and
MIP-1� and a human serum kit for VEGF (MSD) were used per the
manufacturer’s instructions (Sector Imager 2400 electrochemilumines-
cence; MSD). These data were analyzed using the Discovery Workbench
(version 3; MSD).

HHV-8 DNA quick real-time RT-PCR. For the in vitro experiments, a
total of 5�105 B cells and 500 �l of culture supernatant were collected
post-HHV-8 exposure, pelleted, and assayed by PCR (50, 51). Samples
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were treated with 1 �l DNase in 10 �l buffer (Sigma) for 15 min and then
lysed in easyMAG buffer (NucliSENS). DNA was extracted with an easy-
MAG automated extractor (bioMérieux). Phocine herpesvirus was added
as an internal control (52). DNA was mixed with a primer set specific for
HHV-8 K8.1 (51), and the real-time PCR was done using a 7000, 7500, or
ViiA7 ABI system (Applied Biosystems). B cells isolated from PBMC ob-
tained from KS cases and controls were treated and tested for HHV-8
DNA as described above.

TCID50 assay. Supernatants collected at 3, 24, and 48 h post-B cell
exposure were used in a TCID50 assay with T1H6-DC-SIGN cells, as de-
scribed previously (12).

Microarray for B cell mRNA. B cells were left unexposed or exposed to
HHV-8 for 3 h, washed, and recultured. A total of 1�106 cells per treat-
ment were collected after the wash (3 h) and at 4, 6, 9, 15, and 27 h
postexposure. Genomic DNA was digested with RNase-free DNase, and
RNA was extracted using an RNeasy minikit (Qiagen). Total concentra-
tions (in ng/�l) were determined by using a NanoDrop 1000 spectropho-
tometer (Thermo Scientific). One microgram of RNA of each sample was
labeled and directly hybridized to Illumina HT-12 v4 microchips by the
University of Pittsburgh Genomics and Proteomics Core Laboratory.
Samples were run in duplicate to determine RNA expression levels.

Intracellular staining and flow cytometry. A total of 1�106 cells were
resuspended in 100 �l phosphate-buffered saline (PBS) per well in a 96
V-bottom well plate. Staining for cytokines and chemokines was per-
formed as previously described (53), except prior to intracellular staining,
cells were treated with Super Blocking buffer (Pierce) for 30 min. Cells
were analyzed on an LSR II or a Fortessa LSR flow cytometer. For HHV-8
viral proteins, cells were stained with anti-K8.1A/B or anti-ORF59 PF-8
MAb conjugated to Alexa Fluor 680 (AF680) by using the Zenon conju-
gation kit (Invitrogen). Purified mouse IgG1 and IgG2B (Sigma) were
conjugated with AF680 and used as isotype gating controls (consistently
gated at approximately 1% background positivity). For B cell subsets, cells
were surface stained with 5 �l of CD19-brilliant violet, CD20-CF594,
CD23-allophycocyanin (APC), CD27–APC-H7, CD38 –peridinin chlo-
rophyll protein (PerCP)-CY5.5, CD138-V450, 10 �l of CD209-
fluorescein isothiocyanate (FITC; R&D Systems), 20 �l of IgM–phyco-
erythrin (PE)-Cy5, and IgD-PE. For combination panels of subsets and
cytokines, cells were stained on the surface for CD19, CD20, and IgM as
described above and 5 �l of CD27–PE-Cy7 and CD138 –PerCP-CY5.5, as
well as intracellularly with 5 �l of MIP-1�–APC-H7, IL-6 –V450, TNF-�–
APC, and MIP-1�–PE and 20 �l of IL-8 –FITC. All antibodies were from
BD unless otherwise noted.

cDNA synthesis and real-time RT-PCR. A two-step RT-PCR assay
was used to measure the levels of expression of host mRNAs as described
elsewhere (54). Gene expression was normalized to the endogenous con-
trol mRNA, �-glucuronidase, and the values presented were calculated
with the formula 2�	CT.

Statistics. We used the paired Student’s t test to compare ORF59 PF-
8pos and ORF59 PF-8neg cells within groups and an ANOVA for compar-
isons between groups. Flow cytometry data were analyzed using FloJo
software (Tree Star). Polyfunctional cytokine and chemokine production
levels were assessed by using SPICE permutation tests and Student’s t test
(version 4.3; M. Roederer, Vaccine Research Center, NIAID, NIH).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org/
lookup/suppl/doi:10.1128/mBio.01277-14/-/DCSupplemental.
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