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SUMMARY

Kaposi’s sarcoma herpesvirus (KSHV) establishes lifelong infection and persists in latently infected B cells.
Paradoxically, in vitro B cell infection is inefficient, and cells rapidly die, suggesting the absence of necessary
factor(s). KSHV epidemiology unexpectedly mirrors that of malaria and certain helminthic infections, while
other herpesviruses are ubiquitous. Elevated circulating monocytes are common in these parasitic infec-
tions. Here, we show that KSHV infection of monocytes or M-CSF-differentiated (M2) macrophages is highly
efficient. Proteomic analyses demonstrate that infection induces macrophage production of B cell chemoat-
tractants and activating factor. We find that KSHV acts with monocytes or M2 macrophages to stimulate B
cell survival, proliferation, and plasmablast differentiation. Further, macrophages drive infected plasma
cell differentiation and long-term viral latency. In Kenya, where KSHV is endemic, we find elevated monocyte
levels in children with malaria. These findings demonstrate a role for mononuclear phagocytes in KSHV B cell
latency and suggest that mononuclear phagocyte abundance may underlie KSHV’s geographic disparity.

INTRODUCTION

Kaposi sarcoma (KS)-associated herpesvirus (KSHV), a
gamma-2 herpesvirus, is the etiologic agent of KS and primary
effusion lymphoma (PEL) and is tightly linked with multicentric
Castleman’s disease (MCD), an aggressive lymphoproliferative
disorder. These disorders are most common in immunocompro-
mised individuals, especially those with AIDS." For unknown rea-
sons, and in contrast to other herpesviruses, which are ubiqui-
tous, KSHV epidemiology’ mirrors that of Plasmodium
falciparum (P. falciparum) malaria and certain helminth infections
as evident from multiple epidemiologic studies.>” KSHV preva-
lence in children is ~63% by age 2 in Kenya, where P. falciparum
is endemic, and risk of infection increases with higher local ma-
laria infection rates.® As a result, seroprevalence is high (~80%)
in sub-Saharan Africa but much lower (~5%) in Western nations
without similar endemic parasitic infections.” Accordingly,
KSHV-associated cancer is among the most common malig-
nancies in sub-Saharan Africa, where it is nearly 100-fold more
frequent than in high-income nations.? KSHV prevalence is
also elevated in men who have sex with men (MSMs) (30%-
60% seroprevalence) in Europe and the US, but the underlying
reasons are also unknown.®""

Similar to other herpesviruses, KSHV infection is lifelong. Dur-
ing latency, KSHV expresses only several of its ~100 open
reading frames (ORFs). The latency-associated nuclear antigen
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(LANA), the predominant viral gene expression product in latent
infection, mediates persistence of the multicopy, episomal
genome.'? In infected individuals, KSHV latently persists in in-
fected B cells."®"* Paradoxically, however, in vitro KSHV infec-
tion of B cells is highly inefficient, and cells are short lived.'>'®
KSHV is capable of infecting multiple cell types in vivo, including
monocytes and macrophages.'®?

MCD infected cells exhibit characteristics of B cell plasma-
blasts, and PEL cells those of plasma cells,”*** suggesting
that these diseases stem from aberrant development at different
stages of infected B cell latency. B cells can differentiate to
plasma cells by two primary pathways. In one pathway, B cells
differentiate to plasmablasts and long-lived plasma cells by pro-
ceeding through a germinal center reaction, in which they un-
dergo somatic hypermutation, thereby producing high-affinity
antibody. Alternatively, B cells can progress through an extra-
follicular pathway to generate plasma cells. In the latter pathway,
somatic hypermutation is typically absent, and low-affinity anti-
bodies are produced.”>*® MCD and KSHYV (alone) infected PEL
cells lack somatic hypermutation, suggesting derivation from
an extra-follicular pathway.?*?”

We now find that KSHV infects mononuclear phagocytes with
high efficiency and that these cells drive latently infected B cell
differentiation to plasmablasts and then long-lived plasma cells.
Elevated circulating monocytes is a clinical feature common to
parasitic infections epidemiologically linked with KSHV, and,
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consistent with these findings, we show that monocytosis oc-
curs in children with symptomatic malaria in Kenya, a KSHV
endemic region. Together, these findings provide a potential
link between increased mononuclear phagocyte burden and
KSHV infection.

RESULTS

KSHYV efficiently infects monocytes

We investigated KSHV infection of peripheral blood leukocytes
(PBLs). Following incubation with KSHV.219,%® cells were as-
sessed for infection by detection of GFP, which is constitutively
expressed from the recombinant viral genome. Only ~2% of B
cells were infected, even after infection of purified B cells
(Figures 1A-1C and S1A), and similarly low infection rates
occurred in CD4+ T cells, CD8+ T cells, or natural killer (NK) cells
(Figures S1C-S1E). In contrast, ~60% of CD14+ monocytes
were infected, an efficiency of ~30-fold greater than that of lym-
phocytes (Figures 1A and 1B). Therefore, KSHV efficiently infects
monocytes, but not B cells or other lymphocytes.

Monocytes enhance B cell survival and stimulate KSHV-
infected B cell proliferation

Since KSHV efficiently infects monocytes but establishes long-
term latency in B cells, we assessed the effect of monocytes
on B cell survival and proliferation after infection. In the absence
of monocytes, KSHV exerted a small (~25% increase over
mock), but significant (p < 0.001), survival effect on purified B
cells (Figures S2A and S2B), with ~50% of cells surviving at
day 5 or 6 post-infection (pi) (Figure S2B, right panel). Since
most of the purified B cells are uninfected, increased survival is
likely due to pro-survival signals in trans from KSHV-infected
cells. In contrast, CD19+ B cell survival within PBLs (which
include monocytes) was enhanced to nearly 100% regardless
of KSHV infection (Figures S2A and S2C). Further, incubation
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Figure 1. KSHYV efficiently infects monocytes

(A and B) PBLs were KSHYV infected and assessed

by flow cytometry at day 3 post-infection. Dot plots

il (A) show percentage of infected cells based on viral

GFP expression. Data representative of experi-

60 ments (plotted in B) from 7 independent donor

40 samples on day 3-5 post-infection with MOI ~1-5.

Horizontal lines indicate averages, and error bars
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o with purified monocytes had a similar ef-
fect, with nearly all B cells surviving at
day 5 pi (Figures 2A, 2B, and S2G).

We used flow cytometry to assess B cell
proliferation, which occurred between
days 3 and 6 pi (Figures S2D-S2F). While
KSHV alone modestly stimulated infected
B cell proliferation (Figures S2E and S2F), monocytes greatly
stimulated proliferation of the infected B cells (Figures 2C, 2D,
and S2H). In contrast, monocytes did not stimulate proliferation
of uninfected B cells (Figures 2C, 2D, and S2H). Therefore,
monocytes and KSHV act synergistically to stimulate B cell
proliferation.

To assess whether monocyte effects on survival or prolifera-
tion are due to soluble factors, we incubated B cells and mono-
cytes in transwell plates (Figure S2I), which physically separate
cells but allow transfer of soluble factors. Both survival and in-
fected B cell proliferation were enhanced in this system, though
to a lesser degree than with monocyte co-culture (Figures 2,
S2G, and S2H). These results indicate that soluble factors are
at least partially responsible for enhanced survival and prolifera-
tion and that direct contact between monocytes and B cells may
be important.
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KSHV efficiently infects macrophages and induces B

cell chemoattractants

Since monocytes rapidly differentiate upon exiting the blood-
stream and entering tissue,”® where primary KSHV infection
likely occurs, we investigated infection of macrophages. Two
major categories of macrophages are driven by M-CSF- or
GM-CSF-induced monocyte differentiation. M-CSF differentia-
tion (M2 phenotype) occurs constitutively in vivo,?°* while
GM-CSF differentiation (M1 phenotype) does not.*?=*¢ There-
fore, we used M-CSF to differentiate monocytes to macro-
phages.®” Similar to monocytes, infection was efficient, based
on either GFP or KSHV LANA expression (Figures 3A and 3B),
with ~80% of cells infected following infection at a multiplicity
of infection (MOI) ~1. In addition to GFP, RFP, under control of
the viral early lytic PAN promoter in KSHV.219, was also ex-
pressed in infected cells (data not shown). However, we could
not detect ORF59, an early lytic gene involved in viral DNA
replication, by immune fluorescence microscopy (data not
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Figure 2. Monocytes increase B cell survival and proliferation

(A and C) Purified B cells cultured alone, with monocytes, or with monocytes in Transwells were infected (or mock infected) at MOl ~1-2 and analyzed by flow

cytometry to assess CD19+ B cell viability (A) and proliferation (C).

(B and D) Average percentage of viable (B) or proliferated (D) B cells from 4 independent donor samples (primary data in Figures S2G and S2H). Error bars indicate
standard deviation. p values were calculated using t test: one-tailed paired two sample for means.

See also Figure S2.

shown), and no infectious virions were produced (Figure S3A),
indicating that despite activity of the PAN promoter, lytic
replication was absent. In addition to the viral gene expres-
sion, we observed phenotypic differences in infected macro-
phages, which, in contrast to uninfected cells, began detach-
ing from plates at day ~2-3 pi and underwent slow cell
death, with ~50% of infected cells remaining alive at day 5
pi (Figure S3B).

Since soluble factors affected infected cell survival and prolif-
eration (Figure 2), we investigated whether infection alters the
macrophage cytokine profile. We assessed a panel of 40 cyto-
kines (Table S1) in cell supernatant and found that ~10% were
increased and ~5% decreased at day 3 pi (Figure S3E). The
most highly upregulated cytokines were macrophage inflamma-
tory protein (MIP) chemotactic cytokines MIP-1¢ (CCL3), MIP-1
(CCL4), and MIP-13 (CCL15 or MIP-5), which were induced ~2-,
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Figure 3. KSHV efficiently infects M-CSF-differentiated macrophages and induces B cell chemoattractants

(A and B) Monocytes were M-CSF differentiated into macrophages and infected with KSHV (or mock infected) at MOI ~1-2.

(A) Infected macrophages from 5 independent donor samples at 5-6 days post-infection as assessed by viral GFP expression. Horizontal line indicates median.
(B) Immune fluorescent microscopy demonstrates LANA (magenta) and DAPI (blue) detection of DNA on day 3 post-infection. Images representative of 5 donor
samples. Magnification, 630x. White arrows indicate examples of LANA nuclear dots.

(C-E) Average levels of MIP-1a. (C) MIP-1B (D), or MIP-13 (E) in supernatant of MOI ~1 infected M-CSF-differentiated macrophages from 3 independent donor

samples harvested on day 3 post-infection (primary data in Figures S3F-S3H).

Error bars indicate standard deviation. p values were calculated using t test: one-tailed paired two sample for means.

See also Figure S3 and Table S1.

4-, or 10-fold, respectively (Figures 3C-3E and S3F-S3H).
Notably, MIP-1a and MIP-13 are B cell chemoattractants.*®
Therefore, KSHV infection upregulates B cell chemoattractants,
consistent with a viral strategy to increase local B cell concentra-
tion and infection.

M-CSF macrophages drive infected B cell proliferation
and plasmablast differentiation

We examined whether, like monocytes, macrophages promote
B cell survival and proliferation. We assessed M-CSF and GM-
CSF macrophages differentiated from the same donors. Like
monocytes, incubation with M-CSF macrophages (Figure S3l)
led to survival of nearly all co-cultured B cells at day 5 pi regard-
less of infection status (Figures S4A and S4B). Also as with
monocytes, M-CSF macrophages greatly stimulated infected B

4 Cell Reports 42, 112767, July 25, 2023

cell proliferation (Figures S4C-S4E). In contrast, incubation
with GM-CSF macrophages led to lower B cell survival at
~60%-70% regardless of infection (Figures S4A and S4B),
and strikingly, GM-CSF strongly inhibited infected B cell prolifer-
ation (Figures S4C and S4D).

Since KSHV-infected B cells in MCD resemble plasma-
blasts,*® we assessed if KSHV or macrophages promote B cell
plasmablast differentiation by assessing for high-level CD38++
expression in CD19+ cells. No CD38++ cells were present prior
to infection of purified B cells (Figure S1B). KSHV led to ~20% of
infected cells differentiating to plasmablasts, and co-culture with
M-CSF macrophages greatly increased differentiation to over
70% of infected cells at day 5 pi (Figures 4A, 4B, and S5A). In
direct contrast, GM-CSF macrophages inhibited all plasmablast
differentiation (Figures 4A and S5B). Therefore, KSHV and
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M-CSF macrophages act synergistically to stimulate B cell pro-
liferation and plasmablast differentiation.

We assessed frequencies of infected plasmablasts among the
total B cell population in the presence or absence of M-CSF mac-
rophages at day 5 pi. While frequencies of infected B cells in either
condition were similar (Figures 4C and S5C), in the presence of
M-CSF macrophages, infected plasmablast (CD19+CD38++) fre-
quency was 5-fold higher (Figures 4D and S5D), and infected non-
plasmablast (CD19+CD38+ or CD19+CD38-) frequency about
3-fold lower (Figures 4E and S5E). These results indicate that dif-
ferentiation, rather than plasmablast proliferation, primarily ac-
counts for increased plasmablasts when co-cultured with
M-CSF macrophages.

We investigated expression of LANA or ORF59 in infected B
cells in transwells with M-CSF macrophages by immunofluores-
cent microscopy at day 6 pi. LANA (green) was present as nu-
clear dots in numerous infected cells, but no ORF59 was de-
tected (Figure 4F). The absence of ORF59, a lytic protein,
indicates these B cells, which include plasmablasts and non-
plasmabilasts, are latently infected.

KSHV regulates macrophage BAFF and APRIL
production
Cytokines B-cell-activating factor (BAFF) and “a proliferation-
inducing ligand” (APRIL) contribute to the survival niche of plasma-
blasts and plasma cells in vivo.***' Since BAFF and APRIL were
not assessed in the initial cytokine panel, we performed ELISAs
for each, which revealed ~4-fold BAFF upregulation (Figure S5F)
and ~2-fold APRIL downregulation at day 3 pi (Figure S5G).

We used purified BAFF or APRIL to assess effects on infected
B cells. While BAFF promoted plasmablast differentiation of in-
fected B cells (Figures S5H and S5I), APRIL had no significant ef-
fect (Figures S5H and S5I). Since BAFF and APRIL compete for
binding to common receptors,*> KSHV upregulation of BAFF and
downregulation of APRIL are expected to promote infected B
cell differentiation.

M-CSF macrophages drive plasma cell differentiation
and long-term KSHV latency

PEL cells exhibit plasma cell features, suggesting they derive from
aberrant events in latently infected plasma cells.*° Since M-CSF
macrophages drive infected plasmablast differentiation, we asked
if they also drive further differentiation into plasma cells. Plasma
cell differentiation typically occurs over days to weeks, during
which B cells gain the CD138 surface marker.***> We incubated

Cell Reports

infected B cells with M-CSF macrophages for 42 days. During
this time, infected macrophages were replenished weekly due
to their slow death following infection (Figure S3B). (These
infected macrophages did not transfer additional virus to B cells
[Figures S3C and S3D].) Since plasma cells typically do not ex-
press CD19 and CD20,°“® we used the absence of CD14 to iden-
tify B cells (as the experiment included only B cells and macro-
phages). As expected, CD38++ plasmablast differentiation
occurred in ~40% of infected B cells at 5 days pi (Figures 5A,
5B, and S6A). However, subsequently, there was progressive
loss of CD38++ at days 21 and 42 pi, with loss of nearly all plasma-
blasts by day 42 (Figures 5A, 5B, and S6A). Strikingly, in parallel
with CD38++ loss, greater than 50% of infected cells differentiated
into CD138+ plasma cells by day 42 (Figures 5A, 5C, and S6B). In
contrast, uninfected cells did not differentiate into plasma cells in
the presence of infected macrophages (Figures 5A, 5C, and S6B).

We also assessed cell numbers for each time point of the
experiment. While total B cells decreased during the time course
(Figure SB6C), infected cell numbers remained stable, or only
modestly decreased, for all but one donor (Figure S6D). Among
these donors with stable, infected cell numbers, KSHV-infected
plasma cells increased ~2- to 12-fold (Figure S6F), while unin-
fected plasma cell numbers remained unchanged (Figure SEE).
Together, these results demonstrate that M-CSF macrophages
actively drive infected B cell differentiation into plasma cells,
where KSHV establishes long-term latency.

Elevated circulating monocytes in acute malaria in a
KSHV endemic region

KSHV endemicity parallels that of P. falciparum malaria and
certain helminthic infections.**%*" Increased circulating mono-
cytes are a clinical feature common to these parasitic infec-
tions.**** In Kenya, P. falciparum malaria and KSHV are
frequent in young children. We therefore assessed circulating
monocyte levels in PBLs in Kenyan children aged 1-5 years
(Table S2). Children with clinically symptomatic malaria had
markedly elevated monocytes compared with controls (Fig-
ure 6A). This finding was specific to monocytes since B cell levels
were similar between the groups (Figure 6B).

DISCUSSION

These findings demonstrate a central role for mononuclear
phagocytes in driving infected B cell proliferation and differenti-
ation to plasma cells, in which KSHV establishes long-term,

Figure 4. M-CSF macrophages drive B cell plasmablast differentiation

(A) Purified B cells alone or co-cultured with M-CSF or GM-CSF macrophages were infected with KSHV (or mock infected) at MOI ~1-2 and assessed at 5 days
post-infection for CD38++ expression. Plots gated on live CD19+ B cells (mock infected) or live CD19+GFP+ B cells (KSHV infected). Data representative of 2
independent donor experiments (see Figure S5B).

(B) Average percentage plasmablast differentiated cells following KSHV infection at MOl ~1-2 from 9 independent donor samples with or without M-CSF
macrophage co-culture at day 5 post-infection (primary data in Figure S5A). Error bars indicate standard deviation. p values calculated using t test: one-
tailed paired two sample for means.

(C-E) Frequencies of infected (GFP+) CD19+ B cells (C), infected CD38++ plasmablasts (D), or infected CD38+/— B cells (E) per 10,000 CD19+ B cells, averaged
from 10 independent B cell donor samples on day 5 post-infection (primary data in Figures S5C-S5E).

(F) Immune fluorescent microscopy detecting LANA (green), ORF59 (magenta), and DAPI (blue) staining of DNA on day 6 post-infection of purified B cells in
Transwells with M-CSF macrophages. Magnification, 630 X. Orthogonal projections of z stacks are shown. Arrows indicate cells expressing LANA. Numbers of
cells expressing LANA and ORF59 are shown at right.

See also Figures S1 and S5.
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Figure 5. M-CSF macrophages drive KSHV-infected B cell differentiation into long-lived plasma cells

(A-C) B cells co-cultured with M-CSF macrophages were infected with KSHV at MOI ~1.

(A) Cells were assessed by flow cytometry for percentage of CD38++ plasmablasts (Q1) or CD138+ plasma cells (Q2+Q3). CD14+ cells (macrophages) were
gated out to limit analyses to B cells (Figure S3J). Data are representative of 4 independent donor sample experiments (primary data in Figures S6A-S6F).

(B and C) Average percentage of CD38++ plasmablasts (B) or CD138+ plasma cells (C) at indicated day post-infection with M-CSF macrophage co-culture. Error
bars indicate standard deviation. p values calculated using t test: one-tailed paired two sample for means.

See also Figure S6.

latent infection (Figure 6C). Virus from saliva, the vehicle of KSHV
transmission,”® that gains access to submucosal tissue (e.g.,
through disruptions in the epithelial layer, lytic replication in
epithelial cells, or directly traversing epithelial cells) rich in
M-CSF macrophage cells, such as in the lamina propria of the
oral cavity following saliva exposure,®® would lead to infected
macrophage chemoattractant release to increase local B cell
concentration and infection. Such recruitment and subsequent
macrophage-driven expansion of infected cells may therefore
overcome innate low-level B cell infectivity and allow latent
infection to be established. Further, these findings support the
derivation of the pathologic cells in MCD (plasmablasts) or PEL

(plasma cells) from different stages of infected B cell maturation
and show that KSHV B cell infection, in concert with
infected macrophages, effectively substitutes for the multiple
exogenous factors, including BAFF, APRIL, CD40L, CpG, and
interleukin-6 (IL-6), otherwise required for in vitro plasma cell
differentiation. 143

Consistent with these findings, prior work demonstrated that
KSHV infection of primary B cells induced plasmablast
morphology.'® Other work described preferential KSHV infection
of plasma cells, although KSHV-driven B cell differentiation into
plasma cells was not excluded.'” Co-infection with Epstein-Barr
virus (EBV), a gamma-1 herpesvirus, which occurs in most, but
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Figure 6. Elevated blood monocytes in Ken-
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not all, PEL tumors, appears capable of substituting for mononu-
clear phagocytes to allow long-term B cell persistence of KSHV,
likely due to EBV’s B cell transformation ability.>”°® KSHV and
EBV co-infection of humanized mice resulted in co-infected
plasma cell-like cells,” and efficient KSHV persistence in these
mice required the presence of EBV. Our results suggest that the
requirement for EBV may relate to the deficiency of myeloid
cells (including mononuclear phagocytes) in humanized mice
models.®°

The absence of somatic hypermutation in MCD and EBV nega-
tive PEL?%?*27 suggests infected plasma cell differentiation
outside of the germinal center, consistent with our findings. In
contrast, EBV drives B cell differentiation through a germinal
center reaction,®" and the related gammaherpesvirus, murine
gammabherpesvirus 68 (MHV68), drives germinal center B cell
proliferation in mice.®® Notably, prior to B cell infection, MHV68
infects macrophages to acquire viral surface glycoproteins that
allow efficient B cell infection.®® Although KSHV infects mono-
cytes and macrophages and expresses lytic genes,®*®° we did
not detect virus production from these cells, suggesting that
KSHV gains B cell entry differently from MHV68.

These results suggest a mechanistic link underlying KSHV’s
unusual epidemiology where mononuclear phagocytes pro-
mote infected B cell survival, proliferation, and differentiation
to drive viral latency. Consistent with earlier work,”®™" we
find monocytosis in children with acute malaria (Figure 6A).
BAFF is elevated in P. falciparum malaria,®®®” providing condi-
tions conducive for KSHV plasma cell latency establishment.
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tion occurs frequently in young children,
in whom KSHV infection is common.®
KSHYV infection is expected to occur from
exposure to saliva from individuals who
are shedding virus during various care-
giving practices, including premasticating
food or inserting a finger lubricated with
saliva into a child’s rectum to relieve constipation.”’ As KSHV
exposure is expected to be intermittent, frequent malarial iliness
increases the likelihood of KSHV exposure at a time of increased
mononuclear phagocyte burden. However, direct support for
elevated mononuclear phagocytes leading to KSHV infection
will likely require a large, prospective trial and will be complicated
by KSHV’s delayed (up to several weeks) seroconversion
following exposure and seroreversion, which is common in
children.?"?

This work demonstrates that M2 (M-CSF-differentiated), but
not M1 (GM-CSF-differentiated), macrophages drive KSHV-in-
fected B cell proliferation and differentiation. Prior work showed
that KSHV infection of macrophages, or co-culture of macro-
phages with supernatant from KSHV-infected endothelial cells,
skews macrophages to an M2 phenotype.”®”* In addition, in-
fected macrophages enhanced KSHV tumor growth in a nude
mouse model.”* Although M2 macrophages are present in KS le-
sions,'® they occur at lower frequency than in adjacent, unin-
volved tissue, while M1 macrophages are randomly distributed,
suggesting a different role for M2 macrophages in KS (a spindle
cell tumor) compared with primary B cell infection.

KSHV’s dependence on mononuclear phagocytic cells also
provides a potential explanation for KSHV’s high prevalence
among MSMs, which sharply contrasts with the general popula-
tion in Western nations.® " Receptive anal intercourse may lead
to microtrauma of rectal mucosal epithelium with exposure of
underlying lamina propria, where a rich population of macro-
phages resides.”>”"® Insertive rimming (oral-anal contact) is

helminth infection
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common among MSMs and is associated with KSHV infec-
tion.”®%% Virus in saliva would thus provide access to rectal
macrophages.

In summary, this work describes an important role of mononu-
clear phagocytes in facilitating establishment of viral latency in B
cells. Mononuclear phagocytes stimulate survival, proliferation,
and differentiation of infected B cells, overcoming the obstacles
of inefficient B cell infection and early cell death observed in vitro
and leading to long-term latency. This dependence on mononu-
clear phagocytes may provide an explanation for the epidemi-
ology of KSHV, which mirrors that of P. falciparum malaria and
certain helminthic diseases. Future work further exploring the
mechanisms underlying KSHV B cell latency establishment,
and further investigating the link between elevated mononuclear
phagocyte burden and KSHV infection, should provide new
insight into KSHV biology.

Limitations of the study

The use of human subject samples in this work presented
certain limitations. First, sample size of PBL-sourced experi-
ments was affected because of the limited availability of do-
nors. In addition, PBL donors were anonymized and clinical in-
formation unavailable. Therefore, potential factors, such as
recent illness or vaccination, may have introduced effects
that cannot be accounted for. Similarly, little clinical information
was available for the patients with malaria or the control sub-
jects. Last, as noted above, definitive investigation of the link
between elevated mononuclear phagocytes in certain parasitic
infections and a predisposition to KSHV infection will likely
require a large, prospective trial.
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goat anti-rat Alexa Fluor 647

goat anti-mouse Alexa Fluor 647
CD19 Spark NIR 685 clone: HIB19
CD14 Spark Blue 550 clone: 63D3

eBioscience
BD Biosciences
BD Biosciences
BD Biosciences
eBioscience
eBioscience
Millipore

From Chan, S.R., et al. (1998)*"
Invitrogen
Invitrogen
Invitrogen
BioLegend
BioLegend

Cat#56-0149-41, RRID:AB_2574496
Cat#563551, RRID:AB_2738274
Cat#562444, RRID:AB_11151894
Cat#566445, RRID:AB_2744375
Cat#17-0566-41, RRID:AB_2573147
Cat#17-1389-42, RRID:AB_11218892
Cat# MABE1109, RRID:AB_2860565
N/A

Cat#A11006, RRID:AB_2534074
Cat#A21247, RRID:AB_141778
Cat#A32728, RRID:AB_2633277
Cat# 302270, RRID:AB_2832581
Cat# 367148, RRID:AB_2832724

Bacterial and virus strains

Virus: KSHV iSLK.219 (Myoung and N/A
Ganem (2011)*

Biological samples

PBLs, B cells, or monocytes purified from Mass General Brigham N/A

leukodepletion cones obtained from Crimson Core

healthy blood donors

1 Longitudinal study in Kisumu, N/A
Kenya between 2019 and 2022
(G.S.-R., S.0., R.R., unpublished data)

Chemicals, peptides, and recombinant proteins

human recombinant M-CSF Stemcell Technologies Cat#78150

human recombinant GM-CSF Stemcell Technologies Cat#78140

human recombinant BAFF
human recombinant APRIL

R&D Systems
R&D Systems

Cat#7537-BF-025
Cat#5860-AP-010

Critical commercial assays

RosetteSep Human B Cell Enrichment Cocktail
EasySep Human B Cell Enrichment Kit
EasySep™ Direct Human B Cell Isolation Kit
EasySep™ Direct Human Monocyte Isolation Kit
CellTrace Violet

BAFF ELISA kit

Legend MAX™ Human APRIL ELISA kit
Quantibody Human Inflammation Array Q3

Stemcell Technologies
Stemcell Technologies
Stemcell Technologies
Stemcell Technologies
Life Technologies
Abcam

BioLegend
RayBiotech

Cat#15024
Cat#19054
Cat#19674
Cat#19669

Cat# C34557
Cat# ab119579
Cat#439307

Cat# QAH-INF-3-1

Experimental models: Cell lines

iSLK.219

iSLK.219 Myoung and
Ganem (2011)%?

N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

293T ATCC Cat# CRL-3216, RRID:CVCL_0063
Software and algorithms

BD FACS Diva BD Biosciences https://www.bdbiosciences.com/en-us/

FlowJo v10.7.1 and v9.5.2
GraphPad Prism v9.2.0
Microsoft Excel v16.5

TreeStar, Ashland, OR, USA
GraphPad Software Inc.
Microsoft 365

products/software/instrument-software/
bd-facsdiva-software

https://www.flowjo.com/
https://www.graphpad.com

https://www.microsoft.com/en-us/download/
details.aspx?id=56547

Zen Blue v2.6 Zeiss https://www.zeiss.com/microscopy/en/
products/software/zeiss-zen.html

RayBiotech Q-Analyzer v8.40.4 RayBiotech https://www.raybiotech.com/tools/
array-analysis-tool/

Other

Fixable Near-IR Dead Invitrogen Cati# L34975

Prolong Gold Antifade with DAPI
Live/Dead fixable blue

Life Technologies
Thermo Fisher Scientific

Cat# P36935
Cat# L23105

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Kenneth M.
Kaye (kkaye@bwh.harvard.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human studies
Study subjects were part of a longitudinal study in Kisumu, Kenya between 2019-2022 (G.S.-R., S.0., R.R., unpublished data). Briefly,
two groups of children aged 1 to 5 years old were enrolled from Chulaimbo County Hospital, which cares for patients from a malaria-
endemic region of Western Kenya: children with uncomplicated malaria (25 female, 24 male), defined as symptomatic malaria para-
sitemia without signs of severity or evidence of vital organ dysfunction,®® e.g., evidence of fever >37.5°C, level of parasitemia >5000
parasites/mL by blood smear (BS), and first response malaria Ag P. falciparum rapid diagnostic test (RDT) (Abbott, Lake Forest, IL)
positivity, and age-and sex-matched children (26 female, 20 male), without evidence of fever or malaria (BS-negative and RDT-nega-
tive). This second group served as the control group; participants for this group were recruited from the villages served by the hos-
pital. Children with malaria were given treatment according to Kenyan Ministry of Health guidelines. Hemoglobin (Hgb) levels were
determined using a portable B-hemoglobin photometer (Hemocue AB Angelholm, Sweden). Children with severe anemia (Hgb <7),
chronic illness (e.g., HIV, or sickle cell disease), or severe neurological disease (e.g., known developmental delay) were not enrolled.
Informed consent was obtained from mothers or guardians of study participants. Protocol and consent forms were approved by
the Kenya Medical Research Institute (KEMRI) and the Colorado Multiple Institutional Review Board (COMIRB).

Primary cells

PBLs, B cells, or monocytes were purified from leukodepletion cones obtained from healthy blood donors (51 donor samples) from
Mass General Brigham Crimson Core. Cells were cultured in Primary cell medium: RPMI 1640 with L-glutamine (Corning, 10-040-CV)
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supplemented with 15% FBS (Atlas Biologicals, FP-0050-A), 15 pg/mL gentamicin, and additional 2 mM L-glutamine (Gibco,
25030081). All cells were cultured in humidified incubators at 37°C and 5% CO..

Cell lines
293T cells (ATCC CRL-3216) were cultured in DMEM (Dulbecco Modification of Eagle Medium) with 4.5 g/L glucose, L-glutamine,
and sodium pyruvate (Corning, 10-013-CV) supplemented with 10% Bovine Growth Serum (BGS) (HyClone, SH3054103) and
15 ng/mL gentamicin (Gemini Bio-products, 400-108). Cells were cultured in humidified incubators at 37°C and 5% CO,. Cells tested
negative for mycoplasma.

iISLK.219%2 were maintained in DMEM supplemented with 10% BGS, 15 png/mL gentamicin, 8 pg/mL puromycin (Invitrogen, ant-pr-
1) and 250 pg/mL G418 (Gemini Bio-Products, 400-113). Cells were cultured in humidified incubators at 37°C and 5% CO.. Cells
tested negative for mycoplasma.

METHOD DETAILS

PBL isolation

PBLs were purified by layering cone contents diluted 1:1 with PBS on Lymphoprep (Stemcell Technologies, 07811) followed by
centrifugation at 400 rcf for 30 min at room temperature with the brake off. After centrifugation, the mononuclear leukocyte layer
was collected, washed twice using RPMI medium and strained through a 70 pm cell strainer (Corning, 431751) to remove any lipid
particles.

In the initial experiments, B cells were purified in two sequential steps (unless specified “enriched,” in which case only the first step
used) by negative selection, first using RosetteSep Human B Cell Enrichment Cocktail (Stemcell Technologies, 15024) according to
the manufacturer’s instructions, and then using EasySep Human B Cell Enrichment Kit (Stemcell Technologies, 19054) according to
the manufacturer’s instructions except that 1/5 volumes of reagents were used due to the use of enriched B cells. After purification,
cells obtained were routinely >95% positive for CD19 (Figure S1A). Later in the work, B cells were purified by negative selection us-
ing EasySep Direct Human B Cell Isolation Kit (Stemcell Technologies, 19674) according to the manufacturer’s instructions. After
purification, cells obtained were routinely >98% positive for CD19 (Figure S1A).

Monocytes were purified by negative selection using EasySep™ Direct Human Monocyte Isolation Kit (Stemcell Technologies,
19669) according to the manufacturer’s instructions.

Differentiation of monocytes into macrophages

Monocytes, purified by negative selection from leukodepletion cones, were either first stored at —140°C, or freshly plated in 24-well
plates at 10° cells per well in Primary cell medium with addition of either 50 ng/mL human recombinant M-CSF (Stemcell Technol-
ogies, 78150) or 50 ng/mL human recombinant GM-CSF (Stemcell Technologies, 78140). After 3 days, the medium was exchanged
for fresh medium supplemented with M-CSF or GM-CSF and subsequently, fresh medium with M-CSF or GM-CSF exchanged every
2 days. Macrophages were considered fully differentiated after 7 days from the start of differentiation and were maintained in medium
with M-CSF or GM-CSF throughout the experiments.

Virus production and titration

iSLK.219 cells, containing recombinant KSHV derived from an infected human primary effusion lymphoma cell line,®” were induced
with 1 png/mL doxycycline (Sigma, D9891-1G) and 1mM sodium butyrate (Alfa Aesar, A1107922) in medium without puromycin and
G418 for 4 days. Supernatant was then harvested and collected by centrifugation at 300 rcf for 5 min to remove cell debris. Super-
natant was filtered through 0.45 um cellulose acetate filters (low protein binding) (Corning, 430514), and concentrated by ultracen-
trifugation at 25,000 rpm for 2h at 4°C in sterile 38 mL tubes (Beckman Coulter, C14301), using an SW28 Beckman Coulter rotor and
Sorvall Discovery 90SE ultracentrifuge. The supernatant was removed, and tubes left inverted on sterile tissue paper for 5-10 min to
remove remaining liquid. Subsequently, 350 uL (1/100 of starting volume) of Primary cell medium was added to each tube, tubes were
transferred into sterile conical 50 mL tubes (Corning, 430829), and pellets left to resuspend by gentle shaking at 4°C, overnight. Virus
titer was determined using serial 10-fold dilutions (1:10 to 1:1,000,000) of virus, of which 1 mL of each dilution was used to infect 10°
293T cells in 24-well plates. The number of GFP expressing (infected) 293T cells per well at 48h pi was then determined by fluores-
cence microscopy.

Flow cytometry staining and gating

Where indicated, cells were stained with CellTrace Violet (Life Technologies, C34557) according to the manufacturer’s instructions
before infection with KSHV. Incubations with antibody or stain were performed at indicated time points post infection. Harvested cells
(~10°- 10%) were collected by centrifugation for 4 min at 400 rcf using a microcentrifuge, washed with PBS containing 0.5% BSA
(Sigma, A3294-10G), and stained with 1 uL/mL of Fixable Near-IR Dead cell stain (Invitrogen, L34975) in PBS for 15 min in the
dark. After washing, cells were blocked with 50 pug of human IgG (Sigma, 14506-10MG) for 10 min, in the dark. After blocking,
90 pL of PBS containing 0.5% BSA with 5 pL of each antibody was incubated with cells for 30 min at 4°C in the dark. Antibodies
used were: CD3-PerCP-Cy5.5 (BD Biosciences, 560835), CD4-BV786 (BD Biosciences, 563881), CD8-PE-Cy7 (BD Biosciences,
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560917), CD14-BV711 (BD Biosciences, 563372), CD14-AlexaFluor700 (eBioscience, 56-0149-41), CD19-BUV395 (BD Biosciences,
563551), CD38-BV421 (BD Biosciences, 562444), CD38-BB700 (BD Biosciences, 566445), CD56-APC (eBioscience, 17-0566-41),
CD138-APC (eBioscience, 17-1389-42). Cells were washed once with PBS containing 0.5% BSA and fixed in 4% PFA (Thermo Sci-
entific, 28906) for 15 min, in the dark. Cells were then washed again once, resuspended in 300 uL PBS containing 0.5% BSA, trans-
ferred to 5 mL tubes through a cell strainer (Falcon, 352235), and run on either flow cytometer BD FACSymphony or BD LSRFortessa.
The data was analyzed using FlowJo software. The gating strategy (unless specified otherwise) was as follows: debris was first
removed using side scatter area (SSC-A) vs. forward scatter area (FSC-A), doublets were excluded using side scatter width
(SSC-W) vs. side scatter height (SSC-H), and then dead cells removed using Live/Dead cell stain signal vs. FSC-A. Live cells
were analyzed for CellTrace staining, GFP expression (infected cells) or cell surface markers (Figure S3J). Total cell numbers were
assessed in experiments by running the entire samples on the flow cytometer, and using FlowJo software to determine the count
indicated in appropriate gates.

Immunofluorescence microscopy

Monocytes (10°/well) were differentiated into macrophages using M-CSF in a 12-well sterile removable chamber attached to a glass
slide (Ibidi, 81201). After 7 days of differentiation, macrophages were infected with KSHV or mock-infected. At day 3 pi, media was
gently removed from the chambers, and cells were gently washed once with PBS. After washing, cells were fixed in 4% PFA (Thermo
Scientific, 28906) for 15 min and washed once with PBS. After fixing, cells were incubated with 100 pL of blocking/permeabilization
buffer (PBS containing 10% FCS, 100 mM Glycine, 0.2% Triton X-100) with the addition of 5 ug of human IgG (Sigma, 14506-10MG)
per well, for 30 min at room temperature. Primary antibody (anti-LANA LN53 rat (Millipore, MABE1109) 1:200, or anti-ORF59 11D1
mouse®' (kind gift of Bala Chandran) 1:5) in blocking/permeabilization buffer was then added and incubation performed for 1 h at
room temperature. Antibody was then removed, cells washed twice with PBS, and appropriate secondary fluorescent antibody
(goat anti-rat Alexa Fluor 488 (Invitrogen, A11006), goat anti-rat Alexa Fluor 647 (Invitrogen, A21247), or goat anti-mouse Alexa Fluor
647 (Invitrogen, A32728)) at 1:1000 in blocking/permeabilization buffer added, followed by incubation for 1 h at room temperature in
the dark. Antibody was then removed and cells were washed twice with PBS. After washing, the chamber was detached from the
slide and a coverslip mounted using Prolong Gold Antifade with DAPI (Life Technologies, P36935), and left for 24 h in the dark to so-
lidify. Images were taken using a Zeiss LSM800 x confocal microscope, 63X objective and Zen Blue software.

Purified B cells co-cultured in the upper chambers of transwells with M-CSF macrophages were removed on day 6 post infection
and plated at ~10° cells/well in a 12-well sterile removable chamber attached to a glass slide (Ibidi, 81201), previously coated with
poly-D-lysine (1 mg/mL). B cells were incubated in the chamber for 1h to allow for attachment and then fixed and stained following the
protocol above.

Cytokine detection assays

Monocytes were differentiated into macrophages using M-CSF in 24-well plates for 7 days. KSHV at MOI~1 (or control medium) was
added to cells and incubation performed for 7h at 37°C. Virus (or medium) was then removed, cells were washed 1-2x with medium,
and then 1 mL of fresh medium with M-CSF added. After 3 days, supernatant was removed and cleared by centrifugation twice at 400
rcf for 4 min to remove cell debris. Cytokine levels were then assessed. The levels of BAFF were assessed following 4 fold dilution of
supernatant in duplicate using human BAFF ELISA kit (Abcam, ab119579) according to the manufacturer’s instructions. The data
were analyzed against a standard curve generated by the absorbance values produced from serially diluted BAFF standards. The
levels of APRIL were also assessed following 4 fold dilution of supernatant and Legend MAX™ Human APRIL ELISA Kit
(BioLegend, 439307) according to the manufacturer’s instructions. Data were analyzed against a standard curve generated by the
absorbance values produced by serially diluted APRIL standards. All other cytokines levels were measured using supernatant diluted
4 fold and Quantibody Human Inflammation Array Q3 (RayBiotech, QAH-INF-3-1) according to the manufacturer’s instructions. Me-
dium with M-CSF (incubated in parallel for 3 days in one well without macrophages) was used as a control for cytokines that may be
present either in medium or FBS. After performing the assay, dried array slides were packed according to the manufacturer’s instruc-
tions and shipped to RayBiotech to be read using a fluorescence laser scanner. Data were analyzed using RayBiotech (Q-Analyzer
v8.40.4) software.

Virus infections of cells and co-cultures

Unless specified otherwise, infections of purified B cells (10%/well) were performed in 24-well plates in 1 mL of total volume per well
with KSHV MOI~1-2. For co-culture experiments, 10° B cells were added to 10° monocytes or ~10° macrophages in wells of a
24-well plate and then virus at MOI~1-2 was added to the co-culture.

For transwell experiments, 10° B cells were plated in the bottom compartment, and 106 monocytes were plated in the upper
compartment with 0.4 um pore polycarbonate membranes (Corning, 3413) to allow soluble factors and virus (but not cells) access
to the lower compartment. KSHV was then added (proportionately by volume) to the upper and lower chambers. Cells were then
incubated for the indicated times (usually 5 days), and assayed using flow cytometry.

For the six-week experiment (Figure 5), due to slow infected macrophage cell death, cells were transferred weekly to fresh M-CSF
macrophages (differentiated from the same monocyte donor); these macrophages were KSHV infected at MOI~0.5 one day prior to
the cell transfer.
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To assess possible virus transfer from infected macrophages to B cells, uninfected B cells were plated alone (or infected with KSHV
at MOI = 1 as a positive control) or with either mock-infected or KSHV-infected (MOI = 0.5) M-CSF differentiated macrophages, that
were infected one day in advance to mimic the conditions in the six-week experiment. After 3 days of co-culture B cells were analyzed
for the percentage of infection using flow cytometry.

Cytokine stimulation assays

Mock-infected or KSHV-infected (MOI~1) B cells (108/well in 0.5 mL of Primary cell medium in 48 well plates) were either left unsti-
mulated or were stimulated with 10 ng/mL recombinant human BAFF protein (R&D Systems, 7537-BF-025), 100 ng/mL recombinant
human APRIL protein (R&D Systems, 5860-AP-010), or both. The medium with fresh cytokines was exchanged every 2 days and B
cells were analyzed by flow cytometry at day 5 post infection.

Assessment of KSHV production from infected macrophages

M-CSF differentiated macrophages at 10° cells per well in 96-well plates were incubated with KSHV at MOI~2 for 4 h at 37°C. Cells
were then washed twice with PBS. Seven wells were replenished with 200 pL of fresh medium. In addition, 7 wells were replenished
with 200 pL of medium containing 50 uM cidofovir (Sigma-Aldrich, C5874-10MG) to inhibit viral replication, allowing experiments to
distinguish residual virus from newly replicated virus. All supernatant from one well for each condition was harvested each day for
7 days. The supernatant was cleared by centrifugation at 400 rcf for 4 min, and stored at 4°C until all time points were harvested.
The supernatant was then incubated with 293T cells plated at 10° cells per well in 48-well plates. Two days after infection, GFP ex-
pressing cells were counted by fluorescence microscopy.

Collection and assessment of PBLs from Kenya

For each participant, venous blood samples were collected in EDTA vacutainers (Becton Dickinson, Franklin Lakes, NJ). Blood was
processed by Ficoll- Hypaque density gradient to isolate PBLs. Samples were stored in liquid nitrogen and shipped on dry ice to
University of Colorado for further processing.

PBLs were thawed and washed with complete RPMI 1640 medium prior to staining. After washing, cells were resuspended in flow
buffer containing phosphate buffered saline, 1% BSA, and 0.1% sodium azide, and counted using a hemocytometer; one million
viable cells were stained for flow cytometry. Cells were first stained for viability using Live/Dead fixable blue dye (Thermo Fisher Sci-
entific, Waltham, MA) as per manufacturer’s instructions. Cells were then blocked for 10 min at 4°C with 100 pL of a 1:100 diluted Fc
blocking reagent (eBioscience, San Diego, CA) in 30 pL flow buffer. After that, cells were incubated with an antibody cocktail con-
taining CD19 Spark NIR 685 clone: HIB19 (Biolegend) and CD14 Spark Blue 550 clone: 63D3 (Biolegend) antibodies. Incubation was
performed for 30 min in the dark at 4°C. Cells were then fixed in 500 uL of Fluorofix (Biolegend, San Diego, CA). Samples were runon a
Cytek® Aurora (Cytek Bioscience, Fremont, CA) equipped with 5 lasers. Data were analyzed using FlowJo version 9.5.2 (Tress Star,
Ashland, OR).

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses were performed with GraphPad Prism v9.2.0 software and Microsoft Excel v16.5. Tests used and the number of

repetitions (n) are indicated in each figure legend. Data are presented either as the mean + SEM (for the analysis of malaria vs. control
groups) or as means + standard deviation (for all other results). p < 0.05 was defined as significant.
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Figure S1. Purification of B cells, and inefficient T cell and NK cell infection by KSHV,

related to

Figures 1,2, 4,5



(A) Percentage of CD19+ B cells before or after purification with different B cell isolation kits.
(B) Percentage of CD19+CD38++ plasmablasts before or after purification with different B cell
isolation kits.

(C-E) PBLs from healthy donors were incubated with KSHV (or mock infected), gated for (C)
CD4+ T cells, (D) CD8+ T cells, or (E) NK cells and analyzed for infection as determined by
viral GFP expression assessed by flow cytometry at day 3 post infection. Data representative of 3
independent experiments with donor samples using infection with MOI~1-5. Percentage of cells
expressing GFP are shown at right. Horizontal line indicates median.

See also Figures 1, 2, 4, 5.
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Figure S2. KSHV, PBL or monocyte co-culture increases B cell survival and infected cell



proliferation, related to Figure 2

(A) Survival of purified B cells or B cells within PBLs following infection (or mock infection)
with KSHV at MOI~1 at day 5 post infection. Data representative of at least 2 independent donor
experiments.

(B) Survival of B cells purified from 28 independent donor samples infected with KSHV at
MOI~1-3 at day 5 or 6 post infection. Bar graph at right shows average values. Error bars
indicate standard deviation. p value was calculated using t-test: one-tailed paired two sample for
means.

(C) Average survival of CD19+ B cells at day 5 (including panel A data). Error bars indicate
standard deviation.

(D-E) Proliferation of CD19+ B cells within PBLs (D) or following B cell enrichment (E) on day
3 or 6 after KSHV (or mock) infection at MOI~1. Brackets indicate proliferated cells, which
have decreased CellTrace content. Proliferated cell percentages are indicated. Plots gated on live
CD19+ B cells (mock-infected) or live CD19+GFP+ B cells (KSHV-infected).

(F) Proliferation of B cells purified from 15 independent blood donor samples on day 5 or 6 post
infection with KSHV at MOI~1-2. Averaged values are shown below. Error bars indicate
standard deviation. p value calculated using t-test: one-tailed paired two sample for means.
(G-H) Percentage of live (G) or proliferated (H) CD19+ B cells at day 5 or 6 post infection with
KSHYV (or mock infected) at MOI~1. Infected B cells were identified by viral GFP expression. B
cells and monocytes for each infection (or mock infection) were from the same donor.

(I) Experimental setup of B cells either co-cultured with monocytes, or separated from
monocytes in transwells.

See also Figure 2.
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Figure S3. Infected M-CSF macrophages do not produce infectious KSHV, and are induced



for B cell chemoattractants, related to Figure 3

(A) M-CSF-differentiated macrophages from 2 independent donors were infected with KSHV at
MOI~2 for 4h and then replenished with fresh medium with or without cidofovir (CDF).
Supernatant was then harvested daily and used to infected 293T cells to assess titer of infectious
virus. Two days following 293T cell infection, GFP+ (infected) cells were counted using
fluorescent microscopy.

(B) Monocytes were M-CSF differentiated into macrophages and infected with KSHV (or mock-
infected) at MOI~1. On days 5 and day 10 post infection, macrophages were detached with SmM
EDTA, and live cells assessed by trypan blue.

(C) Purified B cells alone were mock or KSHV-infected, or co cultured with M-CSF
macrophages that were infected with KSHV (or mock-infected) one day in advance. After 3 days
of co-culture, CD14- B cells were analyzed for percentage of infection as assessed by GFP
expression.

(D) Data from 2 independent donors (including panel C data) (left) and average values (right).
(E-H) M-CSF differentiated monocytes were infected with KSHV (or mock-infected) at MOI~1.
Supernatant was harvested on day 3 post infection and cytokine levels measured by Quantibody
assay.

(E) Pie chart of cytokine changes. “Undetected” indicates no detection following subtraction of
levels in blank sample (medium used for macrophage culture). “Below detection limit” indicates
cytokines below detection limit as defined by RayBiotech Q-Analyzer v8.40.4.

(F-H) Chemoattractants MIP-1a (F) MIP-1B (G) or MIP-15 (H) levels determined by Quantibody
assay. Error bars indicate standard deviation calculated from four technical replicates (array

dots).



(I) Experimental setup of B cell co-culture with macrophages.
(J) Flow cytometry gating strategy.

See also Figure 3.
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Figure S4. M-CSF differentiated macrophages increase B cell survival and proliferation,



related to Figure 3

(A) Purified B cells alone, or co-cultured with M-CSF or GM-CSF differentiated macrophages
were infected with KSHV (or mock infected) at MOI~1-2. At 5 days post infection, B cell
survival was assessed by flow cytometry. Plots gated on live CD19+ B cells (mock-infected) or
live CD19+GFP+ B cells (KSHV-infected).

(B) B cell survival for 4 independent donor samples. Average values are shown at right. Error
bars indicate standard deviation. p values were calculated using t-test: one-tailed paired two
sample for means.

(C-E) Purified B cells alone, or co-cultured with M-CSF or GM-CSF differentiated macrophages
were infected with KSHV (or mock infected) at MOI~1-2. At 5 days post infection, proliferation
was analyzed by flow cytometry. Plots gated on live CD19+ B cells (mock-infected) or live
CD19+GFP+ B cells (KSHV-infected). Data are representative of two independent donor
experiments, which are presented in panel D.

(E) Percentages of proliferating B cells (including relevant data from panels C and D) at day 5
post infection (or mock infection) with KSHV MOI~1-2. Averages are shown at right. Error bars
indicate standard deviation. p value was calculated using t-test: one-tailed paired two sample for
means.

See also Figure 3.
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Figure S5. M-CSF, but not GM-CSF, differentiated macrophages drive B cell



differentiation, and KSHYV regulates BAFF and APRIL in M-CSF macrophages, related to
Figure 4

(A) Purified B cells (9 donor samples) were cultured alone or with M-CSF macrophages and
differentiation was assessed by flow cytometry.

(B) Average CD38++ plasmablast differentiation of purified B cells alone, or B cells incubated
with M-CSF or GM-CSF macrophages at day 5 post infection (or mock infection) with KSHV
MOI~1-2. Error bars indicate standard deviation.

(C-E) Frequencies of infected (GFP+) CD19+ B cells (C), infected CD38++ plasmablasts (D), or
infected CD38+/- B cells (E) per 10000 live CD19+ B cells, from 10 independent B cell donor
samples on day 5 post infection.

(F-G) Supernatant from M-CSF differentiated macrophages (3 donor samples) infected (or
mock-infected) with KSHV at MOI~1 was harvested on day 3 post infection and levels of BAFF
(F), APRIL (G) assessed. Error bars indicate standard error from two technical replicates for
individual donor samples (at left) or standard deviation for averages (at right). p values were
calculated using t-test: paired two sample for means.

(H) Purified B cells were infected (or mock-infected) with KSHV with MOI~1in the presence or
absence of cytokines and analyzed by flow cytometry on day 5 post infection for differentiation
into CD38++ plasmablasts. Plots gated on live CD19+ B cells (mock-infected) or live
CD19+GFP+ B cells (KSHV-infected).

(I) CD38++ plasmablast differentiation at day 5 for individual donor samples with averages
shown at right. Error bars indicate standard error. p values were calculated using t-test: one-tailed
paired two sample for means.

See also Figure 4.
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Figure S6. M-CSF macrophages drive KSHV-infected B cell differentiation into long-lived
plasma cells, related to Figure 5

(A-F) B cells co-cultured with M-CSF macrophages were infected with KSHV at MOI~1. Due to
slow macrophage death, cells were transferred weekly to freshly infected M-CSF macrophages
differentiated from the same monocyte donor.

(A-B) Percentages of CD38++ plasmablasts (A) or CD138+ plasma cells (B) from 4 independent
donor samples at indicated day post infection with M-CSF macrophage co-culture.

(C-F) Total cell numbers of live B cells (C), infected B cells (D), uninfected plasma cells (E),
and KSHV-infected plasma cells (F) from 4 independent donor samples at indicated days post
infection.

See also Figure 5.



Malaria Controls p-value
(N=49) (N=46)
| Age (years)
Mean (SD) 5.04 (2.2) | 44425) | o2
Sex
Female 25 (51.0%) 26 (56.5%) 0.66
Male 24 (49.0%) 20 (43.5%)
Plasmodium load (18S copies/ mL)
Mean (IQR) | 1.35x10°(1.98x107-7.09x10") | 0(0) | NA
Hemoglobin (g/dL)
Mean (SD) | 10.47 (2.2) | 11.74(1.5) | 0.0017

Table S2. Details of study participants in Kenya, related to Figure 6

95 children (49 with malaria and 46 healthy controls) ages 1-5 years, from the Chulaimbo
County Hospital, Chulaimbo, Kenya, were enrolled in the study between 2019 and 2022.
Differences in patient characteristics were analyzed using chi-squared tests for categorical data
and an unequal variance t-tests for continuous data, as appropriate.

See also Figure 6.
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