The Journal of Infectious Diseases

MAJOR ARTICLE

)SA

Infectious Diseases Society of America hiv medicine association

OXFORD

Plasmodium falciparum Malaria Is Associated With

Increased Kaposi Sarcoma-Associated Herpesvirus

(KSHYV) Seropositivity and Higher KSHV Antibody
Breadth and Magnitude: Results of a Case-Control
Study From Rural Uganda

Angela Nalwoga,"%® Katherine R. Sabourin,' Wendell Miley,? Conner Jackson, Mahdi Maktabi,' Nazzarena Labo,? Joseph Mugisha,? Denise Whitby,*
Rosemary Rochford,"* and Robert Newton?>?

'Department of Immunology and Microbiology, University of Colorado, Anschutz Medical Campus, Aurora, Colorado; “Cancer Epidemiology Programme, Medical Research Council/Uganda Virus
Research Institute and London School of Hygiene and Tropical Medicine Uganda Research Unit, Entebbe, Uganda; *Viral Oncology Section, AIDS and Cancer Virus Program, Leidos Biomedical
Research, Inc, Frederick National Laboratory for Cancer Research, Frederick, Maryland; “Department of Biostatistics and Informatics, Colorado School of Public Health, University of Colorado-
Denver Anschutz Medical Campus, Aurora, Colorado; and *Department of Health Sciences, University of York, York, United Kingdom

Background. Previously, we showed that children with asymptomatic Plasmodium falciparum (Pf) malaria infection had higher
Kaposi sarcoma-associated herpesvirus (KSHV) viral load, increased risk of KSHV seropositivity, and higher KSHV antibody levels.
We hypothesize that clinical malaria has an even larger association with KSHV seropositivity. In the current study, we investigated
the association between clinical malaria and KSHV seropositivity and antibody levels.

Methods. Between December 2020 and March 2022, sick children (aged 5-10 years) presenting at a clinic in Uganda were
enrolled in a case-control study. Pf was detected using malaria rapid diagnostic tests (RDTs) and subsequently with quantitative
real-time polymerase chain reaction (QPCR). Children with malaria were categorized into 2 groups: RDT*/PfPCR" and RDT™/
PfPCR"

Results. The seropositivity of KSHV was 60% (47/78) among Pf-uninfected children, 79% (61/77) among children who were
RDT/PPCR" (odds ratio [OR], 2.41 [95% confidence interval {CI}, 1.15-5.02]), and 95% (141/149) in children who were
RDT*/PfPCR" (OR, 10.52 [95% CI, 4.17-26.58]; Pireng < -001). Furthermore, RDT'/PfPCR" children followed by RDT/PfPCR"
children had higher KSHV IgG and IgM antibody levels and reacted to more KSHV antigens compared to uninfected children.

Conclusions. Clinical malaria is associated with both increased KSHV seropositivity and antibody magnitude, suggesting that
Pfis affecting KSHV immunity.

Keywords. clinical Plasmodium falciparum malaria; Ugandan children; Kaposi sarcoma-associated herpesvirus; Kaposi
sarcoma-associated herpesvirus antibody levels; seropositivity.

Kaposi sarcoma (KS) is the commonest malignancy in people
living with human immunodeficiency virus (HIV) in
sub-Saharan Africa (SSA) [1]. In SSA, KS age-standardized in-
cidence rates (ASIRs) are highest in Eastern Africa at 15.1
and 7.6 per 100 000 person-years in males and females, respec-
tively. In Uganda, KS ASIRs are 24.0 and 14.1 in males and fe-
males, respectively [2]. Kaposi sarcoma-associated herpesvirus
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(KSHV) is the causative agent of KS [3]. KSHV infection is not
ubiquitous worldwide; rather, there is very high KSHV seropre-
valence in SSA where some populations have a seroprevalence
>90% [1]. In SSA, KSHV seroprevalence also varies by region
and even between geographically proximate areas, ranging
from 60% to >90% in different urban or rural areas in
Uganda [4].

Given the unique geographic distribution of KSHV, environ-
mental risk factors have been suggested to play a role in either
higher rates of KSHV transmission or increased susceptibility
to infection. In SSA, pneumonia, diarrheal, and malarial diseas-
es are the leading cause of death in children [5]. Infections
with Plasmodium falciparum (Pf) malaria are very common
throughout childhood starting as early as 6 months of age
through 15 years of age [6]. Morbidity and mortality due to se-
vere malaria disease are commonest in children aged <5 years
[7]. However, immunity to severe malaria is obtained relatively
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quickly in endemic areas, but sterilizing immunity to infection
is rarely achieved [6]. Therefore, school-going children (5-15
years of age) have the highest Pf infection rates despite being
protected from severe disease by natural immunity [8].

There are very few studies that have determined primary in-
fection with KSHV. Primary infection with KSHV occurs in
childhood in SSA [9], and we have previously shown that infec-
tions with KSHV in SSA occur as early as 6 months of age [10],
peaking around 15-24 years [11]. Furthermore, we have ob-
served that children between 6 and 10 years of age have the high-
est rates of KSHV shedding [12]. The overlap between the age of
malaria infection and KSHV acquisition, as well as KSHV viral
reactivation among Pf-infected individuals, suggests a role for
malaria in KSHV epidemiology. The relationship between
Epstein-Barr virus (EBV) and childhood Pf malaria infection
leading to endemic Burkitt lymphoma in African children is
well-documented [13]. EBV is also a gammaherpesvirus, like
KSHYV, with a similar route of transmission and cell tropism.
Several mechanisms through which Pf infection affects EBV in-
fection, leading to an increased risk of Burkitt lymphoma, have
been suggested. One mechanism is that impairment of
EBV-specific T-cell immune surveillance by Pf infection
leads to EBV viral reactivation [14]. The other is that the in-
creased proliferation of B cells consequently increases the
number of EBV-infected B cells [15]. We hypothesize that
these mechanisms could similarly affect KSHV latent infec-
tions in CD19" B cells. In support of this hypothesis, we
have previously shown that children with asymptomatic Pf
malaria are more likely to be KSHV seropositive and have
higher antibody titers to KSHV ORF73 and K8.1 antigens
as assessed by enzyme-linked immunosorbent assay
(ELISA) [16-19]. Furthermore, we have shown that individ-
uals with asymptomatic malaria have higher KSHV viral
load in peripheral blood mononuclear cells (PBMCs) com-
pared with uninfected individuals [20]. Increased antibody
titers to KSHV proteins [21], and higher KSHV viral load
in PBMCs are associated with KSHV-associated diseases
[22]. Therefore, Pf infection could play a role in KSHV
pathogenesis.

Microscopy is the gold standard for malaria diagnosis [23]. Due
to the technical requirement of microscopy, rapid diagnostic tests
(RDTs) were developed to allow point-of-care testing in resource-
limited settings [24]. RDT's have highly comparable specificity to
microscopy and are more sensitive [25]. However, both RDT and
microscopy are not sensitive to diagnose low-parasite-density in-
fections [25]. Molecular-based techniques such as quantitative
real-time polymerase chain reaction (QPCR) are very sensitive be-
cause they detect low-parasite-density infections as well and are
highly specific [26]. Therefore, our previous studies using RDT
alone to evaluate malaria infection may have underestimated
the burden of malaria. In addition, we did not evaluate KSHV se-
rology in children with clinical malaria. In this study, we

investigated KSHV antibody responses in symptomatic children
with and without Pf infections to evaluate the association between
Pf infection and KSHYV seropositivity.

METHODS

Study Design

As part of the Environmental Determinants of KSHV
Transmission in Rural Uganda (ENDKU) study [27], we con-
ducted a case-control study within the General Population
Cohort (GPC). The GPC is a community-based cohort of about
22000 people in 25 adjacent villages in southwestern Uganda
[28]. The seroprevalence of KSHV in the GPC is >90% in adults
[29]. Between December 2020 and March 2022, sick children
(aged 5-10 years, the age group previously shown to have a
higher rate of KSHV shedding [12]) with a fever within 2
days of first contact were enrolled at the Kyamulibwa field sta-
tion outpatient clinic. Clinical symptoms and an RDT (ONE
STEP Malaria HRP-II [P.f] and pLDH [Pan] Antigen Rapid
Test) were used to diagnose Pfinfection. Hemoglobin (Hb) lev-
el was measured using the HemoCue HB analyzer. Children
with a known chronic illness (eg, HIV, sickle cell disease, or tu-
berculosis), a severe neurological disease (eg, cerebral palsy or
other known developmental delay), or Hb <7.0 g/dL requiring
immediate medical attention at referral hospitals were exclud-
ed. HIV status was obtained from the GPC survey data. The
child’s age, sex, fever, history of recent fever, weight, and height
were also recorded. Study data were recorded and maintained
using the FileMaker Pro application [30]. Study participants
were categorized into 3 groups: (1) clinical malaria: RDT pos-
itive, PCR positive (RDT"/PfPCR"); (2) malaria: RDT negative,
PCR positive (RDT7/PfPCR"); and (3) malaria uninfected:
RDT negative, PCR negative (RDT/PfPCR").

Ethical Approvals

This study was approved by the Uganda Virus Research
Institute Research and Ethics Committee, the Uganda
National Council for Science and Technology, the London
School of Hygiene and Tropical Medicine Ethics Committee,
and the Colorado Multiple Institutional Review Board.
Written informed consent was obtained from parents or guard-
ians of all study children, and written informed assent was
obtained from study children aged 8-10 years.

Plasmodium falciparum qPCR

Plasmodium falciparum DNA was extracted from 200 pL of
whole blood using the QIAamp blood kit (Qiagen, Valencia,
California), following the manufacturer’s instructions. Pf was
quantified using the following primers and probe forward:
5-TTA GAT TGC TTC CTT CAG TRC CTT ATG-3’, reverse:
5-TGT TGA GTC AAA TTA AGC CGC AA-3', probe
5-FAM-TCA ATT CTT TTA ACT TTC TCG CTT GCG
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CGA-BHQI1-3’, using TagMan Fast Advanced Master Mix
(Applied Biosystems) on a ViiA7 machine (AB Applied
Biosystems by Life Technologies). A Plasmodium plasmid of
known concentration was used to quantify Pf [31]. Any DNA
sample with a positive PfPCR amplification was considered
positive for Pf; the highest cycle threshold value was 39.

KSHV qPCR

KSHV viral load in 2 million PBMCs was quantified using
qPCR. KSHV DNA was detected using primers (forward prim-
er: K6-10F 5'-CGCCTAATAGCTGCTGCTACGG-3’; reverse
primer: K6-10R 5'-TGCATCAGCTGCCTAACCCAG-3’) and
a probe (p-K6-10 5’-R-CACCCACCGCCCGTCCAAATTC-
Q-3’). This procedure has been reported elsewhere [12].

KSHV Serology

Using the previously described multiplex bead assay [32], plas-
ma samples were diluted 1:200 and used to measure anti-KSHV
and anti-tetanus toxoid (TT) immunoglobulin G (IgG) and
immunoglobulin M (IgM) antibody levels. Twenty-five
KSHV recombinant proteins (ORF73, K10.5, K5, K14, ORF6,
ORF11, ORF55, ORF50, ORF60, K3, ORF38, ORF52, ORF59,
ORF65, ORF61, ORF18, K11, K8.1, ORF19, ORF25, ORF26,
ORF72, ORF37, ORF44, and ORF63), plus 1 TT protein,
were included in the assay panel. Each plate contained 3 nega-
tive control sera and 3 positive control sera replicates. Receiver
operating characteristic (ROC) statistical analysis was used to
compute the cutoff values for 11 antigens (K8.1, ORF73,
ORF38, ORF65, ORF25, ORF61, ORF59, ORF6, ORF44,
K10.5, K5) with an area under the curve (AUC) >70%. For
the remaining antigens (K14, ORF11, ORF55, ORF50,
ORF60, K3, ORF52, ORF18, K11, ORF19, ORF26, ORF72,
ORF37, and ORF63) with a ROC AUC <70%, the cutoff was
calculated as mean MFI (median fluorescent intensity) plus 2
times the standard deviation of 215 KSHV-uninfected US do-
nor samples for each antigen [32].

Antibody isotype specificity was confirmed using plasma
samples from Uganda by adsorbing either IgM or IgG before
testing. In both cases, the isotype-specific signal was completely
abated in treated samples (Supplementary Figure 1).

KSHYV seropositivity was defined first as IgG reactivity to at
least 1 KSHV recombinant protein of the 25 that were included
in the assay. Since K8.1 and ORF73/LANA proteins have been
widely used to define KSHV seropositivity previously, we also
performed analyses using KSHV seropositivity defined as reac-
tivity to either K8.1 or ORF73.

Statistical Analysis

Anti-KSHYV antibody levels were log;, transformed for all anal-
yses. First, associations between risk factors (including Pf
infection, anemia [Hb <11.5g/dL], fever [body temperature
>37.5°C], age, and sex) and KSHV seropositivity (a binary

outcome variable) were modeled using logistic regression. Risk
factors (including Pf infection, anemia [Hb <11.5 g/dL], fever
[body temperature >37.5°C], age, and sex) associated with
anti-KSHV antibody levels (a continuous outcome variable)
were determined using linear regression modeling. Associations
between Pf and KSHV seropositivity or KSHV antibody levels
were adjusted for anemia (Hb <11.5 g/dL), fever (body tempera-
ture >37.5°C), age, and sex. The ” test, Student ¢ test, Kruskal-
Wallis test, and 1-way analysis of variance were used for crude
analyses, where appropriate. Correlation analyses were carried
out using Spearman rank correlation. The false discovery
rate was used to correct for multiple comparisons of antibody
data. A P value <.05 was considered statistically significant.
Statistical analyses were carried out using Stata version 13
(StataCorp, College Station, Texas) and R (R Foundation for
Statistical Computing, Vienna, Austria) software.

RESULTS

Study Population Characteristics

We enrolled 304 children aged 5-10 years with a mean age of
7 years. Forty-three percent of these children (132/304) were
boys (Table 1). Of the 304, 149 had clinical Pf malaria as indi-
cated by a recent fever of >37.5°C and RDT-positive results
confirmed by gPCR to detect Pf DNA in whole blood. Of the
304, 77 study participants had RDT/PfPCR" Pfinfection as in-
dicated by the absence of RDT reactivity but PfPCR positivity,
and 78 were Pf uninfected as indicated by lack of RDT or qPCR
positivity (Table 1). Children with clinical Pf malaria had 3-log
higher mean Pf parasite load compared to children with RDT™/
PfPCR" Pfinfection, confirming that the RDT/PfPCR" parasi-
temic study participants had low parasitemia (Figure 1A). Age
and sex distribution did not vary significantly between the 3
study groups. Children with clinical malaria were more likely
to be anemic (34%) and to have a fever at the time of enrollment
(36%); children with RDT™/PfPCR" malaria were less likely to
have anemia (19%) and fever (9%), and the malaria-uninfected
children had the lowest proportions with anemia (10%) and fe-
ver (5%) (Table 1).

Association Between PfInfection Status and KSHV Seropositivity or KSHV
Viral Load

When we defined KSHV seropositivity as IgG antibody reactiv-
ity to at least 1 of the 25 KSHV proteins, 95% of children
with clinical malaria were KSHV seropositive compared to
79% of children with RDT/PPCR" malaria and 60% of
malaria-uninfected children (Table 2). Independent of age,
sex, fever, and anemia, children with clinical malaria (adjusted
odds ratio [aOR], 10.52 [95% confidence interval {CI}, 4.17-
26.58]) and children with RDT/PPCR" malaria (aOR, 2.41
[95% CI, 1.15-5.02]) were more likely to be KSHV seropositive
compared to malaria-uninfected children (trend P <.001)
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Table 1. Characteristics of Study Participants

Malaria Infected

Malaria Infected Malaria Uninfected

Characteristic Overall (RDT*/PPCR™) (RDT/PPCR™) (RDT7/PfPCR") P Value
No. of participants 304 149 77 78
Age, y, mean (range) 7 (5-10) 7 (5-10) 7 (5-10) 7 (5-10) 8892
Age group, y
b7 56% (171/304) 55% (82/149) 57% (44/77) 58% (45/78) 933P
8-10 44% (133/304) 45% (67/149) 43% (33/77) 42% (33/78)
Sex, male 43% (132/304) 46% (69/149) 47% (36/77) 35% (27/78) .200°
Hb, g/dL, mean (range) 12.3 (8-17.5) 11.9 (8-17.5) 12.5 (8.2-16) 13.8(8.1-15.2) <.001¢*
Anemia
Normal (Hb >11.5 g/dL) 76% (230/304) 66% (98/149) 81% (62/77) 90% (70/78) <.0015*
Anemic (Hb <11.5 g/dL) 24% (74/304) 34% (51/149) 19% (15/77) 10% (8/78)
Body temperature (axillary) >37.5°C 21% (64/300) 36% (563/148) 9% (7/75) 5% (4/77) <.001°*

RDTs and quantitative real-time PCR were used to determine malaria parasitemia.

Abbreviations: Hb, hemoglobin; PCR™, Plasmodium falciparum polymerase chain reaction negative; PCR*, Plasmodium falciparum polymerase chain reaction positive; RDT", rapid diagnostic

test negative; RDT, rapid diagnostic test positive.
#Kruskal-Wallis test.

o2 test.

°One-way analysis of variance.

*P < .05 considered statistically significant.

(Table 2). Sex and fever were not associated with KSHV sero-
positivity, whereas every annual increase in age was associated
with a higher risk of KSHV seropositivity (aOR, 1.21 [95% CI,
1.01-1.44]; P = .043) (Table 2).

Because our prior studies have focused on testing for antibod-
ies to only K8.1 or ORF73, we performed an additional analysis
where we limited our definition of KSHV seropositivity to the
detection of IgG to either ORF73 or K8.1 antigens. KSHV sero-
prevalence was underestimated when defined by positivity to ei-
ther K8.1 or ORF73 at 46% (Supplementary Table 1) versus 82%
(Table 2), defined as positivity to at least 1 of 25 KSHV antigens.
However, consistent with the findings where we analyzed anti-
bodies to 25 KSHV antigens, children with clinical malaria and
RDT/PfPCR" malaria were more likely to be KSHV seropositive
compared with malaria-uninfected children (Supplementary
Table 1).

Overall, detection of antibodies to individual KSHV antigens
was heterogenous with the largest proportion of children reacting
to K14 (51%), followed by ORF37 (46%) and ORF73 (41%),
whereas very few children reacted to ORF44 (4%) and 26% react-
ed to K8.1 (Supplementary Figure 2). Children with clinical ma-
laria had the highest percentage positivity to anti-KSHV IgG anti-
ORF73, anti-ORF72, anti-ORF50, anti-K5, anti-ORF11, anti-K3,
anti-ORF59, anti-ORF61, anti-ORF37, anti-ORF60, anti-K14,
anti-ORF38, anti-ORF18, and anti-ORF26, followed by children
with RDT7/PfPCR" malaria and lowest in malaria-uninfected
children (Figure 2). Detection of other antibodies did not differ
by malaria infection status (Figure 2).

KSHYV viral load was detected in 20 of the 304 children test-
ed. KSHYV viral load was not different in the 3 study groups
(Supplementary Figure 3).

Factors Associated With KSHV Antibody Breadth and Magnitude

As another way to assess KSHV antibody reactivity, we summed
the anti-IgG MFI from all KSHV proteins detected in an individ-
ual participant. Children with clinical malaria had higher sum
KSHYV antibody levels compared to malaria-uninfected children
(adjusted regression coefficient, 0.25 [95% CI, .06-.45];
P=.014) (Table 3 and Figure 1B). The sum of KSHV antibody
levels positively correlated with the number of reactive KSHV
proteins per child (Figure 1C). Therefore, the number of reactive
KSHYV proteins was highest in children with clinical malaria, fol-
lowed by those with RDT/P/PCR" malaria, and lowest in
malaria-uninfected children (Figure 1D). Age, sex, fever, and ane-
mia were not associated with sum KSHV antibody levels in
KSHV-seropositive children (Table 3). Average levels of individ-
ual IgG antibodies to all of the 25 KSHV proteins were higher in
children with clinical malaria, followed by children with RDT™/
PPCR" malaria and lowest in malaria-uninfected children
(Figure 3). IgG antibody levels to TT protein did not change
by malaria infection status (Figure 3). Similarly, IgM levels of
the individual KSHV proteins were higher in children with
clinical malaria, followed by children with RDT"/PfPCR" ma-
laria and lowest in malaria-uninfected children (Figure 4).
IgM antibody levels to TT did not change by malaria infec-
tion status (Figure 4). Furthermore, positive correlations of
IgM and IgG antibody levels to specific KSHV antigens
were observed (Supplementary Figure 4).

DISCUSSION

In this study children with clinical malaria had a substantially
higher prevalence of detectable antibodies against KSHV than
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Figure 1.

Malaria parasite load (4), sum total Kaposi sarcoma—associated herpesvirus (KSHV)-specific immunoglobulin G (IgG) median fluorescent intensity (MFI) levels

(B), and the number of reactive KSHV proteins (D) by malaria status as well as the correlation between the number of reactive KSHV proteins and total KSHV-specific 1gG level
(C) in KSHV-seropositive children. The Student ¢ test (A) (rapid diagnostic test negative [RDT")/Plasmodium falciparum polymerase chain reaction positive [PPCR*], n =77,
rapid diagnostic test positive [RDT*]/PPCR*, n = 149), 1-way analysis of variance (B) (uninfected, n = 47, RDT"/PPCR*, n = 61; RDT*/PPCR*, n = 141), and Kruskal-Wallis
test (D) (uninfected, n = 47; RDT~/PPCR*, n = 61; RDT*/PPCR*, n = 141) were used to analyze comparisons. KSHV-specific IgG to 25 KSHV recombinant proteins was mea-
sured using multiplex bead-based assay. RDTs and quantitative real-time PCR were used to determine malaria parasitemia.

did those without malaria (95% vs 60%). Furthermore, both
higher KSHV IgG and IgM antibody levels (magnitude) and
a larger number of reactive KSHV proteins (breadth) were
characteristic of children infected with Pf malaria.

Two potential explanations could explain why children with
Pf infection were more likely to be KSHV seropositive with a
larger magnitude and breadth of KSHV-specific IgG antibod-
ies. The first is the known effect of Pf on B cells. Pf encodes
the erythrocyte membrane protein 1 (PfEMP1), a superantigen
that polyclonally activates B cells and protects them from apo-
ptosis [33]. Furthermore, hypergammaglobulinemia [33] and
enhanced B-cell activation [34] are characteristics of Pf infec-
tion. These observations imply nonspecific effects of Pf infec-
tion on B cells. The expansion of B cells triggered by a
malaria infection may lead to the higher magnitude and
breadth of KSHV IgG antibody levels that we observed in

this study. However, we did not observe a difference in anti-
body levels to TT in Pf-infected and -uninfected individuals,
suggesting a more specific effect on KSHV.

A second potential explanation may be due to the impair-
ment of immune surveillance to KSHV (leading to viral reacti-
vation) by Pf infection. Pf has been implicated in the
reactivation of other human herpesviruses including EBV
[33], herpes simplex virus, and varicella zoster virus [35].
Therefore reactivation of KSHV by Pf infection is biologically
plausible. We know that higher antibody levels of KSHV are
observed in KSHV-associated diseases when immune systems
are impaired [21]. KSHV viral reactivation could increase the
breadth and magnitude of KSHV-specific IgG antibody levels
due to the increased availability of KSHV antigens. A state of
immunosuppression has been observed during acute Pf malaria
infection [15]. Furthermore, higher frequencies of regulatory
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Table 2. Factors Associated With Kaposi Sarcoma—Associated Herpesvirus Seropositivity

Crude Adjusted®
Factor KSHV Seropositivity OR (95% CI) P Value OR (95% CI) P Value
Malaria
RDT~/PfPCR™ (uninfected) 60% (47/78) 1 <. 001* (trend) 1 <.0071* (trend)
RDT/PPCR* 79% (61/77) 2.51(1.23-5.13) 2.41(1.15-5.02)
RDT*/PPCR* 95% (141/149) 11.63 (5.00-27.05) 10.52 (4.17-26.58)
Age, y 1.20 (1.003-1.43) .046* 1.21 (1.01-1.44) .043*
Sex
Male 84% (111/132) 1 .387 0.92 (.48-1.78) .808
Female 80% (138/172) 0.77 (.42-1.40)
Anemia
Normal (Hb >11.5 g/dL) 78% (180/230) 1 .006* 1 .065
Anemic (Hb <11.5 g/dL) 93% (69/74) 3.83(1.48-10.01) 2.61 (.94-7.23)
Body temperature (axillary)
<37.5°C 79% (187/236) 1 .042* 1 .824
>37.5°C 91% (58/64) 2.54 (1.03-6.21) 0.89 (.31-2.52)

KSHV-specific immunoglobulin G to 25 KSHV recombinant proteins was measured using multiplex bead-based assay. KSHV seropositivity was defined as seropositivity to at least 1 of 25 KSHV

proteins.

Abbreviations: Cl, confidence interval; Hb, hemoglobin; KSVH, Kaposi sarcoma—-associated herpesvirus; OR, odds ratio; PCR™, Plasmodium falciparum polymerase chain reaction negative;
PCR*, Plasmodium falciparum polymerase chain reaction positive; RDT", rapid diagnostic test negative; RDT™, rapid diagnostic test positive.

“Adjusted for age, sex, anemia, body temperature, and malaria parasitemia. RDTs and quantitative real-time PCR were used to determine malaria parasitemia.

*P < .05 considered statistically significant.

T cells (Tregs) are strongly associated with peripheral Pf para-
sitemia and parasite biomass in severe disease [36]. Tregs are
known to suppress inflammatory responses to prevent immune
pathology. This state of immunosuppression could affect im-
mune surveillance in KSHV latently infected individuals,
leading to viral reactivation [37]. Pf infection has also been
shown to modulate dendritic cell function [38], stimulate reg-
ulatory T cells [39], reduced interferon gamma (IFN-y) re-
sponses to unrelated antigens [40] and promote a T helper 2
(Th2) bias [41]. Impairment of dendritic cells could lead
to loss of T-cell surveillance while upregulation of regulatory
T cells could contribute to immunosuppression. IFN-y re-
sponses to KSHV have been demonstrated in this and other
populations [42, 43]; hence, if Pf infection reduces these
IFN-y responses, this could lead to KSHV reactivation.
Finally, the Th2 bias seen in Pf infection could also lead to
KSHYV reactivation, because T helper 1 (Thl) cells promote
IFN-y and interleukin 2 antiviral responses, whereas Th2 re-
sponses that promote antibody production can impair antivi-
ral immunity. Additionally, interleukin 4 (IL-4) production (a
classical Th2 cytokine) was shown, in vitro, to reactivate
KSHV from latency, and in a murine model, IL-4 was
the principal mediator of gammaherpesvirus reactivation
observed following helminthic infection [44].

KSHV seropositivity and the magnitude and breadth of
KSHV-specific antibody levels were higher in children with
clinical malaria compared to children with RDT/PfPCR" ma-
laria. The parasite load was significantly different by several
logs between these 2 groups, implying a dose-response effect

seen between RDT/PfPCR" and clinical Pf malaria infection.
This would suggest that the effect of Pf on KSHV or B cells in-
creases with increasing malaria parasite burden.

KSHYV encodes over 80 open reading frames, so the breadth
of KSHV antibody responses may be missed by focusing on
only 2 KSHV antigens. The use of the KSHV multiplex assay
with 25 KSHV antigens in studies in Cameroon, Kenya, and
Uganda has revealed a more dynamic KSHV antibody re-
sponse, especially in children, and because of the larger dynam-
ic range of the assay as compared to ELISA, a greater variation
in antibody responses across different groups of individuals
[45]. Using the 25-antigen multiplex bead assay, we were able
to observe a different pattern of antibody reactivity to KSHV
in children as compared to adults. In children, the pattern of
antibody reactivity to KSHV proteins is heterogenous without
the immune dominance of anti-ORF73 and anti-K8.1 IgG ob-
served in adults [45]. One possible explanation is that following
primary KSHV infection in children, no immunodominant
KSHYV antigen is present, unlike EBV where IgG to the viral
capsid antigen is consistently found after primary EBV infec-
tion in children [46]. In adults who have years of persistent
infection with KSHYV, there is a selection for more immunodo-
minant anti-K8.1 or anti-ORF73 IgG. It could also be that a
more recent infection in children is not yet well immunologi-
cally controlled, compared with that in adults.

KSHYV viral load was not associated with Pf infection status.
This is attributed to the low detection rate of KSHV in periph-
eral circulation. Unlike EBV, KSHV DNA is rarely detected in
plasma, even among individuals with KS [47]. On the other
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Figure 2. Percentage of participants with antibodies to individual Kaposi sarcoma—associated herpesvirus (KSHV) proteins (4) by malaria status (). The  test was used to
analyze differences in antigen detection between groups, and the false discovery rate was used to adjust for multiple comparisons. KSHV-specific immunoglobulin G to 25
KSHV recombinant proteins measured using multiplex bead-based assay. Rapid diagnostic tests and quantitative real-time polymerase chain reaction were used to determine
malaria parasitemia. Adjusted Pvalues: *P < .05; **P < .01; ***P < .001. Abbreviations: PPCR*, Plasmodium falciparum polymerase chain reaction positive; RDT", rapid

diagnostic test negative; RDT*, rapid diagnostic test positive.

hand, KSHV can be detected in PBMCs and correlates with K,
suggesting that KSHV is majorly cell associated [22]. However,
only about 50% of KS patients have detectable KSHV DNA in
PBMCs and much less in plasma [48]. Therefore a larger sam-
ple size is required to detect differences in KSHV viral load.
There were several strengths of the current study. Our use of
both RDT and qPCR to classify malaria parasitemia allowed us
to identify a subgroup of children with RDT/PPCR" Pf

infection that has not been included in previous studies. Our
use of 25 KSHYV proteins in a multiplex bead assay to quantify
IgG to KSHV hence greatly increased the dynamic range, sen-
sitivity, and specificity to detect KSHV antibody responses.
Although the association between Pf and KSHYV seropositivity
could be detected even when using only 2 KSHV antigens, the
seroprevalence in children is underestimated with 2 antigens as
compared to using 25 KSHV antigens. The main weaknesses of
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Table 3. Factors Associated With Kaposi Sarcoma—Associated Herpesvirus (KSHV) Antibody Levels Among KSHV-Seropositive Children

Crude Adjusted®
Factor Regression Coefficient (95% ClI) P Value Regression Coefficient (95% Cl) P Value
Malaria
RDT~/PfPCR™ (uninfected) Ref .007* (trend) Ref .014* (trend)
RDT/PPCR* 0.12 (-.09 to .33) 0.13 (-.09 to .35)
RDT*/PPCR* 0.24 (.06-.43) 0.25 (.06-.45)
Age, y 0.03 (-.01 to .07) .201 0.03 (-.01 to .07) 190
Sex
Male Ref 935 Ref .867
Female —0.006 (-.15t0 .13) —0.01 (-.15t0 .13)
Anemia
Normal (Hb >11.5 g/dL) Ref 975 Ref .616
Anemic (Hb <11.5 g/dL) 0.002 (-.15 t0 .16) —0.04 (-.20t0 .12)
Body temperature (axillary)
<37.5°C Ref .994 Ref .554
>37.5°C 0.001 (-.16 t0 .17) —0.05 (-.22 t0 .12)

Immunoglobulin G (IgG) to 25 Kaposi sarcoma-associated herpesvirus (KSHV) recombinant proteins was measured using multiplex bead assay. |gG median fluorescent intensity to the 25

KSHV proteins were summed and logo transformed before linear regression modeling.

Abbreviations: Cl, confidence interval; Hb, hemoglobin; PCR™, Plasmodium falciparum polymerase chain reaction negative; PCR*, Plasmodium falciparum polymerase chain reaction positive;

RDT", rapid diagnostic test negative; RDT, rapid diagnostic test positive.

“Adjusted for age, sex, anemia, body temperature, and malaria parasitemia. RDTs and quantitative real-time PCR were used to determine malaria parasitemia.

*P < .05 considered statistically significant.
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Figure 3. Immunoglobulin G (IgG) antibody levels to Kaposi sarcoma—associated herpesvirus (KSHV) proteins and tetanus toxoid (TT) by malaria status. Kruskal-Wallis test
was used to for analytic comparisons, and the false discovery rate was used to adjust for multiple comparisons. Medians and interquartile ranges are shown. KSHV-specific
IgG to 25 KSHV recombinant proteins and TT antigen were measured using multiplex bead-based assay. Rapid diagnostic tests and quantitative real-time polymerase chain
reaction were used to determine malaria parasitemia. Adjusted Pvalues: *P < .05; **P < .01; ***P < .001. Abbreviations: IgG, immunoglobulin G; MFI, median fluorescent
intensity; PPCR*, Plasmodium falciparum polymerase chain reaction positive; RDT, rapid diagnostic test negative; RDT*, rapid diagnostic test positive.

the current study include the limitations of a case-control study
design and unmeasured/unknown confounding factors. We
did not enroll “healthy” children into our study and therefore
were unable to compare KSHV serological measures in this group

to our study participants. Finally, there was a lack of data about the
timing of primary KSHV infection relative to the measurement of
the KSHV antibodies at the time of enrollment in this study.
However, infections with KSHV in SSA occur very early (as early
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Figure 4.

Immunoglobulin M (IgM) antibody levels to Kaposi sarcoma—associated herpesvirus (KSHV) proteins and tetanus toxoid (TT) by malaria status. Kruskal-Wallis

test was used to for analytic comparisons, and the false discovery rate was used to adjust for multiple comparisons. Medians and interquartile ranges are shown. KSH-
V-specific IgM to 25 KSHV recombinant proteins and TT antigen measured using multiplex bead-based assay. Rapid diagnostic tests and quantitative real-time polymerase
chain reaction were used to determine malaria parasitemia. Adjusted P values: *P < .05; **P < .01; ***P < .001. Abbreviations: IgM, immunoglobulin M; MFI, median
fluorescent intensity; PPCR, Plasmoadium falciparum polymerase chain reaction positive; RDT-, rapid diagnostic test negative; RDT*, rapid diagnostic test positive.

as 6 months of age [10]), suggesting that KSHV acquisition preced-
ed the current Pf infection for several years.

CONCLUSIONS

Clinical Pf malaria infections were associated with a higher risk
of KSHV seropositivity and with the detection of an increased
breadth and magnitude of IgG antibody levels to several KSHV
latent and lytic proteins. These results suggest that Pf (possibly
through Pf affecting immunity to KSHV) can affect KSHV la-
tency and reactivation. The mechanisms through which Pf
may impact KSHV latency and reactivation warrant further
investigation.
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Infectious Diseases online. Consisting of data provided by the au-
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