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ABSTRACT

MHV68 and Plasmodium co-infection

By Caline G. Matar

Plasmodium infection causes nearly 1 million deaths annually, mostly comprising children
younger than 5 years of age. Children living in areas endemic for P. falciparum transmission are
thought to acquire immunity to non-cerebral severe forms of disease within 1-2 infections,
however, 10-20% of these children progress to severe disease. P. falciparum infection is highly
associated with Epstein-Barr Virus (EBV) co-infection in Sub-Saharan Africa. Children
repeatedly infected with P. falciparum have an increased risk of developing endemic Burkitt’s
lymphoma (eBL). EBV specific CD8+ T cell responses were shown to be attenuated in eBL
patients and are thought to be a consequence of repeated and high exposure rates to P. falciparum
infection. One aspect of such co-infections that has largely been neglected is the role of a primary
asymptomatic EBV infection in modulating immunity to malaria. Asymptomatic EBV infection
has been shown to suppress the humoral immune response transiently, and this may render a host
susceptible to secondary infections. Co-infection with the Murine gammaherpesvirus 68
(MHV68) transforms the non-lethal P. yoelii XNL, but not P. chabaudi AS, infection into a lethal
one. We demonstrate that MHV68 induces a transient suppression of the humoral immune
response, which was marked by suppressed levels of germinal center B cells, plasma cells and T
follicular helper cells in the spleen. This effect was dependent on the late acute phase of viral
replication, but not long term latency. More importantly, we identify the M2 gene product as a
facilitator of the virus induced humoral suppression. Co-infection with the M2 null virus and P.
yoelii resulted in 94% survival and rescued the parasite specific 1gG response by 28 fold. We next
evaluated the impact of such co-infection on the development of long term memory B cell
responses during a P. chabaudi co-infection model by evaluating BCR clonal diversity. Taken
together, my thesis work has identified a potential role for EBV, which ubiquitously infects the
population, in having substantial effects on the host immune response, thereby predisposing the
host to secondary opportunistic infections. This novel finding largely supports efforts directed
towards the development of EBV specific anti-viral drugs and vaccines.
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PREFACE

The major focus of my thesis work relates to MHV68 and Plasmodium co-infection. However,
during my graduate career, | also conducted independent studies relating to host regulatory
transcription factors and how they regulate the viral life cycle. Our findings are published in the

Journal of Virology and are included as Chapter [1lIl in this dissertation.



CHAPTER I

INTRODUCTION

l. Co-infection with EBV and Plasmodium falciparum is ubiquitous in sub-Saharan
Africa

More than 200 million individuals worldwide are infected with Plasmodium on a yearly basis
and of these approximately 1 million die, largely children under 5 years of age and pregnant
women [1]. In Sub-Saharan Africa Plasmodium falciparum is responsible for over 90% of
infections and disease severity is spectral, ranging from mild febrile illness to life-threatening
conditions such as cerebral malaria (CM) and severe malarial anemia (SMA) [2]. As suggested
by the age of fatalities, the most complicated forms of malaria are largely restricted to childhood
[3], although not all children living in endemic areas suffer severe disease. Multiple factors
contribute to disease severity including host genetics, parasite virulence and transmission
intensity [4]. Immune responses to each stage of the parasite life cycle that contribute to the
development of protective immunity have been described in more detail elsewhere [5]

Compounding the malaria landscape for children residing in endemic areas is the high
prevalence of concomitant infections with other pathogens. Children in sub-Saharan Africa
experience their primary Epstein-Barr virus (EBV) infection within the first years of life [6-10].
Contrary to more affluent societies, where primary EBV infection is characterized by the
symptomatic manifestation infectious mononucleosis (IM) that occurs mainly during late
adolescence and early adulthood [8], infections of young children are typically asymptomatic.
EBV and malaria co-infection is postulated to negatively impact the generation of an immune
response that effectively controls persistent EBV replication (reviewed in [11]). Deficiencies in
immune control of latent EBV infections is thought to be permissive to the development of

endemic Burkitt’s lymphoma (eBL), a B cell tumor that occurs predominantly in children 5-9



years of age in Equatorial Africa, first described by Dennis Burkitt in 1958 [12]. Studies from
children with eBL suggest that this EBV-associated tumor results, in part, from a loss of EBV-
specific T cell responses in children after chronic exposure to Plasmodium falciparum [13-17]
that consequently reactivates latent EBV [18-20]. Here we examine the converse hypothesis that
immune modulation by EBV may also have an impact on the severity of malaria infections.

EBV infection has distinct lytic and latent life cycles and maintains persistence throughout
the lifetime of the host. Gammaherpesviruses such as EBV are lymphotropic viruses that
primarily infect and maintain latency in the memory B cell (Figure 1). The humoral immune
response has been shown to play a key role in clearance of circulating infected red blood cells
(iIRBCs) during malaria [21,22]. Given that the B cell compartment is the primary niche for EBV,
it is plausible that the humoral immune response to malaria may be altered during EBV co-
infection. Indeed, one study noted higher EBV viral loads were associated with increased
susceptibility and frequency of malaria attacks in children in Gabon [23]. Although most
children under the age of 2 are co-infected with both EBV and malaria, not all children will have
acute co-infection with EBV and malaria. This may vary depending on entomological
inoculation rates for malaria and the viral shedding status of the mother and other children in the
community. The timing of primary EBV infections may lead to diverse outcomes with respect to
the generation of anti-malarial immunity and disease severity.

We propose that that risk of developing severe malaria in young non-immune children is
dependent on the force of infection (FOI) of EBV as well as malaria, as suggested by
epidemiological studies for the risk of developing eBL. Malaria FOI exhibits seasonality and is
correlated with age [24]. The peak FOI occurs in children 2-5 years of age coinciding with the
age range of highest malaria morbidity [25]. In fact, EBV infection was shown to occur at a
younger age in children living in areas holoendemic for P. falciparum. This earlier infection rate
geographically correlated with an increased risk in developing eBL later in life [26]. The time

between primary EBV infection and the development of eBL provides an opportunity for the



virus to replicate during malaria co-infections [27]. We and others speculate that this repeated
interplay between pathogens results in progressively diminished EBV-specific T cell control,
which has previously been proposed as the mechanism by which malaria induces progression to

eBL [28].

1. Can gammabherpesviruses alter the pathogenesis of malaria infection?

To our knowledge, there are currently no published studies that have investigated the impact
of a primary EBV and Plasmodium co-infection on the development of severe malaria in infants.
However it is currently feasible to examine whether a gammaherpesvirus infection could
exacerbate the pathogenesis of malaria using well defined rodent models.

a. Rodent models of malaria infection

There are several well-described models of malaria infection using parasites isolated from
thicket rats in the 1960s [29] that collectively demonstrate different aspects of the pathogenesis of
human malaria infections, and that share several key characteristics of immune responses to
human Plasmodium parasites. Plasmodium infection is transmitted through the bite of the female
Anopheles mosquito. It injects sporozoites that migrate to hepatocytes and replicate asexually, a
phase of the infection that lasts close to a week and is clinically asymptomatic. The replicating
sporozoites generate large numbers of merozoites that are released from the ruptured hepatocyte
and infect red blood cells (RBCs), replicating asexually in a synchronized cycle lasting 24-72
hours, depending on the parasite species. It is this erythrocytic phase of the Plasmodium life cycle
that is accompanied by febrile illness and the other clinical symptoms of malaria.

Rodent malaria models can be used to examine certain aspects of Plasmodium infection
reflective of human infections. The Plasmodium chabaudi AS and Plasmodium yoelii XNL
models of malaria are non-lethal in most strains of mice whereas Plasmodium berghei ANKA

infections of mice on a C57BL/6 or CBA background mimic some features of cerebral malaria



(CM) and is commonly referred to as experimental cerebral malaria (ECM). Immunologically,
Plasmodium infection induces inflammatory responses within hours of infection in both mice and
humans. Reports on human Plasmodium infection indicate a positive correlation between IL-12
levels and protection from severe malaria [30-33]. Although there are contradicting results
regarding the ability of P. falciparum to activate dendritic cells (DCs) [34-37], activation of
rodent DCs exposed to iRBCs of rodent malaria parasites [38-41] has been repeatedly shown. In
general, DC activation is thought to lead to a Thl response and this can be measured in peripheral
blood mononuclear cells (PBMCs) of individuals infected with malaria and is also a feature of
rodent malaria models. Interferon-y (IFN-y) can be produced from NK cells, y6 T cells, CD4+ T
cells and CD8+ T cells both in humans [42-45] and rodents [46-51] infected with malaria.
Antibodies are thought to be a primary mechanism of controlling the erythrocytic stage of malaria
infection [21,52] and multiple immunodominant parasite antigens have been identified. In fact, in
one study, the breadth of the antibody response with respect to reactivity to multiple antigens has
been correlated with protection against developing clinical malaria [52]. The requirement for
antibody to control the primary peak of parasitemia in the P. chabaudi and P. yoelii models of
non-lethal malaria differs, with CD4+ T cell-mediated immunity being sufficient to control P.
chabaudi infection [53]. Although the development of B cell immunity against Plasmodium
infection appears to require constant challenge infections in humans, the P. chabaudi model of
malaria has been used to demonstrate that memory B cells can form in rodent malaria infections
[54] and contribute to protection against secondary challenges [55,56].

b. The MHV68 rodent model of gammaherpesvirus infection

Gammaherpesviruses are capable of maintaining lytic and latent infection in the host. The
Murine gammaherpesvirus 68 (MHV68) has been wused extensively to understand
gammaherpesvirus infection in humans, which exhibits restricted host tropism. The two known
human gammaherpesviruses include EBV and Kaposi’s sarcoma associated herpesvirus (KSHV).

MHV68 encodes for conserved gene products seen in both EBV and KSHV viral genomes. Of



importance, analysis of MHV68 infection in the mouse has been instrumental in understanding
the lytic phase of infection, which is difficult to assess in human subjects. Viral transmission is
postulated to occur orally as evidenced by the enumeration of EBV titers in the saliva of patients
suffering from IM. In the lab setting, intranasal infection with a luciferase expressing MHV68
virus indicated viral replication and presence in the cervical draining lymph nodes, the lungs, the
spleen (splenomegaly) and vagina during female C57BL/6 infections [57]. Splenomegaly is
observed in EBV infected patients experiencing IM [58] and viral titers have also been detected
in female and male genital secretions [59,60]. Intranasal infection of C57BL/6 mice consists of an
acute lytic replication in the lungs, peaking around 4-6 days and cleared by day 12 post-infection.
Acute lytic replication in the lung seeds B cells travelling to the spleen, which initiates germinal
center responses and splenomegaly [61]. Nearly 80% of virus infected B cells show a germinal
center phenotype around day 18 post-infection [62]. By day 16-18 post-infection, the virus
reaches peak latency levels, with a reduction in productive viral replication, and 1:100 cells being
latently infected with virus. Frequency of viral reactivation is approximately 1:1000 at this time
point, and is almost undetectable by day 42 post-infection.

The virus maintains latency predominantly in the memory B cell [63] reservoir but is capable
of infecting macrophages and DCs [64]. Of importance are the two distinct phases of viral
replication. In this review, the initial lytic infection of the virus in a naive host which consists of
fulminant viral replication in the lung and inflammatory response induction will be referred to as:
acute primary infection. The strong inflammatory response induced by acute infection generates
memory to a primary viral infection. The second phase of viral infection is reactivation from
latency, and is considered to be a distinct aspect of the viral life cycle. Low level reactivating
virus does not generate potent inflammatory responses in an immune competent host, and is
required for seeding the latency reservoir. In the mouse, the second phase of viral reactivation
from latency can be assessed by monitoring levels of preformed virus in the lung and spleen 18

days post-infection. If pre-formed infectious viral levels persist, the infection is not considered to



be properly controlled. The equivalent of this type of infection in humans, using our definition, is
the asymptomatic primary infection of a naive child who has lost maternal antibody protection
against EBV. This primary infection, although not symptomatic, will generate a memory
response, the formation of which is dependent on the innate inflammatory response. This immune
response is also distinct from viral reactivation from latency in which stimuli that expand the
latently infected pool will induce virus production. In an immune competent host, the anti-viral
response is considered to be effective and will ensure proper control of reactivating virus [64].
An ELISA-based technigue can discriminate between a primary, recent primary or reactivating
EBV infection in children [65]. This assay feasibly could be used to evaluate the stage of EBV
infection present in children experiencing severe malaria.

Control of MHV68 infection is not exclusively dependent on CD4+ T cells, CD8+ T cells or
B cells during the acute phase. However, all three subsets perform a non-redundant role in host
protection during latency and are required to control chronic viral replication [66-70]. MHV68
induces a potent Type | interferon (IFN) response that is required for proper control of acute
infection and prevention of host lethality [71]. The virus can be detected by Toll-Like Receptor 9
(TLR9) which senses hypo-methylated CpG motifs in the viral DNA [72]. Infection in TLR9-/-
animals results in slightly higher levels of viral titer in the lungs, but does not significantly alter
clearance of the infection or establishment of latency [72]. In contrast, MyD88-/- animals clear
acute infection normally, but have a defect in the establishment of latency [73] which could be
due the requirement of TLR signaling in B cells for the generation and maintenance of germinal
center responses during an infection [74]. Recent work also indicates that the unique M2 gene of
MHV68 contains an Interferon Sensitive Response Element (ISRE) to the transcriptionally
repressive Interferon Response Factor 2 (IRF2) [75]. This ISRE allows the reactivating virus to
be responsive to Type | IFN signals and negatively regulate the viral life cycle, minimizing host

lethality while maintaining a latency reservoir.



c. Co-infection with MHV68 and malaria in rodents

We, and others, have tested the impact of acute MHV68 infection on the pathogenesis of
erythrocytic non-lethal P. yoelii XNL and P. chabaudi AS or lethal P. berghei ANKA co-
infections in C57BL/6 mice. Primary infection with a gammaherpesvirus can alter the
pathogenesis of a secondary malaria infection (Matar et. al., Chapter I1)) and this may be because
acute gammaherpesvirus infection impairs the ability of mice to mount appropriate immunity to
subsequent malaria infections. Of relevance to the pathogenesis of malaria, MHV68 infection
rendered a deficiency in the generation of malaria-specific CD8+ T cell responses (Amante et al.,
unpublished data) and the maintenance of T follicular helper cells that impacted the sustained
output of plasma cells in the spleen (Matar et al., Chapter I1)). The net effect of this suppression
reduced the CD8+T cell-mediated pathology associated with ECM in the P. berghei ANKA
model (Amante et al., unpublished data) and transformation of the non-lethal P. yoelii XNL into a
lethal infection [76] as a result of poor anti-malarial humoral immunity, loss of control of the
primary peak of parasitemia and the development of lethal SMA (Matar et al., Chapter II). No
measurable effect on the primary peak of parasitemia in mice infected with P. chabaudi AS was
noted (Table 1) as might be expected from the ability of B cell deficient animals to control the
primary peak of parasitemia with this infection [53] .

Immunologically, it is clear from all three models that MHV68-infection is associated with an
immune suppression of specific subsets in the adaptive immune response in mice. C57BL/6 mice
acutely infected with MHV68 lose their ability to induce antibody responses to secondary
challenge of an unrelated antigen [77]. This transient effect has also been observed in young
adults experiencing acute EBV infection [78,79]. Importantly, for the MHV68-malaria co-
infection studies described above, the effects of MHV68 infection are dependent on acute and not
latent infection, with the detrimental effects of MHV68 infection wearing off after about 30 days.
It has been demonstrated for the P. chabaudi and P. yoelii non-lethal rodent co-infection models

that latent MHV68 infection has very little impact on control of the parasite infection [76] (Matar



et al., Chapter II). In this respect, malaria differs from other parasitic infections such as
intracellular bacteria Listeria monocytogenes [80] and Yersinia pestis [81] which show that
MHV68 latency, but not acute infection, could protect against infection by maintaining a basal
secretion of IFN-y and activation of macrophages. Given that monocyte and macrophage
activation is also considered to play a protective role in phagocytosis of iRBCs and free
merozoites [82,83], it is surprising that a bigger effect of latent MHV68 infection on control of
malaria infection is not seen. This could arise if iRBCs are better than L. moncytogenes or Y.
pestis at evading macrophage clearance to establish infection, not entirely unfeasible given the
sequestration properties of iRBCs which are thought to have evolved to avoid splenic clearance
from the circulation [84]. The data in rodent co-infections described above demonstrates that
primary gammaherpesvirus infection can alter immunity generated to an incoming infection with
Plasmodium and in some scenarios this results in an alteration of the pathogenesis of malarial

disease in mice.

Il Gammabherpesvirus induced suppression of the innate immune response to

malaria

Although the effects of acute MHV68 infection on malaria pathogenesis appear to stem
from alterations in the anti-malarial adaptive immune response, adaptive immune responses are
generally driven by innate immunity. The ability of gammaherpesviruses to specifically modulate
the innate immunity may therefore have interesting implications on the immunobiology of
malaria during co-infection (Figure 2). Despite the importance of the inflammatory response in
curbing the extent of viral infection to minimize damage to the host, the virus has adapted
mechanisms to ensure that the innate immune response does not sterilize the infection. These key
immune evasion mechanisms consist of an evolutionary adaptation by the virus that supports

entrance into and maintenance of latency, which is a unique feature of the herpesvirus family



(reviewed in [85]). Key mechanisms of immune evasion have been documented in both the
murine and human gammaherpesviruses. Downstream effectors of the Type | IFN response
include the Interferon Regulatory Factors (IRFs). IRFs are integral to TLR signaling and induce
NF-kB mediated signaling. The MHV68 encoded ORF36 can directly inhibit cellular IRF3 [86]
and the latency associated protein of MHV68, ORF73 (LANA), can directly inhibit NF-xB
signaling by targeting the p65 subunit to ubiquitin mediated proteasomal degradation [87,88].
Such features are not unique to this rodent gammaherpesvirus as KSHV can negatively regulate
IFN signaling through the expression of homolog viral-IRF (VIRF) and v-IL-6 proteins [89-92].
The immediate early gene product of EBV, BZLF1, is capable of inhibiting IRF7 [93] and
BGLF4 is an inhibitor of IRF3 signaling [94]. Collectively, these immune modulating
mechanisms are required for proper initiation of the viral life cycle of gammaherpesviruses and
thus are primarily employed during acute rather than latent infection (reviewed in [95]).
Inhibition of IRF impedes the production of key inflammatory cytokines such as the type 1 IFNs
IFN-a and IFN-B which limit viral replication, promote apoptosis of the infected cell and activate
antigen presenting cells (APCs) to stimulate the antigen specific T cell helper responses. This
virus-induced immune regulation may negatively regulate secondary adaptive immune responses.

Similar to gammaherpesviruses, Plasmodium induces type 1 IFN production from APCs
via ligation of TLR9 by DNA/protein complexes trapped in hemozoin crystals [96,97], an
insoluble byproduct of hemoglobin digestion in RBCs. However the role that type 1 IFNs play in
anti-malarial immunity appears to vary amongst rodent models. Published studies do not agree on
the effect of type 1 IFN on controlling clearance of iRBCs during P. chabaudi infection [98,99].
In contrast, type 1 IFN may help to control the frequency of iRBCs during P. yoelii infection due
to its suppressive effects on erythropoiesis [100] which reduces the release of reticulocytes into
the circulation [101], the target cell in a P. yoelii XNL infection. Nevertheless type 1 IFN has
been shown to promote hematopoietic stem cell exhaustion [102,103] and in the context of viral

infections, type 1 IFN has been shown to have suppressive properties on hematopoiesis during
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lymphocytic choriomeningitis virus (LCMV) infections [104]. This suggests a potential role for
chronic Type | IFN signaling in the exacerbation of severe malarial anemia (SMA), a condition
where erythropoietic and hematopoietic suppression is a key feature [105]. Indeed the human
immunodeficiency virus (HIV), although not a herpes virus, is associated with induction of type 1
interferon [106] and published studies suggest that P. falciparum and HIV co-infection can be
associated with exacerbation of SMA [107,108].

Type 1 interferon can suppress the CD4+T cell response in the P. berghei ANKA model
of malaria [76]. Although the mechanism by which this occurs is not clearly understood, it is
likely to be via an effect on the antigen presenting cells (APCs) which activate T helper cells. In
fact, recent work has demonstrated that MHV68-infected DCs could not up-regulate activation
markers and present antigen as efficiently as those not exposed to MHV68 [109]. In a similar
vein, EBV infection of monocytes prevented their maturation into DCs and promoted apoptosis
[110]. Of interest, the expression of DC activation markers during an MHV68 and P. berghei co-
infection was reduced as compared to a single P. berghei infection (Amante et al. unpublished)
supporting a model that implicates virus-modulated immune responses as negative regulators of
APC activation during a co-infection with malaria.

Gammabherpesviruses have been shown to increase levels of IL-10 production during an
infection. MHV68 does this via the unique gene product M2 [111,112]. Similarly EBV encodes
for a viral IL-10 homolog [113]. From the perspective of EBV, virus-induced IL-10 production is
postulated to increase B cell proliferation, thus expanding the latency reservoir. With regards to
the effect of virus infection-derived IL-10 on a malaria infection, there are multiple effects on
anti-malarial immunity that may be observed depending on which cell types may be affected. For
example, IL-10 is generally regarded as having an immunosuppressive effect on Thl responses
[114] and rodent models of malaria suggest that it can impair control of circulating Plasmodium
parasitemia. However, IL-10 seems to play a critical role in protection against over-exuberant

inflammatory immune responses which lead to pathogenesis during a malaria infection [46]. The



11

effect of virus-induced IL-10 on T cell activation has not been formally demonstrated in either
mouse models of infection or in human EBV infection. Interestingly, levels of 1L-10 production
from CD4 T cells were not altered during MHV68 co-infection with either P. yoelii or P.
chabaudi (Matar et al. Chapter II).

Chronic influenza infection was recently shown to induce Indoleamine 2,3 dioxygenase
(IDO) production [115]. IDO is an enzyme that catalyzes the breakdown of tryptophan (TRP) via
the kynurenine pathways [116] and negatively regulates Thl CD4/CD8 T cells, while activating
the CD4+ FOXP3+ T regulatory subset. One of the signals that promote IDO induction is IL-10,
a by-product of gammaherpesvirus infection, and in the absence of IDO expression, greater
proliferation of effector CD8 T cells eliminated the viral infection [112]. Multiple pathogens,
including Plasmodium, are capable of inducing IDO production to create localized
immunosuppressive niches that promote pathogen survival [117-120]. There is no current
evidence suggesting a role for gammaherpeviruses in induction of IDO expression. However,
there were no alterations to the CD4+ FoxP3+ T reg subset during MHV68 and P. yoelii or P.
chabaudi co-infection (Matar et al. Chapter I1). Additionally, Th1 CD4+ T cells in both these co-
infection models did not exhibit any signs of exhaustion and produced normal levels of IFN-y and

IL-10 in response to CD3/CD28 stimulation as compared to single Plasmodium infection.

V. Modulation of CD8+T cell responses during EBV/P. falciparum co-infection:

does it matter to malaria?

It has been demonstrated that T cell memory to specific pathogens may be impaired during
secondary successive and chronic secondary viral infections [121,122]. Thus, it is postulated that
repeated exposure to P. falciparum infection in endemic areas results in the exhaustion of EBV-
specific CD8+ T cell responses. Indeed, the primary molecular link between EBV and P.

falciparum co-infection is related to the defective anti-viral CD8+ T cell response that results in
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the outgrowth of virally transformed B cells and results in eBL [13-16,18,19,123]. Amante et al.
have shown that MHV68 and P. berghei co-infection resulted in reduced P. berghei specific
CD8+ T cell responses (unpublished data) suggesting that EBV infection could also impair the
generation of pathogenic malaria-specific CD8+T cells.

CD8+T cells are expanded in malaria infection, but much of the focus on the target and
function of these cells has centered on liver stage malaria whereby CD8+ T cell-mediated lysis of
infected hepatocytes containing developing parasites is considered to be a mechanism of
protection against pre-erythrocytic malaria (reviewed in [5]). In this context, defective
development or maintenance of CD8+T cell responses during primary EBV infection may lead to
increased numbers of liver stage parasites in turn increasing blood stage parasitemia or
multiplicity of infection. However, there is emerging evidence that CD8+ T cells also directly
contribute to the control of blood-stage parasitemia (Lamb et al. unpublished data). Studies on the
role of CD8+ T cell responses to erythrocytic malaria with respect to control of iRBCs are scarce.
Only one report has described any role for CD8+ T cell activation in a non-lethal P. chabaudi
malaria infection [124] suggesting that CD8+ T cell activation by CD11c+CD8a+ DCs is
essential for control of peripheral parasitemia and prevention of hyperparasitemia-induced death
that is associated SMA. Transfer of activated CD8+T cells from P. yoelii infected mice was able
to provide some protection against a lethal P. yoelii strain [125]. The mechanism by which CD8+
T cell responses play a role in controlling blood stage parasitemia during non-lethal infections is
unclear, however, IFN-y production and its contribution in generating cytophilic antibody

responses and activating phagocytic macrophages for iRBC clearance is likely to be instrumental.

The suppression of CD8+ T cell responses against malaria may have beneficial effects in
reducing the propensity for the development of organ-specific manifestations of malaria. T cell
trafficking to target organs where there is sequestration of iRBCs in ECM is thought to be a key

event in the development of damage in the brain [126,127] and lung [128,129] but not liver [130].
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CM s a serious condition resulting from infection with P. falciparum and is a diffuse of
encephalopathy that is characterized by deep coma with seizures that is often fatal and affects
around 3 million children world-wide in areas where malaria is endemic [1]. iRBCs are thought to
sequester and adhere to the brain endothelium via interactions between variant molecules
exported to the surface of the infected RBC such as Plasmodium falciparum erythrocyte
membrane protein-1 (PfEMP-1) and associated families of molecules that can interact with
endothelial expressed ICAM-1 [131] and CD36 [132]. Localized inflammatory responses to
sequestered iRBCs occur and, at least in the P. berghei ANKA model of ECM, IFN-y driven
inflammation is a critical component of adverse outcome for infected mice [126,127]. Both CD4+
and CD8+ T cells are thought to be important cellular mediators of ECM [133] driving an
inflammatory immune response resulting in death between 8 and 10 days post-infection. CD8+ T
cells are activated by blood stage malaria infections by cross-presentation of antigens in the
spleen [50,134,135]. Thus it is possible that if the suppression of T cells extends to anti-malarial
CD8+T cells the chances of developing CM during acute EBV infection may be reduced, as

demonstrated in P. berghei / MHV68 co-infections (Amante et al., unpublished data).

V. Impairment of the anti-malarial humoral immune response by

gammaherpesvirus co-infection

In the context of a co-infection with malaria, some studies suggest that polyclonal B cell
stimulation by P. falciparum results in the expansion of virally-infected B cells, thus increasing
viral load in the host [18,136-139]. B cells require specific IRF signaling pathways for proper
germinal center responses during infections. T-dependent antigen specific responses requires
TLR stimulation of the B cell in addition to T helper cell function [74]. Since EBV is capable of
inhibiting IRF and TLR signaling pathways in B cells, it is a logical assumption that virus

mediated regulation of the infected B cells may impact humoral responses to secondary unrelated
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antigenic challenges. The immune suppressive effects exerted by acute MHV68 and EBV
infection on humoral responses have previously been reported in vivo [77-79] and it appears that
the transient immune suppression observed was contingent on acute viral replication and
specifically impacted the humoral response. This suppression was still operational in mice
deficient in the majority of TLR signaling (MyD88-/-) which presumably abrogated a large
portion of the TLR9-dependent type 1 interferon response to MHV68, as well as in the absence of
a stimulator of interferon genes (STING) [140]. This suggests that, although type 1 interferons
may be important in suppressing CD4+ T cell responses against malaria [98], the induction of
type 1 interferon by MHV68 may not explain the deficiency in the generation of anti-malarial
humoral immunity in the P. yoelii XNL and P. chabaudi AS models (Matar et al., Chapter II).
Interestingly, the suppression of the humoral immune response in this study was not dependent on
the anti-inflammatory cytokine IL-10 [77] but this does not rule out a dependency on other
immunosuppressive molecules such as TGF-p or IDO in MHV68-induced suppression of the
humoral response to secondary antigens.

In the P. yoelii and MHV68 co-infection model SMA causes lethality and is due to impaired
humoral responses that result in uncontrolled parasitemia in the periphery (Matar et al. Chapter
I1). The observation that acute MHV68 infection can profoundly suppress the humoral response
to malaria in this mouse model demonstrates that interactions can occur between these pathogens
that may be important in the development of clinical malaria. This is supported by evidence for
the requirement of the humoral response in clearing iRBCs [21,141] and the established link
between poor humoral responses and severe malarial disease in young children [142]. MHV68
co-infection with P. chabaudi induced the same humoral suppression (Matar et al., Chapter II).
However, since the humoral response is not required for control of primary peak of infection in
this model, the co-infection did not impair acute malarial disease but we speculate impairment in

the development of malaria specific B cell memory responses [53,56].
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VI. CONCLUSION

It has been previously demonstrated that immunity to the severe form of malaria is acquired
within 1-2 infections in areas of endemic transmission for P. falciparum [143]. Yet, despite this
minimal number of infections, almost 1 million children die annually as a result of complications
associated with severe malaria. This subset of individuals is also restricted to a narrow age
bracket consisting of children younger than 5 years of age. Could primary EBV infection impact
immune responses to a secondary malarial infection? The biology of EBV and malaria infections
suggests that there are multiple points of immune syndemism that could impact the pathogenesis
of malaria infection. Rodent models of EBV and malaria co-infection demonstrate that it is
possible for a primary gammaherpesvirus infection to negatively modulate the generation of anti-
malarial immunity, thus transforming non-lethal infections into lethal ones (Matar et al., Chapter
I1). However, the suppressive effects of gammaherpesviruses diminish after 30 days of infection.
There is no direct human evidence that primary EBV infection negatively impacts the
development of Plasmodium-specific adaptive immune responses, nor whether the timing of
primary EBV infection in relation to malaria infections lead to more severe malarial disease. The
latter could be examined using longitudinal birth cohort studies to determine whether timing of
primary EBV infection during the development of an infant’s anti-malarial immunity impacts on
the effectiveness of a response that protects from severe clinical malaria. Addressing the details
of this co-infection combination has important implications if early-age primary EBV infection is
a risk factor for the poor development of anti-malarial immunity and development of clinical

malaria in infants.
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FIGURES
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Figure 2.
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Table 1.
Effect of type | Requirement for | Requirement for Effect of overlapping | Effect of a latent
1 interferon cell mediated humoral acute MHV68 MHV68 infection
immunity responses infection
(more than 16 days
(less than 16 days post-MHV68 infection)
post MHV68 -
infection)
Plasmodium Inhibits Requires CD4+ T Requires antibody | Non-lethal infection Immunosuppressive
yoelii XNL infection by cells to control for control of becomes lethal [76] effects on humoral
suppressing the primary peak | primary peak of due to uncontrolled responses wanes after
(Matar et al,, reticulocytosis | of infection [144] | infection [53] primary peak of

unpublished)

[101]

CD8+T cells may
provide some
protection
against P. yoelii
XL [48]

infection

60 days

Plasmodium Suppresses Requires CD4+T Does not require Non-lethal infection No data
chabaudi AS protective cells to control antibody for remains non-lethal
IFN-y the primary peak | control of acute across primary peak
(Matar et al., production of infection [145] | peak of infection of infection
unpublished) (198] [53]
CD8+T cells may
provide some Less able to
protection control secondary
against peaks of infection
erythrocytic [56]
malaria [124,146]
Plasmodium Suppresses CD4+T cells Required for Protection from No measureable affect
berghei ANKA CD4+ T cell required for control of iRBCs death during the on death from ECM
responses and | developmentof | for related species | INflammatory phase (6 weeks post-
(Amante et al., control of ECM [147] Plasmodium of experimenta'll infection)
unpublished data) | erythrocytic berghei NK65 cere.bral m.alarla
(during or just after
parasitaemia | CD8+TcellsT [149] lytic infection )

(98]

cells trafficking to
the brain are
pathogenic
[126,127,148]
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FIGURE LEGENDS

Figure 1: The life cycle of Epstein-Barr Virus

Figure 2: Hypothesized points of interaction in the immunobiology of malaria and EBV
infection. EBV primarily infects B cells but also innate immune cells such as dendritic cells and
monocytes/ macrophages. This leads to the induction of immunosuppressive cytokines that in
turn affect CD4+T cells that are no longer effective at providing help for CD8+T cells,
phagocytes, or B cells in turn suppressing the humoral response. Additional suppression of T
follicular helper cells further impairs the maintenance of B cells transformation to becoming
antibody-producing plasma cells. EBV is represented by the black pentagons. Points of
interaction are represented by the dashed lines. Key: BAFF, B cell activating factor; BlyS, B
lymphocyte stimulator; IDO, indoleamine 2,3 dioxygenase; IFN, interferon; IL, interleukin;
mDC, myeloid dendritic cells; pDC, plasmacytoid dendritic cells; TGF, transforming growth

factor

Table 1: Rodent models of erythrocytic malaria infection and the outcome of overlapping co-

infections with MHV68 in C57BL/6 mice
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INTRODUCTION

Nearly 1 million individuals die annually as a result of severe malaria, largely children
under the age of 5 [1]. In regions that are endemic for Plasmodium falciparum transmission,
mathematical modeling data suggests that immunity to severe non-cerebral malaria requiring
hospitalization in children may be attained after 1-2 infections [143]. However, it is not fully
understood why some children are unable to acquire immunity to severe lethal disease. Multiple
factors may account for this (reviewed in [2,4]) and the presence of co-infecting pathogens in the
host could be one such factor. In Sub-Saharan Africa, infants are often co-infected with Epstein-
Barr virus (EBV), a gammaherpesvirus that infects B cells and maintains latency throughout the
lifetime of the host [150]. Children are often seropositive to EBV by the age of 6 months in this
region of the world [9] and it is well established that children infected with EBV living in areas
endemic for transmission of P. falciparum have increased chances of developing endemic
Burkitt’s Lymphoma (eBL). eBL is the most lethal of childhood cancers in equatorial Africa,
with the highest prevalence in children aged 5-9 years old. eBL is characterized by a c-myc
translocation that results in over-expression of the oncogene (reviewed in [123]). It is postulated
that repeated infections with P. falciparum results in a weakened anti-viral CD8 T-cell response

that allows for the outgrowth of transformed B cells [13-16].

Despite the compelling evidence indicating a role for P. falciparum in modulating the
immune responses that control EBV infection, little is known regarding the impact of acute EBV
infection on the development and functionality of the immune responses that control P.
falciparum infection. It is well appreciated that the humoral response is protective during
Plasmodium infection. Passive immunization of children in The Gambia [21] and adults in
Thailand [151] with P. falciparum hyper-immune serum from adult donors living in Sub-Saharan

Africa allowed for control of peripheral parasitemia. Additionally, numerous studies in humans
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have identified a role for increased breadth and diversity in the anti-Plasmodium humoral
response that provides a protective advantage during clinical malaria [52,142,152,153]. Although
acute EBV infection is generally asymptomatic in young children [8], virus-induced humoral
immune deficiencies have been observed in one case of co-infection with a secondary pathogen
[78] and in young adults experiencing a primary EBV infection and manifesting symptoms of
Infectious Mononucleosis (IM) [79,154]. Although there are few reports of this phenomenon,
these documented cases provide key evidence of the ability of EBV to suppress humoral
responses during the acute phase of infection. This data, combined with the known role of
antibody in resolution of P. falciparum parasitemia (refs), suggests that overlapping acute EBV
infection could suppress anti-malarial humoral responses in some children and thus be a

contributing factor in the development of severe malarial disease.

Acute murine gammaherpesvirus 68 (MHV68) infections of mice, like acute EBV
infections in humans, can induce a transient immune suppression of the humoral response during
secondary antigenic challenge [77]. Using MHV68 as a model for acute EBV infection, we have
investigated whether gammaherpesvirus infection can suppress the humoral immune response to
a secondary malarial infection. We have used the well-established non-lethal murine models of
malaria infection P. yoelii XNL and P. chabaudi AS, and determined that acute
gammaherpesvirus infection can suppress the anti-malarial humoral response during co-infection
with either of these Plasmodium infections. This suppression results in loss of control of
peripheral parasitemia in P. yoelii XNL, but not P. chabaudi AS, infection and transforms the
non-lethal infection into a lethal one. This is in agreement with the course of infection in B cell
deficient pMT mice where P. chabaudi, but not P. yoelii, parasitemia is controlled [53]. The
reduced anti-malarial antibody response during co-infection was accompanied with a virus

induced failure to maintain the T follicular helper cells subset in the spleen. As such, loss of this
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critical T helper cell in the germinal center follicle resulted in loss of germinal center B cells and

a failure to develop sufficient plasma cells to produce anti-malarial antibody.

We have identified that the MHV68-derived latency associated protein M2 is essential for
the failure of co-infected animals to mount anti-malarial humoral responses and that this effect in
the mouse model lasted up to 30 days. This identifies the acute phase of infection as necessary for
virus-mediated immune suppression of the humoral response. In terms of EBV infection in
humans, one case study identified the asymptomatic acute phase of EBV infection to induce
immune suppression that can last up to 4 months [78]. This potentially gives a 4 month time
window of humoral suppression that could substantially influence the outcome of a P. falciparum
infection. As such, our data provides novel and compelling evidence for a need to evaluate
primary acute EBV infections as a potential risk factor in the development of non-cerebral severe

malaria.
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MATERIALS AND METHODS

Ethics Statement

This study was carried out in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was
approved by the Emory University Institutional Animal Care and Use Committee, and in
accordance with established guidelines and policies at Emory University School of Medicine

(Protocol Number: YER-2002245-031416GN).

Mice and infections

Female C57BL/6 mice (6-8 weeks) were purchased from Jackson Laboratories. uUMT and RAG2-
/- mice were purchased from Jackson laboratories and bred in house. IL21R-/- mice were a gift of
Dr. Warren J. Leonard and were bred in house. Mice were infected with 1000 Plague Forming
Units (PFU) of MHV68 in DMEM without fetal bovine serum (FBS) either Intra-Nasally (IN) or
Intra-Peritoneally (IP). Animals are infected IN with MHV68 throughout the manuscript, unless
where otherwise noted. Frozen stabilates of P. yoelii XNL or P. chabaudi AS were administered
IP in Kreb’s saline with glucose (KSG) into donor mice. After day 7-9 after infection of the donor
mouse, experimental mice were infected at a dose of 1 x 10° parasitized Red Blood Cells
(pPRBCs) via the IP route in KSG. Anemia was measured by counting RBCs from tail blood
diluted in KSG using a haemocytometer [155]. Parasitemia was enumerated from Giemsa stained

thin blood smears.

Limiting dilution analysis of viral lung titer and lung tissue histology
The left lung was collected for analysis of viral replication using a limiting dilution analysis as
previously described [156]. Briefly, lungs were homogenized in 1ml of complete DMEM media

and 1.0 mm Zirconia/Silicon beads (BioSpec products) using a BioSpec mini bead-beater 16.
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Samples were homogenized 4 times (1 minute homogenization followed by 1 minute rest on ice).
Samples were then transferred to a new tube with 0.5 mm Zirconia/Silicon beads and
homogenization was repeated as above. Homogenate was then plated on Mouse Embryonic
Fibroblasts (MEFs) in 96 well plates in serial 2 fold dilutions, up to 12 dilutions. Plates were
incubated for 2 weeks in a low evaporation incubator (5% CO,, 37°C) and analyzed for
Cytopathic effect (CPE). Results are plotted as percent of wells displaying CPE at each plated
dilution. For lung tissue histology, the left lung tissue was collected for lung histology analysis.
Whole tissue was fixed in 10% (v/v) Normal Buffered formaldehyde for 24 hours at room
temperature. Tissue was then put into 70% ethanol solution until samples were sectioned.
Samples were paraffin embedded and prepared for Hematoxylin and Eosin Staining as previously

described [157].

Flow cytometry

Splenocytes were blocked with anti-CD16/32 (BD bioscience). Surface stains were performed in
PBS-2% FBS- 1mM EDTA for 20 minutes on ice. Markers used: CD138-PE (BD bioscience),
B220-Pacific Blue (Biolegend) or Pacific Orange (Invtirogen), CD95-PE-Cy7 (BD biosciences),
GL7-Alexa Fluor 660 or FITC (eBioscience), CD3-PerCP/ Pacific Blue (BD bioscience), CD4-
PerCP (BD Bioscience), CD8-Pacific Orange (Invitrogen), IL-10-PE (Biolegend), IFN-y-APC
(ebioscience), 1L-2 PE-Cy7 (ebioscience) or FITC (Biolegend), purified anti-CXCR5 (BD
biosciences), Biotin-SP-AffiniPure F(ab)2 Fragment Goat Anti-Rat 1gG (H+L) (Jackson
immunoresearch), Streptavidin-APC (Molecular probe), CD279-PE (Biolegend), CD44-Pacific
Blue (Biolegend), CD25-Pacific Blue (Biolegend), FoxP3-APC (ebioscience) and CD19-
FITC/PE/PE-Cy7/PerCP/ APC/Pacific Blue (BD bioscience). Intracellular cytokine stains for IL-
2, IL-10 and IFN-y were performed using the BD bioscience Cytofix/Cytoperm staining kit. Cells
were stimulated (5 hours, 5% CO,, 37°C) in anti-CD3 coated 96 wells tissue culture plates and

supplemented with soluble anti-CD28 and Brefeldin A. Intracellular staining for FoxP3 was
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performed using the eBioscience FoxP3 staining kit. Staining for Tfth cells was performed as
previously described [158]. Fixable live dead stains were purchased in FITC from Life
Technologies and Zombie Yellow (Pacific Orange) from Biolegend and used according to
manufacturer’s guidelines. Stained splenocytes were fixed in 2% formaldehyde prior to analysis.

Samples were read on a BD LSRII. Data was analyzed using FACS Diva and FloJo software.

Blood collection and ELISA

For serum samples, blood was collected by cardiac puncture during terminal bleeds. Blood was
allowed to clot at 4°C for 1 hour. Tubes were spun at 4°C at 14,000 rpm for 2 minutes. Serum was
transferred to a fresh tube and stored at -80°C. For plasma collection, 100ul of blood was
collected from the tail vein into Lithium-heparin coated tubes (BD microtainer). Tubes were spun
at 4°C at 10,000 rpm for 10 minutes. Plasma was transferred to a fresh tube and stored at -80°C.
ELISA assays were performed as previously described [70]. Briefly, 96 well Nunc
ImmunoMaxisorp ELISA plates were coated with 0.5 ug/well of goat anti-mouse IgG or IgM
antibody (Southern Biotech) or sucrose gradient purified MHV68 in PBS. Serum was serially
diluted (3 fold, beginning at 1:100) and 6 dilutions were plated for each sample. Alkaline
Phosphatase conjugated goat anti-mouse 1gG or IgM (Southern Biotech) was used as a secondary
antibody. For parasite specific ELISAs, mice were infected with 10° pRBC of P. yoelii XNL or P.
chabaudi AS. Blood was harvested and pooled from infected mice. pRBCs were purified using a
Percoll gradient. Purified pRBCs were then cultured for schizont maturation for 4 hours in a
shaking 37°C water bath in RPMI media supplemented with 10% FBS, 100ug/ml Streptomycin,
100U/ml Penicillin, L-Glutamine (2 mM), HEPES (6 mM), B-mercaptoethanol (50 uM) and
sodium pyruvate (0.5 mM). pRBC schizonts were then spun out of culture and lysed with lysis
buffer (50 mM Tris/HCI + 1 mM EDTA + 0.5% SDS). Optical Density (OD) of homogenate was
read at 206 nm. Plates were coated with homogenate at an OD of 0.1-0.2. ELISA protocol for the

parasite specific response was performed as previously reported [159] Color was developed using
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p-nitrophenyl phosphate (Sigma) in a diethanolamine substrate buffer. Absorbance at 405 nm was

read on a Biotek Synergy HT reader. Data is represented as absorbance at 405 nm.

Immunofluorescence staining and Microscopy

Whole spleen was collected at day 8 (post parasite infection) from animals that were MHV68, P.
yoelii XNL, MHV68 + P. yoelii XNL or mock infected. The whole spleen was embedded in
Tissue-Tek OCT media (Sakura-Finetek) and frozen in chilled Isopentane. 7um tissue sections
were mounted on slides and allowed to dry at room temperature for 12 hours after which they
were frozen at -80°C for long term storage. For staining, slides were allowed to equilibrate to
room temperature then rehydrated in PBS for 10 minutes. Sections were stained using B220-FITC
(BD bioscience), GL7-AF660 (eBioscience) and a primary purified biotinylated CD3
(eBioscience) with secondary anti-Streptavidin in AF-568 (Life Technologies). Sections were
blocked in 5% normal mouse serum in PBS for 20 minutes at room temperature. Primary stains
were incubated in block solution for 1 hour and secondary stains for 30 minutes. Sections were
washed 3 times with PBS and then mounted with Prolong anti-fade without DAPI (Cell
signaling) and #1.5 Fisherbrand microscope slides. Mounted sections were allowed to cure in the
dark at room temperature for 24 hours. Fluorescence images were taken on an Olympus Fluoview
FV1000 with a 10X 0.3 NA objective and utilizing the multi-area time lapse (MATL) xy-
stitching functions. The confocal pinhole was opened to 300 pm to increase the thickness of the
optical section facilitating the single plane image. Entire spleen sections required ~100 to 200
images, 1600 x 1600 pixels (~850 x 850 um) at a zoom of 1.5 and zero overlap. This exceeds the
15000 x 15000 stitching pixel limit of the Fluoview software, and as such a Fiji plugin was
written to convert MATL log files for use with the stitching plugin within Fiji [link to

http://ici.emory.edu/Resources/plugins].
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RESULTS

Acute MHV68 infection impairs the development of malaria specific antibody responses

The humoral response is generally considered to be a critical effector mechanism for
controlling peripheral parasitemia in both human and mouse malaria infection [53]. To
understand the impact of acute MHV68 infection on the humoral response to a Plasmodium
infection, we infected C57BL/6 mice with 1000 PFU of MHV68 intra-nasally (IN) on day -7 and
10° parasitized red blood cells (pRBCs) of P. yoelii XNL or P. chabaudi AS intra-peritoneally
(IP) on day 0 (Fig. 1A). Single infection with either of the Plasmodium species was non-lethal
but, in the context of an MHV68 infected mouse, P. yoelii XNL, but not P. chabaudi AS, caused
100% lethality (Fig. 1B). This corroborates a previous observation by Haque et al. who also
observed lethality during MHV68 and P. yoelii XNL co-infection [76]. Knowing the importance
of a robust humoral response in protection during Plasmodium infection [21,151], we
hypothesized that MHV68 may impair the generation of an effective antibody response to control
P. yoelii XNL parasitemia. Total IgM levels were reduced in co-infected animals relative to
singly infected animals in P. yoelii XNL co-infection at day 23 post malaria infection (Mann
Whitney-U test p<0.05) and at days 11 and 15 post malaria infection in P. chabaudi AS co-
infection (both Mann Whitney-U test p<0.05) (Figs. 1B and 1C). Total 1gG levels were similarly
affected and reduced at day 23 post malaria infection in P. yoelii XNL co-infected animals and at
day 11 post malaria infection in P. chabaudi AS co-infected animals (both Mann Whitney U-test
p<0.05; Fig 1B and 1D). This reduction in total IgG was mirrored in parasite-reactive 1gG in both
co-infection models compared with the relevant singly-infected animals (both Mann Whitney U-
test p<0.05; Fig. 1E and 1F). This observation shows that MHV68 acute infection can suppress
the humoral response to malaria infection in mice. In one of the mouse malaria models tested (P.
yoelii XNL), this suppression is correlated with the transformation of a non-lethal malaria

infection into a lethal one (Fig 1B). This observation prompted us to evaluate how suppression of
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the anti-malaria humoral response impacts the control of peripheral parasitemia and to investigate
why the acute phase of MHV68 co-infection impacted the virulence of P. yoelii XNL, but not P.

chabaudi AS infection.

Acute MHV68 co-infection leads to loss of control of P. yoelii XNL, but not P. chabaudi AS
parasitemia

To extend the above observations, we evaluated the impact of an acute MHV68 infection
on clearance of the primary peak of parasitemia during secondary challenge with Plasmodium.
During the initial stages of malaria infection, MHV68 and P. yoelii XNL co-infected animals had
comparable peripheral parasitemia when compared with P. yoelii XNL singly infected animals
(Fig. 2A). However, by day 17 post-infection, singly infected animals began to control peripheral
parasitemia while co-infected animals were unable to do so (Fig. 2A; Mann Whitney-U test
p<0.05). There was a trend for co-infected animals to have more severe malarial anemia during
P. yoelii XNL and MHV68 co-infection compared to P. yoelii XNL singly infected animals, but
this did not reach statistical significance (Fig. 2B; Mann Whitney-U test on the area above the
curve p=0.056). There was no difference in P. chabaudi AS parasitemia or anemia in singly
infected or MHV68 co-infected groups (Mann Whitney-U test on the area under or above the

curve respectively p>0.05) (Fig. 2A, 2B).

It is possible that elevated persistent replication of MHV68 in the lungs of co-infected
mice could contribe to the lethality of P. yoelii XNL infection. However, although we observed
that levels of preformed virus were significantly higher in the co-infected animals compared to
singly infected animals (Mann Whitney-U test on area under the curve p <0.05 at day 23 post P.
yoelii XNL co-infection and day 15 post P. chabaudi AS co-infection MHV68 infection; Fig.
S1A), we also observed a similar increase in viral titer in the lungs of P. chabaudi AS and

MHV68 co-infected animals which was not lethal (Fig. S1B). The elevated persistent viral
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replication in the lungs of co-infected animals correlated to a decrease in virus-specific 1gG in co-
infected mice compared to mice infected with MHV68 alone (Fig. S1 panels C & D). Notably,
the virus specific antibody response is critical in long term control of viral replication [64].
Assessment of lung tissue at day 23 post co-infection with P. yoelii XNL and MHV68 indicated
increased Type Il hyperplasia, which is indicative of interstitial pneumonia (Fig. S1E) and
hemosiderin deposition, as compared to animals singly infected with MHV68. In contrast, single
MHV68 infection caused greater levels of inflammation in the lung as defined by larger numbers
of histiocytes (macrophages and dendritic cells) in the lung tissue (Fig. S1E). Animals co-infected
with P. chabaudi AS and MHV68 showed little to no obvious lung tissue damage as compared to
single MHV68 infection (Fig. S1IE). Thus, at this point we cannot rule out the possibility that
increased persistent replication of MHV68 contributes to the lethality of P. yoelii in co-infected

mice.

Based on previously published work [53,160], we hypothesized that the reason why the
abolishment of the anti-malarial humoral immunity is lethal for P. yoelii XNL, but not P.
chabaudi AS infected mice, is because each infection has a differential requirement for a parasite
specific antibody response to control the primary peak of parasitemia. To test this hypothesis, we
compared the course of infection for both species of rodent malaria in uyMT (B cell-deficient) and
C57BL/6 mice. We observed that, in the absence of B cells, P. chabaudi AS infected animals
could control the primary peak of parasitemia, whereas, P. yoelii XNL infected animals
developed fulminant parasitemia (Fig. 2C). This was also mirrored in the development of a more
severe SMA in P. yoelii XNL co-infected animals (Fig. 2D). This data supports the hypothesis
that suppression of the anti-Plasmodium humoral response in MHV68 co-infected animals is a
key factor in why MHV68 co-infection alters the lethality of P. yoelii XNL, but not P. chabaudi

AS, malaria infection.
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MHV68 impairs the formation of plasma cells in response to secondary malaria infection
We hypothesized that the impairment of the anti-malarial humoral response in MHV68
infected animals was due to a defect in the generation or function of plasma cells upon infection
with malaria. We assessed the populations of plasma cells and germinal center (GC) B cells (a
precursor of memory and plasma cells) in the spleen at different times post-infection with
malaria. Mice that were co-infected with MHV68 and malaria had a comparable number of GC B
cells compared to singly infected animals at day 7-8 post infection with malaria (Figs. 3A,3B and
S2; co-infected compared with singly infected animals Mann Whitney-U test p>0.05 in both
models). However, by day 12 post-infection with P. yoelii XNL or day 15 post-infection with P.
chabaudi AS, GC B cell numbers were significantly reduced as compared to a single Plasmodium
infection (both Mann Whitney-U test p<0.05). At day 8 post co-infection, the GC B cells present
were located in T cell-containing germinal centers in representative P. yoelii XNL singly infected
and MHV68 co-infected animals (Fig. 3C), suggesting that the defect was in the maintenance of
the germinal center rather than a follicular structural defect. The impaired GC response correlated
with greatly reduced numbers of plasma cells by day 11/12 post-infection with malaria in
MHV68 co-infected animals compared with malaria singly infected animals (Mann Whitney-U
test p<0.05 in both cases). This observation suggests that the defect in anti-malarial antibody
responses to the Plasmodium infection in MHV68 co-infected animals is likely due to a defect in

the generation and/or maintenance of GC B cells.

Impaired germinal center maintenance is correlated with reduced Tfh survival

Since germinal center formation and maintenance is dependent on CD4+ T follicular
helper cells (Tfh) (reviewed in [161]), we hypothesized that GC B cell numbers may not be
sustained if there are detrimental changes in the splenic Tfh population. One notable observation

from the representative spleen sections shown in Figure 3C is that the day 8 co-infected mouse
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appears to have a reduced number of CD3+ T cells within the germinal center follicles compared
to the day 8 P. yoelii XNL singly infected mouse (Fig 3C). Thus, although levels of GC B cells
are comparable to a single P. yoelii XNL infection at this early time point (Fig. 3A), a reduction
in CD3+ T cells, which would include the Tfh subset, may explain the subsequent decay of the
splenic GC population. As such, we next evaluated the T cell repertoire in the spleen that is

required for germinal center formation and survival.

We analyzed how total Tfh cells (CD4+ CXCR5+ PD-1+), activated/antigen specific Tth
(CD4+ PD-1+ CD44hi CXCR5+) and germinal center Tth (GL7+ CXCR5+) cells (Fig. 4A)
changed over time in the spleen. It was evident that by 23 days post-malaria infection there were
defects in the maintenance of all three Tfh subsets in co-infected animals when compared to P.
yoelii XNL singly infected animals (Fig. 4B; Mann Whitney-U test p<0.05 in all cases). This was
mirrored in the MHV68 and P. chabaudi co-infected animals (Fig. 4C). The MHV68 and P.
yoelii XNL co-infected animals displayed defects in the total and activated Tfh subsets as early as
12 days post co-infection (Fig. 4B; Mann Whitney-U test p<0.05 in all cases) indicating that
MHV68 co-infected animals are capable of generating Tfh responses within the first week after
co-infection, but they failed to maintain this cellular subset. The MHV68 induced defect in the
Tfh population by day 12 post P. yoelii XNL co-infection (Fig. 4B) also corresponds to the time
point at which the GC B cell population begins to decline (Fig. 3A). This also applies to the
decrease in the Tfh population by day 15 post P. chabaudi AS challenge (Fig. 4C) in MHV68 co-
infected animals compared with P. chabaudi AS singly-infected animals and the corresponding
reduction in GC B cell numbers (Fig. 3A). This correlation supports the hypothesis that the
failure to maintain the population of GC B cells in MHV68 co-infected mice is correlated with a

failure to maintain a Tth cell population.
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The defective anti-malarial humoral response induced by an acute pre-existing MHV68
infection may have been a result of alteration of other T cell subsets known to be involved in
generating an antibody response, or in the control of parasitemia during malaria infection. To
address this, we enumerated numbers of regulatory T cells (Tregs) that can negatively regulate
the Tfh response [162] and CD4+T cells that co-express IFN-y and IL-10 which play an
important role in the control of P. yoelii parasitemia [163]. Acute MHV68 co-infection did not
lead to an increase in these subsets in response to malaria infection (Figs. S3 and S4). In fact,
Treg numbers were significantly decreased by MHV68 co-infection at day 15/16 post-infection
with malaria in both models (Fig. S3B; Mann Whitney-U test p<0.05 in both cases), which we
reasoned should enhance, rather than suppress the Tth response [162], making it an unlikely
explanation for suppression of anti-malarial humoral immunity in MHV68 co-infected mice. To
further assess the consequences of Tfh deficiency on P. yoelii XNL compared with P. chabaudi
AS malaria infection, we infected IL-21R-/- mice which can generate comparable levels of Tfh
cells and germinal center responses during the early stages of an LCMV infection (around 15
days), but fail to maintain both Tfh and germinal center responses after 2 weeks of infection
[164], recapitulating the immunological phenotype of MHV68 and malaria co-infected animals.
Similar to uMT mice, P. yoelii XNL infection of IL21R-/- mice was lethal and this was
associated with impaired control of parasitemia and a concomitant increase in the severity of
SMA (Fig. S5 A and B). In contrast, IL-21R deficiency did not affect the Kinetics of a P.
chabaudi AS single infection (Fig. S5). Collectively, this data supports the hypothesis that the
failure of MHV68 co-infected animals to maintain the Tfh cellular subset in the spleen is
associated with a defective humoral response against a secondary malaria infection, which in the

case of a P. yoelii XNL infection, results in lethality.



34

Acute, but not latent MHV68 infection, is required for exacerbated malarial disease during
co-infection

Given that all children in an endemic area would likely be co-infected with EBV and
malaria by the time they are 2 years of age, we hypothesized that gammaherpesvirus induced
suppression of the establishment of an anti-malarial humoral responses would depend on the
timing of co-infection. Gammaherpesvirus infections, such as EBV and MHV68, can be divided
into 2 distinct phases: a lytic phase in which there is acute virus replication and dissemination,
followed by the establishment of viral latency in B cells and some other cell types. Latent
infection consists of a quiescent phase of viral gene expression, but still results in an underlying
inflammatory response [150]. Therefore we investigated whether latent infection as well as acute
infection resulted in a defect in the development of the anti-malarial humoral response during co-
infection. C57BL/6 mice were infected with MHV68 at 60 (latency), 30 (latency), 15 (late lytic-
acute) or 7 (early lytic- acute) days prior to being co-infected with P. yoelii XNL (Fig 5A). We
measured the number of GC B cells and plasma cells (Fig. 5B), the levels of circulating P. yoelii
XNL specific 1gG responses (Fig. 5C) and the numbers of Tth cellular subsets in the spleen (Fig.

5D).

As expected, animals infected at day -7 prior to P. yoelii XNL infection showed a marked
reduction in all of these parameters compared to mice singly infected with P. yoelii XNL
(Kruskal-Wallis p<0.05; Dunn’s pairwise comparison p<0.05 in all cases). This pattern was
repeated in animals infected with MHV68 at 15 days prior to P. yoelii XNL infection (Kruskal-
Wallis p<0.05; Dunn’s pairwise comparison p<0.05 in all cases) and there was a trend towards
this pattern in mice infected with MHV68 for 30 days prior to P. yoelii XNL infection that did not
reach significance (Kruskal-Wallis p<0.05; Dunn’s pairwise comparison p>0.05 in all cases).
However, it is clear that the suppressive effects of an acute MHV68 infection were not present in

mice that were latently infected with MHV68 60 days prior to infection with P. yoelii XNL. This
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data suggests that an established latent MHV68 infection does not suppress the generation of the

humoral immune response to an incoming malaria infection in mice.

The mechanism by which acute MHV68 infection can suppress the generation of a
humoral response to malaria during co-infection is unclear, but GC B cells from animals with
MHV68 co-infection 15 or 7 days prior to P. yoelii XNL infection had increased expression of
PD-L1 (Fig. S6B), a ligand for PD-1 that negatively regulates Tth expansion [165], relative to P.
yoelii XNL singly-infected animals (Kruskal-Wallis p<0.05; Dunn’s pairwise comparison p>0.05
in both cases). Thus, one possibility is that virus induced PD-L1 expression on GC B cells may

contribute to the loss of Tfh functionality during co-infection.

The MHV68 M2 gene product plays a role in suppression of anti-parasitic humoral
responses.

The data presented above clearly points to a suppressed humoral response as being a
critical mediator of lethality during P. yoelii XNL co-infection with MHV68. As such, we
hypothesized that if we could restore the parasite specific humoral response, we could rescue
mice from lethality caused by an MHV68 and P. yoelii XNL co-infection. It has previously been
shown that the M2 gene product of MHV68 can induce significant levels of IL-10 production
from B cells and modulate the surface phenotype of infected B cells [112,166]. IL-10 is known
to have multiple immunomodulatory roles, one of which is to negatively regulate T cell responses
[167,168]. We hypothesized that one reason Tfh cells did not function correctly could be due to
M2-induced suppression, a hypothesis supported by published work showing that in the absence
of M2, mice are able to mount enhanced virus specific CD8+ T cell responses [112]. Given that
the downstream effect of MHV68 induced immunosuppression was a result of impaired anti-
malarial antibody responses, we initially asked whether levels of virus specific IgG responses

were enhanced in the absence of M2 expression. To avoid a known defect in the establishment of
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splenic infection following intranasal inoculation of M2-deficient MHV68 mutants [169]we opted
to infect mice with the same dose of virus (1000 PFU) as used in the previous experiments, but
via the intraperitoneal route — a route and dose of virus which allow the M2-deficient mutant to
efficiently infect the spleen [169]. As a proper control, the marker rescue virus (i.e, a recombinant
MHV68 in which the genetic mutation introduced into the M2 null mutant was restored to the
wild type virus sequence) [111], was also administered via the IP route. Notably, we have
extensively compared IN versus IP MHV68 co-infection with P. yoelii and found there to be no
difference in outcome. M2.Stop (M2 null virus; M2.St) infection in a C57BL/6 mouse induced a
nearly 2-fold higher MHV68 specific 1gG response as compared to infection with the marker
rescue control virus (M2.MR; MR) (Fig. 6A; day 21 post-infection Mann Whitney-U test
p<0.05). It is important to note that day 21 post-MHV68 infection in this experiment corresponds
to day 14 post-co-infection with P. yoelii XNL. The time point at which the virus specific
humoral response is suppressed overlaps with the timing at which parasite specific 1gG responses
become severely compromised during co-infection (Figs. 1C and 1E). This observation suggests
that M2 may be mediating the virus-induced suppression of anti-malarial humoral immune

responses.

To evaluate whether loss of M2 expression could alleviate the MHV68 induced
suppression of the anti-malarial humoral response, we infected mice with either the M2 null
mutant (M2.Stop) or the marker rescue virus control (MR) 7 days prior to challenge with P. yoelii
XNL. While co-infection with the MR virus suppressed the generation of anti-P. yoelii XNL
specific IgG (Kruskal Wallis p<0.05; Dunn’s pairwise comparison test p<0.05), mice that were
co-infected with M2.Stop showed a 28-fold increase in P. yoelii XNL specific 1gG at day 23 post
co-infection relative to the lethal MHV68 and P. yoelii XNL co-infection model (Kruskal Wallis
p<0.05; Dunn’s pairwise comparison test p>0.05) (Fig. 6B). Importantly, 94% of mice co-

infected with M2.Stop and P. yoelii XNL survived (1 out of 15 mice died) (Fig. 6C) compared to
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100% lethality in mice co-infected with MR and P. yoelii XNL. Consistent with this observation,
circulating parasitemia was not detectable by microscopy at day 28 post co-infection in the
M2.Stop and P. yoelii XNL co-infected mice (Fig. 6D). This data clearly establishes a strong link
between MHV68 mediated suppression of the humoral response to P. yoelii XNL and survival.
In addition, it argues for a role of the MHV68 M2 protein in mediating the suppression of the

anti-malarial humoral response in MHV68 co-infected mice.
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DISCUSSION

The risk factors postulated to contribute to disease severity in young children infected
with malaria are numerous and include co-infection with other pathogens [4]. Many children in
Equatorial African countries are seropositive for EBV by the age of 6 months as protective
maternal antibodies wane [6,9], indicating that primary infection with EBV coincides with the
time at which the risk of developing severe malaria is greatest [8,9]. Acute infection with EBV is
asymptomatic in young children [8] and results in a latent infection that persists for the life time
of the host. Children who experience recurrent infection with P. falciparum while latent for EBV
show an impairment in virus specific CD8 T cell responses [15,19,170-172] which contributes to
an increased risk of developing eBL [reviewed in [123]]. While the impact of repeated P.
falciparum infections can abate an EBV-specific adaptive immune response, little has been

known regarding the impact of acute EBV infection on severe malarial disease during childhood.

The risk of co-infection with P. falciparum before the age of 1 is extremely high for
children living in Sub-Saharan Africa [8,9] and for some children it is likely that their primary
infections of EBV and P. falciparum will overlap. There are several reports that asymptomatic
EBYV infection can have suppressive effects on the host’s humoral adaptive response. One
prominent example involves a case study on a child aged 2 % years presenting with a recurrent
case of otitis media and pneumonia. It was established that this child exhibited suppressed
humoral responses when immunized with bacteriophage ¢X174 or Keyhole limpet hemocyanin
(KLH) during an asymptomatic infection with EBV. Increased EBV specific antibody titers
correlated with a suppression in secondary humoral responses to unrelated antigens [78]. The
same observation has been documented in young adults experiencing a primary EBV infection
and manifesting symptoms of Infectious Mononucleosis (IM) [79,154]. Similarly, Holder et al.

recently described a role for acute EBV infection in attenuating vaccine specific antibody
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responses in Gambian children as compared to children who had concurrent CMV infection
[173]. These observations were also extended to the marmoset model where Wedderburn et al.
demonstrate that acute co-infection of EBV and P. brasilianum resulted in severe morbidity and
death [174]. Collectively, these documented cases provide key evidence of the immune
suppressive nature of an acute EBV infection on the development of humoral immunity. More
importantly, several studies have shown a correlation between non-cerebral severe disease
(particularly severe malarial anemia [SMA]) and attenuated parasite specific antibody responses

[52,175].

Here, using well characterized mouse models, we provide evidence that acute
gammaherpesvirus infection can suppress the development of humoral immunity to a secondary
Plasmodium infection in two different non-lethal models of rodent malaria (Fig. 1). Interestingly,
this defect transformed non-lethal malaria infection into a lethal one in the case of P. yoelii XNL
co-infection, but had no obvious impact on the pathogenesis of P. chabaudi AS infection (Fig. 2).
This result is likely to be due to the differential role of antibody mediated parasite clearance
mechanisms in controlling the primary peak of parasitemia in each of these models (Figs. 2 and
S5) [53,160], although the effects of a primary acute MHV68 infection on other cells types such
as macrophages cannot be ruled out. The reason why P. yoelii XNL infection is more dependent
on antibodies for the control of parasitemia than P. chabaudi AS is unknown, but could be related
to the kinetics of infection. In our hands, P. yoelii XNL parasitemia in intact C57BL/6 mice
peaked significantly later than P. chabaudi AS infection (15.5 = 1.5 days compared with 8.2 £0.5
days; Mann Whitney-U test p<0.05). T cells, in particular IFN-y-producing T cells [176-179],
have been implicated in orchestrating the control of peripheral parasitemia in both models,
whereas I1L-10 producing T cells have been shown to exacerbate P. yoelii XNL parasitemia [163].
Therefore, it is possible that MHV68 infection resulted in an alteration of T cell phenotypes

generated against a secondary malaria infection that impacted the pathogenesis of the infection.
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However, these splenic CD4+ T cell populations measured at different time points post-infection
were not significantly altered (Fig. S4), and IL-10-producing CD4+T cells were less in number
during MHV68 and P. yoelii XNL co-infected animals as compared to P. yoelii XNL singly
infected animals (Fig. S4B), which theoretically should lead to better control of peripheral
parasitemia [163]. Furthermore, T cells have been shown to play a critical role in the control of
the primary peak of P. chabaudi AS infection [178,179], yet MHV68 co-infection did not alter
the peripheral parasitemia in this model suggesting that the relevant defect lies within the failure

to mount an appropriate humoral response.

Despite the differential outcome of the two co-infection models, the impact of acute viral
infection on the suppression of the humoral response is a common feature of MHV68 and malaria
co-infection in C57BL/6 mice. Our data suggests that co-infected mice have a profound defect in
the ability to form antibody producing plasma cells (Fig. 3). GC B cells are precursors of plasma
cells and are dependent on the T follicular helper subset for development and maintenance
(reviewed in [180,181]). Analysis of germinal center formation at day 8 post-infection with P.
yoelii XNL demonstrates that germinal centers can form in the spleens of co-infected mice, but
are not maintained (Fig. 3). This may be due to a defective ability of GC B cells to communicate
with Tth cells due to elevated expression of the suppressive ligand PD-L1 (Fig. S6B). PD-L1
mediates its inhibitory role by ligating the PD-1 (Programmed Death-1) receptor on T cells.
Recent studies suggest that the reduction in HIV specific antibody responses during chronic
infection is correlated with an up-regulation of PD-L1 expression on germinal center B cells
[182]. It is interesting that the possible cause of the Tfh impairment may be associated with a
change in the surface phenotype of the GC B cell. This is particularly significant in the case of
MHV68 infection, since B cells are the primary cell infected by this virus. However, it is unclear
whether MHV68 directly affects the GC B cell, or whether soluble mediators of infection

suppress the function of Tth cells in their ability to support the transformation of GC B cells to
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plasma cells. Our data does not support a role for suppressive effects of FoxP3+ Tregs (Fig. S3)
in mediating this effect since the expansion of Tregs is comparable during co-infection compared

to a single Plasmodium infection. (Fig. S3 Mann Whitney-U test p<0.05 in both cases).

The suppression of the anti-malarial humoral response is evident during acute, but not
latent, MHV68 infection (Fig. 5). MHV68 has evolved elaborate immune evasion strategies to
survive the potent innate inflammatory responses that it induces during acute infection [85]. One
interesting observation previously made in the Speck laboratory noted that loss of M2 expression
in vivo resulted in a more robust anti-viral CD8 T cell response [112]. M2 is a unique viral
protein expressed by MHV68 which shares some functional homology with the LMP1 and
LMP2a EBV gene products - which mimic CD40 and BCR signaling, respectively [183,184].
M2 is able to promote signals downstream of the BCR receptor [185,186], induces IL-10
production from B cells [111,112] and promotes differentiation of infected B cells into plasma
cells (note that < 1% of B cells are MHV68 infected at the peak of latency) [166]. One notable
effect of M2 expression in vivo is the dramatic increase of IL-10 levels in the serum of infected
mice [112]. IL-10 is an immune-modulatory cytokine which is capable of suppressing T cell
activation [168]. M2 mediated reduction of the anti-viral CD8 T cell response likely reflects an
evolutionary viral adaptation that allows for the evasion of the immune response, and more
importantly, allows for establishment of viral latency. Since the humoral response is dependent
on a robust T cell response, we predicted that M2 may also influence the generation of a virus
specific 1gG response, a critical branch of the adaptive response involved in long term clearance
of the virus [64]. Our data shows that in the absence of M2 expression, the development of an
anti-viral humoral response was enhanced 2-fold (Fig. 6). Additionally, co-infection with
M2.Stop mutant virus and P. yoelii XNL showed a 28-fold increase in the anti-malarial 19G
response, which also correlated with survival during co-infection. We compared virus specific

IgG levels in mice infected with another unrelated viral mutant that is null for M1 protein
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expression. Both the M1.Stop and M1.MR viruses showed equivalent levels of virus specific 19G
responses over 2 months of infection (Supplementary figure 7)), suggesting an M2-specific role
in suppressing the virus specific humoral response. This further corroborates data shown by
Getahun et al. [77], which demonstrated that infection with M1.Stop or M3.Stop (a viral
chemokine) could not alleviate the virus-induced immune suppression. We currently do not
understand the mechanism by which M2 is mediating this effect, although we hypothesize that
increased IL-10 production from B cells in the splenic follicle may negatively regulate Tfh
survival and consequently affect germinal center maintenance and development. Although B cell
expansion is beneficial for seeding viral latency and persistence, it is evident that the virus also
negatively regulates the production of virus specific 1gG responses, a key immune evasion
mechanism which would support viral persistence. Although M2 expression is associated with
IL-10 production, we cannot rule out the possibility that M2 is mediating its effect in a non-1L-10
dependent manner. However, our novel discovery implicating M2 in mediating the virus induced
humoral suppression against secondary parasitic infection is a key observation for future efforts

in dissecting the mechanism behind this observed phenotype.

As with every model system, certain limitations exist. Our studies rely on infection of 6-8
week old mice since this age group has been extensively studied. The limited studies in neonatal
mice suggest that BALB/c mice, and not C57BL/6 mice, are more susceptible to infection and
may develop myocarditis and neurologic disorders [187,188]. It appears that neonate C57BL/6
mice, which is the background used in our studies, do not experience altered immune responses
compared to adults. As such, there is little premise to suggest that younger mice would react
differently to acute MHV68 infection. However, the impact of co-infection on malarial disease
severity in neonate mice has not been explored and is worth pursuing in other studies. Another
important aspect worth noting is that the isolated system used to model human co-infection

cannot encompass the myriad of factors influencing malarial disease severity in humans. It has
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been extensively demonstrated that various other viral, bacterial, and helminth co-infections
impact malarial disease [189-194]. Additionally, factors such as parasite virulence, nutrition, host
health and genetics can also contribute to the variation in malarial disease severity [2,4]. As such,
acute EBV infection is unlikely to be the sole contributor in modulating malarial disease.
However, the results reported in this manuscript aim to elucidate previously neglected co-
infections, such as ubiquitous asymptomatic EBV infection, in altering non-cerebral malarial
disease severity. More importantly, multiple human reports indicate that asymptomatic acute
EBV infection has the ability to alter the generation of a humoral response during secondary
pathogen challenge [78,79,154,173,174] and demonstrated by us and others [77] during MHV68
acute infection. Collectively, our observations in the mouse model and supporting literature of
human studies provide a strong premise for investigating the role of acute EBV in malarial
disease. Undoubtedly, detailed longitudinal studies are required in humans to conclusively

establish this correlation.

In conclusion, our work provides compelling evidence that acute gammaherpesvirus
infection can negatively modulate the humoral immune response to malaria infection. This data
provides justification to investigate how EBV infection might impact the development of P.
falciparum humoral immunity in young children living in malaria endemic areas. If found to be a
risk factor for developing severe malaria, tackling EBV infection via the development and use of
an EBV vaccine or anti-viral therapies in malaria endemic areas, may provide some relief in the

development of non-cerebral severe disease during childhood malaria infection.
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FIGURE LEGENDS

Figure 1: MHV68 co-infection with the non-lethal P. yoelii XNL in C57BL/6 results in lethal
malarial disease and suppressed Plasmodium specific 1gG response. (A) Timeline of
infection. 6-8 week old C57BL/6 mice were infected with 1000 PFU of MHV68 on day -7
followed by infection with 10°pRBCs of non-lethal P. yoelii XNL or P. chabaudi AS. Infections
consisted of 5 experimental groups: MHV68 + Plasmodium, Plasmodium, MHV68 or mock
infected. Each experimental group consisted of n=5 and was repeated twice. Animals were
sacrificed at days 8, 12, 16 and 23 post P. yoelii XNL infection or day 7, 11, 15 and 23 post P.
chabaudi AS infection for collection of spleen, lung and blood. (B) Survival analysis of animals
co-infected with MHV68 and P. yoelii XNL or P. chabaudi AS. Total 1gG and IgM levels in
serum in (C) P. yoelii XNL (Day 23 1gG — P. yoelii vs co-infected: p<0.05 Mann Whitney U-test)
or (D) P. chabaudi AS co-infection model (Day 11 IgG — P. chabaudi vs co-infected: p<0.05
Mann Whitney U-test). Parasite specific 1gG levels in serum during (E) P. yoelii XNL (day 23
post infection, P. yoelii vs co-infected: p<0.05 Mann Whitney U-test) or (F) P. chabaudi AS (day

11 post infection, P. chabaudi vs co-infected: p<0.05 Mann Whitney U-test) co-infection.

Figure 2: P. yoelii XNL requires Plasmodium specific 1gG response to clear primary peak of
parasitemia. (A) Percent parasitemia in the periphery during P. yoelii XNL (p<0.05; area under
curve, Mann Whitney U-test) or P. chabaudi AS co-infection models (p>0.05; area under the
curve, Mann Whitney U-test). (B) Anemia during P. yoelii XNL (p>0.05; area over curve, Mann
Whitney U-test, P. yoelii vs. co-infected) or P. chabaudi AS co-infection (p>0.05; area over
curve, Mann Whitney U-test, P. chabaudi vs. co-infected). (C) Percent parasitemia in periphery
during infection of single P. yoelii XNL or P. chabaudi AS in C57BL/6 or uMT (B cell-deficient)
mice. (D) Anemia during infection of single P. yoelii XNL or P. chabaudi AS in C57BL/6 or

HMT mice.
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Figure 3: MHV68 suppresses splenic B cell responses during co-infection with Plasmodium.
The timeline and experimental set up was identical to that shown in Figure 1A. (A) Absolute
numbers of splenic GC B cell populations (B220+ GL7+ CD95+) during P. yoelii XNL and P.
chabaudi AS co-infection models with representative gating strategy (Day 12 post P. yoelii or
Day 15 post P. chabaudi; Plasmodium vs. co-infected, p<0.05, Mann Whitney U-test). (B)
Absolute numbers of splenic plasma cell populations (CD3- B220int CD138+) during P. yoelii
XNL AND P. chabaudi AS co-infection models with representative gating strategy (Day 12 post
P. yoelii or Day 11 post P. chabaudi; Plasmodium vs. co-infected, p<0.05, Mann Whitney U-
test). (C) Spleen section for mock infected, MHV68 infected, P. yoelii XNL infected and MHV68
and P. yoelii XNL co-infected animals at day 8 post infection with P. yoelii XNL (or day 15 post-
infection with MHV68). Green: B220-FITC (B cells), Blue: GL7-AF660 (Germinal center B

cells) and Red: CD3-AF568 (T cells).

Figure 4: MHV68 and Plasmodium co-infection results in defective splenic T follicular
helper (Tfh) response. The timeline and experimental set up was identical to that shown in
Figure 1A. (A) Representative flow plots for gating strategies used to define the global Tfh
population (CD4+ PD-1+ CXCRS5+), germinal center Tfh (CD4+ GL7+ CXCR5+) and
activated/antigen specific Tth (CD4+ CD44+ PD-1+ CXCR5+). (B) Absolute values for all three
Tfh subsets are plotted for the P. yoelii XNL (Day 23, all Tfh subsets, P. yoelii vs. co-infected,
p<0.05 Mann Whitney U-test) or (C) P. chabaudi co-infection models at multiple time points

(Day 23, all Tfh subsets, P. chabaudi vs. co-infected, p<0.05 Mann Whitney U-test).

Figure 5: Acute, but not latent, MHV68 infection results in suppressed humoral response.
(A) Timeline of infection. C57BL/6 mice were infected with 1000 PFU of MHV68 IN at day -60,

-30, -15 or -7 and challenged with 10°> pRBCs on day 0. Absolute number of (B) splenic GC B
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cell (B220+ GL7+ CD95+) and plasma cell (CD3- B220int CD138+) populations at day 16 post
P. yoelii XNL infection (For GC and PC: Day -7 and Day -15 co-infected vs. P. yoelii, Kruskal
Wallis p<0.05; Dunn’s pairwise comparison test p<0.05/ Day -30 co-infected vs. P. yoelii,
Kruskal Wallis p<0.05; Dunn’s pairwise comparison test p>0.05). (C) MHV68 and P. yoelii
XNL specific IgG responses at day 16 post P. yoelii XNL infection (Day -7 and Day -15 co-
infected vs. P. yoelii, Kruskal Wallis p<0.05; Dunn’s pairwise comparison test p<0.05/ Day -30
co-infected vs. P. yoelii, Kruskal Wallis p<0.05; Dunn’s pairwise comparison test p>0.05). (D)
Global Tfh population (CD4+ PD-1+ CXCR5+), germinal center Tfh (CD4+ GL7+ CXCR5+)
and activated/antigen specific Tfh (CD4+ CD44+ PD-1+ CXCR5+) in the spleen at day 16 post

P. yoelii XNL infection.

Figure 6: The MHV68 M2 gene product is necessary for virus mediated humoral
suppression and lethality during Plasmodium co-infection. (A) MHV68 specific IgG titers
from serum of animals infected with the MR (M2.Marker Rescue) or M2.Stop (ST, M2-null)
viruses. Serum was collected and analyzed on days 7, 14 and 21 post infection with either virus
(n=10/ virus) (Day 21, MR vs. M2.Stop, Kruskal Wallis p<0.05; Dunn’s pairwise comparison test
p<0.05). (B) P. yoelii XNL specific IgG response during P. yoelii XNL co-infection with either
the M2.MR or M2.Stop virus. Serum was collected at day 20 post infection with P. yoelii XNL
(WT + P. yoelii co-infected vs. P. yoelii, Kruskal Wallis p<0.05; Dunn’s pairwise comparison test
p<0.05/ WT + P. yoelii co-infected vs. M2.Stop + P. yoelii, Kruskal Wallis p<0.05; Dunn’s
pairwise comparison test p>0.05). (C) Survival curve during P. yoelii XNL co-infection with
either the M2.MR or M2.Stop virus. Note: data representing P. yoelii XNL + MHV68 co-
infection is the identical data set to that in Fig 1B. It was added in panel C for comparative
purposes. (D) % parasitemia in the periphery during P. yoelii XNL, P. yoelii XNL +MR and P.

yoelii XNL + M2.Stop infection.
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Supplementary Figure 1 (S1): Increased viral persistence and reduced virus specific 1gG
response during MHV68 and Plasmodium co-infection The timeline and experimental set up
was identical to that shown in Figure 1A. Limiting dilution analysis of viral lung titers in the (A)
P. yoelii XNL or (B) P. chabaudi AS co-infection models at multiple times post co-infection.
MHV68 specific 1gG titers in the serum at day 23 post Plasmodium infection in (C) P. yoelii
XNL or (D) P. chabaudi AS co-infected mice. (E) Hematoxylin and eosin stain of lung tissue
sections from animals sacrificed at day 23 post co-infected with MHV68 and either P. yoelii XNL

or P. chabaudi AS (mock and MHV68 infected lung sections are also shown). Scale bar 100 pm.

Supplementary Figure 2 (S2): Gating strategies for removing doublets and discriminating
between and live vs. dead lymphocyte populations in the spleen. Identification of live cells
was done using a fixable viability dye (Life Technologies). SSC-A, side scatter area; FSC-A,
forward scatter area; FSC-W, forward scatter width; FSC-H, forward scatter height; SSC-W, side

scatter width; SSC-H, side scatter height.

Supplementary Figure 3 (S3): MHV68 and Plasmodium co-infection does not alter CD4+
Th1 responses in the spleen. The timeline and experimental set up was identical to that shown in
Figure 1A. (A) Representative flow panels show gating strategies. Cells were gated on the live
population, and CD4+ cells were analyzed for cytokine production. Absolute number of CD4+ T
cells producing IL-10, IFN-y, or both in the (B) P. yoelii XNL and (E) P.chabaudi AS co-

infection models.

Supplementary Figure 4 (S4): MHV68 and Plasmodium co-infection does not alter the
CD4+ T regulatory (Tregs) subset in the spleen. The timeline and experimental set up was

identical to that shown in Figure 1A. (A) Representative flow plots showing gating strategy for
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Tregs (CD4+ CD25+ FoxP3+). Absolute numbers of Tregs in the spleen at indicated time points

for (B) P. yoelii and (C) P. chabaudi co-infection models.

Supplementary Figure 5 (S5): P. yoelii XNL infection IL-21R-/- mice is lethal. (A) %
parasitemia and anemia during P. yoelii XNL or P. chabaudi AS infection of IL-21R-/- mice. (B)
Survival curve during P. yoelii XNL or P. chabaudi AS infection of C57BL/6, UMT and IL-21R-

/- mice.

Supplementary Figure 6 (S6): Increase in level of PD-L1 expression on GC B cells during
lethal MHV68 and P. yoelii XNL co-infection. The timeline and experimental set up was
identical to that shown in Figure 5A. (A) Absolute number of PD-L1 (B220+ GL7+ CD95+
CD274+) expressing splenic GC B cells at day 16 post-infection with P. yoelii XNL. (B) Mean
Fluorescence Intensity (MFI) of the PD-L1 (CD274) marker on GC B cells at day 16 post-

infection with P. yoelii XNL.

Supplementary Figure 7 (S7): M1 does not alter kinetics of MHV68 specific 1gG response
during infection. C57BL/6 mice infected with 1 x 10° PFU via the IN route with either the M1
null mutant (M1.Stop virus) or the marker rescue (MR) virus. Blood was collected at multiple
times post viral infection. Plotted are MHV68 specific 1gG responses as a function of days post

viral infection. Serum from naive mice was used as a negative control.
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INTRODUCTION

Gammaherpesviruses are lymphotropic viruses that maintain distinct lytic and latent life
cycles [95]. Primary infections are generally asymptomatic in immune competent hosts, although
Epstein-Barr virus (EBV) acute infection can result in the self-limiting lymphoproliferative
syndrome infectious mononucleosis in young adults. Furthermore, EBV is associated with the
development of several cancers in humans — including endemic Burkitt’s lymphoma,
nasopharyngeal carcinoma and some Hodgkin’s lymphomas [8,195-200] . The other known
human gammaherpesvirus, Kaposi’s sarcoma-associated herpesvirus (KSHV), has also been
linked to various cancers — most notably Primary Effusion Lymphoma (PEL) and multicentric
Castleman’s disease [201-204]. Murine gammaherpesvirus 68 (MHV68) infection of laboratory
strains of inbred mice has been extensively studied to characterize basic aspects of
gammaherpesvirus pathogenesis in vivo. Similar to the human viruses, MHV68 has been
associated with the induction of B cell lymphomas in immunosuppressed mice [205,206] and to

immortalize fetal liver-derived B cells in vitro [207].

Members of the gammaherpesvirus family predominantly infect and maintain latency in
B cells [63,195,208,209]. In fact, persistence of the latency reservoir is postulated to be
dependent on viral reactivation from latency. Several reports have indicated a close link between
plasma cell differentiation and viral reactivation from latency [166,210,211]. Previous work from
our lab has demonstrated a distinct requirement for Blimp-1 mediated plasma cell differentiation
in viral reactivation, long term maintenance of latency, and persistence of long-term MHV68
specific antibody responses [212]. Recently, a strong link between plasma cell transcription factor
X-box binding protein-1 (XBP-1) and viral reactivation has been reported for both EBV
[213,214] and KSHV [215-217]. These studies demonstrated that overexpression of XBP-1s in

latently infected EBV or KSHV cell lines could induce viral reactivation. Additionally, these data
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collectively demonstrate that XBP-1s binds to specific residues in the BZLF-1 and RTA

promoters, as well as synergizes with RTA expression.

XBP-1, a basic region leucine zipper (bZIP) transcription factor [218], has been shown to
be essential for plasma cell function [219,220]. XBP-1 is a member of the CREB/ATF family of
transcription factors that was initially discovered due to its ability to bind cyclic AMP (CAMP)
response sequences in the MHC class Il human gene locus [218]. Functionally, it plays an
integral role in mediating the unfolded protein response (UPR) in the endoplasmic reticulum.
Initially described in yeast, Inositol Requiring Enzyme 1 (IRE-1) is a transmembrane protein with
kinase and endonuclease activity. It is activated in response to the accumulation of unfolded
proteins and chaperones during cellular stress. Oligomerization and trans-autophosphorylation
activates the endoribonuclease function of IRE-1. The only identified substrate for IRE-1
processing are the homologs Hacl (yeast) and XBP-1 (metazoans). IRE-1 activation results in the
removal of a 26 nucleotide intron in the XBP-1 transcript, changing it from the un-spliced form
XBP-1u (inhibitor of the UPR) to the spliced form XBP-1s (activator of the UPR). XBP-1
splicing results in the acquisition of a C-terminal transactivation domain [221-223]. As a result,
XBP-1s targets expression of UPR genes, such as chaperone proteins, that mediate a survival
response in the stressed cell. B cell differentiation into a plasma cell results in large quantities of
immunoglobulin production which induces the UPR. Additionally, XBP-1 expression is an
integral component of mediating the UPR during plasma cell differentiation and permits for

immunoglobulin (lg) secretion [219,220,224].

This direct interaction between a plasma cell host transcription factor and the immediate
early gene promoter of gene 50 indicates a viral evolutionary adaptation that senses changes in
the viability of the host cell and signals an escape response, such as reactivation. However, due to
the species specific nature of the human gammaherpesviruses, there are no direct in vivo studies

addressing the role of XBP-1 in plasma cell differentiation-mediated reactivation. As such, using
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MHV68 as a model system, we have evaluated the in vivo implications of loss of XBP-1
expression specifically in B cells on MHV68 latency and reactivation. A valuable transgenic
model which selectively deletes XBP-1 expression from B cells has been previously described
[225] and used in this study. Loss of XBP-1 expression in B cells was demonstrated to have no
effect on germinal center or plasma cell frequencies, but showed a defect in immunoglobulin
secretion from plasma cells [225]. Here we report that XBP-1s transactivation of the MHV68
gene50 proximal promoter can be observed in vitro, consistent with studies on the impact of
XBP-1 expression on EBV and KSHV immediate-early gene expression [213-217]. However, we
did not observe a requirement for B cell specific XBP-1 expression to promote viral reactivation
or maintenance of MHV68 latency in vivo. This unexpected observation points to the value of in
vivo pathogenesis models, which help reveal the often complex and perhaps redundant network of
host transcription factors that can modulate the viral life cycle. Additionally, in contrast to the
apparent lack of a role for XBP-1 in MHV68 reactivation, we show that another host transcription
factor IRF4 — which is essential for plasma cell differentiation - plays a critical role in MHV68
reactivation from B cell latency. Notably, IRF4 has been implicated in EBV transformation of
human B lymphocytes [226]. However, the role of IRF4 in reactivation from B cells for the

human gammaherpesviruses still remains unknown.



67

MATERIALS AND METHODS

Promoters and expression vectors: Proximal ORF50 promoter (position 66142-66552 in viral
genome) of MHV68 was cloned into a pGL4.10[luc 2] vector from Promega (pGL410-
PpORF50). Primers used to amplify and clone the proximal promoter include Forward primer:
5’tcagggattcagccaacaa3’ and Reverse primer: 5°’AAGGTGGTGGTTGCCAGC3’. Nhel and
EcoRYV restriction enzymes were used to clone the promoter upstream of the luciferase expression
construct. The XBP-1s expression vector was a kind gift of Dr. Xiaozhan Liang, and was initially
cloned into the MSCV-IRES-GFP vector (Addgene). For experiments outlined in this manuscript,
the XBP-1s insert was cloned into the pCMV.Tag2b (Addgene) vector using the following
primers: F-XBP-1s-BgllII: 5’ccatcgaagatct ATGGTGGTGGTGGCAGCGG3’ and R-XBP-1s-Pstl:

5’ccatcgactgcagT TAGAGGCTTGGTGTATACATGGTCA3Z’.

Tissue culture and promoter assays: The M12 B cell murine lymphoma cell line was used for
promoter assays. Cells were plated in 6 well Corning tissue culture dishes at a density of 2.5 x 10°
cells/ 2 ml of media 12 hours prior to transfection. The lipid based transfection was performed
using the Transfectin Lipid Reagent (BioRad). Protocol was designed based on manufacturer’s
instructions. Briefly, a total of 2ug of DNA (pGL410-PpORF50 + XBP-1s.pCMV.Tag2b) was
added to 7 ul of the lipid reagent and diluted in neat DMEM. The mixture was allowed to
incubate at room temperature for 20 minutes. 500l of the master mix was dripped onto the plated
B cells and gently swirled. 12 hours post transfection cells were treated with 20ng/ml of 12-O-
tetradecanoylphorbol-13-acetate (TPA) and/or a final concentration of 0.5 uM of lonomycin.
Cells were allowed to incubate for an additional 12 hours before harvesting and analyzing

luciferase activity (Promega luciferase assay system).

Animals and Infections: XBP-17"/F* CD19°R€"* C57BL/6 mice were a kind gift of Dr. Neal

Iwakoshi. The mice were generated as previously described [225] and were bred in house. In



68

order to confirm LoxP site at the XBP-1 exon 2 locus, we used the following primers; forward
3’loxS: 5’ACTTGCACCAACACTTGCCATTTC3’ and Reverse 3’loxA:
5’CAAGGTGGTTCACTGCCTGTAATG3’. In order to confirm CDI19-CRE recombinase
insertion, we used the following primers: Forward primer CRE-F: 5’
GCGGTCTGGCAGTAAAAACTATC3 and reverse primer CRE-R: 5’
GTGAAACAGCATTGCTGTCACTT 3. As littermate controls in our experiments, we used

XBP-1"CD19™* that contain the floxed allele without Cre expression.

IRF4"™ mice and CD19°™“"™ mice were purchased from Jackson labs (Catalog numbers
009380 and 006785, respectively). Irf4™ mice were crossed with CD19"“R® mice to generate
Cre expressing mice that were homozygous for the conditional IRF4 allele. The resulting
IRF4"MCD19°®"* mice express Cre recombinase under the CD19 promoter, thus lacking IRF4
expression in CD19 expressing B cells. As littermate controls in our experiments, we used
IRF4"" CD19""* that contain the floxed allele without Cre expression. Genotyping was performed

4" mice contain an EGFP cassette

as described in Jackson labs protocol. Additionally, the IRF
flanking the loxP sites, such that Cre mediated excision of the floxed alleles results in EGFP
expression. Therefore, mice were confirmed by genotyping of ear tissue followed by flow

cytometry analysis on peripheral blood to confirm expression of EGFP expression in the

knockouts.

Animals were housed at Emory University Division of Animal Resources in accordance
with guidelines specified by Institutional Animal Care and Use Committee at Emory University
(IACUC protocol number: YER-2002245-031416GN). Mice were infected at 8-12 weeks of age.
Animals were anesthetized with Isoflurane prior to infection. The MHV68-H2bYFP virus [62]
was administered intranasally in a 20pl volume at a dose of 1000 Plaque Forming Units (PFU).

For infections of IRF4"CD19"" and IRF4""CD19"*, the M2stop.HY and M2MR.HY viruses
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described in [111] were used as indicated. Animals were sacrificed between days 16-18 post

infection for analysis of splenic populations.

Limiting Dilution Analysis: Limiting dilution PCR (LD-PCR) was used to quantify latent levels
of viral genome as previously described [64]. Briefly, frozen splenocytes were thawed (after
storage at -80°C in cDMEM + 10% Dimethyl Sulfoxide), washed in an isotonic buffer and plated
in a 96 well PCR plate at a starting density of 10* splenocytes and serially diluted 3-fold on a
background of uninfected 3T12s. Each dilution underwent 12 PCR reactions, and each sample
was serially diluted 6 times. Samples were digested with Proteinase K overnight (8-12 hours),
followed by two rounds of nested PCR. Standards included 0, 0.1, 1 and 10 copies of a control
DNA plasmid to determine viral DNA copy number. Samples were then run on 2% agarose gel
and stained with ethidium bromide. Wells positive for viral genome at each dilution were plotted
using the Poisson distribution. Limiting dilution reactivation assay was performed to evaluate the
frequency of viral genome reactivating from latency [64]. Briefly, 5 x 10° splenocytes were
explanted on a monolayer of Mouse Embryonic Fibroblasts (MEFs) in a 96 well format.
Splenocytes were serially diluted two-fold in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% Fetal Bovine Serum (FBS). Cells were plated in 24 wells per dilution,
and diluted up to 12 dilutions. After 14-21 days of incubation, wells were monitored for
Cytopathic Effect (CPE) and frequencies were plotted using the Poisson distribution. As a
control, splenocytes were physically disrupted to release preformed virus using 0.5 mm silicon
beads in a bead beater (Beat for 1 minutes 4x, rest on ice after every disruption cycle for 1

minute). Homogenates were plated on MEFs as described earlier.

Antibodies: Splenocytes were blocked with anti-CD16/32 (BD bioscience). Surface stains were
performed in PBS-2% FBS- 1mM EDTA for 20 minutes on ice. Markers used: CD138-PE (BD

bioscience), B220-Pacific Blue (Biolegend), CD95-PE-Cy7 (BD biosciences), GL7-Alexa Fluor
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660 (eBioscience), CD3/4/8-PerCP (BD bioscience). Fixable live dead stains in Zombie Yellow

(Pacific Orange) was purchased from Biolegend and used according to manufacturer’s guidelines.

Enzyme Linked Immunosorbent Assay (ELISA): Blood was collected during terminal bleeds.
Serum was collected by allowing the blood to clot at 4°C for 1 hour. Blood was centrifuged at
14000 RPM at 4°C for 2 minutes. Serum was collected and frozen at -80°C for long term storage.
ELISA protocol was used as previously described [70] to measure global I1gG and IgM levels.
Briefly, 96 well Nunc ImmunoMaxisorp ELISA plates were coated with 0.5 ug/well of goat anti-
mouse IgG or IgM antibody (Southern Biotech). Serum was serially diluted (3 fold, beginning at
1:100) and 6 dilutions were plated for each sample. Alkaline Phosphatase conjugated goat anti-
mouse 1gG or IgM (Southern Biotech) was used as a secondary antibody. Color was developed
using p-nitrophenyl phosphate (Sigma) in a diethanolamine substrate buffer. Absorbance at 405

nm was read on a Biotek Synergy HT reader.



71

RESULTS

Murine XBP-1s can transactivate the MHV68 ORF50 proximal promoter in vitro.

Previous reports indicated the potential for the active spliced form of XBP-1 to
transactivate the BZFL-1 promoter in EBV [213,214], and RTA (encoded by gene 50) in KSHV
[215-217]. To evaluate whether murine XBP-1s could regulate gene 50/RTA expression in
MHV68, we transfected the murine M12 B lymphoma cell line with an expression construct
expressing XBP-1s in conjunction with a luciferase reporter construct driven by the proximal
gene 50 promoter (PpORF50) (Figure 1). Cells were incubated for 12 hours post-transfection in
the presence and absence of treatment with the phorbol ester 12-O-tetradecanoylphorbol-13-
acetate (TPA) and/or ionomycin (Fig. 1). Notably, expression of XBP-1s alone was capable of
inducing a 10-fold increase in PPORF50 activity relative to basal promoter activity. Treatment of
the PpORF50 with only TPA or ionomycin alone modestly increased basal activity by 3-5 fold.
Interestingly, cells expressing XBP-1s that were treated with either TPA, ionomycin or both,
showed synergistic induction of promoter activity up to 50-fold over basal promoter activity (Fig.
1). TPA and ionomycin induce protein kinase C and Ca** mediated signaling, thus promoting B
cell proliferation and mimicking the signals induced by B cell receptor (BCR) crosslinking [227].
Of note, CD40 and Ig crosslinking has been shown to induce MHV68 reactivation from latency
[228]. Since XBP-1s reflects a stress signal in a terminally differentiating cell, it is evident that
the virus has evolved mechanisms to reactivate from latency when the host cell is at a risk of
undergoing cell death. Thus, to ensure continuity of the latency reservoir, the immediate-early
gene product Replication and Transcription Activator (RTA) is synthesized to promote viral
reactivation from latency. The requirement for BCR crosslinking, co-stimulation (CD40) and
plasma cell specific transcription factors [XBP-1s, Blimp-1 [212]] reflects the specificity and

timely induction of viral reactivation from latency.
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MHV68 infection in XBP-1""* CD19°R¥* results in normal germinal center and plasma

cell responses, but reduced levels of immunoglobulin in the periphery.

We next characterized the course of MHV68 infection in mice that were deficient in
XBP-1 expression in B cells. Previous work by Todd et al. demonstrated that mice lacking XBP-1
expression in B cells could generate normal germinal center and plasma cell frequencies in
response to challenge with a foreign antigen. Interestingly, they determined that XBP-1
expression occurred after B cells up-regulated Syndecan-1 (CD138), a receptor commonly used
to identify the plasma cell population [229]. As such, B220™ CD138" cell frequencies were
comparable to littermate control mice. The only defect observed in these animals was a
significant reduction in global levels of 1gG and IgM in the periphery [225]. To investigate the
role of XBP-1 in MHV68 infection, XBP-1"1* cD19R¥* mice were infected with 1000 PFU
of the MHV68-H2bYFP virus [62] via the IN route. Spleen and blood were collected on day 18
post-infection. Upon analysis of splenic subsets, we observed that germinal center responses,
measured by the percentage of CD19"/ GL7+ CD95+ cells, were identical in knockout (KO) as
well as littermate (LM) controls (Fig. 2A & 2B). Additionally, the frequency of B220"™ CD138"
plasma cells was also comparable in both KOs and LMs (Fig. 2A & 2C).We next evaluated the
concentration of total IgM and IgG levels from sera collected at day 18 post-infection (Fig. 3). As
reported earlier [225], upon MHV68 infection, XBP-1"/"* CD19%**" animals failed to mount
both an IgM and IgG response as compared to LM controls (Fig3 A & 3B) . Taken together this
data suggests that XBP-1 expression in B cells is not required for the generation of germinal
center and plasma cell responses during an MHV68 infection, but is required for Ig secretion and

generation of a virus specific humoral response.
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Global frequency of MHV68 infected B cells is unaltered in XBP-1""/"* CD19°RE",

Using YFP expression from the MHV68/H2B.YFP virus as an indicator of the frequency
of infected B cells [62,230], we evaluated the requirement for XBP-1 expression from B cells
during infection and maintenance of latency. Upon evaluation of global levels of YFP expression
from the CD3 negative splenic population, we determined that the efficiency of viral infection
was equivalent in both KOs and LMs (Fig. 4A & 4B). Collins et al. demonstrated that greater
than 75% of YFP positive B cells have a germinal center phenotype. Consistently, we detected
close to 70% of YFP+ B cells in an XBP-1""* CD19°"¥" infection with a germinal center
phenotype (Fig. 5A & 5B). Interestingly, the frequency of YFP+ B cells with a plasma cell
phenotype was significantly lower in XBP-1""* CD19°*¥"* mice (¥= 9%) compared to LMs
(x=15%) (Fig. 5A & 5C). As expected, frequency of infected germinal center B cells was
comparable (LM x=7.8% and KO x=7.4%) (Fig. 6A & 6B). However, when we compared the
frequency of plasma cells that were infected with the virus, we noted a modest decrease in
frequency of infection in KOs as compared to LM controls that was not statistically significant
(LM x=6.6% and KO x=4.5%) (Fig. 6A & 6C). Since the efficiency of viral infection of the
plasma cell repertoire was not significantly compromised in XBP-1""* CD19R¥"* infections
compared to LM controls (Fig. 6C), the defect observed in the frequency of YFP+ cells that have
a PC phenotype during a XBP-1""* cD19°"¥"* infection (Fig. 5C) cannot be explained by
inefficient infection of that cellular subset. It is unclear at this point the basis for this defect.
However, this prompted a key question of whether a reduction in the levels of YFP+ cells with a

plasma cell phenotype could affect the frequency of cells reactivating virus.
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XBP-1s expression in B cells is not essential in vivo for viral reactivation or persistence.

Several studies of EBV, KSHV and MHV68 have suggested a strong link between
plasma cell differentiation and virus reactivation [166,210,211]. As discussed above, our in vitro
assays strongly suggested a role for XBP-1s in regulating viral reactivation from latency (Fig. 1).
Since we observed a significant decrease in the frequency of YFP+ cells with a plasma cell
phenotype in KO versus LM controls (Fig. 5C), we wanted to determine if there was a defect in
MHV68 reactivation from latently infected splenocytes, where the vast majority of latently
infected cells are B cells. As such, we conducted limiting dilution reactivation assays to evaluate
the frequency of cells reactivating from latency at day 18 post-infection. Surprisingly, loss of
XBP-1 expression in B cells did not alter the efficiency of viral reactivation from latency in XBP-
1Mo¥flox cp19°RE™* (1: 10,543) compared to LM controls (1: 8,336) (Fig. 7A). As expected, viral

genome loads were comparable in both KO (1: 488) and LM (1: 474) animals (Fig. 7B).

IRF4 expression in B cells is required for MHV68 reactivation from latency and

maintenance of latency.

The Interferon Response Factor 4 (IRF4) is another key transcription factor involved in
plasma cell differentiation. B cells deficient in IRF4 expression have diminished germinal center
responses and cannot generate a plasma cell response [231,232]. We recently demonstrated that
the unique MHV68 gene product, M2, is capable of inducing IRF4 expression via activation of

F' mice with a

NFAT, and promotes IL-10 expression from B cells [111]. Infection of IR
recombinant virus that expresses Cre recombinase resulted in a significant defect in the
establishment of latency, along with a greater defect in viral reactivation [111]. This novel

finding suggested a close link between viral reactivation and a requirement for IRF4 expression.

However, since IRF4 is expressed in cell types other than B cells and since the virus can infect
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macrophages and dendritic cells, we could not infer that the requirement for reactivation was
contingent on IRF4 expression in B cells. Given that XBP-1 does not appear to be involved in
controlling MHV68 reactivation from latently infected B cells, along with our previous
demonstration that there is only a moderate requirement of Blimp-1 [212], we hypothesized that
IRF4 may be a vital player in reactivation associated with plasma cell differentiation upon

MHV68 infection of mice.

To address the requirement for IRF4 in a more direct fashion, we used mice in which
IRF4 was specifically deleted in B cells. We have recently shown that M2, a viral gene unique to
MHV68, is sufficient to drive plasma cell differentiation in a B cell line [166] and to induce IRF4
expression in B cells [111]. Since the phenotype observed with infection of IRF4™™ mice with a
recombinant MHV68 expressing Cre-recombinase closely resembles that of infection of wild type
mice with an M2null virus, we also hypothesized that M2 induction of IRF4 is a critical step in
the viral life cycle. As such, IRFA"CD19"°" (IRF4 KO) or IRFA""CD19"* littermate control
(LM) mice were infected with 1000 PFU of either M2MR.HY or M2stop.HY viruses [described
in [111]]. Spleens were harvested on day 16 post-infection and analyzed by flow cytometry.
Notably, the percentage of total germinal center B cells was significantly different between the
LM and KO mice infected with the M2stop marker rescue virus (MR), suggesting that IRF4 does
play a role in the germinal center response to MHV68 infection (Fig. 8C, compare KO-MR and
LM-MR infected animals). However, it should be noted that the basal level of germinal center B
cells was also substantially lower in IRF4 B cell knockout mice (see Fig. 8C, KO-Naive). Indeed,
the fold increase in splenic gernimal center B cells (naive mice vs MHV68 infected) was very
similar when comparing littermate control and IRF B cell knockout mice (ca. 20-fold for the IRF4
KO vs ca. 15-fold for the littermate control animals) (Fig. 8C). We next assessed the percentage
of total plasma cells, defined by B220°CD138" cells. As expected, there was a significant

difference in the percentage of plasma cells in the IRF4 KO animals compared to littermate
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controls (Fig. 8D). While in littermate control animals there as a nearly 4-fold increase in the
number of splenic plasma cells in marker rescue infected mice, there was only a 1.3-fold increase

in the IRF4 KO animals (Fig. 8D).

Given the significant impact of loss of IRF4 expression in B cells on the splenic plasma
cell response, we next assessed the impact of loss of IRF4 in B cells on MHV68 reactivation from
latency (Fig. 8A). Notably, littermate control animals (LM) infected with M2stop marker rescue
virus exhibited the expected frequency of reactivating splenocytes (compared to historical values
for wild type MHV68 reactivation from C57BI/76 splenocytes at day 16 post-infection) (Fig. 8A).
In contrast, reactivation of splencytes from IRF4 KO mice infected with the M2stop marker
rescue virus exhibited an ca. 30-fold defect (1 in 3,954 cells reactivating virus in littermate
controls vs 1 in 115,877 cells in IRF4 KO mice). Importantly, infection of littermate control
animals with the M2 null mutant (M2stop) yielded a very similar reactivation defect (Fig. 8A) —
consistent with a major component of M2 function being induction of IRF4 expression in latently
infected B cells [111] . However, it is also notable that infection of IRF4 knockout mice with the
M2 null mutant resulted in a more severe defect in reactivation from latency (1 in 630,957 cells
reactivating virus), suggesting that the complete loss of IRF4 is more severe than the loss of IRF4
induction mediated by M2 (i.e., there may be alternatively, M2-independent mechanisms to
induce IRF4 expression in B cells during virus infection). Finally, not surprisingly, the amount of
preformed infectious virus present in the day 16 samples mirrored the levels of virus reactivation
observed — but did not interfere with accurate assessments of the frequency of splenocytes

reactivating virus (Fig. 8B).
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DISCUSSION

Here we have shown that while XBP-1s can activate the MHV68 immediate-early gene
50 proximal promoter, which drives expression of the essential transcriptional activator RTA, it is
not required for MHV68 reactivation from latently infected B cells as assessed by a limiting
dilution ex vivo reactivation analysis of latently infected splenocytes. However, it is possible that
XBP-1s plays a role in activation of gene 50 transcription in B cells under other conditions (e.g.,
in response to specific stimuli), or from other infected cell types. Notwithstanding these
possibilities, the data presented here brings into question the significance of studies to date that
have demonstrated the ability of XBP-1s to activate EBV and KSHV immediate-early gene

expression — all of which have exclusively relied on studies in tissue culture models.

Notably, the requirement for IRF4 expression in B cells for efficient MHV68 reactivation
from latently infected splenic B cells likely reflects the essential role that IRF4 plays in plasma
cell differentiation. This is based on: (i) our earlier studies that demonstrated that the vast
majority of MHV68 reactivation from splenocytes arises from the infected splenic plasma cell
population [166] ; and (ii) the fact that we have failed to detect IRF4 transactivation of any of the
identified gene 50 promoters (data not shown). Taken together with the XBP-1 data, this suggest
that there is another plasma cell factor that triggers gene 50 expression upon terminal
differentiation of latently infected B cells. One logical possibility is Blimp-1, another cellular
factor that is essential for plasma cell. Indeed the phenotype in Blimp-1 B cell knockout mice is
similar to that observed in IRF4 B cell knockout animals [212] . It is also possible that the loss of
expression of a transcriptional repressor upon terminal differentiation is also involved in the
induction of RTA expression. Further studies are required to identify the critical cis-elements and
trans-acting factors involved in the induction of MHV68 gene 50 transcription upon plasma cell

differentiation.
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Interestingly, the reactivation defect in the IRF4"™™* CD19°R¥"* splenocytes is nearly
identical to an M2-null virus phenotype. M2 is a unique gene product of MHV68 that is not
required for acute viral replication in vivo, but has a dose and route specific defect in
establishment of latency and reactivation [233]. Consistent with the requirement of M2 in
reactivation, it is also required for the differentiation of infected B cells to become plasma cells
[166]. Indeed, it was shown that M2 induction of IL-10 from B cells occurs via an NFAT-
dependent induction of IRF4 [111]. In fact, when overexpressed in B cells, M2 has been shown to
induce up-regulation of IRF4, Blimpl and XBP-1 transcripts [166]. EBV has been shown to
mimic BCR crosslinking and Ca** signaling via the LMP2a protein product, and was also shown
to encode an IL-10 homolog (v-1L10) [113,184]. It is evident that this family of viruses has not
only evolved to respond to changes in B cell differentiation state, but they appear also capable of
modulating B cell differentiation. This likely reflects the requirement for proper expansion of the

B cell reservoir in order to efficiently establish viral latency [234].

Finally, SAP-/- [235] and IL21R-/- (Collins and Speck, manuscript in preparation) mice
infected with MHV68 display severe defects in viral reactivation and establishment of latency. Of
note, both of these transgenic models show a defective generation or maintenance of the germinal
center response, which also negatively impacts the plasma cell repertoire [164,236,237]. Once
more, the loss of this cellular subset further supports viral dependency on this host cell for proper
regulation of the viral life cycle. Together with our results presented above, it strongly
establishes that the virus takes advantage of a healthy host by utilizing the normal B cell
differentiation that occurs in response to viral infection. The ability for MHV68 to induce B cell
differentiation, as well as respond to plasma cell specific transcription factors, reflects a close link
between the viral life cycle and the plasma cell niche. Our data suggests a role for multiple

redundant plasma cell specific transcription factors in modulating the viral life cycle. Finally, the
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data presented here emphasizes the importance of in vivo pathogenesis studies in identifying

those host cell factors and cellular reservoirs that are required for gammaherpesvirus infection.
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FIGURES
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Figure 2
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Figure 4
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Figure 5
A. . MHV68/H2B.YFP MHV68/H2B.YFP
Naive XBP-1F/F CRE"/- XBP-1F/F CRE*/-
A"’S? 0 74 10° 67
1°4j 104j
N~ 03l 10345
- i o
G] ; 2 i
102”\[!}’ ! 102
ol b2l [ ] B 0 vl
b '1(;2 ‘1:13 '1(;4 |1¢|;5 104 10° o 102 10° 10* 10°
>
A1o5-
0
10% 4
% 10°%
-
[a)]
O] 10%
03 ,
o 102 10® 10* 10° |1(|)5
B. Frequency of YFP+ cells  C. Frequency of YFP+ cells
with GC phenotype with PC phenotype
100- NS 30-
+ u $ *k*k
§ 80 'on: o0a%g e o
o
S | 5= oBEE% O e
& 604 o0 t * a
(=} (u]
.. .. m N
S a0 & @ s %0000
a oo + 104 ,°ge o o)
= T . o o
> 20- w
° > %
X & a
0 T T 0 y T
LM KO LM KO

84



Figure 6
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Figure 7
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Figure 8
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FIGURE LEGENDS

Figure 1. XBP-1s can transactivate the MHV68 gene 50 proximal promoter in M12 cells. The
murine B cell lymphoma M12 cell line was transfected with an XBP-1s expression vector
(pFlag.XBP1p.CMV2) and a luciferase reporter driven by the proximal gene 50 promoter
(PpORF50). Where indicated cells were treated at 12 hours post-transfection with TPA and/or
ionomycin and allowed to incubate for another 12 hours. Values are reported as fold increase in

luciferase activity over basal promoter activity.

Figure 2. MHV68 infection in XBP-1""* CD19“*¥* mice induces normal germinal center and
plasma cell responses. Animals were infected with 1000 PFU of the recombinant H2B.YFP
MHV68 virus and sacrificed at day 18 post-infection to analyze splenic lymphoid population. (A)
Representative flow cytometry plots illustrating the gating strategy employed to identify the
splenic germinal center and plasma cell populations. Cells were gated on CD19+ GL7+ CD95+ to
identify germinal center B cells, while cells were gated on CD3- B220int CD138+ to identify
plasma cells. (B) Frequencies of germinal center populations in XBP-1 knockout (KO) and
littermate controls (LM). (C) Frequencies of plasma cell subsets in XBP-1 knockout (KO) and

littermate group controls (LM).

Figure 3. XBP-1""* cD19°*¥"* mice fail to mount an immunoglobulin response following
MHV68 infection. Animals were infected with 1000 PFU of the recombinant H2B.YFP MHV68
virus and terminally bled at day 18 post-infection to collect serum. Total IgM (A) and IgG (B)

levels in naive and MHV68 infected XBP-1"1* cD19R¥'* and littermate control animals.

Figure 4. Frequency of virus infected B cells (YFP+) in XBP-1"" CD19°"¥* mice are
comparable to littermate controls. Animals were infected with 1000 PFU of the recombinant
H2B.YFP MHV68 virus and sacrificed at day 18 post-infection. Splenocytes were collected to

evaluate the frequency of virally infected cells. (A) Representative flow cytometry plots are
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shown illustrating the gating strategy employed. Cells were gated on the CD3- YFP+ population.
(B) Compiled frequencies of virus infected splenocytes (CD3- YFP+) in littermate controls (LM)

and XBP-1 knockout (KO) mice. p-value=0.3.

Figure 5. The frequency of virus infected cells with a plasma cell phenotype is reduced in
MHV68 infected XBP-1"/"* CD19°"* animals. Mice were infected with 1000 PFU of the
recombinant H2B.YFP MHV68 virus and sacrificed at day 18 post-infection. (A) Representative
flow cytometry plots illustrating the gating strategy employed to identify the splenic germinal
center and plasma cell populations. Cells were first gated on the CD3- YFP+ population, then
gated on either the CD19+ GL7+ CD95+ population to identify germinal center B cells, or on the
B220int CD138+ to identify plasma cells. (B) Compiled frequencies of infected cells with a
germinal center phenotype in littermate controls (LM) or XBP-1 knockout (KO) mice. NS, p-
value= 0.4. (C) Frequencies of the virus infected cells with a plasma cell phenotype in littermate

controls (LM) or XBP-1 knockout (KO) mice. *** p-value= 0.003.

Figure 6: Frequency of infected germinal center B cells and plasma cells is similar in XBP-
1Mo¥fox cD19°RE™ and littermate control animals. Mice were infected with 1000 PFU H2B.YFP
MHV68 virus and sacrificed at day 18 post infection. (A) Cells were gated on either the CD19+
GL7+ CD95+ germinal center population and subsequent gating on YFP+ cells, or they were
gated on the CD3- B330int CD138+ plasma cell population with subsequent gating on YFP+
cells. YFP expression from that subset was then determined. Germinal center cells were then
evaluated for YFP expression (B) Frequency of infected germinal center B cells. p-value= 0.9.

(C) Frequency of infected plasma cells. p-value= 0.3.

Figure 7: XBP-1 expression is not required for MHV68 reactivation or establishment of latency.

(A) Limiting dilution analysis of MHV68 reactivation from total splenocytes isolated at day 18
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post-infection. (B) Limiting dilution PCR analyses of MHV68 genome positive splenocytes

isolated at day 18 post-infection.

Figure 8: Loss of IRF4 expression in B cells impairs MHV68 reactivation from latency to a
similar extent as disruption of the MHV68 M2 gene. IRF4""* CD19%RE* (IRF4 KO) or
littermate controls (LM) mice were infected with 1000 PFU IN of either MHV68/M2MR.HY or
MHV68/M2stop.HY viruses. (A & B) Limiting dilution reactivation analyses plating either intact
splenocytes (A) and mechanically disrupted splenocytes (B) recovered at day 16 post-infection.
(C) Frequencies of germinal center B cells (B220+ GL7+ CD95+) in the spleens of naive and
MHV68 infected animals, as indicated. ** p-value= 0.007.(D) Frequencies of plasma cells (CD3-
B220int CD138+) in the spleens of naive and MHV68 infected animals, as indicated. KO,
IRF4MxMox cp19eRE™: LM, littermate  control  (IRF4™"*  CcD19"*);  M2stop,

MHV68/M2stop.HY; MR, MHV68/M2MR.HY. ***p-value= 0.0001.
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CHAPTER IV
SUMMARY, FUTURE DIRECTIONS AND CONCLUSIONS

Summary

Plasmodium infections remain a public health burden impacting nearly 200 million
individuals and causing nearly 0.5 million deaths annually [1]. Mathematical modeling of disease
progression estimated that 1-2 infections with Plasmodium falciparum are sufficient to protect
children living in areas of high endemicity in Sub-Saharan African from symptoms of non-
cerebral severe disease [143]. However, nearly 20% of infected children living in such regions
progress onto severe and life threatening disease. Various factors are thought to contribute to the
spectrum of disease severity associated with Plasmodium infections and include host, parasite and
environmental factors [2,4]. One less studied factor that may contribute to disease severity is that

of co-infections with other pathogens.

In 1958, Dennis Burkitt described a jaw and abdominal tumor that was prevalent and
mostly restricted to areas in Sub-Saharan Africa that were endemic for malaria transmission
(termed the “Malaria Belt”) [12]. This tumor was later named endemic Burkitt’s lymphoma
(eBL). eBL is similar to other BL tumors in having a c-myc translocation to the IgH or IgL locus.
However, unlike the other forms, eBL shows geographical restriction to Sub-Saharan Africa,
Papua New Guinea and some regions of Brazil and has a greater than 90% association with
Epstein Barr Virus (EBV) co-infection (reviewed in [123]). EBV is a gammaherpesvirus that
infects and maintains latency within the memory B cell compartment of the host [238,239]. Later
studies indicated that children latently infected with EBV, and living in endemic regions of

malaria transmission, had an increased risk of developing eBL. Studies postulate that repeated P.
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falciparum infection weakens the EBV specific CD8+ T cell response and results in the

outgrowth of EBV transformed B cells [10,13-15,170,171,195].

EBV infection is ubiquitous in the population. Specifically, children living in Sub-
Saharan Africa were shown to become seropositive to EBV by 6 months of age [6,7,9]. Thus,
primary acquisition of both EBV and Plasmodium in a naive host shows a large temporal overlap.
Primary EBV infection in a naive host, although asymptomatic, has the capacity to modulate host
immune responses. One study elegantly demonstrated that a 2.5 year old child asymptomatically
infected with EBV showed a transient humoral immune suppression and could not properly
respond to secondary antigenic challenge for a duration of 4 weeks post infection [78]. Similar
studies in adults experiencing infectious mononucleosis (IM) demonstrated the same transient
humoral immune suppression [79]. Another interesting study also demonstrated that EBV, but not
cytomegalovirus, could reduce the efficiency of vaccine induced antibody responses [173].
Similarly, mice infected with the murine gammaherpesvirus 68 (MHV68), a murine model of
gammaherpesvirus infection, show a marked suppression in the development of the antibody

response during secondary antigenic challenge when acutely infected [77].

Humoral responses are protective during Plasmodium infection. This has been
extensively demonstrated in studies where patients infected with P. falciparum could be protected
from disease when passively immunized using sera from previously exposed patients [21,151].
Additionally, protection from severe malarial anemia was associated with increased Plasmodium
specific 1gG responses [175]. Since primary asymptomatic EBV infection is capable of
suppressing the host’s capacity to generate a proper humoral response, we were interested in
evaluating the impact of such an infection on disease progression and control of a Plasmodium
infection. We used the murine model of gammaherpesvirus infection, MHV68, and the two non-

lethal murine species; P. yoelii XNL and P. chabaudi AS.
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In Chapter Il we show that acute MHV68 co-infection with P. yoelii XNL resulted in
hyper-parasitemia and severe malarial anemia and ultimately death by day 30 post co-infection.
Interestingly, co-infection with P. chabaudi AS did not alter the kinetics of parasite infection.
MHV68 acute co-infection suppressed total, malaria specific and virus specific 1gG responses.
Infection of uMT mice (mature B cell deficient mice — lack a humoral response) with either P.
yoelii XNL or P. chabaudi AS indicated that only P. yoelii XNL required a humoral response to
control the primary peak of parasitemia. This was evident from the observation that all uMT mice
infected with P. yoelii XNL, but not P. chabaudi AS, succumbed to the infection. As such,
although parasite specific 1gG responses were suppressed during P. chabaudi co-infection, there

was no impact on control of primary peak of parasitemia.

Evaluation of splenic immune responses revealed that initial germinal center B cell (GC)
and plasma cell (PC) responses were comparable in single and co-infected mice. However, by day
12 post co-infection, co-infected animals showed a severe defect in the ability to maintain GC and
PC levels as compared to single parasitic infections. Thl cellular subsets that produce protective
IL-10 and IFN-y responses during Plasmodium infection [46,163] and FoxP3+ T regulatory cell
frequencies were not altered during co-infection. However, we did notice a significant defect in
the maintenance of the T follicular helper (CD4+ CXCR5hi PD1hi) subset in the spleen during
co-infection. Previous work demonstrated that chronically infected HIV patients showed defects
in the functionality of the Tth response due to higher levels of PD-L1 expression on GC B cells as
a result of chronic antigenic stimulation [182]. PD-L1 ligates the PD-1 receptor which is highly
expressed on the Tfh subset and can negatively regulate their activity [240]. Similarly, we
observed that PD-L1 expression on GC B cells of animals co-infected with MHV68 and P. yoelii
XNL was greater as compared to a single parasite infection. More importantly, the immune

suppressive effects were dependent on acute but not latent MHV68 infection. Latent infection did
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not result in lethality, and showed higher levels of all splenic subsets as well as a reduction in

levels of PD-L1 expression on GC B cells.

We were next interested in understanding how the virus was mediating this transient
immune suppression of the antibody response in the host. In order to evaluate this, we decided to
study the role of the viral gene product M2. M2 is a unique viral gene product that induces 1L10
production from B cells [111,112], induces B cell differentiation into a plasma blast phenotype
[166] and signals downstream of the BCR [185,186]. It shows functional homology to the EBV
LMP-1/2 genes which mimic BCR and CD40 signaling as well as EBV’s virally encoded IL-10
[183,184]. IL-10 is a pleiotropic cytokine that has the capacity to induce B cell proliferation as
well as suppress pro-inflammatory T cell and APC responses [167]. As such, we wanted to test
whether M2 might be mediating this effect. For this purpose, we infected C57BL/6 mice with
either the M2.Stop virus or the genetically rescued Marker Rescue (MR) virus. We noted that loss
of M2 expression enhanced the anti-viral IgG response by 2 fold at 21 days post infection. When
we co-infected mice with M2.Stop and P. yoelii XNL, we found a 94% survival rate, 28 fold
increase in the parasite specific 1gG and complete clearance of peripheral parasitemia. These
observations certainly support a role for M2 in contributing to the virally induced immune
suppression. However, further work will be required to evaluate whether these observations are

IL-10 dependent.

Collectively our work provides the first fully characterized MHV68 and Plasmodium co-
infection model which implicates acute gammaherpesvirus infection in the development of severe
malaria. This certainly provides a strong impetus for carrying out further studies in humans to
establish if this correlation is relevant in human co-infections. Additionally, this provides the first
evidence that EBV vaccination and anti-virals may be required for treatments when considering
specific cases of severe malaria. Thus, efforts towards the development of these drugs should be

given precedence in the future.
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Future Directions

Our current work prompts many questions regarding the mechanism by which M2 is
suppressing the humoral immune response. We are initially interested in evaluating whether M2
is mediating its effect in an IL-10 dependent fashion. In order to address this question, we are
breeding mice that are 1L-10""* CD19-Cre*" which we plan to co-infect with MHV68 and P.
yoelii XNL. If we can recapitulate the rescued phenotype observed during an M2.Stop co-
infection, we will have reason to believe that M2 is mediating this effect via IL-10 specifically
from the B cell. A more direct manner to evaluate whether IL-10 is playing a role at all would be
to either neutralize the cytokine or block the IL-10R in vivo. Another important question we are
interested in answering is where (what specific B cell subset) M2 is being expressed and whether
M2 expression is changing the inherent nature of the B cell it infects. We previously noted that
GC B cells in co-infected mice expressed higher levels of PD-L1 expression. Preliminary studies
using the inducible M12 cell line that is stably transfected with an M2 expression vector [111] did
not show a correlation between M2 expression and PD-L1 expression. It did, however, show an
increase in PD-1 surface expression. The same observation was noted in the retrovirally
transduced splenic B cell assay that was previously described [212]. Regardless, other surface
marker or phenotypic changes induced by M2 expression may explain the observed phenotype.
Independent studies are currently underway to identify regulatory B cell subsets that may be
induced by M2 expression, in addition to detailed GC tissue sections that evaluate the efficiency

of the B-T cell interaction within a follicle in the presence or absence of M2 expression.

Second, we plan on using the non-lethal MHV68 and P. chabaudi AS co-infection model
to study the long lasting effects of the virus induced humoral suppression. A hallmark of
immunity to Plasmodium infection is the requirement for constant and long lasting exposure to
the parasite in order to develop protective B cell memory responses [3,241,242]. Repeated

exposure to the parasite ensures protection from disease associated with infection and attenuates
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severity with time of exposure; however, it has never been documented to provide sterile
immunity. Various parasitic factors are thought to modulate the host B cell response (reviewed in
[243]). The Cysteine-rich Inter-domain region 1 o (CIDR1a) of the P. falciparum erythrocyte
membrane protein 1 (Pfempl) was shown to induce polyclonal B cell activation (PBA) of
memory B cells. It was shown to induce both MAPK and NF-kB activation as a result and was
postulated to cause B cell “exhaustion” with repeated exposure [136,244]. P. falciparum was also
documented to increase B cell activating factor (BAFF), as evidenced by high levels in the serum
of acutely infected children [245]. Persistently high levels of BAFF are thought to reduce BAFF-
R levels on B cells which will in turn impact their functionality. Lower levels of BAFF-R on B
cells are a hallmark of children acutely infected with Plasmodium, where higher BAFF-R
correlated with greater 1gG and reduced disease severity [245]. The combination of PBA and
increased BAFF is thought to collectively impact the B cell repertoire which is marked by
increases in transitional B cells in the periphery as well as reductions in the marginal zone B cell
populations [246-249]. Another interesting observation is the expansion of a group of B cells
called atypical memory B cells that express CD19+ CD21- CD27- CD10- FcRL4+ [250,251].
The role of FcRL4+ B cells in dysfunctional memory B cell responses was first described in
chronically infected HIV patients [252]. This subset was refractory to BCR stimulation and
activation. It was later observed that this particular subset is largely expanded in P. falciparum
infected populations, and greater length and rate of exposure positively correlates with higher
levels of these cells [253-256]. BCR sequencing analysis has revealed that many of these atypical
B cells have indeed class switched and are specific to a large range of P. falciparum antigens
[257]. Recent work also demonstrated that the BCR V gene composition was identical in both
classical and atypical memory B cell subsets, suggesting that they probably arose from the same
progenitor cells [258]. However, the correlation and role for atypical memory B cells in
accounting for the weak development of the Plasmodium specific memory B cell response is not

completely clear. Murine models of Plasmodium infection have demonstrated efficient induction
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of memory B cell responses. P. chabaudi AS infection can induce a long lasting and protective
memory B cell response within one infection [259,260]. Other infections, such as P. yoelii XNL,

have been shown to delete memory B cell responses after vaccination [261].

Collectively, it appears that various factors contribute to the defective development of
protective Plasmodium specific memory B cell responses. However, no work has been done to
understand how other infections may impact this generation. EBV infection is ubiquitous in the
Sub-Saharan community and circulating loads of EBV are high in patients that are acutely
infected with Plasmodium [10]. Additionally, our findings show that acute MHV68 infection can
alter responses to a secondary Plasmodium infection. Using our non-lethal model of co-infection
with P. chabaudi AS, we are interested in understanding whether the observed decreases in early
parasite specific B cell responses will also translate into deficient memory B cell recall responses.
For this purpose, we have infected mice with either the MR or M2.Stop virus at day 0 and
challenged with P. chabaudi AS at day 7. We sacrificed animals at day 30 or 60 post co-infection
and collected bone marrow and spleen for analysis. In a separate group, we re-challenged the
animals at day 60 post co-infection with P. chabaudi and waited 20 days after re-challenge to
assess re-call memory responses in the bone marrow and spleen. Infections are being monitored
through smears and blood collections that will be used to detect sub-patent parasitemia using
gPCR techniques. We will extract RNA from the BM and spleen to generate cDNA. This will
then be used to amplify the IgH of the BCR. All IgG isotypes and IgM will be evaluated. We are
using MiSeq next generation sequencing to look at the clonal diversity generated after co-
infection with MHV68, M2.Stop or a single Plasmodium infection. This will help us determine
whether acute EBV infection could alter the capacity of the B cell to class switch and
hypermutate when responding to Plasmodium infection. These studies will be instrumental in
identifying a role for EBV co-infection on long term immune modulation of the host that may

subsequently impact Plasmodium memory B cell responses. If there is a correlation between the
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two, this once more implicates EBV in malarial disease and once more supports our hypothesis

that control of the EBV infection will be required for proper clearance of the parasitic infection.
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CONCLUDING REMARKS

In conclusion, our work has provided compelling evidence to implicate acute
gammaherpesvirus infection in modulation of the host immune response and altering control of
secondary infections. This data provides premise for evaluating other mechanisms of controlling
and treating malarial disease. More importantly, these studies highlight the importance of
acknowledging the impact of various secondary infections in disease prognosis and treatment of
any infectious disease. Properly designed and comprehensive human studies will be required to
fully appreciate the importance and complexity of multiple infections in significantly altering

disease outcome.
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