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In Brief

Rogers et al. demonstrate that acute
Plasmodium infection protects against
lethal Ebola virus challenge. Protection is
conferred by Plasmodium-elicited
interferon gamma (IFN-v) that causes M1
polarization of tissue macrophages.
These studies provide insight into
conflicting clinical data regarding
whether malaria protects or sensitizes
hosts to Ebola virus.

Cell


mailto:wendy-maury@uiowa.edu
https://doi.org/10.1016/j.celrep.2020.02.104
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2020.02.104&domain=pdf

Cell Reports

Acute Plasmodium Infection Promotes
Interferon-Gamma-Dependent
Resistance to Ebola Virus Infection

Kai J. Rogers,! Olena Shtanko,? Rahul Vijay," Laura N. Mallinger,” Chester J. Joyner,3* Mary R. Galinski,*>

Noah S. Butler,’-¢ and Wendy Maury'-6.7-*

1Department of Microbiology and Immunology, University of lowa, lowa City, IA 52242, USA

2Host-Pathogen Interactions, Texas Biomedical Research Institute, San Antonio, TX 78227, USA

3Division of Pulmonary, Allergy, Critical Care & Sleep Medicine, Department of Medicine, Emory University, Atlanta, GA 30322, USA
“Malaria Host-Pathogen Interaction Center, Emory Vaccine Center, Yerkes National Primate Center, Emory University, Atlanta, GA 30322,

USA

5Division of Infectious Diseases, Department of Medicine, Emory University School of Medicine, Atlanta, GA, USA
SInterdisciplinary Graduate Program in Immunology, University of lowa, lowa City, IA 52242, USA

“Lead Contact
*Correspondence: wendy-maury@uiowa.edu
https://doi.org/10.1016/j.celrep.2020.02.104

SUMMARY

During the 2013-2016 Ebola virus (EBOV) epidemic, a
significant number of patients admitted to Ebola treat-
ment units were co-infected with Plasmodium falcipa-
rum, a predominant agent of malaria. However, there is
no consensus on how malariaimpacts EBOV infection.
The effect of acute Plasmodium infection on EBOV
challenge was investigated using mouse-adapted
EBOV and a biosafety level 2 (BSL-2) model virus. We
demonstrate that acute Plasmodium infection protects
from lethal viral challenge, dependent upon interferon
gamma (IFN-v) elicited as a result of parasite infection.
Plasmodium-infected mice lacking the IFN-y receptor
are not protected. Ex vivo incubation of naive human
or mouse macrophages with sera from acutely parasi-
temic rodents or macaques programs a proinflamma-
tory phenotype dependent on IFN-y and renders cells
resistant to EBOV infection. We conclude that acute
Plasmodium infection can safeguard against EBOV
by the production of protective IFN-y. These findings
have implications for anti-malaria therapies adminis-
tered during episodic EBOV outbreaks in Africa.

INTRODUCTION

Ebola virus (EBOV) is a negative-strand RNA virus that triggers se-
vere hemorrhagic fever in primates (Feldmann and Geisbert, 2011).
EBOV outbreaks, identified sporadically in Central Africa since
1976, cause severe morbidity and mortality, with case fatalities
as high as 90% (Weyer et al., 2015). In late 2013, EBOV was de-
tected for the first time in Western Africa, resulting in the largest
outbreak in history with 28,600 confirmed cases of EBOV disease
(EVD) and a fatality rate of ~40% (Coltart et al., 2017). Given the
magnitude of the West African outbreak, multiple epidemiological
studies have identified factors that were positively or negatively
associated with EVD outcomes. One study reached the conclusion
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that EBOV patients co-infected with Plasmodium falciparum, the
principal causative agent of malaria in Africa, were less likely to
succumb to EVD, with a survival rates 30% higher in patients
with high parasite burdens (Rosenke et al., 2016). In contrast,
several additional studies report that Plasmodium infection either
had no effect on EVD outcomes in pediatric patients or was asso-
ciated with exacerbated EVD (Smit et al., 2017; Vernet et al., 2017,
Waxman et al., 2017). The basis for these disparate conclusions
and whether specific host immunity against Plasmodium affects
either EBOV infection susceptibility or the course of EVD are not
fully understood.

The host immune response to Plasmodium infection is, in part,
governed by the complex life cycle of the parasite and involves mul-
tiple tissues (Crompton et al., 2014). The parasite is transmitted into
the skin by female Anopheline mosquito inoculation of motile spo-
rozoites that results in infection of hepatocytes. These parasites
undergo clinically silent differentiation and cell division without trig-
gering robust host cellular immunity. Merozoites are ultimately
released from infected hepatocytes and enter a cycle of invasion
and asexual replication in red blood cells (RBCs), which elicits the
clinical symptoms associated with malarial disease. An initial Plas-
modium blood-stage infection often stimulates a pro-inflammatory,
febrile illness that is associated with elevated interleukin-1p (IL-1p),
IL-6, IL-12, interferon gamma (IFN-y), and tumor necrosis factor
(TNF) production (Angulo and Fresno, 2002). In individuals who
have either resolved acute febrile illness or have been exposed to
repeated Plasmodium infections, the immune response shifts to
an immunomodulatory profile characterized by IL-10 and trans-
forming growth factor B (TGF-p) production (Portugal et al., 2014).
This temporally regulated and functionally dichotomous immune
response to Plasmodium blood-stage infection provides a possible
explanation for the resistance of a subset of Plasmodium-infected
individuals to EVD and the lack of consensus in the published epide-
miological studies of EBOV outbreaks.

Here, we used rodent and non-human-primate models of Plas-
modium, mouse-adapted EBOV (Mayinga) (ma-EBOV), and a
biosafety level 2 (BSL-2) model virus of EBOV to demonstrate
that acute Plasmodium blood-stage infection protects against
EBOV infection and disease. We show that protection conferred
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Figure 1. Acute Plasmodium Infection in Mice Protects against EBOV Challenge

(A-1) Female BALB/c mice were infected with Plasmodium yoelii (Py) (1 x 10° infected red blood cells [[RBCs]), challenged i.p. 6 days later with 1, 10, or 100 iu
mouse-adapted Ebola (ma-EBOV) and assessed for clinical signs and survival daily.

(A, D, and G) Survival curves are shown (n = 14/group in A and D; n = 7/group in G).

(B, E, and H) Day 3 serum titers from individual mice (n = 3-6) are expressed as mean + SD.

(C, F, and ) Day 3 viral loads in liver and spleen from individual mice (n = 4-6 in B, C, E, and F; n = 3 in H and |) are expressed as mean + SD.

Experiments in this figure were performed two independent times, and data are pooled (A-F) or once (G-I). For all experiments: n.s., not significant; iu, infectious

units; and *p < 0.05.
Also see Figure S1.

by Plasmodium is dependent upon IFN-y production, with loss of
IFN-y signaling abrogating protection.

RESULTS

Acute Plasmodium Infection Protects Mice from Lethal
ma-EBOV or Recombinant Vesicular Stomatitis Virus
(rVSV)/EBOV Glycoprotein (GP) Challenge

To evaluate the effect of an acute Plasmodium infection on sub-
sequent EBOV infection, BALB/c mice were intravenously (i.v.)
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administered RBCs (iRBCs) infected with Plasmodium yoelii
(17XNL) (Py), a rodent Plasmodium parasite species that models
hyperparasitemia and severe malarial anemia (Li et al., 2001). Six
days after Py infection, mice were challenged intraperitoneally
(i.p.) in a biosafety level 4 (BSL-4) facility with ma-EBQOV at a
range of infectious doses. At a low, but lethal, dose of 1 infec-
tious unit (iu) of ma-EBOV, Py-infected mice exhibited reduced
morbidity (Figures S1A and S1B) and mortality (Figure 1A).
Consistent with decreased EVD in Py-infected mice, serum
and organs harvested from the co-infected animals at day 3 of
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Figure 2. Acute Plasmodium Infection of Mice Protects against rVSV/EBOV GP Challenge

(A) C57BL/6 Ifnar '~ mice were infected with Plasmodium yoelii (Py) or chabaudi (Pcc) (1 x 10° iRBCs) and challenged with rVSV/EBOV GP i.p. 6 days later.
Survival curves are shown and analyzed by log-rank (Mantel-Cox) test (n = 12 in no-Plasmodium group; n = 11 in Py-co-infected group; n = 8 in Pcc-co-infected
group).

(B and C) C57BL/6 Ifnar '~ mice were infected with Py or left untreated and challenged with rVSV/EBOV GP i.p. 6 days later. Each point represents a single
sample from an individual mouse.

(B) Serum titers at 12-h intervals assessed as tissue culture infectious dose (TCIDsg) per ML on Vero cells.

(C) Viral load in organs at 60 hours post infection (hpi), as assessed by gRT-PCR.

(D and E) C57BL/6 Ifnar '~ mice were infected with Py or left untreated. Atovaquone was administered to both treatment groups on days 6-8 post-Py (red arrows
indicate treatments). Parasitemia was monitored daily (n = 10/group).

(D) Mice were infected i.p. with rVSV/EBOV GP on day 9 post-Py when the parasite was eradicated in atovaquone-treated mice.

(E) Mice were monitored for survival (n = 10/group).

For all experiments: *p < 0.05. LOD, limit of detection. Error is expressed as mean + SEM.

Also see Figures S2 and S3.

infection showed a 3-log decrease in viral titers (Figure 1B)anda  2012). When challenged 6 days after establishing either Py or
1- to 2-log reduction in viral load in the spleen and liver (Fig- Pcc infection, mice were protected from an otherwise lethal
ure 1C). Notably, the amount of ma-EBOV administered to dose of rVSV/EBOV GP (Figure 2A). In parallel, we found that
mice was critical, as higher doses of virus overcame the protec-  Ifnar ™~ mice were not protected from rVSV/EBOV GP when
tive effect of Plasmodium in vivo (Figures 1D-1l), although virus  given RBCs from naive mice or irradiated Py iRBCs, as previ-
load also trended lower in the Py-infected mice administered  ously described (Schmidt et al., 2010) (Figure S2).
10 iu of ma-EBOV. Because both Py and Pcc rendered mice resistant to
To explore the mechanisms by which Py can protect against rVSV/EBOV GP pathogenesis, we conducted subsequent
ma-EBOQOV challenge, we used a BSL-2 model of EBOV that chal-  studies by using Py, as it more faithfully recapitulates severe
lenges IFN-ap-receptor knockout (ifnar’~) mice with a BSL-2  acute malarial anemia that would be observed following a pri-
recombinant rVSV engineered to express the EBOV GP (rVSV/ mary Plasmodium exposure in malaria-naive humans in that it
EBOV GP) and green fluorescent protein (GFP) in place of the is cleared by the host and does not recrudesce, unlike Pcc.
native GP of VSV. This recombinant virus models EBOV tropism  Experiments showed that co-infected mice had ~15- to 260-
and host cell entry (Takada et al., 1997; Coté et al., 2011; Kon-  fold lower viremia over the first 60 h of virus infection than
dratowicz et al., 2011; Panchal et al., 2014; Wec et al., 2016). mice solely infected with rVSV/EBOV GP (Figure 2B). Similarly,
Furthermore, infection of Ifnar '~ mice with this virus models  virus loads in the livers, spleens, and kidneys at 60 h of infection
the effective control of type | IFN responses by EBOV and the ~ were 103- to 10°-fold lower in the Plasmodium-infected mice
in vivo and ex vivo sensitivity of EBOV to pro-inflammatory and  than in non-parasitemic mice, although viral burden was variable
anti-inflammatory cytokines (Takada et al., 1997; Coté et al., in some Plasmodium-naive mice (Figure 2C). The low-to-unde-
2011; Kondratowicz et al., 2011; Panchal et al., 2014; Rhein  tectable levels of virus in the peripheral tissues of parasitemic
et al., 2015; Wec et al., 2016; Rogers et al., 2019). Ifnar”’~ mice at 60 h of infection suggested that virus failed to spread
mice were infected with either Py or another rodent Plasmodium  beyond the peritoneal cavity in Py-infected animals. At 21 days
species, P. chabaudi chabaudi (AS) (Pcc), which is a model of  after virus challenge, half of co-infected mice produced greater
low-grade parasitemia and persistent malaria (Stephens et al., than 100 pg/ml of anti-EBOV GP antibodies, immunoglobulin
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(Ig) concentrations that we previously showed to be protective
against subsequent ma-EBOV challenge (Figure S3) (Lenne-
mann et al., 2017). Less than 1 pg/ml of anti-EBOV GP Ig was
detected in some of rVSV/EBOV GP-challenged mice, suggest-
ing either that virus titers were insufficient to elicit a significant
humoral response in these animals or Py infection interfered
with anti-EBOV GP antibody production. Together, these data
show that an active blood-stage Plasmodium infection protects
mice from challenge with lethal doses of either ma-EBOV or
rVSV/EBOV GP. Importantly, the rVSV/EBOV GP experimental
system using an Ifnar '~ host excludes a role for type 1 IFN
signaling in the protection conferred by Plasmodium infection.
To determine whether parasite infection was directly facili-
tating protection, we infected mice with Py and, on days 6-8
post-inoculation (p.i.), administered the anti-malarial drug atova-
quone to parasitemic and naive control mice. Parasitemia was
quantified daily, and mice were challenged with rVSV/EBOV GP
upon successful eradication of Py (Figure 2D). Strikingly, Py-in-
fected mice treated with atovaquone remained protected from
rVSV/EBOV GP, suggesting that the protection against lethal vi-
rus challenge mediated by acute Py infection was more likely to
be due to the host immune response rather than the presence
of the parasite per se (Figure 2E). Notably, atovaquone treatment
did not impact the disease course in Plasmodium naive mice.

Peritoneal Macrophages Are Crucial for Plasmodium-
Elicited Protection from rVSV/EBOV GP

EBOV is primarily a myeloid cell-tropic pathogen (Connolly et al.,
1999; Geisbert et al., 2003; Bray and Geisbert, 2005; Rogers and
Maury, 2018), and peritoneal macrophages (pmacs) are the pri-
mary cell population initially infected during i.p. administration of
maEBOQV or rVSV/EBOV GP (Mahanty et al., 2003; Rhein et al.,
2015; Rogers et al., 2019). To address whether acute experimental
malaria impacts virus infection of these critical target cells, Py-in-
fected and naive mice were challenged i.p. with rVSV/EBOV GP.
Peritoneal cells were harvested at 24 h and assessed for viral
load. Although most naive mice showed high levels of viral RNA
in peritoneal cells, virus was largely undetectable in cells recovered
from Py-infected mice (Figure 3A, left). Consistent with these in vivo
data, ex vivo virus challenge of pmacs that were obtained from Py-
infected mice and enriched by adherence showed a ~30-fold
decreaseinviralload at 24 h of infection compared with pmacs ob-
tained from naive mice (Figure 3A, right). These data support that
in vivo Py infection restricts viral infection of a primary cell target
of EBOV, pmacs, despite the fact that Py merozoites do not infect
macrophages but specifically target RBCs.

The studies with an anti-malarial agent demonstrating that
mice cleared of Py-infected RBCs remained protected against
virus challenge raised the possibility that the host inflammatory
responses to blood-stage Plasmodium infection may program
resistance to ma-EBOV and rVSV/EBOV GP infection. To test
this, we incubated pmacs from naive donors with dose titrations
of serum from either Py-infected or naive mice for 24 h and then
challenged the cells with wild-type EBOV or rVSV/EBOV GP.
Serum from Py-infected animals protected pmacs from virus
infection in a dose-dependent manner (Figures 3B and 3C).

We previously showed that IFN-y can protect macrophages
from EBOV infection (Rhein et al., 2015). Thus, we postulated
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that Plasmodium-induced IFN-vy is mechanistically linked to Plas-
modium-infection-induced protection against EBOV and
rVSV/EBOV GP challenge that was observed both in vivo and
ex vivo. In support of this, serum levels of IFN-y were markedly
elevated as early as 4 days after Py infection in Ifnar '~ and wild-
type mice, peaking at day 6, whereas no detectable IFN-y was
observed in naive serum (Figure 3D; Figure S4A). In line with these
elevated serum IFN-y levels, transcriptional changes in pmacs
recovered from Py-infected mice exhibited a proinflammatory
macrophage M1 phenotype characterized by enhanced expres-
sion of the well-established IFN stimulated genes (ISGs) IRF1
and GBP5 (Figure 3E). Similarly, the addition of serum from Py-in-
fected donors stimulated dose-dependent increases in IRF1 and
GPB5 expression in pmacs harvested from naive mice (Figure 3F).
Importantly, the ex vivo protective effects of serum from Py-in-
fected donors was abolished by neutralizing IFN-y (Figure 3G).
To extend these studies to a model that more directly approx-
imates human Plasmodium infection, we next evaluated the
capacity of serum obtained from rhesus macaques acutely in-
fected with Plasmodium cynomolgi (Collins et al., 1999) to
program virus resistance in human monocyte-derived macro-
phages (MDMs), as many human and non-human primate
(NHP) cytokines are known to cross react (Scheerlinck, 1999).
Consistent with the results from our rodent studies, viral replica-
tion was 20- to 30-fold lower in the MDMs exposed to serum from
acutely Plasmodium-infected macaques (Figure 3H, left). Serum
exposure also elevated M1 markers associated with IFN-y
signaling (Figure 3H, right). Collectively, these data suggest that
IFN-y produced in response to acute Plasmodium infection pro-
tects human and mouse macrophages from EBOV infection.

Plasmodium-Elicited IFN-y Production Is Necessary for
In Vivo Protection from rVSV/EBOV GP

We next sought to determine if IFN-y signaling was responsible
for the in vivo protection mediated by Py infection. To test this,
we infected IFN-y-receptor-null (fngr?~'~) mice with Py and iso-
lated serum and pmacs 6 days after establishing blood-stage
Plasmodium infection (Figure 4A). The pmacs of Py-infected
and naive /fngr1 ~'~ mice showed no difference in levels of infec-
tion upon rVSV/EBOV GP challenge and exhibited no evidence
of M1 polarization (Figure 4B). However, Ifngr1 ™~ mice retained
the capacity to secrete IFN-vy, as /fnar '~ pmacs exposed to the
serum of Py-infected Ifngr1~'~ animals exhibited reduced viral
loads and expressed the M1-polarized ISGs IRF-1 and GBP5
(Figure 4C). To evaluate the role of IFN-vy signaling in vivo, we
generated and infected lfnar~~Ifngr1~'~ mice with Plasmodium.
Double-knockout mice were used, as VSV-based recombinant
viruses are not virulent in mice with intact IFNAR signaling due
to an inability to antagonize type | IFN (Muller et al., 1994). We
found that Ifnar~"Ifngr1~'~ mice produced robust levels of
IFN-y when exposed to Py (Figure S4B) but were not protected
from rVSV/EBOV GP challenge (Figure 4D). Although parasite-
mia during early Py and Pcc infection of Ifngr1 ™'~ mice has
been shown to be elevated compare to wild-type mice (Su and
Stevenson, 2000), the Py parasite burden of Ifnar~’~Ifngr1 =/~
mice did not alter their survival if these mice were not challenged
with virus (Figure 4D). Virus infection of these mice resulted in
higher systemic viremia at 24 h and 48 h than virus-challenged



A . B C
3 [ " 250+
10 ns M 107y * * *
102 — — — = 200 o
B o1 o° e & 193] o0 af &
) o .
& o] T <71 [ % T 150 o p=0.002
z 10 s z o z I
F 1071 8 < 102 s z ge
2] o0Co0 Z > 100 [
E 10 ° x o e .
z 108 " £ 0 ‘;f. 8 s RS o
7 104 + ] o
2 13 5 g 100 i 0 :
| IS | IS
1ul 5ul 10p1 Untreated 1ul 5ul
In Vivo Ex Vivo H H H B 3¥
Volume of serum added Serum from Py-infected mouse
O No Plasmodium ®  Plasmodium co-infected O No Plasmodium ® Py co-infected Serum
D E IRF-1 GBPS F IRF-1 GBPS5
2500 15 N 30 | — 50 o * 1.0
| — L4 R v *
2000 [ ° 4 0.8 v
— .
2 &9  ONo Plasmodium 10 ® 20 . & ‘ i - I
E 1500 r ® Py co-infected % % 3 } 7 0.6 . v
I 1000 s g2 0.4 = I v
g gs g | %
500 1{de ® 02{ o W™ |,
LOD=20
° :L
07-e00e 0- ol LLLLLL ool &Ll
O No Plasmodium ~ ® Plasmodium co-infected Oul 1l Spl 10p1 Opl 1l Spl 10u1
Serum from Py-infected mouse
G H Viral load IRF-1 GBP5
150 25 —
n.s. .
£ — 20 o
°
T 100 ) . g s
g | — 1 :
4 o < o®
£ o ole® 4 1.0
s 0 T QE*O Z
? 0° 0.5
2 ° (o) s - o
b SR .
0 0.0
Untreated anti-IFNy ab
O No Plasmodium ® Py co-infected Serum O No Plasmodium serum ® P, cynomolgi-infected serum

Figure 3. Peritoneal Macrophages Are Critical Mediators of Plasmodium-Elicited Protection from rVSV/EBOV GP

(A-G) C57BLY/6 Ifnar '~ mice were inoculated with 1 x 10° Py iRBCs or left untreated, and all experiments were performed 6 days after Py was administered.
(A) For in vivo infections, mice were challenged with a lethal dose of r'VSV/EBOV GP, pmacs were harvested at 24 hpi, and viral replication was assessed by qRT-
PCR (in vivo). For ex vivo infections, pmacs were harvested from mice, infected with rVSV/EBOV GP (multiplicity of infection [MOI] = 1), and assessed by gRT-PCR
at 24 hpi (ex vivo).

(B) Pmacs from naive mice were harvested, treated for 24 h with serum from either naive mice or Py-infected mice, and infected with rVSV/EBOV GP (MOI = 1).
Viral loads were assessed 24 hpi.

(C) Pmacs were treated with serum from Py-infected mice and infected with wild-type (WT) EBOV under BSL-4 conditions. Infection was quantified by qRT-PCR
for EBOV NP gene expression at 24 hpi.

(D) IFN-v levels in serum on day 6 were assessed by ELISA.

(E and F) M1 polarization markers were assessed in untreated or Py-infected serum exposed pmacs by gRT-PCR (E). A dose-response curve of Py-infected
serum added to pmacs (F).

(G) Pmacs exposed to Py-infected serum in the presence or absence of anti-IFN-y antibody for 24 h and then infected with rVSV/EBOV GP (MOI = 1). Infection
was assessed by gRT-PCR 24 hpi.

(H) Human MDMs were incubated with serum from Cynomolgous macaques infected with Plasmodium cynomolgi. Cells were challenged with rVSV/EBOV GP
(MOI = 5), and infection was quantified at 24 hpi by qRT-PCR. Uninfected pmacs treated with serum from naive or P. cynomolgi-infected macaques were as-
sessed for M1 polarization markers by gRT-PCR.

For all experiments: *p < 0.05. Error is expressed as mean + SEM.

Also see Figure S4.

naive Ifnar~'~Ifngr1 =~ mice (Figure 4E) and higher viral loads in  natural killer (NK) cells and T cells are the source of IFN-y (De

the liver but lower loads in the spleen (Figure 4F), suggesting Souza et al., 1997; Villegas-Mendez et al., 2012; King and
that, in the absence of type Il IFN signaling, acute Py infectionen-  Lamb, 2015), we performed cell-depletion studies and found
hances overall virus load. Moreover, neither Py-infected mouse  that T cells, but not NK cells, are critical for Py-mediated protec-
serum nor recombinant IFN-y protected Ifngr1~/~ pmacs against ~ tion from rVSV/EBOV GP (Figure 4H). Together, these data sup-
challenge with the BSL-4 EBOV (Mayinga) (Figure 4G). port that IFN-y and its interactions with the IFN-y receptor are

Finally, we sought to determine the cells responsible for IFN-y  critical for Plasmodium-mediated protection against EBOV
production due to Py infection. As it has been reported that both  infection.
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Figure 4. Plasmodium-Dependent Protection against EBOV and rVSV/EBOV GP Requires IFN-y/IFN-yR Interactions

(A-C) Pmacs from Ifngr1~'~ mice are not protected against r'VSV/EBOV GP. Ifngr1~'~ mice were inoculated with 1 x 10° Py iRBCs or left untreated, and 6 days
later, sera and pmacs were harvested and cells were infected ex vivo.

(A) A schematic of the experiment.

(B) Parasitemic or naive Ifngr1~’~ pmacs were infected ex vivo with 'VSV/EBOV GP (MOI = 5), and infection was quantified at 24 hpi or left uninfected and
assessed for expression of M1 markers.

(C) Serum from Ifngr1~~ mice was added to Ifnar ’~ pmacs for 24 h. Cells were either infected ex vivo with rVSV/EBOV GP (MOI = 1) with infection quantified at
24 hpi by gRT-PCR or left uninfected and assessed for expression of M1 markers.

(D-F) Ifnar/lfngr1~’~ mice were inoculated with either 1 x 10° Py iRBCs or left untreated and 6 days later challenged i.p. with a lethal dose of rVSV/EBOV GP.
(D) Survival curves following virus challenge (n = 15 in no Py + virus group; n = 13 in Py + virus group; n = 3 in Py-only group).

(E) Serum virus titers at 24 and 48 hpi.

(F) Viral loads in organs harvested 48 hpi.

(G) Ifngr1~'~ pmacs were treated as shown and infected with WT EBOV under BSL-4 conditions, and infection was quantified by gRT-PCR for EBOV NP gene
expression at 24 hpi.

(H) C57BL/6 Ifnar '~ mice were infected with Py (1 x 10®iRBCs), treated with 200 ug of the indicated antibodies 24 hpi, and challenged with rVSV/EBOV GPi.p. on
day 6 post-infection. The x axis represents days following virus challenge. Survival was monitored (n = 10/group). Controls are included as a separate panel (right)
to facilitate interpretation.

For all experiments: *p < 0.05. Error is expressed as mean + SEM.
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Figure 5. Durability of Plasmodium-Mediated Protection to rVSV/EBOV GP

For all experiments, C57BL/6 Ifnar '~

infection.
(A) Serum was harvested and IFN-y levels were quantified by ELISA.

mice were inoculated with 1 x 10° Py iRBCs or left untreated. All experiments were performed at the indicated time after Py

(B and C) Pmacs were harvested, RNA was isolated, and expression of GBP5 (B) and IRF-1 (C) was quantified by gRT-PCR.
(D) Pmacs were harvested at times noted and infected ex vivo with rVSV/EBOV GP (MOI = 1). Virus infection was quantified 24 hpi by qRT-PCR.
(E) Mice were challenged i.p. with a lethal dose of rVSV/EBOV GP (n = 8-10) at times noted in (D).

For all experiments: *p < 0.05. Error is expressed as mean + SEM.
Also see Figure S5.

Plasmodium-Elicited Protection from rVSV/EBOV GP
Wanes over Time

Given that the host response to acute blood-stage Plasmodium
infection evolves from pro-inflammatory to immunomodulatory
after resolution of infection, we evaluated the durability of Py-
infection-induced protection against rVSV/EBOV GP challenge.
IFN-y in the serum of Py-infected /fnar '~ mice peaked on day
6 p.i. and fell below the limit of detection after day 10 p.i.
(Figure 5A). In contrast, M1 markers on pmacs recovered from
Py-infected mice remained upregulated after IFN-y was no
longer detectable in peripheral blood (Figures 5B and 5C). To
probe the relationship between IFN-y-induced M1 pmac polari-
zation and protection against virus challenge, we isolated pmacs
at weeks 1, 3, 5, and 7 following Py infection and challenged the
cells with rVSV/EBOV GP ex vivo. In parallel experiments de-
signed to evaluate the durability of in vivo protection, we also
challenged Py-infected mice at weeks 1, 3, 5, and 7 following
Py infection with rVSV/EBOV GP. Strikingly, both Py-infected
mice and pmacs harvested from Py-infected mice were

protected from virus challenge for 3 weeks, but protection waned
by 5 weeks after Py infection (Figures 5D and 5E). Thus, the in vivo
and ex vivo consequences of M1 polarization due to experimental
Py infection of the Ifnar”’~ host persist for at least 3 weeks.
Notably, administration of a single high dose of recombinant
IFN-y only protected mice when administered within 24 h of
rVSV/EBOV challenge (Figure S5A), suggesting that either persis-
tent, sub-patent Plasmodium infection and/or sustained, low-
grade IFN-y production imprints more strongly on macrophages
than a single bolus of recombinant cytokine. Indeed, the protec-
tive effects of recombinant IFN-y were abrogated when mice
were challenged with a 10- to 100-fold higher dose of rVSV/
EBOV GP (Figure S5B). Similarly, IFN-vy did not provide protection
to pmacs challenged with a 10-fold higher dose of wild-type
EBOV (Figure S5C). These data are consistent with our in vivo
ma-EBOV findings (Figure 1) and recent reports from others
(Rosenke et al., 2018) showing that experimental malaria fails to
modulate the course of EVD when mice are challenged with large
doses (eg, 100 lethal dose 50 [LDsg]) of ma-EBOV.
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DISCUSSION

Our studies demonstrate that acute infection with Plasmodium
transiently protects mice from EBOV challenge. Our findings in
mice support the epidemiological study by Rosenke et al.
(2016) that observed that during the 2013-2016 EBOV outbreak,
overt Plasmodium infection was associated with protection
against disease symptoms and fatalities associated with EBOV
infection. We elucidated the mechanism by which Plasmodium
facilitates protection against EBOV, identifying that Plasmodium
infection stimulates IFN-y production, with serum levels peaking
at day 6 following Plasmodium infection. This pro-inflammatory
environment polarized tissue macrophages, resulting in inhibi-
tion of virus infection. Eliminating IFN-y/IFNgR interactions abro-
gated the protection conferred by Plasmodium against
rVSV/EBOV GP, strengthening the mechanistic link. We
previously reported that IFN-y administration abrogates virus
infection of pmacs and protects mice from an otherwise lethal
challenge with ma-EBOV or rVSV/EBOV GP (Rhein et al,
2015), which is consistent with our ex vivo BSL-4 data demon-
strating a dependence on IFN-y production. The data presented
here further implicate IFN-y as a potential EBOV antiviral as a
therapeutic strategy at early times of virus infection.

Our findings demonstrate that acute Plasmodium infection
generates sufficient IFN-vy to protect against a low, but uniformly
lethal, dose of EBOV; however, we found that it is not protective
against higher EBOV doses. The inability of Py infection to over-
come higher doses of EBOV is consistent with an earlier report
that showed that Py infection does not alter morbidity or mortal-
ity associated with the administration of 100 LDs, of EBOV to
mice (Rosenke et al., 2018). Recombinant IFN-y administration
also protected against low doses, but not high doses, of rVSV/
EBOV GP in Ifnar”’~ mice, in a manner similar to protection
conferred by acute Py in ma-EBOV studies. These studies pro-
vide supporting evidence that our BSL-2 model virus serves as
an appropriate model system for dissecting these mechanisms
of protection against EVD. Acceptance of BSL-2 models over-
comes space and cost restrictions associated with BSL-4
studies.

An important question that bears on the relevance of our
studies and others is what is the dose of EBOV to which individ-
uals are likely to be exposed? Furthermore, what dose of virus is
required for an individual to become viremic and manifest symp-
toms? Although answers to these questions are not known, as
we show here, the use of a low but predictably lethal dose in
an animal model can provide important insight and understand-
ing into the ability of the immune system to successfully over-
come these highly virulent infections under some conditions.
Additionally, such doses may more accurately reflect exposure
within the field.

Some epidemiological studies from the 2013-2016 outbreak
found that co-infection with Plasmodium enhanced EVD (Smit
et al., 2017; Vernet et al., 2017; Waxman et al., 2017). We pro-
pose that these conclusions were drawn from studies that lack
adequate stratification of malaria-infected patients based on
cytokine profiles. It is well-established that immune responses
to acute versus chronic (or repeated) Plasmodium infections
differ. Although an acute Plasmodium challenge of a naive
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individual is known to elicit a strong type 1 immune response,
subsequent or chronic infection of an individual shifts the
immune response to an anti-inflammatory type 2 response (An-
gulo and Fresno, 2002). Thus, many parasitemic patients in
endemic regions have sub-clinical infections with elevated levels
of TGF-B and IL-10 and an absence of pro-inflammatory cyto-
kines (Portugal et al., 2014). As a consequence, the presence
or absence of parasites in the blood of patients entering an Ebola
treatment unit (ETU) may be an insufficient clinical marker to
predict the severity and clinical course of EVD. Instead, serum
cytokine profiles may better serve as a predictor of outcome.
Hence, our studies suggest that it would be valuable for clinical
protocols in ETUs to distinguish Plasmodium-infected patients
by their cytokine profile. Although such clinical tests may
currently be difficult to perform in resource-poor regions, the
current approach of treating all RBC Plasmodium-positive indi-
viduals in ETUs may reduce beneficial pro-inflammatory cyto-
kines present at early times in some EBOV-infected patients.

To control for pre-exposure and Plasmodium infection time-
lines and data, we chose to work with two animal models of
acute Plasmodium infection. The results of longitudinal serum
draws from Py-infected mice challenged with rVSV/EBOV GP
indicate that Py-infected mice become viremic, albeit at much
lower levels than Py-naive mice, and that some of these mice
develop a robust antibody response to EBOV GP following virus
challenge. However, other mice in this treatment group
produced few to no detectable anti-EBOV GP antibodies, sug-
gesting that the virus antigens in those mice may have been
insufficient to stimulate a humoral response or that Plasmodium
co-infection blocked antibody development, as has been
suggested by others (Muellenbeck et al., 2013; Scholzen and
Sauerwein, 2013).

Evidence of EBOV GP antibody seropositivity in the absence
of clinical disease provides potential insights into recent reports
that have identified a surprising number of individuals in sub-Sa-
haran Africa who have no known contact with EBOV and, yet, are
seropositive for anti-EBOV antibodies. Recent estimates range
from 0%—-24% of patient populations (Mulangu et al., 2016;
Bower and Glynn, 2017; Steffen et al., 2019). Given the pervasive
presence of malaria in regions where EBOV is endemic, Plasmo-
dium-elicited subclinical co-infections with EBOV may occur,
resulting in a small percentage of seropositive individuals who
may be protected against subsequent EBOV infection.

The effects of IFN-y on macrophages, and the resulting M1
phenotype it induced, lasted several weeks. Although the peak
production of IFN-y occurred at day 6, M1 markers remained
elevated for an additional week, with intermediate levels of pro-
tection in mice and macrophages observed up to 2 weeks later.
This is of interest, as little has been done to investigate the dura-
bility of the phenotypes induced by polarizing agents in primary
macrophages or in vivo. Furthermore, the absolute levels of IFN-
v achieved in the serum during Plasmodium infection are much
lower than the dose we had previously administered directly to
the peritoneal cavity to elicit protection (Rhein et al., 2015); yet,
they were protective. This could indicate that lower levels of sus-
tained IFN-y have a long-lasting protective effect, allowing for
lower doses administered and, thus, more desirable side effect
profiles. Although it is difficult to compare the production of



cytokines such as IFN-y across taxa from mice to humans,
numerous groups have shown that human patients produce
large amounts of IFN-y in response to Plasmodium infection,
and the role of IFN-vy during clinical malaria is well characterized
(Rhodes-Feuillette et al., 1985; Medina et al., 2011; Perlaza et al.,
2011; Nasr et al., 2014; King and Lamb, 2015). For instance,
Medina et al. (2011) report a range of serum IFN-y levels from
30 to 76 ng/ml in humans acutely infected with Plasmodium
vivax.

Taken together, these data indicate that acute Plasmodium
infection protects against EBOV infection in a mouse model by
eliciting the production of IFN-y. Furthermore, our rVSV/EBOV
GP studies demonstrated that IFN-y signaling through IFNgR
is required for this protection. This leads to pro-inflammatory po-
larization of macrophages that restricts EBOV replication in key
cell populations. Future studies to examine additional IFN-y
signaling requirements and downstream IFN-stimulated genes
mediating IFN-vy effects would further our understanding of this
protection. An earlier study demonstrated that Py infection pro-
tects mice against acute chikungunya virus viremia and pathol-
ogy in an IFN-y-dependent manner (Teo et al., 2018). This argues
that Plasmodium-elicited proinflammatory responses may inhibit
a variety of acute viral infections. In combination, these findings
suggest that similar studies in virus-infected NHP models are
warranted to determine if protection would translate to humans.
Furthermore, re-evaluation of the current strategy of administra-
tion of anti-malarial therapeutics upon all parasitemic patients at
ETUs may be warranted.
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STARXMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-mouse NK1.1 BioXCell Cat: BE0036
RRID: AB_1107737
Clone: PK136
Anti-mouse CD4 BioXCell Cat: BEO119
RRID: AB_10950382
Clone: YTS 191
Anti-mouse CD8a BioXCell Cat: BE0O61
RRID: AB_1125541
Clone: 2.43
Rat IgG2b BioXCell Cat: BE0252
RRID: AB_2687733
Clone: RG7/11.1
LEAF anti-mouse interferon gamma Biolegend Cat: 517903
(discontinued) Clone: AN-18
Bacterial and Virus Strains
rVSV/EBOV GP Ebihara et al., 2007 N/A

EBOV: Mayinga variant
Mouse-adapted EBOV: Mayinga variant

Texas Biomedical Research Institute
Texas Biomedical Research Institute

GenBank: NC_001608
GenBank: AF_499101

Biological Samples

Human monocyte derived macrophages
Mouse (C57BL/6J) peritoneal macrophages

Mouse (C57BL/6J) Ifnar '~ peritoneal
macrophages

Mouse (B6.129S7) Ifngr1'™'49'/J peritoneal
macrophages

Mouse (C57BL/6J) Ifnar/lfngr~'~ peritoneal
macrophages

DeGowan Blood Center, Univ. lowa

The Jackson Laboratory

The Jackson Laboratory

The Jackson Laboratory

Bred in house

https://uihc.org/degowin-blood-center
Resident cells isolated from the peritoneal
compartment

Resident cells isolated from the peritoneal
compartment

Resident cells isolated from the peritoneal
compartment

Resident cells isolated from the peritoneal
compartment

Chemicals, Peptides, and Recombinant Proteins

Atovaquone Sigma-Aldrich Cat: A7986
Critical Commercial Assays

ELISA MAX Deluxe Set Mouse Interferon Biolegend Cat: 430805
Gamma

Detoxi-Gel Endotoxin Removing Gel ThermoFisher Scientific Cat: 20339
Soluble trimerized Zaire Ebola Glycoprotein John Dye, USAMRIID N/A

Experimental Models: Cell Lines

Vero E6

ATCC

Cat: CRL-1586

Experimental Models: Organisms/Strains

Mouse: BALB/cJ
Mouse: B6.129S7-Ifngr1™™49/J
Mouse: C57BL/6J

Mouse: C57BL/6J Ifnar '~

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
John Harty, Uiowa

The Jackson Laboratory

el Cell Reports 30, 4041-4051.e1-e4, March 24, 2020

JAX: 000651
JAX: 003288
JAX: 000664

JAX: 028288
(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Mouse: C57BL/6J Ifnar/lfngr '~ Bred in house N/A
Oligonucleotides

See Table S1 N/A

LEAD CONTACT AND MATERIALS AVAILABILITY

No unique reagents were generated for this study. All materials and protocols are available upon request from the Lead Contact,
Wendy Maury (wendy-maury@uiowa.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Wild-type BALB/cJ mice were purchased from The Jackson Laboratory (stock #000651). C57BL/6 IFN-a/f receptor-deficient (ffnar~’
~) were purchased from The Jackson Laboratory (stock #028288). Wild-type C57BL/6 mice were a kind gift from Dr. John Harty, Uni-
versity of lowa. C57BL/6 Ifnar '~ Ifngr1~'~ mice were generated by crossing C57BL/6 Ifnar '~ and C57BL/6 Ifngr1 '~ mice (ifngr1®
m1Agt/J Jackson Labs stock #003288). Genotyping was performed using primers and standard PCR conditions from Jackson labs.
This study was conducted in strict accordance with the Animal Welfare Act and the recommendations in the Guide for the Care and
Use of Laboratory Animals of the National Institutes of Health. The University of lowa (Ul) Institutional Assurance Number is #A3021-
01. The Emory University Institutional Assurance Number is A3180-01. The Texas Biomedical Research Institute (TBRI) Institutional
Assurance Number is A3082-01. All mouse procedures performed at the Ul were approved by the Ul Institutional Animal Care and
Use Committee (IACUC) which oversees the administration of the IACUC protocols and the study was performed in accordance with
the IACUC guidelines (Protocol #8011280). All mouse procedures performed at TBRI were approved by their Institutional Animal Care
and Use Committee (IACUC) which oversees the administration of the IACUC protocols and the study was performed in accordance
with the IACUC guidelines (Protocol #1645MU). All NHP procedures were performed at the Yerkes National Primate Research Center
(YNPRC), an Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) international-certified institution. All
NHP procedures were reviewed and approved by Emory University’s IACUC (Protocol #Y2003225).

Nonhuman primate Plasmodium cynomolgi infections

NHP sera used in this study came from NHPs that were experimentally infected with P. cynomolgi at the Yerkes National Primate
Research Center (YNPRC), an Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) international-
certified institution. All procedures were reviewed and approved by Emory University’s IACUC, and all NHPs were socially housed
in pairs during infections. All housing was in accordance with Animal Welfare Act regulations as well as the Guide for the Care
and Use of Laboratory Animals. A detailed description of the experimental design, infections, clinical data, etc., for the samples
that were used in this manuscript were previously described in Joyner et al. (2016). Briefly, five malaria-naive, male, rhesus macaques
(Macaca mulatta) of Indian origin were infected with 2,000 P. cynomolgi M/B strain sporozoites and parasitemia monitored daily by
light microscopy up to 100 days post-inoculation. Plasma was isolated from blood collections prior to inoculation (i.e., Pre-Infection)
and during acute, primary infections after performing a Lymphoprep PBMC isolation according to the manufacturer’s suggested pro-
tocol. All samples were aliquoted and stored at —80°C until needed for experiments.

rVSV/EBOV GP stocks

Recombinant vesicular stomatitis virus encoding and expressing the glycoprotein from EBOV (Mayinga) was generated as previously
described (Ebihara et al., 2007). Virus was propagated by infecting Vero cells at low MOI (~0.05) and collecting supernatants at 48hpi.
The resulting supernatants were filtered through a 45 micron filter and purified by ultra-centrifugation (28,000 g, 4°C, 2 hr) through a
20% sucrose cushion. The resulting stocks were resuspended in a small volume of PBS and those used for in vivo studies were
further purified by treatment with an endotoxin removal kit (Detoxi-Gel Endotoxin Removing Gel, ThermoFisher Scientific 20339)
before being aliquoted and stored at —80°C until use. All viral titers were determined by TCIDsq assay on Vero cells.

WT EBOV stocks

All experiments with replication-competent EBOV were performed in the Animal Biosafely Level 4 (ABSL4) laboratory at the TBRI (San
Antonio, TX). The wild-type EBOV and mouse-adapted EBOV (ma-EBOV), both variant Mayinga (NCBI accession numbers
NC_001608 and AF_499101, respectively), were obtained from the virus repository at TBRI. EBOV stocks were generated and char-
acterized as previously described (Bray et al., 1998; Shtanko et al., 2018).
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Plasmodium infections and parasite quantification

Plasmodium yoelii (clone 17XNL, obtained from MR4, ATCC) and Plasmodium chabaudi chabaudi AS(Pyr1) (clone MRA-747, ob-
tained from beiresources) infections were initiated by a serial transfer of 10° parasitized red blood cells (pRBCs) i.v. Control RBCs
were isolated from naive C57BL/6 mice aged 6-8 weeks, 108 RBCs were transferred. To inactive iRBCs, 5mL of iRBCs were irradiated
with 200 Gy by cesium irradiation. Parasitemia was measured using flow cytometry as previously described (Malleret et al., 2011).
Briefly, 1 uL of blood was obtained by milking the tail vain and mixed to 100uL of PBS. The cells were spun down and resuspended
in 100 puL of staining cocktail containing Hoechst-34580 (1:1000, Thermo Fisher Scientific), Dihydroethidium (1:500, Thermo Fisher
Scientific), CD45.2-FITC (1:200, clone:104, Biolegend) and TER-119-APC (1:400, clone: TER-119, Tonbo) and incubated for 30 mi-
nutes at 4°C. The cells were washed with PBS and spun down at 200 x g for 5 minutes and run on FACSVerse after resuspending in
100uL of PBS. Percentage RBCs staining positive for Hoechst 34580 and Dihydroethidium indicative of parasitized cells were
calculated using FlowJo software (Treestar Inc.).

METHOD DETAILS

BSL-4 mouse experiments
Study #1 consisted of 6 groups of 10 five-week-old female BALB/c mice. On day —6 relative to ma-EBOV exposure, 3 groups of mice
were injected with 10° Plasmodium yoelii-infected RBCs as described above. Subsequently, parasite-exposed and naive animals
were transferred to the ABSL4 for acclimation. On day —1, blood was collected from a submandibular vein of a subset of mice in
each group to confirm parasitemia. On day 0, groups were challenged with either 1, 10, or 100 plaque-forming units (PFU) of ma-
EBOV (as accessed on Vero cells) via the intraperitoneal route. Animals were observed at least twice daily for morbidity and mortality
for 18 days after virus challenge. Group clinical scores were recorded as the sum of all clinical observations for the group. If a clinical
score of > 12 was reached, the animal was considered “terminally ill” and euthanized. On day 3, three animals from each group were
euthanized, and blood, liver and spleen were collected to determine viremia and virus loads. The viral titers in the blood was deter-
mined after serum isolation, using the neutral red plaque assay, and virus load in tissues by qRT-PCR as described below. The
remaining 7 mice in each group served to determine animal survival.

Study #2 consisted for 4 groups of 10 five-week-old female BALB/c mice. Protocols were identical to those described above,
except only the two lower doses of ma-EBOV were used. Data from the two different 1 and 10 iu challenge studies were pooled
for analysis.

BSL-2 mouse experiments
For in vivo infections with rVSV/EBOV GP, the lowest dose of virus providing consistent lethality was determined in C57BL/6 Ifnar '~
mice. This was found to be 102 iu for males and 5x10? iu for females. Virus was administered in 100 pL sterile PBS by intraperitoneal
injection. For atovaquone treatments, drug was administered at 25 mg/kg by ip injection on days 6-8. For experiments with IFN-vy,
drug was administered at the indicated dose and time suspended in 100 pL sterile PBS. For depletion studies, mice were given
200 pg of the indicated antibodies 24 hours after administration of Py.

Antibodies: anti-mouse NK1.1 BioXCell clone PK136, anti-mouse CD4 BioXCell clone YTS 191, anti-mouse CD8 alpha BioXCell
clone 2.43, IgG controls Rat IgG2b BioXCell clone RG7/11.1.

Titer assay (BSL-2)

To obtain titers, serum samples were filtered through 45 pum filters and serially diluted before being added onto Vero cells. Titers were
calculated as 50% tissue culture infectious dose per milliliter of serum (TCIDso/mL) according to the Reed-Muench method (Reed and
Muench, 1938).

Organ Harvest

Mice were anesthetized using isoflurane and perfused through the left ventricle with 10 mL cold sterile PBS prior to being euthanized
by rapid cervical dislocation in accordance to our IACUC protocol. Organs were harvested and snap frozen in liquid nitrogen to pre-
serve virus. Organs were homogenized in TmL TRizol regent using the “gentleMACS Dissociator” with M tubes (Miltenyi Biotec).

qRT-PCR

RNA was isolated using the TRIzol reagent from Invitrogen. All steps were performed according to the manufacturer’s specifications.
RNA was subsequently converted to cDNA with the High Capacity cDNA RevTrans Kit (#4368814) from Applied Biosystems. A total
of 1 ng of RNA was used as input for each reaction. Quantitative PCR was performed using POWER SYBR Green Master Mix
(#4367659) from Applied Biosystems according to the manufacturer’s instructions and utilizing a 7300 real time PCR machine
from Applied Biosystems. 20ng of cDNA were used in each well. Primers are available in Table S1.

ELISAs

Interferon gamma was detected using the “Mouse IFN-y ELISA MAX” kit from Biolegend (#430805) in accordance with manufac-
turer’s instructions. Detection of anti-EBOV GP antibodies was performed by coating optical plates overnightwith soluble EBOV
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GP (50 pl/well at 10 ng/ml). Wells were washed 2x with PBST (0.015% Tween 20), blocked for 1 hour (PBS 2%BSA), washed 3x with
PBST, and incubated overnight in 4°C with either a standard curve composed of fractionated mouse immunoglobulin (Immunore-
agents #Mu-003-B) or serum samples. Following incubation wells were washed 4x with PBST and incubated with 50 pL rabbit
anti-mouse IgG heavy and light chain-HRP (10 ug/ml Pierce #31457) for 1 hr at RT. Wells were then washed 5x with PBST, incubated
with 50 uL of HRP substrate (BD OptEIA #555214). The reaction was stopped with 50 uL 2M H,SO, and absorbance at 450nm was
measured on Synergy H1 hybrid reader. Total concentration of anti-EBOV GP antibodies was quantified by comparison to the stan-
dard curve.

Serum isolation and ex vivo treatments

Whole blood was obtained by facial vein puncture in accordance with IACUC guidelines (https://animal.research.uiowa.edu/
iacuc-guidelines-blood-collection). Serum was isolated by centrifugation (90 s, 8000 x g) in serum separator tubes (BD Microtainer
#365967). Serum was passed through 45 um filters prior to use. For ex vivo experiments, serum was either added directly to mac-
rophages or pretreated for 15 minutes with 1 uL LEAF anti-mouse IFN-y antibody (1mg/ml) (Clone AN-18, Biolegend #517903).
Serum with or without antibody was left on macrophages for 24 hours and removed at the time of infection.

Macrophage isolations

Peritoneal cells were obtained from mice by peritoneal lavage with 10mL of RPMI + 1% pen/strep. For studies utilizing resident peri-
toneal macrophages, cells were washed once with PBS and resuspended in RPMI containing 10%FBS, 1% pen/strep, 1% non-
essential amino acids (NEAA), and 1% sodium pyruvate. After 48 hours, cells were washed with PBS which removed most of the
non-adherent cells. This generated a macrophage enriched population of cells.

Human macrophages were matured from monocytes obtained from leukocyte reduction cones containing peripheral blood from
healthy donors at the DeGowin Blood Center at University of lowa Hospitals and Clinics. Peripheral blood mononuclear cells were
purified by Ficoll gradient, and monocytes were enriched by adherence to tissue culture flasks coated in 2% gelatin and pre-treated
with human plasma. Following isolation, monocytes were plated in RPMI with 10%FBS, 1% pen/strep, 1% non-essential amino acids
(NEAA), 1% sodium pyruvate, and 20ng/mL human MCSF. Cells were allowed to mature for 6 days at which point they were washed
with PBS to remove non-adherent cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

In vivo experiments: significance was defined as p < 0.05 given alpha = 0.05 using Log-rank (Mantel-Cox) test. N is indicated on the
figure legends. Ex vivo experiments: significance was determined by two tailed unpaired Student’s t test (alpha = 0.05). For panels
where multiple comparison were made, a line is shown to indicate the comparison made. Individual data points are shown. All
statistics were calculated using GraphPad Prism 8 software (GraphPad Software, Inc.).

DATA AND CODE AVAILABILITY

All data are available from the Lead Contact upon reasonable request.
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Figure S1: Acute Plasmodium infection in mice protects against EBOV challenge, Related to Figure 1. WT
BALB/c mice were infected with 1x108 Plasmodium yoelli iRBCs and challenged with 1, 10 or 100 iu ma-EBOV
(Mayinga) 6 days later. Mice were monitored up to 4 times daily during the critical phase and morbidity was
assessed. Shown are clinical scores (a) and weight loss (b). Data are expressed as either aggregate clinical scores or
average weights compiled from all surviving mice at the time of observation (n=1-7). Statistical analyses were not
performed as each point represents an average value of a variable number of mice depending on the number of

surviving animals.
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Figure S2: RBCs and irradiated Py iRBCs do not protect from rVSV/EBOV GP challenge, Related to Figure
2. C57BL/6 Ifnar- mice were inoculated i.v. with 10° of the indicated RBCs (Py infected, uninfected, or irradiated).
Mice were challenged with a lethal dose of r'VSV/EBOV GP 6 days later. Survival was monitored. n=10 per group.
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Figure S3: EBOV GP antibody production in Py infected mice, Related to Figure 2. C57BL/6 Ifnar”- mice
were infected i.v. with 1x10¢ Plasmodium yoelli iRBCs. These mice were challenged with a dose of rVSV/EBOV
GP that is lethal to naive mice (red) or 1e3 EBOV pseudovirions (gray) 6 days later. Anti-GP antibodies in the
serum at day 21 were measured by ELISA. Line represents the amount of antibody previously found to be
predictive of protection against ma-EBOV challenge. Each bar represents an average of 2 replicates from a single
mouse.
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Figure S4: Plasmodium yoelii infection robustly stimulates serum IFN-y levels in WT, Ifnar”’- and
Ifnar/Ifngr’- mouse strains, Related to Figure 3. a) WT BALB/c (closed squares) or BALB/c Ifnar”- (open
squares) mice were infected with 1x10° Plasmodium yoelli iRBCs and IFN-y production was measured by
ELISA at the indicated times after infection. b) C57BL/6 Ifnar/Ifngr”- mice were infected with 1x108
Plasmodium yoelli iRBCs. At the indicated times after infection, serum was harvested and IFN-y was
measured by ELISA. For all experiments, * indicates p<0.05.
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Figure S5: Amount and timing of rVSV/EBOV GP delivered is critical for IFN-y mediated protection
from infection, Related to Figure 5. a) Ifnar’- mice were injected with 5ug IFN-y at the indicated times
prior to challenge with rVSV/EBOV GP. Mice were observed daily (n=4/group). b) Ifnar’- mice were
injected with 5ug IFN-y 24 hours prior to challenge with the indicated amount of r'VSV/EBOV GP (n=3
untreated, n=>5 for each treated group). Mice were observed daily. c) Ifnar”- pmacs were treated with varying
concentrations of IFN-y and infected with ma-EBOV under BSL-4 conditions 24 hours later. Cells were
infected with either a high dose (2000 pfu) or low dose (200 pfu) of EBOV. RNA was isolated 24 hpi and
virus replication was quantified by qRT-PCR for EBOV NP gene expression.
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