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Abstract

Many acute viral infections target tissue macrophages, yet the mechanisms of macrophage-
mediated control of viruses are poorly understood. Here, we report that CD40 expressed by
peritoneal macrophages restricts early infection of a broad range of RNA viruses. Loss of CD40
expression enhanced virus replication as early as 12—-24 hours of infection and, conversely,
stimulation of CD40 signaling with an agonistic antibody blocked infection. With peritoneal cell
populations infected with the filovirus, wild-type (WT) Ebola virus (EBOV), or a BSL2 model
virus, recombinant vesicular stomatitis virus encoding Ebola virus glycoprotein (rVSV/EBOV
GP), we examined the mechanism conferring protection. Here we demonstrate that restricted virus
replication in macrophages required CD154/CD40 interactions which stimulated IL-12 production
through TRAF6-dependent signaling. In turn, IL-12 production resulted in interferon gamma
(IFN-7) production, which induced proinflammatory polarization of macrophages, protecting the
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cells from infection. These CD40-dependent events protected mice against virus challenge.
CD407/~ mice were exquisitely sensitive to intraperitoneal challenge with a dose of rVSV/EBOV
GP that was sublethal to CD40** mice, exhibiting viremia within 12 hours of infection and
rapidly succumbing to infection. This study identifies a previously unappreciated role for
macrophage-intrinsic CD40 signaling in controlling acute virus infection.

Summary sentence:

CDA40 signaling in macrophages inhibits acute virus replication at early times during infection.
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Introduction:

CD40 is a member of the tumor necrosis factor receptor superfamily expressed by antigen
presenting cells (APCs) such as B cells, dendritic cells (DCs), macrophages as well as some
non-immune cells (1). CD40 serves as a costimulatory molecule for adaptive immunity that
interacts with CD154 (CD40 ligand or CD40L) expressed primarily on activated T cells (2).
Both humoral and cellular immunity are critically dependent on CD40/CD154 interactions
(1). These interactions lead to B cell maturation, immunoglobulin and cytokine production
and generation of plasma cells as well as memory B cells. In addition, CD40 signaling in
APCs results in proinflammatory cytokine production, upregulation of costimulatory
molecules and enhanced expression of MHC class Il molecules, which enhances T cell
immunity (3-6).

CD40 signaling is well-established to stimulate proinflammatory events that promote and
sustain adaptive immunity as well as promote autoimmunity (7-9). CD40/CD154
interactions or agonistic CD40 antibodies elicit signaling pathways, such as activation of
NF-xB, mitogen-activated protein kinases and phosphoinositide 3-kinase, in multiple cell
types (10). These signaling pathways stimulate the production and secretion of pro-
inflammatory cytokines such as IL-12, leading to IFN-y production (11-15). The activation
of CD40-dependent signaling facilitates control of chronic parasitic and bacterial infections,
including some Leishmaniaand Mycobacterium spp. (9, 16-20).

However, the ability of CD40 signaling to rapidly alter innate immune responses /7 vivo has
had limited study. One such study of acute CD40-dependent innate immune responses by
Gold, et al. showed that CD40-deficient (CD40~/~) mice have significantly reduced
proinflammatory cytokine profiles and associated morbidity and mortality in a cecal ligation
and puncture model of acute sepsis (21). The authors concluded enhanced survival was due
to the reduced proinflammatory cytokine production in CD40~/~ animals. Surprisingly,
stimulation of CD40 signaling in this model was mediated through interactions between
bacterial heat shock protein 70 and CDA40, rather than CD40/CD154 interactions (22).
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Nonetheless, this study highlights the potential for CD40 signaling to induce rapid innate
immune responses.

Here, we examine the role of CD40 in controlling acute virus infection of resident
macrophages enriched from the peritoneum. Loss of CDA40 signaling in peritoneal cell
populations increased replication of a broad group of RNA viruses at early times of
infection. Protection required CD40 signaling, generation of IL-12 and stimulation of IFN-y
production. These events resulted in proinflammatory polarization of macrophages that
blocked acute virus infection. Our studies highlight the importance of this pathway for
control of filovirus infection and have implications for a wide range of RNA viruses that
target myeloid cells early during infection.

Materials and Methods:

Ethics statement:

Mice:

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 (University of lowa (UI) Institutional Assurance Number: #A3021-01).
All animal procedures 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,
Filovirus glycoprotein/cellular protein interactions).

C57BL/6 CD40™~ Ifnar”’~ mice were generated by crossing C57BL/6 /fnar”~ (kind gift of
Dr. John Harty, University of lowa, lowa City, IA) and C57BL/6 CD40~ mice (Cd40tmIKik
Jackson Labs stock #002928 (23)). C57BL/6 /fnar™~ Ifagr1™~ mice were generated by
crossing C57BL/6 /fnar”~and C57BL/6 /fngri™~ mice (/fngr1™™Agt] Jackson Labs stock
#003288). MaFIA mice were purchased from Jackson Labs (C57BL/6-Tg(Csf1r-EGFP-
NGFR/FKBP1A/TNFRSF6)2Bck/J, stock #005070). Genotyping was performed using
primers and standard PCR conditions from Jackson labs. Mice were further validated by
phenotyping peritoneal macrophages by flow cytometry using fluorescent antibodies to
either CD40 or IFNyR. WT C57BL/6 mice were a kind gift of Dr. John Harty, University of
lowa.

Peritoneal cell isolation:

To isolate peritoneal cells, mice were euthanized and the peritoneal cavity was immediately
lavaged with 10 mL of ice cold RPMI1640 + 10%FBS + 1% pen/strep. Cells were then
washed and resuspended in fresh medium supplemented with 50 ng/mL murine M-CSF.
Forty-eight hours after plating, non-adherent cells were removed by washing with PBS to
obtained enriched peritoneal macrophage (pmac) cultures.

rVSV/EBOV GP production:

Recombinant vesicular stomatitis virus expressing the glycoprotein from EBOV (Mayinga)
and a GFP reporter was generated as previously described (24). Virus was propagated by
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infecting Vero cells at low MOI (~0.1) and collecting supernatants at 48hpi. The resulting
supernatants were filtered through a 0.45 um filter and purified by ultra-centrifugation
(28,0009, 4°C, 2 hr) through a sucrose cushion. The resulting stocks were resuspended in a
small volume of PBS and 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.

r'VSV/EBOV GP TCIDsg/ml:

To determine titers, serum samples or tissue culture supernatants were filtered through 0.45
um filters and serially diluted before being added onto Vero cells. Titers were determined by
the number of wells expressing GFP at day 5 of infection. Titers were calculated as 50%
tissue culture infectious dose per milliliter of serum (TCIDsg/mL) according to the Reed-
Meunch method (25).

rVSV/EBQOV GP infections:

Ex vivo: All ex vivo studies used rVSV/EBOV GP that expresses GFP. Plated cells were
infected with virus such that approximately 20% of cells were infected (GFP positive) at 24
hours. Peritoneal cells infected with rVSV/EBOV GP were lifted with Versene and samples
fixed in 3.7% formalin for 15 minutes or unfixed cells were evaluated for GFP expression on
a FACSCaliber. Data were analyzed by FlowJo software (Tree Star, Inc., Ashland, OR).

In vivo: WT and /fnar”~ C57BL/6 mice were used in these studies. For WT mice, 1 pg of
anti-IFNAR antibody, MAR-1, was given one day prior to challenge. For /n vivo infections,
two separate stocks of virus were used over the course of the project and the LD5g/TCIDsgg
differed between the two stocks as previously described for stocks of wild-type EBOV (26).
For each stock, the LDsg was determined by preliminary survival curves administering serial
dilutions of the stock intraperitoneally (i.p.). For specific experiments, the dose administered
was chosen based on the desired lethality given the questions asked in individual
experiments. Thus, we use the term “lethal dose” to describe a dose of virus that kills greater
than 80% of our /fnar”~ mice and “sublethal dose” to describe a dose of virus that kills 0% -
50% of our /fnar”~ mice. For Stock#1 a lethal dose in female mice was 1x103 TCIDsq
whereas a lethal dose of Stock#2 in the same mouse population was 5x10% TCIDs. The
TCIDsq of the stocks was determined in Vero cells.

Six to eight week old mice of both genders as noted in the figure legends were used for these
experiments. The r'VSV/EBOV GP LDsy differs for males and females. Consequently, the
amount of virus administered was adjusted accordingly and noted in figure legends to be
either a sublethal or lethal dose. /n7 vivo ligation of CD40 was performed by administering a
single 250 pg dose of an agonistic rat anti-mouse CD40 mAb (Clone FGK4.5, BioXCell,
West Lebanon, NH) or rat 1gG2a control (Clone 2A3, BioXCell) 24 hours prior to viral
challenge. /n vivo blockage of CD40 signaling was performed by administering 250 g of
inhibitory hamster anti-mouse CD154 Ab (Clone MR-1, BioXCell) or polyclonal Armenian
hamster IgG (BioXCell). Depletion of T-cells was performed by administering 200 pug of rat
anti-mouse CD8 mAb (Clone 2.43, BioXCell) in combination with rat anti-mouse CD4 mAb
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(Clone GK1.5, BioXCell) or 400 pg of rat IlgG2b isotype control mAb (Clone LTF-2,
BioXCell).

EBOQV infection:

Experiments with replication-competent EBOV variant Mayinga (NCBI accession number
NC_002549.1) were performed in a biosafety level 4 laboratory (BSL-4) at the Texas
Biomedical Research Institute (San Antonio, TX). The viral stock was amplified and
characterized as described previously (27).

Murine Cells: To test whether CD40 signaling restricts EBOV infection, 125,000
peritoneal cells were seeded into wells of a 96-well plate and treated as described in the
figure legends (concentrations detailed below). All treatments were performed in
quintuplicate. Twenty-four h later, cells were washed to remove non-adherent population and
challenged with EBOV at MOI1=0.0015. After another 24 h, some infected cells were
collected in TRIzol (Thermo Fisher Scientific, Waltham, MA) and removed from the BSL-4
laboratory according to approved standard operating procedures. Subsequently, RNA from
cells treated with TRIzol was extracted and qRT-PCR was performed. The results were
quantified by delta Ct method comparing EBOV NP and HPRT transcripts (28). In parallel,
supernatants were collected and cells were fixed after 24 hours. The supernatants were
titrated on Vero cell monolayers for 24 hours. Subsequently, fixed cells were stained with
anti-VP40 antibody (generous gift from Dr. Ricardo Carrion, Jr., Texas Biomedical Research
Institute) to identify infected cells and Hoescht dye to stain nuclei. Imaging and analysis was
performed as described previously (29).

Human Cells: Monocyte derived macrophages were isolated as described previously (30,
31).Briefly, human peripheral blood was collected from healthy donors according to
University of Texas Health approved IRB protocol #20180013HU. Heparinized blood was
layered on a Ficoll-Paque cushion (GE Healthcare, Uppsala, Sweden) to allow for collection
of peripheral blood mononuclear cells (PBMCs). PBMCs were cultured in Teflon wells
(Savillex, Eden Prairie, MN) RPMI (Life Technologies, Carlsbad, CA) with 20% autologous
serum for 5 days at 37°C/5% CO,. PBMCs were pelleted, resuspended in RPMI with 10%
autologous serum, and plated into wells of a 96-well plate overnight. Subsequently, cells
were treated as described in the figure legends for 24 hours. Stimulated MDMs were
incubated with EBOV at MOI=0.1 for 30 min to allow binding, then washed, and overlaid
with fresh medium. The cells were fixed after 24 hours. The supernatants were then titrated
on Vero cell monolayers for 24 hours. Subsequently, all samples were treated with anti-
VP40 antibody to identify infected cells and Hoescht dye to stain nuclei. Imaging and
analysis were performed as described above.

Additional virus infections:

Vesicular stomatitis virus (Indiana) was obtained from Dr. Stanley Perlman (Univ. lowa,
lowa City, 1A), infections were performed at MOI=0.5. Ross river virus was obtained from
Dr. David Sander (Purdue University, West Lafayette, IN) and infections were performed at
an MOI=1. Sindbis virus (strain AR86) was obtained from Dr. Suchetana Mukhopadhyay at
Indiana University (Bloomington, IN) and infections were performed at an MOI=1.
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Influenza virus (A/Puerto Rico/8/34) (32) was obtained from Dr, Balaji Manicassamy at The
University of lowa, and cells were infected at a MOI=1.

Phenotyping:
Peritoneal cells were stained extracellularly with monoclonal antibodies specific to CD45
(clone 30-F11), Siglec F (BD Biosciences, San Jose, CA; clone E50-2440), CD11c (clone
N418), F4/80 (clone BM8), Ly6G (clone 1A8), Ly6C (clone HK1.4), MHC-II (clone
M5/114.15.2), CD19 (clone 1D3), CD8 (clone 53-6.7), CD4 (clone RM4-5), CD3 (clone
145-2C11), NK1.1 (clone PK136), and NKp46 (clone 29A1.4) in FACS buffer (PBS, 2%
FCS, 0.02% sodium azide) for 30 minutes at 4°C and fixed using 1-step Fix/Lyse solution
(eBioscience, San Diego, CA) for 10 minutes at room temperature. All antibodies were
purchased from BioLegend (San Diego, CA) unless otherwise indicated. Samples were run
on a BD LSRFortessa and analyzed using FlowJo software (Tree Star, Inc., Ashland, OR).
Cells were gated on live cells, singlets, and CD45+ cells, and cell populations were
phenotyped as follows: eosinophils (SiglecF*CD11c™), macrophages (SiglecF~F4/807),
large pmacs (F4/80" CD11c-high MHCII-low), small pmacs (F4/80* CD11c-low MHCII-
high), neutrophils (SiglecF~F4/80~Ly6G*Ly6C™), dendritic cells (SiglecF~F4/807Ly6G
“MHC-11*CD11c*), B cells (CD3CD19%), CD8 T cells (CD3*CD8"), CD4 T cells
(CD3*CD4%), and NK cells (CD3"NK1.1*NKp46*).

For phenotyping of infected peritoneal cells ex vivo: male C57 BL/6 mice (WT, /fnar”~ or
Ifnar/CD407~) were infected i.p. with 2x108 iu of rVSV/EBOV GP. Peritoneal cells were

isolated at 24 hours post infection and stained and analyzed as reported above. Gating was
performed as indicated on Figure S2A.

Organ harvest:

Mice were anesthetized using isoflurane and perfused through the left ventricle with 5 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 preserve
virus. RNA from organs was isolated as described.

siRNA knockdown of TRAFG:

TriFECTa DsiRNA Kit (mm.Ri.Traf6.13) was purchased from Integrated DNA
Technologies, Coralville, IA. Transfection of three siRNAs against TRAF6 was achieved
with the transfection reagent Viromer Blue (Origene Technologies, Rockville, MD)
according to manufacturer’s instructions. Twenty-four and forty-eight hours following
transfection, knockdown was validated by immunoblotting. TRAF6 expression was
normalized for GAPDH expression and transfection of all three siRNAs resulted in ~80—
93% knock down. At 48 hours, cells were exposed to anti-CD40 antibody or IL-12 for 24
hours and infected as described below.

Virus infection in the presence of inhibitor, mAbs, cytokines and/or cell membranes:

Agonistic mouse anti-CD40 antibody (clone FGK4.5/ FGK45, BioXCell) was used at a final
concentration of 1pug/mL for ex vivo experiments. Agonistic human anti-CD40 antibody
(clone G28.5, BioXCell) was used at a final concentration of 1 pg/mL. Insect cell

J Leukoc Biol. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rogers et al.

Page 7

membranes expressing CD154 (CD40L) were generated as described (33) and added to cells
at a 3:1 ratio (membranes/cells). TRAF6 inhibitors (ChemBridge ID #s 7651589 and
6872674 (34)) were obtained from Hit2Lead (San Diego, CA) and resuspended in DMSO.
Compounds were diluted such that the final DMSO concentration was less than 0.01% in
tissue culture. Apilimod was used at a concentration of 100 nM for all experiments. IL-12
(StemCell Technologies, Vancouver, CA) (murine: Catalog # 78028.1; human: Catalog #
78027.1) was used at 20 ng/ul. IFN-y was purchased from StemCell Technologies (Catalog
#78020.1) and used at 20 ng/ul.

Magnetic bead separation:

Removal of individual cell populations from peritoneal cultures was performed using
biotinylated antibodies (Tonbo Biosciences, San Diego, CA) against CD3§g (145-2C11),
Ly-6G (RB6-8C5) and CD19 (1D3). Separation was performed using MojoSort
Streptavadin Nanobeads (Biolegend, catalog #480016) in accordance to manufacturer’s
protocol. Validation of depletion was performed using antibodies described in the
“phenotyping” section.

RNA isolation and qRT-PCR:

RNA was isolated using the TRIzol reagent from Thermo Fisher Scientific, Waltham, MA).
All steps were performed according to the manufacturer’s specifications. For RNA isolation
from whole organs we used the gentleMACS tissue dissociation system with associated
gentleMACS M tubes (Miltenyi Biotec, Bergishch Gladbach, Germany). Organs were placed
in ImL of TRIzol in the M tube and dissociated for 1 minute. RNA was subsequently
converted to cDNA with the High Capacity cDNA RevTrans Kit (#4368814) from Thermo
Fisher Scientific. A total of 1 microgram of RNA was used as input for each reaction.
Quantitative PCR was performed using POWER SYBR Green Master Mix (#4367659)
(Thermo Fisher Scientific) according to the manufacturer’s instructions and utilizing a 7300
real time PCR machine (Thermo Fisher Scientific). Twenty nanograms of cDNA were used
in each well. All primers used were generated using NCBI’s “pick primers” tool. Primers
used are as follows: HPRT forward 5’-GCGTCGTGATTAGCGATGATG-3’, HPRT reverse
5’-CTCGAGCAAGTCTTTCAGTCC-3’, VSV-M forward 5’-
CCTGGATTCTATCAGCCACTTC-3’, VSV-M reverse 5’-
TTGTTCGAGAGGCTGGAATTAG-3’, EBOV NP forward 5’-
CAGTGCGCCACTCACGGACA-3’, EBOV NP reverse 5’-
TGGTGTCAGCATGCGAGGGC-3’, IRF-1 forward 5’-
TCACACAGGCCGATACAAAG-3’, IRF-1 reverse 5’-
GATCCTTCACTTCCTCGATGTC-3’, GBP5 forward 5’-
CCCAGGAAGAGGCTGATAG-3’, GBP5 reverse 5’-TCTACGGTGGTGGTTCATTT-3’,
IL-12p35 forward 5’-ATCACAACCATCAGCAGATCA-3’, IL-12p35 reverse 5°-
CGCCATTATGATTCAGAGACTG-3’, RRV forward 5’-TAC AAG CAC GAC CCATTG
CCG-3’, RRV reverse 5’-GAT AGT CCT GCC GCC TGC TGT-3’, 1AV forward 5°’-CTT
CTA ACC GAG GTC GAA AC-3’, IAV reverse 5’-CGT CTA CGC TGC AGT CCT C-3’,
SINV forward 5’-CCA CTG GTC TCA ACA GTC AAA-3’ and SINV reverse 5’-CTC CTT
TCT CCA GGA CAT GAA C-3'.
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Statistical analysis

Results:

All ex vivo experiments were performed a minimum of three independent times and are
shown as mean with error expressed as standard error of the mean (when pooling
experiments) or standard deviation (when a single experiment is shown). Statistical
significance was determined by two tailed Student’s T-test (alpha=0.05). /n7 vivo experiments
were performed a minimum of three times, unless otherwise noted in the figure legend.
Statistical significance was determined using Log-rank (Mantel-Cox) test. All statistics were
calculated using GraphPad Prism software (GraphPad Software, Inc.).

CD40 expression restricts infection of a wide range of RNA viruses in peritoneal cells and
macrophages enriched from the peritoneal compartment.

The infectivity of a series of enveloped RNA viruses were assessed on resident peritoneal
cells from WT versus CD40~/~ mice. Ex vivo experiments were performed with murine
peritoneal cells, composed of ~20% macrophages, and/or enriched peritoneal macrophages
(pmacs), that consisted of 80-90% macrophages (Figures S1 and S2). These cells were
chosen as they are permissive to a wide range of viruses. Further, while pmacs and
peritoneal B cells are CD40*, other peritoneal populations express the CD40 ligand, CD154
(35). Viruses tested included the plus and minus strand viruses: Sindbis virus (AR86)
(SINV), Ross River virus (RRV), vesicular stomatitis virus (Indiana) (VSV), influenza A
virus (A/Puerto Rico/8/34) (IAV) and WT Ebola virus (Mayinga) (EBOV). At 24 hours,
virus load of all virus challenges was elevated in CD40~/~ peritoneal cells compared to WT
cells, as assessed by qRT-PCR (Figure 1A and C). In EBOV studies, the number of CD40~/~
cells that were positive for EBOV VP40 antigen was ~4-fold greater at this time relative to
infection of WT cells (Figure 1D).

To determine if CD40 signaling was required for the protection observed in WT cells, an
agonistic mouse CD40 monoclonal antibody (mAb), FGK4.5/ FGK45, was incubated with
CD40™ cells for 24 hours followed by a 24-hour virus infection. Treatment of peritoneal
cells or enriched pmacs with agonistic anti-CD40 mAb reduced virus loads (Figure 1B and
E). Supernatants from EBOV-infected pmacs also demonstrated reduced production of
infectious virus in the presence of agonistic anti-CD40 mAb (Figure 1E). Similar findings
were observed with EBOV infection of agonistic anti-CD40 mAb treated human monocyte
derived macrophages (hMDMs) (Figure 1F). These observations indicate that CD40
signaling in resident peritoneal cells, and specifically pmacs, restricts infection of a broad
range of RNA viruses and implicates CD40 signaling as an important, but unappreciated,
mechanism of innate immune control of RNA viruses over the first 24 hours of infection.

A BSL-2 model virus of EBOV, rVSV/EBOV GP, recapitulates findings with WT EBOV

(Mayinga).

To study the mechanism by which CD40 restricts viral replication, we focused on EBOV
infection as the virus is well established to initially target macrophages and dendritic cells
(36). Peritoneal delivery of EBOV causes significant pathology in a variety of different
animal models (37-39), with pmacs as potential early targets of infection (40, 41). In these
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studies, we also extensively utilized a BSL-2 model virus of EBOV, recombinant vesicular
stomatitis virus encoding EBOV glycoprotein and GFP in place of the native G glycoprotein
(rVSV/EBQV GP). Our lab has previously found that rVSV/EBOV GP recapitulates many
aspects of EBOV infection both /n vitroand in vivo, including virus tropism and
responsiveness to proinflammatory and anti-inflammatory cytokines during macrophage
infection (40-42). Use of this chimeric virus allowed us to perform studies in a more cost-
effective manner, while maintaining the tropism of EBOV GP.

To evaluate the utility of rVSV/EBOV GP, WT or CD40~/~ mice were left untreated,
stimulated with agonistic anti-CD40 mADb, or treated with a blocking antibody against
CD154 to inhibit CDA40 signaling. After 24 hours of treatment, mice were infected with
rVSV/EBOV GP for 24 hours and resident peritoneal cells were isolated and assessed for
virus load by qRT-PCR (Figure 2A). Stimulation of CD40 signaling reduced virus load,
whereas elevated levels of virus in the peritoneal cells were observed in CD40~/~ mice.
Blockade of CD154/CD40 interactions also enhanced virus load. These studies were
consistent with our findings with WT EBOV and other RNA virus infections investigated,
indicating that r'VSV/EBOV GP can serve to model aspects of EBOV infection. However,
VSV replication is strongly suppressed by type 1 interferon (43), so limited virus replication
occurs and no rVSV/EBOV GP associated pathology is observed in WT mice. Thus, we
assessed the effect of CD40 signaling on rVSV/EBOV GP replication in a model system
where we had previously shown significant morbidity and mortality, interferon ap receptor
knock out (/fnar™") mice (40). /fnar”~and /fnar/CD407~ mice were infected with rvVSV/
EBOV GP and virus loads were assessed by gRT-PCR from 24 hpi peritoneal cell RNA
(Figure 2B). Cells from the /f7a’CD40~/~ mice were highly susceptible to rVSV/EBOV GP,
with virus loads almost 90-fold higher than that observed in cells from CD40-competent
mice. Thus, peritoneal cells from CD40-null mice on either a WT or /fnar”~ background
infected with either EBOV or rVSVV/EBOV GP contained significantly higher levels of viral
RNA than cells from CD40-expressing mice.

The effect of CD40 signaling was also assessed ex vivo in peritoneal cells from /fnar™~
mice. Cells were plated and stimulated with either agonistic anti-CD40 mAb or insect cell
membrane fragments that express CD154 for 24 hours and subsequently infected with
rVSV/EBOV GP. Infection was quantified by flow cytometry at 24 hours. Similar to our
EBOV findings, stimulation of CD40 signaling through either method reduced virus load in
peritoneal cells (Figure 2C) and production of infectious virus (Figure 2D), consistent with
the broad restrictive effect of CD40 signaling on RNA virus replication. Together these
experiments supported use of both our BSL2 model system and /far”~ mice to explore and
mechanistically characterize the role of CD40 in this acute virus infection.

Identification of peritoneal cell populations

To understand the CD40-dependent events within the peritoneum needed to control virus
infection, we characterized the cells resident within the peritoneal cavity. For the mouse
strains used in these studies, relative peritoneal cell numbers and absolute numbers were
determined using the gating strategy shown (Figure S2A). Two CD40* cell populations,
SiglecF~, F4/80* macrophages and CD19*, CD3~ B cells, composed the largest numbers of
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cells of all mice regardless of genotype, with smaller populations of T cells, NK cells,
neutrophils, eosinophils and DCs present (Figure S2B). Eosinophils and macrophages were
increased as a percent of total cells in //nar”~ mice and DCs were elevated in /fnalCD40~/~
mice; however, the absolute numbers of these populations were unchanged between strains
(Figure S2C). As previously observed in spleen, B cells composed a smaller percentage and
a lower absolute number of cells within the peritoneal cavity in /fnar”~and /fnalCD40~/~
mice compared to their WT counterparts (44).

To assess the relative percent of different peritoneal cell populations targeted by rvVSV/
EBOV GP, WT and /fnar”~ male mice were infected with 2 x 108 iu of rVSV/EBOV GP
and GFP+ cells present within the peritoneum at 24 hours post infection were characterized.
We found that, at this early time during infection of /f7ar”~ mice, pmacs are highly
permissive for this virus (Figure S3D). Other cell populations had appreciable levels of GFP
positivity, including DCs and, somewhat surprisingly, neutrophils. However, we do not
believe that this short lived, EBOV antigen-expressing cell population contributes
significantly to virus load as Mahamadzadel et al. has shown (45). Given the relative
abundance of macrophages, they served as a predominant population of productively
infected cells in the peritoneal cavity. Numbers of GFP+ cells were notably lower in the WT
mice due to the limited infection and lack of spread by rVSV/EBOV GP.

CD154+ lymphocytes resident within the peritoneum initiate CD40 signaling

Our studies suggested that CD40-dependent restriction of virus infection requires CD40
signaling. To elicit CD40 signaling within the peritoneal cavity, the CD40 ligand, CD154
would be required either as a soluble or plasma membrane-associated protein. To determine
the location of CD154 within the peritoneum, resident cells and fluid were obtained from
naiive /fnar”~ mice. Resident peritoneal cells were adhered overnight and the non-adherent
cells separated by several washes. Cell lysates were generated and assessed along with
peritoneal fluid for CD154 expression. Immunoblot analysis demonstrated that CD154 was
expressed by non-adherent cells, with low-to-undetectable CD154 on adherent cells and in
peritoneal fluids (Figure S3A). CD154 was also detected on the surface of peritoneal
lymphocytes from naive /fnar”~ mice by flow cytometry (Figure S3B). Consistent with a
role for non-adherent peritoneal cells in controlling virus infection, we observed that bulk
peritoneal cells from CD40* mice supported significantly lower levels of virus replication
than peritoneal cultures where non-adherent cell populations were washed away, leaving an
enriched pmac culture with many fewer lymphocytes present (Figure 3A). In CD407~/~
peritoneal cells, virus loads were notably higher and the presence of non-adherent cells did
not inhibit viral loads. In combination, these findings suggested that CD40 on pmacs
regulated virus replication and that CD154 on non-adherent cells contributed to CD40-
dependent control.

To further examine the role of non-adherent cells in reducing virus load, we used magnetic
nanobeads to deplete different non-adherent cell populations from the overall CD40*
peritoneal cells and subsequently infected the remaining cells. Targeted cell populations
were reduced by at least 50% as confirmed by flow cytometry. While the overall depletion
was incomplete, we found that removal of CD3" cells, but not B cells or neutrophils,
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resulted in increased levels of infection (Figure 3B), suggesting that resident CD3* cells
present in the peritoneal cavity were involved in controlling virus infection. Naive resident
CD3" cells are reported to express low constitutive levels of CD154, although CD154 is
robustly upregulated upon CD3™ cell activation (46).

The effect of CD3* T cells was also examined /7 vivo by systemic CD3+ cell depletion in
Ifnar”~ mice using a combination of CD4- and CD8-specific mAbs as previously described
(Figure S4) (47). T cell-depleted and isotype control Ab-treated mice were infected with a
low dose of r'VSV/EBOV GP and bled at 12, 16 and 24 hours. Whereas viremia was detected
in the isotype control Ab-treated mice at 24 hours of infection, viremia was evident in some
T cell-depleted mice as early as 12 hours with significantly higher viremia in these mice at
16-24h of infection (Figure 3C). Virus load within the peritoneum of /f7ar”~ or WT mice
depleted of T cells was also elevated at 24 hours post infection (Figure 3D), indicating that T
cells within the peritoneum during the initial 24h of infection were required for control of
virus infection. Since the timing of these experiments precluded the generation of adaptive
immune responses (9, 48, 49), we concluded that peritoneal T cells were contributing to
innate control of virus infection.

CD40 restriction is TRAF6 dependent

CD40 signaling in macrophages requiresTRAF6 recruitment to the intracellular cytoplasmic
tail of CD40 (50). To evaluate the role of TRAF6 in CD40 control of rVSV/EBOV GP
infection, the effect of two recently described inhibitors of TRAF6/CDA40 interaction (34)
was assessed. To verify that that inhibitor 7651589 inhibits CD40 signaling, increasing
concentrations of inhibitor were added to enriched pmacs from /fnar”~ mice in the presence
of agonistic CD40 antibody and the production of 1L-12p35 RNA was assessed, as it is well
established that CD40 signaling in macrophages enhances 1L12p35 transcription (51, 52).
The TRAF6 inhibitor 7651589 blocked IL-12p35 transcription in a dose dependent manner
(Figure 4A). Similar findings were observed with a second TRAF6 inhibitor, 6872674 (data
not shown). Addition of 10 uM of the inhibitors blocked the ability of agonistic anti-CD40
mAD to restrict rVSV/EBOV GP infection (Figure 4B and data not shown). siRNA against
TRAF6 was also used to evaluate the role of TRAF6 in virus infection. Knockdown of
TRAF6 in enriched pmacs (Figure S5) reversed the protection conferred by CD40 ligation in
peritoneal cells (Figure 4C). However, we observed that the addition of exogenous IL-12 to
either untreated or TRAF6 siRNA-treated cells suppressed virus load, suggesting that CD40
restriction of virus infection may be mediated through 1L-12 production and that IL-12 acted
downstream from TRAF®6. In total, these findings indicated that CD40 signaling through
TRAF6 controls rVSV/EBQOV GP replication, potentially through an IL-12-dependent
pathway.

CD40 restriction requires IL-12 production

Inhibition of EBOV infection by IL-12-mediated mechanisms has not previously been
reported. Thus, we sought to examine in more detail the effect of IL-12 on EBOV (Mayinga)
infection and replication in WT pmacs and human MDMs (Figure 5A and B). IL-12 strongly
inhibited infection in both primary cell populations and resulted in a reduction in
supernatant-associated infectious EBOV as assessed in Vero cells. Representative images of
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these infections are shown in Figure S6. In a similar manner, exogenous IL-12 decreased
both rVSV/EBOV GP and VSV production from /far”~ pmacs (Figure 5C). IL-12 had
previously been reported to reduce VSV replication and pathology in the CNS (53-55).

Next, we sought to more closely examine the direct involvement of 1L-12 in CD40
restriction of virus infection, using three independent approaches. In a first set of studies, we
used the IL-12 inhibitor, apilimod, that selectively blocks IL-12 p40 and p35 production by
inhibiting the lipid kinase, PIKfyve (56-58). Apilimod pre-treatment decreased CD40-
elicited 1L-12p35 expression in /frar”~ pmacs (Figure 5D). Concomitantly, apilimod
enhanced rVSV/EBOV GP virus loads in these cells (Figure 5E), consistent with CD40
signaling eliciting 1L-12 production that decreased virus infection. Our studies in the /fnar
~~ pmacs indicate that this effect is IFN-I-independent. In a second set of experiments,
agonistic anti-CD40 mAb stimulated 1L-12p35 transcription in /f7ar”~ pmacs; however, this
was not observed in /fnar/CD40~~ pmacs (Figure 5F). Finally, CD40 restriction of rvVSV/
EBOV GP infection was abolished in pmacs from 1L-12p40~/~ mice, but addition of 1L-12 to
those cultures profoundly inhibited virus infection (Figure 5G). In total, our findings indicate
that CDA40 restriction of virus infection is mediated through IL-12 production. Consistent
with a critical role for IL-12, administration of 1L-12 protected /fnar™~and /fnar/CD407~
pmacs from rVSV/EBOV GP infection (Figures 5H).

IL-12 dependent production of IFN-y is critical for CD40-mediated protection from rvSv/
EBOV GP challenge

IL-12 stimulates the production of IFN-y (59-61) and we have previously shown that IFN-y
plays a critical role in early control of EBOV (Mayinga) or rVSV/EBOV GP infection (40).
Thus, we investigated if CD40-elicited IFN-y production mediated protection of pmacs. The
ability of CD40 ligation, exogenous IL-12 or IFN-vy to stimulate IFN-y responses was
evaluated in /fnar™~ or Ifnar/CD40~'~ pmacs. Expression of the transcription factor IRF-1
serves as a marker of IFN-y signaling and accurately predicts whether pmacs are polarized
to a proinflammatory (M1) phenotype, protecting against EBOV or rVSV/EBOV GP (40).
IRF-1 expression was upregulated in /f7ar”~ pmacs in response to these stimuli, whereas
pmacs from CD40-deficient mice were only responsive to IL-12 and IFN-y (Figure 6A).
Addition of blocking IFN-y mAb reversed the protective effects of CD40 signaling or 1L-12
against EBOV (Mayinga) infection in WT pmacs under BSL-4 conditions (Figure 6B, left).
In a similar manner, EBOV present in the supernatant of cells at 24 hours was reduced by
agonistic CD40 antibody or IL-12 treatment and the addition of IFN-y blocking antibody
abrogated this effect (Figure 6B, right). Parallel EBOV infections of CD40~~ pmacs
demonstrated that agonistic anti-CD40 mAb did not restrict EBOV infection, but IL-12
treatment remained effective at blocking virus replication and the presence of infectious
virus in the supernatant (Figure 6C). Further, the IL-12 inhibition of EBOV infection was
reversed by the presence of blocking IFN-y antibody.

In additional studies to investigate the requirement for IFN-v, resident pmacs were isolated
and enriched from IFN-y receptor-deficient mice (/fngr’'-) that do not respond to IFN-y.
While IL-12p35 production was not disrupted in these cells, stimulation of IFN-y-dependent
IRF-1 expression did not occur following CD40 ligation or the addition of IL-12 or IFN-y
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(Figure 6D). We also found that none of these stimuli inhibited rVSV/EBOV GP or EBOV
infection in the IFN'yR™~ pmacs (Figure 6E). These i vitro experiments indicate that CD40
signaling in macrophages leads to IL-12 dependent IFN-y production.

CD40 is required for protection against acute virus infection in vivo

To investigate the role of CD40 signaling during acute viral challenge, we performed /n vivo
studies with rVSV/EBOV GP. We first compared WT and CD40~/~ mice treated with the
monoclonal antibody MAR-1 to block type I IFN/IFNAR interactions acutely. This allowed
us to assess the effect of our recombinant virus in mice with typical immune system
development by only transiently blocking type I IFN responses. We found that CD40~/~
mice were significantly more sensitive to an otherwise low-lethal dose of the virus (Figure
7A).

We then repeated these /77 vivo challenges with /fnar”~ mice. /fnar”~and /fnarlCD40~/~
mice were infected i.p. with a low dose of rVSV/EBOV GP that was sublethal for /frar’~
mice. Mice lacking CD40 exhibited significantly increased mortality (Figure 7B). /fnat/
CD407~ mice also succumbed to a dose of virus that was non-lethal to //7ar”~ mice when
virus was administered by retro-orbital infection, providing evidence that CD40 signaling
also controlled virus infection when virus was administered by alternative routes (Figure
7C).

Timing of viremia was also explored in /fnar”~and /fnar/CD40~~ mice. Serum was
obtained at 12-hour intervals following i.p. rVSV/EBOV GP administration and the
infectious virus present was determined by end point dilution of serum samples on Vero
cells (TCIDsp) (Figure 7D). /fnar/CD40~~ mice exhibited viremia as rapidly as 12 hours
after infection, and viremia was significantly higher than in //7ar7~ mice through the first 36
hours. Of note, the CD40-deficient animals attained maximal viral titers earlier than the
CDA40-sufficient animals, suggestive of an accelerated disease process. We also examined
virus replication in the visceral organs: liver, spleen and kidney, of /fnar”~and /fnar/
CD407~ mice at 24 and 48 hours following a dose of rVSV/EBOV GP that was sublethal to
Ifnar™~ mice. Viral loads were elevated in all organs of CD40-deficient animals at 24 hours
compared to organs from CD40-sufficient mice, but not significantly different by 48 hours,
consistent with the observed kinetics of viremia (Figure 7E). Titers from these organs
reflected similar changes in viral replication (Figure 7F). In total, our findings demonstrate
that CD40 serves to restrict virus replication at early times during infection. Loss of CD40
expression mice rendered more sensitive to r'VSV/EBOV GP infection.

Discussion:

Here we show that CD40 signaling in peritoneal cells protects against acute challenge by a
wide range of RNA viruses at 12-24 hours of infection. Our findings support that CD40
signaling on pmacs is responsible for the protection as enriched pmacs were protected
against EBOV (Mayinga) or rVSV/EBOV GP after CD40 signaling. Macrophages are
thought to be critical target cells for EBOV infection at early times during infection (36, 62,
63), so our model system has allowed us to study the /n vivo and ex vivo effects of CD40
ligation on a highly relevant cell type. While the importance for CD40 ligation and signaling
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is well appreciated in the development and maintenance of adaptive immune responses, a
critical role for CD40 in early innate immune control of an acute viral infection was
unexpected. During /n vivorVSV/EBOV GP infection, viremia was exacerbated within the
first 12-36 hours of infection when CD40 was absent, providing compelling evidence that
CDA40 contributes to early host defenses against acute viral infection. Mortality in /fnar/
CD40™~ mice occurred on average at 3.3 days of infection, a time that precedes the
development of adaptive immune responses (9, 48, 49). Thus, we postulated that CD40
orchestrates important early innate immune responses that restrict virus replication and
effectively control viral pathogenesis, supporting a potentially novel and unanticipated role
for CD40 signaling during acute virus infection.

While our rVSV/EBOV GP studies primarily used pmacs and mice on an /fnar”~
background, this genetic background did not appear to alter CD40 signaling responses, as
several key experiments in WT peritoneal cells or pmacs, with or without acute IFN
blockade, provided similar results. Both r'VSV/EBOV GP and WT EBQV infection in wild-
type pmacs was controlled by either addition of IL-12 or an agonistic anti-CD40 mAb, just
as these proteins restricted infection in /f7ar”~ pmacs. Further, our /n vivo studies using WT
or CD40™~ mice treated with the IFNAR-specific mAb, MAR-1, demonstrated that CD407~
mice were as sensitive to r'VSV/EBOV GP as /fnar/CD407~ mice, rapidly succumbing to an
infection that was sublethal to CD40-competent mice. Finally, while virus pathogenesis was
not observed in WT mice due to limited spread of our recombinant virus, studies with WT
mice demonstrated that CD40 ligation reduced infection in the peritoneal cavity, whereas
CD154 blockade and T cell depletions enhanced infection. In total these experiments
provide strong evidence that the /n vivo and ex vivo effects of CD40 ligation are similar in
WT and /fnar”~ mice.

We also defined the predominant signaling pathway required for protection following CD40
ligation. CD40/TRAF®6 interactions elicited IL-12 expression and IL-12 synthesis led to
IFN-y production and signaling to control both our BSL2 model virus and EBOV (Mayinga)
in enriched pmacs. This CD40-dependent signaling pathway is well established to enhance
adaptive immunity, but has not been previously appreciated to play a critical role in innate
immunity against acute virus infection of macrophages. While 1L-12 is reported to protect
against a variety of infectious pathogens (9, 40, 64, 65), to our knowledge this is the first
report that IL-12 mediates protection against filoviruses. Signaling events through this
pathway are of interest in the filovirus field as we have previously shown that IFN-y
treatment early during infection protects mice from lethal EBOV challenge by restricting
virus replication (40). The current studies extend our prior work by identifying a mechanism
by which IFN-y production is elicited during the course of acute infection. Further, our new
findings highlight 1L-12 as another potential post-exposure therapeutic agent against early
EBOV infection. Given the interest in predictive biomarkers during EBOV infection (66),
these studies highlight receptors and cytokines that at very early times during infection may
significantly influence the course of disease.

These studies identified that CD154 expressed on lymphocytes within the peritoneum of the
naive mouse interacts with macrophage CDA40, leading to early control of virus replication.
Our data support that peritoneal lymphocytes stimulate resident macrophages via the
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CD154/CD40 axis to limit acute rVSV/EBOV GP infection over the first 24 hours of
infection. Thus, within the peritoneum, these cell-cell interactions mediated by CD40/
CD154 ligation restrict virus replication days prior to the induction of virus-specific adaptive
immunity.

Intriguingly, CD40/CD154 signaling can synergize with other innate immune signals, such
as TLR signaling, to enhance cytokine production (67). As the EBOV glycoprotein binds to
TLR4 and stimulates TLR4 signaling in macrophages (68, 69), it is possible that virus
glycoprotein interactions with TLR4 serve as a second signal to synergize with CD40
signaling. Future studies are needed to more specifically examine the role of TLR4 and
potential additional ‘second signals’ in CD40-mediated innate immune protection against
EBOV infection of macrophages.

Experiments investigating the increase in replication and spread of virus in CD40-deficient
animals raise a series of questions. It is of interest that, while the relative levels of virus in
organs from /fnar”~and /fnar/CD40~/~ mice differ early in infection, the change in virus
load between 24 and 48 hours in organs is not comparable to the increases in serum viral
titer seen in that same time frame. While the most likely explanation is that these differences
are attributable to the technique utilized, as organs from each time point are necessarily from
different animals, it is also possible that organ titers display different Kinetics than serum
titers. Along these same lines, we note that by 48 hours of infection virus load in organs and
viremia were no longer restricted by the expression of CD40, with equivalent levels of
viremia evident in both /fnar”~and /fnar/CD407~ mice. Yet, most CD40-sufficient mice
survived this challenge, whereas the /fnar/CD40”~ mice did not. An explanation consistent
with our observations is that the lack of CD40 signaling that results in earlier virus
replication causes overall dysregulated cytokine responses, exacerbating disease. Infection
of macrophages and DCs is thought to drive the pathogenic immune response in EBOV
infection, and we are targeting macrophages by delivering the virus i.p., Thus, it is possible
that control of virus replication and associated cytokine responses in macrophages play
crucial roles in determining outcomes. Consistent with this, it is well appreciated that
dysregulated cytokine production exacerbates EBOV disease in humans (70-72). Thus, the
ability of the CD40-sufficient mice to survive, despite significant viremia by day 2 of
infection, remains an intriguing area of future investigation.

Our experiments with apilimod which provided evidence of the ability of IL-12 to control
rVSV/EBOV GP yielded somewhat unexpected results as PIKfyve inhibition by apilimod
directly reduces EBOV (and rVSV/EBOV GP) entry into Vero cells, Huh7 cells, HEK 293T
cells and purified human monocyte-derived macrophages due to inhibition of vesicular
trafficking (73, 74). In our studies, it appears that the effect of apilimod on IL-12 production
outweighed the inhibitory effect of apilimod on virus entry. This is consistent with work by
Dyall et al (57) which found that apilimod does not protect mice from lethal EBOV
challenge. Together, these data support that when CD154 is present, apilimod-mediated
suppression of 1L-12 signaling offsets the direct inhibitory effects of apilimod on virus entry.
This result further emphasizes the critical importance of adequate production of IL-12 by
pmacs in protection from viral pathogenesis.
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Filoviruses infect a broad range of cells over the course of infection (62, 63) and many of
these cells, such as endothelial and epithelial cell populations also express CD40. The ability
of CD40 signaling to control virus replication in these other cells needs to be examined.
While CD40 regulates differentiation of some epithelial cells such as keratinocytes (75, 76),
examination of the impact of CD40 signaling on innate immune responses in these cells is in
its infancy. Interestingly, many of these CD40-expressing populations are also capable of
producing IL-12 (77, 78) and thus might play a critical role in the innate immune response to
EBOV in different tissues. Given that macrophages are the predominant cell infected early in
EBOV infection, we would expect that CD40 expression on additional cell types might
contribute to inhibition of virus at later times during infection as the virus disseminates.

Cell population(s) responsible for IFN-y production within the peritoneal cavity remains to
be explored. T cells, NK cells, and additional innate lymphoid cell populations are capable
of robust IFN-y production, all of which are present in the peritoneal cavity (Figure S (79).
While we looked at the effect of T cell and NK cell depletion in this study, we don’t
differentiate between the dual roles of CD154 presentation and response to IL-12 and
subsequent IFN-y production. Recent work from Weizman et. al. suggests that type 1 innate
lymphoid cells (ILC1s) are capable of robust interferon gamma production and facilitate
control of mouse cytomegalovirus when delivered i.p. (80), and others have shown that
ILC1s produce IFN-y downstream of CD40 signaling in the gut (81). These studies suggest
that ILC1s may be a source of IFN--y in the peritoneal cavity. Intriguingly, blocking IFN-y
availability with an anti-IFN-y mAb increases virus infection in both CD40-sufficient and
CDA40-deficient pmacs, suggesting that additional pathways which are independent of CD40
signaling also stimulate IFN-y-mediated control of r'VSV/EBOV GP infection.

Of broader interest, we show that ex vivo CD40-dependent protection is not unique for
filoviruses, but extends to other globally relevant viral pathogens that target macrophages,
such as alphaviruses, rhabdoviruses and orthomyxoviruses. Studies on the /n vivo restriction
by CD40 signaling against other RNA viruses are warranted. These studies lay the
groundwork for the investigation of CD40 signaling in an entirely new context and provide
insight into potential therapeutic targets common to several RNA viruses.
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Abbreviations:

ABSL2 - Animal Biosafety level 2

Ab - Antibody

APCs — Antigen presenting cells

DCs - Dendritic cells

EBOV - Ebola virus

GP - Glycoprotein

GFP - Green fluorescent protein

19G - Immunoglobulin G

1AV - Influenza A virus

IFN - Interferon

IFNAR - Interferon alpha/beta receptor

Ifnar - Interferon alpha/beta receptor gene

IFN-y - Interferon gamma

IL - Interleukin

i.p. - Intraperitoneal

iv. - Intravenous

mAb - Monoclonal antibody

pmacs — Peritoneal macrophages

PBMCs - Peripheral blood mononuclear cells

gRT-PCR - Quantitative reverse transcription polymerase chain
reaction

rVSV/EBOV GP - Recombinant VSV expressing EBOV glycoprotein

rvsv/G - Recombinant VSV expressing it native glycoprotein

RRV - Ross river virus

TCID - Tissue culture infectious dose

VSV - Vesicular stomatitis virus
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Figure 1. CD4O0 restricts replication of a variety of RNA viruses in cells from the peritoneal
compartment.

A) Peritoneal cells from WT or CD40~~ male mice were infected with the indicated viruses
(MOI=1 for all viruses except VSV where MOI = 0.5). Twenty-four hours following
infection, RNA was extracted and viral load was quantified by gRT-PCR. B) Peritoneal cells
from WT male mice were stimulated with an agonistic CD40 antibody, FGK4.5/FGK45, for
24 hours prior to infection and quantitation. C) Peritoneal cells from WT or CD40~/~ mice
were infected with EBOV (Mayinga) (MOI = 0.0015) and evaluated for virus load at 24
hours by qRT-PCR. D) Peritoneal cells from WT or CD40~/~ mice were infected with by
EBOV (Mayinga) (MOI = 0.0015) and number of infected cells were assessed at 24 hours
by fixation followed by staining with anti-VP40 antibody and Hoescht dye. Infected cells
were quantified by microscopy. E-F) Peritoneal cells from WT mice (E) or 6 day matured
human MDMs (hMDMs) (F) were stimulated with an agonistic CD40 antibody (mouse
CDA40 antibody, FGK4.5/FGK45, or human CD40 antibody, G28.5) or left untreated (MOI =
0.0015 pmacs; MOI = 0.1 MDMs). After 24 hours, non-adherent cells were removed from
the cultures and enriched pmacs or hMDMs were infected with EBOV(Mayinga). At 24
hours, cells were processed and stained as described in D. In parallel, supernatants from
infected cells were titered on \ero cells and quantified using the same microscopic method.
All experiments were performed at least three independent times. For all experiments, *
indicates p<0.05. All gRT-PCR is quantified by delta Ct method comparing viral RNA to
HPRT.
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Figure 2. A BSL-2 model virus of EBOV, rVSV/EBOV GP, recapitulates EBOV findings.
A) WT or CD407~/~ female mice were injected i.p. with 200 pg of agonistic CD40 antibody,

blocking CD154 or IgG control as noted. Twenty-four hours later, mice were infected i.p.
with a lethal dose of r'VSV/EBQOV GP. Peritoneal cells were isolated, RNA was harvested,
and viral RNA was quantified by gRT-PCR at 24 hours of infection. B) Female /frar”~ and
Ifnar/CD40~~ mice were infected i.p. with a dose of rVSV/EBOV GP that was lethal to
Ifnar”~ mice. Twenty-four hours after infection, peritoneal cells were harvested, RNA was
isolated and qRT-PCR analysis of viral RNA was performed. C-D) Enriched pmacs from
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male /fnar”~ mice were incubated for 24 hours with agonistic CD40-specific mAb (C and
D) or insect cell membranes expressing CD154 (C only). Treatments were removed and cells
infected with rVSV/EBOV GP (MOI=1). Infection was quantified 24 hours following
infection by flow cytometry and data are expressed as a percent change in the number of
GFP+ cells relative to the unstimulated controls (C). Supernatants were titered on Vero cells
(D). All experiments were performed three times. For all experiments, * indicates p<0.05.
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Figure 3. CD40 restriction of EBOV and rVSV/EBOV GP infection in peritoneal cells requires

CD3+ T cells.

A) Peritoneal cells from male /fnar”~and /fnar/CD407~ mice were isolated. Forty-eight
hours after isolation, cells were either washed to remove non-adherent cells, or incubated in
the presence of non-adherent cells and infected with rVSV/EBOV GP (MOI=0.1). RNA was

isolated 24 hours following infection and viral RNA was quantified by gRT-PCR. B)
Peritoneal cells were isolated from male /fnar”~ mice and cells expressing the indicated

surface protein were removed via magnetic bead separation. The remaining cells were
infected with rVSV/EBOV GP (MOI=0.1). RNA was isolated at 24 hours and quantified by
gRT-PCR. C-D) Female C57BL/6 /fnar”~ mice were injected i.p. with antibodies against

CD4 and CD8 (200 pg each) or appropriate 1gG controls. Twenty-four hours later, mice
were infected i.p. with a sublethal dose of rVSV/EBOV GP. At 24 hours, serum was

collected and titers were quantified by endpoint dilution on Vero cells (C) or peritoneal cell
RNA was harvested, and viral RNA was quantified by gRT-PCR (D). All experiments were
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performed three times. All gRT-PCR is quantified by delta Ct method comparing VSV-M
gene to HPRT. * indicates p<0.05.
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Figure 4. CD40 signaling through TRAF®6 is required for CD40 restriction.
A-B) Pmacs were harvested from male /f7ar”~ mice and stimulated with agonistic CD40

antibody in the presence of varying concentrations of a TRAF6 inhibitor (7651589) for 7
hours. Following stimulation, RNA was isolated and I1L-12p35 mRNA was quantified by
gRT-PCR (A). In parallel, cells were stimulated for 24 hours with CD40 agonist (+/- 10 uM
TRAF6 inhibitor 7651589) and subsequently challenged with rVSV/EBOV GP (MOI=1).
RNA was harvested and viral RNA was assessed by gRT-PCR (B). C) Peritoneal cells were
harvested from male /fnar”~ mice and transfected with 3 TRAF6 siRNAs (25 nM each). At
48 hours, cells were stimulated with agonistic CD40 antibody or IL-12. After 24 hours cells
were washed to remove non-adherent cells, media was refreshed, and cells were infected
with rVSV/EBOV GP (MOI=1). RNA was harvested 24hpi and virus was quantified by
gRT-PCR.
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Figure 5. IL-12 production is a critical for CD40 restriction.
AJ/B) Peritoneal cells from male mice (A) or human monocyte derived macrophages (B)

were untreated or treated with IL-12. After incubation, non-adherent cells were removed and
enriched pmacs were infected for 24 hours with WT EBOV (MOI = 0.0015 pmacs; MOI =
0.1 MDMs) under BSL-4 containment. Cells were subsequently fixed, stained with anti-
VP40 antibody and Hoescht dye, and infected cells were quantified by microscopy.
Supernatants from infected cells were titered on Vero cells and quantified by the same
microscopic method. C) Enriched pmacs from male /f7ar”~ mice were stimulated with
IL-12 and at 24 hours infected with r'VSV/EBOV GP (MOQI=1) or VSV (MOI=0.5). Twenty-
four hour following infection, supernatants were collected, filtered and TCIDsggs were
determined on Vero cells. D/E) Pmacs were harvested from male /fnar”~ mice and treated
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with agonistic CD40-specific mAb with or without the I1L-12 inhibitor, apilimod, for 8
hours. RNA was harvested and qRT-PCR was performed to quantify 1L-12p35 expression
(D). In parallel, cells were stimulated with apilimod for 8 hours and infected with rVSV/
EBOV GP (MOI=1). Twenty-four hours following infection, RNA was isolated and viral
RNA was assessed by qRT-PCR (E). F) Enriched pmacs were obtained from /frar”~ and
Ifnar/CD407"~ mice. Cells were stimulated with CD40 agonistic mAb or IL-12 and
IL-12p35 gene expression was quantified by qRT-PCR. G) Pmacs from IL-12p40~/~ mice
were harvested and stimulated with agonistic CD40-specific antibody or IL-12 for 24h prior
to infection with rVSV/EBOV GP (MOI=5). Twenty-four hours post infection, RNA was
extracted and viral RNA was quantified by qRT-PCR. H) Enriched pmacs were obtained
from /fnar”~ and /fnar/CD407'~ mice. Cells were stimulated with IL-12 and 24 hours later
infected with rVSV/EBOV GP. Infections were evaluated for virus load by gRT-PCR at 24
hours. All experiments were performed three times. For all experiments, * indicates p<0.05.
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Figure 6. IL-12 stimulates IFN-y that is required for CD40 restriction of virus replication.
A) Enriched pmacs were obtained from /frar”~ and /fnar/CD40"'~ mice. Cells were

stimulated with CD40 agonist, IL-12 or IFN-y and IRF-1 gene expression was quantified by
gRT-PCR. B-C) Peritoneal cells from male WT (B) or CD40~/~ (C) mice were incubated
with agonistic CD40 mAb or 1L-12 for 24 hours. Some cells were also treated with blocking
anti-1IFN-y antibody as noted during antibody or cytokine treatment. After incubation, non-
adherent cells were removed and enriched pmacs were infected with EBOV (Mayinga)(MOI
= 0.0015) under BSL-4 conditions. At 24 hours of infection, cells were fixed, stained with
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anti-VP40 antibody and Hoescht dye, and infected cells were quantified by microscopy. In
parallel, 24-hour supernatants from infected cells were titered on \Vero cells and quantified
by the same microscopic method. D-E) Enriched pmacs from male C57BL/6 /fngr”~ mice
were stimulated with the indicated stimuli. Twenty-four hours after stimulation, RNA was
isolated from cells and IL-12p35 and IRF-1 mRNA was quantified by gRT-PCR (D) or
infected with WT EBOV (MOI 0.0015) or rVSV/EBOV GP (MOI=5) and viral RNA was
quantified 24 hours following infection by gRT-PCR (E). All experiments were performed
three times. For all experiments, * indicates p<0.05.

J Leukoc Biol. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rogers et al. Page 33

A B
100 100+
® l—. ®
EO L
2 e
7 - WT 7
5 > O cpao* 5 @ ifnar”
= -
s ] p=0039 5 O Ifnar/CD40
p = 0.0031
o T T T T 1 o T T T T 1
0 2 4 6 8 10 0 2 4 6 8 10
DPI DPI
ns
C D ey
108
100 ° 0d® Ifnar//CD40'/' o® 3
= ® Ifnar” _ %
z Rl M %% o
g -®- |fnar’” £ 105= g o® e °
) 2 * o ° e®* O
= 504 O Ifnar/CD40™ g1l =4 am00 o ©
] P °
o g 103 Q o °
s p = 0.0006 102
101-
0 T T T T 1 100ty D T T T
0 2 4 6 8 10 12 24 36 48
DPI Hours Post Infection
E 24hpi 48hpi F 24hpi 48hpi
102 = 100 . 108= 1010my o |2! |£|
101 H 10 ns, ? ns 107= ® °
e * *
ol WO B R W L W B R R Y
10-2= L - Sem
o @ 2 T 3% 201,% .8 @ ¥
-~ 3 ° e =]
= 10. e ° g 7. S 104 ¥ ° 0 o
= 10 o " o o 104~ o
g 10-5 : 10 ° [ ] - 102 o
10 10-5= O e00 e 00 10'= 106= 0:
107=1 @0 ° 100=] e - e 00
107 y T 10°"— ! o, 10 1=— T T 105=— T T
Liver  Spleen Kidney Liver  Spleen Kidney Liver Spleen Kidney Liver Spleen Kidney

® |fnar” O |fnar/CD40™

Figure 7. CDA4O0 restricts rVSV/EBOV GP infection within the first 12 hours of infection and
exacerbates pathogenesis.

A) Survival curves of female WT (n=6) and CD407~/~ (n=4) mice treated with 1 pg anti-
IFNAR (MAR-1) antibody one day prior to challenge with a sublethal dose of r'VSV/EBOV
GP. Mice were monitored daily. B) Survival curve of female /fnar”~ (n=9) and /fnar/
CD407~ (n=13) mice that were challenged with a dose of rVSV/EBOV GP which was
sublethal to /fnar”~mice by i.p. injection. Mice were monitored daily (DPI=days post
infection). C) Survival curve of female /frar”~ (n=6) and /fnar/CD40~~(n=6) mice infected
with a dose of rVSV/EBOV GP that was sublethal to /#7ar”~ mice by retro-orbital injection.
Mice were monitored daily. D) Female /frar”~ (n=8) and /fnar/CD407~ (n=8) mice were
infected i.p. with a dose of rVSV/EBOV GP that is sublethal to /fnar”~ mice. Serum was
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collected at 12-hour intervals and viremia was assessed by end point dilutions on Vero cells.
E/F) Female /frar”~ (n=12) and /fnar/CD40~~ (n=12) mice were infected i.p. with a dose
of rVSV/EBOV GP that is sublethal to /fnar”~ mice. At 24 or 48 hours following infection,
mice were anesthetized, perfused through the heart with PBS, and euthanized prior to organ
harvest. RNA was isolated and gRT-PCR analysis of viral mMRNA was performed (E). In
parallel organs were homogenized and titers were assessed on Vero cells (n=4 organs/group)
(F). All experiments were performed three times. For all experiments, * indicates p<0.05.
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