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Ectromelia virus (ECTV) causes mousepox, a surrogate mouse
model for smallpox caused by variola virus in humans. Both
orthopoxviruses encode tumor necrosis factor receptor (TNFR)
homologs or viral TNFR (VTNFR). These homologs are termed
cytokine response modifier (Crm) proteins, containing a TNF-
binding domain and a chemokine-binding domain called smallpox
virus-encoded chemokine receptor (SECRET) domain. ECTV en-
codes one VINFR known as CrmD. Infection of ECTV-resistant
C57BL/6 mice with a CrmD deletion mutant virus resulted in uni-
form mortality due to excessive TNF secretion and dysregulated
inflammatory cytokine production. CrmD dampened pathology,
leukocyte recruitment, and inflammatory cytokine production in
lungs including TNF, IL-6, IL-10, and IFN-y. Blockade of TNF, IL-6, or
IL-10R function with monoclonal antibodies reduced lung pathol-
ogy and provided 60 to 100% protection from otherwise lethal
infection. IFN-y caused lung pathology only when both the TNF-
binding and SECRET domains were absent. Presence of the SECRET
domain alone induced significantly higher levels of IL-1g, IL-6, and
IL-10, likely overcoming any protective effects that might have
been afforded by anti-IFN-y treatment. The use of TNF-deficient
mice and those that express only membrane-associated but not
secreted TNF revealed that CrmD is critically dependent on host
TNF for its function. In vitro, recombinant Crm proteins from dif-
ferent orthopoxviruses bound to membrane-associated TNF and
dampened inflammatory gene expression through reverse signal-
ing. CrmD does not affect virus replication; however, it provides
the host advantage by enabling survival. Host survival would fa-
cilitate virus spread, which would also provide an advantage to
the virus.

cytokine response modifier D | respiratory viral infection | lung pathology
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Tumor necrosis factor (TNF) plays key roles in the mainte-
nance of homeostasis, acute inflammation, and antimicrobial
defense (1-6). This cytokine can also cause serious pathology
during acute viral infections and chronic inflammatory diseases
(7-9). TNF is produced early during the course of a viral infec-
tion following activation of the nuclear factor-kB (NF-kB) in-
flammatory pathway. It is expressed as a transmembrane protein
(mTNF), which is cleaved by metalloproteinase enzymes to
produce soluble TNF (sTNF) (10, 11). The two forms of TNF
play important roles in the inflammatory response to viral in-
fections and exert their activities by signaling through TNF re-
ceptor I (TNFRI) or TNFRII (12, 13). Whereas both forms of
TNF are capable of activating the TNFRI signaling pathway,
TNFRII is activated more efficiently by mTNF (14). TNFRI and
TNFRII can exist as cell-associated and secreted proteins.
Through binding to TNFR, sSTNF and mTNF deliver a forward
signal to the TNFR-bearing cell. In addition, mTNF can participate
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in reverse signaling, a process whereby the interaction of mMTNF
on one cell with TNFR (soluble or membrane-anchored on
another cell) leads to the transmission of signals into the cell
expressing mTNF (15, 16). Reverse signaling through mTNF
has been shown to down-regulate LPS-induced TNF, IL-6, and
IL-10 production (17), inhibition of the MEK-ERK pathway
(18), and inhibition of NF-kB activation and suppression of IL-
1B production (19).

Many viruses, including orthopoxviruses (OPV), encode pro-
teins that can modulate the host TNF response (20-24). OPV-
encoded homologs of mammalian TNF receptor (TNFR) can
modulate inflammation and the immune response (22), a strat-
egy that provides an advantage to the virus, allowing successful
replication and transmission to other hosts. There are four types
of viral TNFR (VINFR), also known as cytokine response
modifier B (CrmB), CrmC, CrmD, and CrmE (25, 26). CrmC
and CrmE have specificity for TNF (26-28), whereas CrmB and
CrmD bind TNF (29, 30) as well as lymphotoxin (LT)-a and -p
(25, 31). All Crm proteins contain a TNF-binding domain at the
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N-terminal region, consisting of four cysteine-rich domains
(CRDs), which are homologous to mammalian TNFR CRD (32,
33) and shown to bind to mTNF and inhibit its ability to activate
host TNFRs (25). In addition, CrmB, encoded by variola virus
(VARYV) (agent of smallpox), and CrmD, the only vINFR
encoded by ectromelia virus (ECTV) (agent of mousepox),
contain an extended C-terminal chemokine-binding domain
known as the smallpox virus-encoded chemokine receptor
(SECRET) domain (31).

ECTV is a strict mouse pathogen and causes mousepox, a
disease similar to smallpox caused by VARV in humans.
Mousepox has been utilized extensively as a small animal model
to understand, among others, the pathogenetic basis for resis-
tance and susceptibility of humans to smallpox. Among inbred
strains of mice, resistance to mousepox requires robust inflam-
matory and polarized T helper 1-like immune responses, which
are associated with the cytokines interleukin 2 (IL-2), IFN-y and
TNF, and robust natural killer (NK) cell, cytotoxic T lymphocyte
(CTL), and neutralizing antibody responses (34-38). The C57BL/6
strain is resistant to ECTV infection, but deficiency in IFN (35, 39,
40) or TNF (41) makes it highly susceptible. ECTV-susceptible
BALB/c mice generate weak inflaimmatory and immune re-
sponses, associated with suboptimal IFN-y, TNF, NK cell, and
CTL responses. However, infection of this strain with a CrmD
deletion mutant virus (ECTVA“™P) augments inflammation, NK
cell, and CTL activities, resulting in effective control of virus
replication and survival (22). CrmD clearly provides an advantage
to ECTV in the BALB/c strain, but the rapid death of a suscep-
tible host would not assist in effective virus spread.

We report here the consequences of infecting ECTV-resistant
C57BL/6 mice with ECTVA“™P or a virus that expresses only
the SECRET domain (ECTVR®SECRET) " A the TNF-binding
domain of CrmD (CRD) can also interact with LT-a and LT-f,
we also determined the outcomes of infecting mice deficient in
TNF production or those that only express mTNF. We show here
that CrmD plays an essential role in dampening inflammation,
involving reverse signaling through mTNF in C57BL/6 mice
during a respiratory infection. Deficiency in CrmD substantially
increased the susceptibility of C57BL/6 mice without increases in
viral load but significantly augmented levels of several cytokines
including TNF, IL-6, IL-10, and IFN-y, which were responsible
for lung pathology and death. IFN-y causes pathology when the
CRD and SECRET domain are deleted, whereas it is insufficient
to cause pathology when only the SECRET domain is present.

Results

Absence of CrmD Increases Susceptibility of C57BL/6 Mice to Infection with
ECTV. A mutant virus lacking both copies of CrmD (ECTVA©™P)
and wild-type ECTV (ECTV™T) were used. To dissect the contri-
bution of the TNF- vs. the chemokine-binding domains, a virus
expressing a mutant version of CrmD (point mutation in CRD) un-
able to bind TNF but retainin% chemokine binding activity of the
SECRET domain (ECTVR®SECRET) wag also used (22). The ability
of CRD or the SECRET domain to bind TNF or chemokines, re-
spectively, by each of these viruses is shown in SI Appendix, Table S1.

C57BL/6 wild-type (WT) mice, TNF-deficient (TNF~")
mice, and triple-mutant (TM) mice, engineered to express
only noncleavable mTNF but not TNFRI or TNFRII
(mTNF*4 TNFRI™".TNFRII”") were used. TNF~~ and
TM mice were used to determine whether the presence or absence
of vVINFR impacted on the pathogenesis of ECTV infection in the
absence of TNF or presence of only mTNF, respectively. The TM
mice are devoid of an endogenous TNF response but can respond
to exogenous TNFR or CrmD. The characteristics of these mouse
strains with respect to expression of sSTNF, mTNF, TNFRI, or
TNFRII are shown in SI Appendix, Table S2. The TM mice are
marginally more susceptible than mTNF* mice, which express
both TNFRI and TNFRIT, to ECTV T infection (SI Appendix, Fig.
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S1). We predicted that CrmD binding to sTNF in WT mice can
reduce the bioavailability of the cytokine, whereas its binding to
mTNF may potentially modulate the inflammatory response fur-
ther through reverse signaling (15, 16) in ECTVY -infected WT
and TM mice but not in TNF~~ mice.

Mice were inoculated intranasally (i.n.) with virus and moni-
tored for changes in body weight and disease signs, which are
presented as clinical scores using a scoring system (S Appendix,
Table S3) (41).

WT mice infected with the mutant viruses exhibited significant
weight loss and higher clinical scores compared with ECTVY'-in-
fected animals from day 7 postinfection (p.i.) (Fig. 1 4 and B).
Clinical scores between groups of WT mice infected with either of
the mutant viruses were comparable. However, ECTVReV-SECRET,
infected mice exhibited significantly higher wei;ht loss at days 7 to 9
compared to ECTVY -infected mice. TNF~~ mice fared poorly
regardless of the type of virus used for infection, and the presence
or absence of CrmD and/or SECRET did not influence weight loss
or clinical scores (Fig. 1 C and D). TM mice infected with ECTV™ T
lost less weight than those infected with mutant viruses at days 8 and
9, but they were not statistically significant (Fig. 1E). The clinical
scores in TM mice infected with any of the viruses were also similar
until day 8, but by day 9, the clinical scores of ECTV" -infected
mice were significantly lower than ECTVA™P.infected animals
(Fig. 1 E and F). WT and TM mice infected with ECTV™" fared
much better than all three strains infected with mutant viruses.
Although no mortality was recorded in this experiment, all animals
were killed at day 9 p.i. due to ethical and animal welfare reasons.

The results indicated that CrmD plays an important role in
reducing weight loss and clinical symptoms during respiratory
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Fig. 1. Increased susceptibility of WT and TM mice to ECTVA“™P and
ECTVReV-SECRET  Groups of WT, TNF™~, and TM female mice (five mice per
group) were infected i.n. with 25 plaque-forming units (PFU) of ECTVVT,
ECTVAC™P, or ECTVReV-SECRET \Weights (A, C, and E) and clinical scores (B, D,
and F) were monitored during the course of infection. Mice were killed
at day 9 p.i. Data for weights and clinical scores are expressed as means +
SEM. Statistical analysis was done using two way-ANOVA followed by
Holm-Sidak’s posttests. Weight loss and clinical scores in mice infected with
ECTVWT was compared to mice infected with the mutant viruses. *P < 0.05;
**P < 0.01; ***P < 0.001; #¥P < 0.001; ****P < 0.0001.
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ECTYV infection and that TNF is critical for CrmD to manifest its
biological effects.

CrmD Deficiency Exacerbates Lung Pathology But Does Not Affect
Viral Load in C57BL/6 Mice. We investigated whether the signifi-
cant morbidity among WT and TM animals infected with mutant
viruses was due to exacerbated lung pathology, increased viral
load, or both.

Fig. 2 shows hematoxylin and eosin (H&E)-stained lung sec-
tions from uninfected (Fig. 2 A-C) and virus-infected (Fig. 2 D—
L) mice. WT mice infected with ECTV"" exhibited minimal
parenchymal and perivascular edema with minor damage to the
epithelial lining of the bronchioles, and minimal diffusion of
cellular infiltrates (Fig. 2D). In contrast, ECTV" "-infected
TNF~'~ mice exhibited severe lung injury with total destruction
of most alveoli due to fluid accumulation, diffuse to multifocal
infiltration of leukocytes, and extensive damage to the entire
epithelial lining of the bronchioles (Fig. 2E). Lung pathology in
TM mice infected with ECTV™"' was more severe than WT mice
but less severe than TNF~~ mice (Fig. 2F).

ECTVAC™D ipfection exacerbated lung pathology in WT mice
with massive fluid accumulation, destruction of most alveoli,
diffuse to multifocal infiltration of leukocytes, and significant
damage to the epithelial lining of the bronchioles (Fig. 2G). The
absence of CrmD did not impact on lung pathology in TNF~/~
(Fig. 2H) or TM (Fig. 2I) mice.

In ECTVRVSECREL infected WT (Fig. 27), TNF '~ (Fig. 2K),
and TM lungs (Fig. 2L), most of the bronchial walls exhibited
complete or near-complete epithelial necrosis, interstitial infil-
tration of leukocytes, alveolar septal wall thickening, and col-
lapse of alveolar septal walls.

We semiquantified the histopathological changes in the lungs
using a scoring system (SI Appendix, Table S4) (41). Five distinct
observations were made from the analysis. First, WT lung sec-
tions had the lowest scores, TM lung sections had intermediate
scores, and TNF~/~ lung sections had the highest scores in re-
sponse to ECTVYT infection (Fig. 34). Second, WT mice in-
fected with either mutant virus exhibited substantially greater
lung histopathological scores. Third, in TNF~/~ mice, all three
viruses caused considerable levels of lung damage with no sig-
nificant differences in the histopathological scores. Fourth, TM
lung sections from mice infected with mutant either virus had
significant increases in their histopathological scores compared
to those infected with ECTVW'. Finally, the mutant viruses
caused comparable levels of lung damage in all three strains
of mice.

The lung viral load in all three strains of mice infected with
ECTVWT, ECTVAC™P or ECTVRVSECRET ere comparable
as the titers of viruses within each strain or across strains were
not statistically different. This finding indicated that the TNF-
binding or SECRET domains had no effect on viral replication
in vivo %Fl% 3B). In vitro, the r%)ilication kinetics of ECTVWT,
ECTVA®" or ECTVRSECRET i bone marrow-derived
macrophages (BMDMs) from WT (Fig. 3C), TNF~'~ (Fig. 3D),
or TM (Fig. 3E) mice over a 48-h period were comparable,
consistent with the in vivo results.

CrmD Regulates Leukocyte Recruitment/Infiltration into Lungs of
ECTV-Infected Mice. We used flow cytometry of collagenase-
digested lungs from uninfected and virus-infected mice to as-
certain whether the TNF-binding domain and/or the SECRET
domain affected leukocyte recruitment into the lungs, which
might have contributed to pathology. We enumerated the total
number of leukocytes and leukocyte subsets at early (day 4) and
later (day 8) stages of infection.

At day 4 p.i., numbers of leukocytes or leukocyte subsets did
not increase significantly in WT animals following infection with
ECTV™" when compared with naive animals (Fig. 4 A-K).
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Fig. 2. Exacerbated lung pathology in mice infected with ECTVA“™ or
ECTVReV-SECRET  Groups of WT, TNF~, and TM female mice (five mice per
group) were either not infected or infected i.n. with 40 PFU ECTVWT,
ECTVAC™D  or ECTVReV-SECRET Representative lung histology sections from
WT (A, D, G, and J), TNF~~ (B, E, H, and K), and TM (C, F, I, and L) mice at 9 d
p.i. The Upper image in each panel shows lung sections with mainly alveoli,
and the Lower image shows lung sections with alveoli, bronchioles, and
bronchiolar epithelial cells. Slides were examined on all fields at 400x
magnification. (Bars: 100 um.)

However, in the lungs of ECTVA“™P.infected animals, there

were significant reductions in numbers of leukocytes (CD45.2%)
(Fig. 44) and leukocyte subsets [T cells (CD3%)] (Fig. 4B), T cell
subsets (CD3*CD8*, CD3"CD4", CD3*TCR y8") (Fig. 4 C-
E), B cells (CD45R*) (Fig. 4F), NK cells (NK1.1*) (Fig. 4H),
neutrophils (CD11b™Ly6c'™Y) (Fig. 4/)], and inflammatory
monocytes (CD11b™Ly6c™) (Fig. 4K) compared to those in-
fected with ECTVWT or ECTVReVSECRET  AJthough the absence
of CrmD did not affect numbers of macrophages (F4/80™)
(Fig. 4G) or dendritic cells (CD11c™) (Fig. 4I), the presence of
only the SECRET domain in ECTVR®SECRET jpfected animals
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Fig. 3. CrmD deficiency exacerbates lung pathology in WT and TM mice but
has no effect on viral load. Groups of WT, TNF~~, and TM mice (five mice per
group) were infected i.n. with 39.5 PFU ECTVWT, ECTVA“™P, or ECTV/ReV-SECRET,
(A) Histopathological scores of lung sections from mice 9 d p.i. Slides were
examined on all fields at 400x magnification. Data are expressed as means +
SEM, and statistical analysis was done using ordinary one-way ANOVA test
followed by Tukey’s multiple-comparisons tests, where *P < 0.05 and **P <
0.01. (B) Lung viral load at day 9 p.i. Data were log transformed and expressed
as means + SEM. Statistical analysis was undertaken using ordinary one-way
ANOVA followed by Fisher’s least significant difference tests. The broken line
corresponds to the limit of virus detection. In vitro virus replication in BMDMs
from (C) WT, (D) TNF™~, and (E) TM mice. BMDMs were infected at a multi-
plicity of infection of 1 with ECTVWT, ECTVA“™P, or ECTVR®VSERET Cells were
harvested at 0, 6, 12, 24, and 48 h p.i., and viral load was determined by plaque
assays. Data were log transformed and expressed as means + SEM of duplicate
samples for each time point. Statistical analysis was achieved using two-way
ANOVA followed by Tukey’s posttests.

significantly increased numbers of these subsets. The SECRET
domain appeared to be critical for leukocyte recruitment into the
lungs of infected WT mice.

In contrast to WT mice, TNF~'~ animals did not exhibit any
statistically significant increases or decreases in leukocyte subsets
present in the lungs regardless of the type of infecting virus. This
finding further indicated that TNF is critical for the function of
CrmD and that any biological consequences of CrmD interacting
with LT-a or LT-f had minimal impact on leukocyte recruitment.

In TM mice, the total infiltrating leukocytes (CD45.2%)
(Fig. 44) and most subsets examined were significantly higher in
numbers in lungs of ECTVW-infected animals compared to un-
infected or mutant virus-infected animals. The absence of CrmD
reduced leukocyte subset numbers in ECTVAS™P_infected mice,
similar to the outcome in WT mice. However, unlike in WT mice,
the presence of only the SECRET domain in ECTVReV-SECRET
infected mice did not contribute to any increases in numbers of
leukocyte subsets. As TM mice do not produce sTNF, TNFRI,
and TNFRII, the lack of any effect suggested that endogenous
TNF signaling was likely necessary for SECRET to mediate its
activity in relation to leukocyte recruitment into the lungs.

At day 8 p.i., leukocyte numbers in WT lungs were comparable
irrespective of the infecting virus as was the case in TNF~/~ mice
(SI Appendix, Fig. S2). The one exception was a significant re-
duction in the number of B cells (CD45R*) in TNF~/~ mice
infected with ECTVR®SECRET compared with those infected
with ECTVA™P or ECTVWVT. TM mice were not included in
the day 8 p.i. analysis of lung leukocytes as sufficient numbers of
age- and sex-matched animals were unavailable. Results from
the day 8 time point suggested that the exacerbated lung pathol-
ogy seen at this time cannot be attributed to leukocyte numbers.
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VvINFRs Dampen Inflammation In Vitro through Reverse Signaling.
The binding of TNFR to mTNF on a cell can induce reverse
signaling in vitro and in vivo to dampen inflammatory gene expres-
sion (15, 16). We reasoned that CrmD and other OPV-encoded
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Fig. 4. The SECRET domain of CrmD is important for leukocyte recruitment
to the lungs early during the course of infection. Groups of WT, TNF™~, and
TM mice (five mice per group) were infected i.n. with 38 PFU ECTVV,
ECTVAC™P or ECTVReV-SECRET At day 4 p.i., lungs were collected from virus-
infected mice and two naive animals from each group. Single-cell suspen-
sions of digested lungs were stained with fluorochrome-conjugated mAb
and analyzed by flow cytometry. Leukocytes were gated on (A) CD45* cells
(CD45.2%). Shown are numbers of (B) T cells (CD3*), (C) CD4* T cells (CD3*
CD4™), (D) CD8* T cells (CD3* CD8*), (E) gamma delta T cells (CD3* TCR y5%),
(F) B cells (CD45R*), (G) macrophages (F4/80%*), (H) NK cells (NK1.1%), ()
dendritic cells (CD11¢*), (J) inflammatory monocytes (CD11b" Ly6c™), and (K)
neutrophils (CD11b" Ly6c'®"). Data were log transformed and expressed as
means + SEM. Statistical significance was obtained using the two-way
ANOVA followed by Tukey’s multiple-comparisons tests, where *P < 0.05;
**P < 0.01; ***P < 0.001.
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VINFRs, which are known to bind mTNF (22), could also potentially
reverse signal through mTNF and dampen inflammation in the lungs
of infected hosts. Treatment with lipopolysaccharide (LPS), a potent
inducer of TNF, stimulated the production of STNF and mTNF in
the murine macrophage cell line RAW264.7 and expectedly, it only
induced mTNF in BMDMs from TM mice (SI Appendix, Fig. S3). To
demonstrate reverse signaling, we used BMDMs from TM mice
stimulated with LPS to induce mTNF and inflammatory gene ex-
pression, and subsequently treated the cells with vVINFR. We used
the Mouse Signal Transduction Pathway Finder PCR array that
screened for 84 genes (SI Appendix, Fig. S4 and Table S5; (42)). If
vINFRs dampened inflammation, we expected to see the down-
regulation of mRNA transcripts for some LPS-induced inflamma-
tory genes. We used recombinant CrmD from ECTV, CrmB, CrmC,
and CrmD from cowpox virus (CPXV) and CrmB from VARY,
expressed in the baculovirus system and purified as described (25).

LPS stimulation up-regulated the mRNA for 22 of the 84
genes that were screened (SI Appendix, Fig. S4). Treatment with
Crm proteins down-regulated 18 of the 22 mRNA up-regulated
by LPS (Table 1). Individual Crm proteins had varying effects on
reducing mRNA levels, with CPXV CrmD downregulating the
greatest number of mRNA transcripts induced by LPS. All of the
Crm proteins significantly reduced IL-la, CCL2, and IL-2Ra
mRNA levels following reverse signaling (Table 1). The path-
ways that were most affected by reverse signaling such as NF-xB
and JAK-STAT cytokine signaling pathways are involved in in-
flammatory processes. Crm proteins also modulated those genes
that were down-regulated by LPS stimulation (SI Appendix, Ta-
ble S6) and these are represented by several signaling pathways
including stress, NF-xB, CREB, Wnt, Hedgehog, and PIA3K/
AKT pathways.

Absence of CrmD Results in Dysregulated Expression of Proinflammatory
Mediators. LPS stimulation of BMDMs followed by vINFR
treatment may not be a true reflection of changes in mRNA
expression that can occur in the various cell types present in an
organ as complex as the lung during viral infection, where many
cell types produce TNF (41) and can thus be subjected to re-
verse signaling. We therefore determined changes in mRNA
transcripts in lung tissue of WT, TNF™~, and TM mice at day 9

p.i. using quantitative reverse transcription real-time PCR
(qRT-PCR). We also measured the protein levels of some of
the cytokines in separate groups of infected WT mice.

WT and TNF~~ mice do not express detectable levels of IFN-
v, IL-6, IL-10, TGF-p, and TNF (WT mice only) (41). The cy-
tokine responses to ECTVWT infection in WT and TM lungs
were similar, whereas the levels of most mRNA transcripts were
significantly higher in TNF~~ lungs compared to WT or TM
lungs (Fig. 5 A-J). The absence of CrmD in ECTVA“™P.
infected WT mice led to significant increases in levels of mRNA
transcripts for all mediators compared with ECTV™? infection.
In the presence of the SECRET domain in ECTVReV-SECRET,
infected WT mice, three types of responses were apparent when
compared with ECTVAC™D infection. First, IL-1, IL-12p40,
and TGF- mRNA levels were reduced. Second, mRNA levels of
IL-6 and IL-10 were increased significantly. Third, mRNA levels
of TNF, IL-1a, IFN-y, CCL2, and NOS2 were similar but sig-
nificantly higher than levels induced by ECTVWVT,

Expectedly, TNF~~ mice did not express mRNA for TNF, but
infection with ECTV™' induced significantly higher levels of
several inflammatory mediators compared to levels in WT or TM
mice. The only exception was NOS2 mRNA, whose levels were
similar to those in WT and TM mice. IL-1p, IL-6, and NOS2
mRNA levels in TNF~~ mice infected with any one of the three
viruses were comparable. Some mRNA transcripts in TNF~/~
mice infected with either of the mutant viruses changed signifi-
cantly. IL-10, IFN-y, and CCL2 levels increased, whereas IL-1a,
IL-12p40, and TGF-p levels decreased regardless of whether
both domains were absent or only the SECRET domain was
present. Thus, any changes in mRNA expression in TNF~~ mice
infected with ECTVA“™P or ECTVR®SECRET were clearly not
due to interactions of LT-a and/or LT-p with the CRD as the
both the mutant viruses do not express the TNF-binding domain.

In TM mice, CrmD deficiency led to increases in levels of
expression of a number of mediators, except IL-1a, IL-12p40,
and TGF-p. TNF and IL-1p levels were significantly hi%sler in
the ECTVA™P_infected group compared to ECTVV'- or
ECTVRVSECRET jnfected mice. Similarly, IL-6 and IL-10 levels
were higher in the absence of CrmD, reduced when only the
SECRET domain was present, but were clearly higher than in

Table 1. Genes up-regulated by LPS stimulation and modulated following reverse signaling

with vVTNFRs
Fold change relative to unstimulated cells*

Genes Pathway ECTV crmD CPXV crmB CPXV crmC CPXV crmD VARV crmB
CXCL9 JAK-STAT 1.54 1.18 1.01 —-2.30 -1.47
ILTA NF-xB -2.00 -3.03 —2.87 -3.03 -3.47
PTGS2 NF-«xB -1.47 —-2.24 -3.11 -5.29 -1.83
ccL2 NF-xB -2.30 —-2.64 -2.79 -2.87 —4.95
VCAM1 NF-xB -0.87 -1.20 -1.1 —2.06 -1.47
NOS2 NF-xB -1.83 -1.43 -1.94 -1.89 -2.95
IL2RA JAK-STAT -2.12 -3.89 —2.50 —-4.12 -1.94
SELP Metabolism -1.57 -3.38 -2.72 —2.06 -0.83
FAS NF-«xB —0.64 -1.72 -1.33 -3.38 -1.78
ICAM1 NF-xB -0.87 -1.11 -1.67 -3.47 -1.67
NFKBIA NF-«xB -0.24 -1.24 —-0.99 —2.50 -1.83
GYS1 Metabolism 1 1.12 -0.06 1.13 —2.06
IRF1 JAK-STAT -1.43 —-2.18 -2.72 -1.52 -3.29
CEBPB Metabolism -0.72 -0.54 -0.72 —2.30 -0.50
TANK NF-«xB -1.94 -3.38 —2.00 —2.50 —2.87
HK2 Metabolism -0.15 -0.18 -0.12 1.01 —2.06
BIRC3 NF-«xB -0.87 -1.43 -1.20 -3.57 —-2.44
MMP10 JAK-STAT -1.07 -1.78 -2.12 -0.57 —2.06

*Values greater than twofold decrease in gene expression are in bold.
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Fig. 5. Deletion of CrmD significantly up-regulates levels of mRNA tran-
scripts for inflammatory mediators in virus-infected lungs. Groups of WT,
TNF~-, and TM mice (five mice per group) were infected i.n. with 25 PFU
ECTVWT, ECTVAC™P or ECTVREV-SERET At day 9 p.i., mice were killed, and
lungs were collected. RNA was isolated from lungs and qRT-PCR was used to
determine levels of mRNA transcripts for (A) TNF, (B) IL-1a, (C) IL-1B, (D) IL-6,
(E) IL-10, (F) IL-12p40, (G) IFN-y, (H) TGF-p, (/) CCL2, and (J) NOS2. UBC was
used as the reference gene. The expression levels of each gene in infected
mice are relative to the expression levels in naive mice. Data are expressed as
means + SEM. Statistical analysis was performed using two-way ANOVA
followed by Tukey’s multiple-comparisons tests, where *P < 0.05; **P < 0.01;
***p < 0.001.

ECTV""infected animals. NOS2 mRNA transcripts were only
increased in the lungs of mice infected with ECTVACT™D,

The CRD and SECRET domain differentially regulated
mRNA transcripts for a number of inflammatory genes in the
three different strains of mice. In WT animals, the CRD was
particularly important for dampening TNF, IL-1«, IL-1p, TGF-p,
CCL2, IFN-y, and NOS2, whereas the SECRET domain
appeared critical for induction of IL-6 and IL-10. In TM mice,
the presence of the SECRET domain alone reduced levels of
CCL-2, IFN-y, IL-1p, IL-6, IL-10, and TNF compared to levels in
the absence of both the TNF-binding and SECRET domains.

We measured the levels of some cytokines b\z ELISA in lung
homogenates of WT mice infected with ECTVWY, ECTVAC™D]
or ECTVRSECRET (g1 Appendix, Fig. S5). The absence of CrmD
in ECTVA“™P_jnfected mice increased levels of TNF, IL-10, and
CCL2, whereas the presence of only the SECRET domain in
ECTVRVSECREL jnfected mice significantly increased levels of
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IL-6 and IL-10, consistent with the gene expression data shown in
Fig. 5. CrmD deficiency induced the highest levels of IL-1p and
IL-12p40 mRNA transcripts; however, the SECRET domain
alone was sufficient to induce significantly higher levels of these
proteins. Finally, while the absence of CrmD significantly in-
creased levels of mRNA transcripts for IFN-%Tthe protein levels
were comparable in mice infected with ECTVWT, ECTVAC™D or
ECTVRVSECRET Bypression of mRNA transcripts and protein
for some of the cytokines were incongruent (Fig. 5 and SI Ap-
pendix, Fig. S5). This may have been due to distinct expression
kinetics, posttranscriptional regulation of cytokine gene expres-
sion, and/or the cytokine milieu in Iungs of the different mouse
strains infected with different viruses, which may have had an
impact on protein translation.

Blockade of IFN-y, IL-6, IL-10R or TNF Reduces Weight Loss and
Disease and Increases Survival Rates. The increased production of
a number of inflammatory cytokines in mice infected with mu-
tant ECTV possibly contributed to the increased morbidity and
mortality, as shown previously in ECTV-infected TNF~~ mice
(41). We postulated that the in vivo blockade of some of these
cytokines might reduce the severity of the clinical symptoms and
lung pathology and possibly allow the recovery of mice infected
with ECTVAT™P or ECTVR®VSECRET  Groups of WT mice in-
fected with either mutant virus were treated with mAb against
IFN-y, IL-6, IL-10R, or TNF, beginning at day 7 p.i. and treat-
ment continued every alternate day until day 20 p.i. and surviving
animals were killed on day 21. We selected day 7 p.i. to start
cytokine blockade therapy as this is the time when animals start
losing weight, have relatively higher clinical scores, and lung
pathology starts to develop. Control groups were treated with an
isotype-matched rat IgG mAb, and the data are presented in
Fig. 6.

In ECTVAS™P_jnfected WT mice, blockade of IFN-y, IL-6,
TNF, or IL-10R with specific mAb significantly increased sur-
vival rates compared to the rat IgG isotype control mAb-treated
group (Fig. 64). The control mAb-treated group exhibited 100%
mortality by day 8 p.i., whereas 60% of animals treated with mAb
against TNF or IL-10R were alive at day 21. Anti-IL-6 mAb
treatment resulted in the survival of 80% of animals in the group,
whereas IFN-y blockade rescued 100% of the mice. Individually,
IFN-y, IL-6, TNF, and IL-10 were necessary and sufficient to
cause significant morbidity and mortality due to lung pathology,
but the blockade of just one of the cytokines was sufficient to
protect 60 to 100% of the mice.

ECTVRVSECRET jpfected mice also succumbed to infection
by day 8 p.i. (Fig. 6B). Survival rates significantly increased from
0 to 60% and from 0 to 80% after treatment with anti-TNF or
anti-IL-10R mAb, respectively. There was 100% survival in the
group treated with anti-IL-6 (Fig. 6B). Thus, blockade of IL-6,
TNF, or IL-10R resulted in similar outcomes in animals infected
with ECTVAC™D or ECTVRVSECRET The only exception was
anti-IFN-y treatment of ECTVRSECRET jpfected mice, which
had minimal effects on the outcome and all animals succumbed
to infection. This finding is in complete contrast to ECTVAC™P.
infected mice, which were fully protected from anti-IFN-y
treatment. Thus, IFN-y, IL-6, TNF, and IL-10 are responsible
for the pathology in the absence of the CRD and the SECRET
domain in ECTVA“™P_jnfected mice. In contrast, in the pres-
ence of only the SECRET domain, IFN-y was not sufficient to
cause pathology.

Weight loss (Fig. 6 C and D) and clinical scores (Fig. 6 £ and
F) were also markedly lower after anti-cytokine treatment
compared to the control mAb-treated groups. Mice treated with
anti-cytokine mAb regained weight beginning at day 12 and
those mice that recovered had similar clinical scores from this
time. Improvements in weight loss and clinical scores correlated
with the survival rates, as evidenced by body weight recovery and
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Fig. 6. Blockade of TNF, IFN-y, IL-6, or IL-10R protects against mutant virus
infection. Groups of WT female mice (five mice per group) were infected i.n.
with 25 PFU of ECTVAS™P or ECTVRVSESRET On days 7, 9, 11, 13, 15, 17, 19,
and 21 p.i., individual groups were treated with isotype control rat IgG mAb
(control mADb) or specific mAb against TNF (a-TNF), IL-6 (a-IL-6), IL-10R (a-IL-
10R), or IFN-y (a-IFN-y) at 500 pg, i.p. Mice were monitored daily and killed if
they had lost >25% of their original weight or were severely moribund at
any time during the course of infection. All surviving animals were killed
on day 22 p.i. (A and B) Survival, (C and D) weight loss, (E and F) clinical
scores, (G and H) histopathological scores, and (/ and J) viral load in mice
infected with ECTVAS™P or ECTVReV-SECRET Eor A and B, statistical analysis
was done using the log-rank (Mantel-Cox) test, P < 0.01, in survival pro-
portions of mice infected with ECTVA“™P or ECTVReV-SERET gand treated with
anti-cytokine mAb compared to mice treated with control mAb. For C-F,
significance was obtained using two-way ANOVA followed by Dunnett’s
posttests compared to the means of control mAb-treated groups at day 8 p.i.
For Cand D, in the ECTVA“™P_infected groups, P < 0.001 when control mAb-
treated group is compared with a-IL-6— or a-IFN-y—treated groups and P <
0.0001 when control mAb-treated group is compared with a-TNF- or o-IL-
10R-treated groups. In the ECTVREV-SESRET jnfacted groups, P < 0.0001 when
control mAb-treated group is compared with o-IL-6— or o-IFN-y-treated
groups and P < 0.01 when control mAb-treated group is compared with
o-TNF- or a-IL-10R-treated groups. For £ and F, in the ECTVA“™P. and
ECTVReV-SECRET jnfected groups, P < 0.0001 when control mAb-treated group
is compared with a-IL-6—, a-IFN-y—, o-TNF-, or a-IL-10R-treated groups. For
G-J, datasets for_individual mice are presented as the results come from
different days for each of the groups. For that reason, statistical analysis was
not done. Data shown are from one experiment.

Al Rumaih et al.

the absence of any clinical signs and symptoms in mice that were
alive at day 21 p.i.

The histopathological scores (Fig. 6 G and H) generated from
lung histology sections (SI Appendix, Fig. S6) were highest in
those animals that had the highest clinical scores, lost significant
body weights, and succumbed to mousepox compared to those
animals that had survived. The viral load was very high in those
animals that died early between days 8 and 12, but was at or
below the limit of detection in animals that recovered and killed
at day 21 (Fig. 6  and J). Of particular interest is the outcome
of IFN-y blockade in mice infected with ECTVAC™P or
ECTVRSECRET 1y mice infected with ECTVA“™P and treated
with anti-IFN-y, viral load was below the limit of detection and the
histopathological scores were substantially reduced. In contrast,
in mice infected with ECTVR"SERET and treated with anti-
IFN-y, the viral load and histopathological scores were comparable
with those of control mAb-treated mice. The results indicate that
excessive IFN-y production in mice infected with ECTVAC™P,
when both CRD and SECRET domain are absent, results in sig-
nificant lung pathology. In contrast, excessive IFN-y production in
mice infected with ECTVR®V-SECRET "when only the SECRET
domain is present, is not sufficient to cause pathology. It is
possible that the si%nificantly higher levels of IL-1p, IL-6, and
IL-10 in ECTVRSECRET jpfected mice, compared to levels
induced by ECTVA“™P infection, could have overcome any
protective effects that might have been afforded by IFN-y
blockade.

Discussion

OPV encode homologs of mammalian cytokine and chemokine
receptors that can dampen, evade, or subvert the host immune
response and influence the outcome of infection (20, 21, 23, 24).
Such a strategy provides an advantage to the virus, allowing
successful replication, transmission to other hosts, and even
persistence within the host (43). As viruses have coevolved with
their hosts and virus-encoded molecules can be host species
specific, we utilized ECTV, a natural mouse pathogen, to ad-
dress the function of CrmD in C57BL/6 mice that are normally
resistant to infection with this virus. Both VARV and ECTV are
related OPVs that cause respiratory infection and mousepox is a
robust surrogate model for smallpox. The findings with mouse-
pox will be relevant to smallpox and specifically to VARV-
encoded CrmB, a VINFR with TNF/LT binding properties for
human TNF/LT and that also contains a SECRET domain that
binds specific chemokines (125, 31). Respiratory infection of
C57BL/6 mice with ECTVYT results in morbidity but animals
completely recover, whereas infection with ECTVA“™P or
ECTVReVSECRET caused significant morbidity and 100% mor-
tality. In the ECTV-resistant C57BL/6 mice, CrmD actually
provided an advantage to both the host and virus.

The TNF-binding CRD not only reduces the bioavailability of
host TNF, but it also dampens inflammatory cytokine produc-
tion by reverse signaling through mTNF. The combined results
from both in vivo experiments in ECTVV™-, ECTVAC™P_ or
ECTVRVSECRET _infected mice and in vitro results from
BMDMs treated with Crm proteins from various OPVs revealed
that the binding of CrmD to mTNF significantly reduces the
levels of TNF production and some other cytokines that can
mediate inflammatory or regulatory functions.

Previous studies on ECTV-encoded cytokine binding proteins
(bp) such as IFN-y-bp (44), IFN-o/B-bp (44, 45), and IL-18-bp
(44) revealed that infection of ECTV-susceptible BALB/c mice
with deletion mutant viruses was attenuated, some more than
others. These mutant viruses were also attenuated in C57BL/6
mice, but the effects were far more dramatic in BALB/c mice.
Indeed, some of us recently reported that infection of BALB/c
mice with ECTVA“™P attenuated the infection to the extent
that animals fully recovered from an otherwise lethal infection
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(22). When infected with ECTVY', BALB/c mice respond with a
weak inflammatory response and produce very little TNF or
other inflammatory cytokines (35). However, when BALB/c mice
were infected with ECTVA“™P the inflammatory and cell-
mediated immune responses were augmented resulting in ef-
fective virus control and survival (22). The CRD and SECRET
domain were both found to be required for CrmD to mediate its
function fully. The CRD neutralized TNF, whereas the SECRET
domain reduced leukocyte recruitment, resulting in a reduction
in the capacity of the host to generate an effective antiviral im-
mune response (22).

In the present study, expression of CrmD protected the host
from virus-induced immunopathology, instead of increasing vir-
ulence. Deletion of CrmD from ECTV significantly increased
morbidity and mortality in ECTV-resistant C57BL/6 mice.
In contrast to BALB/c mice, C57BL/6 mice infected with
ECTVA“™P succumbed to mousepox due to significant lung
inflammation and pathology. CrmD is critical for dampening
lung inflammation in C57BL/6 mice, and its function requires
host TNF. The increased susceptibility was not due to increased
lung viral load as titers of WT and mutant viruses were compa-
rable across the WT, TNF~~, and TM mice. It is interesting to
note that deletion of the secreted IL-1f receptor encoded by
vaccinia virus also caused significant detrimental effects after i.n.
infection of BALB/c mice, in this case with increased fever,
accelerated weight loss, and mortality (4, 46).

C57BL/6 WT mice produce significantly higher levels of TNF
compared to BALB/c mice (35). The absence of CrmD in WT
and TM mice infected with ECTVAS™P resulted in significantly
increased levels of TNF and other inflammatory cytokines in-
cluding IL-6, IL-10, TGF-f, and IFN-y. The dysregulated cyto-
kine responses were contemporaneous with weight loss, higher
clinical scores, exacerbated lung pathology, and 100% mortality
in both WT and TM mice. WT mice in particular demonstrated
clear increases in inflammatory cytokine responses but signifi-
cantly reduced leukocyte recruitment into the lungs when both
CRD and SECRET domain were absent. However, analysis of
ECTVReVSECRET jnfected lungs established that it is the SE-
CRET domain that contributed to leukocyte recruitment, at least
at day 4 p.i. Nonetheless, the presence or absence of the
SECRET domain when CRD was absent did not affect clinical
scores, weight loss, lung pathology, or survival of WT and TM
mice infected with either mutant virus. These findings are in
sharp contrast to those reported for the BALB/c mice (22). As
the SECRET domain has chemokine-binding activity and can
bind to several chemokines (22), we had predicted that it would
act in a similar manner in the C57BL/6 strain. It is likely that
excessive production of a number of inflammatory cytokines in
the absence of CRD in ECTVR®-SECRET jpfected mice over-
came the inhibitory effects of the SECRET domain on leukocyte
recruitment to the lungs. It is also likely that virus inoculation
through different routes, i.e., the i.n. route in C57BL/6 mice in
the current study and through the s.c. route in BALB/c mice
(22) may induce a distinct pattern of chemokine expression and
influence leukocyte recruitment. In the current study, leukocyte
numbers or phenotypes in lungs at days 4 or 8 p.i. did not
correlate with pathology in mice infected with the mutant
viruses, suggesting the possibility that dysregulated activation
and production of excessive cytokines and chemokines by dis-
tinct leukocytes subsets present in lungs might be responsible.

The C57BL/6 TNF~'~ strain is highly susceptible to respiratory
ECTVWT infection and dies from serious lung pathology. Apart
from binding to TNF, CRD can also interact with LT-o and LT-p
and use of TNF~'~ mice helped to dissociate the effects of CRD
binding to TNF from those of binding to LT-a and/or -p. Unlike
the significant effects seen in WT mice, infection of TNF~/~ mice
with ECTVAS™P or ECTVR®SECRET {id not make any differ-
ence to weight loss, clinical scores, leukocyte recruitment, viral
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load, lung pathology, or survival. These findings suggest that the
major biological functions of CRD are mediated through binding
to TNF. Nonetheless, mRNA transcripts for IL-1a, IL-12p40,
and TGF-f were down-regulated, whereas IFN-y and CCL-2
were up-regulated in mutant virus-infected TNF~/~ mice, i.e., in
the complete absence of CRD. Those changes are therefore not
due to interactions of CRD with LT-a and/or LT-p.

The presence or absence of the SECRET domain when CRD
was absent also did not affect clinical scores, weight loss, or
survival of WT and TM mice. However, there were clear dif-
ferences in the requirement for IFN-y in causing pathology or
controlling virus load in WT mice. IFN-y has a well-established
antiviral role in the mousepox model (39, 40), but excessive
production can also cause lung pathology (41). In the current
study, excessive IFN-y production in mice infected with
ECTVA“™P resulted in significant lung pathology, whereas it
was not sufficient to cause pathology in mice infected with
ECTVReV-SECRET 'This is an unexpected but interesting finding
that warrants further detailed investigation. The utilization of an
additional mutant virus expressing only the CRD, in addition to
the CrmD mutant and SECRET revertant viruses will help to
delineate the distinct effects the two domains have on the im-
mune response to ECTV infection. Nonetheless, some likely
explanations include potential differences in the activation status
of infiltrating leukocytes, which may have had an impact on the
types and levels of cytokines/chemokines secreted in lungs of
mice infected with ECTVA™P or ECTVR®VSECRET For ex-
ample, there were distinct differences in levels of cytokines/
chemokine in lungs of mice infected with the different mutant
viruses. In particular, the levels of IL-1 E, IL-6, and IL-10 were
significantly higher in ECTVR®-SECRET jpfected mice com-
pared to ECTV2“™P_infected mice. Excessive levels of IL-6 or
IL-10 production, as a consequence of TNF deficiency (41) or
excessive TNF production (current study), during respiratory
ECTYV infection causes significant lung pathology. Consistent
with our findings that high levels of IL-6 and IL-10 cause severe
lung pathology is a recent report that showed that significantly
higher levels of IL-6, IL-10, and TNF were detected in severe
COVID-19 patients compared with those who had milder dis-
ease (47). IL-1p has been shown to drive chronic lung inflam-
mation during influenza A virus infection in mice (48). It is
conceivable that excessive levels of IL-1f, IL-6, and IL-10 in
ECTVReV-SECRET jnfected mice, treated with anti—-IFN-y mADb,
could have overcome any protective effects that might have
been otherwise observed.

It is striking that, under conditions of excessive TNF produc-
tion (this study) or TNF deficiency (41) during respiratory ECTV
infection, an overlapping set of cytokines and cytokine signaling
pathways are dysregulated. Excessive TNF production involving
NF-kB activation can induce the production of other inflam-
matory cytokines, including IL-6 and IL-10, which in turn can
activate signal transducer and activator of transcription (STAT)
3 (49), which is downstream of the NF-«B signaling pathway. The
two signaling pathways cross-regulate each other and regulate an
overlapping group of target genes (50, 51). Therefore, pertur-
bations in one pathway will disrupt or dysregulate the other
pathway. Our results show that an overexuberant TNF response
not only dysregulates the STAT3 signaling pathway (IL-6 and IL-
10) but also the NLRP3 inflammasome (IL-1p), JAK/STAT
(IFN-y), NF«xB (IL-6), and TGF-p/Smad (TGF-p) signaling
pathways. For this reason, blockading or dampening one in-
flammatory cytokine may be sufficient to ameliorate lung pa-
thology, as we have shown in this study. However, if some of the
inflammatory cytokines are produced at excessive levels, as in the
case of ECTVR®V-SECRET infected mice, blockading a single
inflammatory cytokine may not be sufficient to reduce lung
pathology.
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In conclusion, the outcome of infection of C57BL/6 vs. BALB/
¢ mice with vVINFR mutant viruses would be determined not
only by a balance between the host’s ability to produce TNF and
the virus’ ability to neutralize its effects but also how CrmD
signaling through mTNF affects production of other inflamma-
tory cytokines. CrmD provides an advantage to ECTV in the
BALBj/c strain, but the rapid death of a susceptible host would
not be conducive for effective virus spread. By enabling host
survival in the C57BL/6 strain, CrmD benefits the host. Impor-
tantly, host survival would also facilitate virus spread and, as a
consequence, provide an advantage to the virus. Based on the
mousepox model, we would speculate that, in humans, VARV-
encoded CrmB, expressing TNF and chemokine binding do-
mains, may also protect against lung pathology in those indi-
viduals capable of generating potent inflammatory responses but
otherwise contribute to increased susceptibility in those indi-
viduals not capable of generating an effective immune response.

Materials and Methods

Animal Studies. Animal experiments were performed in accordance with
protocols approved by the Animal Ethics and Experimentation Committee of
the ANU (protocol numbers A2011/011 and A2014/018) and the Animal Ethics
Committee of the University of Tasmania (protocol number A0016372). Six- to
12-wk-old female WT, Tnf™"°d (TNF~7) (2), Tnf™2°% (mTNF*'2) (52), and
Tnfim2ZedsTnfrsf1at™ ™ Tnfrsf1b™™ '™ (designated triple mutant, TM) mice
on a C57BL/6 background were bred under specific pathogen-free conditions
at the Australian Phenomics Facility, Australian National University, Can-
berra, Australia. We generated the TM mice by crossing the mTNF~’2 with
TNFRI- and TNFRIl-deficient mice (53). Animal experimental setup, virus in-
oculation, clinical scoring, weighing mice, and treatment with mAb were
carried out as previously described (41) and outlined in S/ Appendix. Details
of sTNF, mTNF, TNFRI, and/or TNFRII expression by each mouse strain are
presented in S/ Appendix, Table S2.

Cell Lines and Viruses. BS-C-1 (ATCC CCL-26) cells were cultured in Eagle’s
minimum essential medium (EMEM) supplemented with 2 mM L-glutamine
(Sigma-Aldrich), antibiotics (penicillin, 120 pg/mL; streptomycin, 200 pg/mL;
and neomycin sulfate), 1 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (Hepes), and 10% heat-inactivated fetal calf serum. This medium re-
ferred to as complete EMEM10. RAW264.7 (RAW 264.7; ATCC TIB-71) and
NCTC clone 929 (L-929 cells; ATCC CCL-1) cells were cultured in complete
DMEM (DMEM10) with additional supplements of 1 mM sodium pyruvate
and 1 mM nonessential amino acids.

The Naval (22, 31) and Moscow (35) ECTV strains were propagated and
quantified as described (54). The CrmD mutant viruses were generated from
the Naval strain of ECTVWT (22, 31). Both strains of virus encode CrmD, with a
single amino acid mutation (F263L) in a 320-amino acid polypeptide, have
minor genetic differences (mainly due to different ways to annotate the
viral genes) and exhibit similar degrees of virulence in BALB/c and C57BL/6
mice (55). A schematic overview of the three viruses with respect to their
ability to bind TNF and/or chemokines is presented in S/ Appendix, Table S1.
For more information, see SI Appendix, Materials and Methods.

Generation of BMDMs and Virus Replication Kinetics. BMDMs from WT, TNF~
and TM mice were generated as described elsewhere (56) with some mod-
ifications and used to determine whether the CRD or SECRET domain in-
fluence ECTV replication in vitro. L929-cell conditioned medium was used as
a source of macrophage-colony stimulating factor to generate BMDMs. For
more details, see SI Appendix, Materials and Methods.
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Viral Plaque Assay for Quantification of ECTV. To enumerate the number of
virus plague-forming units (PFUs) present in samples, a viral plaque assay
using BS-C-1 cells was used as previously described (54).

Reverse Signaling through mTNF in BMDMs from TM Mice. A total of 5 x 10°
mature BMDMs generated from TM mice was resuspended in 10 mL of
complete DMEM10 and added to 25-cm? tissue culture flasks. Cells were
allowed to adhere for 2 h, prior to addition of LPS at 50 ng/mL, and incu-
bated for 6 h. To induce reverse signaling through mTNF, recombinant Crm
proteins were added to individual flasks at 10 ug/mL for 3 h. Cells were then
harvested for isolation of RNA, generation of cDNA, and qRT-PCR analysis.

Histology and Microscopic Assessment of Lung Pathology. Histological assess-
ment of H&E-stained lung sections was undertaken as described previously
(41). For more details, see S/ Appendix, Materials and Methods.

Flow-Cytometric Analysis of Lung Leukocytes. Lung tissue samples were
digested with DNase | and collagenase, and flow cytometry of lung leukocytes
was undertaken as described (41). Data were acquired on a BD LSR Fortessa
flow cytometer with BD FACS Diva software and analyzed using FlowJo
software, version 9.5 (Tree Star). For more details, see S/ Appendix, Materials
and Methods.

Detection of Cytokine Proteins in Lung Homogenates. The levels of cytokines
and chemokines in the lung homogenates were measured using capture
ELISA kits (Biolegend), performed according to the manufacturer’s protocol.
Optical density was measured at 450 nm with SOFTmax Pro software (Mo-
lecular Devices Corporation). For details on lung homogenate preparation,
see S/ Appendix, Materials and Methods.

RNA Extraction, cDNA Generation, and qRT-PCR. RNA extraction, cDNA syn-
thesis, and qRT-PCR were carried out as described (41). For more details, see
SI Appendix, Materials and Methods.

Viral TNFR Expression and Purification. Recombinant vTNFRs from ECTV
(CrmD), CPXV (CrmB, CrmC, and CrmD), and VARV (CrmB) were expressed in
the baculovirus system, fused to a C-terminal V5-6xHis tag as described
elsewhere (25). Proteins were purified in metal chelate affinity columns from
supernatants of infected Hi5 cell cultures. Permission from the World Health
Organization was granted to hold VARV DNA encoding CrmB, and its ma-
nipulation was performed in accordance with the established rules.

Statistical Analysis. Statistical analyses of experimental data, as indicated in
the legend to each figure, were performed using appropriate tests to
compare results using GraphPad Prism 8 (GraphPad Software). A value of P <
0.05 was taken to be significant: *P < 0.05; **P < 0.01; ***P < 0.001;
***%p < 0.0001.

Data Availability. All study data are included in the article and S/ Appendix.
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