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Monkeypox virus (MPXV) is an orthopoxvirus closely related to variola virus, the causative agent of
smallpox. Human MPXV infection results in a disease that is similar to smallpox and can also be fatal. Two
clades of MPXV have been identified, with viruses of the central African clade displaying more pathogenic
properties than those within the west African clade. The monkeypox inhibitor of complement enzymes
(MOPICE), which is not expressed by viruses of the west African clade, has been hypothesized to be a main
virulence factor responsible for increased pathogenic properties of central African strains of MPXV. To gain
a better understanding of the role of MOPICE during MPXV-mediated disease, we compared the host adaptive
immune response and disease severity following intrabronchial infection with MPXV-Zaire (n � 4), or a
recombinant MPXV-Zaire (n � 4) lacking expression of MOPICE in rhesus macaques (RM). Data presented
here demonstrate that infection of RM with MPXV leads to significant viral replication in the peripheral blood
and lungs and results in the induction of a robust and sustained adaptive immune response against the virus.
More importantly, we show that the loss of MOPICE expression results in enhanced viral replication in vivo,
as well as a dampened adaptive immune response against MPXV. Taken together, these findings suggest that
MOPICE modulates the anti-MPXV immune response and that this protein is not the sole virulence factor of
the central African clade of MPXV.

Monkeypox virus (MPXV) is a member of the Orthopoxviri-
dae family of poxviruses and is closely related to variola virus,
the causative agent of smallpox (32). MPXV is endemic in the
rainforests of central and western Africa and is believed to be
primarily a zoonotic disease with sporadic infection of humans
due to exposure to infected animals or animal tissues (17). The
clinical signs of human MPXV disease closely mimic those
seen with smallpox infection and include the development of
fever, rash, disseminated pox lesions, and respiratory symp-
toms (9). MPXV infection can be fatal, with mortality rates as
high as 10 to 17% (3, 9, 12). Although MPXV can infect a wide
array of animal species, including nonhuman primates (NHP)
and rodents, it appears that wild squirrels may be the natural
reservoir of the virus, with NHP and humans being incidental
hosts (13, 18).

Although genetically very similar, all strains of MPXV ex-
amined thus far can be separated into two distinct clades based
on comparison of genomic sequences (21). The more deadly

outbreaks of monkeypox in central Africa have been deter-
mined to be caused by strains belonging to a distinct central
African clade, while viruses belonging to the west African clade
have been responsible for less severe outbreaks. The virus
strain responsible for a U.S. outbreak of MPXV in 2003 was
determined to belong to the west African clade based on ge-
netic analysis (28), and in fact, no cases of human-to-human
transmission or deaths were reported in this outbreak, further
suggesting a less severe disease associated with west African
strains of MPXV in humans. In vivo studies conducted in
cynomolgus monkeys, prairie dogs, and ground squirrels ap-
pear to support this observation, with central African strains
displaying higher virulence than west African strains of MPXV
in these animal models (7, 14, 29, 30).

These observations led to the conclusion that the genetic
differences between the two clades of MPXV likely account for
their variable pathogenesis and transmission rates. Based on
genomic comparisons of several MPXV strains of both west
African and central African origin, five genes—D10L (host
range protein), D14L (complement inhibitor), B10R (apop-
totic regulator), B14R (interleukin [IL]-1� binding protein),
and B19R (serine protease inhibitor-like protein)—have been
speculated to be most likely responsible for the increased vir-
ulence of central African strains of MPXV (7, 21). Since D14L
is completely absent from west African strains of MPXV (7,
36), it has been suggested to be a leading candidate to explain
the difference in virulence between MPXV clades. D14L en-
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codes the monkeypox inhibitor of complement enzyme
(MOPICE) and is an ortholog of other poxvirus inhibitors of
complement enzymes (PICEs), including the vaccinia comple-
ment control protein (VCP), the cowpox inflammation modu-
latory protein (IMP), and the smallpox inhibitor of comple-
ment enzyme (SPICE) (31, 36). The PICEs are highly related
proteins that also share significant homology to human regu-
lators of complement activation (RCA) and contain tandem
short consensus repeat (SCR) domains that are found in RCA
proteins (8, 36). Despite a truncation in one of the SCR do-
mains (7), MOPICE was shown to be a functional inhibitor of
complement activation in vitro, displaying cofactor activity for
C3 and C5 convertases intermediate to that of VCP and
SPICE, although it does appear to lack decay-accelerating
activity that is associated with other PICEs (7, 22). Due to its
complement regulatory activity, MOPICE may play a major
role in limiting the host immune response during MPXV in-
fection, which could ultimately lead to an increase in patho-
genesis compared to that of MPXV lacking this protein. Al-
though MOPICE has been suggested to be one of the main
virulence factors of central African strains of MPXV (7), this
hypothesis has not been directly examined in vivo.

In order to gain a better understanding of the primary im-
mune response to MPXV infection and to assess the role of
MOPICE in MPXV disease, we further developed the rhesus
macaque (RM) (Macaca mulatta) model of MPXV infection
utilizing the pathogenic Zaire strain of MPXV (MPXV-Z) and
a recombinant D14L “knockout” MPXV-Z strain (D14L KO
MPXV-Z). Previous in vivo studies utilizing NHP have indi-
cated that aerosolized or intravenous MPXV-Z infection yields
a clinical outcome that parallels those of human infections with
MPXV (7, 33, 38). For our studies we utilized intrabronchial
(i.b.) infection of RM with purified virions, which allows for the
delivery of a defined dose of virus directly into the lungs, thus
mimicking an aerosol exposure while also providing more con-
sistent dosing. This method of inoculation has recently been
shown to recapitulate many aspects of human monkeypox dis-
ease in a cynomolgus macaque model of MPXV infection (16).
Similarly, findings presented in this study indicate that i.b.
inoculation with MPXV-Z in RM recapitulates the hallmarks
of human clinical infection, with the development of fever,
rash, and respiratory symptoms. Furthermore, we present the
first detailed characterization of the primary adaptive immune
response to MPXV infection, and we demonstrate that RM
generate a robust T- and B-cell response to MPXV-Z after
infection, which coincides with the resolution of clinical symp-
toms. More importantly, using the RM i.b. MPXV infection
model system, we were able to directly test the unanswered
hypothesis that MOPICE is a major determinant of central
African MPXV virulence and to demonstrate that animals
infected with a recombinant form of MPXV-Z lacking
MOPICE expression (D14L KO MPXV-Z) exhibit higher viral
loads, as well as a delayed and reduced immune response,
compared to animals infected with wild-type MPXV-Z. These
data suggest that MOPICE is likely not the leading determi-
nant of increased virulence of central African strains of MPXV
and that MOPICE might actually play a role in the generation
of a successful adaptive immune response to infection.

MATERIALS AND METHODS

Viruses and purification. MPXV-Zaire (V79-I-005) was kindly provided by
Inger Damon (Centers for Disease Control and Prevention, Atlanta, GA), and
all work with this virus and recombinant derivatives was conducted in accordance
with institutional guidelines for biosafety at the Oregon Health & Science Uni-
versity. All viruses were grown in BSC40 monkey kidney cells, and the intracel-
lular mature form of virus (IMV) was purified by sucrose gradient ultracentrif-
ugation as described elsewhere (23). Titers of viral stocks were determined by
standard plaque assay on BSC40 cells.

Generation of recombinant D14L KO MPXV-Z. To generate a form of
MPXV-Zaire (V79-I-005) devoid of D14L, we constructed a knockout virus
using standard recombination techniques. Briefly, 600-bp fragments of MPXV
genomic sequence directly flanking either side of MPXV Zaire D14L (nucleo-
tides 19834 to 19184) were amplified by PCR using primers engineered to
contain restriction sites for cloning. The following upstream D14L primers am-
plified nucleotide (nt) 20433 to nt 19835 and contain a 5� EcoRI site and a 3�
XbaI site, respectively: primer 1, 5�-CGAATTCAGACTTCCAAACTTAATCAC-
3�; primer 2, 5�-GCTCTAGAATTTATTTATCCGTAAAATG-3�. The following
downstream primers amplified nt 18585 to nt 19183 and contain a 5� HindIII site
and a 3� XbaI site, respectively: primer 1, 5�-GACAAGCTTTAACCAATTTAT
ATTCTCGC-3�; primer 2, 5�-GCTCTAGAAAGATCATACTCTCATACAA-3�.
Restriction sites are underlined, and the genomic sequence is in italics. The
resulting products were digested with HindIII, EcoRI, and XbaI and cloned into
plasmid pSP73 (Promega, Madison, WI), generating a plasmid containing the
D14L flanking sequences linked by a central XbaI site. The resulting plasmid was
sequenced to confirm the lack of mutations to the MPXV-Z genomic sequence.
Next, the XbaI site between the two flanking PCR fragments was digested to
allow the insertion of the enhanced green fluorescent protein (EGFP)-guanosine
phosphoribosyltransferase (GPT) expression cassette from the plasmid pT7 E/L
EGFP-GPT (a generous gift from G. McFadden) between the two products. pT7
E/L EGFP-GPT contains the EGFP gene under the control of a poxvirus syn-
thetic early/late promoter and the Escherichia coli guanosine phosphoribosyl-
transferase (GPT) gene driven by the vaccinia virus (VV) 7,500-molecular-
weight (7.5K) promoter (pT7 E/L EGFP-GPT), allowing for selection (GPT
expression) and/or visual identification (EGFP expression) of recombinant virus
in culture (5). BSC40 cells were transfected with the recombination plasmid,
infected at a multiplicity of infection (MOI) of 0.1 with MPXV-Zaire (V79-I-
005), and grown in the absence of drug selection, and cultures were collected
after development of full cytopathic effect (CPE). Next, plaque assays were
performed with the resulting virus culture, and an EGFP-positive plaque was
identified, isolated, and passed to fresh BSC40 cells. This virus was then collected
and plaque purified 4 more times until a single EGFP-positive viral isolate was
obtained, and a stock of this virus was grown in BSC40 cells. The resulting
recombinant virus was named D14L KO MPXV-Z, while the parental wild-type
MPXV-Zaire (V79-I-005) virus is referred to throughout as WT MPXV-Z.

Viral DNA was obtained by infecting BSC40 cells with WT MPXV-Z or D14L
KO MPXV-Z and purifying DNA using a standard alkaline lysis method. For
PCR analysis, 100 ng of each viral DNA sample was used per reaction with
primers that bind 10 nt outside the region of recombination: primer 1, 5�-ATG
GCTTGTATATCAAAGAT-3�; primer 2, 5�-TATTTGAAACACGGCACTTC-
3�. The resulting PCR products were sequenced to identify the correct insertion
of the EGFP/GPT cassette in place of D14L in the MPXV Zaire genome. To
obtain the complete genomic sequence of each virus, short read sequencing
analysis was performed by the OHSU Massively Parallel Sequencing Shared
Resource using purified viral DNA, and the resulting reads were assembled into
a consensus sequence for each viral genome. An estimated 300-fold depth of
coverage was achieved for each viral genome. Genomic sequences were depos-
ited in GenBank. Whole-genome sequence alignments were performed with
ClustalW using MacVector software, and detailed viral genome analyses were
performed using the Viral Genome Organizer (VGO), Genome Annotation
Transfer Utility (GATU), and Base-By-Base (BBB) tools available online from
the Viral Bioinformatics Resource Center (http://athena.bioc.uvic.ca/) (4, 34,
35). Outside the region containing D14L sequence (196,169 bp total), only 183
nucleotides were identified as differing between the parental WT MPXV-Z and
D14L KO MPXV-Z genomes, with 178 of these differences being attributed to
the presence of ambiguous base calls that are equally dispersed throughout the
consensus genomic sequences of both viruses. Although their identities are
unconfirmed, for the purposes of our analyses, we considered all ambiguous
bases locations of actual nucleotide variation between sequences.

For Western blot analysis, 1.5 � 105 BSC40 cells in a well of a 12-well plate
were infected at an MOI of 5 with WT MPXV-Z, D14L KO MPXV-Z, or
VVWR, and total cell lysates and supernatants were collected 24 h postinfection.
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Supernatants (0.5 ml total volume per well) were collected and cleared by
centrifugation at 28,000 � g for 1 h, and the cells in each well were rinsed with
phosphate-buffered saline (PBS) and lysed in 50 �l of RIPA buffer (1� PBS, 1%
NP-40, 0.1% sodium dodecyl sulfate, 0.5% sodium deoxycholate). Then, 10 �l of
total cell lysate or 30 �l of supernatant was run on a 10% polyacrylamide gel,
transferred to a nitrocellulose membrane, and probed with rabbit antiserum
which cross-reacts with both VCP and MOPICE (a generous gift from J. Atkin-
son, Washington University, St. Louis, MO). Membranes were then stripped and
reprobed with a polyclonal anti-vaccinia virus A33R antibody (NR-628, BEI
Resources), which also cross-reacts with monkeypox A35R, as a loading control
for the presence of viral proteins.

For reverse transcriptase PCR (RT-PCR) analysis, BSC40 cells were infected
with either WT MPXV-Z or D14L KO MPXV-Z at an MOI of 2.5, and RNA was
collected at 6 and 24 h postinfection using a High Pure RNA isolation kit
(Roche). RT-PCR was performed with a Superscript III RT-PCR kit (Invitro-
gen) using primers specific for D13L or D15L transcripts (D13L primer pair,
5�-ATGGATACTATTAAAATATT-3� and 5�-CTATTCATAATTGATATTG
A-3�; D15L primer pair, 5�-CGTTCGTGTGTTCTTGTGGT-3� and 5�-TGCTC
AAAAACAATGGCAGT-3�).

Single-step growth curve analysis was performed by infecting BSC40 cells with
WT MPXV-Z or D14L KO MPXV-Z at an MOI of 2.5, collecting samples at the
indicated times postinfection, and performing plaque assays to measure the total
amount of PFU in each sample.

Animal inoculations and sample collection. All aspects of the animal studies
were conducted in accordance with institutional guidelines for animal care and
use at the Oregon National Primate Research Center. Adult male and female
rhesus macaques (5 to 9 years old) were utilized for infection studies. Cohort 1
(WT MPXV-Z) included animals 23358 (4-year-old male), 23218 (4-year-old
male), 24739 (5-year-old female), and 25510 (4-year-old female); cohort 2 (D14L
KO MPXV-Z) included animals 20405 (9-year-old female), 21965 (7-year-old
female), 26315 (8-year-old female), and 22665 (8-year-old female). Animals were
infected with 2 � 105 PFU of MPXV-Z or D14L KO MPXV-Z intrabronchially,
which was delivered in a 1-ml bolus of phosphate-buffered saline (PBS). Back
titers were determined from samples of all viral inocula to confirm the delivery
of the correct dosage during infection. Blood and bronchoalveolar lavage (BAL)
fluid samples were obtained 4 and 2 weeks prior to infection, on the day of
infection (day 0), and then on a biweekly basis thereafter. Skin punch biopsy
specimens of the pock lesions were collected on day 7 postinfection. Disease
severity was determined based on several physiological parameters, including
body temperature and activity collected via telemetry implants (Mini Mitter,
Bend, OR), body weight, and number of lesions. Complete blood counts were
obtained at every time point to monitor changes in immune cell numbers/�l of
blood. Peripheral blood mononuclear cells (PBMC) were isolated from whole
blood (WB) by centrifugation over Histopaque gradient (Histopaque, Sigma-
Aldrich, St. Louis, MO). Total cells were isolated from BAL fluid samples by
centrifugation followed by resuspension in RPMI supplemented with 10% fetal
bovine serum (FBS), glutamine, and Pen/Strep.

Real-time PCR analysis of viral load. MPXV viral loads were measured by
real-time PCR using primers and probes specific for MPXV-Zaire genomic
sequence corresponding to open reading frame (ORF) F3L (interferon [IFN]
resistance gene). DNA was purified using a Puregene DNA purification kit
(Gentra Systems, Inc., Minneapolis, MN), and 100 ng of DNA was analyzed by
real-time PCR on an ABI Prism 7700 DNA sequence detector (Applied Biosys-
tems, Foster City, CA).

Measuring MPXV-specific T-cell responses. PBMC and BAL fluid cells were
stained with surface antibodies CD4, CD8�, CD28, and CD95 to delineate naïve,
central memory (CM), and effector memory (EM) T-cell subsets. All antibodies,
with the exception of CD8b (Beckman Coulter), were purchased from Biolegend
(San Diego, CA). The cells were then fixed and the nuclear membrane perme-
abilized as per the manufacturer’s recommendation (BD Pharmingen, San Di-
ego, CA) before staining with anti-Ki67 (BD Pharmingen, San Diego, CA).
Samples were acquired using the LSRII instrument (BD Bioscience, San Jose,
CA), and data were analyzed by FlowJo (TreeStar, Ashland, OR). Intracellular
cytokine staining (ICCS) was carried out as previously described (11). Briefly,
PBMC and BAL fluid cells were stimulated with simian varicella virus (negative
control), WT MPXV-Z (MOI, 1), or anti-CD3 (positive control) overnight.
Brefeldin A (Bfa) was then added for an additional 6 h. PBMC were first stained
with surface antibodies CD4, CD8�, CD28, and CD95 (Biolegend, San Diego,
CA) and then permeabilized and stained with antibodies directed against IFN-�
and tumor necrosis factor alpha (TNF-�) (Biolegend, San Diego, CA).

Measuring MPXV-specific B-cell response. PBMC and BAL fluid cells were
stained with surface antibodies directed against CD20 (Beckman Coulter), IgD
(Southern Biotech), and CD27 (Biolegend, San Diego, CA) to delineate naive,

marginal zone-like, and memory B cells. The cells were then fixed and the
nuclear membrane permeabilized as per the manufacturer’s recommendation
before the addition of Ki67 (BD Pharmingen, San Diego, CA) specific antibod-
ies. Samples were acquired using the LSRII instrument (BD Bioscience, San
Jose, CA), and data were analyzed by FlowJo (TreeStar, Ashland, OR).

Antiviral IgG levels were measured in circulating plasma using a standard
enzyme-linked immunosorbent assay (ELISA) using plates coated with varicella
virus VV-WR viral lysate, which reacts with MPXV antibodies (Abs). In these
experiments, serial 3-fold dilutions of plasma were incubated in triplicate
VV-WR virus lysate-coated ELISA plates for 1 h prior to washing, staining with
detection reagents (horseradish peroxidase [HRP]-anti-IgG), and addition of
chromogen substrate to allow for detection and quantitation of bound antibody
molecules. Log-log transformation of the linear portion of the curve was then
performed, and 0.1 optical density (OD) units was used as the cutoff point to
calculate endpoint titers. Each plate always contained a positive-control sample
that was used to normalize the ELISA titers between assays and a negative-
control sample to ensure the specificity of the assay conditions.

Nucleotide sequence accession numbers. Genomic sequences determined in
this study were deposited in GenBank and are available under accession numbers
HQ857562 (WT MPXV-Z) and HQ857563 (D14L KO MPXV-Z).

RESULTS

Generation of a MOPICE KO MPXV-Z. The MPXV-Z
D14L ORF encodes a 216-amino-acid (aa) secreted protein
termed MOPICE, which possesses significant homology to
other poxviral inhibitors of complement enzymes (PICEs) and
has been shown to possess complement regulatory activity in
vitro (22). To investigate the role of MOPICE in MPXV patho-
genesis and its impact on the development of the immune
response to MPXV infection, we generated a recombinant
MPXV-Z knockout in which the D14L gene is completely
absent from the viral genome. To achieve this, D14L was
removed from the MPXV-Z genome and replaced with an
EGFP-GPT cassette via homologous recombination (Fig. 1A),
and an EGFP-expressing plaque isolate was identified and
purified by standard plaque assay to obtain a purified isolate
lacking D14L (D14L KO MPXV-Z) (Fig. 1B). The correct
deletion of D14L in this virus, with no other rearrangements to
the surrounding genomic sequence, was confirmed by PCR of
viral genomic DNA and sequence analysis of the resulting
product (Fig. 1C and data not shown).

Due to the large size of poxvirus genomes, the potential for
the introduction of undesired random genetic changes and
point mutations during the selection, growth, and passage of a
virus is essentially unavoidable and thus will always be a factor
that should be considered when generating a recombinant pox-
virus. To address this issue directly, and to confirm that no
major genetic changes or genomic alterations occurred during
the process of generating D14L KO MPXV-Z, whole-genome
sequence analysis was performed using viral DNA purified
from both parental WT MPXV-Z and D14L KO MPXV-Z,
allowing for the direct comparison of the nucleotide sequences
of both viral genomes. Alignment of the consensus genomic
sequences generated from this analysis indicates that the vi-
ruses are �99.91% identical at the nucleotide level across their
entire genomic length, when excluding the region containing
D14L sequence (data not shown; sequences deposited in
GenBank under accession numbers HQ857562 [WT MPXV-Z] and
HQ857563 [D14L KO MPXV-Z]). In addition, analysis of the
resulting sequences using viral genome analysis tools (4, 34, 35)
further indicates that outside D14L, the genomic organization
of both viruses is identical and that no genetic alterations
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FIG. 1. Construction of D14L KO MPXV-Z. (A) Overview of recombination approach utilized to remove D14L from the MPXV-Z genome.
Asterisks indicate the location of recombination within the genomic DNA, small arrows indicate location of primers used in PCR analysis of recombinant
virus DNA, and nucleotide numbers of D14L and neighboring ORFs are noted by hash marks. The orientation of the EGFP-GPT cassette is noted by
an arrow. (B) EGFP expression in BSC40 cells infected with D14L KO MPXV-Z isolate. (C) PCR analysis of genomic DNA from WT MPXV-Z and
D14L KO MPXV-Z demonstrates the complete removal of D14L sequence (650 bp) and the insertion of an EGFP-GPT cassette (�1.7 kb).
(D) Anti-VCP/MOPICE Western blot analysis of lysates and supernatants from vaccinia virus (Western Reserve)-, WT MPXV-Z-, and D14L KO
MPXV-Z-infected BSC40 cells, demonstrating production of MOPICE in WT MPXV-Z-infected cells and lack of MOPICE expression in D14L KO
MPXV-Z-infected cells. Membranes were probed with anti-VCP antibody and then stripped and reprobed with antibody cross-reactive with vaccinia virus
A35R and MPXV-Z A33R as a control for virus infection. (E) RT-PCR analysis of D13L and D15L transcript levels in WT or D14L KO MPXV-Z-infected
BSC40 cells, indicating that deletion of D14L and insertion of the EGFP/GPT-expressing cassette in the MPXV-Z genome do not prevent the expression of
neighboring genes. Cells were infected at an MOI of 2.5, and total RNA was collected at 6 and 24 h postinfection for analysis using primers specific for D13L
or D15L transcripts. RT-PCR for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) serves as a control for equal RNA levels (�RT) and lack of DNA
contamination (	RT) in each sample. (F) Single-step growth curve analysis (MOI, 2.5) of WT and D14L KO MPXV-Z in BSC40 cells.
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predicted to significantly alter genome structure or viral gene
expression are present in the recombinant D14L KO
MPXV-Z. A description of the potential single-nucleotide
polymorphisms identified in D14L KO MPXV-Z relative to
predicted coding regions was generated from this analysis (see
Table S1 in the supplemental material). As was anticipated,
there is a low level of nucleotide variation between WT and
D14L KO MPXV-Z, although overall, the results obtained
from genomic sequence analyses indicate that the D14L KO
virus is highly similar at the genetic level to the parental WT
MPXV-Z, aside from the desired deletion of the D14L gene
and insertion of the EGFP/GPT cassette.

To confirm the lack of MOPICE expression by the D14L KO
virus, lysates and supernatants from WT MPXV-Z- or D14L
KO MPXV-Z-infected BSC40 cells were analyzed by Western
blotting using an antibody specific for VCP, which also cross-
reacts with MOPICE (22). An approximately 23-kDa band
corresponding to MOPICE (216 aa) was detected in MPXV-
Z-infected cell lysates and supernatants but not in cells in-
fected with D14L KO MPXV-Z (Fig. 1D), demonstrating lack
of MOPICE production by the D14L KO virus.

Next, to determine whether the deletion of D14L and inser-
tion of an EGFP/GPT expressing cassette in the MPXV-Z
genome had any effects on transcription of the neighboring
genes D13L (putative IL-1 receptor antagonist) and D15L
(Kelch-like protein), RT-PCR analysis was performed using
primers specific for transcripts for each gene and RNA isolated
from WT or D14L KO MPXV-Z-infected BSC40 cells at 6 and
24 h postinfection (Fig. 1E). Compared to levels in WT
MPXV-Z infection, transcript levels of D15L are unchanged
during the course of D14L KO MPXV-Z infection, while the
levels of D13L transcript appear to be somewhat lower in cells
infected with D14L KO MPXV-Z. Although decreased levels
of D13L transcript do not necessarily indicate lower levels of
protein expression from this gene during infection with D14L
KO MPXV-Z in vivo, it is possible that some variation could
exist compared to levels in WT MPXV-Z. However, since the
actual function of MPXV-Z D13L has not been examined, the
effects that decreased transcript production from this gene
might have during in vivo infection are unclear.

Finally, the effects of D14L deletion and EGFP/GPT cas-
sette insertion on the in vitro growth characteristics of
MPXV-Z were also analyzed by performing a single-step
growth curve in BSC40 cells (Fig. 1F). These results indicate
that D14L KO MPXV-Z and WT MPXV-Z replicate with

identical kinetics and that deletion of D14L from the MPXV-Z
genome does not alter the growth properties of MPXV-Z in
vitro.

Intrabronchial infection of rhesus macaques with MPXV-Z
and D14L KO MPXV-Z. We utilized an intrabronchial (i.b.)
model of MPXV infection of RM to represent an aerosol route
of infection while also delivering a defined dose of virus for our
comparative infection studies. Thus, two cohorts consisting of
four animals each were inoculated with 2 � 105 PFU of WT
MPXV-Z (cohort 1: animals 23358, 23218, 24739, and 25510)
or D14L KO MPXV-Z (cohort 2: animals 20405, 21965, 26315,
and 22665). This dose was determined based on a prior trial
study in which animals received 107 or 106 PFU of virus, both
of which were determined to be 100% lethal in all animals at
10 days postinfection (dpi) (data not shown). Animals were
observed twice daily for signs of disease. Blood and BAL fluid
samples were collected at defined dpi to determine the kinetics
of virus replication and the kinetics and magnitude of the
adaptive immune response. MPXV-Z inoculation resulted in
the appearance of numerous widespread pox lesions, which
appeared more concentrated on the flanks (Fig. 2A). These
lesions first developed as 2- to 4-cm-wide pustules on skin and
oral mucosa at 7 to 12 dpi and then progressed from pustular
to crusting stages at 12 to 14 dpi, finally becoming scabbed at
18 to 21 dpi. Lesions were healed and completely resolved by
28 dpi in all animals (Fig. 2A). Animals also developed coughs
and symptoms of labored breathing between days 7 and 14.
The temperature of each animal was recorded throughout the
study using telemetry implants, and the results indicated that
all infected animals developed a fever after infection, with the
highest temperature being detected from 7 to 14 dpi and re-
maining elevated until week 3 or 4 pi (Table 1). Animals were
euthanized at 35 or 49 dpi and, at time of necropsy, did not
harbor any overt evidence of MPXV-associated disease.

In general, the disease manifestations associated with D14L
KO MPXV-Z infection were similar to those observed with
WT MPXV. However, unlike infection with WT MPXV-Z, in
which all animals survived the infection, one D14L KO
MPXV-Z-infected animal (26315) succumbed to MPXV-re-
lated disease complications at 17 dpi, while animals 20405 and
21965 experienced such low oxygen saturation levels at 14 to 28
dpi that we could not collect BAL fluid samples. Moreover,
although the lesions in the remaining three D14L KO MPXV-
Z-infected animals exhibited kinetics similar to those of WT
MPXV-Z-infected animals (7 to 12 dpi) (Fig. 2B), two animals

FIG. 2. Development of pox lesions in WT and D14L KO MPXV-Z-infected rhesus macaques. Images of skin lesions demonstrating the
development of pox lesions on skin (flank and trunk) of infected RM over the course of infection. (A) WT MPXV-Z-infected animal 24739, and
(B) D14L KO MPXV-Z-infected animal 22665. (C) Pox lesions from D14L KO MPXV-infected animals 21965 and 20405, demonstrating EGFP
expression within pox lesions due to the presence of virus. Right panels depict the same region shown in left panels exposed to UV light (�UV).
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(20405 and 21965) experienced a delay in lesion scabbing,
which did not occur until 21 to 25 dpi. The lesions in these two
animals developed a more flattened and moist appearance
than lesions seen in WT MPXV-Z-infected animals (Fig. 2C).

Due to insertion of the EGFP-expressing cassette in place of
the D14L ORF in the KO virus, all lesions in D14L KO
MPXV-Z-infected animals were EGFP positive when exposed
to UV light, demonstrating the presence of the D14L KO virus
in the lesions. With the exception of animal 26315, no animals
harbored any evidence of MPXV-associated disease at the
time of necropsy, except for fibrosis in the lungs, similar to
findings in the WT MPXV-Z-infected animals.

Viral loads in whole blood (WB) or peripheral blood mono-
nuclear cells (PBMC) and in cells isolated from bronchial
alveolar lavage (BAL) fluid were determined by real-time PCR
using primers and probes specific for the MPXV-Z F3L gene.
In general, elevated viral loads paralleled the appearance of
pox lesions, as well as the development of fever and other
clinical symptoms, demonstrating a direct correlation between
increased viral load in BAL fluid and blood and severity of
disease symptoms. In WB (animals 24739 and 25510) or PBMC
(animals 23358 and 23218) of WT MPXV-Z-infected animals,
viral DNA was first detected at 4 (23218), 7 (25510), 10
(23358), and 14 (24739) dpi (Fig. 3A). Despite the variation in
onset, viremia lasted approximately 10 days and declined to
undetectable levels by 21 dpi in all animals (Fig. 3A). Viral

TABLE 1. Temperatures of study animals

Cohort Animal
no. Sex/age/wta

Temp (°C)b

Baseline
(day 0) Peakc Resolvedd

WT MPXV 23218 M/4/5.8 35.5 39.8 (day 11) 36.2 (day 27)
23358 M/4/6.4 34.7 38.8 (day 9) 34.4 (day 24)
25510 F/4/3.5 37.1 40.4 (day 7) 35.8 (day 22)
24739 F/5/4.7 36.0 40.8 (day 14) 36.0 (day 28)

D14L KO 20405 F/9/7.7 35.6 39.0 (day 10) ND
21965 F/7/6.8 35.6 39.6 (day 17) ND
22665 F/8/6.4 36.6 39.8 (day 8) 36.5 (day 30)
26315 F/8/4.3 35.7 39.9 (day 7) ND

a M, male; F, female; age in years; weight in kilograms.
b Recorded telemetry temperature at 1 a.m. on indicated day postinfection.
c Highest temperature reading recorded over course of infection.
d Recorded temperature closest to or below baseline value that occurred after

the date of peak temperature. ND, not determined. No temperature readings
were available after day 17 for animals 20405 or 21965; animal 26315 died on day
17 postinfection.

FIG. 3. Viral loads in WT and D14L KO MPXV-Z-infected rhesus macaques. Quantitative real-time PCR analysis was performed using
samples collected at the indicated days postinfection (dpi) to determine viral genome copy numbers in whole blood (WB) or peripheral blood
mononuclear cells (PBMC) (A and B) and in bronchial alveolar lavage (BAL) fluid cells (C and D). Filled symbols represent WT MPXV-Z-
infected animals (A and C), and open symbols depict D14L KO MPXV-Z-infected animals (B and D). DNA from WB was analyzed for all animals
except 23358 and 23218, in which cases DNA was obtained from PBMC purified from WB samples. BAL fluid DNA samples for real-time PCR
analysis were available only for WT MPXV-Z-infected animals 24739 and 25510. D14L KO MPXV-Z-infected animal 26315 succumbed to disease
17 dpi. BAL fluid samples from D14L KO MPXV-Z-infected animals 21965 and 20405 were not collected 17 and 21 dpi due to low oxygen
saturation levels. The highest viral load was detected 7 dpi in BAL fluid of animal 26315 (1.2 � 108), which succumbed to disease on day 17 pi.
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loads in BAL fluid were examined only in animals 24739 and
25510 due to the paucity of cells recovered from animals 23218
and 23358. MPXV viral DNA was first detected in BAL fluid
cells at 7 to 10 dpi, remained elevated with some fluctuations,
and eventually returned to undetectable levels by 42 dpi, with
no viral DNA being detected by time of necropsy at day 49
(Fig. 3C). Peak viral loads in BAL fluid samples of animals

24739 and 25510 were higher than those in WB, which may
partly reflect the route of infection directly into the lungs and
viral replication at the site of inoculation.

Examination of viral loads in animals infected with D14L
KO MPXV-Z revealed a pattern similar to that seen during
WT MPXV-Z infection, with higher viral loads being detected
in BAL fluid than in WB. However, the levels of peak viral

FIG. 4. D14L KO MPXV-Z infection results in diminished B-cell response in rhesus macaques. (A) PBMC from infected animals were
analyzed by flow cytometry (FCM) to identify three B-cell subsets: naïve (CD27	 IgD�), marginal zone-like (CD27� IgD�), and memory (CD27�

IgD	). A representative example from animal 23218 obtained on day 0 is shown in the left panel. B-cell proliferation within the memory cell
population was measured by staining for the nuclear protein Ki67, which is upregulated at 14 dpi (right panel) relative to 0 dpi (middle panel).
Percentage of Ki67� memory B cells was converted at every time point to absolute number of Ki67� memory B cells based on complete blood
counts (CBC), and fold increase over baseline (average of three preinfection time points) was calculated. (B) B-cell proliferation in response to
WT MPXV-Z infection peaked at 14 dpi. (C) A similar pattern of B-cell proliferation was observed in D14L KO MPXV-Z-infected animals,
although only two animals displayed a measurable proliferative burst, which also peaked at 14 dpi. Orthopoxvirus-specific IgG responses in WT
(D) and D14L KO MPXV-Z-infected (E) animals were analyzed by endpoint ELISA and were first detectable by 14 dpi in all animals. IgG
endpoint titers in D14L KO MPXV-Z-infected animals were on average a log lower than those achieved with WT MPXV-Z infection at 17 dpi.
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loads in both WB and BAL fluid samples of D14L KO MPXV-
Z-infected animals were higher than those detected in animals
infected with WT MPXV-Z (Fig. 3B and D). Interestingly,
animal 26315, which succumbed to disease on day 17 after
D14L KO MPXV-Z infection, displayed the highest viral load
overall, with 1.21 � 108 genome copies/100 ng DNA being
detected in BAL fluid at 7 dpi, a level 100-fold higher than any
peak viral load detected in WT MPXV-Z-infected animals
(Fig. 3D). BAL fluid samples were not obtained between 14
and 28 dpi from animal 21965 due to very low oxygen satura-
tion levels. Taken together, the differences in viral loads be-
tween WT and D14L KO MPXV-Z in both WB/PBMC and
BAL fluid suggest that the lack of MOPICE expression allows
MPXV-Z to replicate to higher levels in vivo.

B-cell and antibody responses to MPXV infection. To ana-
lyze the contributions of MOPICE to the host immune re-
sponse, we compared the kinetics and magnitude of the B-cell
proliferative burst in peripheral blood of animals infected with
WT or D14L KO MPXV-Z. B-cell responses in the BAL fluid
were not analyzed due to the extremely low numbers of B cells
detected (
2% of total lymphocytes; data not shown). B cells
can be broadly divided into three subsets based on the expres-
sion of IgD and CD27: naïve (IgD� CD27	), marginal-zone
like (IgD� CD27�), and isotype-switched memory (IgD	

CD27�) B cells, as shown in Fig. 4A (left panel). The IgD	

CD27� subset harbors the majority of the isotype-switched,
antibody-secreting memory B cells. When naïve B cells en-
counter antigen, they undergo a proliferative burst while si-
multaneously acquiring memory markers. Therefore, to mea-
sure the kinetics and magnitude of the B-cell proliferative
burst in response to MPXV-Z antigen encounter, PBMC were
stained with antibodies directed against surface markers CD20,
CD27, and IgD to identify B-cell subsets and were simultane-
ously stained for expression of Ki67, a nuclear protein that
indicates recent entry into cell cycle (27). Figure 4A illustrates
an example of subset identification (left panel), and Ki67 stain-
ing on day 0 (middle panel) and 14 dpi (right panel), using
PBMC isolated from animal 23218.

WT MPXV-Z infection resulted in an increase in the fre-
quency of proliferating memory B cells in PBMC that peaked
at 14 dpi in all animals (Fig. 4B) and eventually returned to
baseline levels at 35 dpi in all animals (Fig. 4B). Interestingly,
animals 23218 and 23358 experienced an earlier and greater
level of B-cell proliferation than animals 24739 and 25510
(approximately 100- to 150-fold increases versus 10-fold). The
earlier proliferation appears to directly correlate with earlier

detection of viral DNA in PBMC of these animals (Fig. 3A). In
contrast, animals infected with D14L KO MPXV-Z exhibited
an overall reduced level of B-cell proliferation compared to
that of WT MPXV-Z-infected animals. Specifically, two of the
four animals infected with D14L KO MPXV-Z (22665 and
26315) exhibited essentially no B-cell response, whereas ani-
mals 21965 and 20405 displayed transient 13-fold and 130-fold
increases, respectively, in proliferating B cells 14 dpi (Fig. 4C).
Although the magnitude of the proliferative burst correlated
with viral loads within each group, the overall proliferation
observed in each group as a whole negatively correlated with
peak viral loads. Specifically, D14L KO MPXV-Z-infected an-
imals exhibited higher peak viral loads and lower overall pro-
liferative burst than WT MPXV-Z-infected animals. These
observations suggest that lower levels of B-cell proliferation
are associated with increased viral loads in D14L KO MPXV-
Z-infected animals.

We also measured the IgG antibody response against
MPXV-Z using an endpoint titer ELISA. All WT MPXV-Z-
infected animals developed an orthopox-specific IgG response
that peaked by 14 dpi and remained stable for the duration of
the study (Fig. 4D). Interestingly, MPXV antibodies were de-
tected earlier in animals 23218 and 23358 (10 dpi) than in
animals 24739 and 25510 (14 dpi), which correlates closely with
the observed differences in kinetics of memory B-cell prolifer-
ation between these animals. Although all D14L KO MPXV-
Z-infected animals developed an IgG response with kinetics
similar to those for WT MPXV-Z-infected animals, the IgG
titers were approximately one log lower than those observed in
WT MPXV-Z-infected animals at 14 dpi. The IgG titers con-
tinued to increase in these animals, ultimately reaching levels
that were similar to those seen in WT MPXV-Z-infected ani-
mals at 35 dpi. Taken together, these data suggest that in the
absence of MOPICE, B-cell and antibody responses directed
against the virus are dampened. Further, the observed delay in
IgG response may contribute to increased viral loads seen in
D14L KO MPXV-Z-infected animals. It is unclear at this point
whether MOPICE directly modulates B-cell activation or
whether it is a target of the B-cell response during MPXV-Z
infection.

T-cell responses to MPXV infection. T cells play a critical
role in controlling and eliminating viral infections; thus, we
analyzed the T-cell response in RM infected with WT and
D14L KO MPXV-Z. T cells can also be subdivided into three
major subsets based on the expression of CD28 and CD95:
naïve (CD28� CD95	), central memory (CM) (CD28�

FIG. 5. D14L KO MPXV-Z-infected rhesus macaques show decreased T-cell proliferation in peripheral blood compared to WT MPXV-Z-
infected animals. PBMC were analyzed by FCM in to delineate CD4 and CD8 T-cell subsets: naïve (CD28� CD95	), central memory (CM)
(CD28� CD95�), and effector memory (EM) (CD28	 CD95�). T-cell proliferation was measured by staining for nuclear protein Ki67. (A) A
representative example of CD8 T-cell subsets in PBMC from animal 23218 at 0 dpi is shown in the left panel. An example of Ki67 expression within
CM and EM population at 0 (middle panel) and 10 dpi (right panel) is shown. Percentage of Ki67� T cells was converted to numbers of
proliferating cells based on CBC values, and fold increase over baseline (average of three preinfection time points) was then calculated. (B, D, F,
and H) An initial proliferative burst was detected at 10 dpi in CM and EM CD4 and CD8 subsets in WT MPXV-Z-infected animals, followed by
a dramatic decrease in frequency of proliferating cells detected at 14 dpi and a secondary proliferative burst at 17 dpi in most animals. Animals
23218 and 23358 displayed a greater proliferative burst than animals 24739 and 25510. (C, E, G, and I) An increase in Ki67� T cells was detected
at 10 dpi in D14L KO MPXV-Z-infected animals, followed by a gradual return to baseline proliferation levels at 21 dpi, with no consistent
secondary proliferative burst occurring. Overall, D14L KO MPXV-Z-infected animals experienced a proliferative burst of lower magnitude than
that of WT MPXV-Z-infected animals.
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CD95�), and effector memory (EM) (CD28	 CD95�) (Fig.
5A). Similarly to B cells, T cells undergo a robust proliferative
burst and acquire memory markers following pathogen en-
counter that can be measured by determining changes in Ki67
expression within EM and CM T-cell subsets (25). To measure
the kinetics and magnitude of the proliferative T-cell response
after MPXV-Z infection, we measured changes in the fre-
quency of Ki67� CM and EM CD4 and CD8 T cells in both
PBMC and BAL fluid samples. In PBMC from WT MPXV-
Z-infected animals, the frequency of Ki67� CM and EM T
cells rapidly increased at 10 dpi before dramatically declining
at 14 dpi (Fig. 5B, D, F, and H). Following this initial decline,
a second burst of proliferation was detected at 17 dpi in most
subsets, which was more sustained and remained elevated until
35 dpi. As described for the B-cell response, animals 23218 and
23358 displayed a more robust T-cell proliferative response
than animals 24739 and 25510.

A different pattern was observed for animals infected with
D14L KO MPXV-Z. In this case, infection resulted in a T-cell
proliferative burst that was first detected at 10 dpi; however,
the biphasic proliferative pattern observed in WT MPXV-Z-
infected animals was not as evident (Fig. 5C, E, G, and I). All
T-cell subsets from animals 20450 and 21965 displayed a single
proliferative burst that was sustained from 10 to 21 dpi. T cells
from animal 22665 underwent two small proliferative bursts at
10 and 17 dpi followed by a third larger burst that peaked at 35
dpi. Overall, there was a trend toward a more sustained pro-
liferative burst in the WT-infected animals than in the
D14LKO-infected animals.

We also characterized the T-cell responses in the BAL fluid
of animals, as the BAL fluid is populated only by memory T
cells (Fig. 6A). In WT MPXV-Z-infected animals, all T-cell
subsets, with the exception of CD4 EM, displayed a biphasic
response similar to that seen in PBMC, with a rapid increase in
Ki67� cells occurring 10 dpi in all animals, followed by a rapid
decline at 14 dpi, a subsequent increase at day 17 pi, and a
gradual return to baseline levels by 35 dpi (Fig. 6B, D, and F).
Interestingly, although CD4 EM T cells in most animals dis-
played a rapid increase in Ki67� cells at 10 dpi (17 dpi in
animal 24739), this cell type exhibited a series of fluctuations in
the frequency of proliferating cells followed by a gradual de-
cline to baseline levels by 42 dpi (Fig. 6H). The analysis of
T-cell proliferation in the BAL fluid of D14L KO MPXV-Z-
infected animals was more complicated, since BAL fluid sam-
ples could not be collected from animals 20405 and 21965 at
17, 21, and 35 dpi, due to low oxygen saturation levels (indic-
ative of more severe infection in the lungs). Further, animal
26315 was euthanized at 17 dpi due to complications associated
with MPXV infection. Thus, a complete time course of T-cell

responses in BAL fluid is available only for animal 22665.
T-cell proliferation was first detected at 10 dpi in all subsets,
with the exception of the CD4 EM subset, where an increased
frequency of Ki67� cells was detected at 7 dpi. An increased
frequency of proliferating CD8 CM T cells was detected only
in samples from animal 22665, whereas robust proliferation of
CD8 EM T cells that was sustained until 28 dpi was detected in
all four D14L KO MPXV-Z-infected animals. T-cell prolifer-
ation within the CD4 CM subset was also detected to various
degrees in all four animals at 10 dpi. Proliferation of CD4 CM
T cells returned to baseline levels in all animals at 28 dpi, with
the exception of T cells from animal 22665, which continued to
proliferate until 42 dpi. CD4 EM T cells from 20405 and 21965
showed an early proliferative burst that peaked at 10 dpi fol-
lowed by a return to the baseline level at 28 dpi. On the other
hand, CD4 EM T cells from animal 22665 displayed prolifer-
ation at 17 dpi returning to baseline levels 48 dpi. Overall,
there was a trend toward lower levels of T-cell proliferation in
BAL fluid in D14L KO MPXV-Z-infected animals compared
to those of WT MPXV-Z-infected animals.

To better characterize the host immune response to
MPXV-Z infection and to define how MOPICE impacts the
adaptive T-cell response, we enumerated the frequency of
MPXV-specific CD4 and CD8 T cells in PBMC and BAL fluid
of all MPXV-Z-infected animals using intracellular cytokine
staining (ICS), as has been described previously (11). PBMC
and BAL fluid cells isolated at different dpi were stimulated
with MPXV-Z, simian varicella virus (SVV) (a negative con-
trol), or anti-CD3 (positive control), and the frequency of
TNF-�- and IFN-�-producing T cells was determined using
flow cytometry (FCM) as described in Materials and Methods.
As depicted in a representative example of CD8 T-cell re-
sponses from animal 24739 at 21 dpi (Fig. 7A), CD8 and CD4
T cells from WT and D14L KO MPXV-Z-infected animals
secrete TNF-� and IFN-� only in response to MPXV, and not
SVV, indicative of the development of an orthopoxvirus-spe-
cific T-cell response in infected animals. The panels in Fig. 7
show the averages of the responses generated by PBMC CD8
CM and EM T cells in each cohort.

Orthopox-specific CD8 CM T cells were detected with low
frequency at 7 dpi in WT MPXV-Z-infected animals, before
reaching a peak value at 21 dpi, after which the frequency of
responding T cells declined but remained detectable. Interest-
ingly, 21 dpi correlates with the onset of the second prolifera-
tive peak in T cells that occurred following WT MPXV-Z
infection. The frequency of MPXV-specific CD8 EM T cells
also peaked 21 dpi and reached higher levels than CD8 CM T
cells. Similar to previous observations made in PBMC from
humans vaccinated with vaccinia virus (1), the frequency of

FIG. 6. T-cell proliferation is lower in BAL fluid of D14L KO MPXV-Z-infected rhesus macaques compared to WT MPXV-Z-infected animals.
In contrast to PBMC, BAL fluid contains only CM and EM T cells. (A) A representative example of CD8 T-cell subsets and frequency of Ki67
cells at 0 (middle panel) and 10 (right panel) dpi from animals 23218 is shown. (B, D, F, and H) In BAL fluid of WT MPXV-Z-infected animals,
proliferation in all subsets of T cells followed a pattern similar to that described for PBMC, with an initial proliferative burst first being detected
at 10 dpi, a dramatic decrease in frequency of proliferating T cells occurring at 14 dpi, followed by the onset of a second proliferative burst at 17
dpi. The frequency of proliferating T cells returned to baseline at approximately 35 dpi in all animals. (C, E, G, and I) The patterns of proliferation
in T-cell subsets from BAL fluid of D14L KO MPXV-Z-infected animals displayed a more sporadic profile, but proliferation was first detected 10
dpi in all subsets and most animals. Data from later time points were not available for animal 26315, which succumbed to disease 17 dpi, or for
animals 20405 and 21965 at 17 and 21 dpi.
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MPXV-specific CD4 T cells was significantly lower than that of
MPXV-specific CD8 T cells in PBMC WT MPXV-Z-infected
animals (Fig. 7F and H). MPXV-specific CD4 EM T cells were
detected at 7 dpi (Fig. 7H), whereas CD4 CM T cells were
detected at 14 dpi (Fig. 7F). However, the peak of the CD4
response in PBMC still occurred at 21 dpi as described for
CD8 T cells. Interestingly, compared to those in WT MPXV-
Z-infected animals, the frequency of MPXV-specific CD8 and
CD4 T cells was lower in the D14L KO-infected animals (Fig.
7C, E, G, and I). This was especially evident for the CD8 and
CD4 CM (Fig. 7C and I) subsets, in which very few MPXV-
specific T cells were detected in D14L KO animals. This de-
creased frequency of responding T cells could contribute to the
increased viral loads and lesion severity observed in D14L KO
MPXV-Z-infected animals.

We also measured the frequency of MPXV-specific T cells in
BAL fluid (Fig. 8). However, we were able to study samples
from only two WT MPXV-Z-infected animals (24739 and
25510) and one D14L KO MPXV-Z-infected animal (22665),
due to a lack of cells recovered (animals 22318 and 22358) or
an inability to obtain BAL fluid samples due to low oxygen
saturation levels (animals 21965 and 20405). In general, how-
ever, the frequency of MPXV-specific T cells in BAL fluid was
similar to that observed in PBMC, with the exception of an
apparent delayed but robust increase in the frequency of re-
sponding T cells at approximately 49 dpi.

DISCUSSION

Orthopoxviruses encode numerous proteins capable of mod-
ulating the host immune response. Among these proteins are
the poxviral inhibitors of complement enzymes (PICEs). These
secreted viral proteins share structural and functional homol-
ogy with mammalian regulators of complement activation, pro-
teins which protect host cells from damage due to uncontrolled
complement activation (31). Activation of the complement
cascade in an infected host is generally thought to contribute to
resolution of viral infection due to mechanisms such as in-
creased viral opsonization, lysis of infected cells, and produc-
tion of the proinflammatory anaphylatoxins C5a and C3a (20).
Moreover, complement activation has been found to enhance
both B- and T-cell responses to some pathogens (6). The vac-
cinia complement control protein (VCP) has been shown to
protect both virus-infected cells and virions from host comple-
ment attack, and it appears to be important for the virulence of
vaccinia virus (15). Further, VCP has recently been shown to
limit the adaptive immune response against vaccinia virus in an
in vivo model of intradermal infection (10). In the case of
cowpox, in vivo studies indicate that the cowpox inflammation
modulatory protein is important for preventing tissue damage

and swelling associated with virus infection (26). Therefore,
PICE proteins may limit the extent of host complement acti-
vation, not only as a mechanism to promote increased viral
persistence and limiting clearance of the virus but also to
prevent extensive injury to host tissue and cells, thus maintain-
ing an optimal environment for viral replication in an infected
host. Based on this information, it was hypothesized that the
monkeypox complement regulator, MOPICE, is one of the
main virulence factors of central African strains of MPXV,
since it is completely absent in west African strains of MPXV
(7, 21).

To determine how MOPICE modulates MPXV pathogene-
sis and the adaptive immune response, we first generated a
D14L knockout (D14L KO) MPXV in which the D14L open
reading frame encoding MOPICE was deleted from the
MPXV-Zaire genome and replaced with an EGFP-expressing
cassette. Importantly, complete genomic sequence analysis of
the resulting virus indicates that outside the region containing
D14L sequence, D14L KO MPXV-Z is highly similar to the
parental WT MPXV-Z, with no major genetic changes likely to
affect gene expression being identified. Further, deletion of
D14L from the MPXV-Z genome does not abrogate transcrip-
tion of the neighboring genes D13L (putative IL-1 receptor
antagonist) and D15L (Kelch-like protein), although lower
levels of D13L transcript production by D14L KO MPXV-Z
were observed. It is currently unknown if a decrease in D13L
transcript production actually affects protein expression levels
of this gene during D14L KO MPXV-Z infection or whether
this might have any effects during an in vivo infection. Al-
though it is possible that the difference in D13L transcription
could contribute to the observed phenotype of D14L KO
MPXV-Z, the major difference between the parental and re-
combinant virus is the lack of MOPICE expression by D14L
KO MPXV-Z, which is therefore most likely to be responsible
for any major phenotypic variations observed between these
viruses.

To assess the role of MOPICE in disease progression and
the development of the adaptive immune response in vivo, RM
were infected intrabronchially with either WT MPXV-Z or
D14L KO MPXV-Z. Our results show that this model closely
recapitulates MPXV disease in humans, with the development
of fever, widespread lesions, and respiratory symptoms in an-
imals infected with WT MPXV-Z. Results of the WT
MPXV-Z infection studies in RM also parallel recent findings
in a study of i.b. infection of cynomolgus macaques, with the
development of similar patterns of disease progression in both
model systems (16). Further, utilizing an extensive array of
immunological tools available in the RM model, we demon-
strate that WT MPXV-Z-infected animals generate a humoral

FIG. 7. Frequency of MPXV-specific T cells in peripheral blood is higher in WT MPXV-Z-infected animals. MPXV-specific CD4 and CD8 T
cells were detected by intracellular cytokine staining (ICCS). PBMC from WT and D14L KO MPXV-Z-infected animals were stimulated with
purified MPXV-Z virus (MOI, 1) or simian varicella virus (SVV) (negative control) or anti-CD3 (positive control) as described in Materials and
Methods. MPXV-specific T cells were identified based on the production of TNF-� and IFN-�. (A) Representative example of CD8 CM and EM
responses from animal 24739 at 17 dpi, indicating that specific T-cell responses are detected only in response to MPXV-Z stimulation. The average
percentage of responding (TNF-�� IFN-�� double-positive or IFN-�� only) cells in each subset for all four animals is shown for WT MPXV-Z
(B, D, F, and H) and D14L KO MPXV-Z (C, E, G, and I). The T-cell response in all subsets of WT MPXV-Z-infected animals peaked by 21 dpi,
while the responses in D14L KO MPXV-Z-infected animals were much lower in most subsets.
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FIG. 8. MPXV-Z-specific T cells in BAL fluid of WT and D14L KO MPXV-Z-infected animals. ICCS was performed as described for Fig. 7
to measure frequency of MPXV-specific T cells in BAL fluid of WT and D14L KO MPXV-Z-infected animals. (A, C, E, and G) Average
percentage of responding (TNF-�� IFN-�� double-positive or IFN-�� only) T-cell subsets in BAL fluid of WT MPXV-Z-infected animals 24739
and 22510. (B, D, F, and H) Frequency of responding T cells from D14L KO MPXV-Z-infected animal 22665.
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and cellular immune response against the virus, as evidenced
by an increase in the number of proliferating memory B cells,
the production of MPXV-specific IgG, an increase in the num-
ber of proliferating memory T cells, and the generation of
IFN-�-/TNF-�-secreting T cells specific to orthopoxvirus anti-
gens. The onset of the adaptive immune response correlated
with the increase in viral loads detected in infected animals,
and it closely paralleled the control and resolution of the
MPXV infection.

MOPICE is capable of inhibiting complement activity in
rhesus macaque serum in vitro (data not shown), and we ini-
tially hypothesized that the absence of this protein would result
in increased levels of complement activation, viral opsoniza-
tion, infected cell lysis, and anaphylatoxin production in D14L
KO MPXV-Z-infected animals, thereby leading to lower levels
of viral replication and a less severe disease than that found in
WT MPXV-Z-infected animals. However, although the dele-
tion of MOPICE had no effect on the in vitro growth properties
of MPXV-Z, infection of RM with D14L KO MPXV-Z re-
sulted in more severe disease than WT MPXV-Z infections.
This was evidenced by the fact that while all animals infected
with WT MPXV-Z survived, one of the four animals infected
with D14L KO MPXV-Z succumbed to disease at 17 dpi, and
two additional D14L KO MPXV-Z-infected animals displayed
larger lesions with delayed scabbing and healing compared to
those in WT MPXV-Z infection. We also observed higher
peak viral loads in D14L KO MPXV-Z-infected animals than
in those with WT MPXV-Z infections. Specifically, viral loads
in BAL fluid and whole blood in D14LKO MPXV-Z-infected
animals were generally higher than those observed in WT
MPXV-Z-infected animals, with the highest viral load of any
infection being detected in the single D14L KO MPXV-Z-
infected animal that succumbed to MPXV-related disease
complications. These observations are similar to those made in
studies of an IMP knockout cowpox virus in mice, in which
footpad swelling and localized tissue damage were increased in
the absence of the viral complement inhibitory protein (26).
Taken together, these observations suggest that the deletion of
MOPICE might result in increased localized inflammation and
tissue damage in pox lesions, thereby rendering D14LKO
MPXV-Z more virulent.

We also observed a delayed and reduced adaptive immune
response in D14L KO MPXV-Z-infected animals. Although
the MPXV-specific IgG response appeared with similar kinet-
ics in both WT and D14L KO MPXV-Z-infected animals (14
dpi), initially the endpoint IgG titer was approximately a log
lower in the D14L KO-infected animals and the animals did
not achieve the same titer as WT-infected animals until 35 dpi.
Further, the proliferative burst, as well as the frequency, of
MPXV-specific CD4 and CD8 T-cell subsets was reduced in
D14L KO MPXV-Z-infected animals. It is very likely that the
delayed and reduced adaptive immune response contributed to
the increased viral loads seen in some D14L KO MPXV-Z-
infected animals, although it is also possible that the initial
increase in viral loads could have resulted in T-cell exhaustion
in a manner analogous to what has been observed in some
models of chronic viral infection (2). Also of interest was the
biphasic T-cell response observed in the WT MPXV-infected
animals. As described in Results, the decreased frequency of
proliferating T cells correlated with a decrease in white blood

cell and lymphocyte counts in these animals, suggesting that
MPXV infection might result in extensive lymphocyte death.
This possibility is supported by the observation that the ma-
jority of the IFN-�-producing, MPXV-specific T cells are de-
tected 21 dpi at the earliest, which corresponds to the second
proliferative peak.

Taken together, our data indicate that deletion of MOPICE
does not render MPXV-Z less virulent, and that lack of this
protein may actually result in higher viral loads and more
severe disease outcomes in vivo. This suggests that increased
complement activation in the absence of MOPICE expression
in vivo may not play a significant role in enhancing the adaptive
response to MPXV-Z but, rather, that it may actually be in-
hibitory to the adaptive response in some fashion. It has been
recently found, for example, that despite its known proinflam-
matory properties, the anaphylatoxin C5a may also possess
immunosuppressive properties and that, in certain contexts,
including aerosol exposure to inhaled allergens, it can inhibit
the adaptive immune response to antigen (19, 37). In addition,
C5a has also been shown to suppress anti-tumor CD8 T-cell
responses (24). Thus, one possibility in our model is that in-
creased complement activation and anaphylatoxin production
during i.b. infection of RM with D14L KO MPXV-Z actually
result in a decreased adaptive immune response against the
virus, compared to findings with WT MPXV-Z infection. How-
ever, exactly how MOPICE modulates the adaptive immune
response is still unclear at this point and will be the subject of
future studies.

Overall, our findings do not rule out some role for MOPICE
in pathogenic differences between MPXV clades, but they do
suggest that other viral products also significantly contribute to
observed differences in mortality and disease severity. Indeed,
it is unlikely that a single protein is fully responsible for patho-
genic differences between MPXV clades, but, rather, it is more
reasonable to expect that multiple differences between viruses,
either small or large, have an additive effect that culminates in
varied behavior of different MPXV strains. Other factors such
as the route of infection and general disease severity may also
have an impact on the development of immune responses
against MPXV in vivo and may modulate the extent to which a
particular viral protein is involved in pathogenesis in any given
context. Further analysis of the activities of MOPICE during
MPXV infection in vivo will be necessary in order to provide a
better understanding of the overall importance of complement
in regulation of the adaptive immune response against MPXV,
as well as other poxviruses.
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