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ABSTRACT
Monkeypox virus (MPXV) is a re-emerging zoonotic poxvirus responsible for producing skin lesions in humans. Endemic 
in sub-Saharan Africa, the 2022 outbreak with a clade IIb strain has resulted in ongoing sustained transmission of the 
virus worldwide. MPXV has a relatively wide host range, with infections reported in rodent and non-human primate 
species. However, the susceptibility of many domestic livestock species remains unknown. Here, we report on a 
susceptibility/transmission study in domestic pigs that were experimentally inoculated with a 2022 MPXV clade IIb 
isolate or served as sentinel contact control animals. Several principal-infected and sentinel contact control pigs 
developed minor lesions near the lips and nose starting at 12 through 18 days post-challenge (DPC). No virus was 
isolated and no viral DNA was detected from the lesions; however, MPXV antigen was detected by IHC in tissue from 
a pustule of a principal infected pig. Viral DNA and infectious virus were detected in nasal and oral swabs up to 14 
DPC, with peak titers observed at 7 DPC. Viral DNA was also detected in nasal tissues or skin collected from two 
principal-infected animals at 7 DPC post-mortem. Furthermore, all principal-infected and sentinel control animals 
enrolled in the study seroconverted. In conclusion, we provide the first evidence that domestic pigs are susceptible 
to experimental MPXV infection and can transmit the virus to contact animals.
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Introduction

Monkeypox virus (MPXV) is a re-emerging pathogen 
of the Orthopoxvirus (OPXV) genus in the Poxviridae 
family, which can spill over from a virus reservoir or 
intermediate host species into humans and cause dis-
ease. MPXV infection in humans produces illness 
reminiscent of smallpox infections, with clinical dis-
ease often presenting as fever and a characteristic 
maculopapular rash that progresses to vesiculopustu-
lar lesions [1,2]. The severity of MPXV-produced dis-
ease is believed to be highly strain-dependent. Case 
fatality rates for clade I (Congo Basin) MPXV strains 
have been reported as high as 10% in unvaccinated 
people, while Clade II (West Africa) MPXV strains 

produce milder illness, with case fatality rates of less 
than 1% [3–5]. Unlike the closely related Variola 
minor and major viruses, the causative agents of 
smallpox, MPXV can infect a variety of animal species 
in addition to humans; historically most human infec-
tions have been acquired through contact with either 
MPXV-infected non-human primates (NHPs) or 
rodents in endemic areas of Central and West Africa 
[2]. In 2003, sustained MPXV transmission was 
reported outside of the African continent for the 
first time, when the virus spread from imported 
African rodents (Gambian pouched rat, Cricetomys 
gambianus) to captive prairie dogs in the United States 
[6]. This resulted in 72 human infections, all of which 
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occurred following direct contact with infected prairie 
dogs [7]. During the recent 2022 outbreak, human-to- 
human transmission was responsible for most of the 
approximately 90,000 cases recorded worldwide, 
although the initial transmission to humans is thought 
to have occurred through contact with a MPXV- 
infected animal. Therefore, identifying MPXV-suscep-
tible animal species is paramount to predict, prevent 
and mitigate further zoonotic infections in humans.

Originally discovered in cynomolgus macaques 
(Macaca fascicularis) in 1958, MPXV is known to 
infect a variety of animal species, although the reser-
voir species for MPXV has yet to be identified [8]. 
Like humans, NHPs are considered incidental hosts 
for MPXV, as NHPs develop severe disease similar 
to that seen in humans [4]. MPXV has been isolated 
from chimpanzees and sooty mangabeys in the wild 
[9,10], while macaques, marmosets, and baboons 
developed disease upon experimental inoculation 
[11–13]. Many rodent species are susceptible to 
MPXV infection, including giant pouched rats, Gam-
bian pouched rats, rope squirrels, prairie dogs, wood-
chucks, and porcupines [14–19]. MPXV infection in 
prairie dogs resulted in: (i) necrotizing bronchopneu-
monia, conjunctivitis and tongue ulceration; (ii) posi-
tive virus isolation in lungs and tongue; and (iii) 
abundant viral antigen in surface epithelial cells of 
lesions in conjunctiva and tongue and in bronchial 
epithelial cells, macrophages, and fibroblasts in the 
lung [6]. Following experimental inoculation with 
either Clade I or II MPXV, prairie dogs develop 
signs of disease similar to those seen in humans, 
including the characteristic lesions [17–19]. By con-
trast, experimental inoculation of MPXV in most lab-
oratory mouse strains produces mild or subclinical 
disease, although one recent report describes a 
mouse model that mimics the MPXV clade-dependent 
disease severity seen in humans [18–20]. In addition to 
NHP and rodent species, MPXV or MPXV DNA has 
been detected in opossums, hedgehogs, and anteaters, 
raising concerns that other animal species may also be 
susceptible and could serve as virus reservoirs [16,19].

The susceptibility of domestic animals to MPXV 
remains unknown. The domestic pig (Sus scrofa) is a 
common livestock amplification host for many zoono-
tic viruses, such as influenza A viruses, Japanese ence-
phalitis virus, and Nipah virus. Pigs are also 
susceptible to at least one member of the Poxviridae 
family: swinepox virus. During initial isolation of 
MPXV, pig embryonic kidney (PEK) cells were used 
to amplify the virus, demonstrating in vitro suscepti-
bility of pig cells to MPXV [21]. In addition, OPXV 
neutralizing antibodies were found in one pig from 
Central Africa during a large-scale serological survey 
[22]. One recent study reported that experimental 
Clade I MPXV inoculation of Siberian minipigs via 
the intranasal route produced no obvious clinical 

signs, although virus isolation and serology studies 
were not attempted [20].

In this study, we inoculated six 3–5 week-old piglets 
with Clade IIb MPXV via simultaneous intravenous, 
intradermal, and intranasal administration. Two 
days post-challenge (DPC), we introduced two senti-
nel piglets to determine whether MPXV can be trans-
mitted to co-housed, in-contact pigs. Several pigs 
developed minor lesions near the lips and nose 
accompanied by MPXV antigen detection in skin 
samples collected upon necropsy. Infectious virus 
was isolated from the nasal and oropharyngeal swabs 
of two of the principally-challenged animals. Impor-
tantly, we were also able to isolate MPXV DNA in 
nasal and oropharyngeal swabs from all animals, 
including the sentinel contact control animals. The 
presence of anti-MPXV antibodies in principal- 
infected and sentinel animals confirmed pig-to-pig 
transmission. Therefore, this report provides the first 
evidence that pigs are susceptible to MPXV infection 
and can transmit the virus to contact animals.

Materials & methods

Cells and viruses

Vero E6 cells (ATCC® CRL-1586™) were used for 
virus propagation and titration. Cells were cultured 
in Dulbecco’s Modified Eagle’s Medium (DMEM, 
Corning, Corning NY, USA), supplemented with 2% 
fetal bovine serum (FBS, R&D Systems, Minneapolis, 
MN, USA) and penicillin/streptomycin (P/S, Gibco, 
Grand Island, NY, USA) and maintained at 37 °C in 
a 5% CO2 atmosphere. The hMPXV/USA/MA001/ 
2022 (Lineage B.1, Clade IIb) isolate of MPXV was 
acquired from BEI Resources (Cat. #NR-58622) and 
used directly without further passaging for inoculation 
of animals. To determine the infectious titer of the 
original stock, 10-fold serial dilutions were performed 
on Vero E6 cells. Upon the appearance of cytopathic 
effect (CPE), the 50% tissue culture infectious dose 
(TCID50)/mL was calculated using the Spearman- 
Kaerber method [23].

Ethics statement

All animal studies and experiments were approved 
and conducted under the Kansas State University 
(KSU) Institutional Biosafety Committee (IBC, Proto-
col #1679) and the Institutional Animal Care and Use 
Committee (IACUC, Protocol #4824) in compliance 
with the Animal Welfare Act. All animal and labora-
tory work was performed in biosafety level-3+ and 
-3Ag (BSL-3+, BSL-3Ag) laboratories and facilities in 
the Biosecurity Research Institute (BRI) at KSU in 
Manhattan, KS, USA. Processing of inactivated forma-
lin-fixed tissues occurred at BSL-2 as per Centers for 
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Disease Control and Prevention (CDC) and BRI inac-
tivation protocols.

Virus challenge of animals

Ten male pigs, approximately 3–5 weeks old, were 
acquired from Oak Hill Genetics (Ewing, IL, USA) 
and allowed to acclimate for 3 days in the BSL-3Ag 
facility prior to the beginning of the study. One day 
before challenge, two pigs were euthanized to perform 
a full baseline post-mortem examination. Of the 
remaining eight pigs, six pigs were inoculated simul-
taneously via the intranasal, intradermal, and intrave-
nous route with a 3 mL dose (1 mL per route) of 
MPXV at a concentration of 3 × 107 TCID50/mL. 
The remaining two pigs served as the contact sentinel 
controls and were separated from the principal- 
infected pigs until 2 DPC, when the animals were 
co-mingled (Figure 1). Two principal-infected animals 
were each euthanized for post-mortem examination at 
7, 14, and 21 DPC, while both contact sentinel controls 
were euthanized at 21 DPC.

Clinical evaluations and sample collection

Pigs were observed daily for clinical signs, including 
depression, decreased appetite, respiratory signs, and 
lesions. Rectal temperatures were recorded daily. 
Nasal, oropharyngeal, and rectal swabs as well as 
whole blood were collected from animals at −1, 1, 3, 
5, 7, 10, 14, 17, and 21 DPC. Swabs were placed in 1 
mL of DMEM medium with P/S. Serum and oral 
fluids were collected before challenge and weekly fol-
lowing challenge at 7, 14, and 21 DPC. Blood was col-
lected via venipuncture of the vena cava cranialis. Full 
post-mortem examinations were conducted at the 
indicated time points, and gross changes were noted. 
Haired skin was collected from the ears, eyelids, axil-
lary region, inguinal region, and the ventral abdomen. 
Any grossly abnormal skin was also collected. Speci-
mens from the respiratory tract included the nasal tur-
binates and ethmoturbinates, multiple sections of the 
trachea and bronchi and sections from all lung lobes. 
Lymphoid tissue collected included the nasopharynx, 
thymus, tonsil and numerous lymph nodes including 
the tracheobronchial, cranial mediastinal, retro-phar-
yngeal, mandibular, inguinal, superficial cervical, gas-
trohepatic, mesenteric and ileocecal lymph nodes. 
Visceral organs collected included the heart, liver, 
spleen, and kidney. Specimens from the gastrointesti-
nal tract included the tongue, esophagus, stomach, 
and multiple locations throughout the small and 
large intestine. Miscellaneous tissues collected 
included the salivary glands, pancreas, adrenal glands, 
urinary bladder, skeletal muscle, bone marrow, olfac-
tory bulb, brain and eye. Bronchoalveolar lavage 
fluid (BALF) of the left lung lobes was collected 

using 30–40 mL of DMEM. Cerebrospinal fluid 
(CSF), feces, and urine were also collected during 
post-mortem examination. All clinical samples were 
processed and stored at −80 °C until analysis. Tissue 
samples were formalin fixed or stored directly at −80 
°C until analysis.

Histopathology

Tissues were fixed in formalin for 7 days, transferred 
to 70% ethanol (ThermoFisher Scientific, Liverpool, 
NY, USA), and stained with hematoxylin and eosin 
(H&E). Nasal cavity, rostral, middle and deep turbi-
nates were decalcified with Immunocal™ Decalcifier 
(StatLab, McKinney, TX, USA) for 4 days at room 
temperature prior to H&E staining. Blinded examin-
ation was conducted by two veterinary pathologists.

Immunohistochemistry (IHC; vaccinia-specific)

Immunohistochemistry (IHC) for detection of vacci-
nia virus B5R antigen (93% homologous to MPXV 
B5R homolog) was performed on the automated 
BOND RXm platform and using the Polymer Refine 
Red Detection kit (Leica Biosystems, Buffalo Grove, 
IL, USA). Following automated deparaffinization, 
four-micron formalin-fixed, paraffin-embedded tissue 
sections on positively charged Superfrost® Plus slides 
(VWR, Radnor, PA, USA) were subjected to auto-
mated heat-induced epitope retrieval (HIER) using a 
ready-to-use citrate-based retrieval solution (pH 6.0, 
Leica Biosystems) at 100 °C for 20 min. Subsequently, 
tissue sections were incubated with the primary anti-
body (rabbit polyclonal anti-vaccinia B5R (BEI 
Resources, Manassas, VA, NR-629) diluted 1:2000 in 
Primary Antibody diluent (Leica Biosystems) for 30 
min at ambient temperature followed by a polymer- 
labeled goat anti-rabbit IgG coupled with alkaline 
phosphatase (30 min). Fast Red was used as the chro-
mogen (15 min), and counterstaining was performed 
with hematoxylin for 5 min. Slides were dried in a 
60 °C oven for 30 min and mounted with a permanent 
mounting medium (Micromount®, Leica Biosystems). 
Sections derived from formalin-fixed, paraffin- 
embedded DF-1 cells infected with the modified vacci-
nia Ankara (MVA) virus were used as a positive assay 
control.

MPXV-specific RNAscope® in situ hybridization

For RNAscope® in situ hybridization (ISH), a com-
mercially available and validated probe specific to 
MPXV (Advanced Cell Diagnostics (ACD), Newark, 
CA, USA, Cat. No. 534678) was used as previously 
described [24]. Sections of formalin-fixed paraffin- 
embedded tissues were generated as indicated above, 
and the RNAscope® ISH assay was performed using 
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the RNAscope 2.5 LSx Reagent Kit (ACD) on the auto-
mated BOND RXm platform (Leica Biosystems). Fol-
lowing automated baking and deparaffinization, tissue 
sections were subjected to heat-induced epitope retrie-
val (HIER) using an EDTA-based solution (pH 9.0; 
Leica Biosystems) at 100 °C for 15 min, protease diges-
tion using the RNAscope® 2.5 LSx Protease for 15 min 
at 40 °C, and incubation with a ready-to-use hydrogen 
peroxide solution for 10 min at room temperature. 
Slides were incubated with each probe mixture for 2 
h at 40 °C, and the signal was amplified using a specific 
set of amplifiers (AMP1 through AMP6) as rec-
ommended by the manufacturer. The signal was 
detected using a Fast-Red solution for 10 min at 
room temperature. Slides were counterstained with a 
ready-to-use hematoxylin for 5 min, followed by five 
washes with 1X BOND Wash Solution (Leica Biosys-
tems). Slides were finally rinsed in deionized water, 
dried in a 60 °C oven for 30 min, and mounted with 
Ecomount® (Biocare, Concord, CA, USA).

DNA extraction and quantitative PCR (qPCR)

The quantification of MPXV DNA was performed 
using a quantitative real-time PCR assay i.e. called the 
G2R-G assay [25]. Briefly, frozen tissues were thawed 
and adjusted to 200 mg minced tissue/1 mL DMEM. 

Tissue homogenization was performed at 30 second 
intervals (4 pulses total for 2 minutes) at 30 Hz, using 
the Tissue Lyser LT (Qiagen, Hilden, Germany). Hom-
ogenates were pelleted at 3,000 g for 2 min.

DNA present in liquid (e.g. whole blood, swab 
samples, etc.) and homogenized samples was extracted 
using the GeneReach Total Nucleic Acid extraction kit 
on the Taco Mini Prime Purification System (GeneR-
each, Taichung City, Taiwan). Briefly, 100–200 µL of 
liquid sample was mixed with 500 µL lysis buffer con-
taining 50 µL of magnetic beads, 150 μl of PBS (Ther-
moFisher Scientific), 40 μl proteinase K (Qiagen) and 
200 μl of isopropanol (ThermoFisher Scientific) prior 
to the lysis and automated magnetic bead extraction.

For DNA extraction, tissue lysates were prepared 
using 250 μl of clarified tissue homogenate in 250 μl 
ATL buffer and 40 μl protease K. Tubes were incu-
bated for 30 minutes at 56 °C on a heat block at 550 
RPM shaking. ALT tissue lysates were incubated in 
the dark at room temperature for 3–5 days prior to 
processing DNA. One hundred μl of the tissue lysate 
was added to the lysis buffer and magnetic beads, fol-
lowed by the addition of 100 μl of PBS and 200 μl of 
isopropanol.

DNA bound to beads was washed twice with the 
Wash buffer 1 (750 µL), once with the kit-supplied 
Wash buffer 2 (750 µL), once with absolute ethanol 

Figure 1. Experimental design. Six pigs were inoculated with the MPXV hMPXV/USA/MA001/2022 (Lineage B.1, Clade IIb) isolate 
acquired from BEI Resources. A 3 ml dose of 3 × 107 TCID50 per animal was administered intranasal (IN), intradermal (ID), and 
intravenous (IV). At 2 days post-challenge (DPC), two contact sentinel control pigs were co-mingled with the six principally chal-
lenged animals. Daily clinical observations and body temperatures were recorded. Nasal, oropharyngeal, and rectal swabs as well 
as whole blood were collected at −1, 1, 3, 5, 7, 10, 14, 17, and 21 DPC. Oral fluids and serum were collected at −1, 7, 14, and 21 
DPC. Post-mortem examinations were performed at 7, 14, and 21 DPC and results compared to baseline post-mortem examin-
ations conducted on 2 additional negative control pigs at -1 DPC. BioRender.com was used to create the figure illustrations.
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(750 µL) and dried at room temperature for 5 minutes. 
DNA was eluted in 100 µL of elution buffer.

The MPXV G2R-G assay was performed, using Per-
feCTa® FastMix® II (Quantabio, Beverly, MA, USA) on 
a CFX96 Touch™ Real-Time PCR Detection System 
(Bio-Rad, Hercules, CA, USA). A plasmid encoding 
the TNF receptor gene of MPXV was synthesized by 
GenScript (Piscataway, NJ, USA) and used as a posi-
tive control for all DNA extraction and qPCR reac-
tions. Serially diluted plasmids were used as 
reference samples for DNA copy numbers (see 
below). All qPCR reactions were undertaken with 5 
µL of DNA template, 0.4 µM of primers and 0.2 µM 
of FAM probe (Integrated DNA Technology, Coral-
ville, IA, USA) in a final reaction volume of 20 µL. 
Each reaction was performed in duplicate. Thermocy-
cling parameters for the MPXV G2R-G assay were 95 ° 
C for 5 min, followed by 45 cycles of 95 °C for 10 
seconds and 60 °C for 1 minute. Negative and positive 
controls were included in each PCR run and consisted 
of molecular grade water and the MPXV-positive 
amplification control, respectively. A Ct cutoff of 38 
was used for blood and swabs and 40 for tissues. 
These Ct cutoffs were selected based on the analytical 
limits of the qPCR assay and recommendations from 
the CDC website for this assay [26]. Samples with 
both PCR replicates at or below the Ct cutoffs were 
interpreted as positive. Samples with one of both 
PCR replicates at or below the Ct cutoffs were inter-
preted as suspect.

The screening of MPXV DNA in skin lesion swabs 
and samples was undertaken with a qPCR assay target-
ing the E9L gene [27] according to CDC’s recommen-
dations [28].

Virus isolation from clinical samples

Nasal and oral swab samples were briefly vortexed 
before adding 500 μl to 6-well plates of Vero E6 
cells. Cells were incubated at 37 °C for 2 hours before 
the removal of inoculum and washing cells once with 
phosphate buffered saline (PBS). Then, 2 mL of 2% 
FBS DMEM media with 1% P/S was added per well 
and plates were incubated for 4 days at 37 °C.

To visualize MPXV-specific CPE, plates of cells were 
fixed with 80% acetone for 10 minutes and washed 
twice with PBS. Next, 1 mL of rabbit anti-vaccinia 
virus (VACV) polyclonal antibody (PA1-7258, Invitro-
gen, Waltham, MA, USA) diluted 1:250 in 1% bovine 
serum albumin (BSA) in PBS was added per well, and 
plates were incubated for 1 hour at room temperature 
(RT). Plates were then washed 3 times with PBS-T 
(0.1% Tween-20 in PBS) before adding 1 mL of Alexa 
Fluor 488 goat anti-rabbit IgG (Invitrogen) diluted 
1:1000 in 1% BSA. After 1 hour of incubation at RT, 
plates were washed another 3 times and plaques visual-
ized using an EVOS fluorescent microscope.

Indirect enzyme-linked immunosorbent assay 
(ELISA)

To detect MPXV binding antibodies in sera, indirect 
ELISAs were performed using purified recombinant 
A35 and H3 MPXV antigens (Sino Biological Inc., 
Beijing, China). Briefly, 96-well Maxisorp immunoas-
say plates (ThermoFisher) were coated with 300 ng of 
either A35 or H3 antigen per well in PBS and incu-
bated at 4 °C overnight. After blocking with 5% 
skim milk in PBS-T, plates were incubated for 1 
hour with sera diluted in 1% skim milk in PBS-T. 
Plates were then washed 3 times with PBS-T before 
adding a 1:5000 dilution of goat anti-pig IgG conju-
gated with HRP (Abcam, Cambridge, UK). After 1 
hour, plates were again washed 3 times with PBS-T 
and 100 μl of TMB substrate (Abcam) were added 
per well. Plates were incubated for 5 minutes before 
adding 100 μl of stop solution (Abcam). The OD of 
the ELISA plates were read at 450 nm on an ELx808 
BioTek plate reader, and a sample was considered 
positive when the OD value was higher than the 
mean OD of naïve serum plus 3 standard deviations.

Whole-virus ELISAs were also performed using 
sample dilutions of 1:100, 1:200, and 1:400 as pre-
viously described [29]. Briefly, 0.01 µg/well of crude 
vaccinia virus (Western Reserve strain) diluted in car-
bonate buffer was used to coat half of a microtiter 
plate, while the other half of the plate was coated 
with BSC-40 cell lysate. A cut-off value (COV) was 
generated by calculating the average OD value from 
the virus and subtracting the average plus two stan-
dard deviations of the corresponding sample in the 
cell lysate. All samples were run in duplicate. An ani-
mal was considered positive if the sample OD value 
was above the COV.

Detection of MPXV binding antibodies by 
immunofluorescence

The 96-well plates of Vero E6 cells were infected with 
MPXV at a multiplicity of infection (MOI) of 1 and 
incubated for 48 hours at 37 °C before being fixed 
with 80% acetone. Wells were rehydrated with PBS, 
and 50 μl of pig serum samples (diluted 1:10 in 1% 
BSA) were added to each well. As a positive control, 
50 μl of rabbit anti-VACV polyclonal antibody 
(PA1-7258, Invitrogen) diluted 1:250 in 1% BSA 
were added to wells. After incubation for 1 hour at 
RT, plates were washed 3 times in PBS-T. Plates 
were then incubated with 1 mL of a 1:250 dilution of 
goat anti-porcine IgG-AF488 (Southern Biotech, Bir-
mingham, AL, USA) or biotinylated Protein A conju-
gated with streptavidin, DyLight 488 (Vector 
Laboratories, Newark, CA, USA). Positive control 
wells were incubated with either Alexa Fluor 488 
goat anti-rabbit IgG (Invitrogen) or Protein A. After 
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washing 3 times with PBS-T, Vectashield Plus antifade 
medium with DAPI (Vector Laboratories) was added 
to counterstain and plates were visualized using an 
EVOS fluorescent microscope.

Results

Pigs remain subclinical following challenge 
with MPXV

Clinical signs that included activity level, appetite, 
respiratory signs, and skin lesions were monitored 
daily, and rectal temperatures were also recorded 
daily. Body temperatures for all animals remained 
within the normal range throughout the course of 
the study (Suppl. Fig. 1). Beginning at 12 days 
post-challenge (DPC), some minor skin lesions 
were observed in both the principally-infected and 
sentinel contact control animals. Lesions were 
observed near the lips and nose of four pigs from 
12 DPC through 18 DPC (Suppl. Fig. 1). These 
lesions presented as red macules on three animals, 
and a singular large vesicle on the nose of a fourth 
animal (Suppl. Fig. 1). Observed lesions were 
swabbed for subsequent qPCR; however, no viral 
DNA could be detected. No other clinical signs 
were observed throughout the remainder of the 
study.

Comprehensive post-mortem exams were per-
formed on all pigs. No significant gross lesions were 
seen in visceral organs; and lesions were restricted to 

the skin. Regions of hyperemia, erosions, ulcers, and 
scabs were collected from each animal when present. 
At 7 DPC, epidermal changes were only observed in 
one of the two principal-infected pigs (ID #23). The 
upper right eyelid had a 0.5 cm linear crusty lesion 
near the medial canthus. This pig also developed two 
red, non-raised circular foci approximately 1 cm in 
diameter on the left lateral side of the nose. These 
regions consisted of hyperemia and mild thickening 
of the epidermis and hyperkeratosis, with rare intra-
corneal pustules at the level of the eyelid.

At 14 DPC, skin lesions were observed in both pigs 
examined. One pig (#17) had a 0.5 cm pustular to ulcer-
ated focus on the ventral chin (Suppl. Fig. 3A), delimited 
by a dark-red congested rim (Suppl. Fig. 3A insert). 
Overall, the microscopic alterations included mild mul-
tifocal pustular, hyperplastic and lymphohistiocytic 
perivascular dermatitis with occasional epidermal 
ulceration (Suppl. Fig. 3B). Mononuclear inflammatory 
cells infiltrated the superficial dermis underlying the 
ulcerated epidermis and also delimiting dermal blood 
vessels. The adjacent epidermis was hyperplastic 
(acanthosis) and the stratum corneum was occasionally 
covered with small serocellular crusts containing coc-
coid and rod-shaped bacteria. At 14 DPC, pig #20 devel-
oped wet eyelids and slight hyperemia within the left 
conjunctiva and the surrounding skin. Small 2 mm 
crusts occurred on the lower and upper eyelids above 
and below the lashes. Furthermore, formation of epider-
mal pustules was noted (Figure 2). Small amounts of 
intracytoplasmic viral antigen in degenerate 

Figure 2. Histological alterations in the skin and immunohistochemical detection of MPXV antigen in one of the infected 
pigs. (A) Histologic alterations are characterized by epidermal pustule formation (*), hyperplasia of the adjacent epidermis (arrow-
heads) and superficial perivascular lymphohistiocytic and eosinophilic dermatitis (arrows). The corneal layer of the epidermis was 
occasionally colonized by coccoid bacteria (dashed arrows). (B) Within this single pustule, sporadic degenerate inflammatory cells 
contain minimal intracytoplasmic viral antigen (red). No viral antigen was detected within keratinocytes or other cell types. H&E, 
200X total magnification; Fast Red, 400X total magnification.
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inflammatory cells within a single pustule in pig #20 
were identified by immunohistochemistry using a poly-
clonal anti-vaccinia B5R antibody (Figure 2). However, 
no viral mRNA transcripts were detected via in situ 
hybridization using a MPXV-specific probe.

Among the animals euthanized at 21 DPC (n = 4, 
corresponding to two principal infected [#21 and 
#24] and two sentinel pigs [#16 and #18]), three pigs 
developed skin alterations. Consistent with the skin 
lesion on the left lateral chin (Suppl. Fig. 1C) observed 
at 12 DPC, pig #24 developed pustular dermatitis with 
epidermal acanthosis (Suppl. Fig. 3C). Lesions from 
the ventral abdomen had similar erosive dermatitis. 
Interestingly, pig #18 developed a 1.5 cm diameter ves-
icular lesion in the dorsal nasal planum (11 DPC). 
This lesion rapidly progressed into a ruptured vesicle 
in the superficial epidermis (12 DPC) that developed 
into an erosion with transient crust formation 
(Suppl. Fig. 1D). The lesion rapidly resolved and was 
not apparent at the time of necropsy (21 DPC). Skin 
lesions appreciated grossly in pig #16 at 21 DPC 
included multifocal small crusts on the upper 
eyelid, and histologically were characterized as 
multifocal suppurative folliculitis and dermatitis with 

mild-to-moderate epidermal acanthosis. No viral anti-
gen or DNA in situ was identified in this group.

MPXV virus and/or viral DNA can be isolated 
from the upper respiratory tract of all pigs

Nasal, oral, and rectal swabs were collected regularly 
throughout the course of the study in order to deter-
mine MPXV shedding in pigs. MPXV DNA was 
detected in nasal swabs from all six principally- 
infected pigs at 1 DPC, and MPXV DNA continued 
to be detectable up to 7 DPC in four animals 
(Figure 3A). MPXV DNA levels increased over time 
in two of the four animals with persistent nasal shed-
ding, with a peak titer of 2.20 × 107 DNA copies/swab 
detected at 7 DPC in one animal (pig #24). In addition, 
MPXV DNA was detected in the nasal swabs of both 
sentinel contact animals at 7 and 10 DPC. Four out 
of six principally-infected animals and both sentinel 
contact control animals also had detectable MPXV 
DNA in oral swabs from 3 DPC to 14 DPC, although 
DNA levels were generally lower than those observed 
in nasal swabs (Figure 3B). Low levels of MPXV DNA 
could be detected in the rectal swabs of three 

Figure 3. Viral DNA shedding of MPXV-infected pigs. qPCR was performed on nasal (A, C) and oral (B, D) swabs collected from 
principal-infected and sentinel contact control pigs at indicated timepoints. Mean (n = 2) viral DNA copy number per swab is 
reported based on the detection of the MPXV TNF receptor gene (crmB). The dotted line indicates the limit of detection for 
the assay. (A, B) Numbers indicate the ID code of the individual pig. An open symbol indicates samples with only one of two 
qPCR reactions positive. (C, D) Line graphs display the mean and error bars indicate the standard deviation.
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principally-infected animals at 1 DPC, though no 
other rectal samples collected from the principal or 
sentinel animals tested positive throughout the 
remainder of the study (data not shown).

Virus isolation was attempted for any sample with 
a MPXV DNA copy number above 2 × 105 genomic 
copies/swab. To distinguish MPXV-specific CPE 
from toxicity caused by other contaminants in the 
clinical samples, we fixed cells with 80% acetone and 
stained with a rabbit polyclonal antibody against 
VACV (PA1-7258) that is known to be cross-reactive 
with MPXV [28]. We identified MPXV-specific stain-
ing in four clinical samples: three nasal samples from 1 
and 5 DPC and one oral sample from 7 DPC from two 
different principal infected pigs (Suppl. Fig. 2).

In order to determine whether MPXV could 
spread beyond the upper respiratory tract of animals, 
blood and oral fluids were periodically collected 
throughout the study and a full panel of tissues 
was collected at post-mortem examinations. No 
MPXV DNA could be detected in the blood or 
oral fluids of any animal at any point during the 
study. Only two animals had detectable MPXV 
DNA in the nasal ethmoturbinates at 7 DPC, and 
one additional animal had MPXV DNA in the skin 
at 7 DPC (Suppl. Table 1).

Pigs develop an antibody response that is 
reactive to MPXV

Serum samples were collected from each animal 
weekly for serological testing. Indirect ELISA tests 
were used to detect anti-MPXV IgG against recombi-
nant A35 and H3 MPXV antigens. A35 (homologous 
to VACV A33) and H3 are envelope proteins found 
on the surface of mature virions and are known to 
be targets for neutralizing antibodies in VACV-vacci-
nated individuals [30–32]. Two of the six principal- 
infected animals developed IgG antibodies binding 
either A35 or H3 by 7 DPC, and two additional ani-
mals had developed detectable binding antibodies at 
14 DPC (Figure 4A,B). While binding antibodies 
could not be detected in the remaining two princi-
pally-infected animals, both of these animals were 
euthanized prior to the end of the study. Neither sen-
tinel animal had developed detectable binding anti-
bodies to either H3 or A35 antigens by the end of 
the study. In addition to performing MPXV single- 
antigen ELISA assays, we also performed whole- 
virus ELISA assays using VACV. Using this assay, 
anti-OPXV antibodies were detected in three princi-
pal-infected animals and both sentinel contact ani-
mals, starting at 14 DPC (Figure 4C).

Figure 4. Detection of binding antibodies targeting MPXV. Indirect multiple ELISAs were conducted using purified recombi-
nant MPXV A35 (A) and H3 (B) antigens were used to detect MPXV-specific binding antibodies in pig sera. Serum was diluted in 3x 
serial dilutions. An ELISA titer was considered positive when the OD450 was greater than 3 standard deviations above the mean of 
naïve animal sera run concurrently. (C) Indirect ELISA using crude whole VACV. Plates were coated with either VACV or BSC-40 cell 
lysate. Sera was diluted 1:100, 1:200, and 1:400. An ELISA titer was considered positive when the average OD450 among two 
replicates was greater than 2 standard deviations above the mean of corresponding samples in the cell lysate plate.
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We next examined the total IgG response of the pig 
sera against MPXV-infected Vero E6 cells. Two infec-
tious forms of the virus, the intracellular mature virion 
and the extracellular enveloped virion, are produced 
during the infectious cycle that each display a separate 
set of surface proteins [33]. To capture the full IgG anti-
body response to MPXV, we infected Vero E6 cells with 
MPXV and incubated with serum from MPXV-infected 
pigs, followed by secondary staining with a goat anti-pig 
IgG antibody. Low levels of antibodies could be detected 
in the two principally-infected animals that had pre-
viously tested negative by ELISA (Table 1). In addition, 
antibodies were also detectable in one of the two sentinel 
animals (Figure 5).

We further examined the total antibody response to 
MPXV using IFA where antibodies bound to MPXV 
antigens were detected by Protein A. Protein A 
binds strongly to pig total IgG. In addition, Protein 
A has been reported to weakly bind human IgM and 
IgA as well, though binding affinity for porcine 
IgM and IgA has not been tested. We incubated 
MPXV-infected cells with serum from MPXV- 

infected pigs as indicated above, followed by Protein 
A. Using this method, antibodies could be detected 
in four out of six principal-infected animals and 
both sentinel animals by 14 DPC (Table 2; Figure 6).

Discussion

In this study, we investigated the susceptibility of the 
domestic pig (S. scrofa) to Clade II MPXV infection 
using an isolate from a human case during the recent 
2022 outbreak. Until this outbreak, zoonotic spread 
was thought to be responsible for the majority of 
reported MPXV infections in humans. MPXV is 
known to infect a wide variety of NHP and rodent 
species in endemic areas of Central and West Africa, 
but the susceptibility of many common domestic 
species to MPXV remains unknown. In addition, 
while many previous studies have evaluated possible 
laboratory animal models for MPXV infection, many 
of these studies exclusively used Clade I MPXV 
strains. One early study using Clade I MPXV reported 
that rubbing virus into the skin of pigs did not result in 

Table 1. Summary of indirect immunofluorescence staining of 
infected Vero cells to detect MPXV-reactive IgG in pig serum. 
Detection of IgG was performed with goat anti-pig IgG 
polyclonal antibodies.
Groups Pig #ID 7 DPC 14 DPC 21 DPC

Principal-infected pigs 17 + + N/A
19 + N/A N/A
20 − + N/A
21 − − +
23 + N/A N/A
24 + + +

Sentinel pigs 16 − + +
18 − − −

DPC = days post-challenge; N/A = not applicable; “+” = positive; “−“ =  
negative.

Figure 5. Immunofluorescent detection of MPXV-specific total IgG. Representative images of stained cells. Naïve Vero E6 cells 
were infected with MPXV at a MOI of 1 and incubated for 48 hours before fixation with 80% acetone. Pig sera were diluted in PBS 
with 1% BSA and added to fixed wells. Goat anti-pig IgG secondary antibody conjugated to Alexa-Fluor 488 was used to stain 
wells, and wells were visualized at 10x magnification using an EVOS fluorescence microscope. Naïve serum collected at -1 DPC 
was used as a negative control, and a rabbit anti-vaccinia polyclonal antibody was used as a positive control. Scale bars represent 
400 µm.

Table 2. Summary of indirect immunofluorescence staining of 
infected Vero cells to detect MPXV-reactive antibodies in pig 
serum. Detection of antibodies was performed with Protein A.
Groups Pig #ID 7 DPC 14 DPC 21 DPC

Principal-infected pigs 17 + + N/A
19 − N/A N/A
20 + + N/A
21 − + +
23 − N/A N/A
24 + + +

Sentinel pigs 16 + + +
18 − + +

DPC = days post-challenge; N/A = not applicable; “+” = positive; “-“ =  
negative.
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disease [21,34]. A more recent report evaluated MPXV 
infection in miniature pigs, which concluded that pigs 
remained subclinical following intranasal Clade I 
MPXV challenge infection [20]. In our study, to assess 
overall susceptibility and possible utility as an animal 
model, we inoculated pigs with a high dose of 
MPXV via three different inoculation routes simul-
taneously: intranasal, intradermal, and intravenous. 
While our findings are in concordance with the pre-
vious reports that MPXV infection of pigs is subclini-
cal, we observed evidence of productive infection of 
the upper respiratory tracts of pigs, seroconversion, 
and transmission to contact sentinel control animals.

This study provides clear evidence that MPXV can 
productively replicate in the upper respiratory tract of 
pigs. Several principal-infected and sentinel contact 
control pigs developed minor lesions near the lips 
and nose starting at 12 through 18 DPC. None of 
the lesions tested positive for MPXV DNA via 
qPCR, so these lesions may be incidental, though 

tissue samples collected from one pustule in pig #20 
reacted with an anti-vaccinia antibody employing 
IHC staining. However, MPXV DNA could be isolated 
until 7 DPC in nasal swabs collected from four out of 
six challenged animals. While DNA detected at early 
timepoints post-challenge could be attributed to rem-
nants of virus inoculum, DNA levels increased over 
time by approximately 100-fold in two animals and 
remained stable through 7 DPC in the remaining 
two animals. Oral swabs collected from one of these 
animals also demonstrated a nearly 100-fold increase 
in MPXV DNA from 5–7 DPC. MPXV stability in 
bodily fluids has not been fully characterized, though 
one recent study reported that infectious MPXV 
could no longer be detected after 6 days of incubation 
in sheep blood at 37 °C [35]. We detected infectious 
virus in nasal and oral swabs collected as late as 5–7 
DPC. Although our sample size was small, we con-
clude from our results that MPXV infection in pigs 
can be productive.

Figure 6. Detection of MPXV-specific antibodies using Protein A. Vero E6 cells were infected with MPXV at a MOI of 1 and 
incubated for 48 hours before fixation with 80% acetone. Pig sera were diluted in PBS with 1% BSA and added to fixed wells. 
Biotinylated Protein A conjugated to streptavidin-DyLight488 was used to stain wells, and wells were visualized at 10x magnifi-
cation using an EVOS fluorescence microscope. Scale bars represent 400 µm. (A) Representative images of stained cells. Naïve 
serum collected at -1 DPC was used as a negative control, and a rabbit anti-vaccinia polyclonal antibody was used as a positive 
control. (B) Images from sentinel pig #18, collected at each indicated timepoint.
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The tissue tropism of MPXV in pigs remains to be 
fully characterized, although upper respiratory tissues 
are likely the major source of MPXV replication. 
MPXV DNA was never detected in blood samples 
despite the initial intravenous challenge, and rectal 
swabs were also negative beyond 1 DPC. The majority 
of organs tested upon necropsy did not contain detect-
able MPXV DNA. However, at 7 DPC, MPXV DNA 
was detected in the nasal ethmoturbinates and skin 
of two or one principal-infected animals, respectively. 
MPXV DNA load in nasal and oral swabs peaked at 7 
DPC and became undetectable in samples collected 
beyond 14 DPC. This is consistent with previous 
MPXV challenge studies in prairie dogs and maca-
ques, in which viral titers peaked in oral samples col-
lected from 6–13 DPC [36–41]. Therefore, it is 
possible that the remaining pigs had cleared the infec-
tion by the time necropsies were conducted at 14 and 
21 DPC.

Inoculation of pigs with MPXV was able to induce 
a humoral response in all pigs in this study. The two 
principal-infected animals with the highest MPXV 
DNA titers both had the highest antibody titers as 
detected by ELISA, suggesting that a proportionally 
greater humoral response was mounted in response 
to increased viral replication in these animals. Pre-
vious MPXV challenge studies in macaques and 
baboons reported the appearance of anti-MPXV anti-
bodies at around 8 DPC [13,42], while in prairie dogs, 
antibodies first appeared as late as 12 DPC [39]. Simi-
larly, we could not detect antibodies in some of our 
pigs until 14 DPC. One major limitation of this 
study is that, while the IgG response was character-
ized by both ELISA and IFA, IgM and IgA titers 
were not directly measured. As our results indicate 
MPXV infection in pigs is largely confined to the 
upper respiratory tract, the IgA response might be 
an important factor of the immune response to 
MPXV in pigs.

One important finding from our study is that MPXV 
is able to spread to other pigs. Traditional ring vacci-
nation strategies for both smallpox and mpox outbreaks 
in humans have relied on the assumption that these 
viruses cannot be transmitted in the absence of clinical 
signs of disease [43]. Nevertheless, during the 2022 
mpox outbreak, some transmission was reported to 
occur before the onset of symptoms [44]. Among the 
pigs in our study, MPXV DNA could be detected in 
nasal and oral swabs collected from both sentinel con-
tact control animals. In addition, both sentinel animals 
developed anti-MPXV antibodies by 14 DPC. While 
MPXV binding antibodies were not detectable via 
single-antigen ELISA for either sentinel animal, both 
sentinel animals were positive using a whole-virus 
ELISA as well as by IFA. In one sentinel contact animal 
(pig #16), we detected more than 1.9 × 105 MPXV DNA 
copies in the nasal swab collected at 10 DPC. Antibodies 

began to appear in this animal as early as 7 DPC. In the 
other sentinel animal (pig #18), relatively lower levels of 
MPXV DNA were detected in both the nasal and oral 
swabs collected at 7 DPC, and we could only detect 
anti-MPXV antibodies in this animal starting at 14 
DPC. No MPXV DNA could be detected in either ani-
mal after 10 DPC. Nevertheless, the possibility that 
MPXV infection can spread among pigs raises concerns 
that the virus can be maintained in livestock popu-
lations, which may increase the likelihood of further 
zoonotic infections in humans. Interestingly, minimal 
viral antigen was identified within inflammatory cells 
in a single pustule from only one of the principal- 
infected pigs despite the development of mild pustular 
and hyperplastic dermatitis in several of the infected 
pigs. While the period of time elapsed between the 
initial formation of these skin lesions and postmortem 
evaluation could explain the low detection rate, this 
finding suggests that the skin alterations seem to be 
directly associated with MPXV infection.

While our study does demonstrate the suscepti-
bility of the domestic pig to MPXV, the natural 
route of MPXV infection from pig to pig remains 
unclear. We experimentally infected pigs using three 
different routes of inoculation and a high dose of 
MPXV. Our results suggest that the principal chal-
lenged animals were able to transmit MPXV to the 
sentinel animals, as evidenced by viral DNA found 
in the clinical swabs and seroconversion in both senti-
nel animals. However, it is unclear how the virus was 
transmitted to these pigs. Furthermore, since only low 
levels of viral DNA and no infectious virus could be 
detected from either sentinel animal, it is less likely 
that sentinel animals could further transmit the virus 
to other naïve animals. Further studies are needed to 
determine the exact transmission route of MPXV 
between co-housed pigs.

In conclusion, our study demonstrates for the first 
time that pigs are susceptible to productive infection 
with Clade II MPXV and can spread infection to 
other pigs. The 2022 strain used in this study has 
been reported to cause milder disease and reduced 
infectious titers compared to Clade I and other 
Clade II strains of MPXV in mouse models 
[18,19,45]. Therefore, future studies should evaluate 
the pathogenesis of representatives of Clade I and 
more virulent Clade II strains of MPXV in pigs. In 
addition, widespread serological surveys are needed 
to address the possibility of natural MPXV infection 
in domestic swine populations. Most surveys to date 
have focused on rodent and NHP species [29,46–47], 
though one survey did collect a single sample from a 
pig that subsequently tested positive for anti-OPXV 
antibodies [21]. Future large-scale serological surveys 
in pigs and other livestock species should be con-
ducted to better understand the risk of MPXV spread 
in agricultural settings.
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