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White‑tailed deer (Odocoileus virginianus) have emerged as a reservoir host for SARS‑CoV‑2 given 
their susceptibility to infection and demonstrated high rates of seroprevalence and infection across 
the United States. As SARS‑CoV‑2 circulates within free‑ranging white‑tailed deer populations, there 
is the risk of transmission to other wildlife species and even back to the human population. The goal of 
this study was to determine the susceptibility, shedding, and immune response of North American elk 
(Cervus elaphus canadensis) to experimental infection with SARS‑CoV‑2, to determine if another wide‑
ranging cervid species could potentially serve as a reservoir host for the virus. Here we demonstrate 
that while North American elk do not develop clinical signs of disease, they do develop a neutralizing 
antibody response to infection, suggesting the virus is capable of replicating in this mammalian host. 
Additionally, we demonstrate SARS‑CoV‑2 RNA presence in the medial retropharyngeal lymph nodes 
of infected elk three weeks after experimental infection. Consistent with previous observations in 
humans, these data may highlight a mechanism of viral persistence for SARS‑CoV‑2 in elk.

Previous work from our laboratory identified white-tailed deer (Odocoileus virginianus) as a susceptible host for 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), capable of  transmission1,2. Subsequent field 
work demonstrated a high level of seroprevalence and infection in free-ranging white-tailed deer across the 
United States (US)3–8. Evidence of  multiple4,8 as well as  new9 variants within white-tailed deer populations has 
been presented. Additionally, intra- as well as inter-species transmission (i.e. spillback into humans)5,10 has shown 
that white-tailed deer could serve as an important reservoir host for SARS-CoV-2 evolution and transmission.

Interest in determining whether white-tailed deer were susceptible to SARS-CoV-2 infection evolved from a 
comparative analysis of vertebrate angiotensin-converting enzyme 2 (ACE2) receptor genes, the main receptor 
for SARS-CoV-2. Based on these analyses, the white-tailed deer ACE2 receptor sequence showed a high degree 
of homology with the human ACE2 receptor and was classified as having a high propensity for binding the 
Spike protein of the  virus11,12. Two additional cervid species, reindeer (Rangifer tarandus) and Pere David’s deer 
(Elaphurus davidandus) were also predicted to express ACE2 receptors with a high propensity for binding. North 
American elk (Cervus elaphus canadensis), another cervid species, was not reported as a possible susceptible 
host based on ACE2 receptor homology. Field surveillance of SARS-CoV-2 seroprevalance in red deer (Cervus 
elaphus), a closely related species to North American elk, found no evidence of exposure in  Europe13–15. Data 
from these studies also suggested that other free-ranging deer species in Europe including Fallow (Dama dama), 
Muntjac (Muntiacus reevesi), Sika (Cervus nippon) and Roe deer (Capreolus capreolus) were also  seronegative13.
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The high seroprevalence observed in white-tailed deer populations can be attributed to both susceptibility 
to infection but also to sources of infection from humans. As SARS-CoV-2 circulates in white-tailed deer, they 
may serve as a source of infection for other species. In the US, elk are primarily found in the western part of the 
US, with successful reintroductions in 8 states east of the Mississippi river including Wisconsin, Michigan, Min-
nesota, Missouri, Pennsylvania, Arkansas, Kentucky, Tennessee, West Virginia, Virginia, and North Carolina. The 
overall population in North America is approximated at one million  elk16. Elk are gregarious animals that tend 
to spend most of the time in herds, except for adult bulls that lead solitary lives outside of the rut season. In the 
West, artificial feeding grounds during winter months cause large aggregations of elk, which can affect infectious 
disease spread with the herd (reviewed  in17). Furthermore, elk can serve as hosts for a variety of viral, bacterial 
and prion diseases, and the risk for spillover into domestic livestock is well  documented18. Similarly, although not 
as common, cases of disease outbreaks in humans have been reported that are directly tied to  elk19,20. While elk 
may not currently have the same wide distribution of white-tailed deer, human-elk interactions do exist includ-
ing through recreational practices such tourism, hunting, and animal watching, and through encroachment and 
co-existence on elk habitat, including migration routes. Therefore, we sought to determine the susceptibility of 
North American elk to SARS-CoV-2 infection.

Recently, a study by Porter et al.21 demonstrated that weanling elk are minimally susceptible to infection with 
the Delta variant of SARS-CoV-2. While they did not develop clinical signs and were not capable of onward 
transmission, the elk did develop a low-level antibody response as measured by plaque reduction neutralization 
test. In the work presented here, we expand on this initial study in North American elk and assess the suscepti-
bility of elk calves and adults to the ancestral Wuhan-like strain of SARS-CoV-2 (USA-WA1/2020). We provide 
further evidence that while North American elk do not develop clinical signs associated with infection, SARS-
CoV-2 does elicit a neutralizing antibody response, suggesting that the virus is capable of establishing infection 
in this species. Additionally, we show that SARS-CoV-2 RNA persists in the lymph node of infected animals in 
the absence of viral protein. These findings provide additional information regarding host–pathogen interaction 
mechanisms for SARS-CoV-2 in one of its many hosts.

Results
Development of neutralizing antibody responses against SARS‑CoV‑2
Blood samples were collected on days 0, 7, 14 and 21 post-inoculation (p.i.) to assess neutralizing antibodies 
against SARS-CoV-2. In both calves (Fig. 1A) and adult (Fig. 1B) elk, antibody titers to SARS-CoV-2 measured 
by surrogate virus neutralization titers (sVNT) can be observed as early as 7 days p.i. and are sustained through 
day 21. Interestingly for elk calves, the mean sVNT inhibition value was 72.7% at the peak of the response, 
while in the adult elk the mean percent inhibition was lower at 58.4%. Virus neutralization (VN) tests were also 
performed for both calves and adult elk. VN titers peaked for the elk calves at 14 days p.i. with the highest titer 
(1:256) observed in only one calf, while in the adult elk, VN titers peaked at day 7 p.i. and did not go above 1:16 
(Table 1). Altogether, these data suggest that both calves and adult elk can mount neutralizing antibody responses 
to SARS-CoV-2 following challenge. However, this response appears to be more robust in the calves.

Blood samples collected from control animals, both calves (Supplementary table 1) and adults (Supplementary 
table 2), were negative for SARS-CoV-2 via sVNT.

Figure 1.  Presence of SARS-CoV-2 neutralizing antibodies in serum from calves and adult elk. Serum samples 
were collected at various timepoints following intranasal infection with SARS-CoV-2 and assessed via sVNT 
for antibodies against the virus. Shown are percent inhibition results for (A) elk calves and (B) adult elk. Bars 
indicate mean percent inhibition values, and error bars indicate ± SD. Dotted line indicates assay cut off for 
positive results.
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Viral RNA detection in nasal, oral and rectal swabs
Swabs (nasal, oral and rectal) were collected at various timepoints and analyzed via real-time RT-PCR (rRT-PCR) 
for the presence of viral RNA. In elk calves, nasal swabs were only found positive in 2/7 animals at day 2 p.i., in 
1/5 at day 3 p.i. and in 1/3 at days 7 and 10 p.i. (Table 2). We did not observe consistent positive rRT-PCR results 
in swabs collected from elk calves. In contrast, we observed rRT-PCR positive results in all (7/7) inoculated adult 
elk at day 2 p.i., and 2/5 at days 3 and 4 p.i. (Table 3). Oral and rectal swabs did not consistently show the pres-
ence of viral RNA. No oral or rectal swab samples collected from the elk calves were positive for SARS-CoV-2 
RNA, and in samples collected from the adult elk, only one oral swab was found positive in one replicate well on 
day 4 p.i. (Ct value 37.3) and only 2 rectal swabs were found positive on day 2 p.i. in one duplicate well for each 
animal (Ct values 38.1 and 36.7).

Nasal, oral and rectal swabs collected from the control animals, both calves (Supplementary table 1) and 
adults (Supplementary table 2), were negative via rRT-PCR for SARS-CoV-2 RNA.

Viral RNA detection in lymphoid tissues
At necropsy on days 2 and 21 p.i. medial retropharyngeal lymph node (mRPLN) and palatine tonsil samples 
were collected and assessed for the presence of viral RNA via rRT-PCR, based on previous white-tailed deer 
studies (Table 4). At day 2 p.i., SARS-CoV-2 RNA was detected in the mRPLN of one elk calf and one adult elk. 
In contrast, no viral RNA was detected in tonsils collected from calves or adult elk. By day 21 p.i., viral RNA was 
detected in all three mRPLN from both calves and adult elk. SARS-CoV-2 was also detected in 2/3 tonsil samples 
collected from elk calves although Ct values were high (~ 38), but none was detected in tonsils from adult elk.

Table 1.  Virus neutralization (VN) titer results for calves and adult elk prior to and following inoculation with 
SARS-CoV-2. PC samples collected prior to challenge.

Calves Adults

Animal # PC Day 7 Day 14 Day 21 Animal # PC Day 7 Day 14 Day 21

4 < 8 < 8 32 32 2 < 8 8 8 < 8

5 < 8 16 256 8 3 < 8 16 < 8 < 8

6 < 8 8 64 16 7 < 8 8 < 8 < 8

Table 2.  Elk calves’ nasal swabs rRT-PCR results prior to and following inoculation with SARS-CoV-2. 
All samples were run in duplicates. Shown are Ct values for individual duplicate wells, separated by “/”. “–” 
indicates value not detected in an individual well. ND is not detected in both wells, PC samples collected prior 
to challenge.

Animal # PC Day 2 Day 3 Day 4 Day 5 Day 7 Day 10 Day 14 Day 21

1 ND ND

2 ND ND

3 ND 30.0/33.3 ND ND ND

4 ND ND ND ND ND

5 ND ND ND ND ND ND ND ND ND

6 ND 31.4/34.1 –/39.4 ND ND ND ND ND ND

7 ND ND ND ND ND 36.87/– 37.9/– ND ND

Table 3.  Adult elk nasal swabs rRT-PCR results prior to and following inoculation with SARS-CoV-2. All 
samples were run in duplicate. Shown are Ct values for individual duplicate wells, separated by “/” . “–” 
indicates value not detected in an individual well. ND not detected in both wells, PC samples collected prior to 
challenge.

Animal # PC Day 2 Day 3 Day 4 Day 5 Day 7 Day 10 Day 14 Day 21

1 ND 36.3/–

2 ND –/37.9 33.8/34.3 38.6/38.2 ND ND ND ND ND

3 ND 35.4/ND ND ND ND ND ND ND ND

4 ND 29.5/31.4 ND ND ND

5 ND 35.4/36.8 ND/ND 36.0/– ND

6 ND 34.4/36.2

7 ND 37.2/34.3 –/38.2 ND ND ND ND ND ND
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Detection of SARS‑CoV‑2 RNA via in situ hybridization (ISH)
Microscopic analysis of tissues collected at necropsy revealed no lesions consistent with SARS-CoV-2 infection, 
as reported in other species. The presence of SARS-CoV-2 RNA was investigated through ISH on various tissues. 
Tissues were selected based on previous studies using white-tailed deer, these included palatine tonsil, mRPLN 
and lung. In elk calves, viral RNA was detected in the mRPLN of 2/2 calves examined at 2 days p.i., 2/2 calves 
examined at 5 days p.i., and 3/3 calves examined at 21 days p.i. In adult elk, viral RNA was detected in 2/2 cows 
examined 2 days p.i., 2/2 cows examined 5 days p.i. and 3/3 cows examined 21 days p.i. In all cases, labeling 
was limited to secondary lymphoid follicles, often within germinal centers (Fig. 2). Additionally, staining for 
viral RNA was primarily observed within the marginal zone of the follicle in both calves and adult elk on days 2 
and 5 dpi (Fig. 2a–b,d–e). However, on day 21 p.i., viral RNA staining was observed within the germinal center 
(Fig. 2c,f). Viral RNA was not detected in palatine tonsils or lung from inoculated calves or cows. Additionally, 
viral RNA was not detected in tissues examined from non-inoculated control calves and cows.

Detection of SARS‑CoV‑2 protein via immunohistochemistry (IHC)
Given the detection of SARS-CoV-2 viral RNA via rRT-PCR and ISH, we performed IHC on mRPLN and tonsil 
samples in elk calves to determine if viral protein was also detectable within these tissues. In the mRPLN of elk 

Table 4.  Viral RNA detection via rRT-PCR in tissues from elk calves and adults collected at days 2 and 21 
post-infection with SARS-CoV-2. All samples were run in duplicates. Shown are Ct values for individual 
duplicate wells, separated by “/”. “#” indicates animal numbers. “–” indicates value not detected in an 
individual well. ND is not detected in both wells, mRLPN medial retropharyngeal lymph node.

Calves Adult

Necropsy mRPLN Tonsil Necropsy mRPLN Tonsil

Day 2 D2

#1 25.5/25.2 ND #1 32.4/33.2 ND

#2 ND ND #6 ND ND

Day 21 D21

#5 32.2/32.6 38.7/– #2 28.1/27.9 ND

#6 27.9/27.9 ND #3 32.5/32.2 ND

#7 23.4/23.7 38.1/– #7 22.5/22.9 ND

Figure 2.  SARS-CoV-2 RNA detected via in situ hybridization (ISH) in the germinal centers of medial 
retropharyngeal lymph nodes of infected elk calves and cows. Medial retropharyngeal lymph nodes 
(mRPLN) from elk calves (a–c) and elk cows (d–f) experimentally infected with SARS-CoV-2. In both elk 
calves and cows, labeling was observed on 2 (a,d), 5 (b,e), and 21 (c,f) days post inoculation (p.i). Red labeling 
indicates presence of viral RNA within germinal centers (GC) or follicles (F). At days 2 and 5 p.i., this labeling is 
observed primarily within the marginal zone, while at day 21, labeling for SARS-CoV-2 RNA is seen within the 
GC.
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calves, SARS-CoV-2 spike protein was detectable in 1/2 calves at 2 days p.i., 2/2 calves at 5 days p.i., and 0/3 calves 
at 21 days p.i (Fig. 3). No SARS-CoV-2 spike protein was detected in the tonsil of elk calves utilizing IHC. The 
mRPLN of adult elk were also analyzed by IHC. Immunolabeling for SARS-CoV-2 Spike protein was observed 
in 0/2 cows at 2 days p.i., 2/2 cows at 5 days p.i., and 0/3 cows at 21 days p.i. Staining for viral Spike protein was 
primarily observed within the marginal zone of the follicle.

Discussion
Since the outbreak of the 2019 SARS-CoV-2 pandemic, concerns regarding the susceptibility of other vertebrate 
species, and their potential to act as reservoirs for the virus, have garnered attention. Field surveillance as well as 
various experimental infection studies have demonstrated a wide range of susceptibility across various species 
in the families Felidae, Canidae, Mustelidae, Cricetidae, and  Cervidae22,23. Among these, white-tailed deer have 
emerged as a species of interest given their susceptibility to infection, the high seroprevalence in free-ranging 
populations, their ability to transmit the virus to other deer as well as back to humans, and the identification of 
novel variants within this  species1–3,7–10,13.

Characterization of susceptible wildlife species is critical for understanding not only the epidemiology of this 
virus, but also for our ability to implement intervention strategies to stop the spread of this disease. In this work, 
we sought to characterize the susceptibility of North American elk to SARS-CoV-2 infection, another cervid 
species with broad distribution in the US. Here, we demonstrate that both elk calves and adult elk are susceptible 
to infection with the ancestral Wuhan-like variant of SARS-CoV-2 (USA-WA1/2020), as characterized by the 
development of measurable neutralizing antibody responses and the detection of viral RNA and viral protein in 
the retropharyngeal lymph nodes of infected animals. However, this work demonstrates that there may be some 
differences in the quality of the responses between the two age groups.

A previous study by Porter et al.21 demonstrated that weanling North American elk are minimally susceptible 
to infection with the Delta variant of SARS-CoV-2. Post challenge, viral RNA could be detected from oral and 
nasal swabs between days 1 and 5 p.i. However, infected elk calves did not shed infectious virus, nor were they 
capable of transmission to an in-contact elk. Neutralizing antibody responses were observed in these animals, 
however, these responses were relatively low, with peak neutralizing titers at 1:20 at 21 days p.i. Additionally, no 
infectious virus was detected in tissues collected at necropsy. Similar to these findings, we observed the presence 
of viral RNA from nasal swabs and the development of neutralizing titers from infected animals. However, and in 
contrast to the results observed with Delta variant infection, we observed peak neutralizing titers at 14 days p.i., 
with values ranging from 1:32 up to 1:256 (Table 1). Interestingly, when we compared elk calves to adult virus 
neutralization titers, the elk calves appear to have a higher neutralizing response as adult elk responses remained 
at 1:8 or 1:< 8 at all timepoints except for one animal at day 7 p.i. with a 1:16 titer.

Differences in viral neutralization responses may be related to the age of the animals and exposure to other 
viruses, including other coronaviruses. The high homology between SARS-CoV-2 and other coronaviruses may 

Figure 3.  SARS-CoV-2 Spike protein detected via immunohistochemistry (IHC) in the lymphoid follicles of 
the medial retropharyngeal lymph nodes of infected elk. Medial retropharyngeal lymph nodes (mRPLN) from 
elk calves (a–c) and elk cows (d–f) experimentally infected with SARS-CoV-2 at 2 (a,d), 5 (b,e), and 21 (c,f) days 
post inoculation (p.i). In calves, immunolabeling was present (dark brown color at the point of arrowheads) 
at day 2 (a) and 5 p.i. (b), but not at day 21 p.i. (c). In the elk cows, no immunolabeling for SARS-CoV-2 Spike 
protein was observed in the lymph nodes at day 2 p.i. (d) or day 21 p.i. (f) but was present at 5 days p.i. (e) 
(arrowhead). In all cases, labeling was observed within lymphoid follicles, specifically, within the marginal zone 
(MZ) of follicles and not the germinal center (GC).
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result in cross-reactive immune responses. In humans, cross-reactive humoral and cellular immune responses 
developed prior to SARS-CoV-2 infection, have been characterized and demonstrated to play an important role 
in determining susceptibility to infection and disease progression (reviewed  in24). Pre-existing cross-reactive 
responses from previous viral infections may be beneficial or detrimental. For example, cross-reactive antibod-
ies to one virus may bind a to another virus and provide neutralization and subsequent clearance. Alternatively, 
pre-existing cross-reactive antibodies to a virus may bind to another virus with low-avidity resulting in enhanced 
viral uptake via antibody-mediated internalization and/or inhibit the generation of de novo antibody responses 
to the latter, leading to increased viral  load24. Our data suggests that adult elk appear to have a lower magnitude 
of neutralizing antibody responses (both in sVNT and VN) as compared to the elk calves. These slight differ-
ences may be attributed to some level of pre-existing immunity in older animals, which allows them to control 
the infection more rapidly, thus decreasing viral load available for de novo antibody responses. Interestingly, in 
the adult elk we find that sVNT inhibition values increase over the time course, and yet VN values do not follow 
the same trend. Discrepancies between sVNT and VN values can be explained by the presence of antibodies 
that able to interfere with the interaction between the Spike protein receptor binding domain (RBD) and the 
ACE2 receptor, but are unable to block virus  entry25. These data would suggest that while adult elk produce de 
novo antibodies to the Spike protein, they may not have a neutralizing function. However, this does not mean 
that they cannot control the infection. Heterogeneity in humoral responses in humans, including higher ratios 
of anti-Spike to anti-Nucleocapsid antibody and antibodies with different functional capacity (i.e. phagocytic, 
complement activating), have been characterized in patients with favorable  outcomes26. We can speculate that 
functionally, the antibody response detected via sVNT in adult elk may not be neutralizing but could have alter-
native functions in controlling disease.

Persistence of viral RNA, detectable by rRT-PCR and ISH, in tissues such as the mRPLNs is consistent with 
previous studies in white-tailed deer, including the location of labeling within secondary lymphoid follicles and 
germinal centers of lymphoid  tissues1,27. Similarly, persistent SARS-CoV-2 RNA has been detected in human 
lymph nodes, tonsils and other tissues at autopsies conducted over 300 days post  infection28. In such cases, 
both in deer species and humans, it was not possible to isolate virus from these tissues, although viral RNA 
was detected using ISH or rRT-PCR. A potential explanation for the detection of viral RNA in the absence of 
infectious virus is the integration of viral subgenomic RNA into the DNA of the host cell via reverse transcrip-
tion. Ancestral evidence of non-retroviral RNA virus sequences in the genome of vertebrate species have been 
previously  detected29,30. Additionally, DNA copies of nonretroviral RNA viruses including lymphocytic chori-
omeningitis virus (LCMV) and vesicular stomatitis virus have been shown to integrate into the DNA of their host 
 cell31–33. Recently, using cultured human cells Zhang et al.34 demonstrated that SARS-CoV-2 can integrate into 
the genome of host cells. Additionally, using published RNAseq data from cultured cells and organoid tissues, 
they demonstrate that SARS-CoV-2 sequences integrated into the host cell genome can be expressed as human-
viral chimeric reads. RNA expression of viral subgenomic sequences could explain why some patients remain 
rRT-PCR positive for SARS-CoV-2 many weeks or months following recovery from infection. While infectious 
virus cannot be produced from this integrated material, it does raise the possibility that viral antigen could be 
expressed by host cells. In the work presented here we demonstrate the presence of viral RNA 21 days p.i. with 
peak viral Spike protein production at day 5 p.i. As detection of Spike protein wanes, viral RNA is consistently 
detected via ISH and rRT-PCR. The lack of correlation between viral RNA and protein production would suggest 
that active translation is not occurring. Additionally, based on nasal and oral swab data, we did not detect viral 
RNA in these secretions. These data would suggest that viral replication and shedding is not occurring. Consist-
ent with continuous or recurrent SARS-CoV-2 rRT-PCR positive reports in recovered human  patients35,36, the 
persistent viral RNA found in the lymph nodes of other susceptible species including white-tailed  deer1,2 and 
elk, as demonstrated here, may point to a common mechanism of viral persistence in susceptible hosts. However, 
the immunological implications of this phenomenon are not completely understood and warrant further study.

The work presented here focuses on the susceptibility of elk to infection, with the ancestral Wuhan-like variant 
of SARS-CoV-2. With no field information regarding any circulating strains of SARS-CoV-2 in free-ranging elk, 
we opted to use a strain that would be considered less human-adapted as compared to Delta or Omicron. The 
data obtained from these studies demonstrate that both calves and adult North American elk are susceptible to 
infection with this ancestral variant of SARS-CoV-2, as they permit viral replication and develop virus neutral-
izing antibody responses following infection. However, no clinical signs of disease nor pathological changes in 
the lungs or lymph nodes of infected animals were observed, suggesting that they are not susceptible to disease. 
Interestingly, our findings suggest that there is persistence of SARS-CoV-2 viral RNA in the lymphoid tissues of 
infected animals in the presence of an immune response. The continued assessment of SARS-CoV-2 susceptibil-
ity in various species provides insights not only into potential reservoirs for the disease but also, as shown here, 
sheds light on the host–pathogen interactions that may be common across species and may drive immunity to 
infection and disease.

Materials and methods
Cells and virus
Vero E6 (ATCC® CRL-1586™) cells were cultured in Eagle’s Minimum Essential Medium (EMEM, ATCC) sup-
plemented with 10% fetal bovine serum (FBS) and 1% antibiotic–antimycotic 100X (Gibco™, Life Technologies, 
Carlsbad, CA, USA). The cell cultures were maintained at 37 °C with 5%  CO2. The SARS-CoV-2 isolate (USA-
WA1/2020) was obtained from BEI Resources (SARS-Related Coronavirus 2, Isolate hCoV-19/USA-WA1/2020, 
NR-52281, Lot#70036318). The stock virus was passaged 3 times in Vero E6 cells, clarified by centrifugation 
(1000 rpm for 5 min) and stored at − 80 °C. Viral titer was determined by the Reed and  Muench37. A viral 
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suspension containing  105.5 tissue culture infectious dose 50 per ml  (TCID50/ml) was used for elk calf inocula-
tions and  106  TCID50/ml for adult elk inoculations.

Animal infection and sampling
All animal work and procedures were approved prior to the experiment by the National Animal Disease Center 
(NADC) Institutional Animal and Care Use Committee (IACUC) (protocol #ARS-22-1047). Additionally, all 
methods were performed according to the IACUC and the Guide for Care and Use of Laboratory Animals guide-
lines and regulations. Elk calves (~ 5 months old; n = 11) and adult elk cows (~ 4 years old; n = 10) were obtained 
from a captive herd at the NADC in Ames, IA. Calves used in the challenge study were weaned at approximately 
3 months of age and housed separately from the adults post-weaning. Control calves remained with the herd. 
For the study, animals were housed in an agriculture biosafety level 3 (ABSL-3) facility at NADC and allowed to 
acclimate for a minimum of 2 weeks. Calf and adult experiments were performed independent of one another.

Animals to be inoculated were sampled and screened for SARS-CoV-2 RNA by rRT-PCR in oronasal secre-
tions and by surrogate virus neutralization test (sVNT) and VN assays prior to virus inoculation. Seven elk 
calves and 7 cows were sedated with a combination of xylazine and ketamine and intranasally inoculated with an 
atomization device (LMA® MAD Nasal™, Teleflex; Morrisville, NC, USA) for delivery of approximately 2.5 mL of 
inoculum into each nostril for a total of 5 mL. Following inoculation, the effects of xylazine were reversed using 
tolazoline. On days 0, 2, 3, 4, 5, 7, 10, 14 and 21 post-inoculation (p.i.) elk were sedated as described above and 
nasal, oral and rectal swabs collected for rRT-PCR. Blood was collected on days 0, 7, 14 and 21 days p.i. for sero-
logic assays. On days 2 and 5 p.i. 2 calves and 2 cows each were euthanized and examined. All other inoculated 
elk were euthanized and examined 21 days p.i.

Four calves and 3 cows remained as non-inoculated controls, housed separately from challenged animals. 
All controls animals were sampled and screened for SARS-CoV-2 RNA by rRT-PCR in nasal, oral, and rectal 
swabs and by surrogate virus neutralization test (sVNT). Animals were euthanized and examined at necropsy 
similar to inoculated elk.

Serology
The cPASS SARS-CoV-2 neutralization antibody detection kit (GenScript Biotech, Amsterdam, Netherlands) 
was used as  described38,39 and according to the manufacturer’s recommendations. The assay detects the pres-
ence of specific anti-SARS-CoV-2 neutralizing antibodies against the Spike protein in serum in a species and 
isotype-independent manner by blocking the interaction between the receptor-binding domains (RBD) of the 
viral Spike glycoprotein with the ACE2 cell surface receptor. Spectrophotometry was conducted at 450 nm in a 
plate reader. The absorbance of the sample is inversely dependent on the titer of the anti-SARS-CoV-2 neutral-
izing antibodies in tested samples. To confirm the sVNT results, serum samples were submitted to the National 
Veterinary Services Laboratory (NVSL, Ames, Iowa) for testing via virus neutralization (VN). Briefly, serum 
was serially diluted twofold with a starting dilution of 1:8. Each dilution was incubated with virus for one hour 
at 37 °C. The virus had a  TCID50 of 100. Vero-76 cell culture was then added to the virus/serum mixture and 
incubated at 37 °C for 3 days. Each well was observed for presence of absence of cytopathic effect.

Real‑time RT‑PCR (rRT‑PCR) on swabs and tissues
To assess for viral shedding on nasal, oral and rectal samples, swabs were submitted to NVSL for processing and 
for rRT-PCR analysis.

To determine the presence of viral RNA in tissue samples, tissues were thawed, cut into an approximately 
50–100 mg piece, and resuspended in 1 -2 mL of TRI-Reagent® (Life Technologies, Carlsbad, CA, USA) in 
individual gentle MACS™ M tubes (Miltenyi Biotec, Bergisch Gladbach, Germany). Tissues were dissociated 
using a gentle MACS™ Octo-Dissociator (Miltenyi Biotec) following the manufacturer’s recommendations. RNA 
was extracted from tissue homogenate samples using the MagMAX™-96 for Microarrays Total RNA Isolation 
Kit (Applied Biosystems, Waltham, MA, USA). Samples were run on a MagMAX™ Express Magnetic Particle 
Processor (Applied Biosystems) following the manufacturer’s instructions. Next, 15 µL of extracted product 
was added to 5 µL of the AgPath-ID™ One step RT-PCR master mix (Applied Biosystems). Samples were run in 
duplicate. The RT-qPCR reactions were performed on an ABI 7500 Fast instrument (Applied Biosystems) run in 
standard mode with the following conditions: 1 cycle at 45 °C for 10 min, followed by 1 cycle at 95 °C for 10 min, 
1 cycle at 95 °C for 3 s, and 45 cycles at 55 °C for 30 s. The forward primer sequence was 5′-GAC CCC AAA ATC 
AGC GAA AT-3′, the reverse primer sequence was 5′-TCT GGT TAC TGC CAG TTG AAT CTG -3′, and the probe 
sequence was 5′-FAM-ACC CCG CAT TAC GTT TGG TGG ACC -BHQ1-3′, targeting the nucleocapsid (N) gene. 
A positive control (2019-nCoV_N_Positive Control, Integrated DNA Technologies IDT, Coralville, IA, USA) 
and a negative control was run on every plate.

For all rRT-PCR assays, samples with a cycle threshold (Ct) of ≤ 40 were considered positive.

Necropsy and sample collection
Two inoculated calves and 2 inoculated adult cows were euthanized on days 2 and 5 p.i. and the remaining ani-
mals were euthanized on day 21 p.i. Following necropsy, multiple tissues (palatine tonsil, nasal turbinate, medial 
retropharyngeal lymph node, cerebellum, cerebrum, olfactory lobes, caudate nucleus, trachea, lung [right and left 
cranial and caudal lobes], heart, tracheobronchial lymph node, mediastinal lymph node, liver, spleen, kidney) 
were collected. Samples were individually bagged, placed on dry ice, and transferred to a − 80 °C freezer until 
testing. Additionally, tissue samples were collected and processed for standard microscopic examination, a subset 
were also processed by in situ hybridization (ISH) and immunohistochemistry (IHC). For this, tissue sections 
of approximately ≤ 0.5 cm in width were fixed by immersion in 10% neutral buffered formalin (≥ 20 volumes 
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fixative to 1 volume tissue) for approximately 24 h, and then transferred to 70% ethanol, followed by standard 
paraffin embedding techniques. Slides for standard microscopic examination were stained with hematoxylin 
and eosin (HE).

In situ hybridization (ISH)
Paraffin-embedded tissues were sectioned at 5 µm and subjected to ISH using the RNAscope ZZ probe technology 
(Advanced Cell Diagnostics, Newark, CA). In situ hybridization was performed to detect tissue distribution of 
SARS-CoV-2 RNA in tissues. Palatine tonsil, mRPLN, and lung were tested by RNAscope 2.5 HD Reagents–RED 
kit (Advanced Cell Diagnostics) as previously  described27. Proprietary ZZ probes targeting SARS-CoV-2 RNA 
(V-nCoV2019-S probe) designed and manufactured by Advance Cell Diagnostics were used for detection of 
viral RNA. As positive controls, a probe targeted to the Bos taurus–specific cyclophilin B (PPIB) gene and a non-
species-specific probe targeting the ubiquitin (UBC) gene were used. As a negative control, a probe targeting 
dapB of Bacillus subtilis was used. 

Immunohistochemistry
Immunohistochemical staining for SARS-CoV-2 was performed on palatine tonsils from calves and mRPLN 
from calves and adult elk. To prepare the formalin-fixed paraffin-embedded tissues for staining they were heated 
for 45 min at 57 °C. Tissues were then deparaffinized with xylene and rehydrated through a series of graded 
alcohol solutions. Slides were submerged in a 1X citrate unmasking solution (Abcam) until boiling was initi-
ated, then maintained in the unmasking solution at a sub-boiling temperature (95–98 °C) for ten minutes to 
perform epitope retrieval. A 3% hydrogen peroxide solution (Fischer Bioreagents, catalog no. BP2633500) was 
used to quench endogenous peroxidases. Slides were then immersed in a blocking solution of Tris Buffered 
Saline (Thermo Scientific) and Tween20® (Sigma-Aldrich) with 5% normalized goat serum. A rabbit monoclonal 
antibody targeting the Spike protein of SARS-CoV-2 (S1) at a concentration of 1:800 was used as the primary 
antibody (Cell Signaling Technologies, Boston, MA). Tissues were then incubated in a SignalStain® Boost IHC 
Detection Reagent (HRP, Mouse, Cell Signaling, Catalog No. 8125S) followed by SignalStain® DAB substrate to 
produce a brown reaction product (Cell Signaling Technologies). Finally, counterstaining was performed using 
hematoxylin stain solution and Bluing Agent (Ventana). Nasal turbinate tissue from a single mink inoculated 
with SARS-CoV-2 served as a positive control.

Ethics statement
All animal work presented in this manuscript was performed under approval of the National Animal Disease 
Center (NADC) Institutional Animal Care and Use Committee (IACUC). The study is reported in accordance 
with ARRIVE guidelines.
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Data is provided within the manuscript.
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