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Abstract 37 

 38 

To understand susceptibility of California sea lions and Northern elephant seals to influenza A 39 

virus (IAV), we developed an ex vivo respiratory explant model and used it to compare infection 40 

kinetics for multiple IAV subtypes. We used a similar approach with explants from rhesus 41 

macaques to establish the system and to compare infection kinetics with marine mammals. 42 

Trachea, bronchi, and lungs from 11 California sea lions, 2 Northern elephant seals and 10 43 

rhesus macaques were inoculated within 24 hours post-mortem with 6 strains representing 4 44 

IAV subtypes. Explants from all 3 species showed similar IAV infection kinetics with peak viral 45 

titers 48-72 hours post-inoculation (hpi) that increased by 2-4 log10 PFU/explant relative to the 46 

inoculum. Immunohistochemistry localized IAV infection to apical epithelial cells. These results 47 

demonstrate that respiratory tissue explants from marine mammals support IAV infection. In the 48 

absence of the ability to perform experimental infections of marine mammals, this ex vivo 49 

culture of respiratory tissues mirrors the in vivo environment and serves as a tool to study IAV 50 

susceptibility, host-range, and tissue tropism. We adapted the explant approach and used it to 51 

inoculate tissues from 2 rhesus macaques with severe acute respiratory syndrome virus 2 52 

(SARS-CoV-2).  SARS-CoV-2 titers increased by 2-4 log10 PFU/explant relative to the inoculum 53 

and peaked 48 or 72 hpi in trachea, bronchi, and kidney of both macaques and in the lung of 1 54 

animal. These results demonstrate that this ex vivo model can define infection dynamics for 2 55 

respiratory viruses of significant public health importance. 56 

 57 

Importance 58 

 59 

Although influenza A virus can infect marine mammals, a dearth of marine mammal cell lines 60 

and ethical and logistical challenges prohibiting experimental infections of living marine 61 

mammals means that little is known about IAV infection kinetics in these species. We 62 

circumvented these limitations by adapting a respiratory tract explant model first to establish 63 

the approach with rhesus macaques and then for use with marine mammals. We observed that 64 

multiple strains representing 4 IAV subtypes infected trachea, bronchi, and lungs of macaques 65 

and marine mammals with variable peak titers and kinetics. We adapted the approach for 66 

SARS-CoV-2 and observed that the infection kinetics in inoculated rhesus macaque explants 67 

parallel observations from ex vivo human lungs. This ex vivo model can define infection 68 

dynamics for 2 respiratory viruses of significant public health importance and use of explants 69 

from animals euthanized for other reasons reduces use of animals in research. 70 

 71 

 72 
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 73 

 74 

Introduction 75 

 76 

Influenza A viruses (IAV) are important etiologies of respiratory disease in humans and 77 

especially affect the elderly, infants, and people with immunodeficiencies and chronic 78 

respiratory disease. Dwarfed in 2020 by SARS-CoV-2, IAV are a significant cause of morbidity 79 

annually, producing about 500,000 deaths worldwide each year (1).  IAV possess a wide host 80 

range that includes birds, horses, pigs, and humans (2, 3). Marine mammals can also be 81 

infected, sometimes with strains from human pandemics (4, 5). The viral genetic and host 82 

factors that affect cross-species transmission by IAV, especially from birds to mammals 83 

including humans, have been extensively studied (5–9). However, mechanisms of zoonotic IAV 84 

transmission from avian or human to other mammalian species, including marine mammals, 85 

are less well understood (6).  86 

 87 

IAV was first identified in North American marine mammals in 1979, when an H7N7 epizootic 88 

killed 500 harbor seals and caused hemorrhagic pneumonia in others (10–12). Since then, IAV 89 

infection and sometimes disease has been identified in several marine mammal species, 90 

including mass mortalities in harbor seals near Cape Cod, Massachusetts, USA, attributed to 91 

H7N7, H4N5, or H4N6, and detection of antibody to multiple H and N subtypes in several seal 92 

species  (13–20). On the West Coast, surveillance from 2009 to 2015 (4, 21, 22), and from 93 

2016 to present (unpublished) in multiple marine mammal species from California shows 94 

variable IAV exposure. Seroprevalence in sea otters and Northern elephant seals is higher than 95 

in sympatric harbor seals and California sea lions, and sea otters are exposed to avian- and 96 

human-origin IAV, including pandemic H1N1 (4, 21). Despite frequent antibody detection, 97 

isolation of IAV from marine mammals has been limited. In California, only pandemic H1N1 has 98 

been isolated from 2 Northern elephant seals in 2010 (4). Together, these surveillance data 99 

suggest that marine mammals sometimes become infected with some of the same IAV 100 

subtypes that cause human epidemics. However, in the absence of in vivo study capabilities in 101 

marine mammals, infection dynamics and subtype-specific susceptibility remain unknown.  102 

 103 

Given that the respiratory tract is the initial site of IAV infection, defining infection dynamics and 104 

cellular tropism in respiratory tissues is important for assessing species susceptibility. However, 105 

in vivo systems for studying susceptibility of marine mammals to IAV are not available. As an 106 

alternative, ex vivo explants from respiratory tract tissues can mimic the physiological 107 

microenvironment of a respiratory tract. Ex vivo systems in human and animals (excluding 108 
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marine mammals) have been successfully developed and used to study host innate responses, 109 

infection dynamics, viral genetic determinants of infection, antiviral drug treatments, and 110 

pathogenesis of human and animal IAV (23–28). The goal of this study, therefore, was to 111 

expand these existing models for use in marine mammals to study susceptibility and infection 112 

dynamics of IAV. Since marine mammal tissues are only opportunistically available from 113 

animals at The California Marine Mammal Center in Sausalito, CA, USA, we first established 114 

the ex vivo explant system using rhesus macaques that are more regularly available from the 115 

California National Primate Research Center, Davis, CA, USA. Furthermore, rhesus macaques 116 

represent a valuable model for understanding IAV infection dynamics in the human respiratory 117 

tract due to similar structure, physiology, and mucosal immunity. When SARS-CoV-2 that 118 

causes COVID-19 emerged globally in 2020, we also expanded the explant system to 119 

characterize SARS-CoV-2 infection dynamics in rhesus macaques, who also exhibit clinical 120 

COVID-19-like disease after experimental inoculation (29–31). 121 

 122 

We used trachea, bronchi, and lung explants from rhesus macaques to compare the 123 

susceptibility, infection kinetics, and tissue tropism of 6 strains of IAV from 4 subtypes to 124 

validate the utility of this system. After establishing the explant approach with IAV in rhesus 125 

macaques, we used it to study IAV infection dynamics and tropism in California sea lions and 126 

Northern elephant seals and to validate its use for SARS-CoV-2 in rhesus macaques. 127 

  128 

Material and Methods 129 

 130 

Ethics Statement 131 

This project was conducted with approval from the United States National Marine Fisheries Service 132 

Marine Mammal permit # 18786-04. The University of California, Davis is accredited by the 133 

Association for Assessment and Accreditation Laboratory Animal Care International (AAALAC). 134 

Animal care was performed in compliance with the 2011 Guide for the Care and Use of Laboratory 135 

Animals provided by the Institute for Laboratory Animal Research. Rhesus macaque studies were 136 

approved by the University of California, Davis IACUC under protocol #19760. 137 

 138 

Explant sources, collection and processing 139 

 140 

Respiratory tract tissues including trachea, bronchi, and lungs were used for explant studies (Table 141 

2). Tissues were obtained from Indian origin rhesus macaques (Macaca mulatta), euthanized due to 142 
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medical conditions, who were born and raised at the California National Primate Research Center, 143 

University of California, Davis, CA.  The respiratory tract tissues from California sea lions (CSL, 144 

Zalophus californianus) and Northern elephant seals (NES, Mirounga angustirostris) were obtained 145 

from patients euthanized due to medical conditions, at The Marine Mammal Center, Sausalito, CA. 146 

Tissues from all three species were stored for up to 24 hours in Roswell Park Memorial Institute-1640 147 

(RPMI) medium (Gibco) at 4°C. Prior to preparation for infection studies, tissues were separated and 148 

washed 4-6 times in 50 ml conical tubes containing 30 ml of RPMI medium. The final wash was 149 

performed in RPMI-growth-medium (RPMI medium supplemented with 100 U/ml each of penicillin and 150 

100 ug/ml streptomycin (Gibco) and 1x antibiotic-antimycotic (Gibco)) for 2-5 min each at room 151 

temperature in a biosafety cabinet.  152 

  153 

Preparation of tracheal and bronchi explants 154 

 155 

A simplified ex vivo culture procedure was derived from the methods described by Nunes et al. 156 

(Nunes et al, 2010). After washing in RPMI medium, the surrounding connective tissue exterior 157 

to the tracheal and bronchi cartilage was removed. Trachea were cut into O-rings horizontally 158 

where each slice contained about 0.5 cm cartilage. Each O-ring consisted of the respiratory 159 

mucosa, epithelial cell layer, and underlying cartilage. O-rings were further cut into small pieces 160 

of approximately 0.5 cm x 0.5 cm.  Bronchi were cut similarly. Explants were implanted singly 161 

into agarose plugs (RPMI-growth-medium containing  0.5 % agarose) in 24-well plates with the 162 

mucosal surface facing up. Explants were maintained in a humidified 37°C incubator with 5% 163 

CO2 for up to 7 days. 164 

  165 

Preparation of lung, liver, and kidney explants 166 

 167 

Lung tissues were used to investigate IAV tissue specificity.  Processing was the same as for 168 

upper respiratory tissues, lung tissues were cut into pieces of approximately 0.5 cm3 after 169 

washing. Each piece was implanted onto agarose plugs and incubated using the same 170 

conditions as for trachea and bronchi. The liver and kidney of two rhesus macaques were used 171 

as non-target tissue controls where IAV infection was not expected. 172 

 173 

Cell culture 174 

 175 

For IAV culture, Madin-Darby Canine Kidney (MDCK) cells (ATCC #CCL-34) were maintained 176 

at 37°C and 5% CO2 in MDCK-growth-medium (Iscove's Modified Dulbecco's Medium (IMDM), 177 

supplemented with 5% FBS, 0.1% sodium bicarbonate, penicillin and streptomycin). For SARS-178 
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CoV-2 culture, Vero (ATCC #CCL-81) and Vero E6 (ATCC# CRL-1586) cells were maintained 179 

in Vero-growth-medium (Dulbecco’s modified Eagle’s medium (DMEM; Gibco), supplemented 180 

with 5% FBS, 0.1% sodium bicarbonate (Gibco), 10 mM of HEPES (4-(2-hydroxyethyl)-1-181 

piperazineethanesulfonic acid (Gibco), and 1X antibiotic/antimycotic (Gibco).  182 

 183 

Influenza A virus propagation and titration 184 

 185 

We used IAV strains of avian and marine mammal origin for explant studies (Table 1). The harbor 186 

seal H3N8 (HS/H3N8) IAV strain was obtained from Dr. Hon Ip, (National Wildlife Health Center, 187 

Madison Wisconsin). The other strains were isolated at UC Davis by our team. Avian allantoic fluid 188 

virus stocks of  6 strains were amplified in Madin-Darby canine kidney (MDCK) cells to obtain 189 

sufficient titers and volumes for use as inocula. Viral titers of the 6 inocula were determined by plaque 190 

assay using MDCK cells. Briefly, MDCK cells were grown in 6-well plates to 80-90% confluence in 191 

MDCK growth medium. Viral stocks were serially ten-fold diluted in viral-growth-medium (Minimum 192 

Essential Medium (MEM), supplemented with 0.5% BSA,  0.1% sodium bicarbonate, 10 mM Hepes, 193 

penicillin and streptomycin). The MDCK cells were washed 3 times with Dulbecco’s phosphate 194 

buffered saline (DPBS) prior to inoculation with 200 ul of diluted virus samples. After 1 hour incubation 195 

at 37°C with 5% CO2, 3 ml viral-growth-medium containing 1 ug/ml N-p-tosyl-L-196 

phenylalaninechloromethyl ketone-treated (TPCK) and 0.5% agarose was added to each well. After a 197 

48 hour incubation at 37°C with 5% CO2, the MDCK cells were fixed with 4% formaldehyde and 198 

stained with 0.05% crystal violet.  199 

 200 

SARS-CoV-2 propagation and titration  201 

 202 

A SARS-CoV-2 strain (human/USA/CA-CZB-59X001/2020 (MT394529) that was provided by 203 

Chris Miller at the California National Primate Research Center was propagated in Vero E6  204 

cells to produce working stock. Vero E6 cells were inoculated at a multiplicity of infection (MOI) 205 

of 0.01 and incubated for 48 hours. At 48 hpi, the culture supernatant was cleared by 206 

centrifugation and stored in aliquots at −80°C. Stock titers were determined by plaque assay 207 

using Vero cells as described previously for chikungunya virus (32). 208 

 209 

Titration quantification 210 

 211 

Plaques were counted against a white background and the titer in plaque forming units (PFU) was 212 

determined by counting wells with individual plaques. Two to 3 dilutions of each explant were tested 213 

once. Viral titers were recorded as the reciprocal of the highest dilution where plaques are noted and 214 
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represented as PFU per ml for liquid samples or PFU per explant for tissues. The limit of detection 215 

(LOD) of the assay for IAV was 50 PFU/ml or explant and 80 PFU/ml or explant for SARS-CoV-2.  216 

 217 

In vitro infection kinetics of IAV and SARS-CoV-2 218 

 219 

Infection kinetics for the 6 IAV strains and 1 SARS-CoV-2 strain were assessed in MDCK and 220 

Vero E6 cells, respectively. Both cell types were grown at 37°C with 5% CO2 to 6 x 105 221 

cells/well in 24-well plates and inoculated in triplicate with 6 x 103 PFU virus of IAV, 222 

representing a multiplicity of infection (MOI) of 0.01, or 6 x 103, 6 x 104, or 6 x 105  PFU of 223 

SARS-CoV-2, representing  MOIs of 0.01, 0.1 or 1, respectively. After 1 hour incubation, each 224 

well was washed with 1 ml of DPBS 3 times to remove unbound virus. Next, viral growth 225 

medium supplemented with 1 ug/ml TPCK trypsin for IAV or Vero-growth medium for SARS-226 

CoV-2 was added to each well. The supernatant was sampled at 1, 24, 48, and 72 hours post-227 

inoculation and then diluted and frozen at -80°C in virus growth medium. Viral titers were 228 

assessed by plaque assay.  229 

 230 

Ex vivo IAV or SARS-CoV-2 infection kinetics 231 

 232 

To evaluate IAV or SARS-Cov-2 infection kinetics ex vivo, trachea, bronchi, and lung explants 233 

were inoculated in triplicate (when sufficient tissue was available) with 1 x 104 PFU of one of 234 

each of the 6 IAV strains or 1 SARS-CoV-2 strain in 10 ul viral growth medium onto the 235 

epithelial surface of each section for rhesus macaques. The inoculum volume for marine 236 

mammals was adjusted to 20 ul at a dose of 2 x 104 PFU of each IAV strain. Viral growth 237 

medium was used in the mock-infected control explants. Inoculated explants were sampled at 1 238 

hour post infection (hpi) and every 24 hours up to 72 hpi (or as indicated in graphs) for viral 239 

quantification and histology. For viral quantification, each infected explant ( for both IAV and 240 

SARS-CoV-2 ) was directly immersed in 0.5 ml RPMI-growth-medium in a 2 ml centrifuge tube 241 

with a 5 mm glass bead and homogenized in a Mixer Mill MM300 (Retsch, Leeds, UK) at 30 242 

hertz for 4 minutes at 22°C followed by centrifugation at 16,000 g for 4 minutes and storage at -243 

80°C. Titers of the released progeny virus from explants were determined by plaque assay. 244 

Titers are reported as the geometric mean of triplicate explants at each time point.  245 

Stability assays 246 

To determine whether IAV detected after inoculation was due to productive virus infection in 247 

respiratory tissues, we performed viral stability assays in the absence of tissue sections. 248 

Medium containing 1 X 104 PFU/ml of each of the 6 IAV strains was added to 24-well tissue 249 
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culture plates and supernatant was collected at 0, 24 and 48 hpi for the determination of viral 250 

titers by plaque assay. As a second step, the stability assays were also performed using non-251 

target tissues (liver and kidney) to confirm that the viral titers detected in respiratory tissues 252 

reflect productive infection in target cells. Liver and kidney explants were inoculated with 1 x 253 

104 PFU of each of the 6 IAV strains or SARS-CoV-2 in 10 ul RPMI growth medium and 254 

assayed by the same methods used for respiratory tract tissues. 255 

Influenza A Virus immunohistochemistry 256 

Tracheal, bronchial, and lung explants from a subset of IAV-inoculated animals (M11, M13, SL08, and 257 

SL12) were fixed in 10% buffered formalin and embedded in paraffin. These animals were selected 258 

since they showed higher IAV titers than others. Antigen retrieval was performed on 5 um sections via 259 

incubation in AR10 (Biogenex) in a digital decloaking chamber (Biocare Medical) for 2 minutes at 260 

125°C, followed by cooling to 90°C for 10 minutes, rinsing with water, and a final Tris-buffered saline 261 

with 0.05% Tween 20 rinse. Tissue sections were exposed to the primary rabbit anti-influenza A virus 262 

nucleoprotein antibody (LSBio), at a ratio of 1:250 with antibody diluent (Dako). Primary antibody was 263 

replaced by normal rabbit IgG (Invitrogen) to serve as a negative isotype control. Tris-buffered saline 264 

with 0.05% Tween 20 was used for all washes. Nonspecific binding sites were blocked with 5% 265 

bovine serum albumin (Jackson ImmunoResearch). Binding of the primary antibody was detected 266 

using Envision rabbit polymer with AEC as the chromogen (Dako). Each tissue section was evaluated 267 

independently by two pathologists. Sections from slides were visualized with a Zeiss Imager Z1 (Carl 268 

Zeiss). Digital images were captured and analyzed using Openlab software (Improvisation). Cells with 269 

nuclear immunoreactivity were considered positive. The positive cells in the epithelium of the trachea 270 

were manually counted. The area of the tracheal epithelium was measured. The number of positive 271 

cells was presented as cells per square millimeter of the epithelium. 272 

SARS-CoV-2 Immunohistochemistry 273 

Rhesus macaque lung explant: Ten μm of frozen tissue sections from lung of M31 were blocked for 1 274 

hour in blocking buffer (2% BSA, 0.3% Triton X100 and 10% donkey serum in 1x PBS). Sections were 275 

incubated with rabbit anti-SARS nucleocapsid primary antibody (NB100-56576 Novus Biologicals) at 276 

1:200 in PBS containing 10% donkey serum to serve as the antibody buffer at 4°C for 48 hours. 277 

Slides were washed 3 times with PBS and incubated with Alexa-488 conjugated donkey anti-rabbit 278 

secondary antibody (Invitrogen) at 1:200 in antibody buffer for 1 hour at room temperature. Slides 279 

were washed twice with PBS and mounted in Prolong Antifade mounting medium containing DAPI 280 

(Invitrogen). Samples were imaged on a Leica TCS SP8 STED 3X confocal microscope at the 281 
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Advanced Imaging Facility at University of California School of Veterinary Medicine. Images were 282 

analyzed and a Z stack was applied using ImageJ (Fiji). 283 

Vero cells: Slides with SARS-CoV-2 inoculated Vero cells were incubated in blocking buffer (2% BSA, 284 

0.3% Triton X100 and 10% donkey serum in 1x PBS) for 1 hour at room temperature. After blocking, 285 

slides were incubated in mouse anti-SARS-CoV-2 nucleocapsid antibody (Sino Biological, #40143-286 

MM05) at a dilution of 1:200 in PBS containing 10% donkey serum to serve as the antibody buffer and 287 

incubated overnight at 4°C. Slides were washed 3 times with PBS and incubated with Alexa-488 288 

conjugated donkey anti-mouse secondary antibody (Invitrogen) diluted 1:200 in antibody buffer for 1 289 

hour at room temperature. Slides were washed twice with PBS and then mounted in DAPI 290 

Fluoromount-G (SouthernBiotech). Samples were imaged on a Leica TCS SP8 STED 3X confocal 291 

microscope at the Advanced Imaging Facility at University of California Davis School of Veterinary 292 

Medicine. Images were analyzed and Z stack was applied using ImageJ software (Fiji). 293 

Influenza A virus genome sequencing 294 

 295 

IAV RNA from inocula and homogenized explant samples harvested 48 to 96 hpi  from selected 296 

animals for all 3 species were sequenced. Viral RNAs were extracted using the Magmax-96 297 

AI/ND Viral RNA isolation kit (Applied Biosystems). Viral RNA extracts were used as a template 298 

for multi-segment RT-PCR reactions to generate all 8 genomic segments of IAV using 299 

procedures described previously (22, 33). Consensus sequences were generated at the Icahn 300 

School of Medicine at Mount Sinai, as described previously (34). Genome sequences from 301 

explant samples were compared to inocula. 302 

 303 

Statistical analyses 304 

 305 

Statistical analyses were conducted using GraphPad Prism software version 8. Two-way 306 

ANOVA with Dunnett’s multiple comparisons tests were performed to compare the mean viral 307 

titers in explants at 24, 48 and 72 hpi to the mean titer 1 hpi as well as mean viral titers in 308 

MDCK cells for all 6 IAV strains at 24, 48 and 72 hpi. IAV titers in tissue explants were plotted 309 

at 0, 24, 48, and 72 hpi and mean area under the curve (AUC) was calculated for all titers 310 

above the assay limit of detection. Within individual tissues, mean AUC was compared by one-311 

way ANOVA using Tukey’s method for multiple comparisons between all IAV strains. Mean 312 

titers for IAV strains and tissues after inoculation of rhesus macaque and California sea lion 313 

explants were computed using R (35). Welch ANOVA with the Games-Howell post-hoc tests 314 
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were used to compare changes in mean log10 viral titers  from 1 to 24, 48, and 72 hpi across 315 

IAV strains, tissues within species, and by IAV strain and tissue pairs between species.  316 

  317 

Results 318 

Influenza A virus strain selection 319 

We first compared relative infection kinetics for the 6 IAV strains used here (Table 1). The 320 

strains used were selected since they represent common IAV subtypes, some of which infect 321 

humans. Strains were isolated from mallard ducks (m, N=4), an elephant seal (ES, N=1), or a 322 

harbor seal (HS, N=1), and they share similar passage histories in embryonated chicken eggs 323 

and MDCK cells. Our rationale for using IAV strains of avian origin in addition to strains from 324 

marine mammals is that waterbirds serve as primary reservoirs of IAV and they share shore 325 

environments with marine mammals. The ES H1N1 strain is a human pandemic IAV. 326 

 327 

Influenza A virus strains exhibit differential growth in immortalized cells 328 

Infection kinetics for each of the 6 IAV strains were assessed by inoculation into MDCK cells in 329 

triplicate at a MOI of 0.01 (Figure 1). The H3N8 strain isolated from a harbor seal (HS/H3N8), 330 

exhibited the slowest and lowest growth kinetics, peaking at 105 PFU/ml 48 hpi. The H1N1 331 

strains showed the fastest and highest growth kinetics, peaking at >107 PFU/ml by 24 hpi. The 332 

viral infection kinetics of the other 3 strains tested, all of which were isolated from mallard 333 

ducks, were intermediate between HS/H3N8 and the 2 H1N1 strains. Titers for all strains were 334 

significantly higher than those for HS/H3N8 at one or more time points between 24-72 hpi (two 335 

way ANOVA). Given these data show that in vitro infection kinetics in an immortalized cell line 336 

are different for the 6 IAV strains used in this study, we sought to determine whether the growth 337 

patterns of these strains also differed in explant tissues from the 3 animal species.   338 

 339 

 Influenza A viruses infect rhesus macaque respiratory tract explants 340 

We established the ex vivo explant infection system in respiratory tract tissues from rhesus 341 

macaques euthanized at the California National Primate Research Center due to non-342 

respiratory medical conditions (Figure 2A). Although tissues were used within 6 h post-mortem, 343 

we microscopically visualized movement of glass beads by cilia placed atop tracheas from 344 

some macaques and verified viability at 24 and 48 hours, similar to Nunes et al. (23). To 345 

determine whether rhesus macaque explants support IAV infection and to define the kinetics of 346 

infection, we measured viral titers for 7 days (from 1 to 168 hpi) in explants from the first 347 

animal, an 11-year old female inoculated with HS/H3N8  (Figure 2B). We defined infection as 348 

detection of a kinetic increase in infectious IAV titer above the inoculum, 104 PFU. Titers 349 

increased over time in all 3 tissues and exceeded inocula from 48-168 hpi in trachea, from 24-350 
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120 hpi in bronchi, and from 72-96 hpi in the lung. Maximal titers >105 PFU/tissue were 351 

detected in all 3 tissue types. Decreases in titers over time were likely concomitant with death 352 

of target cells in explants. By contrast, when 104 PFU of IAV strains were inoculated into 353 

medium in the absence of explants (Figure 2C) or into non-IAV target kidney (Figure 2D) or 354 

liver (Figure 2E) from a 3.5 year old macaque, no IAV was detected above the limit of detection 355 

(50 PFU/explant) at 24 or 48 hpi. Together these results demonstrate that rhesus macaque 356 

respiratory tract explants support productive infection by IAV. 357 

    358 

Influenza A virus exhibits strain-specific infection patterns in ex vivo respiratory tract 359 

tissues  360 

Rhesus macaques: To  determine whether rhesus macaques share similar susceptibilities to 361 

different IAV subtypes, we inoculated respiratory tract explants from 10 rhesus macaques 362 

(Table 2) with 6 virus strains. Five of the macaques were females and five were males, they 363 

ranged from 1 to 16 years of age, and most were euthanized due to injuries sustained due to 364 

non-respiratory conditions including trauma or chronic diarrhea. Four of the IAV strains were 365 

isolated from mallard ducks and two were from marine mammals. We focused on 0 to 72 hpi 366 

since increases in IAV titers were observed over that period in the preliminary experiment 367 

(Figure 2B). We first determined kinetics of mean IAV titers in explants from trachea, bronchi, 368 

and lung from all rhesus macaques considered together (Figure 3A-C). Mean IAV infection 369 

kinetics increased from 0 to 72 hpi in all 3 explant tissues and reached highest levels at 72 hpi 370 

for most strains. Slower kinetics and lower peak titers by 102-3 PFU/explant were observed in 371 

lungs compared to trachea and bronchi for most IAV strains. The mean area under the curve 372 

(AUC) was significantly higher for H3N8 and H7N5 strains compared to H1N1 and H5N2 373 

strains in trachea and bronchi and trended higher in the lung, although not significantly (Figure 374 

3D). Infection kinetics in explants from a representative rhesus macaque (M15) are shown in 375 

detail (Figure S1) and parallel strain differences observed in explants from the mean of all 10 376 

animals. Infection kinetics in individual rhesus macaques over time (Figure 4A) also reveal the 377 

pattern of lower titers in the lung compared to trachea or bronchi. Together, these results show 378 

that multiple IAV subtypes infect respiratory tract explants from rhesus macaques with variable 379 

kinetics and peak titers.  380 

  381 

Marine mammals: We next examined whether respiratory tract explants from marine 382 

mammals are susceptible to infection with the same IAV strains used to infect rhesus 383 

macaques.  Explant tissues from California sea lions (N=11) and Northern elephant seals (N=2) 384 

were obtained from The Marine Mammal Center in Sausalito, CA. Marine mammals were 385 

mostly male ranging in age from yearling to subadult (Table 2). The causes of death varied and 386 
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were sometimes ascribed to an infectious or toxic etiology, but were not typically due to 387 

respiratory disease.  All California sea lions used in this study had a mild burden of a lung 388 

worm, Parafilaroides decorus, which is found as a normal occurrence in healthy animals (36). 389 

As in rhesus macaques, IAV infection kinetics for most strains increased in California sea lions 390 

from 0 to 72 hpi in all 3 tissues and reached highest levels at 72 hpi for most strains (Figure 391 

3E-G). Similar to rhesus macaques, the mean area under the curve (AUC) was significantly 392 

higher for H3N8 and H7N5 strains compared to H1N1 and H5N2 strains in trachea and bronchi 393 

while the AUC in lung explants from sea lions was only higher for H7N5 (Figure 3H). Detailed 394 

data (Figure S2) from 1 representative California sea lion (SL12) paralleled patterns from the 395 

mean of all 11 animals. Infection kinetics in individual marine mammals over time (Figure 4B) 396 

showed higher titers in the bronchi relative to trachea or lung.  Contrary to our expectation that 397 

IAV of marine mammal origin would produce high titers in marine mammal explants, the strain 398 

from an elephant seal (ES/H1N1) produced lower and slower kinetics (Figure 3E-G, 4B) than 399 

many of the strains isolated from mallards or the harbor seal. These results show that, similar 400 

to rhesus macaques, multiple IAV subtypes infect respiratory tract explants from marine 401 

mammals with variable kinetics and peak titers. To further determine whether the differences in 402 

mean IAV kinetics were supported statistically over time, we examined the IAV infection 403 

dynamics in 24 hour windows.  404 

 405 

IAV Kinetics Over Time: We tested whether explants inoculated with different IAV strains 406 

experience different mean changes in titer from 1 to 72 hpi. Considering all 3 tissue types 407 

together, the log10 change in viral titer was calculated for three time frames: 1 versus 24, 1 408 

versus 48, and 1 versus 72 hpi for rhesus macaques and California sea lions (Supplemental 409 

Table 1). Northern elephant seals were not included in analyses since explants from only two 410 

animals were available, although they produced infectious IAV after inoculation with some 411 

strains (Figure 4B). Infection kinetics of the six IAV strains differed for each time frame 412 

considered. In rhesus macaques, mean titer changes for HS/H3N8, m/H3N8, and m/H7N5 did 413 

not differ significantly from each other over any of the time frames. m/H1N1 and mH5/N2 did 414 

not differ significantly from each other over any of the time frames but were different from 415 

HS/H3N8, m/H3N8 and m/H7N5. By contrast, the change in ES/H1N1 viral titers significantly 416 

differed from other all strains except for m/H1N1 from 1 to 48 hpi.  In California sea lions, 417 

HS/H3N8 and m/H7N5 shared similar mean changes in log10 titers in all time frames. For 418 

m/H1N1 and HS/H3N8, the mean change in log10 titers did not vary significantly from 1 to 24 419 

hpi but did vary from 1 to 48 and 1 to 72 hpi. The mean change in log10 viral titers between 420 

m/H1N1 and m/H7N5 were only different from 1 to 48 hpi and m/H5N2 and m/H7N5 differed 421 

from 1 to 48 and 1 to 72 hpi. These results show that mean changes in IAV titers over 24 hour 422 
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windows in respiratory tract explants from both rhesus macaques and California sea lions vary 423 

with IAV strain. 424 

 425 

IAV Kinetics by Tissue: To examine whether tissue type associated with IAV titer, we analyzed 426 

all 6 IAV strains together (Supplemental Table 2). Infection kinetics in bronchi and trachea 427 

from rhesus macaques were significantly higher than in the lung over all 24 hour windows from 428 

1 to 72 hpi. In California sea lions, infection kinetics in bronchi and trachea were significantly 429 

higher than in the lung at 24 hpi, while infection kinetics in bronchi were significantly higher than 430 

in the trachea and lung at 48 and 72 hpi. Together, these data support tissue-specific IAV 431 

infectivity, where bronchi and trachea explants from both species support production of higher 432 

IAV titers than lungs. 433 

 434 

IAV Kinetics by Species: To evaluate whether species associates with infection kinetics for the 435 

6 IAV strains, we compared changes in mean log10 titer between rhesus macaque and 436 

California sea lion explants (Supplemental Table 3). The mean change in titer of both H3N8 437 

strains and m/H7N5 was significantly higher in trachea at all time points and in bronchi to 48 hpi 438 

in rhesus macaques compared to California sea lions. Changes in mean log10 titers for m/H3N8 439 

in the lung from 1 to 48 and 1 to 72 hpi were higher in rhesus macaques compared to California 440 

sea lions. Together these data show that rhesus macaque explants produce higher titers 441 

compared to California sea lions for most IAV strains used here. 442 

  443 

Cellular tropism of influenza A virus in rhesus macaque explants  444 

We used immunohistochemistry to assess the cellular tropism of IAV in rhesus macaque and 445 

California sea lion respiratory tissue explants. (Figure 5, Supplemental Table 4). At least 22 sections 446 

from each tissue type for 2 rhesus macaques (M11 and M13) and at least 56 sections from each 447 

tissue type for 2 California sea lions (SL08 and SL12) were evaluated. All examined sections 448 

exhibited variable degrees of nonspecific cytoplasmic, membranous and/or background staining; as 449 

such, only cells with strong nuclear immunoreactivity were considered positive. For all explants from 450 

both species and all IAV subtypes, positive staining for viral nucleoprotein was limited to epithelial 451 

cells of the trachea and bronchi; representative slides are shown (Figure 5A-D). Extensive sloughing 452 

of the bronchiolar epithelium beginning 24 hpi precluded assessment of this cell population for nuclear 453 

immunoreactivity. Pneumocytes within the lung were IAV negative. Infection was primarily localized to 454 

apical epithelial cells, particularly tracheal and bronchial ciliated columnar cells and goblet cells, while 455 

basal cells were largely spared. While there was variability between explants from the two rhesus 456 

macaques, explants infected with H3N8 strains exhibited higher relative proportions of positive 457 

tracheal and bronchial epithelial cells at 24 and 48 hpi, even though IAV titers for all strains except 458 
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ES/H1N1 exceeded 104 PFU/explant (Figure 4A).The explants from M11 infected with m/H7N5 459 

exhibited the largest variation in relative proportion of positive cells between 24 and 48 hpi. The 460 

number of infected respiratory epithelial cells generally increased between 24 and 48 hpi, which is 461 

consistent with infection kinetics where IAV titers increased during that period. While positive nuclei 462 

were less frequent within California sea lion explants, those infected with H3N8 strains also exhibited 463 

higher relative proportions of positive tracheal and bronchial epithelial cells at 24 and 48 hpi, which is 464 

consistent with data from rhesus macaques. These results demonstrate that IAV infects the apical 465 

epithelial cells of upper respiratory tract explants in rhesus macaques and California sea lions. 466 

  467 

Genetic changes in influenza A viruses sequenced from explants  468 

IAV genomes in inoculated explants from 2 rhesus macaques, 3 California sea lions, and 1 Northern 469 

elephant seal were compared to sequences in strains used as inocula (Supplemental Table 5). 470 

Sequence comparisons showed that all genomes from rhesus macaque explants were 100% identical 471 

at the consensus level (mutations occurring on 50% or more of viral RNAs) to their corresponding 472 

inoculum (data not shown). Six nonsynonymous nucleotide substitutions in the HA, NA, and PA genes 473 

were detected in California sea lion and Northern elephant seal explants inoculated with different IAV 474 

subtypes (Supplemental Table 6). Inocula contained a mixture of bases including the mutant 475 

nucleotide at each of these loci, indicating that none of the mutations developed de novo in explants 476 

(data not shown). One synonymous nucleotide substitution, PB2 1368 in m/H7N5, was detected in 477 

bronchi from all 3 California sea lions at 48 and 72 hpi. The nucleotide affecting this substitution was 478 

present at a minority frequency (41%) in the inoculum, indicating that it did not develop de novo but 479 

increased to consensus frequency in explants by 48 hpi (data not shown).  Together these data show 480 

that no de novo IAV mutations were detected in any strain during ex vivo respiratory tract explant 481 

infection from selected rhesus macaques and marine mammals. 482 

 483 

SARS-CoV-2 infects rhesus macaque respiratory tract explants 484 

Using African green monkey kidney (Vero) cells, we first characterized infection kinetics (Figure 6A) 485 

at multiple MOIs for a SARS-CoV-2 strain that was originally isolated from a patient at the University 486 

of California, Davis Medical Center and passaged in Vero cells. Titers increased over time and were 487 

significantly higher 8 hpi at a MOI of 1 relative to the lower MOIs tested (p<0.001, repeated measures 488 

2 way ANOVA). Peak titers at all 3 MOIs at 48 hpi were not significantly different (p>0.05, repeated 489 

measures 2 way ANOVA) and approached 106 PFU/ml. At 24 hpi, the majority of cultured Vero-E6 490 

cells inoculated at an MOI of 0.1 were infected based on staining with an anti-SARS-CoV-2 491 

nucleocapsid antibody (Figure 6B). Labeling patterns were similar to those previously described with 492 

SARS-CoV-2 (37), and manifest as punctate reactivity within the cytoplasm and an eccentric halo 493 

around the nucleus, which, based on the known replication cycle and assembly of coronaviruses, 494 
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corresponds to association with endoplasmic reticulum, which is contiguous with the nuclear 495 

envelope. We expanded the explant system with a similar approach as for IAV (Figure 6C) to 496 

characterize SARS-CoV-2 susceptibility and infection dynamics in respiratory tract explants from 2 497 

rhesus macaques by inoculating 1X104 PFU of SARS-CoV-2 into trachea, lung, kidney, and liver, 498 

where the latter 2 tissues were included as non-target controls.  Similar to IAV, SARS-CoV-2 infected 499 

the trachea of both macaques and the lung of a 2.3 year-old female (M31), but no infectious virus was 500 

detected in the lung of a 4 month-old female macaque 24 hpi  (M32) (Figure 6D). SARS-CoV-2 501 

infected the kidney but not the liver from both animals. Immunofluorescence of infected lung explants 502 

48 hpi using an antibody directed against SARS-CoV-2 mirrored infectious virus detected by titrations. 503 

Viral antigen was detectable in the lung explant of M31 (Figure 6E) but not in an explant from M32 504 

(not shown). Antibody reactive cells were elongate and lined alveolar spaces. Scattered cells present 505 

within the alveolar lumen were presumably degenerate cytolyzed epithelial cells based on the lack of 506 

nuclear detail, as evidenced by a low DAPI signal.  These results demonstrate that rhesus macaque 507 

respiratory tract tissues and kidney explants support productive infection by SARS-CoV-2. 508 

 509 

Discussion 510 

We adapted an ex vivo respiratory tract infection model to study susceptibility and to define 511 

comparative infection kinetics of IAV in rhesus macaques and marine mammals. We observed 512 

that IAV exhibits temporal, subtype- and species-dependent infection kinetics. Although the 513 

relative  infection kinetics for the six strains was similar for rhesus macaques and California sea 514 

lions, similar patterns were not observed in MDCK cells.  This suggests that immortalized cell 515 

lines may not represent infection phenotypes in vivo, further underscoring the use of ex vivo 516 

systems. Our pilot studies also show that SARS-CoV-2 infects ex vivo rhesus macaque 517 

explants. 518 

Ex vivo respiratory tract models have been used for studying respiratory pathogens of humans, 519 

swine, bovines, canines, and equines (23, 25–28, 38–40). Ex vivo cultures of respiratory 520 

tissues provide a close resemblance to the respiratory tract in vivo by: 1) shared polarity, where 521 

the basolateral surface is exposed to culture medium and the apical cell surface is exposed to 522 

air, 2) shared cell positioning in situ which could maintain virus receptor distribution, 3) 523 

possession of multiple cell types and states of differentiation, 4) maintenance of the three 524 

dimensional integrity and architecture of a tissue, unlike cell monocultures, and 5) ciliary activity 525 

to maintain mucociliary clearance.  Given these similarities to living IAV hosts, explants are 526 

valuable tools for assessing host susceptibility, infection kinetics, and pathogenesis of 527 

respiratory pathogens. The ex vivo systems also better assess infectivity compared to cell 528 
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monoculture binding assays that only measure virus-receptor affinity (25, 27). In addition, 529 

tissues collected from a single animal can be divided into pieces and used to compare relative 530 

infectivity of different viral strains while holding the host constant. Last, use of explants from 531 

animals euthanized for other reasons reduced the number of animals used in research, 532 

following the principles of reduction, replacement, and refinement.  533 

Limitations of the ex vivo approach include restricted availability of tissues, short periods of 534 

viability, and inter-animal variability in IAV susceptibility. The absence of a blood supply also 535 

constitutes a weakness of the ex vivo respiratory explant system since recruitment of immune 536 

cells to the infection site cannot occur. However, such a pitfall might be co-opted in future 537 

studies to understand the effects of innate and intrinsic immunity without immune cell influx.  538 

 539 

Lower IAV titers in ex vivo rhesus macaque and marine mammal lungs relative to trachea and bronchi 540 

support the upper respiratory tract is the primary site of virus infection with the virus strains used in 541 

this study. The ability of IAV to produce higher titers in the upper respiratory tract may reflect 542 

adaptation of the virus to best infect cell targets in closest anatomic proximity to its entry point and 543 

shedding site, the respiratory mucosa.  544 

 545 

The infection kinetics of H3N8 and H7N5 strains in rhesus macaque and California sea lion 546 

respiratory tract explant tissues were superior to H1N1 and H5N2 strains, although all share similar 547 

passage histories.  A similar pattern of differential strain infectivity was observed in swine, where 548 

human H3N2 infected explants more efficiently than H1N1 (41), and in humans, where H7N9 549 

achieved higher titers than high pathogenic H5N1 and H5N6 (27).  In spite of the different infection 550 

kinetics across strains, the 6 strains used here, representing 4 IAV subtypes, productively infected at 551 

least one explant type for both species. These data suggest that any of these subtypes could also 552 

infect marine mammals in the wild, consistent with serologic data showing exposure to many subtypes 553 

(13–16, 18, 19). 554 

 555 

The observation that SARS-CoV-2 infects ex vivo rhesus macaque explants parallels findings from ex 556 

vivo lungs from human donors whose lungs were removed due to tumors or from patients undergoing 557 

elective surgery (28, 42). Infection kinetics increased from 2 to 48 hpi in explants and increases in 558 

virus titers were greater in explants inoculated with SARS-CoV-2 compared to SARS-CoV. Given 559 

similar findings from our studies with a limited number of rhesus macaque explants infected with 560 

SARS-CoV-2, ex vivo respiratory tract explants represent an important tool to employ for SARS-CoV-561 

2 to fully define infection dynamics and pathogenesis, host innate responses, viral genetic 562 

determinants of infection, and antiviral treatments.  563 
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 564 

  565 

DATA AVAILABILITY 566 

Sequencing data are available at the CEIRS Data Processing and Coordinating Center (DPCC) 567 

Project Identifier: SP4-Boyce_5004 and Submission_ID: 1136547734004. GenBank accession 568 

numbers will be posted when available. 569 
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Table 1. IAV or SARS-CoV-2 strains used for explant infection experiments. ES is 
elephant seal, HS is harbor seal, m is mallard. N/A indicates strain was isolated at UC Davis 
and first described in this study. MDCK is Madin-Darby canine kidney cell. n/a is not 
applicable. 
 

Virus ID Strain name Subtype Passage 
number 

MDCK 
or Vero 
E6 titer 
(PFU/ml) 

GenBank 
Accession 
number 

Reference 

ES/H1N1 A/Elephant 
seal/California/1/2010 

H1N1 p4 1.3x108
 JX865419-

JX865426 

Goldstein et 
al. 2013 (1)  

HS/H3N8 A/harbor seal/New 
Hampshire/179629/2011 

H3N8 p3 1.8x106
 KJ467564-

KJ467571 

Karlsson et 
al. 2014 (2) 

m/H3N8 A/mallard/California/1475/2010  H3N8 p2 6x106
 CY120501-

CY120508 

N/A 

m/H1N1 A/mallard/California/3134/2010 H1N1        p2 4x107
 CY120611-

CY120618 

N/A  

m/H5N2 A/mallard/California/2396/2010 H5N2 p2 4x107
 CY120587-

CY120594 

N/A  

m/H7N5 A/mallard/California/1390/2010 H7N5 p2 1x107
 CY120555-

CY120562 

N/A  

SARS-
CoV-2 

human/USA/CA-CZB-
59X001/2020 

n/a p2 
 

2.2 x 107 MT394529 Deng et al. 
2020 (3) 
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Table 2. Explant sources for IAV or SARS-CoV-2 ex vivo infection studies. For IAV 
studies, tissues were derived from 10 rhesus macaques (Macaca mulatta), 11 California sea 
lions (Zalophus californianus) and 2 northern elephant seals (Mirounga angustirostris). For 
SARS-CoV-2 studies, tissues were derived from 2 rhesus macaques. 

Virus Animal Species Sex Age Reason for euthanasia  

IAV 

M12 Macaca mulatta Male 1y Chronic diarrhea 

M13 Macaca mulatta Male 3y4m Lameness due to trauma 

M15 Macaca mulatta Male 4y5m Severe leg trauma 

M16 Macaca mulatta Male 3y6m Chronic diarrhea 

M17 Macaca mulatta Male 4y5m Chronic diarrhea 

M11 Macaca mulatta Female 5y11m Chronic diarrhea 

M14 Macaca mulatta Female 16y6m Endometriosis 

M19 Macaca mulatta Female 1y6m Chronic diarrhea 

M21 Macaca mulatta Female 4y Severe leg trauma 

M20 Macaca mulatta Female 3y11m Liver amyloid, diarrhea, bloating 

SARS-
CoV-2 

M31 Macaca mulatta Female 2y3m Chronic diarrhea, rectal prolapses 

M32 Macaca mulatta Female 4m Non-pathogenic diarrhea 

IAV 

SL01 Zalophus californianus male yearling Malnourished, peritonitis 

SL02 Zalophus californianus male yearling Leptospirosis, mild pneumonia 

SL03 Zalophus californianus male yearling Leptospirosis 

SL04 Zalophus californianus male juvenile Leptospirosis 

SL05 Zalophus californianus male subadult Leptospirosis, seizures 

SL06 Zalophus californianus male subadult Leptospirosis 

SL07 Zalophus californianus male subadult Leptospirosis 

SL08 Zalophus californianus male yearling Asphyxia 

SL13 Zalophus californianus male yearling Domoic acid toxicity 

SL09 Zalophus californianus female adult Domoic acid toxicity 

SL12 Zalophus californianus female adult Septicemia 

ES10 Mirounga angustirostris male yearling Tachypnea, tachycardia 

ES11 Mirounga angustirostris male weanling Blindness; congenital defect 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 19, 2020. ; https://doi.org/10.1101/2020.10.15.342055doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.15.342055
http://creativecommons.org/licenses/by-nd/4.0/


 
 
Figure  1. In vitro infection kinetics of 6 influenza A virus strains in Madin-Darby canine 
kidney cells. A MOI of 0.01 was used. The geometric mean virus titer from triplicate wells at 
each time point was plotted as PFU per milliliter ± geometric standard deviation. The dotted 
line represents the limit of detection (LOD) of 500 PFU/ml. Asterisks show comparisons of 
mean titers between HS/H3N8 and all other strains analyzed by two-way ANOVA of log 
transformed values where * is p < 0.001 and  ** is p < 0.0001. Strain names refer to the 
original source of the virus isolate followed by the hemagglutinin and neuraminidase subtype. 
HS is harbor seal. m is mallard. ES is elephant seal. 
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Figure 2 (A) Experimental design for ex vivo rhesus macaque respiratory tract explant 
inoculations with influenza A virus (IAV). (B) Seven day infection kinetics of IAV HS/H3N8 
in explants from an 11 year old animal. (C) IAV titers in the absence of explants to evaluate 
stability of infectious virus from 0 to 48 hpi. IAV titers in kidney (D) and  liver (E), tissues that 
are not IAV targets from a 3.5 year old animal from 0 to 48 hpi. Each bar shows the 
measurement from a single explant. The dotted black line shows the limit of detection, 50 
PFU/explant. The red line shows the inoculum. hpi is hours post inoculation. Strain names 
refer to the original source of the virus isolate followed by the hemagglutinin and 
neuraminidase subtype. HS is harbor seal. m is mallard. ES is elephant seal. 
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Figure 3: Ex vivo influenza A virus infection kinetics. Mean kinetics in 10 rhesus macaque 
(A-C) and 11 California sea lions (E-G) and areas under the infection curve (AUC) (D, H) in ex 
vivo respiratory tract trachea, bronchi, and lung explants. Error bars show standard 
deviations. The dotted black line shows the limit of detection, 50 PFU/explant. Colors in 
squares in D and H show differences in mean AUC by strain analyzed using one-way ANOVA 
tests where the darker the color, the smaller the p-value. Strain names refer to the original 
source of the virus isolate followed by the hemagglutinin and neuraminidase subtype. HS is 
harbor seal. m is mallard. ES is elephant seal. 
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Figure 4. Comparison of ex vivo influenza A virus infection kinetics in respiratory tract 
explants from individual animals. (A) IAV titers in explants from 10 rhesus macaques and 
(B) 11 California sea lions and 2 Northern elephant seals inoculated with 1 x 104 PFU and 2 x 
104 PFU of each of the 6 IAV strains over a 72 hour period. The kinetics of viral infection were 
determined by plaque assays of homogenized explants, where each square represents the 
titer from 101 (blue) to 106 (yellow) in PFU/explant. The limit of detection was 50 PFU/explant. 
Each explant was titrated once at 2-3 dilutions. Strain names refer to the original source of the 
virus isolate followed by the hemagglutinin and neuraminidase subtype (Table 1). HS is 
harbor seal. m is mallard. ES is elephant seal. Boxes with ‘X’ indicate the sample was not 
available for titration. 
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Figure 6: SARS-CoV-2 infection kinetics in Vero cells and ex vivo rhesus macaque 

respiratory tract explants. (A) In vitro infection kinetics of SARS-CoV-2 in Vero-E6 cells at 
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designated MOIs. The geometric mean virus titer from triplicate wells at each time point is 

plotted as PFU per milliliter ± geometric standard deviation. The dotted line represents the 

limit of detection (LOD) of 80 PFU/ml. a denotes that the mean titer for the MOI 1 wells was 

significantly different from the MOI 0.1 and 0.01 groups (p<0.01), b shows that the mean titer 

for the MOI 0.01 wells was significantly different from the MOI 0.1 and 1 groups (p<0.01). No 

symbol indicates that values for all 3 MOIS were not significantly different (p>0.05) Statistical 

tests were repeated measures 2 way ANOVAs. (B)  Representative fields from a monolayer 

of Vero-E6 cells 24 hpi with SARS-CoV-2 at an MOI of 0.1 (green) or mock. Intact tight 

junctions are represented (red) by anti-ZO-1, and nuclear DNA stained with DAPI (blue). 

Magnification for both images is 20X. (C) Experimental design for ex vivo rhesus macaque 

respiratory tract explant inoculations with SARS-CoV-2. (D) SARS-CoV-2 infection kinetics in 

ex vivo explants from a 2.3 year-old female (M31) and a 4 month-old female (M32) rhesus 

macaque inoculated with 1 x 104 PFU SARS-CoV-2. The kinetics of viral infection were 

determined by plaque assays of homogenized explants, where each symbol represents the 

titer from one explant. The limit of detection was 80 PFU/explant; samples with no detectable 

virus are reported at the LOD. Each explant was titrated once at 4 dilutions. (E) 

Immunofluorescence image of a lung explant (M32) 48 hpi magnified 20 times showing 

alveolar interstitium and highlighting SARS-CoV-2 (green) present in the cytoplasm of 

multifocal cells that line alveolar spaces. A few cells that are present within the alveolar 

lumen lack formed nuclei and are more brightly stained, this may results from cell cytolysis 

caused by viral infection. DAPI counterstain reveals nuclei. 
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SUPPLEMENTAL FIGURES 

 

 

Figure S1. Influenza A virus infection kinetics from 1 to 72 hpi in respiratory tract explants 
from a 4 year old male rhesus macaque (M15 in Table 2) inoculated with 1X104 PFU of 6 viral 
strains. Viral titers are represented as the geometric mean and geometric standard deviation. 
Three explants at each time point were titrated independently and the mean of the triplicates 
is represented by the middle horizontal line. Asterisks show p values (two-way ANOVA with 
Dunnett’s multiple comparisons) comparing titers at 24, 48 or 72 hpi to 1 hpi, respectively. **p 

£ 0.005, ***p < 0.001, and ****p < 0.0001. The dashed line indicates limit of detection, 50 
PFU/explant. Strain names refer to the original source of the virus isolate followed by the 
hemagglutinin and neuraminidase subtype. HS is harbor seal. m is mallard. ES is elephant 
seal. 
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Figure S2. Influenza A virus infection kinetics from 1 to 96 hpi in respiratory tract explants 
from an adult female California sea lion (SL12 in Table 2) inoculated with 2X104 PFU of 6 IAV 
strains. Viral titers are represented as the geometric mean and geometric standard deviation. 
Three explants at each time point were titrated independently and the mean of the triplicates 
is represented by the middle horizontal line. Asterisks show p values (two-way ANOVA with 
Dunnett’s multiple comparisons) comparing titers at 24, 48, 72 or 96 hpi to 1 hpi, respectively. 
**p < 0.005, ***p < 0.001, and ****p < 0.0001. The dashed line indicates limit of detection, 50 
PFU/explant. Strain names refer to the original source of the virus isolate followed by the 
hemagglutinin and neuraminidase subtype. HS is harbor seal. m is mallard. ES is elephant 
seal. 
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Supplemental Table 1. Mean change in log10 titer of influenza virus strains after 
inoculation in rhesus macaque or California sea lion respiratory tract explant tissues. 
Means for the same time frame followed by a common letter are not significantly different by 
the Games-Howell test at the 5% level of significance. Values in parentheses show standard 
deviations. The symbols indicate that the mean change in titer differs significantly for at least 
one strain according to Welch’s ANOVA at 5% level of significance for: *1 vs 24 hpi F=15.417, 
df=(5,91.649), p-value=5.55e-11 for rhesus macaques and F=4.666, df=(5,189.21), p-
value=4.85e-04 for California sea lions, the † denotes 1 vs 48 hpi (F=25.823, df=(5,91.569), 
p-value=3.59e-16) for rhesus macaques and (F=5.784, df=(5,182.59), p-value=5.55e-05) for 
California sea lions, and the ‡ denotes 72 hpi (F=23.351, df=(5,91.826), p-value=4.58e-15) for 
rhesus macaques and (F=6.636, df=(5,189.35), p-value=1.02e-05) for California sea lions. 
Strain names refer to the original source of the virus isolate followed by the hemagglutinin and 
neuraminidase subtype. HS is harbor seal. m is mallard. ES is elephant seal. 
 
 

 

RHESUS MACAQUES CALIFORNIA SEA LIONS 

1 vs 24 hpi* 
1 vs 48 
hpi† 

1 vs 72 
hpi‡ 

1 vs 24 hpi * 1 vs 48 hpi † 1 vs 72 hpi ‡ 

HS/H3N8 1.2 (1.1) a 1.8 (1.5) ab
 2.2 (1.5) ad

 0.4 (0.8) e 0.6 (1.2) e 0.8 (1.4) e 

m/H3N8 0.9 (1.1) ac
 1.8 (1.1) ac

 0.9 (1.4) ab
 -0.04 (0.7) abc -0.07 (1.1) abc 0.2 (1.3) abc 

ES/H1N1 -0.1 (0.6) b -0.1 (0.8) e 0.1 (0.9) e -0.1 (0.5) ab -0.1 (0.8) ab -0.1 (0.9) ab 

m/H1N1 0.2 (0.7) b 0.3 (1.0) de
 0.9 (1.2) c 0.03 (0.6) bcde -0.05 (0.7) bd 0.2 (1.0) bcd 

m/H5N2 0.3 (0.7) bc
 1.0 (1.4) bcd

 1.5 (1.4) bcd
 -0.02 (0.5) ad -0.07 (0.6) ad 0.2 (1.0) ad 

m/H7N5 1.1 (0.8) a 1.9 (1.0) a 2.4 (1.2) a 0.3 (0.9) cde 0.5 (1.2) ce 0.8 (1.5) ce 
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Supplemental Table 2. Mean change in log10 titer of influenza virus in respiratory tract 
tissues from rhesus macaques and California sea lions. Means for the same time frame 
followed by a common letter are not significantly different by the Games-Howell test at the 5% 
level of significance. Values in parentheses show standard deviations. The symbols indicate 
that the mean change in titer differs significantly for at least one tissue according to Welch’s 
ANOVA at 5% level of significance for: * 1 vs 24 hpi (F=28.071, df=(2, 127.39), p-
value=7.93e-11) in rhesus macaques, (F=15.369, df=(2, 269.45), p-value=5.96e-05) for 
California sea lions, † 1 vs 48 hpi (F=13.641, df=(2, 129.47), p-value=4.02e-6) in rhesus 
macaques, (F=10.105, df=(2, 257.71), p-value=5.96e-05) in California sea lions, ‡ 1 vs 72 hpi 
(F=7.8203, df=(2, 133.05), p-value=6.16e-4) for rhesus macaques, (F=11.083, df=(2, 268.89), 
p-value=2.37e-0.5) for California sea lions. 
 

 RHESUS MACAQUES CALIFORNIA SEA LIONS 

Tissue 
1 vs 24 
hpi* 

1 vs 48 
hpi† 

1 vs 72 
hpi‡ 

1 vs 24 hpi* 1 vs 48 hpi† 1 vs 72 hpi‡ 

Bronchi 1.0 (0.9) 
a
 1.5 (1.4) a 1.7 (1.5) a 0.3 (0.8) a 0.5 (1.3) a 0.8 (1.5) a 

Trachea 0.8 (1.0) 
a
 1.4 (1.5) a 1.9 (1.5) a 0.1 (0.7) a 0.1 (0.8) b 0.2 (1.0) b 

Lung 0.1 (0.7) b 0.5 (1.1) b 1.0 (1.4) 
b
 -0.2 (0.6) b -0.1 (0.8) b 0.1 (1.1) b 

 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 19, 2020. ; https://doi.org/10.1101/2020.10.15.342055doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.15.342055
http://creativecommons.org/licenses/by-nd/4.0/


Supplemental Table 3. Difference in mean log10 change for respiratory tract explant 
tissues from California sea lions versus rhesus macaques. Differences are show as p-
values after the Games-Howell post-hoc test. Significant p-values (p < 0.05) are in bold. Strain 
names refer to the original source of the virus isolate followed by the hemagglutinin and 
neuraminidase subtype. HS is harbor seal. m is mallard. ES is elephant seal. hpi is hours post 
inoculation. 
 

Timeframe IAV Strain Trachea Bronchi Lung 

1-24 hpi 
  

HS/H3N8 -1.26 (0.011) -1.13 (0.023) -0.11 (0.989) 

m/H3N8 -1.26 (0.003) -1.40 (<0.001) -0.29 (0.695) 

ES/H1N1 -0.03 (1.00) -0.13 (0.967) -0.10 (0.996) 

m/H1N1 -0.14 (0.959) -0.32 (0.475) -0.03 (1.00) 

m/H5N2 -0.41 (0.362) -0.45 (0.388) -0.07 (0.997) 

m/H7N5 -1.02 (0.047) -0.62 (0.266) -0.46 (0.551) 

1-48 hpi 
  
  

HS/H3N8 -1.95 (0.002) -1.27 (0.120) -0.18 (0.982) 

m/H3N8 -2.21 (<0.001) -1.50 (0.009) -1.50 (0.006) 

ES/H1N1 -0.02 (1.00) 0.25 (0.963) -0.45 (0.572) 

m/H1N1 -0.74 (0.160) -0.48 (0.714) 0.01 (1.00) 

m/H5N2 -0.99 (0.100) -1.50 (0.024) -0.25 (0.918) 

m/H7N5 -1.75 (<0.001) -1.50 (0.001) -0.71 (0.540) 

1-72 hpi 
  
  

HS/H3N8 -2.41 (<0.001) -1.74 (0.015) -0.49 (0.711) 

m/H3N8 -2.02 (<0.001) -1.44 (0.085) -1.87 (0.006) 

ES/H1N1 -0.05 (1.00) 0.01 (1.00) -0.48 (0.464) 

m/H1N1 -0.83 (0.265) -1.06 (0.131) -0.03 (1.00) 

m/H5N2 -2.11 (<0.001) -1.23 (0.083) -0.32 (0.893) 

m/H7N5 -2.16 (<0.001) -1.08 (0.229) -1.11 (0.335) 
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Supplemental Table 4. Immunohistochemical detection of influenza A virus in macaque 
and California sea lion respiratory tissue explants. Strain names refer to the original 
source of the virus isolate followed by the hemagglutinin and neuraminidase subtype. HS is 
harbor seal. m is mallard. ES is elephant seal. hpi is hours post inoculation. 
 

 IAV positive epithelial cells/mm2 

Animal M11 M13 SL08 SL12 

hpi 24 48 24 48 24 48 24 48 

HS/H3N8 458 519 71 224 0 0 51 21 

m/H3N8 349 544 0 1 2 0 0 26 

ES/H1N1 0 0 0 0 0 0 0 0 

m/H1N1 0 8 0 0 0 0 0 0 

m/H5N2 7 19 0 0 0 0 0 0 

m/H7N5 50 626 9 0 0 0 8 <5 
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Supplemental Table 5. IAV inoculated rhesus macaque and marine mammal respiratory 
tract explants from which whole genome IAV sequences were obtained at indicated 
times post-inoculation and compared to their respective inocula. Empty squares indicate 
samples for which sequencing was not attempted. HS is harbor seal. m is mallard. ES is 
elephant seal, M is macaque, SL is California sea lion. 
 

  hour(s) post inoculation 

Animal ID tissue HS/H3N8 m/H3N8 ES/H1N1 m/H1N1 m/H5N2 m/H7N5 

M15 

trachea 72 72  72 72 72 

lung      72 

M11 trachea 72 72  72  72 

SL01 bronchi  72    72, 96 

SL06 bronchi 48, 72 72   72 48, 72 

SL08 

trachea      48 

bronchi   72   72 

ES10 bronchi 48, 72      
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Supplemental Table 6. IAV amino acid changes compared to inocula detected in ex vivo 
bronchi explants from California sea lions and a Northern elephant seal. Numbers 
shown correspond to positions in indicated IAV proteins. *Indicates that the mutation was a 
synonymous change. Empty squares indicate no sequence differences were detected. An X 
shows samples for which sequencing was not attempted. hpi is hours post inoculation, HS is 
harbor seal, m is mallard, ES is elephant seal, M is macaque, SL is California sea lion, HA is 
hemagglutinin, NA is neuraminidase, PA is polymerase acidic protein, PB is polymerase basic 
protein. 
 

Animal 
ID 

hpi 
HS/H3N8 

HA 

HS/H3N8 

NA 

ES/H1N1 

PA 

m/H7N5 

HA 

m/H7N5 

PB2* 

SL01 

72    V311I 1368 

96  V394I    

SL06 

48     1368 

72  P118S   1368 

SL08 

48     1368 

72   
I359N 

M441I 

 1368 

ES10 

48 A154T P118S    

72 A154T P118S    
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Figure 5. Photomicrographs of positive immunohistochemical (IHC) staining 
against influenza A virus in rhesus macaque and California sea lion tracheal and 
bronchial explants. (A) Trachea from rhesus macaque M11 48 hours post inoculation 
with m/H7N5; (B) Trachea from rhesus macaque M13, 48 hours post-inoculation with 
HS/H3N8; (C) Bronchus from sea lion SL12 48 hours post inoculation with av/H3N8; (D) 
Trachea from California sea lion SL08 24 hours post inoculation with av/H3N8. Positive 
respiratory epithelial cells exhibit strong nuclear immunoreactivity (red-brown nuclear 
staining; arrows). Positive staining is primarily localized to apical epithelial cells, with 
relative sparing of basal cells. IHC stain used an antibody against influenza A virus 
nucleoprotein. Bar=50um.  
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