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Abstract 24 

New vaccine formulations are based on circulating strains of virus, which have tended to 25 

evolve to more readily transmit human to human and to evade the neutralizing antibody 26 



response. An assumption of this approach is that ancestral strains of virus will not recur. 27 

Recurrence of these strains could be a problem for individuals not previously exposed to 28 

ancestral spike protein. Here, we addressed this by infecting mice with recent SARS-CoV-29 

2 variants and then challenging them with a highly pathogenic mouse-adapted virus 30 

closely related to the ancestral Wuhan-1 strain (SARS2-N501YMA30). We found that 31 

challenged mice were protected from severe disease, despite having low or no 32 

neutralizing antibodies against SARS2-N501YMA30. T cell depletion from previously 33 

infected mice did not diminish infection against clinical disease, although it resulted in 34 

delayed virus clearance in the nasal turbinate and in some cases, in the lungs. Levels of 35 

tissue resident memory T cells were significantly elevated in the nasal turbinate of 36 

previously infected mice compared to naïve mice. However, this phenotype was not seen 37 

in lung tissues. Together, these results indicate that the immune response to newly 38 

circulating variants afforded protection against re-infection with the ancestral virus that 39 

was in part T cell based. 40 

 41 

Introduction 42 

SARS-CoV-2, the etiological agent of COVID-19, has evolved repeatedly since it 43 

first entered human populations in late 2019 (1, 2). Although the virus grew well in the 44 

human upper and lower respiratory tract at the time of its initial introduction, virus evolution 45 

took place over the next several months to enhance replication and transmission to 46 

susceptible individuals. Effective vaccines became widely available in December 2020. 47 

Vaccination, in conjunction with widespread infection, resulted in widespread immunity 48 

and selection for mutations in the virus that evaded the anti-virus antibody response, in 49 

addition to enhancing virus replication. Many of these variants contained greater than 20 50 

mutations in the S protein (3, 4), leading to the hypothesis that evolution had occurred in 51 



a persistently infected immunocompromised host (5–7), although this has not been 52 

proven.  53 

 Vaccines were originally formulated to induce a neutralizing antibody response 54 

against the ancestral virus strain (Wuhan-1) and studies in 2020-2021 showed that 55 

neutralizing antibody titers served as useful correlates of protection (8). As the virus has 56 

mutated, effective neutralizing antibody titers against the newest variants elicited by 57 

ancestral virus vaccines diminished several hundred-fold so that they are often 58 

undetectable (9–11). At the same time, serum neutralizing antibody titers against Wuhan-59 

1 declined suggestive of a lack of durability (12, 13). Yet, even with this loss of the ability 60 

to neutralize the virus, humans are largely protected from hospitalization and death. These 61 

results suggest that other arms of the immune response, including the anti-virus T cell 62 

response, Fc receptor-dependent, non-neutralizing antibody function or the innate myeloid 63 

response contribute to protection (3, 14, 15). 64 

 At present, vaccine strategies involved eliciting a neutralizing antibody response 65 

against the circulating strain of SARS-CoV-2. For a short period of time, vaccines were 66 

bivalent and contained spike proteins from the Wuhan-1 and circulating (Omicron BA.1 or 67 

BA.5) strains. However, inclusion of the ancestral S protein induced a strong anamnestic 68 

immune response to antibody epitopes present in this strain, some of which were no longer 69 

expressed in the Omicron strains. Consequently, the ancestral S protein was removed 70 

from the latest vaccine formulations, which express a single Omicron S protein (XBB.1.5 71 

JN.1 or KP.2). While there is little evidence that ancestral-like variants that formerly 72 

circulated in human populations have resurged, a concern is that re-emergence of these 73 

strains would cause significant disease in populations that have only been infected with, 74 

or vaccinated against more recent variants. Since SARS-CoV-2 has only been circulating 75 

briefly in human populations as compared to other viruses, the trajectory for its evolution 76 

is not well understood. Moreover, it has been reported that immunocompromised patients 77 



are persistently infected by SARS-CoV-2 and harbor mutated virus (16). The presence of 78 

diverse SARS-CoV-2 species poses a risk for re-emergence of ancestral-like variants. 79 

 To examine this possibility, we infected mice with Omicron variants and then 80 

challenged with earlier strains. Unlike ancestral strains, nearly all of them, apart from the 81 

B.1.617 (d variant), can infect laboratory mice directly but disease is mild. Therefore, the 82 

effects of prior infection or vaccination are usually addressed by assessing virus titers in 83 

the lungs or nasal cavity (17, 18). In addition to measuring virus titers, we challenged mice 84 

with a mouse-adapted virus derived from the Wuhan-1 strain (SARS2-N501YMA30) by 85 

repeated passage through mouse lungs (19) . Mouse adaptation involved five changes in 86 

the spike protein and 3 in nonstructural proteins. Of the five S protein mutations, four of 87 

the five were present in all Omicron strains (K417N, E484K, Q498R, N501Y) whereas the 88 

fifth mutation, Q493R, was present in a subset of Omicron variants. Moderate doses of 89 

SARS2-N501YMA30 causes lethal disease in BALB/c mice of all ages and in C57BL/6 mice 90 

greater than 3 months of age. Using mice initially infected with SARS-CoV-2 variants, we 91 

found complete protection against clinical disease after challenge with SARS2-N501YMA30 92 

in the absence of any detectable neutralizing antibody. These results were confirmed 93 

using a virus reduction assay after challenge with the B.1.1.7 (a) variant, which was 94 

present in human populations early in the pandemic and is able to infect mice directly. 95 

SARS-CoV-2 specific T cells provided part, but not all of the protection afforded by prior 96 

infection. Thus, prior infection with a recently circulating Omicron strain resulted in 97 

protection against challenge with variants no longer in human populations, with protection 98 

conferred by anti-virus T cells as well as immune mechanisms that require further 99 

characterization.  100 

 101 

Results 102 



SARS-CoV-2 variants induce a neutralizing antibody response that wanes over time. 103 

Several previous studies reported the waning of SARS-CoV-2-specific neutralizing 104 

antibody titers following vaccination or infection, and significantly decreased neutralizing 105 

activity against new variants of concern (VOC) (20–23). We sought to not only evaluate 106 

the kinetics of the antibody response elicited by circulating variants after infection but also 107 

if these presently circulating strains afforded protection against SARS-CoV-2 strains 108 

present early in the pandemic. Our study was divided into four cohorts of C57BL/6 mice 109 

that were intranasally infected with high doses of either B.1.351 (β), BA.2.12.1, BA.5 or 110 

XBB.1.5 virus (Figure 1A). Sera were collected from mice at various days post infection 111 

(dpi) and titers against the homologous virus were measured.  The neutralizing titers in 112 

each cohort against the corresponding variant, except those against B.1.351, were 113 

significantly reduced over time. B.1.351 is known to be more virulent in mice than other 114 

human strains, contributing to the enhanced immune response (24–26). The reduction 115 

was most pronounced for most variants between 20- and 60-dpi (Figure 1C-E). In 116 

contrast, B.1.351-infected mice showed modest increase in antibody response from 20- 117 

to 60-dpi (Figure 1B). Mice previously infected with BA.2.12.1 exhibited lower levels of 118 

neutralizing antibodies at 20 dpi relative to the other variants and had minimal neutralizing 119 

activity by 60 dpi (Figure 1C). Mice infected with BA.5 or XBB.1.5 had similar antibody 120 

levels, with average titers at 301 and 282, respectively, at 20 dpi (Figure 1D-E, left). 121 

Individual titers for each mouse were tracked over the course of the experiment. We found 122 

that XBB.1.5 titers waned from 20- to 60 days with minimal changes in titers from 60- to 123 

100 days (Figure 1E, right). These data indicated that each variant was able to induce a 124 

neutralizing antibody response to the homologous virus, but peak neutralizing titers varied 125 

greatly by variant. Additionally, there was evidence of significant waning in neutralizing 126 

antibodies for each virus, apart from B.1.351, just two months after infection. However, 127 



the rate of waning was much less pronounced 3+ months later. consistent with patterns of 128 

SARS-CoV-2 antibody decline described previously (27). 129 

 130 

Infected mice are protected from reinfection with lethal SARS2-N501YMA30.  131 

Next, we investigated if these mice would still be protected against a lethal dose of a 132 

mouse-adapted virus, SARS2-N501YMA30, 3 months post initial infection. Mice were 133 

reinfected with 5,000 PFU of SARS2-N501YMA30 and weight loss was measured during 134 

acute infection (Figure 2A).  There was complete protection against death with minimal 135 

weight loss in mice infected with any of the variants as compared to control groups (Figure 136 

2B).  Mice previously infected with B.1.351 experienced the least amount of weight loss 137 

while mice previously infected with XBB.1.5 experienced the most, at approximately 10% 138 

loss. The same sera that were used to measure neutralizing titers against the homologous 139 

virus was also tested against SARS2-N501YMA30 to examine cross-reactivity. Sera were 140 

obtained prior to reinfection. We found strong neutralizing activity against SARS2-141 

N501YMA30 in mice infected with B.1.351 with no significant difference in titer between 20- 142 

and 60 days post initial infection (Figure 2C). In contrast, previous infection with BA.5 and 143 

BA.2.12.1 elicited much lower neutralizing titers, with neutralizing titers undetectable at 60 144 

dpi with BA.2.12.1. Mice previously infected with XBB.1.5 did not mount a detectable level 145 

of neutralizing antibodies against SARS2-N501YMA30 at any of the time points. These data 146 

indicate that there are factors contributing to protection against disease that did not involve 147 

neutralizing activity.  148 

 149 

XBB.1.5 induces a robust S protein-specific antibody response.  150 

Given the discrepancy between the clinical efficacy of prior infection with several VOCs 151 

and the lack of a neutralizing antibody response, we next assessed whether broad 152 

spectrum S protein binding activity could be detected after XBB.1.5 infection. For this 153 



purpose, we measured IgG and IgA binding to SARS-CoV-2 spike proteins WA1, BA.1 154 

and the homologous virus, XBB.1.5 in the sera, and in nasal turbinate and lung 155 

homogenates. We examined three different groups of mice: the ‘original’ group belonged 156 

to the same cohort of XBB.1.5 infected mice described above (Figure 1E, Figure 2B-C). 157 

These mice were infected at 4 months of age and sacrificed 3 months later. The ‘aged’ 158 

group were infected at 7 months of age with the XBB.1.5 variant and sacrificed 21 days 159 

later. The ‘young’ group were infected at 12 weeks and sacrificed at 15 weeks of age, 21 160 

days following XBB.1.5 infection (Figure 3A). The highest antibody binding in the sera 161 

was found to be against XBB.1.5 in each cohort, as expected (Figure 3B). Levels of 162 

binding to XBB.1.5 were also found to be comparable between the cohorts despite the 163 

differences in both age and duration post infection. In contrast, antibody responses to the 164 

WA.1 and BA.1 variants were lower, with the lowest responses observed 21 days after 165 

XBB.1.5 infection of 7-month-old mice. SARS-CoV-2 IgG responses in the lungs and nasal 166 

turbinates paralleled those observed in the sera, although antibody binding to all of the 167 

variant S proteins was more equivalent in the nasal turbinates.  Again, the highest antibody 168 

binding was against XBB.1.5 while the lowest levels were against BA.1 (Figure 3C).  169 

Contrary to these results, we detected SARS-CoV-2-specific IgA in only a fraction 170 

of homogenates. WA.1-specific IgA responses were detected in the nasal turbinates at 21 171 

days after XBB.1.5 infection, and in the lungs of young and aged mice (Figure 3D). 172 

Therefore, the complete protection of previously infected mice against subsequent lethal 173 

infection challenge despite the lack of detectable neutralizing antibodies against SARS2-174 

N501YMA30 is likely conferred by antibody-dependent processes, such as Fc-mediated 175 

responses in addition to T cells.  176 

 177 

Previously infected mice depleted of T cells have increased viral titers in nasal 178 

turbinates and to a lesser extent, lungs upon reinfection. CD4+ and CD8+ T cell 179 



responses have been implicated in protection against SARS-CoV-2 infection in several 180 

studies (14, 28–33). We next assessed the role of the T cell response in mice previously 181 

infected with the BA.2.12.1 or XBB.1.5 variants and challenged with SARS2-N501YMA30. 182 

CD4+ and CD8+ T cells were depleted at the time of challenge. Depletion of T cells in the 183 

lung and nasal turbinate tissue was confirmed by flow cytometry, both in the vasculature 184 

(IV+) and the parenchyma (IV-) (Figure S1A-C). Mice were then assessed for weight loss, 185 

and lungs and nasal tissue were collected for measurement of viral titers (Figure 2A). 186 

Depletion of T cells was not found to influence survival during lethal infection since mice 187 

had 0% mortality regardless of the variant used for initial infection (Figure 2B). Weight 188 

changes largely mimicked those of non-depleted mice both in XBB.1.5 and BA.2.12.1-189 

infected mice. Next, viral loads in the lungs and in the nasal turbinates were measured at 190 

3- and 5 dpi (Figure 4A). Within the cohort of mice previously infected with BA.2.12.1, we 191 

found no difference in lung virus titers between non-depleted (‘BA.2.12.1’) and T cell 192 

depleted (‘BA.2.12.1 Depleted’) mice (Figure 4B). However, in the nasal turbinates, T cell 193 

depleted BA.2.12.1-infected mice were found to have significantly higher viral titers than 194 

the non-depleted group. Mice infected with B.1.351, which had the highest neutralizing 195 

antibody titers (Figure 1B) did not have detectable levels of infectious virus in the lungs 196 

at 3 days post challenge with SARS2-N501YMA30 (Figure 4B). Since neutralizing 197 

antibodies responses persisted in mice infected with B.1.351, T cell depletion assays were 198 

not performed using this virus. Mice previously infected with BA.5 virus showed a similar 199 

phenotype to BA.2.12.1-infected mice; T cell depleted mice and non-depleted mice had 200 

no differences in viral lung titers at 3- and 5 dpi (Figure 4C). Again, there were significantly 201 

higher viral titers in the nasal turbinates of T cell-depleted mice compared to the non-202 

depleted group at 3 dpi..  203 

 204 



To further explore the effect of T cells upon a second exposure to SARS-CoV-2, mice in 205 

the XBB.1.5 cohort were treated with α-CD4+ or α-CD8+ antibody, with both antibodies or 206 

not depleted at all prior to SARS2-N501YMA30 challenge. After prior infection with XBB.1.5 207 

and T cell depletion, virus clearance in the lungs was diminished at 5 dpi. Mice that were 208 

depleted of CD8+ or doubly depleted of CD4+ and CD8+ T cells exhibited higher SARS2-209 

N501YMA30 lung titers than mice that were CD4+ T cell or mock depleted (Figure 4D). Of 210 

note, BA.2.12.1-infected mice also exhibited a lack of neutralizing antibodies against 211 

SARS2-N501YMA30 at 60 dpi, and while the differences in lung titers between BA.2.12.1 T 212 

cell depleted mice and BA.2.12.1 mice were not found to be significant, those in BA.2.12.1-213 

infected mice trended lower than those in the depleted group (Figure 4B).  214 

 215 

We detected higher viral titers in the nasal turbinates of mice previously infected with 216 

XBB.1.5 after CD4+/CD8+ or CD8+ T cell depletion compared to non-depleted mice (Figure 217 

4D). This was most pronounced at 3 dpi, where titers in CD4+ T cell-depleted mice closely 218 

resembled mice that were not depleted while titers in CD8+ T cell depleted mice were 219 

similar to those detected in doubly depleted mice. As in XBB.1.5-infected mice, greater 220 

differences were observed in the nasal turbinates after T cell depletion in BA.2.12.1 mice 221 

(Figure 4B). Pathological examination of the lungs of mice previously infected with 222 

XBB.1.5 and then reinfected with SARS2-N501YMA30 showed high levels of edema and 223 

cellular infiltrates in the PBS group at 5 dpi (Figure 4F). In contrast, there was minimal 224 

evidence of tissue damage in both the non-depleted and T cell-depleted groups for 225 

XBB.1.5. However, T cell-depleted mice had decreased numbers of cellular infiltrates 226 

present as compared to mice in which these cells were not depleted, consistent with the 227 

absence of T cells.  228 

 229 



To determine whether these results obtained after infection with SARS2-N501YMA30 230 

(derived from the ancestral Wuhan-1 strain) were also observed after challenge with 231 

another early appearing variant, mice that were previously infected with XBB.1.5 were 232 

reinfected with the B.1.1.7 variant. Viral titers in the nasal turbinate of depleted mice were 233 

significantly higher at 5 dpi than mice that were not T cell-depleted (Figure 4E). Together 234 

these results suggest that there is a protective role for memory CD8+ T cells in the 235 

response to subsequent virus infection, but also that they do not appear to be necessary 236 

for protection from clinical disease in mice.  237 

 238 

Antigen experienced tissue resident memory T cells are increased in the nasal 239 

cavity of previously infected mice upon reinfection.  These data suggest an important 240 

role for virus-specific memory CD8+ T cells in the nasal turbinates, and to a lesser extent, 241 

in the lungs in reducing virus burden. To assess whether these cells can be detected at 242 

these sites of infection, we infected mice with XBB.1.5 and then subsequently reinfected 243 

them with 2,000 PFU SARS2-N501YMA30 3 months later. Lungs and nasal turbinates were 244 

harvested 3 days post challenge. Virus specific CD8+ T cells were assessed by MHC class 245 

I (H2-Kb) S539 tetramer staining. There was a significant increase in the frequency and 246 

numbers of tetramer S539-positive cells in the nasal turbinates and to a lesser extent in 247 

the lungs of SARS2-N501YMA30-challenged mice that had been previously infected with 248 

XBB.1.5 (Figure 5A). We additionally characterized this tetramer S539-positive 249 

population in the nasal turbinates and found that it largely consisted of tissue resident 250 

memory T cells (TRM) identified by CD69+CD103+ staining. Given that these cells 251 

expressed TRM markers, it is not likely that they originated in extranasal tissue. In addition, 252 

since mice were analyzed at 3 days post challenge, it is unlikely that they originated de 253 

novo from naïve T cell populations. Previously infected mice had a significant increase in 254 

tetramer S539+ CD8+ TRM frequency and numbers in the nasal turbinates compared to the 255 



PBS group, which was also significant in the lungs, though less pronounced (Figure 5B). 256 

Finally, the overall TRM population between the PBS mice and the mice previously infected 257 

with XBB.1.5 did not differ in both the nasal turbinate and lung tissues (Figure 5C). 258 

 259 

Discussion 260 

As SARS-CoV-2 becomes endemic, the virus continued to mutate rapidly in response to 261 

immunity induced by vaccines and prior infections to generate antigenically distant 262 

variants replacing earlier strains. In response, vaccines were updated because early 263 

formulations were less effective against these new variants in terms of inducing 264 

neutralizing antibodies.  One consequence of the changes in viruses and vaccines is that 265 

unvaccinated, uninfected individuals, including young children will not be exposed to past 266 

variants and therefore, may develop no immunity against such previous variants that are 267 

no longer circulating. Re-emergence of past variants may pose significant threats to future 268 

generations who have never been exposed to these original variants, as previously 269 

demonstrated for influenza A virus (IAV) infection. During the 2009 H1N1 outbreak, young 270 

people were disproportionately affected by infection, while those born before 1957 271 

experienced the lowest rates of morbidity (34–37). This was largely attributed to the pre-272 

existing cross-reactive H1N1 antibodies and cell-mediated immunity acquired from 273 

childhood infection (38, 39).  274 

 275 

Here, we showed that previous infection with B.1.351/Omicron variants protected against 276 

severe disease in mice after challenge with SARS2-N501YMA30, a mouse-adapted SARS-277 

CoV-2 strain closely resembling the ancestral strain, suggesting that infection with the 278 

more recent SARS-CoV-2 variants induced cross-protection against early variants. 279 

Similarly, immunization with mRNA vaccines encoding spike protein of the ancestral 280 

Wuhan-1 strain or prior infection with early SARS-CoV-2 variants protected against severe 281 



disease after infection with B.1.351/Omicron variants (40, 41). Together, these data 282 

indicate that immunity induced by vaccination or infection with antigenically distant SARS-283 

CoV-2 strains are sufficient to cross-protect against severe disease after heterologous 284 

SARS-CoV-2 infection.  285 

 286 

Levels of neutralizing antibody were previously identified as correlates of protection in the 287 

period when original circulating variants were circulating (42, 43). However, neutralizing 288 

antibodies are not the sole mechanism of protection since vaccinated humans are 289 

protected against severe disease and hospitalization but not infection after exposure to 290 

Omicron variants. Similarly, we observed that mice infected with B.1.351/Omicron variants 291 

were almost completely protected against subsequent challenge with a lethal dose of 292 

SARS2-N510YMA30 (Figure 2B). This phenomenon was independent of the immunizing 293 

variant, even in conditions where the levels of neutralizing titers to homologous or 294 

heterologous virus were low (XBB.1.5-infected mice, Figure 1E, 2C), suggesting that 295 

other immune functions contributed to protection. One of these factors is the T cell 296 

response. We observed that depletion of T cells resulted in delayed virus clearance in the 297 

nasal turbinates and to a lesser extent, the lungs (Figure 4C), confirming the role of T 298 

cells in controlling infection. Consistent with the role of prior infection in the induction of 299 

this T cell response, we showed that many of these T cells were resident memory T cells 300 

(Figure 5). Similarly, memory CD4+ and CD8+ T are rapidly induced following SARS-CoV-301 

2 infection of vaccinated individuals (44). In addition, studies have shown that repeated 302 

vaccination or infection with mismatched SARS-CoV-2 strains often result in 303 

immunological imprinting (45, 46), therefore potentially contributing to reduced vaccine 304 

efficacy or protection. However, the T cell response was much less affected by imprinting 305 

as T cell epitopes were only modestly changed in new SARS-CoV-2 variants (47). T cell 306 

targets are also more diverse with epitopes located in multiple viral proteins in addition to 307 



S protein. Therefore, vaccine strategies specifically boosting T cell responses as 308 

previously suggested (48) will help compensate for immunological imprinting and limit the 309 

emergence of escape mutants.  310 

 311 

While our data suggest that virus-specific tissue-resident memory T cells contributed to 312 

protection in both the lungs and nasal turbinates (Figure 4 and 5), T cells were required 313 

for virus elimination to a greater extent in the latter than in the lungs (Figure 4). Although 314 

we showed that the frequency and number of tissue-resident memory T cells were 315 

diminished after depletion (Figure S1C), a limitation of our study is that TRM could not be 316 

selectively depleted. Therefore, determining the specific role of TRM in mediating protection 317 

warrants further investigation. In addition, another limitation is that  we used inbred mouse 318 

strains and mouse-adapted virus, which does not reflect the diversity of immune 319 

responses in humans. Furthermore, T cell depletion only resulted in increased viral burden 320 

without detectable changes in clinical disease (Figure 2 and 4). Protection could result 321 

from the presence of non-neutralizing SARS-CoV-2-specific IgGs in the lungs and nasal 322 

turbinates (49) (Figure 3). Other studies identified virus-specific IgA responses in the 323 

respiratory mucosa and the presence of long-lasting memory B cells after infection and 324 

vaccination (50–52), which also likely contributed to protection. We were not able to detect 325 

significant IgA antibodies in the nasal turbinates of infected mice, possibly because IgA 326 

was present at lower levels than IgG, or IgA assays were less sensitive. 327 

 328 

Overall, we showed that infection in mice with recent SARS-CoV-2 variants protected 329 

against challenge with early variants, consistent with key roles for neutralizing antibody-330 

independent functions in protection. Moreover, we demonstrated an important role for T 331 

cell-mediated protection in the upper airway which will inform the design of next generation 332 

of mucosal vaccines against coronavirus infections. 333 



 334 

Methods 335 

Sex as a biological variable. 336 

Our preliminary study used infected male and female mice. Nearly identical results were 337 

obtained. We used only female mice for this study because they were slightly more 338 

resistant to SARS-CoV-2 infection. 339 

 340 

Cells and virus 341 

All SARS-CoV-2 variants were obtained from BEI Resources: B.1.351 (β variant, NR-342 

55282), BA.2.12.1 (NR-56781), BA.5 (NR-58616), XBB.1.5 (NR-59104) and B.1.1.7 (α 343 

variant, NR-54971). Mouse-adapted SARS2-N501YMA30 was generated as described (19). 344 

B.1.1.7, B.1.351 and SARS2-N501YMA30 were propagated in Calu-3 2B4 cells while 345 

Omicron variants BA.2.12.1, BA.5 and XBB.1.5 were propagated in Vero-TMPRSS2 cells. 346 

Calu-3 2B4 cells were obtained from Dr. Chien-Te Kent Tseng at the University of Texas 347 

Medical Branch in Galveston and were grown in Dulbecco’s modified Eagle’s medium 348 

(DMEM, GIBCO) supplemented with 20% FBS. Vero-TMPRSS2 cells were obtained from 349 

Dr. Michael Diamond (Washington University, Saint Louis) and were grown in DMEM 350 

supplemented with 10% FBS and 5µg/mL of blasticidin. Vero hACE2-TMPRSS2 cells, 351 

obtained from Dr. Michael Diamond, were used for the foci reduction neutralization test 352 

(FRNT50) and focus forming assay (FFA) experiments (see below) and were cultured in 353 

DMEM supplemented with 10% FBS, 1M HEPES (GIBCO) and 10µg/mL puromycin.   354 

 355 

SARS-CoV-2 variant infection and SARS2-N501YMA30 or B.1.1.7 challenge in mice 356 

Female C57BL/6 mice were purchased from Charles River Laboratories. Mice were 357 

anaesthetized with ketamine–xylazine and infected intranasally with 105 PFU of the 358 

indicated virus. In some experiments, infected mice were monitored daily for 3-4 months 359 



before subsequent challenge with 5,000 PFU of SARS2-N501YMA30 or 105 PFU B.1.1.7. 360 

After reinfection, mice were monitored for weight loss and clinical disease. In other 361 

experiments (Figure 3), 12-week-old (‘young’) and 7-month-old (‘aged’) mice were 362 

infected intranasally with 105 PFU of XBB.1.5 and monitored daily for 21 days before 363 

sacrifice. All experiments with SARS-CoV-2 were performed in a biosafety level 3 (BSL3) 364 

laboratory at the University of Iowa.  365 

 366 

Viral titers 367 

Infected, challenged mice were sacrificed at 3 or 5 dpi and perfused intracardially with 368 

10mL of PBS.  Lungs and nasal turbinates were harvested and homogenized in 1mL PBS. 369 

Samples were aliquoted and stored at -80°C. Titers were measured by focus forming 370 

assays (FFA) using Vero hACE2-TMPRSS2 cells. Cells were seeded in 96-well plates 371 

and inoculated in 10-fold serial dilutions with lung or nasal turbinate homogenates for 1 372 

hour at 37°C, 5% CO2, gently rocking every 10 min. Then, the inoculum was removed, 373 

and cells were overlaid with 1:1 mixture of 2.4% carboxymethylcellulose and DMEM 374 

containing 4% FBS. Cells were stained and foci were visualized as detailed below.  375 

 376 

Foci reduction neutralization test (FRNT50) 377 

FRNTs were used to measure the neutralizing antibody activity against the SARS-CoV-2 378 

variants and mouse-adapted SARS2-N501YMA30 virus. Mice were anaesthetized by 379 

intraperitoneal injection of ketamine–xylazine. Blood was collected through retro-orbital 380 

bleed with a capillary tube (Fisher Scientific). Blood was allowed to clot at room 381 

temperature for 60 min before centrifugation. Sera were removed into a new tube and 382 

stored at -20°C. Serial dilutions of the sera were incubated with an equal volume of 90-383 

100 foci of the indicated virus at 37°C for 1 hour. Subsequently, 50 µL of the mixture were 384 

added to confluent Vero hACE2-TMPRSS2 cells in 96-well plates and incubated at 37°C, 385 



5% CO2 for 1 hour. After incubation, the inoculum was removed and 100 µL of overlay 386 

(1:1 mixture of 2.4% carboxymethylcellulose and DMEM containing 4% FBS) was applied 387 

to each well. Plates were incubated at 37°C, 5% CO2 for 24 hours. After, cells were fixed 388 

with 200 µL of 4% paraformaldehyde for 1 hour at room temperature. Fixative was 389 

removed and cells were washed then permeabilized with 0.75% Triton-X100 for 20 mins 390 

followed by incubation with primary rabbit monoclonal α-SARS-CoV nucleocapsid 391 

antibody (1:1000 for 1 hour at 37°C, Sino Biological). Cells were then washed and 392 

incubated in secondary rabbit HRP-conjugated IgG antibody (1:500 for 1 hour at 37°C, 393 

Biolegend). Foci were visualized by addition of KPL TrueBlue peroxidase substrate (Sera-394 

care) for 10 min at room temperature. The log antibody concentration was plotted against 395 

the percentage of inhibition of each concentration and the IC50 was calculated using a 396 

nonlinear variable slope equation: Y = 100/(1+10ˆ((LogIC50-X)xHillSlope). 397 

 398 

Histopathology 399 

Mice were anaesthetized by intraperitoneal injection of ketamine–xylazine and perfused 400 

with 10 mL PBS. Tissues were fixed in zinc formalin and then embedded in paraffin. For 401 

routine histology, tissue sections (~4 µm) were stained with hematoxylin and eosin (H&E), 402 

and examined by a boarded veterinary pathologist. For experiments in which mice were 403 

infected with SARS2-N501YMA30, lung tissues were examined in a post-examination 404 

method of masking to group assignment (53). Lung edema and cellular infiltrate scores 405 

were evaluated based on extent of distribution as previously performed (54).  High 406 

resolution images were taken using a BX53 microscope, DP73 digital camera, and Cell 407 

Sens Dimension software (Olympus). 408 

 409 

Antibody Binding Assay 410 



Blood sera and tissue homogenates of lungs and nasal turbinates from XBB.1.5 infected 411 

mice were assessed for the presence of IgG and IgA antibodies targeting the SARS-CoV-412 

2 WA1, BA.1 and XBB.1.5 spike proteins using the V-PLEX SARS-CoV-2 Panel 34 413 

(Mouse IgG) kit and V-PLEX SARS-CoV-2 Panel 34 (Mouse IgA) kit (Meso Scale 414 

Discovery, #K15696U-4) following the instructions provided by the manufacturer (55). The 415 

only difference between the Wuhan-1 strain, used in most experiments herein, and WA1 416 

strain is one amino acid change in ORF8 and 2 silent alterations (in ORF1a and ORF1b). 417 

Initially, antigen-specific plates were prepared by blocking with MSD blocker at room 418 

temperature and shaking at 700 rpm for 30 minutes. The samples were then diluted 1:500, 419 

1:5,000, and 1:50,000 and placed on the plates for two hours at room temperature. 420 

Subsequently, SULFO-TAG conjugated Goat anti-Mouse IgG or IgA antibody was added 421 

to their respective plates. Next, the plates were rinsed with 1X MSD wash buffer, followed 422 

by addition of MSD Gold Read Buffer B to each well. Plates were washed three times with 423 

wash buffer after each stage. Optical densities were measured using an MSD plate reader, 424 

and the data were analyzed with Discovery Workbench software, version 4.0. Antibody 425 

levels were reported in arbitrary units per mL (AU/mL) specific to SARS-CoV-2. 426 

 427 

T cell depletion 428 

Mice were depleted of CD4+ and/or CD8+ T cells by intraperitoneal injection of 250 µg α-429 

CD4+ mouse antibody (clone GK1.5, Leinco Technologies) and/or 250 µg α-CD8+ mouse 430 

antibody (clone 2.43, Leinco Technologies) in 250 µL. Mice received antibody at days -2, 431 

0 and +2 relative to challenge with SARS2-N501YMA30.  432 

 433 

Tetramer Staining 434 

Previously infected mice and naïve (PBS) mice were infected with 2,000 PFU of SARS2-435 

N501YMA30 and sacrificed at 3dpi. Lungs and nasal turbinates were perfused with 10 mL 436 



PBS and then harvested. Preparation of cells was performed as previously described (56). 437 

In short, tissues were minced then digested in 1mg/mL collagenase D (Roche Diagnostics) 438 

and 0.1mg/mL DNase I (Roche Diagnostics) nutating at 37°C for 1 hour. Tissues were 439 

then filtered twice through 70 µM cell strainers and washed before counting and 440 

subsequent staining. Virus-specific T cells were detected using APC-conjugated H2-Kb 441 

S539 tetramers obtained from the National Institutes of Health Tetramer Facility (National 442 

Institute of Allergy and Infectious Disease MHC Tetramer Core Facility). Cells were 443 

stained with 5 µg/mL S539 tetramer for 30 min at 4°C. The following antibodies were used: 444 

CD16/CD32 (2.4G2), LIVE/DEAD fixable violet stain (Thermo Fisher), Super Bright 445 

Complete Staining Buffer (eBioscience), Thy 1.2 (30-H12, Biolegend), CD45 (30-F11, 446 

Biosciences), CD3 (145-2C11, Invitrogen), CD4 (GK1.5, BD Horizon), CD8a (53-6.7, BD 447 

Biosciences), CD11a (2D7, BD Biosciences), CD49a (Ha31/8, BD Biosciences), CD69 448 

(H1.2F3, BD Biosciences) and CD103 (M290, BD Horizon). Data were collected using a 449 

Cytek Aurora spectral flow cytometer.  450 

 451 

Intravenous (IV) exclusion 452 

Prior to sacrifice (Figure 5), mice were treated with 2µg of PerCP-Cy5.5-conjugated 453 

Thy1.2 antibody by IV injection for 5 minutes. Mice were then processed as described 454 

above. Samples were analyzed by flow cytometry, Thy1.2+ populations were denoted 455 

“IV+” and Thy1.2- populations were denoted “IV-”. All data presented in Figure 5 are 456 

analyzed on the Thy1.2- population.  457 

 458 

Statistical analysis 459 

Statistical analyses were performed using Graph Pad Prism version 10.2.3 software 460 

(GraphPad Software Inc., La Jolla, CA, USA). Statistical significance was determined by 461 

Mann Whitney U test, one-way ANOVA with Tukey’s test for multiple comparisons or log-462 



rank followed by Bonferroni’s correction for multiple comparisons. A p-value of <0.05 was 463 

considered statistically significant. *P<0.05, **P<0.01, ***P<0.001,****P<0.0001. 464 
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 614 

Figure legends 615 

 Figure 1. Neutralization against SARS-CoV-2 variants. Mouse neutralizing antibody 616 

titers against SARS-CoV-2 variants were measured over time using an FRNT50 assay. (A) 617 

Schematic of intranasal mouse infection and sera collection. Variants included were 618 

B.1.351 (B), BA.2.12.1 (C), BA.5 (D) or XBB.1.5 (E). Naïve mice were uninfected. (B) 619 

B.1.351 n=10 and naïve n=5. (C) BA.2.12.1 n=7 and naïve n=5. (D) BA.5 n=32 and naïve 620 

n=5. (E) XBB.1.5 n=19 and naïve n=5. Antibody titers were determined by the highest 621 

antibody dilution that resulted in a 50% reduction in the number of foci. Average serum 622 

antibody titer is listed above each group. LOD (limit of detection) = 20 PFU. P values were 623 

measured by one-way ANOVA followed by Tukey’s test for multiple comparisons. 624 

 625 

Figure 2. Sequential infection of mice with SARS-CoV-2 VOCs followed by SARS2-626 

N501YMA30. (A) 4-month-old (XBB.1.5) or 6-month-old (other SARS-CoV-2 variants) 627 

C57BL/6 mice were infected intranasally with SARS-CoV-2 variants or mock-infected and 628 

were challenged with a lethal dose of SARS2-N501YMA30 3 months later.  (B) Mice 629 

previously infected with B.1.351 (blue), BA.2.12.1 (orange) or XBB.1.5 (purple) or mock 630 

infected (“PBS”) were assessed for weight loss and survival after SARS2-N501YMA30 631 

challenge. In some experiments, T cells were depleted at the time of challenge 632 

(“depleted”). B.1.351 data are from one experiment. PBS n=5 and B.1.351 n=4. BA.2.12.1 633 

data are from two independent experiments. PBS n= 9, PBS depleted n=4, BA.2.12.1 n=7 634 

and BA.2.12.1 depleted n=5. XBB.1.5 data are from two independent experiments. PBS 635 



n=6, XBB.1.5 n=8 and XBB.1.5 depleted n=7. Red statistics denote PBS vs. XBB.1.5 636 

depleted, black statistics denote PBS vs. XBB.1.5.  P values were measured by log-rank 637 

followed by Bonferroni’s correction for multiple comparisons. (C) Sera obtained prior to 638 

challenge were tested for SARS2-N501YMA30 neutralizing antibodies.  B.1.351 (blue), 639 

BA.2.12.1 (orange), BA.5 (green) or XBB.1.5 (purple). B.1.351 n=7, BA.2.12.1 n=7, BA.5 640 

n=32, XBB.1.5 =19 and naïve n=5/group. Antibody titers are determined by the highest 641 

antibody dilution that results in a 50% reduction in the number of foci. Average titer is listed 642 

above each group. LOD= 20 PFU. P values measured by Mann Whitney U test (BA.2.12.1 643 

and B.1.351) or one-way ANOVA followed by Tukey’s test for multiple comparisons 644 

(BA.5). 645 

 646 

Figure 3. SARS-CoV-2-specific antibody binding in sera, and nasal and lung tissues. 647 

Mice were infected intranasally with 105 PFU of XBB.1.5. (A) Schematic detailing the 648 

timeline and cohorts used for the antibody binding experiments. Three different cohorts of 649 

mice were used in this experiment. Sera and nasal turbinate and lung tissues were 650 

harvested at the indicated times for the measurement of total antibody (B), IgG (C) and 651 

IgA (D) binding to WA1, BA.1 and XBB.1.5 full length spike proteins, as described in 652 

Materials and Methods. (B) Antibody binding in serum. (C) Nasal turbinate and lung tissue 653 

IgG (C) and IgA (D) binding. For each cohort, n=4. Data are from one experiment. All 654 

results were obtained prior to reinfection with SARS2-N501YMA30. P values were measured 655 

by one-way ANOVA followed by Tukey’s test for multiple comparisons. LOD= 0.67. 656 

 657 

Figure 4. Effect of T cell depletion on kinetics of virus clearance. 4-month-old 658 

(XBB.1.5) or 6-month-old (other SARS-CoV-2 variants) C57BL/6 mice were infected with 659 

the indicated SARS-CoV-2 variant and challenged with SARS2-N501YMA30 3 months later. 660 



(A) Schematic detailing experimental timeline. CD4+/CD8+ T cells were depleted at the 661 

indicated time points. Mice were initially infected with BA.2.12.1 (B), B.1.351 (B), BA.5 662 

(C), or XBB.1.5 (D). PBS mice were mock infected and then challenged with SARS2-663 

N501YMA30. (B) ‘BA.2.12.1’ and ‘B.1.351’ were non-T cell depleted mice. n= 4/group. Data 664 

represent one experiment. (C) 3 dpi: PBS n=8, ‘BA.5’ (non-T cell-depleted), n= (8 lungs, 665 

10 NT), BA.5 Depleted n=9. 5dpi: PBS n=9, BA.5 n=10, BA.5 Depleted n=10. Data are 666 

from two independent experiments. (D) ‘XBB.1.5’ were non-T cell depleted mice. Mice 667 

were CD4 T cell, CD8 T cell or CD4/CD8 T cell depleted. Each group contained 7-8 mice, 668 

from two independent experiments. Data in (B-D) are shown as mean ± SEM. Each 669 

symbol represents data obtained from one mouse. E) XBB.1.5-infected mice were 670 

challenged with the B.1.1.7 (a variant). Virus titers in the lungs and nasal turbinates were 671 

measured at 5 dpi. Each group contained 4 mice. Data are from one experiment. (F) Lung 672 

pathology of XBB.1.5, XBB.1.5-T cell depleted, and PBS mice at 5 dpi. PBS n=10, XBB.1.5 673 

n=9, and XBB.1.5- T cell depleted n=8. Evidence of edema are denoted (*) and cellular 674 

infiltrates are marked with arrows. H&E stain, bar =450 and 90 µm, top and bottom rows, 675 

respectively. All P values were measured by one-way ANOVA followed by Tukey’s test for 676 

multiple comparisons. 677 

 678 

Figure 5. Memory T cell characterization at 3 days after challenge. Mice were 679 

challenged with SARS2-N501YMA30 3 months post XBB.1.5 infection. Mice were briefly 680 

treated with PerCP-Cy5.5-conjugated anti-Thy1.2 to label cells in the vasculature, as 681 

described in the Materials and Methods. Lungs and nasal turbinates were harvested for 682 

class I tetramer staining 3 days post reinfection and Thy1.2- cells were analyzed by flow 683 

cytometry. PBS lungs n=8, PBS NT n=7. XBB.1.5 lungs n=9, XBB.1.5 NT n=8. Data 684 

represent two independent experiments. P values determined by Mann-Whitney U test. 685 

(A) Frequency (left) and number (right) of S539 tetramer positive T cells gated on CD8+ T 686 



cell population. Representative plots for lungs (left) and nasal turbinates (right) are shown. 687 

(B) Frequency (left) and number (right) of virus-specific TRM gated on S539 tetramer 688 

positive T cells. Representative plots for lungs (left) and nasal turbinates (right) are shown. 689 

(C) Frequency (left) and number (right) of total TRM gated on CD8+ T cell population. 690 

Representative plots for lungs (left) and nasal turbinates (right) are shown.  691 

 692 

Supplemental Figure 1. Depletion of CD4+ and CD8+ T cells in the lungs and nasal 693 

turbinates. Mice were administered α-CD4+/CD8+ antibody by IP injection at days -2, 0 694 

and +2 relative to reinfection. Five minutes before lungs and nasal turbinates were 695 

harvested, mice received PerCP-Cy5.5-conjugated anti-Thy1.2 antibody by retroorbital 696 

injection. CD4+ (A), CD8+ (B) and CD69+CD103+ (C) T cells were measured by flow 697 

cytometry, distinguishing between cells in the vasculature (IV+) or the parenchyma (IV-). 698 

For each group n=5. P values were calculated by Mann-Whitney U test. Frequency (top 699 

row) and number (bottom) of CD4+ or CD8+ T cells are shown.  700 

 701 

Supplemental Figure 2. Gating strategy for S539+ tetramer and tissue resident 702 

memory T cell populations. Gating strategy shown using lung (A) or nasal turbinate (B) 703 

tissue from a mouse previously infected with XBB.1.5, 3 days post reinfection with SARS2-704 

N501YMA30. PerCP-Cy5.5-conjugated Thy 1.2 antibody was used for IV labeling. The 705 

Thy1.2- population was subsequently analyzed. 706 



A B C

D E

Figure 1



C

BA

Figure 2



A C

B
D

Figure 3



A

E F

B

C D

3 dpi 3 dpi 5 dpi5 dpi 3 dpi 5 dpi 3 dpi 5 dpi

3 dpi

Figure 4



A

B

C

CD8

S
5
3
9
 T

e
tr

a
m

e
r

XBB.1.5PBS

Lung

Tet+

0.25

Tet-

99.7

Tet+

0.34

Tet-

99.7

CD8

S
5
3
9
 T

e
tr

a
m

e
r

XBB.1.5PBS

Nasal Turbinate

Tet+

0.50

Tet-

99.5

Tet+

4.16

Tet-

95.8

XBB.1.5PBS

Lung

C
D

1
0
3

CD69

Tet+ Trm

5.50

Tet+ Trm

11.30

CD69

C
D

1
0
3

XBB.1.5PBS

Nasal Turbinate

Tet+ Trm

0.0

Tet+ Trm

70.0

C
D

1
0
3

CD69

XBB.1.5PBS

Lung

Total Trm

1.34
Total Trm

6.42

C
D

1
0
3

CD69

XBB.1.5PBS

Nasal Turbinate

Total Trm

6.58

Total Trm

20.40

Figure 5



A B

C

Supplemental Figure 1



A

B

FSC-A

FSC-A

S
S

C
-A

S
S

C
-A

FSC-A

FSC-A

F
S

C
-W

F
S

C
-W

FSC-A

FSC-A

L
iv

e
/d

e
a
d

L
iv

e
/d

e
a
d

CD3

CD3

C
D

4
5

C
D

4
5

CD3

CD3

T
h

y
 1

.2
T

h
y
 1

.2

CD8

CD8

C
D

4
C

D
4

CD8

CD8

S
5
3
9
 T

e
tr

a
m

e
r

S
5
3
9
 T

e
tr

a
m

e
r

CD69

CD69

C
D

1
0
3

C
D

1
0
3

CD69

C
D

1
0
3

CD69

C
D

1
0
3

Supplemental Figure 2


	Odle et al unmarked-1
	Oct2 NIH figs
	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7


