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ARTICLE INFO ABSTRACT

Keywords: Although severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) initially infects the respiratory tract, it
SARS-CoV-2 also directly or indirectly affects other organs, including the brain. However, little is known about the relative
COVID-19

neurotropism of SARS-CoV-2 variants of concern (VOCs), including Omicron (B.1.1.529), which emerged in

gz;ron November 2021 and has remained the dominant pathogenic lineage since then. To address this gap, we examined
Neurotropism the relative ability of Omicron, Beta (B.1.351), and Delta (B.1.617.2) to infect the brain in the context of a
Mouse model functional human immune system by using human angiotensin-converting enzyme 2 (hACE2) knock-in triple-
Human ACE2 immunodeficient NGC mice with or without reconstitution with human CD34" stem cells. Intranasal inoculation
Human CD34 immune cells of huCD34"-hACE2-NCG mice with Beta and Delta resulted in productive infection of the nasal cavity, lungs, and
T cell brain on day 3 post-infection, but Omicron was surprisingly unique in its failure to infect either the nasal tissue or
NCG brain. Moreover, the same infection pattern was observed in hACE2-NCG mice, indicating that antiviral im-

munity was not responsible for the lack of Omicron neurotropism. In independent experiments, we demonstrate
that nasal inoculation with Beta or with D614G, an ancestral SARS-CoV-2 with undetectable replication in
huCD34"-hACE2-NCG mice, resulted in a robust response by human innate immune cells, T cells, and B cells,
confirming that exposure to SARS-CoV-2, even without detectable infection, is sufficient to induce an antiviral
immune response. Collectively, these results suggest that modeling of the neurologic and immunologic sequelae
of SARS-CoV-2 infection requires careful selection of the appropriate SARS-CoV-2 strain in the context of a
specific mouse model.

1. Introduction etiologic agent of the COVID-19 pandemic (Zhu et al., 2020). Between
May and November 2020, four major SARS-CoV-2 variants of concern

Severe respiratory syndrome coronavirus-2 (SARS-CoV-2) is an (VOCs) emerged in rapid succession; Alpha (B.1.1.7), Beta (B.1.351),
enveloped, positive-sense, single-stranded RNA virus, and it is the Gamma (P.1.), and Delta (B.1.617.2) (Li et al., 2022), but the next major
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VOC, Omicron (B.1.1.529), was not detected until November 2021 and
no additional VOCs have emerged since then. Thus, considerable
attention has been paid to understanding Omicron sublineage evolution
and its impact on escape of vaccine-induced and convalescent immunity
and on the acute and long-term pathologic sequelae of COVID-19 (Starr
et al., 2022; Focosi et al., 2022; Cao et al., 2022).

Although SARS-CoV-2 initially infects the upper respiratory tract,
accumulating evidence indicates that it has direct or indirect effects on
other organs, including the brain. Neurological manifestations include
headache and brain fog (Dangayach et al., 2022). An increased risk for
new diagnosis of Alzheimer’s disease within one year of infection has
also been noted (Wang et al., 2022). Notably, a recent retrospective
study suggested that the risk of cognitive deficit, dementia, psychotic
disorder, and epilepsy or seizures remains elevated for 2 years after
SARS-CoV-2 infection (Taquet et al., 2022). Moreover, the risk profiles
of individual neurological and psychiatric manifestations were similar
just before vs just after the emergence of Alpha but were increased to a
similar extent just after vs just before the emergence of Delta and Omi-
cron, suggesting that there may be strain-specific mechanistic differ-
ences underlying brain-related pathologies. The brain may be indirectly
affected via mechanisms such as inflammation (Perry et al., 2007), viral
protein migration (Rhea et al., 2021), and altered blood and cerebro-
spinal fluid circulation (Crunfli et al., 2022); but there is also evidence of
direct infection from multiple autopsy studies demonstrating the pres-
ence of viral RNA and antigen in the brain (Serrano et al., 2022; Sat-
turwar et al., 2021; ea, 2021).

Animal models that recapitulate the phenotypes observed in SARS-
CoV-2-infected humans are an essential tool for understanding patho-
genesis. Several studies using non-human primate, wild-type mouse, and
transgenic mouse models have also demonstrated the presence of SARS-
CoV-2 RNA, antigen, and infectious virus in the brain (Rutkai et al.,
2022; Bishop et al., 2022; Vidal et al., 2021; de Oliveira et al., 2022;
Zhang et al., 2021; Fernandez-Castaneda et al., 2022; Shang et al., 2022)
and suggest that direct and indirect routes may contribute to
brain-related pathologies. Most non-adapted SARS-CoV-2 strains repli-
cate poorly in standard wild-type mouse strains due to sequence dif-
ferences between human and mouse angiotensin-converting enzyme 2
(ACE2), the major SARS-CoV-2 receptor. The most commonly used
mouse model to date is the K18-hACE2 mouse, in which hACE2
expression is driven by the epithelial cell cytokeratin-18 gene promoter
(McCray et al., 2007). Intranasal inoculation of these mice has been
shown to result in cerebral infection and death, possibly due to the
presence of multiple copies of hACE2 transgene (Kumari et al., 2021;
Winkler et al., 2022). However, brain infection is reduced in K18-hACE2
mice following SARS-CoV-2 inoculation via aerosol exposure (Fumagalli
et al., 2022), which is likely most similar to the route of human expo-
sure. Moreover, there is evidence for SARS-CoV-2 VOC-specific differ-
ences in neurotropism; for example, nasal infection of
immunocompetent hamsters indicate that Omicron has no neurotropism
or reduced neurotropism compared to SARS-CoV-2 D614G (Bauer et al.,
2022; Mohandas et al., 2022; Armando et al., 2022), and recent studies
suggest that VOCs exhibit differing degrees of neurotropism also in
K18-hACE2 mice (Chan et al., 2022; Seehusen et al., 2022; Natekar
et al., 2022). These findings suggest that not only the animal model but
also the specific SARS-CoV-2 VOC influence invasion and infection of
the brain, and thus affect the utility of the model for studies of the
neurologic sequelae of COVID-19.

One advantage to the use of mice for modeling of SARS-CoV-2
infection and COVID-19 is the availability of immunodeficient, human
immune-reconstituted, and transgenic strains, making it possible to
assess the importance of both viral and host factors in infection and
disease development (Kenney et al., 2022; Fu et al., 2021; Shang et al.,
2021; Wahl et al., 2021; Sefik et al., 2021, 2022; Mao et al., 2021). In the
present study, we employed human ACE2 knock-in (NOD/-
ShiLtJGpt-Prkdcem20Cd52 ] 2pgtm26Cd22 5 g em1Cin(hACE2) /Gt CRL) or
mouse ACE2 (NOD-Prkdc®™26¢45212rgt™26Cd22 /NjuCrl) triple-immuno
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deficient (NCG) mice, which lack functional mouse T-, B-, and natural
killer (NK) cells, and have reduced numbers of dendritic cells and
macrophages (Eberle et al., 2020; Tarpinian et al., 2020). Myeloablation
of NCG mice followed by reconstitution with human umbilical cord
blood-derived CD34" stem cells generates double-humanized
huCD34%-hACE2-NCG or huCD34"-mACE2-NCG mice, which have a
broad range of circulating and tissue-associated human immune cells
(Shultz et al., 2007). Previous studies with NCG mice have demonstrated
that human immune cells take residence in mouse tissues, including the
lungs, for months after stem cell engraftment (Eberle et al., 2020).
Importantly, apheresis prior to engraftment ensures that no
anti-SARS-CoV-2 antibodies present in cord blood are passively trans-
ferred with the graft.

In the present study, we compared the ability of SARS-CoV-2 Omi-
cron, Beta, and Delta to replicate in the nasal cavities, lungs, and brain of
NCG mice expressing mouse ACE2 or hACE2 with or without huCD34"
cell engraftment; to inflict lung damage in huCD34"-hACE2-NCG mice;
and, in independent experiments, to determine the ability of SARS-CoV-
2 strains with detectable vs undetectable replication in huCD347-
mACE2-NCG mice to elicit functional human innate and adaptive im-
mune responses. Notably, we found that Omicron failed to exhibit
neurotropism in both human immune-reconstituted and immunodefi-
cient mice. Because neurologic sequelae are seen in clinical Omicron
infection and this lineage has not yet been recovered from the human
brain (Zhang et al., 2023), Omicron may thus serve as an important
lineage for studies of SARS-CoV-2’s indirect causes of neurocognitive
dysfunction. We additionally show that SARS-CoV-2 exposure, without
detectable infection of the respiratory tract, is sufficient to induce a
robust human immune response in these mice.

2. Results

2.1. SARS-CoV-2 Beta (B.1.351), Delta (B.1.617.2), and Omicron
(B.1.1.529 BA.2) show distinct capacities to replicate in the upper and
lower respiratory tracts of huCD34"-hACE2-NCG mice

To begin to evaluate huCD34"-hACE2-NCG mice as a SARS-CoV-2
model, we intranasally (i.n.) inoculated mice with 10* plaque-forming
units (PFU) of SARS-CoV-2 Beta, Delta, or Omicron BA.2. The Beta
and Delta VOC were etiologies for their respective waves of the COVID-
19 pandemic in the spring and latter half of 2021 (WHO, 2023), whereas
in the spring of 2022 Omicron sublineage BA.2 accounted for up to 90%
of SARS-CoV-2 cases in this part of the Omicron wave (Elliott et al.,
1126). We measured viral 7a subgenomic RNA (sgRNA) levels by
qRT-PCR in nasal turbinates and lungs at 3 days post-infection (p.i.). We
detected similar levels of Beta and Delta sgRNA in both nasal turbinates
and lungs, but strikingly, sgRNA was not detectable in the nasal turbi-
nates of Omicron-infected mice, and sgRNA levels in the lungs were
significantly reduced (Fig. 1A, left). Consistent with the sgRNA data,
higher levels of infectious Beta and Delta, as measured by plaque assay
on Vero E6 cells, were present in the lung than Omicron at day 3 p.i.
(Fig. 1A, right). To evaluate the sites of SARS-CoV-2 pulmonary infec-
tion, we performed immunofluorescence (IF) staining of SARS-CoV-2
nucleocapsid (N) protein in the lungs of mice infected with Beta,
Delta, or Omicron. At day 3 p.i. the N protein of each VOC was localized
primarily to the cytoplasm of bronchiolar epithelial cells (BECs; Fig. 1B),
but it was also present in the cytoplasm of occasional cells in the alveolar
interstitium (data not shown). Thus, while huCD34"-hACE2-NCG mice
permit productive infection of lung BECs by Beta, Delta, and Omicron
variants, Omicron is uniquely unable to infect the nasal cavity and ex-
hibits reduced tropism to the lungs.

2.2. SARS-CoV-2 Beta, Delta, and Omicron induce similar levels and
types of bronchiole injury in huCD34"-hACE2-NCG mice

Because the pattern of respiratory tract infection differed
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Fig. 1. SARS-CoV-2 Beta (B.1.351) and Delta (B.1.617.2), but not Omicron (B.1.1.529 BA.2) infect the brain of NCG mice regardless of h/mACE2 expression or
huCD34" immune reconstitution.

NCG mice harboring human ACE2 (hACE2-NCG) or mouse ACE2 (mACE2-NCG) were reconstituted with human CD34™" cells and then infected intranasally with 10*
PFU SARS-CoV-2 B.1.351 (n = 5, 5, 5 for huCD34*-hACE2-NCG, huCD34"-mACE2-NCG, hACE2-NCG mice, respectively), B.1.617.2 (n = 5, 3, 5 respectively), or
B.1.1.529 BA.2 (n = 7, 8, 8, respectively) and tissues were harvested on day 3 post-infection. (A) qRT-PCR analysis of SARS-CoV-2 7a subgenomic RNA (left) and Vero
E6 plaque assay (right) of nasal turbinate and lung samples from huCD34"-hACE2-NCG mice. (B, upper row) Representative immunofluorescence microscopy
images showing SARS-CoV-2 N protein localization (magenta) in bronchiolar epithelial cells (BEC) in infected huCD34"-hACE2-NCG mice. (B, lower row)
Representative H&E images from adjacent or nearby lung sections, demonstrating morphologic changes. Scale bars, 20 pm. (C) Violin plots of histopathologic scores
for six criteria of lung injury in individual mice. (D) gRT-PCR analysis of SARS-CoV-2 7a subgenomic RNA in brain, heart, and kidney samples from huCD34*-hACE2-
NCG mice. (E) qRT-PCR analysis of SARS-CoV-2 7a subgenomic RNA in nasal turbinate and lung samples from huCD34"-mACE2-NCG mice. (F) qRT-PCR analysis of
SARS-CoV-2 7a subgenomic RNA in brain, heart, and kidney samples from huCD34"-mACE2-NCG mice. (G) qRT-PCR analysis of SARS-CoV-2 7a subgenomic RNA in
nasal turbinate and lung samples from hACE2-NCG mice. (H) gRT-PCR analysis of SARS-CoV-2 7a subgenomic RNA in brain, heart, and kidney samples from hACE2-
NCG mice. Data in (A) and (D) through (H) are presented as the mean + SD. Symbols represent individual mice. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

by Dunnett’s multiple comparison test, except for (A) plaque assay and (C), which were analyzed by the nonparametric Kruskal-Wallis test.

quantitatively and in localization between Beta, Delta, and Omicron, we
next examined the types of lung injury induced by each VOC. Lung
sections from huCD34"-hACE2-NCG mice at day 3 p.i. (sections adjacent
or near to those used for IF) were stained with H&E and examined by a
board-certified pathologist blinded to groupings and prior results
(Fig. 1B). In addition, scores were assigned to 10 of 37 previously
described criteria of histopathologic injury (Gruber et al., 2020),
including BEC necrosis and bronchointerstitial pneumonia (Fig. 1C).
Consistent with the predominant localization of N protein to BECs, we
found that histopathologic damage caused by Beta, Delta, and Omicron
infection was centered specifically around infected bronchioles.
Although the degree and type of injury was similar in the lungs of mice
infected with each VOC, BEC necrosis was significantly higher in
Beta-infected than Delta-infected lungs (Fig. 1C). However, BEC necrosis
was not significantly different in comparisons of Beta-vs
Omicron-infected lungs and Delta-vs Omicron-infected lungs. Necro-
tizing bronchiolitis observed in some mice was variably characterized by
luminal cellular/nuclear debris or rounded epithelial cells with exces-
sively eosinophilic cytoplasm and shrunken nuclei with condensed
chromatin (Fig. 1B). Other lesions (data not shown) included mild
bronchus-associated lymphoid tissue hyperplasia (increased small round
cells with scant cytoplasm and round, dark blue nuclei), interstitial
pneumonia (lymphohistiocytic expansion of the alveolar septae with
increased numbers of small round cells with scant cytoplasm and round,
dark blue nuclei and large round mononuclear cell with round to reni-
form nucleus), and pulmonary edema (homogenous pink material in
alveolar air spaces). Taken together, these findings indicate that despite
the reduced level of Omicron infection in the lungs of infected
huCD34"-hACE2-NCG mice, all three SARS-CoV-2 lineages induced
mostly similar types and degrees of pulmonary injury at day 3 p.i.

2.3. SARS-CoV-2 Beta and Delta, but not Omicron, replicate in the brain
of immunodeficient and immune-reconstituted mice expressing mouse or
human ACE2

Having observed that Beta, Delta, and Omicron display differing
patterns of infection in the upper respiratory tract, we also measured
infection in the brain, heart, and kidneys of huCD34-hACE2-NCG mice.
Measurement of SARS-CoV-2 sgRNA at 3 day p.i. showed that Beta and
Delta productively infected the brain, whereas viral sgRNA was unde-
tectable in the brain of Omicron-infected mice, and none of the VOCs
exhibited significant infection of the heart or kidney (Fig. 1D). This
result is consistent with the inability of Omicron to infect the nasal
cavity, which may be a route to ascending brain infection. To determine
whether mACE2 may enable Omicron infection of these tissues, we
inoculated huCD34"-mACE2-NCG mice i.n. with 10 PFU of Beta, Delta,
or Omicron and then examined viral sgRNA levels in tissues at day 3 p.i.
Indeed, expression of mACE2 permitted Omicron to productively infect
both the nasal turbinates and lungs (Fig. 1E); however, mACE2
expression did not enable infection of the brain (Fig. 1F). Of note,
mACE2 expression suppressed the ability of Delta to infect the nasal

turbinates and lungs (Fig. 1E). This may be due to the presence of the
N501Y mutation that permits binding of the Spike protein to mACE2 and
is carried by Beta and Omicron variants but not by Delta (Montagutelli
et al., 2021; Rathnasinghe et al., 2021; Chen et al., 2021). Interestingly,
however, expression of mACE2 did not appear to have an impact on the
ability of Delta to infect the brain (Fig. 1F).

Because both huCD34"-hACE2-NCG and huCD34*-mACE2-NCG
mice are reconstituted with human immune cells, we also determined
whether a functioning immune system influences SARS-CoV-2 neuro-
tropism. We examined SARS-CoV-2 sgRNA levels in tissues from
unreconstituted hACE2-NCG mice at 3 days after i.n. inoculation with
Beta, Delta, and Omicron. We found that the tissue infection pattern by
all three SARS-CoV-2 VOCs were virtually identical in hACE2-NCG mice
to those observed in huCD34"-hACE2-NCG mice. Specifically, Beta and
Delta sgRNA was readily detectable in the nasal turbinates, lungs, and
brains of hACE2-NCG mice, whereas productive Omicron infection was
observed only in the lungs (Fig. 1G and H). Taken together, these data
indicate that expression of human or mouse ACE2 has a profound effect
on the ability of SARS-CoV-2 Delta and Omicron to infect the respiratory
tract, but not the brain, and additionally that the pattern of SARS-CoV-2
infection at 3 days p.i. appears to be unaffected by the presence or
absence of a functional immune system.

2.4. SARS-CoV-2 D614G and Beta induce comparable human CD4" and
CD8™" T cell responses in the lungs and spleens of huCD34 -mACE2-NCG
mice

The observation that Omicron does not infect the brains of hACE2-
NCG or huCD34"-hACE2-NCG mice raises two important questions:
first, does exposure to SARS-CoV-2 induce a human immune response in
the huCD34 "-reconstituted mice? And second, if so, does the response
depend on the level of detectable tissue infection? To address these
questions, we performed an independent comprehensive assessment of
the human immune response in huCD34"-mACE2-NCG mice infected
either with Beta, which we showed replicates well in the respiratory
tract and brain of these mice (Fig. 1A and D) or with D614G, an ancestral
SARS-CoV-2 strain showing no evidence of replication in the respiratory
tract of mice harboring native mACE2 (Winkler et al., 2022; Halfmann
et al., 2022; Leist et al., 2020). Thus, comparing these strains permits us
to evaluate whether the human immune response to SARS-CoV-2 is
dependent on the level of detectable infection. As expected, inoculation
of huCD34"-mACE2-NCG mice with 4 x 10* PFU of Beta resulted in
readily detectable sgRNA and infectious virus in the nasal turbinates and
lungs, respectively; whereas this was not observed with the same dose of
D614G (Fig. 2A). To examine the immune response, splenocytes and
lung cells were prepared from organs collected at 8 days p.i. and stim-
ulated in vitro with a megapool of HLA class I and II SARS-CoV-2 Spike
peptides for 24 h. Beta- or D614G-specific CD4™ T cell, CD8" T cell, and
B cell responses were then evaluated quantitatively and qualitatively by
staining with antibodies against phenotypic markers, activation-induced
markers (AIM), and cytokines followed by live-cell flow cytometry. The
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Fig. 2. Human T cell responses to SARS-CoV-2 D614G and B.1.351 in the spleens and lungs of huCD34*-mACE2-NCG mice.

huCD34"-mACE2-NCG mice were infected intranasally with 4 x 10* PFU of SARS-CoV-2 D614G or B.1.351. (A) Nasal turbinates and lungs were collected from mice
(D614G n = 6, B.1.351 n = 8) at day 3 post-infection for gRT-PCR analysis of SARS-CoV-2 7a subgenomic RNA and Vero E6 plaque assay. (B-E) Splenocytes (B, C) or
lung cells (D, E) were prepared from infected mice or naive mice (n = 9) at 8 days post-infection, stimulated for 24 h with a megapool of HLA class I and II SARS-CoV-
2 Spike peptides, and then subjected to flow cytometry for evaluation of the percentage of CD4" (B, D) and CD8™ (C, E) T cell subpopulations, including total CD3™"
CD4" T cells, activated (0X40" CD137+ [AIM']) CD4™ T cells, IFNy-producing AIM" CD4" cells, central memory (Tcy) AIMT CD4 ™ cells, effector memory (Tgy)
AIM™' CD4" cells, terminally differentiated effector memory (Tgyra) AIMT CD47 cells, IFNy-producing Ty AIM * CD4 ™ cells, IL-4-producing Ty AIM + CD4V cells, T
follicular helper (Tfh) CD4™ cells, total CD8™ T cells, activated (CD69" CD137" [AIM]) CD8™ T cells, IFNy-producing AIM™ CD8™ T cells, Tcyy AIM © CD8™ T cells,
Tgy AIM * CD8™ T cells, and Tgyra AIM © CD8™ T cells. Purple circles, black circles, and open circles represent D614G-infected, B.1.351-infected, and naive mice,
respectively. Data are presented as the mean + SD. Symbols represent individual mice. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by the Mann-Whitney

test (A) and the nonparametric Kruskal-Wallis test (B-E).

frequencies of CD4™ T cells (Fig. 2B) and CD8™ T cells (Fig. 2C) in the
spleen were significantly decreased in D614G- or Beta-infected
huCD34"-mACE2-NCG mice compared with naive mice, and no signif-
icant differences were observed between D614G- and Beta-infected
mice. Similarly, no significant variant-specific differences were detec-
ted in the frequencies of activated (0X407CD137") CD4™ T cells, acti-
vated (CD697CD137") CD8™" T cells, or IFN-y-secreting activated CD4 ™"
or CD8" T cells (Fig. 2B and C), despite the fact that productive virus
infection was only observed with the Beta strain. Moreover, expansion of
SARS-CoV-2-reactive central memory (Tcy) cells, cytokine-secreting
Tcum cells, effector memory (Tgy) cells, and Tgygra cells was compara-
ble in both the CD4" and CD8" T cell compartments in mice infected
with D614G or B.1.351 (Fig. 2B and C, and S1). Thus, although there
were minor variant-specific differences in the frequencies of some cell
subsets, overall, the human T cell immune response in the spleen was
remarkably similar in huCD34"-mACE2-NCG mice after i.n. exposure to

Beta, a strain that robustly replicates in the upper and lower respiratory
tract, or with D614G, a strain that exhibits no detectable infection.

We performed a similar analysis of lung cells from Beta- or D614G-
infected huCD34"-mACE2-NCG mice stimulated in vitro with SARS-
CoV-2 Spike peptides, as described above (Fig. S2). Consistent with
the results for splenocytes, the frequencies of both CD4™ (Fig. 2D) and
CD8™ (Fig. 2E) T cells, but not the absolute cell numbers
(Figs. S3A-S3Q), in the lungs were significantly lower in SARS-CoV-2-
infected mice compared with naive mice, and the responses in mice
infected with Beta or D614G did not differ significantly. Also similar to
the splenocyte responses, lung cells from D614G- and Beta-infected mice
did not differ in the frequencies of activated (AIM") CD4" or CD8" T
cells, IFNy-producing AIM™ cells, Tcy cells, Tgy cells, Tgyra cells, IFN-

y-producing and IL-4-producing CD4* Tcy cells, or Tfh cells (Fig. 2D and
E).
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Fig. 3. Human B cell and innate immune cell responses to SARS-CoV-2 D614G and B.1.351 variants in the spleens and lungs of HuCD34"-NCG mice.

HuCD34*-NCG mice were infected intranasally with 4 x 10* PFU of SARS-CoV-2 D614G (n = 7) or B.1.351 (n = 7) for 8 days. Splenocytes (A, B) and lung cells (C, D)
of infected and naive (n = 9) mice were prepared, stained, and subjected to flow cytometry for evaluation of the percentages of B cells (A, C) and innate immune cell
populations (B, D). Purple circles, black circles, and open circles represent D614G-infected, B.1.351-infected, and naive mice, respectively. Data are presented as the
mean £ SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by the nonparametric Kruskal-Wallis.
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2.5. SARS-CoV-2 D614G and Beta induce similar humanized B cell
responses but distinct IgM responses in huCD34*-mACE2-NCG mice

To determine whether i.n. exposure to D614G or Beta also elicited
comparable human B cell responses, we analyzed CD19" B lymphocytes,
plasma cells, and IgG" memory B cells in the spleens of infected
huCD34"-mACE2-NCG mice (Fig. 3A). These three B cell subpopulations
were similarly expanded in D614G-and B.1.351-infected mice compared
with naive mice, whereas the germinal center (GC) B cell and IgM™"
memory B cell (Fig. 3A) pools were decreased by infection with the two
SARS-CoV-2 strains to a similar extent. Interestingly, we observed
several differences between the spleen and lung cells of infected mice
with respect to expansion vs contraction of B cell subpopulations
(Fig. 3A vs 3C). Lung CD19" B cells and plasma cells (Fig. 3C) were
expanded similarly in mice infected with D614G and Beta compared
with naive mice; however, GC B cells and IgM" memory B cells in the
lungs (Fig. 3C) were both significantly expanded in SARS-CoV-2-
infected mice compared with naive mice, which was the opposite
trend to that seen in the same cell populations in the spleen (Fig. 3A).
Moreover, whereas spleen memory IgG" B cells underwent expansion
upon exposure to Beta or D614G, the same cell population in the lungs
was unaffected by SARS-CoV-2 exposure (Fig. 3A vs 3C). We also
observed no significant differences between the B cell responses in Beta-
and D614G-infected mice, as was also observed with spleen cells.
Although we did not detect SARS-CoV-2 Spike protein-specific human
IgG in the sera of Beta- or D614G-infected mice, serum levels of anti-
Spike human IgM were significantly higher in Beta-infected mice
compared with D614G-infected mice (Fig. S4), which is in line with the
higher viral load observed in B.1.351-infected animals. Taken together,
these results demonstrate that mucosal exposure to SARS-CoV-2,
whether or not that results in detectable infection of the respiratory
tract, was sufficient to elicit antigen-specific T cell and B cell responses
in the lungs and spleens of huCD34"-mACE2-NCG mice.

2.6. Expansion of NKT cells, but not of other innate immune cell
populations, differs between D614G- and B.1.351-infected huCD34 " -
mACE2-NCG mice

Because Beta, but not D614G, replication was detected in the respi-
ratory tract of huCD34"-mACE2-NCG mice on day 3 p.i. (Fig. 2A) and
the innate immune response plays a vital role in early antiviral immu-
nity, we next examined the numbers and frequencies of neutrophils, NK
cells, and NKT cells in the spleens and lungs of the same mice as
examined above. NKT cells were defined here as CD56" T lymphocytes,
thus distinguishing them from CD56~ CDld-reactive invariant NKT
cells. Notably, the frequency of neutrophils was reduced in the spleens
(Fig. 3B) but massively increased in the lungs (Fig. 3D) of both Beta- and
D614G-infected mice compared with naive mice, whereas the frequency
of NK cells was markedly increased in the spleen and modestly increased
in the lungs of infected mice compared with naive mice (Fig. 3B vs 3D).
The frequency (Fig. 3D) and absolute number (Fig. S3D) of NKT cells
were both significantly increased in the lungs, but decreased in the
spleens, of Beta- and D614G-infected mice compared with naive mice.
Although speculative, these results raise the possibility that NKT cells
may play a role in preventing lung infection by the D614G variant. These
analyses indicate that mucosal exposure to D614G and Beta strains can
activate innate and adaptive human immune responses in huCD34"-
mACE2-NCG mice within 8 days of infection. Overall, the human im-
mune cell responses to both strains were remarkably similar, with the
only variant-specific differences detected being a higher serum Spike
protein-specific IgM level in response to Beta.

3. Discussion

Mouse models of SARS-CoV-2 infection are important tools for
studying the virus effects on the brain, but little is known about the
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neurotropism of different VOCs or whether that is influenced by the
antiviral immune response. In this study, we sought to determine the
relative ability of SARS-CoV-2 Beta, Delta, and Omicron to infect the
brains of triple-immunodeficient NCG mice expressing hACE2 or native
mACE2 with or without huCD34" engraftment. Our results provide
several important insights into the use of mouse models for studying
specific aspects of tissue tropism and the human immune response to
SARS-CoV-2 VOCs. Most notably, we found that i.n. inoculation of
Omicron, unlike Beta or Delta, failed to result in detectable infection of
the brain, regardless of whether the SARS-CoV-2 receptor expressed was
mACE2 or hACE2 or whether the mice had a functioning immune sys-
tem. Our results suggest that the failure of Omicron to infect the brain
was not due to an inability to bind to the cellular SARS-CoV-2 receptor
or to clearance via an immune response occurring before day 3 p.i., the
time at which tissue infection was evaluated. In addition to binding to
entry receptors that mediate delivery of the viral genome into the
cytoplasm, tissue and cell permissiveness to viral infection is the result
of multiple factors. Omicron may not express viral structures that enable
attachment to appropriate surface receptors (eg, C type lectins, glycos-
aminoglycans, and proteoglycans) or plasma membrane fusion/endo-
cytosis to allow entry into the diverse cells of the CNS (Jackson et al.,
2022). Omicron infection also may not sufficiently disrupt the
blood-brain-barrier to allow hematogenous infection of the brain. Thus,
modeling of the neurologic sequelae of SARS-CoV-2 infection should
take into consideration the capacity of the specific VOC to recapitulate
neurotropism. The results of the present study, which are supported in
part by the findings that Omicron exhibits reduced neurotropism
compared with other strains in immunocompetent hamsters (Bauer
etal., 2022; Mohandas et al., 2022; Armando et al., 2022) and K18-ACE2
mice (Chan et al., 2022; Seehusen et al., 2022; Natekar et al., 2022),
indicate that Omicron is likely not a suitable strain for studies of the
effects of direct SARS-CoV-2 infection of the brain in the most common
mouse models. Based on a study showing that genomic RNA was
detected in brains of RAG2 knockout or cyclophosphamide-treated
hamsters following infection with SARS-CoV-2 USA-WA-1/2020 (Bro-
cato et al., 2020), hamsters with deficient adaptive immune components
may support SARS-CoV-2 infection of the brain. Thus, novel SARS-CoV-2
lineages that emerge in the future should be carefully assessed for tissue
tropism in each animal model.

Although SARS-CoV-2 has been detected in autopsied brain tissue
from infected patients, we cannot assume that all neurocognitive aspects
of COVID-19 are due to direct brain infection by the virus. Indirect
mechanisms that could affect the brain include inflammation, migration
of non-infectious viral proteins into the brain, and alterations in blood
and CSF circulation. Although not an ideal SARS-CoV-2 lineage for
modeling direct infection of the brain, Omicron could serve as an
excellent control for extracranial causes of neurocognitive dysfunction,
given its ability to infect and cause damage to the respiratory tract.

Studies in both humans and animal models have shown that
ascending infection of SARS-CoV-2 from the nose to the olfactory region
is at least one component of the pathogenesis of brain infection (Rhea
et al., 2021; Khan et al., 2021, 2022; Song et al., 2021; Meinhardt et al.,
2021; Zheng et al., 2021). In our study, we did not observe Omicron
brain infection in any of the mouse strains assessed, even though highly
productive infection of the nasal turbinates was observed in
huCD341-mACE2-NCG mice. Studies of infected patient tissues obtained
at autopsy before the emergence of Omicron showed that SARS-CoV-2
lineages could infect at least 34 human cell populations (ea, 2021);
thus it was assumed that SARS-CoV-2 was a pantropic virus. In addition
to the olfactory route, ascension of SARS-CoV-2 to the brain could occur
via other cranial nerves or the vagus nerve, intracellular trafficking, and
hematogenous infection breaching the blood-brain barrier (Meinhardt
et al., 2021; Cantuti-Castelvetri et al., 2020).

In addition to the neurotropism findings, our study showed that the
lungs of huCD34"-hACE2-NCG, huCD34"-mACE2-NCG, and hACE2-
NCG mice are permissive to Omicron infection. Human-reconstituted
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immunodeficient mice have some advantages over immunocompetent
mice for COVID studies. For example, the mice can be engrafted with
cells from the same donor under highly controlled conditions, and the
responses of a diverse population of human immune cells can be
explored. Moreover, the mice can be reconstituted with cells selected for
particular donor characteristics, such as ethnicity, gender, and pre-
existing immunity to SARS-CoV-2 VOCs, which could be of great help
in deciphering genetic and epigenetic influences on the immune
response that affect susceptibility to infection by SARS-CoV-2 lineages,
as well as on the severity of disease and response to therapy. Of note, the
cord blood-derived cells used for reconstitution of our mice undergo
apheresis prior to engraftment, thus eliminating concerns based on the
high proportion of humans who now have infection- or vaccination-
elicited immunity to various SARS-CoV-2 lineages. Although feto-
maternal chimerism is a possible mechanism by which maternal SARS-
CoV-2-exposed T cells (Hahn et al., 2019) could be present in cord
blood, such cells would be extremely rare and expected to have a
negligible impact on the overall SARS-CoV-2 infectivity and immune
responses in these mice.

The observation that D614G and Beta elicited virtually identical
humanized T cell, B cell, and innate immune cell responses, despite the
lack of detectable D614G replication, is also striking. It is possible that
by sampling on day 3 p.i., we may have missed an earlier or later
transient burst of D614G replication. Nevertheless, our data demon-
strate that i.n. inoculation of D614G without overt pulmonary infection
was sufficient to enable viral uptake and antigen presentation, resulting
in an immune response to D614G in both the lungs and spleen by day 8
p.i. This is in-line with clinical studies suggesting that (i) cross-reactive
memory T cells allowed healthcare workers to abort SARS-CoV-2
infection, resulting in repeatedly negative PCR and serology testing for
SARS-CoV-2 (Swadling et al., 2022), and (ii) individuals with even
asymptomatic or mild COVID-19 exhibit a robust T-cell immunity
response (Sekine et al., 2020). Our finding is also consistent with studies
demonstrating that antigen-specific splenic CD4" T cells are elicited
following mucosal administration of adenovirus-vectored trivalent
vaccine (Afkhami et al., 2022), and that nasal administration of either
unadjuvanted Spike (Mao et al., 2022) or adenovirus-vectored Spike
(Lapuente et al., 2021) vaccine boosters stimulate systemic immunity. In
a mouse model of influenza virus A infection, lung dendritic cells were
found to migrate to the spleen and effectively prime T cells (Jenkins
et al., 2021). Thus, we hypothesize that the observed T cell response to
D614G antigens in our study reflects similar trafficking and antigen
presentation events.

In our study, we found significantly decreased frequencies of CD4"
and CD8" T cells in the lungs and spleens of SARS-CoV-2-infected mice
compared with naive mice. Previous work showed that about 80% of
acute-phase SARS patients become lymphopenic within the first 2 weeks
after disease onset (Wang et al., 2020a). Similarly, 34% of patients with
laboratory-confirmed Middle East respiratory syndrome exhibited lym-
phopenia (Wang et al., 2020a). Decreased numbers of circulating B cells
and CD3", CD4*, and CD8™ T cells have also been documented within
23 days of symptom onset in 93% of a cohort of patients with
PCR-confirmed COVID-19 (Mazzoni et al., 2020), and lymphopenia has
been reported to correlate with disease severity in another cohort of
SARS-CoV-2 patients (Tan et al., 2020). Our results are consistent with
these findings and show that infection with either D614G or B.1.351
results in lymphocyte depletion in huCD34"-NCG mice.

Despite lymphopenia and the absence of HLA, mice inoculated with
either D614G or B.1.351 variants generated robust Spike protein-
specific CD4" and CD8" T cell responses in huCD34"-NCG mice,
which is in agreement with human studies (Tarke et al., 2021). Our
finding that the SARS-CoV-2-specific humanized T cell response con-
sisted predominantly of Th1, Tfh, and Tcy;, Tgm, and Tgyra CD8™ T cells
is also consistent with studies in humans (Rydyznski Moderbacher et al.,
2020). The overall magnitude, phenotype, and functionality of these
antigen-specific T cells were similar in D614G- and B.1.351-infected
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mice. Future studies examining additional variants and different viral
challenge doses and time points after infection may uncover more subtle
differences in the T cell responses to variants. Overall, our results sug-
gest that T cell responses to D614G and B.1.351 are likely to be similar in
humans during acute SARS-CoV-2 infection.

NKT cells are crucial components of the innate immune response
against viral infection (Khan and Khan, 2021). In addition to their ability
to directly lyse virally infected cells, NKT cells can modulate innate
(dendritic cells, macrophages, and NK cells) and adaptive (T and B cells)
via secretion of Th1l and Th2 cytokines, including IFNy and IL-4 (Juno
et al.,, 2012; Gaya et al., 2018). A dramatic and early loss of circulating
NKT cells has also been reported in COVID-19 patients (Kreutmair et al.,
2021), and the loss was shown to correlate with severe COVID-19
pneumonia (Zingaropoli et al., 2021). We also observed that the NKT
cell population was considerably reduced in the spleens but was
expanded in the lungs of SARS-CoV-2-infected mice compared with
naive mice. Thus, we speculate that NKT cell responses may represent an
important immune checkpoint that limits SARS-CoV-2 infection of the
lungs. Finally, we note that hACE2-NCG mice represent a potentially
powerful tool for SARS-CoV-2 studies given that it is a permissive host
for Beta, Delta, and Omicron pulmonary infection and can be engrafted
with human immune cells and other tissues. Because the median incu-
bation period of SARS-CoV-2 is 4-5 days and the median time from
symptom onset to hospitalization is 8-11 days (Wang et al., 2020b,
2021; Yang et al., 2020; Zhou et al., 2020), we still know relatively little
about the human cellular immunologic response during the first 2 weeks
after SARS-CoV-2 infection, which is a period when key events leading
to morbidity and or mortality are accruing.

3.1. Study limitations

Although mice harboring human immune cells are increasingly uti-
lized for preclinical immuno-oncology studies (Guil-Luna et al., 2021),
they cannot completely recapitulate the human T and B cell responses
for reasons that include the absence of HLA (NCG mice are MHC
haplotype H2#7). In addition, human immune cells engrafted into
immunodeficient mice exhibit certain functional impairments, such as
IgG production, due to the absence of human cytokines and trophic
factors (Kenney et al., 2022; Fu et al., 2021; Shang et al., 2021; Wahl
et al., 2021; Sefik et al., 2021, 2022). Thus the immune cell responses
against SARS-CoV-2 in our study must be interpreted in this light. In
addition, our neurotropism studies measured viral burden at a single
time point (day 3 p.i). Addition of later time points may have been able
to reveal brain infection in the neurotropism experiments, and earlier
time points may have detected transient burst of D614G replication.
Finally, while transgenic mouse models of COVID-19 continue to be
refined, mice cannot be expected to completely recapitulate the patho-
genic events leading to human brain infection.
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Author summary

COVID-19 is known to cause brain-related symptoms, including
headache and brain fog, but the relative ability of SARS-CoV-2 variants
to infect the brain is unclear. Here, we compared infection of the brain of
immunodeficient mice and mice reconstituted with human immune cells
by Omicron, Beta, and Delta variants. We found that Omicron uniquely
failed to infect the brain in either mouse strain. These results indicate
that modeling of COVID-related neurologic pathologies requires careful
selection of an appropriate SARS-CoV-2 strain in the context of a specific
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animal model.
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