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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused more than 160 million infections
and more than 3 million deaths worldwide. Although effective vaccines are currently being deployed, the adap-
tive immune determinants that promote viral clearance and confer protection remain poorly defined. Using
mouse models of SARS-CoV-2, we demonstrate that both humoral and cellular adaptive immunity contribute to
viral clearance in the setting of primary infection. Furthermore, we find that either convalescent mice or mice
that receive mRNA vaccination are protected from both homologous infection and infection with a variant of
concern, B.1.351. In addition, we find that this protection is largely mediated by antibody response and not
cellular immunity. These results highlight the in vivo protective capacity of antibodies generated to both vaccine

and natural infection.

INTRODUCTION

The development of adaptive immune responses to natural severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection
and to SARS-CoV-2 vaccination in humans has been well charac-
terized (I1-4). Additional studies have reported that vaccine-induced
or natural infection-induced immunity in animal models, includ-
ing nonhuman primates (5-9), mice (10, 11), and hamsters (12),
is sufficient for protection from homologous SARS-CoV-2 challenge.
Phase 3 vaccine clinical trials and postmarketing vaccine effective-
ness studies provide evidence of the development of protective
immunity in humans (13, 14). Epidemiologic studies of natural
infection have also indicated that adaptive immune memory is suf-
ficient to protect against SARS-CoV-2 reinfection in most cases
(15). However, few of these studies have identified the essential cor-
relates of protective adaptive immunity. The relative contributions
of cellular and humoral immunity in the clearance of SARS-CoV-2
and protection from reinfection remain poorly defined in both
vaccine-induced immunity and natural infection-induced immunity.
Questions regarding the degree to which T cell-mediated immune
memory may compensate for waning antibody-mediated immunity
have become even more critical given the emergence of viral vari-
ants of concern (VOCs) that evade neutralizing antibody responses
from both vaccinated and convalescent individuals (16-19).

RESULTS

Immunodeficient mice develop chronic

SARS-CoV-2 infection

To address these questions surrounding the immunological deter-
minants of protection from SARS-CoV-2 infection, we used our pre-
viously reported mouse model (20), which uses in vivo transduction
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of the mouse respiratory tract with adeno-associated virus express-
ing human ACE2 (AAV-hACE2) (Fig. 1A). This model enables
us to infect mice of varying genetic backgrounds to identify how
deficiencies in specific components of the adaptive immune system
affect clearance of and protection from SARS-CoV-2. First, to assess
whether adaptive immunity is required for clearance of SARS-
CoV-2 upon primary infection, we administered AAV-hACE2 to
Ragl™~ mice, which do not produce any mature B or T lympho-
cytes (21). These mice were infected with 1 x 10° plaque-forming
units (PFU) of SARS-CoV-2 WAL strain (USA-WA1/2020). We
found that these mice became persistently infected and were unable
to clear the virus, maintaining stable levels of viral RNA and in-
fectious virus for greater than 14 days postinfection (DPI) in lung
tissues (Fig. 1, B and C). This is in contrast to C57Bl/6] [wild-type
(WT)] mice, which cleared the virus by 7 DPI as indicated by loss of
culturable SARS-CoV-2 by plaque assay and reduction of viral RNA
by reverse transcription polymerase chain reaction (RT-PCR;
Fig. 1, B and C). Although our previous work suggested that innate
immunity played a minimal role in clearing SARS-CoV-2 during
acute infection in mice (20), these data confirm that in the absence
of adaptive immunity, the innate immune responses are insufficient
to clear acute SARS-CoV-2 infection. These results are consistent
with case reports describing patients with either genetic or acquired
defects in their adaptive immunity who are unable to clear SARS-
CoV-2 (22-24). Next, to assess the requirement of humoral immu-
nity in SARS-CoV-2 clearance, we infected AAV-hACE2 uMT mice
(mice deficient in B lymphocytes) (25) and found that these mice
retained the ability to clear SARS-CoV-2. However, it occurred
more slowly than in WT infected mice, as indicated by the presence
of infectious virus at 7 DPI (4 of 8 versus 0 of 4) and 17x more viral
RNA at 14 DPI (Fig. 1, B and C). These results suggest that cellular
immunity is sufficient for viral clearance in the setting of acute
infection, even in the absence of humoral responses. However,
humoral immunity is not completely redundant in its contribution
to viral clearance.

To further delineate the role of T cell subsets required for viral
clearance, we infected AAV-hACE2 WT mice that were treated with
0CD4-, aCD8-, or cCD4/0CD8-depleting antibodies (Fig. 2A). We
found that depletion of CD8" T cells alone inhibited viral clearance,
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Fig. 1. SARS-CoV-2 clearance in RAG and pMT mice. (A) Experimental schematic.
C57BI/6J (WT), B6.129S7-Rag1tm1Mom/J (Rag1‘/'), and B6.129S52-lghmtm1Cgn/J
(uMT) mice were intratracheally transduced with 10" GC (genomic copies) of AAV
encoding human ACE2 (AAV-hACE2) and allowed to recover for 14 days. Mice were
then infected with WA1 strain SARS-CoV-2 at 10° PFU intranasally, and lungs samples
are collected at 2,4, 7,and 14 DPl and assessed by (B) quantitative PCR and (C) plaque
assay. Values noted on x axis (C) indicate numbers of samples tested positive/number
of samples. LD, limit of detection. Individual values noted as dots and bars indicate
means + SEM from three to eight samples of two to three independent experiments.
P values were calculated by two-way ANOVA with Tukey’s multiple comparison.
*P<0.05, **P < 0.01, ***P < 0.001, and ****P < 0.001.

as indicated by 7.4x more RNA than phosphate-buffered saline (PBS)
control at 14 DPI (Fig. 2B). We also found that depletion of CD4"
T cells alone inhibited viral clearance by 6.2x compared with control
at 14 DPI (Fig. 2B). Depletion of both CD4" and CD8" T cells had a
synergistic effect leading to a 31x increase in viral RNA persistence at
14 DPI (Fig. 2B) and the presence of persistent virus by plaque assay
(Fig. 2C). These levels were similar to that seen in AAV-hACE2 Rag ™ -
infected mice (Fig. 1B). CD4" T cell, but not CD8" T cell, depletion
significantly reduced the development of anti-SARS-CoV-2 spike S1
and receptor-binding domain (RBD) antibody titers, consistent with
CD4" helper function in antibody development against SARS-CoV-2
spike and RBD (fig. S1, A to D). Somewhat unexpectedly, depletion of
CD8" T cells in addition to CD4" T cells further reduced antibody
against spike and RBD. These results also indicate that although adap-
tive immunity is required, either humoral or cellular adaptive immuni-
ty on its own is sufficient for viral clearance during a primary infection.

T cells are required for SARS-CoV-2 clearance

in B cell-deficient mice

Next, we infected AAV-hACE2 uMT mice that had been treated with
0CD4-, aCD8-, or oCD4/0CD8-depleting antibodies to assess the T cell
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Fig. 2. SARS-CoV-2 clearance in CD4* and CD8" T cell-depleted WT and uMT
mice. (A) Experimental design. AAV-hACE2 transduced WT (B and C) and uMT
(D and E) were injected (intraperitoneal) with 200 mg of anti-mouse CD8a
(clone 2.43) or 200 mg of anti-mouse CD4 (clone GK1.5) starting at 3 days before
infection and given every 2 to 3 days as indicated until 12 DPI. Mice were infected
with WAT strain SARS-CoV-2 at 10° PFU intranasally, and lungs were collected at 14 DPI
and assessed by quantitative PCR (B and D) and plaque assay (C and E). Individual
values noted as dots and bars indicate means + SEM from 6 to 12 samples of two to
three independent experiments. P values were calculated by one-way ANOVA with
Tukey's multiple comparison. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.001.
ns, not significant.

component required for viral clearance in the absence of humoral
responses. We found that AAV-hACE2 uMT mice treated with CD8-
depleting antibody maintained significantly higher levels of viral RNA
(92x) than the PBS controls and persistent live virus by plaque assay
(Fig. 2, D and E). On the other hand, AAV-hACE2 uMT mice treated
with aCD4 antibody alone sustained only a small yet significant (3.7x)
increase in viral RNA relative to control at 14 DPI (Fig. 2, D and E).
Depletion of both CD4 and CD8 T cells lead to significantly higher lev-
els of viral RNA (320x) compared with PBS treated at 14 DPI (Fig. 2D).
Similar to the difference between aCD4-treated and PBS-treated mice,
there was a small increase in viral RNA in 0CD4/0CD8-treated uMT
mice relative to oCD8 treated mice (3.5%) and increase in persistent live
virus (Fig. 2, D and E), suggesting a small role for CD4" T cells in the
cellular immunity component of viral clearance in the absence of its
effect on antibody development. Together, these data indicate that
CD8" T cells are sufficient for viral clearance in the absence of humoral
immunity and that the major function of CD4" T cells in clearance of
acute SARS-CoV-2 is in instructing humoral immunity, with a more
minor role in assisting cellular immunity during primary infection.

Transferred antibodies or T cells provide protective
immunity in Rag™~ mice

Next, we investigated the sufficiency of SARS-CoV-2-specific T cell-
mediated versus antibody-mediated immunity to protect against
SARS-CoV-2 infection. To this end, we performed adoptive
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transfer of either T cells or sera from previously infected (convalescent)
mice (Fig. 3A). We infected AAV-hACE2 WT mice with 1 x 10° PFU
SARS-CoV-2. At 14 DPI, sera were harvested and total T cells from
mediastinal (draining) lymph nodes were 1solated via magnetic
negative selection. Recipient AAV- hACEZ Ragl mice were intra-
venously injected with either 2 x 10° T cells or with 200 ul of pooled
serum. At 24 hours after transfer, mice were infected with 1 x 10° PFU
SARS-CoV-2 intranasally. At 7 DPI, we found that although conva-
lescent T cell transfer resulted in detectable reduction in viral RNA
and titers in the lung, transfer of convalescent sera resulted in complete
reduction in infectious viral load in the lung (Fig. 3, B and C). These
results indicated that in isolation, either cellular or humoral immunity
can significantly reduce homologous SARS-CoV-2 infection, with
antibodies being able to eliminate infectious virus from the lung.

Antibodies provide correlate of protection

in mRNA-vaccinated mice

To assess the potential for antibodies to provide a correlate of protec-
tion, we vaccinated K18 hACE2 mice (transgenic mice that express
human ACE2 under the epithelial keratin 18 promoter), as they
represent a lethal disease model of SARS-CoV-2 (26, 27), with the
Pfizer-BioNTech BNT162b2 vaccine (Fig. 4A) (28). We performed
single-dose vaccination (ranging from 1.0 to 0.03 pg) and found a
dose-dependent SARS-CoV-2-specific antibody response (Fig. 4B) at
28 days after vaccination. Infection with 4 x 10> PFU of homologous
(WAL) strain SARS-CoV-2 at 30 days after vaccination also led to
dose-dependent protection defined by either weight loss (Fig. 4C) or
survival (Fig. 4D). To assess the correlation between preinfection
SAR-CoV-2 antibody levels [S1 immunoglobulin G (IgG) area under
the curve (AUC)] and weight loss at 6 DPI (before any deaths), we
performed Spearman’s correlation and found a significant positive
Spearman’s correlation coefficient of 0.7936 (Fig. 4E). Defining sur-
vival as protection, we performed a simple logistic regression model to
identify the preinfection SAR-CoV-2 antibody level (S1 IgG AUC)
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Fig. 3. Infection of RAG™™ mice after adoptive transfer of serum or T cells.
(A) Experimental design. AAV-hACE2-transduced WT mice were infected with 10° PFU
WAT1 strain SARS-CoV-2 via intranasal route. Fourteen DPI serum and mediastinal
lymph node were collected. Total T cells were isolated by magnetic separation.
AAV-hACE2-transduced RAG™~ mice received adoptive transfer of PBS (control),
serum (200 ml), or 2 x 10° total T cells at 1 day before infection with 10° PFU WA1
strain SARS-CoV-2. Lungs were collected at 7 DPI and assessed for (B) viral RNA by
quantitative PCR and for (C) viral titer by plaque assay. Individual values noted
as dots and bars indicate means + SEM from 8 to 12 samples of two independent
experiments. P values were calculated by one-way ANOVA with Tukey’s multiple
comparison. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.001.
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required for 50% probability of survival, which we found to be 7.88.
Using this preinfection serum, we performed vesicular stomatitis
virus (VSV)-based pseudovirus neutralization assays and performed
a similar analysis. We found a significant positive correlation between
neutralization titer [half-maximal inhibitory concentration (ICs)]
and protection from weight loss, identifying ~1:30 ICs as the required
neutralization titer for 50% probability of survival (Fig. 4, G and H).

Single-dose mRNA vaccine elicits poor lung CD8* Tgy response
To compare cellular and humoral responses with natural infection
and with mRNA vaccine, mice were either infected with 500 PFU
[~LDsg (median lethal dose)] of SARS-CoV-2 WAL strain or received
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Fig. 4. Dose-dependent antibody response to mRNA vaccine reveals correlate
of protection in K18 mice. (A) B6.Cg-Tg(K18-ACE2)2PrImn/J (K18-hACE2) mice
received a single IM, intramuscular injection of Pfizer-BioNTech BNT162b2 mRNA
vaccine at the indicated doses. (B) Twenty-eight days after injection, serum
samples were harvested, and anti-SARS-CoV-2 anti-S1 antibody concentration
was measured by ELISA at indicated dilutions (LN, natural log transformed). At
30 days after vaccination, mice were challenged with 4 x 10° PFU WA1 SARS-CoV-2.
0.D., optical density. (C) Weight loss (please see raw data file for calculated P values)
and (D) Kaplan-Meier survival curve of animals monitored for 15 DPI. P values were calculated
by log-rank (Mantel-Cox) test. *P < 0.05 and **P < 0.01. Individual preinfection se-
rum from (B) was used to calculate (E) S11gG AUC or (G) ICso with VSV pseudovirus
neutralization assay and plotted against weight change at 6 DPI (Rs, Spearman
correlation coefficient), and P values are indicated. Differences in (F) preinfection
S11gG AUC and (H) VSV pseudovirus neutralization ICsg between mice that survived
and mice that died from infection. Logistic regression (Prism) was used to calculate
50% survival titers indicated by dotted line. N=5 mice per condition.
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single-dose 1-ug BNT162b2. At 14 days after immunization or in-
fection, mice were assessed for anti-spike S1 IgG and spike-specific
CD8" T cells using S539-546 epitope major histocompatibility complex I
(MHC]) tetramer staining from lung samples (29, 30). Using intrave-
nous (IV) labeling, we identified that both groups developed similar levels
of circulating (IV") spike-specific CD8" T cells (CD8 Tetramer™)
(fig. S2, A and B). Conversely, we found that only convalescent mice
developed high levels of SARS-CoV-2-specific lung-resident (IV")
CD8" T cells, whereas vaccinated mice did not (fig. S2, A and B).
These IV-CD8 " Tetramer" T cells were enriched in tissue-resident memory
(Try) markers (CD69"CD103") (fig. S2, C and D). We found that both
groups developed similar serum levels of spike-specific IgG (fig. S2E).
We therefore hypothesized that lung CD8" Ty memory cells may
play a more important role in protection of convalescent mice than in
vaccinated mice given their localization at the site of infection.

Neutralizing antibodies drive protection from SARS-CoV-2
variants in convalescent and mRNA-vaccinated mice

To assess this hypothesis and further understand the role of cellular
and humoral memory in protection generated by both vaccination and
natural infection, we performed variant viral challenge experiments
with vaccinated and convalescent mice K18 mice in the setting of
local and systemic CD8" T cell depletion. In these experiments, the
vaccinated group received 1 ug of mRNA Pfizer-BioNTech corona-
virus disease 2019 (COVID-19) vaccine twice, separated by 30 days, via
intramuscular injection, and then were infected with SARS-CoV-2
at 3 to 5 weeks after boost. The convalescent group was infected
with LDsq (~500 PFU) of WAL strain 1 to 3 months before reinfec-
tion (Fig. 5A). Three days before infection, serum samples were taken
from vaccinated and convalescent mice and assessed for anti-
SARS-CoV-2 S1 antibody level by enzyme-linked immunosorbent
assay (ELISA) and neutralization capacity against WA1 and B.1.351
by VSV pseudovirus. Similar to what is seen in patient serum, we
found that prime/boost-vaccinated mice mounted higher antibody
titer and higher neutralization levels against WA1 than convalescent
mice (31) and found a reduction in neutralization titer against B.1.351
(Fig. 5, B and C) (32, 33).

Mice from the convalescent and vaccinated groups were then
treated with CD8-depleting antibody or with PBS via systemic (intra-
peritoneal) administration at —3, —1, and +2 days relative to infec-
tion and via local (intranasal) administration —1 day before infection
(Fig. 5A). Depletion of both parenchymal and systemic CD8" T cells
was confirmed by IV labeling and flow cytometry (ﬁg S3, A to C) of
convalescent mice. Mice were infected with 4 x 10” PFU of either
homologous strain (WA1) or a variant of concern (B.1.351) known
to evade antibody neutralization from both convalescent and vacci-
nated people (16-19). We found that all the mice were resistant to
disease, showing no physical signs of disease or weight loss (Fig. 5,
D and E). By contrast, naive mice infected with either WA1 or
B.1.351 developed significant weight loss and visible signs of sick-
ness, including reduced activity and responsiveness, succumbing to
infection by 4 DPI (Fig. 5, D and E). In addition, these two viruses
seemed to replicate with similar efficacy in naive mice as indicated
by equal RNA levels at 2 DPI (Fig. 5F) and 4 DPI (fig. S4A) and
equal viral titer at 2 DPI (Fig. 5G).

At 2 DPI, PBS-treated vaccinated mice challenged with homolo-
gous WAL resulted in four orders of magnitude reduction in viral
RNA relative to naive, whereas vaccinated mice challenged with B.1.351
only resulted in a two orders of magnitude reduction relative to
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naive (Fig. 5F). Similar results held at 7 DPI where 0 of 5 WAL in-
fected and 4 of 5 B.1.351-infected PBS-treated animals had detect-
able viral RNA (fig. S4B). Convalescent mice at 2 DPI also sustained
a four orders of magnitude reduction in viral RNA relative to naive
when infected with WA1 and sustained a three orders of magnitude
reduction in viral RNA when infected with B.1.351 relative to naive
(Fig. 5F). Similarly, there was a ~0.5 log reduction in WA1 viral RNA
relative to B.1.351 at 7 DPI in the PBS-treated convalescent mice
(fig. S4C). We found no change in viral RNA in vaccinated or con-
valescent mice depleted of CD8" T cells relative to PBS treatment in
the setting of WAL infection, and we found only small (not significant)
increases in viral RNA in the setting of immune evasive B.1.351 in-
fection at 2 DPI (Fig. 5F) or 7 DPI (fig. S4, B and C).

Consistent with weight loss and mortality results, neither vacci-
nated nor convalescent mice had detectable viral titer at 2 DPI by
either homologous WAL or B.1.351 challenge irrespective of CD8"
T cell depletion (Fig. 5G). However, these data do show that mice
infected with B.1.351 either in the vaccinated or the convalescent
group had significantly higher levels of viral RNA than mice infect-
ed with WAL. In addition, the mice treated with aCD8 sustained
only modestly higher levels of viral RNA compared with PBS treat-
ed mice infected by the same virus. We found this to be the case in
either vaccinated or convalescent mice, suggesting that memory
T cells, either circulating or resident within the lung, do not play a
significant role in protection in the setting of overwhelming neu-
tralizing antibody capacity. Thus, our results indicate that both vac-
cination and prior infection provide significant protection against
infection and complete protection against disease by B.1.351 VOC,
likely due to sufficient antibodies.

DISCUSSION

Here, we describe our use of mouse models of SARS-CoV-2 infec-
tion to identify components of adaptive immunity responsible for
both viral clearance during primary infection and protection from
reinfection. We found that, similar to patients with COVID-19
(23, 24, 34, 35), mice require an adaptive immune response to clear
SARS-CoV-2. This indicates that in this model, innate immunity is
insufficient to clear infection, which may be due to antagonism of
interferon pathway by the virus (36). We found that either cellular
or humoral arms of the adaptive immune system are sufficient to
promote viral clearance, as either B cell-deficient mice or mice
treated with aCD8 or oCD4 antibodies alone can clear SARS-CoV-2
infection, albeit slower than in the setting of a fully competent adap-
tive immune system. However, depletion of both CD4" and CD8*
T cells in WT mice or depletion of CD8" T cells in uMT mice led to
the inability to clear the virus during primary infection. We also
found that the major contribution of CD4" T cells to viral clearance
during acute infection is likely the promotion of antibody produc-
tion, as treatment of uMT mice, devoid of antibodies, with aCD4
only led to a small increase in viral RNA. These results indicate that
CD4" cytotoxic T cells do not play a major role in viral clearance
during primary infection. Consistent with these results, antigen-
specific CD4" T cell profiling of acute and convalescent COVID-19
patients has shown that circulating T follicular helper cells are asso-
ciated with reduced disease severity (37), indicating the importance
of antibody promoting CD4" T cells clearance of acute infection.
COVID-19 patient studies have shown that antigen-specific CD4"
T cells can be detected as early as 2 to 4 days from symptom onset,
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Fig. 5. Response to homologous and B.1.351 challenge of convalescent and mRNA-vaccinated mice. (A) Experimental design. K18 mice were either vaccinated
with 1 g of Pfizer/BioNTech mRNA via intramuscular injection via prime/boost with a 30-day interval or infected with 500 PFU WA1 strain SARS-CoV-2 via intranasal (i.n.)
administration once. Preinfection serum was collected 3 days before infection, and (B) anti-SARS-CoV-2 antibody titer was assessed by ELISA, plotted as AUC, and (C) VSV
pseudovirus neutralization assay performed with either pseudovirus expressing WA1 or B.1.351 spike and plotted as log ICso. Mice were injected (intraperitoneally, i.p.)
with 200 mg of anti-mouse CD8a (clone 2.43) or PBS (control) at 3 and 1 days before infection and 2 days after infection, and mice received 100 mg of anti-mouse CD8a
or PBS via intranasal administration at 1 day before infection. Mice were infected with 4 x 10° PFU of with homologous strain (WA1) or VOC (B.1.351) via intranasal route
and euthanized at 2, 4, or 7 DPI. (D) Weight loss and (E) Kaplan-Meier survival curve were monitored for 7 DPI. (F) Viral RNA was assessed by quantitative PCR and (G) viral
titer assessed by plaque assay at 2 DPI. Individual values noted as dots and bars indicate means + SEM from n =5 samples per condition. P values were calculated by one-
way ANOVA with Tukey’s multiple comparison, except in (B) where a Student’s t test was used and (C) where two-way ANOVA with Tukey’s multiple comparison was used.

*P<0.05, **P < 0.01, ***P <0.001, and ****P < 0.001.

and their early detection was found to be associated with improved
outcomes and viral clearance (37, 38). These data show that both
humoral and cellular adaptive immunity contribute to clearance of
SARS-CoV-2 during primary infection and are consistent with re-
cent patient studies showing a correlation between clinical outcome
and a robust coordinated adaptive response requiring CD4" T cells,
CD8* T cells, and antibodies (37, 39).

Adaptive immune memory has been detected for as long as 8 months
after primary infection with SARS-CoV-2 consisting of memory
CD4" T cells, CD8" T cells, B cells, and antibodies (1, 4, 40, 41).
Epidemiologic evidence also indicates that immune memory is suf-
ficient to protect against reinfection in patients who have serocon-
verted, and mRNA-based vaccines have also show >90% efficacy in

Israelow et al., Sci. Immunol. 6, eabl4509 (2021) 8 October 2021

preventing COVID-19 in both phase 3 clinical trials and in real-
world settings (3, 13-15). As both vaccines and natural infection
induce multiple types of immune memory and because reinfections
in humans have been so rare, identifying the distinct components of
adaptive immune memory that confer protection remains unknown.
Although protective immunity after primary infection or vaccine has
been shown in multiple animal models, few have identified cor-
relates of protection (5-12). Many of these studies have also shown
that adoptive transfer of serum from convalescent or vaccinated
animals or from humans confers protection. However, the role that
T cells play in conferring protection either from vaccination or natural
infection has received less attention than antibodies until recently,
due to emerging immune evasive variants. To begin to assess the
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individual components of adaptive immunity that confer protection,
McMahan et al. (6) recently showed that macaques treated with
CD8-depleting antibody had higher RNA viral loads in nasal swab
at 1 DPI than mock-treated animals. However, this difference nor-
malized by 2 DPI, and no difference at any time after infection was
noted in bronchoalveolar lavage, suggesting that CD8 Tgry may only
confer added protection in the upper respiratory tract of macaques.
In mouse models, nucleocapsid (N)-based vaccines, which rely
mostly on T cell-based protection, have shown differing results.
Matchett et al. (42) found that IV administration of adenovirus 5 vector—
expressing N protein conferred protection, whereas Dinnon et al.
(43) showed no protection via foot-pad injection of Venezuelan equine
encephalitis virus replicon particle expressing N. Although it is possible
that the different vectors led to differential protection, it seems more
likely that IV administration led to antigen-specific Try in the lungs,
which may not have developed in the setting of footpad inoculation.

To expand upon these studies in identifying the individual roles
of humoral and cellular immunity in protection, we performed
adoptive transfer experiments in mice deficient in adaptive immu-
nity (RAG™") and found that both T cells and convalescent serum
from previously infected animals could reduce viral load. However,
only serum was able to achieve viral clearance. To identify the level
of antibodies required for protection, we performed variable mRNA
vaccine dosing and showed that dose-dependent protection highly
correlated with antibody levels and identified ICs, of ~1:30 as pro-
viding 50% protection in K18 mice. Consistent with McMahan et al.
(6), we showed that memory CD8" T cells, either Tgy or circulating
memory cells, are not required to confer significant protective im-
munity in the lower respiratory tract in either convalescent or
vaccinated animals. In these experiments, it is likely that the CD8"
T cell contribution is limited in the setting of overwhelming humoral
response, given that prime/boost vaccine or convalescent mice
maintained IC5 > 1:1000 to B.1.351. These data support antibody
responses as the key determinant of protection from mRNA vac-
cines or natural infection against SARS-CoV-2 reinfection by cur-
rent circulating VOCs. One caveat to this conclusion is that we did
not specifically address whether Tgy cell-mediated immunity in the
absence of humoral responses is sufficient for protection as was shown
by Matchett et al. (42). In addition, we did not specifically address
the role of CD4" T cells in protective immunity, these have been
shown to be important in SARS-CoV-1 protection in the absence of
antibody-mediated immunity (44).

SARS-CoV-2 variants that significantly evade humoral immunity
have recently been identified. The variant that has consistently shown
the strongest ability to evade humoral responses in in vitro neutral-
ization assays is B.1.351 (17, 33, 45). We found that although there
was some loss of protection against infection in either vaccinated or
convalescent mice, humoral immunity was sufficient to completely
protect from disease in mice infected by B.1.351. These data build
upon a recent case control study that reported increased rates of
vaccine breakthrough with B.1.351 in fully vaccinated subjects, al-
though most cases were asymptomatic (16). However, the degree to
which mRNA-vaccinated people are susceptible to clinical disease
by B.1.351 remains unclear. Although we identified antibodies as a
correlate of protection and a ICsj titer of ~1:30 as proving 50% pro-
tection in K18 mice, extreme caution should be used with applica-
tion of this number beyond this model. Further studies that build
on the work of Khoury et al. (46) will be required to assess the neu-
tralizing antibody titers required to prevent COVID-19 in humans.

Israelow et al., Sci. Immunol. 6, eabl4509 (2021) 8 October 2021

In conclusion, we provide insights into both the immunologic
determinants of viral clearance and protection. Although T cells
were important in the clearance of primary infection, they were not
required for protection against reinfection or vaccine-mediated pro-
tection, likely due to sufficient antibody-mediated immunity. These
results are reassuring as they indicate that a robust humoral immune
response is sufficient even in the setting of decreased neutralizing
capacity. These results also have important public health and vaccine
development implications, as they suggest that antibody-mediated
immunity may be a sufficient correlate of protection.

MATERIALS AND METHODS

Study design

The objective of this study was to identify the adaptive immune deter-
minants of SARS-CoV-2 viral clearance and protection. To address
the determinants of SARS-CoV-2 clearance, we chose to use our re-
cently developed mouse model of SARS-CoV-2 infection as it allowed
us to use an array of genetic models combined with well-established
cellular depletion techniques. To investigate the determinants of pro-
tection mediated by either prior infection or mRNA vaccine currently
being used in humans, we used a commercially available human ACE2
transgenic mouse that has been well established as a model of SARS-
CoV-2 lethality and combined this with cellular depletion techniques
and infection by immune evasive SAR-CoV-2 variants.

Safety

All procedures were performed in a biosafety level 3 facility (for
SARS-CoV-2-infected mice) with approval from the Yale Institu-
tional Animal Care and Use Committee and Yale Environmental
Health and Safety.

Cell lines and viruses

As reported previously (20), Vero E6 kidney epithelial cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
1% sodium pyruvate and 5% fetal bovine serum (FBS) at 37°C and
5% CO,. Huh7.5 and 293T cells were cultured in DMEM supple-
mented with 1% sodium pyruvate and 10% FBS at 37°C and 5% COs.
The cell line was obtained from the American Type Culture Collection
(ATCC) and has been tested negative for contamination with myco-
plasma. SARS-CoV-2 isolate hCOV-19/USA-WA1/2020 (NR-52281)
and SARS-CoV-2 isolate hCoV-19/South Africa/KRISP-K005325/2020
(NR-54009) were obtained from BEI Resources and was amplified in
either VeroE6 (ATCC CRL-1586) cells or VeroE6 cells overexpressing
hACE2 and transmembrane serine protease 2 (TMPRSS2) [provided
by B. Graham National Institutes of Health-Vaccine Research Cen-
ter (NIH-VRC)]. Cells were infected at a multiplicity of infection of
0.01 for 2 to 3 days to generate a working stock, and after incubation,
the supernatant was clarified by centrifugation (500¢ x 5 min) and fil-
tered through a 0.45-pm filter. To concentrate virus, filtered super-
natants were applied to Amicon Ultra-15 centrifugal filter (Ultracel
100k) and spun at 2000 rpm for 15 min. The supernatant was then
aliquoted for storage at —80°C. Viral titers were measured by stan-
dard plaque assay using Vero E6 cells described below.

Mice

Six to 12-week-old mixed sex C57Bl/6] (WT), B6.129S7-Ragltm1Mom/J
(Ragl_/_), B6.129S2-Ighmtm1Cgn/] (uMT), and B6.Cg-Tg(K18-
ACE2)2Prlmn/J (K18) were purchased from the Jackson Laboratory
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and were subsequently bred and housed at the Yale University. All
procedures used in this study (sex and age matched) complied with
federal guidelines and the institutional policies of the Yale School of
Medicine Animal Care and Use Committee.

AAYV infection

As previously described (20), AAV9 encoding hACE2 was pur-
chased from Vector Biolabs (AAV-CMV-hACE2). Animals were
anesthetized using a mixture of ketamine (50 mg kg™') and xylazine
(5 mgkg™"), injected intraperitoneally. The rostral neck was shaved
and disinfected. A 5-mm incision was made and the salivary glands
were retracted, and trachea was visualized. Using a 32-g insulin
syringe, a 50-ul bolus injection of 10'" genomic copies of AAV-
CMV-hACE2 was injected into the trachea. The incision was closed
with 4-0 Vicryl suture. After intramuscular administration of anal-
gesic (meloxicam and buprenorphine, 1 mg kg™"), animals were
placed in a heated cage until full recovery. Mice were used for
SARS-CoV-2 infection at 14 to 21 days after AAV administration.

SARS-CoV-2 infection

Mice were anesthetized using 30% (v/v) isoflurane diluted in pro-
pylene glycol. Using a pipette, 50 ul of SARS-CoV-2 was delivered
intranasally.

CD4* and CD8* T cell depletion

Indicated mice were injected intraperitoneally with PBS or 200 ug
in 200 pl of diluted in PBS of either anti-mouse CD4 (BioXcell
InVivoMab Clone GK 1.5), anti-mouse CD8 (BioXcell InVivoMab
Clone 2.43), or both at indicated time points. For local pulmonary
CD8 depletion, 100 pg of anti-mouse CD8 antibody was given in-
tranasally in 50 pl of volume diluted in PBS.

Adoptive transfer experiments

WT AAV-hACE2 mice were infected as indicated above. At 14 DPI
animals were euthanized, and blood and mediastinal lymph nodes
were collected. Blood was allowed to coagulate at room temperature
for 30 min and then was centrifuged at 3900 rpm for 20 min at
4°C. Serum was collected, and anesthetized mice [30% (v/v) isoflu-
rane diluted in propylene glycol] were injected with 200 pl of serum
with a 32-gauge 8-mm syringe via retro orbital route. Mediastinal
lymph nodes were mechanically dissociated in 500 ul of cold PBS and
passed through a 40-um filter. Cells were counted in duplicate on
the Countess II (Invitrogen), and total “T cell” isolation was per-
formed via negative selection using the EasySep mouse T cell isola-
tion kit (Stemcell). Isolated cells were counted, and 2 x 10° total
T cells were diluted in 200 ul of PBS and retro-orbitally injected into
anesthetized mice.

Vaccination

Used vials of Pfizer/BioNTec BNT162b2 mRNA vaccine were ac-
quired from Yale Health Pharmacy within 6 hours of opening.
No vaccines were diverted for the purposes of this study, and the
vaccine residual volumes described in this study were obtained only
after usage by Yale Health and before discarding. All vials contained
residual vaccine volumes (less than one full dose per vial, diluted
to 100 pg/ml per manufacturer’s instructions), and remaining
liquid was removed with spinal syringe and pooled. Vaccine was
not stored or refrozen before use but was directly used. Mice were
anaesthetized using a mixture of ketamine (50 mg kg™") and xylazine
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(5mgkg™), and 10 ul (1 mg) of undiluted vaccine was injected into
left quadriceps muscle with a 32-gauge syringe.

Viral RNA analysis

At indicated time points, mice were euthanized in 100% isoflurane.
About 50% of total lung was placed in a bead homogenizer tube
with 1 ml of PBS + 2% FBS + 2% antibiotic/antimycotic (Gibco).
After homogenization, 250 pl of this mixture was placed in 750 pl of
TRIzol LS (Invitrogen), and RNA was extracted with an RNeasy
mini kit (Qiagen) per manufacturer protocol. To quantify SARS-
CoV-2 RNA levels, we used the Luna Universal Probe Onestep
RT-qPCR kit (New England Biolabs) with 1 pg of RNA, using the
U.S. Centers for Disease Control and Prevention real-time RT-PCR
primer/probe sets for 2019-nCoV_N1.

Viral titer

Lung homogenates were cleared of debris by centrifugation (3900 rpm
for 10 min). Infectious titers of SARS-CoV-2 were determined by
plaque assay in Vero E6 cells in DMEM supplemented NaHCOs3,
2% FBS, and 0.6% Avicel RC-581. Plaques were resolved at 48 hours
after infection by fixing in 10% neutral-buffered formalin for 1 hour,
followed by staining for 1 hour in 0.5% crystal violet in 20% ethanol
for 30 min. Plates were rinsed in water to visualize plaques.

SARS-CoV-2-specific antibody measurements

ELISAs were performed as previously described (20, 47) and repro-
duced here for convenience. Briefly, Triton X-100 and ribonuclease
A were added to serum samples at final concentrations of 0.5% and
0.5 mg/ml, respectively, and incubated at room temperature for
30 min before use to reduce risk from any potential virus in serum.
The 96-well MaxiSorp plates (Thermo Fisher Scientific, #442404)
were coated with 50 ul per well of recombinant SARS-CoV-2 S1
protein (ACROBiosystems SIN-C52H3) and RBD (ACROBiosys-
tems SPD-C52H3) at a concentration of 2 ug/ml in PBS and were
incubated overnight at 4°C. The coating buffer was removed, and
plates were incubated for 1 hour at room temperature with 250 ul of
blocking solution (PBS with 0.1% Tween 20 and 3% milk powder).
Serum was diluted in dilution solution (PBS with 0.1% Tween 20 and
1% milk powder), and 100 pl of diluted serum was added for 2 hours
at room temperature. Plates were washed three times with PBS-T
(PBS with 0.1% Tween 20) and 50 ul of horseradish peroxidase anti-
mouse IgG (1:3000; Cell Signaling Technology, #7076) diluted in dilu-
tion solution added to each well. After 1 hour of incubation at room
temperature, plates were washed three times with PBS-T. Plates
were developed with 100 ul of trimethylboron substrate reagent set
(BD Biosciences, #555214), and the reaction was stopped after 15 min
by the addition of 2 N of sulfuric acid. Plates were then read at a
wavelength of 450 and 570 nm.

Pseudovirus production

VSV-based pseudotyped viruses were produced as previously described
(48-50). Vector pCAGGS containing the SARS-CoV-2 Wuhan-Hu-1
spike glycoprotein gene was produced under HHSN272201400008C
and obtained through BEI Resources (NR-52310). The sequence of
the Wuhan-Hu-1 isolate spike glycoprotein is identical to that of
the USA-WA1/2020 isolate. The spike sequence of the B.1.351 variant
of concern was generated by introducing the following mutations:
L18F, D80A, D215G, R2461, K417N, E484K, N501Y, and A701V. 293T
cells were transfected with either spike plasmid, followed by inoculation
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with replication-deficient VSV-expressing Renilla luciferase for 1 hour
at 37°C (9). The virus inoculum was then removed, and cells were
washed three times with warmed PBS. The supernatant containing
pseudovirus was collected 24 and 48 hours after inoculation, clari-
fied by centrifugation, concentrated with Amicon Ultra centrifugal
filter units (100 kDa), and stored in aliquots at —80°C. Pseudoviruses
were titrated in Huh7.5 cells to achieve a relative light unit signal of
~600 times the cell-only control background.

Pseudovirus neutralization assay

Huh7.5 cells (3 x 10*) were plated in each well of a 96-well plate the
day before infection. On the day of infection, sera for neutralization
assay were heat-inactivated for 30 min at 56°C. Sera were tested at a
starting dilution of 1:10 (Fig. 4) and 1:50 (Fig. 5) for USA-WA1/2020
pseudovirus and 1:40 for B.1.351 pseudovirus, with 8 or 12 twofold
serial dilutions. Serial dilutions of sera were incubated with pseudovirus
for 1 hour at 37°C. Growth medium was then aspirated from the cells
and replaced with 100 pl of serum/virus mixture. Luciferase activity
was measured at 24 hours after infection using the Renilla-Glo
Luciferase Assay System (Promega). Each well of cells was lysed with
20 pl of passive lysis buffer, freeze thawed 1x, and then mixed with
20 pl of luciferase assay reagent. Luminescence was measured on a
microplate reader (SpectraMax i3, Molecular Devices). ICs; was cal-
culated as using Prism 9 (GraphPad Software) nonlinear regression.

Intravascular labeling, cell isolation, and flow cytometry

To discriminate intravascular from extravascular cells, mice were
anesthetized with 30% isoflurane and injected intravenously with
APC/Fire 750 CD45 antibody (30-F11, AB_2572116; BioLegend,
#103154), and after 3-min recovery, mice were euthanized. Tissues
were harvested and analyzed as previously described (20). In short,
lungs were minced with scissors and incubated in a digestion cock-
tail containing collagenase A (1 mg/ml; Roche) and deoxyribonu-
clease I (30 pg/ml; Sigma-Aldrich) in RPMI at 37°C for 45 min.
Tissue was then filtered through a 70-um filter. Cells were treated
with ammonium-chloride-potassium buffer and resuspended in PBS
with 1% bovine serum albumin. Single-cell suspensions were incu-
bated at 4°C with Fc block and an Aqua cell viability dye for 20 min.
After washing with PBS, cells were stained with anti-CD103 (BV42,
2E7, AB_2562901; BioLegend, #121422), anti-CD3 (BV605, 17A2,
AB_2562039; BioLegend, #100237), anti-CD44 (BV711, IM7,
AB_2564214, BioLegend, #103057), anti-CD62L (fluorescein iso-
thiocyanate, MEL-14, AB_313093; BioLegend, #104406), anti-CD8a
(PerCP/Cy5.5, 16-10A1, AB_2566491; BioLegend, #305232), anti-
CD69 (PE/Cy7, H1.2F3, AB_493564; BioLegend, #104512), anti-CD183
(CXCR3) (APC, CXCR3-173, AB_1088993; BioLegend, #126512),
anti-CD4 (AF700, GK 1.5, AB_493699; BioLegend, #100430), and
PE-SARS-CoV-2 S 539-546 MHC class I tetramer [H-2K(b)] for
30 min at 4°C. After washing with PBS, cells were fixed using
4% paraformaldehyde. Cell population data were acquired on an
Attune NxT Flow Cytometer and analyzed using FlowJo Software
(10.5.3; Tree Star). See fig. S5 for gating strategy.

Statistical analysis

Prism 9 (GraphPad) was used for all analysis. Statistical significance
was determined using one- or two-way analysis of variance (ANOVA)
with Tukey’s multiple comparison test or Student’s two-tailed, un-
paired ¢ test where indicated in the figure legend. P < 0.05 was con-
sidered statistically significant.
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