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Effector CD8 T cell differentiation in
primary and breakthrough SARS-CoV-2

infection in mice
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The nature of the effector and memory T cell response in the lungs following acute SARS-CoV-2
infections remains largely unknown. To define the pulmonary T-cell response to COVID-19, we

compared effector and memory T-cell responses to SARS-CoV-2 and influenza A virus (IAV) in mice.
Bothviruses elicited potent effector T cell responses in lungs, but memory T cells showed exaggerated
contraction in SARS-CoV-2-infected mice. Specifically, unlike the T-bet/EOMES-driven effector
transcription program in 1AV lungs, SARS-CoV-2-specific CD8 T cells embarked on a STAT-3-centric
transcriptional program, a defining characteristic of a pro-fibro-inflammatory program: limited
cytotoxicity, diminished expression of tissue-protective inhibitory receptors (PD-1, LAG-3, and TIGIT),
and augmented mucosal imprinting (CD103). Circulating CD45RO"HLA-DR* CD8 T cells in
hospitalized COVID-19 patients expressed elevated levels of STAT-3 and low levels of TIGIT. IL-6
blockade experiments implicated IL-6 in STAT-3 induction and downregulation of PD-1 expression on
SARS-CoV-2-specific primary effector CD8 T cells. Memory CD8 T cells specific to a single epitope,
induced by mucosal vaccination, differentiated into cytotoxic effectors and expressed high levels of
CD1083, effectively reducing viral burden in lungs following a breakthrough SARS-CoV-2 infection. Our
findings have implications for developing targeted immunotherapies to mitigate immunopathology

and promote protective T cell immunity to SARS-CoV-2.

As of 2024, SARS-CoV-2 has resulted in almost 800 million infections
globally, with more than 6 million deaths, and the virus has continued to
evolve with over 12,000 distinct strains identified to date'”. It is very clear
that newer variants, such as Omicron and its sub-lineages, exhibit significant
resistance to neutralization by antibodies generated from previous infec-
tions or vaccinations, necessitating updated vaccine formulations and
booster doses to enhance protection™.

Recent studies have highlighted the critical role of CD8 T cells in
controlling not just primary infections, but also preventing re-infections and
reducing disease severity in breakthrough cases’. However, phenotypic and
functional profiles of circulating T cells in COVID-19 patients with severe
disease suggest a spectrum of T-cell dysregulation ranging from severe
depletion to senescence, exhaustion, aberrant Th17 differentiation, and
hyperactivation®”. It is unclear whether the spectrum of T-cell abnormal-
ities in COVID-19 patients represents different stages of the disease or is
influenced by the host’s prior immunity and genetic factors'’. Further,
findings of dysregulated T-cell immunity in severely ill patients are

confounded by ongoing anti-viral and anti-inflammatory therapies. Ana-
lysis of SARS-CoV-2 CD8 T cells during the acute phase of infection showed
that cells had high proliferative potential, displayed lower expression of
terminal differentiation markers, low expression of inhibitory molecules,
and subsets of spike-specific CD8 T cells had a lower than expected pro-
portion of cells expressing effector function and cytotoxic T lymphocyte
(CTL) molecules'". It is also noteworthy that most of the information to
date on human T-cell responses to SARS-CoV-2 is derived from analysis of
circulating T cells, and the nature of pulmonary T-cell immunity, especially
the differentiation and/or persistence of effector and memory T cells
remains underexplored.

We previously demonstrated that vaccination of mice with adjuvanted
spike protein via mucosal or parenteral routes conferred protection against
lethal SARS-CoV-2". Additionally, we demonstrated that spike-expressing
mRNA vaccines elicited robust spike-specific CD8 T cells that trafficked
from the circulation to the airways, providing protection against viral
challenge'*. However, the nature of the primary CD8 T cell response in the
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lungs following SARS-CoV-2 infection, and the subsequent differentiation
of these effector T cells into memory T cells, and the impact of SARS-CoV-2
infection on character of the recall CD8 T cell responses of vaccine-elicited
memory CD8 T cells in the absence of cross-reactive CD4 T cells or neu-
tralizing antibody responses, remains unknown.

In this study, we compared the pulmonary T cell responses between an
acute resolving SARS-CoV-2 infection and a well-characterized acute
influenza A virus (IAV) infection in mice. We specifically investigated the
differentiation of effector and memory T cells in these different acute viral
infections. These studies provided fundamental insights into altered tran-
scriptional programming of CD8 T cell effector functions, mucosal
imprinting and expression of inhibitory molecules in lungs of SARS-CoV-2-
infected mice. In addition to our investigation of primary effector and
memory T cell responses to SARS-CoV-2 and IAV in K18-hACE2 and WT
C57BL/6 mice, we extended our study to evaluate whether: (1) breakthrough
SARS-CoV-2 infections also dysregulate recall effector CD8 T cell responses
of vaccine-induced memory CD8 T cells in the lungs; (2) parenteral or
intranasal vaccine-induced memory CD8 T cells specific to a single epitope,
can protect against breakthrough SARS-CoV-2 infection in the apparent
absence of recall CD4, antibodies and B cell responses. Data presented in this
manuscript have provided fundamental insights into the potential role of
immunological milieu in driving disparate programs of effector differ-
entiation during acute infections with SARS-CoV-2 and IAV. Further,
findings from the current study reinforces the importance of lung-resident
memory CD8 T cells in protection against SARS-CoV-2, especially when
CD8T cell reactivity of recall responses is restricted to a single epitope. These
findings have implications in understanding pulmonary immunity to acute
viral infections and the development of T-cell-based vaccines to protect
against viral infections of the respiratory tract.

Results

Antigen-specific CD8 T-cell responses to SARS-CoV-2 and
influenza A virus (IAV) in the respiratory tract of K18-hACE2
transgenic mice

Here we compared CD8 T-cell responses to the USA-WA1/2020 strain of
SARS-CoV-2 (100 PFU) and PR8/HIN1 strain of IAV (50 PFU), by
infecting K18-hACE2tg mice with pre-determined viral doses that led to
similar kinetics of viral control in lungs (Fig. 1A). At day 8 and 10 post-
infection (PI), we quantified SARS-CoV-2-specific (K"/S525 epitope) and
TAV-specific (D’/NP366 epitope) CD8 T-cell responses in lungs (Fig. 1B)
using MHC 1 tetramers. Remarkably high frequencies and numbers of
virus-specific CD8 T cells were detected in lungs of SARS-CoV-2- and IAV-
infected mice and these frequencies increased between days 8 and 10 PI. The
frequencies of CD8 T-cell responses to these specific epitopes were com-
parable between the two infections.

Accelerated expression of CD103 and limited terminal differ-
entiation of lung effector CD8 T cells in SARS-CoV-2 infection of
K18-hACE2 transgenic mice

Under the influence of antigen receptor signaling and local inflammatory
milieu (exposure to cytokines such as TGFf, IL-10 and IL-15), effector CD8
T cells differentiate into lung/airway Trys that express varying levels of
CD49a, CD69 and CD103'™'". Induction of these molecules is termed
mucosal imprinting, and it was of interest to determine whether lung
environment in SARS-CoV-2-infected mice affected mucosal imprinting of
effector CD8 T cells. As shown in Fig. 1C, the percentages of CD69",
CD49a™ and CXCR3" CD8 T cells were comparable between SARS-CoV-2
and IAV lungs, on days 8 and 10 PI. However, effector CD8 T cells specific to
NP366 in IAV lungs showed minimal expression of CD103 at day 8 and
10 PI, but SARS-CoV-2 lungs fostered CD103 expression in ~40% of S525-
specific effector CD8 T cells between days 8 and 10 PI (Fig. 1C), indicating
accelerated induction of mucosal imprinting marker CD103 in SARS-CoV-
2 infection. Since effector CD8 T cells that express low levels of the senes-
cence marker KLRG-1 are more likely to differentiate into Trvs'®, we
quantified expressions of KLRG-1 and CX3CR1 that are associated with

terminal differentiation of effector CD8 T cells. Between days 8 and 10 PI,
effector CD8 T cells in IAV lungs increased expressions of CX3CR1 and/or
KLRG-1 (Fig. 1D). Remarkably, only a very small percentage of effector
CD8 T cells in SARS-CoV-2 lungs expressed KLRG-1 or CX3CR1 at days 8
and 10 PI. While CD127 (IL-7 receptor) expression on CD8 T cells did not
differ significantly between SARS-CoV-2 and IAV lungs at day 10PI
(Fig. 1D), the higher expressions of KLRG-1 and CX3CR1 in IAV lungs
suggest greater terminal differentiation of effector CD8 T cells, as compared
to those in SARS-CoV-2 lungs. In summary, SARS-CoV-2 lungs promoted
CD103 expression and limited terminal differentiation of effector CD8
T cells, as compared to lungs of IAV-infected mice.

Impaired induction of lung-protective inhibitory (exhaustion)
molecules on SARS-CoV-2-specific CD8 T cells in K18-hACE2
transgenic mice

During the resolution phase of an acute influenza virus infection, expres-
sions of inhibitory molecules (also referred to as exhaustion markers) such
as PD-1, TIM-3, TIGIT and LAG-3 on effector CD8 T cells limit the pro-
fibrotic inflammatory response in lungs’™"’. Since COVID-19 disease in
humans is associated with a pro-fibro-inflammatory response in lungs***',
we determined whether expression of inhibitory molecules on effector CD8
T cells are dysregulated in lungs of SARS-CoV-2-infected mice. More than
40% of IAV-specific effector CD8 T cells expressed PD-1 and/or TIGIT and/
or LAG-3 on days 8 and 10 PI (Fig. 2A and Supplementary Fig. 1A). In
SARS-CoV-2 lungs however, on day 8 P, only 25% of effector CD8 T cells
expressed one of the three inhibitory molecules and this percentage dropped
to 5% on day 10 PI (Supplementary Fig. 1A). Next, we determined whether
reduced expression of inhibitory molecules was linked to defective induc-
tion of the master transcription factor TOX, which promotes the expression
of PD-1, TIGIT and LAG-3”. Although the mean fluorescence intensities
(MFIs) did not reflect this difference, a small yet significantly higher per-
centage (P <0.05) of effector CD8 T cells expressed transcription fcator
TOX in IAV lungs compared to those in SARS-CoV-2 lungs at day 10 PI
(Supplementary Figs. 1B and 2) Supplementary Fig. 2. Tempered expression
of inhibitory molecules was also associated with increased percentages of
Ki67" SARS-CoV-2-specific proliferating CD8 T cells in lungs, in com-
parison to IAV-specific CD8 T cells (Supplementary Fig. 1B). Thus, the
immunological elements that induce TOX and inhibitory molecules to
mitigate a potentially pro-fibrotic inflammatory response in lungs of IAV-
infected mice might be diminished in SARS-CoV-2 lungs.

SARS-CoV-2 and IAV elicit disparate signaling and effector
transcription programs in lung CD8 T cells of K18-hACE2
transgenic mice

Next, we probed whether the aforementioned differences in cell surface
phenotypes of effector CD8 T cells in SARS-CoV-2 and IAV lungs were
associated with alterations in the expression of granzyme B and transcrip-
tion factors T-bet, EOMES, IRF-4, RORyt, GATA-3 and STAT-3*** that
regulate effector differentiation. At day 8 and 10 PI, 90-100% of NP366-
specific effector CD8 T cells in IAV lungs expressed high levels of granzyme
B, while only 65-75% of S525-specific effector CD8 T cells expressed
granzyme B in SARS-CoV-2 lungs (Fig. 2B). Strikingly, at both days 8 and
10 PI, the percentages of IRF-4*/granzyme B* effector CD8 T cells in SARS-
CoV-2 lungs were significantly lower (P < 0.05) than in the lungs of IAV-
infected mice (Fig. 2B and Supplementary Fig. 2). Notably, the expression
levels of CD107a, a marker for degranulation, were comparable between
effector CD8 T cells in SARS-CoV-2 and IAV lungs (Fig. 2B). This suggests
that while granzyme B expression differed between the two groups, the
capacity for degranulation was not significantly altered.

While EOMES levels were significantly lower in SARS-CoV-2 lung
CDB8T cells than in IAV lungs (Fig. 2C, Supplementary Fig. 2), no significant
differences (P <0.05) were observed in the expression of T-bet, BATF,
RORyt and Bcl-2 between SARS-CoV-2- and IAV-specific CD8 T cells
(Fig. 2C, Supplementary Fig. 1C). A significantly (P <0.05) greater per-
centage of effector CD8 T cells in SARS-CoV-2 lungs expressed elevated

Communications Biology | (2025)8:392


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-07820-7

Article

A. B.

D8 PI D10 PI
16.3% 26.0% % **
- 1
o~ %o .
™ >. g k¥ kkk  kk “‘02500000 *okok KKk
6 I 2 8
0o} 38 Z 30 £ 2000000 .
° ] 7 ry 3
o . a (%] a 2
5 X 14 5 20 B 1500000 . K
= 4 < + 5
E’ A 1%} 0 ¥
> a P io 1000000
T ]
2 2 5.99% 15.0% X 2 500000~
8 "

e ® P O
vod—mupmn— i o > RO
PSP g < & Pt

W ) K\ 2 & & & &L
£ ¥ ofx F F & 4
& &
2 &
CD44
C.
Dg Pl D10 PI D8 PI D10 PI
62.8% 5.37% 33.0% 36.1% 33.6 339 |244 228
s Q@ Q@
e > >
: gl ! S) S)
o 3 3
B N+ <]
I\ g x 3 ©
AN ; < 8 <
: o 9 (%)
% J‘I.ll%;‘ 0.81% . 7.09% B3 25.6
8 57.5% 0.92% 54.4% 2.20% 35.0
> > F g &
< < S v OA"‘O & &
& & &
o F
0.57% 18.2

CD49a

Fokok ok

D8 PI

SARS-CoV-2

8.01

CX3CR1

Normalized Frequency

1AV

484

KLRG1

Fig. 1 | Primary effector T-cell responses to SARS-CoV-2 and Influenza Virus in
K18-ACE2 transgenic mice. K18-ACE2tg mice were intranasally infected with 50
PFU of the PR8/H1NT1 strain of influenza A virus or 100 PFU of the USA-WA1/2020
(WA strain) of SARS-CoV-2. A Following influenza or SARS-CoV -2 infection, virus
titers were measured in lungs. Single-cell suspensions of lungs were stained with
viability dye, followed by K*/S525 (for SARS-CoV-2) or D*/NP366 tetramers (for
IAV) in combination with anti-CD4, CD8, CD44, CD69, CD103, CD49a, CX3CR1,
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KLRGI, CD127, CXCR3. B Frequencies of NP366- or S525-specific CD8 T cells in
the lung among gated CD8 T cells. C, D FACS plots or histograms are gated on K"/
$525 or D"/NP366 tetramer-binding CD8 T cells. The numbers are percentages of
CD103*, CXCR3*/CD49a", KLRG1*/CX3CR1", CD127" cells in respective gates or
quadrants. Data represent four independent experiments. Data in each graph
indicate mean + SEM.

levels of both total STAT-3 and phosphorylated STAT-3 (p-STAT3), as
compared to their expression levels in IAV-specific effector CD8 T cells
(Fig. 2D, Supplementary Fig. 2, and Supplementary Fig. 3). To assess
whether STAT-3 upregulation is epitope-specific, we compared STAT-3
levels between S525- and N219-specific effector CD8 T cells at day 8 after
infection. STAT-3 levels were not significantly different (p = 0.84) between
$525 (MFI; 249.8 +87.87)- and N219 (MFI; 225.0 + 75.6)-specific CD8
T cells. Since STAT-3 is known to oppose the cytotoxic effector program in
CD8 T cells™*, these data suggested that SARS-CoV-2 infection might limit
the CD8 T-cell-mediated cytotoxicity, including granzyme B expression by
inducing STAT-3. Activated CD44"™ CD4 T cells in lungs of SARS-CoV-2
mice also expressed significantly higher levels of STAT3 and GATA-3, than
in CD4 T cells from lungs of IAV mice (Supplementary Fig. 4B). These data
supported the inference that the immunological milieu in lungs of SARS-
CoV-2 but not IAV mice might support a mixed T1/T2 functional pro-
gramming. The observed alterations in the differentiation of SARS-CoV-2-

specific CD8 T cells was not associated with changes in the percentages of
Foxp3™ regulatory CD4 T cells (Supplementary Fig. 4B).

In order to gain further insight into the signaling basis for altered
expressions of CD103, inhibitory molecules and granzyme B during SARS-
CoV-2 infection, we assessed phosphorylation states of STAT-5, AKT and
ERK1/2 in effector CD8 T cells, in addition to STAT-3. Significantly
(P < 0.05) greater percentages of IAV-specific effector CD8 T cells expressed
p-AKT1 and p-ERK1/2, as compared to SARS-CoV-2-specific effector CD8
T cells (Supplementary Fig. 3B). These data are consistent with previously
reported ongoing T cell receptor signaling in lungs of IAV mice', and such
signaling appears to be substantively tempered in SARS-CoV-2-infected
mice. The levels of both total STAT-3 and p-STAT-3, and p-STAT-5
appeared to be reciprocally regulated in effector CD8 T cells from lungs of
SARS-CoV-2- and IAV-infected mice (Fig. 2, Supplementary Fig. 3A), with
SARS-CoV-2 infection leading to elevated total and phosphorylated STAT-
3 levels. Elevated levels of STAT-3 and p-STAT-3 (Fig. 2, Supplementary
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Fig. 1. FACS plots in (A-E) are gated on tetramer-binding CD8 T cells, and data are
the percentages of cells among the gated population for the indicated marker. Data
represent four independent experiments. Data in each graph indicate mean + SEM.

Fig. 3A) were defining characteristics of SARS-CoV-2-specific CD8 T cells,
but the levels of p-STAT-5 were significantly greater (P <0.05) in IAV-
specific CD8 T cells, than in SARS-CoV-2-specific CD8 T cells (Supple-
mentary Fig. 3A). These data strongly suggested that signaling inputs for
effector CD8 T cells in SARS-CoV-2 lungs and IAV lungs are likely distinct.

Phosphorylated STAT-3 in SARS-CoV-2 lung CD8 T cells might
reflect exposure to high levels of IL-6, a feature of severe COVID-19""*, and
anti-IL-6 therapy improves recovery from severe COVID-19 in humans™ .
To determine whether STAT-3 induction and downregulation of granzyme
B or inhibitory molecules in effector CD8 T cells are downstream to IL-6
signaling, we treated cohorts of SARS-CoV-2-infected K18-ACE2tg mice
with anti-IL-6 or isotype control antibodies. At day 8 after infection, anti-IL-
6 treatment did not affect the accumulation of SARS-CoV-2-specific
effector CD8 T cells in lungs (Supplementary Fig. 5A). However, IL-6
blockade resulted in a statistically significant (P < 0.05): (1) reduction in
percentages of STAT-3"" CD8 T cells (Supplementary Fig. 5B); and (2)
increase in the percentages of PD-1"" CD8 T cells (Supplementary Fig. 5B),

in comparison to those in the isotype control group. No significant altera-
tion in expressions of granzyme B or LAG-3 in CD8 T cells occurred in
response to anti-IL-6 treatment of SARS-CoV-2-infected mice (Supple-
mentary Fig. 5B). Thus, CD8 T-cell responses to SARS-CoV-2 were largely
unaffected by IL-6 blockade, which suggested that STAT-3 induction and
altered differentiation of effector CD8 T cells might be driven in part by IL-6.

Because STAT-3 and GATA-3 are drivers of T2 and/or T17
differentiation™, we examined antigen-triggered cytokine production by
SARS-CoV-2- and IAV-specific CD8 and CD4 T cells, ex vivo (Fig. 3,
Supplementary Fig. 6A). Upon ex vivo antigenic stimulation, SARS-CoV-2-
and TAV-specific CD8 and CD4 T cells produced IFN-y and the percentages
of IFN-y-producing CD8 T cells increased between day 8 and 10 PI only in
SARS-CoV-2 lungs. Approximately 75% of cytokine-producing CD8 T cells
produced IFN-y alone or in combination with IL-2 and/or TNFa, (Fig. 3,
Supplementary Fig. 6B), suggesting that both infections skewed CD8 T cells
to a Tcl polarity. Interestingly, at both days 8 and 10, the proportion of IFN-
y" CD8 T cells that also produced TNFa and IL-2 (triple cytokine-producers)

Communications Biology | (2025)8:392


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-07820-7 Article
ns ns
ns
* ns 1
— ] ns
ns ns |
[ sl | * = =
20 % lns ns 0.25+ ns_'_* . ns 47 Ii 89 1
_ll_l [ )
LY ° ° °
15-] e ° 4 0.20 3 . 6 o
: s - oo g ¢
= < 0.15-] * z
& 10 . < e 2 o] =4 .
- = = 2 Y
® ° 20104 o ¢ < °
5 1 2-
0.05- o |, 0g0 .
i ° |'¥'| ° ° | |
0 T T T T 0.00 I T T T 0 T T T T 0 T T T T
KIS 2 O P O ® O P O 2 O P O
2% oS &% O ¥ 2 & ¥ O &S NSRS
SN T H AT R
& & & & *k & & & &
F F ¥ oF I— X F F F
%k %k
% %k %k
%k %
ns
0.25- 0.20- NS k%% NS 0.06 ns 2 20+ ok
° J | 8
[ ) +
020 0.15 .~y . . Z 15 *
© 0.15 t ip 0047 o = oo
< = °
= ° = 0.10 ° = ° n 10
= 0.10 < s \
° 0.02 = n
0.05-] ﬁ ﬁ 0.057 o ° g
» z
9 1 ;
0.00 r r . 0.00--1 . . . 0.00- < o0
S O P @ O & O S O P O S O P O
O MR NI OIP MR IR WS e
° c,oA ’ ¥ow oé & ¥ ° c,§ 4 ¥ow < c,ow A4
vgg, & & Q_fo’o vgg, & & &
? o F X F F

Fig. 3 | Functional programming of effector CD8 T cells in lungs of SARS-CoV-2
and influenza virus-infected mice. K18-ACE2tg mice were intranasally infected
with either IAV or WU strain of SARS-CoV-2 viruses, and lung cells stained as
described in Fig. 1. Lung cells from infected mice were stimulated with the S525
peptide of SARS-CoV-2 Spike (S) protein, or the NP366 peptide of IAV

Nucleoprotein (NP). Cytokine production by CD8 T cells was assessed by intra-
cellular cytokine staining. Percentages of cytokine-producing cells among the gated
CD8 T cells are shown. Data represent four independent experiments. Data in each
graph indicate mean + SEM.

was 7-8 fold higher in lungs of SARS-CoV-2 mice, as compared with CD8
T cells in lungs of IAV mice (Fig. 3, Supplementary Fig. 6B). In order to assess
whether lung CD8 T cells were dysfunctional, we determined the ratio of
frequencies of tetramer™ cells to cytokine-producing cells (that produced at
least one of the following cytokines: IFN-y, TNF-a, IL-2, IL-4, IL-5, IL-13 or
IL-17). As shown in Supplemental Fig. D, the ratios of tetramer” : cytokine-
producing CD8 T cells were close to 1, and there was no significant difference
between infections for the frequencies of multi-cytokine expressing cells (cells
that expressed two or more of the measured cytokines: IFN-y, TNF-a, IL-2,
IL-4, IL-5, IL-13 or IL-17), which suggested that virus-specific CD8 T cells in
lungs were equivalently functional in both SARS-CoV-2- and IAV-
infected mice.

CD4 T cells from SARS-CoV-2 lungs and IAV lungs were stimulated
with a spike protein peptide pool or a specific epitope peptide (NP311)
respectively, but the frequencies of IFN-y-producing CD4 T cells in lungs of
IAV-infected mice were ~2-fold greater than in SARS-CoV-2-infected mice
(Supplementary Fig. 6A). Akin to CD8 T cells, the polyfunctionality of lung
CD4 T cells differed between the two infections (Supplemental Fig. 6A, C).
First, it is noteworthy that the proportion of CD4 T cells that exclusively
expressed TNF-a in SARS-CoV-2 lungs (52-67%) were substantively

higher than in IAV lungs (29-32%). Second, the proportion of TNF-a-
producing CD4 T cells outnumber IFN-y-producing CD4 T cells in lungs of
SARS-CoV-2-infected but not IAV-infected mice. Third, the percentages of
CD4 T cells that produced IFN-y along with TNF-a and/or IL-2 in IAV
lungs (27-43%), as well as polyfunctional expression of IFN-y, TNF-a and
IL-2 together was greater than in SARS-CoV-2 lungs (7-14%) (Supple-
mentary Fig. 6A, C). A small percentage of CD8 T cells in SARS-CoV-2
lungs produced IL-4, but there were clearly detectable populations of CD4
T cells that produced IL-4 and/or IL-13 in SARS-CoV-2 lungs, as compared
to those in TAV lungs (Supplementary Fig. 6A). Thus, elevated levels of
STAT-3 and GATA-3 inlung CD4 T cells of SARS-CoV-2 mice might drive
functional polarization of a small fraction of virus-specific CD4 T cells into
Ty2 cells.

SARS-CoV-2 infection in humans increases STAT-3 expression
in CD4 and CD8 T cells

To determine if aberrant T-cell effector programming observed in mouse
studies translated to a clinical setting, we analyzed PBMCs from healthy
volunteers and patients hospitalized with a confirmed severe SARS-CoV-2
infection. Overall percentages of CD45RO™ cells were similar between
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healthy and SARS-CoV-2-infected groups, but SARS-CoV-2 patients had
higher frequencies of HLA-DR™ CD8 and CD4 T cells than in healthy
volunteers, suggestive of an ongoing response to infection (Supplementary
Fig. 7A, D); a substantive proportion of HLA-DR" CD8 T cells in SARS-
CoV-2 group was proliferating, as measured by elevated expression of Ki-67
(Supplementary Fig. 7A, D). Since there is contradicting information about
the functionality of T cells in patients with COVID-19""*, we examined
their expression in human PBMCs from our patient cohort. We found that
PD-1, LAG-3, and TIM-3 levels were not significantly elevated in CD8
T cells from patients with severe COVID-19, as compared to healthy
volunteers (Supplementary Fig. 7B). Additionally, TIGIT levels were sig-
nificantly lower on CD8 T cells in SARS-CoV-2 patients than in healthy
volunteers (Supplementary Fig. 7B). Similarly, levels of effector molecules
granzyme B and perforin, as well as the terminal differentiation marker
CX3CRI, were not elevated in CD8 T cells, despite patients being in the
acute phase of SARS-CoV-2 infection (Supplementary Fig. 7C). These
findings are suggestive of variability in CD8 T-cell responses among dif-
ferent patient populations. Of interest was that total STAT-3 levels were
significantly higher in CD4 and CD8 T cells in SARS-CoV-2-infected
patients, as compared to healthy volunteers (Supplementary Fig. 7C, E).
Although we measured STAT-3 levels in human T cells, elevated STAT-3
expression has been associated with altered STAT-3 signaling activity and
functional consequences in other studies*"** Notably however, in our study,
circulating activated HLA-DR" CD8 T cells in COVID-19 patients dis-
played elevated levels of STAT-3 expression but did not show significant
alterations in the expressions of effector molecules (granzyme B and per-
forin) or inhibitory molecules such as PD-1.

Characteristics of SIINFEKL-specific effector and memory CD8
T cells in lungs of C57BL/6 mice infected with mouse-adapted
strains of SARS-CoV-2 and IAV

Data presented so far were derived from infection of K18-hACE2 transgenic
mice infected with the Wuhan strain of SARS-CoV-2 or the prototypic IAV,
focusing on responses to virus-specific epitopes. While the K18-hACE2
transgenic mice are highly susceptible to human strains of SARS-CoV-2
without adaptation, viral infection of the central nervous system and ele-
vated severity of the infection are confounding factors associated with this
animal model of SARS-CoV-2 infection. Additionally, in these studies, we
did not rule out the epitope-specific effects on T cell differentiation by
comparing T cells of the same antigenic specificity between SARS-CoV-2
and TAV. In order to address the afore-mentioned potential pitfalls, we
infected C57BL/6 mice with mouse-adapted strains of SARS-CoV-2 (CoV-
OVA) and PRS strain of IAV that express the K'-restricted ovalbumin
SIINFEKL epitope (IAV-OVA). Importantly, this mouse-adapted SARS-
CoV-2 strain faithfully recapitulates several features of human COVID-19
disease in immunocompetent non-transgenic mice and mitigate the caveats
of the K18-ACE2 transgenic mice".

We infected groups of 10-week-old C57BL/6 mice with either 1000
PFU of CoV-OVA or 500 PFU of IAV-OVA; these doses induced com-
parable morbidities in infected mice. At 8- and 10-days post-infection (PI),
both viruses elicited high frequencies of SIINFEKL-specific CD8 T cells in
lungs, that peaked at day 10 after infection (Fig. 4A). At day 10 P, the
frequencies of SIINFEKL-specific CD8 T cells in IAV-OVA lungs were ~2-
fold higher than in CoV-OV A lungs. Interestingly, the frequencies of S525-
specific CD8 T cells were highest on day 8 after CoV-OVA infection and
NP366-specific CD8 T cell frequencies peaked at day 10 after IAV-OVA
infection. In summary, the overall antigen-specific CD8 T cell responses in
the lungs of CoV-OVA and IAV-OVA mice were largely comparable.

Remarkably, data in Fig. 4B show that the distinguishing phenotypic
characteristics of effector CD8 T cells in lungs of SARS-CoV-2 or IAV-
infected K18-ACE2 transgenic mice (Fig. 1C, D) were fully recapitulated in
SIINFEKL-specific effector CD8 T cells isolated from the lungs of CoV-
OVA or IAV-OVA infected C57BL/6 mice. Specifically, SIINFEKL-specific
effector CD8 T cells in CoV-OVA lungs displayed augmented levels of
mucosal imprinting (elevated CD69" CD103" frequencies at day 10) and

significantly lower degree of terminal differentiation (reduced frequencies of
KLRG-1"CX3CR1" cells and increased frequencies of CD127" cells at day
10), as compared to levels in IAV-OVA lungs; SIINFEKL-specific effector
CD8 T cells in IAV-OVA lungs displayed greater degree of terminal dif-
ferentiation (greater levels of KLRG-1"CX3CR1™ cells), than their coun-
terparts in CoV-OVA lungs. Similar to our findings in lung CD8 T cells
from IAV or SARS-CoV-2-infected K18ACE2 transgenic mice (Fig. 2A), a
significantly greater percentages of SIINFEKL-specific effector CD8 T cells
in lungs of IAV-OVA mice expressed the inhibitory molecules PD-1 and
TIGIT, as compared to those in CoV-OVA lungs (Fig. 4B). Additionally,
SIINFEKL-specific CD8 T cells from IAV-OVA-infected mice contained
significantly higher levels of granzyme B and lower levels of STAT-3,
whereas CD8 T cells from CoV-OV A-infected mice displayed significantly
lower levels of granzyme B and higher levels of STAT-3 (Fig. 4C). Taken
together, data in Figs. 2 and 4 provide strong evidence that SARS-CoV-2
infection might trigger a distinct STAT3-dominated program of effector
CD8 T cell differentiation, which enforces diminished cytolytic effector
function and potentially fosters pro-fibrotic immunopathology in the lungs.

Data in Figs. 1-4 demonstrated salient differences in effector T cell
differentiation following infections with SARS-CoV-2 and IAV. Especially
intriguing was the accelerated or augmented expression of the canonical
tissue residency marker CD103, reduced terminal differentiation and the
reduced expression of PD-1 on CD8 T cells in the lungs of SARS-CoV-2-
infected mice. This is because, reduced terminal differentiation, PD-1 sig-
naling and CD103 expression in effector CD8 T cells are known to promote
development and/or persistence of lung-resident memory T cells*. It was of
interest to assess whether differences in the expression of PD-1, CD103, and
terminal differentiation altered the differentiation of tissue-resident mem-
ory CD8 T cells in the respiratory tract. We infected cohorts of C57BL/6
mice with CoV-OVA or IAV-OVA, and quantified SIINFEKL-specific
memory CD8 T cells in airways (bronco-alveolar lavage; BAL), lungs, and
spleen, at 60 days after infection. Frequencies and total numbers of
SIINFEKL-specific CD8 T cells were significantly lower in the BAL, lung,
and spleen of CoV-OVA-infected mice, compared to IAV-OVA-infected
mice (Supplementary Fig. 8A). Furthermore, frequencies and numbers of
S525-specific CD8 T cells were consistently lower in all tissues of CoV-
OV A-infected mice compared to NP366-specific CD8 T cells in IAV-OVA-
infected mice (Supplementary Fig. 8B).

To evaluate the tissue-resident memory (Try;) phenotype of
SIINFEKL-specific memory CD8 T cells at this time point, we assessed the
co-expression of CD69 and CD103 in the BAL and lungs (Supplementary
Fig. 8C). In the BAL, the frequencies of CD69"/CD103" SIINFEKL-specific
CD8 T cells ranged from 20% to 60%, with no significant differences
observed between the CoV-OVA and IAV-OVA groups. However, in the
lungs, the frequencies of CD69*/CD103" SIINFEKL-specific CD8 T cells
were significantly higher in IAV-OVA-infected mice, as compared to both
doses of CoV-OV A-infected mice (p < 0.05). Similar trends were observed
for $525- and NP366-specific CD8 T cells (Supplementary Fig. 8D), where
IAV-infected mice exhibited higher frequencies of CD69"/CD103" cells in
the lungs compared to SARS-CoV-2-infected mice. These results indicate
that despite the enhanced mucosal imprinting observed during the effector
phase of SARS-CoV-2 infection, the establishment of lung Tgys cells at
memory time points was less efficient, as compared to IAV infection.

Epitope-specific vaccination elicits robust CD8 T cell responses
and reduces viral loads in SARS-CoV-2 challenge models

Data provided so far demonstrated that immunological milieu in the lungs
might drive a distinct effector differentiation program during a primary T
cell response (naive to effector differentiation) to SARS-CoV-2 infection.
What is unknown is whether SARS-CoV-2 infection dysregulates differ-
entiation of effector CD8 T cells from vaccine-induce memory CD8 T cells
during recall responses. Therefore, using two different vaccine strategies, we
asked whether vaccine-induced memory CD8 T cells specific to a single
epitope, can differentiate into effector cells and effectively reduce viral load
in lungs, following challenge with SARS-CoV-2. The two vaccination
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Fig. 4 | Comparative CD8 T cell responses in WT mice infected with CoV-OVA or
IAV-OVA. WT C57BL/6 mice were infected with 1000 PFU of CoV-OVA or 500

PFU of IAV-OVA. On days 8 and 10 post-infection, mice were euthanized, and lungs
were collected for CD8 T cell analysis. A FACS plots and graphs show frequencies of
SIINFEKL-specific CD8 T cells in the lungs. B Graphs show frequencies of

CD69 + CD103+, KLRG1 + CX3CR1+, CD127+, PD-1+, and TIGIT+ or

C frequencies granzyme B+, and STAT-3+ among SIINFEKL-specific CD8 T cells.
Data represent two independent experiments. Data in each graph indicate

mean + SEM.

models entail immunizing mice with chicken ovalbumin (formulated in an
adjuvant) or infection with recombinant vaccinia virus expressing chicken
ovalbumin (VV-OVA). Following vaccination, mice are challenged with
CoV-OVA that expresses the K*-restricted SIINFEKL epitope of OVA. It is
noteworthy that viral control in this model is solely driven by SIINFEKL-
specific memory CD8 T cells in the absence of antigenic stimulation of
memory CD4 T cells or B cells.

Groups of mice were vaccinated intranasally or subcutaneously with
OV A protein formulated in Adjuplex and CpG; this adjuvant combination

was previously shown to confer durable protection to SARS-CoV-2". For
rigor, cohorts of mice were vaccinated with influenza NP protein via both
routes as a negative control. On days -5, -3, -1, 1, and 3, relative to the lethal
challenge with CoV-OVA, cohorts of vaccinated mice were treated with
depleting anti-CD8 T cell antibodies (administered both intranasally and
intravenously). On day 5 after challenge, mice were euthanized to assess
viral loads and CD8 T cell responses in lungs. Flow cytometric analysis
(Fig. 5) showed that mice vaccinated with ADJ+CpG plus OVA protein via
the IN route displayed recall SIINFEKL-specific CD8 T cell response, with
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day 5 post-challenge, lungs were collected for CD8 T cell and viral load analysis.
Graphs show flow cytometric analysis of recall SIINFEKL-specific CD8 T cells,
weight loss measurements, and quantification of lung viral loads. Data are repre-
sentative of two experiments. Data in each graph indicate mean + SEM.
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significantly higher numbers of CD8 T cells in the lungs compared to all
other groups. Notably, there was no significant difference in the numbers of
SIINFEKL-specific CD8 T cells in the lungs of mice vaccinated sub-
cutaneously with ADJ+CpG plus OVA compared to negative control NP
protein-vaccinated mice, or OVA-vaccinated groups depleted of CD8
T cells. Importantly, mice in the IN ADJ+CpG plus OVA group exhibited
significantly less weight loss, around only 5%, as compared to approximately
15% weight loss in all other groups at day 5 post-challenge. Additionally,
there was a significant 3 log; fold decrease in lung viral loads in the IN ADJ
+CpG plus OVA group compared to all other groups. Thus, SIINFEKL-
specific memory CD8 T cells induced by adjuvanted vaccine (administered
intranasally) provided significant protection against weight loss, and
effectively reduced SARS-CoV-2 load in lungs by >99% in a CD8 T cell-
dependent fashion.

Using a complementary strategy, we vaccinated cohorts of mice with
VV-OVA via intranasal (IN) or intramuscular (IM) routes. As a negative
control, mice cohorts were vaccinated (IN or IM) with VV expressing the
nucleoprotein (NP) of lymphocytic choriomeningitis virus (LCMV; VV-NP).
Thirty-six days after vaccination, to mimic a breakthrough infection, mice
were challenged with the CoV-OVA. Five days post-challenge, mice were
euthanized to assess CD8 T cell recall responses and viral titers in lungs. Flow
cytometric analysis (Fig. 6A) revealed that mice vaccinated with VV-OVA via
the IN route exhibited significantly higher frequencies of SIINFEKL-specific
CD8 T cells compared to those vaccinated via the IM route. Both VV-OVA
vaccinated groups (IN and IM) demonstrated significantly higher frequencies
of STINFEKL-specific CD8 T cells than the negative control groups vaccinated
with VV-NP. Furthermore, the VV-OVA IN group showed markedly lower
viral titers in the lungs, as compared to all other groups, with a four-fold
reduction relative to the negative control groups. Although the VV-OVA IM
group also exhibited a significant reduction in viral titer, the decrease was only
two-fold compared to the controls (Fig. 6B).

We also assessed whether SIINFEKL-specific effector CD8 T cells in
lungs of SARS-CoV-2-challenged mice differentiated into effector cytotoxic
lymphocytes. Flow cytometric analysis revealed that >60% of SIINFEKL-
specific recall CD8 T cells expressed readily detectable levels of granzyme B in
the lungs of SARS-CoV-2 challenged mice (Fig. 6C), suggestive of effector
differentiation. By contrast, memory CD8 T cells specific to the VV B8R
protein expressed little granzyme in the lungs of SARS-CoV-2-challenged
mice because only SIINFEKL-specific memory CD8 T cells but not BR8-
specific memory CD8 T cells are expected to respond to CoV-OVA challenge
by differentiating into granzyme B-expressing effector CD8 T cells. These data
suggested that recall of cytotoxic effector functions in memory CD8 T cells
occurs effectively following challenge with SARS-CoV-2. Interestingly, unlike
elevated granzyme B expression, expressions of KLRG-1 and CX3CR1 were
comparable between SIINFEKL-specific and B8R-specific CD8 T cells
(Fig. 6C). Next, we examined whether SARS-CoV-2 drove enhanced
expression of CD103 in recall/secondary CD8 T cells, similar to lung effector
CD8 T cells during a primary SARS-CoV-2 infection (Fig. 4B). While only a
small fraction of quiescent B8R-specific memory CD8 T cells expressed
CD103, nearly 80% of SIINFEKL-specific effector CD8 T cells expressed
CD103 in lungs of SARS-CoV-2-challenged mice (Supplementary Fig. 9A).
The expression of CD103 on recall lung CD8 T cells was likely induced by
SARS-CoV-2 challenge because the frequencies of CD103"* cells among
SIINFEKL-specific memory CD8 T cells were lower in unchallenged mice, as
compared to those in virally challenged mice (Supplementary Fig. 9B). Thus,
SARS-CoV-2 infection drives enhanced expression of CD103 on both pri-
mary and recall effector CD8 T cells in lungs. Taken together, data in Fig. 4
suggested that unlike in a primary infection (Figs. 1-2), the immunological
milieu induced by the breakthrough SARS-CoV-2 infection did not adversely
affect the differentiation of vaccine-induced memory T cells into effectors,
and their ability to reduce viral burden in lungs.

Discussion
A thorough characterization of antiviral T-cell immunity is a prerequisite
for deciphering viral pathogenesis and developing effective, durable, and

broadly protective vaccines against SARS-CoV-2. In this manuscript, we
explored the nature and regulation of T-cell immunity during acute SARS-
CoV-2 infection in the respiratory tract, comparing it to the well-
characterized T-cell responses to an acute infection with the PR8/
HINT1 strain of influenza A virus. This comparative analysis shows that the
immunological environment and the range of signaling inputs orchestrated
by influenza and COVID-19 in the lungs are distinct, driving different
programs of effector differentiation in responding CD8 T cells. These dif-
ferences influence processes such as trafficking, effector functions, mucosal
imprinting, Try fate adaptation, and the regulation of inflammation or
immunopathology. The findings presented in this manuscript provide new
insights into the mechanisms governing the protective and pro-fibro-
inflammatory roles of CD8 T cells in acute SARS-CoV-2 infection.

We find that infection with viral doses that caused comparable levels
and duration of viral replication stimulated strong CD8 T-cell responses to
defined epitopes of SARS-CoV-2 and IAV in the lungs of K18-ACE2tg mice.
Interestingly, however, responding CD8 T cells in the lungs of SARS-CoV-
2-infected mice exhibit significant differences in cell surface phenotype,
function, and expression of transcription factors, as compared to those in
IAV-infected mice. Effector CD8 T cells in lungs of SARS-CoV-2-infected
mice display accelerated induction of CD103 and reduced expression levels
of terminal differentiation markers KLRG-1 and CX3CRI. Although
CD127 expression levels were similar between the two infections at day 10
PI, the higher expressions of KLRG-1 and CX3CR1 in IAV lungs indicate
more terminal differentiation of effector CD8 T cells. These findings suggest
that SARS-CoV-2 infection might promote accelerated mucosal imprinting
but limit terminal differentiation of effector CD8 T cells in the lungs'®. Our
data in mice mimics enhanced Tyys-like cells in SARS-CoV-2-infected
humans’*. Among several factors, exposure of effector T cells to cytokines
such as TGF-B might have promoted expression of CD103'*'* because, high
levels of TGF-P are induced in human COVID-19 patients™'. An unexpected
finding in this study was that, unlike IAV-specific effector CD8 T cells,
SARS-CoV-2-specific CD8 T cells in lungs express low levels of inhibitory
molecules PD-1, LAG-3 and TIGIT. This is a key finding because CD8
T-cell expression of inhibitory molecules protects lungs from immune-
mediated fibrosis during the resolution phase of influenza virus
infection'”™". Data on the expression of exhaustion-associated molecules in
circulating CD8 T cells of human COVID-19 patients is equivocal™ . In
our human patient cohort, we did not observe significant elevation of PD-1
or LAG-3 markers. The contradicting findings on the expression of
exhaustion markers is likely due to differences in patient demographics,
disease severity, timing of sample collection, or technical variations.
Nevertheless, our findings highlight the heterogeneity of immune responses
in COVID-19 patients and suggest that factors such as the stage of infection
and individual patient characteristics may influence the expression of these
molecules. Despite these caveats, similar to our findings in mice, in one
particular study, circulating CD8 T cells in human COVID-19 patients also
expressed low levels of inhibitory molecules*. Therefore, pertaining to the
reported fibro-inflammatory response in lungs of COVID-19 patients*”*,
we plan on investigating whether induction of pro-fibrotic cytokine TGF-f
along with the dampened expression of inhibitory molecules on effector
CD8 T cells promote lung fibrosis.

In comparison to IAV-specific effector CD8 T cells, a substantive
fraction of SARS-CoV-2-specific effector CD8 T cells in lungs expressed
lower levels of the effector molecule granzyme B and inhibitory molecules
such as PD-1. Comparable expression of CD69 and similar kinetics of viral
control in lungs between the two infections suggest that differences in TCR
signaling might not explain muted expression of granzyme B or inhibitory
molecules in SARS-CoV-2-specific CD8 T cells, but further investigations
into viral antigen archiving in lungs and draining lymph nodes will be
needed to address the underlying mechanisms***. A key finding from this
study is that effector CD8 T cells in lungs of SARS-CoV-2-infected mice and
circulating CD8 T cells in human COVID-19 patients contained elevated
levels of the transcription factor STAT-3. In our mouse studies, we observed
elevated levels of both total STAT-3 and phosphorylated STAT-3
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(p-STAT3) in SARS-CoV-2-specific CD8 T cells, indicating increased
STAT-3 signaling activity (Supplementary Fig. 3). Although we measured
total STAT-3 levels in human T cells, previous studies have demonstrated
that changes in total STAT-3 expression can influence STAT-3-mediated
transcriptional activity and have functional significance*"*”. Therefore, high
levels of STAT-3 might be linked to lower granzyme B expression because
STAT-3 negatively regulates the effector transcription program in CD8
T cells™.

IL-6 is one of the potent inducers of STAT-3 and high IL-6 levels is a
biomarker of severe COVID-19 in humans®>*, However, we find that IL-6
blockade following SARS-CoV-2 infection failed to fully reverse STAT-3
induction or restore granzyme B expression in effector CD8 T cells. This
result is not totally unexpected because, (1) therapeutic blockade of IL-6 in
COVID-19 patients does not upregulate granzyme B expression in CD8
T cells™; (2) there are a number of other molecules including TGF- that can
modulate STAT-3 activity”’. Nevertheless, these results clearly show that
anti-IL-6 therapies might not negatively affect T-cell responses in human
COVID-19 patients. What are the possible implications of STAT-3
induction? In addition to suppression of CD8 T-cell effector functions,
STAT-3 promotes lung fibrosis™ ", a sequel to COVID-19 in a cohort of
patients. STAT-3 inhibitors are in different phases of clinical trials for cancer
therapy ***, and STAT-3 targeting might be a potential immunother-
apeutic modality to enhance CD8 T-cell immunity and mitigate lung
fibrosis in severe COVID-19.

Interestingly, both total STAT-3 expression and phosphorylations of
STAT-3 and STAT-5 were reciprocally regulated in SARS-CoV-2- and
IAV-specific effector CD8 T cells. A balance between STAT-3 and STAT-5
activities is a defining factor in the development of follicular helper T (Tgp)
cells versus Ty1 cells; high STAT-3 and STAT-5 activities promote Tgy and
Ty cell fates, respectively®"”. Further, STAT-3 is required for development
of the less terminally differentiated Tcys™ and also predicted to support
Try development and/or maintenance™. In essence, STAT-3 opposes
terminal differentiation and nurtures less differentiated cell fates such as
Trn» Tem and Tryy. Therefore, higher STAT-3 phosphorylation in SARS-
CoV-2-specific effector CD8 T cells might explain muted terminal differ-
entiation, augmented mucosal imprinting and development of Try-like
effector cells. Diminished STAT-5 phosphorylation in SARS-CoV-2-
specific effector CD8 T cells is suggestive of less potent stimulation with
yc cytokines such as IL-2/IL-7/IL-15"%%, which in turn might result in
exaggerated contraction of effectors, diminished survival and/or defective
maintenance of Tgys in lungs of SARS-CoV-2-infected mice.

While we were able to assess both total and phosphorylated STAT-3
levels in our mouse studies, due to limitations in sample availability, we
measured only total STAT-3 levels in human T cells. Nevertheless, the
observed elevation in total STAT-3 expression suggests altered STAT-3
signaling activity in SARS-CoV-2-infected patients. Future studies involving
larger cohorts and direct assessment of STAT-3 activation states would help
to further elucidate the role of STAT-3 in human SARS-CoV-2 infections.

To reiterate, the canonical T2 transcription factor GATA-3 was co-
induced with STAT-3 in CD4 and CDS8 T cells, and a fraction of CD4 T cells
in SARS-CoV-2 lungs produced T2 cytokines. There is evidence of similar
T2 programming in SARS-CoV-2-infected human patients**”’. It is possible
that T2 deviation in SARS-CoV-2 lungs is a mechanism that balances the
pro-inflammatory T1 responses to limit lung immunopathology. However,
it is also conceivable that T2 response along with induction of TGF-f and
failure to upregulate inhibitory molecules on T cells might constitute
multiple facets of aberrant wound healing or a pro-fibro-inflammatory
response, leading to lung fibrosis following recovery from SARS-CoV-2
infection”*".

The differentiation pattern of effector CD8 T cells might be epitope-
specific, and therefore data from comparison of CD8 T cells in SARS-CoV-
2- and TAV- infected K18-ACE2 transgenic mice could be potentially
confounding. To address this issue, we engineered a mouse-adapted SARS-
CoV-2 strain (CoV-OVA) expressing the SIINFEKL epitope to compare
with SIINFEKL-specific CD8 T-cell responses elicited by IAV-OVA. This

comparison confirmed the results of disparate effector CD8 T cell differ-
entiation observed in K18-hACE2 transgenic mice, reinforcing the dis-
tinction between the CD8 T-cell responses to SARS-CoV-2 and IAV. It is
important to note that exposure of K18-hACE2 mice to wild-type SARS-
CoV-2 strains results in a more severe infection, often involving the central
nervous system and increased morbidity, which are not observed with
mouse-adapted strains. Studies using K18-hACE2 mice and wild-type
strains of SARS-CoV-2 have shown greater severity in infection outcomes
and complications compared to mouse-adapted strains, which provide a
more controlled model for studying immune responses™**”. Notably,
despite these differences in pathogenicity, the phenotypes of SARS-CoV-2-
elicited CD8 T cells in K18-hACE2 transgenic mice and C57BL/6 mice were
largely comparable.

One notable difference between the two mouse models of SARS-CoV-2
infection is highlighted in Fig. 4B; we observed an increase in CD127
expression from day 8 to day 10 in SARS-CoV-2-infected mice, which
differs from the pattern seen in our earlier experiments. In Figs. 1 and 2, we
utilized K18-hACE2 transgenic mice that are highly susceptible to SARS-
CoV-2 infection, leading to severe disease and potentially altering T-cell
dynamics. In contrast, the data in Fig. 4 were obtained from wild-type
C57BL/6 mice infected with a mouse-adapted SARS-CoV-2 strain. The
differences in infection severity between the two models may influence the
dynamics of CD127 expression and effector CD8 T-cell differentiation.
These findings suggest that the host environment and viral adaptation play
significant roles in modulating immune responses during SARS-CoV-2
infection. Further, despite the increased CD103 expression on effector CD8
T cells during the acute phase of SARS-CoV-2 infection, this did not result in
higher frequencies of lung TRM cells at memory time points. The sig-
nificantly lower numbers and frequencies of CD69"/CD103" memory CD8
T cells in the lungs and BAL of CoV-OV A-infected mice suggest that SARS-
CoV-2 infection may induce aberrant T-cell programming or alter the lung
environment in a way that impairs the maintenance or survival of Ty cells.
In contrast, IAV infection led to robust establishment of lung TRM cells.
This discrepancy indicates that SARS-CoV-2 infection may negatively
impact the development and/or long-term persistence of Try cells.

Using this mouse-adapted SARS-CoV-2 strain expressing the SIIN-
FEKL sequence allowed us to interrogate whether: (1) CD8 T cell responses
to a single epitope can provide effective protection against SARS-CoV-2 in
lungs without the contribution of CD4 T cells and B cells; (2) secondary
effector CD8 T cells differentiate normally from memory CD8 T cells during
a breakthrough SARS-CoV-2 infection”. Studies have demonstrated that
single-epitope-specific CD8 T cells can provide partial protection against
SARS-CoV-2. CD8 T-cell responses targeting single epitopes accelerate viral
clearance and reduce disease severity”'. Another study highlighted that T-
cell-based vaccines targeting specific epitopes provided protection without
the need for antibodies””. Additionally, studies identified SARS-CoV-2-
specific CD8 T-cell clonotypes and their role in patient protection”. Our
study further supports these findings, demonstrating that SIINFEKL-
specific memory CD8 T cells, induced by vaccination, can effectively dif-
ferentiate into effector cells and reduce viral loads upon challenge with
SARS-CoV-2. Additionally, we show that intranasal and not SC adminis-
tration of adjuvanted OVA protein resulted in a robust recall response,
significantly reducing viral loads and protecting against weight loss fol-
lowing challenge with mouse-adapted CoV-OVA, in a CD8 T cell depen-
dent fashion. This was similarly observed with VV-OVA vaccination, where
IN vaccination provided superior protection compared to IM vaccination.
These data highlighted the superiority of tissue-resident memory CD8
T cells (induced by IN vaccination) over systemic (induced by SC or IM
vaccination) memory CD8 T cells in lung viral control, especially under
conditions when there are no contributions from memory CD4 T cellsand B
cells during the recall response. We have previously shown that mRNA
vaccine-induced systemic memory CD8 T cells can provide effective
protection against SARS-CoV-2, but this protection is enabled by CD4 T
cell-dependent migration of circulatory memory CD8 T cells into
the lung parenchyma'. It should also be noted that a large fraction of
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SIINFEKL-specific CD8 T cells in lungs of CoV-OVA-challenged mice
expressed granzyme B, which suggest that SARS-CoV-2 might not impede
effector differentiation from memory CD8 T cells during a secondary/recall
response, unlike in a primary infection. It is also noteworthy that a majority
of SIINFEKL-specific effector CD8 T cells in lungs of CoV-OVA-challenged
mice express CD103, and this effect of SARS-CoV-2 to induce CD103
expression is common to both primary and secondary infections.

An interesting finding was that, in the OVA vaccination model, the
frequency of SIINFEKL-specific T cells in mucosal tissues appeared
reduced, while the CD103™ Ty frequency was increased. The reduced
numbers of SIINFEKL-specific T cells in the lungs and BAL despite
increased CD103 expression could indicate aberrant T-cell programming
influenced by viral factors unique to SARS-CoV-2 infection. These findings
suggest that SARS-CoV-2 may differentially affect the maintenance, sur-
vival, or localization of tissue-resident memory T cells compared to IAV,
possibly through mechanisms that disrupt normal T-cell homeostasis. This
discrepancy warrants further investigation to understand the impact of
SARS-CoV-2 on mucosal immunity.

Itis important to note that our comparisons between SARS-CoV-2 and
IAV infections were based on CD8 T-cell responses to single immunodo-
minant epitopes for each virus (K*/S525 for SARS-CoV-2 and D"/NP366 for
IAV, and K®/SIINFEKL for SARS-CoV-2 and IAV). Therefore, conclusions
regarding the magnitude of the overall T-cell responses are limited to these
specific epitopes and may not reflect the full spectrum of T-cell immunity
elicited by these infections. Future studies employing more comprehensive
methods, such as stimulation with peptide pools and using tetramers
spanning multiple viral proteins, would be necessary to fully compare the
breadth and magnitude of T-cell responses between SARS-CoV-2 and IAV
infections.

In this study, we performed incisive and rigorous assessment of the
regulation and programming of the primary T-cell response to SARS-CoV-
2 in lungs and investigated the ability of single epitope-specific memory
CD8 T cells (induced by mucosal versus parenteral vaccination) to differ-
entiate into effector cells and reduce lung viral load following a break-
through infection. We find that SARS-CoV-2 and IAV infections drive
disparate effector differentiation programs governed by STAT3 and T-bet/
EOMES, respectively. The IAV-driven CD8 T cell effector program pro-
motes viral control and protects against immunopathology and fibrosis by
balancing strong cytolytic function with the induction of inhibitory recep-
tors such as PD-1, LAG-3 and TIGIT. By contrast, SARS-CoV-2-driven
effector program promotes pro-fibrotic inflammation (and accelerated
wound healing), evidenced by enhanced STAT3 expression, diminished
expression of granzyme B and inhibitory molecules, and elevated CD103
levels. Taken together, data presented in this paper provides fundamental
insights into the signaling and transcriptional circuitry underlying the T-cell
responses to a primary SARS-CoV-2 infection and identified potential
molecular targets such as STAT-3 for immunomodulatory therapies.
Finally, our studies utilizing single epitope-specific CD8 T cells highlight
their potential in providing targeted protection and reducing viral loads,
underscoring the importance of epitope-specific vaccine strategies in
combating SARS-CoV-2.

Methods

Human PBMC samples

De-identified peripheral blood mononuclear cell samples collected
from healthy volunteers and severely ill COVID-19 patients admitted to
the University of Wisconsin hospital were provided by the Translational
Science Biocore: Biobank (University of Wisconsin School of Medicine
and Public Health). Informed consent was obtained from volunteers
who donated experimental samples. All studies were approved by the
Institutional Biosafety Committee. While it is known that COVID-19
patients were severely sick, information about the patient demographics,
clinical symptoms and therapeutic interventions were not available.
All ethical regulations relevant to human research participants were
followed.

Experimental animals

All experiments were reviewed and approved by the University of Wis-
consin School of Veterinary Medicine Animal Use and Care Committee.
7-12-week-old male C57BL/6] (B6) were purchased from restricted-access
specific-pathogen-free (SPF) mouse breeding colonies at the University of
Wisconsin-Madison Breeding Core Facility. K18-hACE2 (Stock number:
034860) mice were purchased from Jackson Laboratory or bred in the afore-
mentioned SPF facility. We have complied with all relevant ethical regula-
tions for animal use.

Reagents
Reagents used in these studies are listed in Supplemental Methods and in
Supplemental Table 1.

Tissue processing and Flow cytometry and ex vivo cytokine
analysis

Spleens and lungs were processed into single cell suspensions, and stained
for cellular factors as previously described’* and in Supplemental Methods.

Cells and viruses

Reverse genetics-derived influenza virus strain A/PR/8/34 HIN1 (PR8) was
supplied by the Kawaoka lab and propagated in MDCK cells. SARS-CoV-2
USA-WA1/2020 (WA strain) and hCoV-19/South Africa/KRISP-EC-
K005321/2020 (SA strain) viruses used in these studies were obtained from
BEI resources (NR-52281, NR-55282 respectively) and were cultured as
described in Supplemental Methods. The construction of the mouse
adapted SARS-CoV-2 virus harboring the SIINFEKL peptide from orf6 was
described previously'".

Vaccination

All vaccinations were administered subcutaneously to the tail base, intra-
muscularly into the caudal thigh muscle, or intranasally to anesthetized mice
in 50 pl saline with 10 ug OVA protein with the following adjuvant com-
bination saline, ADJ (5%) + CpG (5ug). Mice were vaccinated twice at an
interval of 3 weeks. Vaccinia virus expressing OVA, or NP”*”* was admi-
nistered at a dose of 1 x 107 PFU.

Viral challenge

For SARS-CoV-2 K18-hACE2 mouse studies, sublethal doses were given at
100 PFU, and lethal doses were given at 5 x 10* PFU for both WA and SA
strains by the IN route. For PR8 sublethal infection, doses were given at 50
PFU by the IN route. To assess the role of CD8 T cells in protective
immunity, mice were administered 200 ug of CD8 T cells (Bio X Cell; Clone
2.43) intravenously and intranasally at days -5. -3, -1 and 1, 3, and 5, relative
to challenge as indicated. For IL-6 blocking experiments, K18-hACE2 mice
were infected with a sublethal dose of the WA strain of SARS-CoV-2, and
intravenously administered with 200 pg of anti-IL-6 (Bio X Cell, Clone:
MP5-20F3) at days 0, 2, 4, 6 and 8, relative to viral infection.

Statistical analyses

For all flow cytometry data, identical gates were applied across treatments
and samples. Statistical analyses were performed using GraphPad software
9.0 (La Jolla, CA). Planned comparisons were made using a one-way
ordinary ANOVA test with multiple comparisons (Fisher’s least significant
difference test, Fisher’s LSD) in group comparisons that did not have sig-
nificantly different standard deviations as determined by Brown-Forsythe
and Bartlett’s tests, and if significantly different, multiple comparisons were
made using a Brown-Forsythe and Welch test. Two way comparisons were
made using an unpaired t test. ¥, **, ¥** and **** indicate significance at
P <0.05,0.005, 0.0005 and 0.00005 respectively. Data in each graph indicate
mean + SEM.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.
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Data availability
Data presented within this study are available within the Supplementary
Data file and available from the corresponding author upon request.
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