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Vaccination provides superior in vivo recall capacity
of SARS-CoV-2-specific memory CD8 T cells
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SUMMARY

Memory CD8 T cells play an important role in the protection against breakthrough infections with severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Whether the route of antigen exposure impacts
these cells at a functional level is incompletely characterized. Here, we compare the memory CD8 T cell
response against a common SARS-CoV-2 epitope after vaccination, infection, or both. CD8 T cells demon-
strate comparable functional capacity when restimulated directly ex vivo, independent of the antigenic his-
tory. However, analysis of T cell receptor usage shows that vaccination results in a narrower scope than
infection alone or in combination with vaccination. Importantly, in an in vivo recall model, memory CD8
T cells from infected individuals show equal proliferation but secrete less tumor necrosis factor (TNF)
compared with those from vaccinated people. This difference is negated when infected individuals have
also been vaccinated. Our findings shed more light on the differences in susceptibility to re-infection after

different routes of SARS-CoV-2 antigen exposure.

INTRODUCTION

Protection against severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) re-infection is mediated by the concerted action
of humoral and cellular immunity. Whereas antibodies bind and
neutralize viral particles, T cells recognize and eliminate infected
cells. Unfortunately, several viral variants of concern have
emerged that are capable of infecting people even though they
had generated an antibody response either by prior infection or
vaccination."” Nevertheless, secondary infection with these
strains typically leads to a much milder disease, which has been
attributed to the protective effect of memory T cells.®* Memory
T cells against SARS-CoV-2 are long lived and can clear the virus
even in individuals with a compromised humoral immune sys-
tem.>® However, their functional properties are incompletely char-
acterized, especially with regards to their recall capacity.
Cellular and humoral immunity display key differences in the
way they anticipate the re-occurrence of antigen. Antibodies
have undergone affinity maturation to target the previously
encountered pathogen with very high specificity, whereas
cellular immunity contains a much broader scope of clones
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and associated affinities.”® Because re-infection is unlikely to
occur with the exact same pathogen, the memory pool must
anticipate the occurrence of mutations and therefore retain a
certain bandwidth within its recognition capacity.”® For CD8
T cells, this takes the form of increased clonal diversity. We
have shown that narrowing the clonal diversity of the memory
pool through pharmaceutical or genetic means does not greatly
affect its protective effect against the original pathogen but
significantly impairs its ability to recognize and eliminate viral
mutants.®'® Whether the clonal diversity of the memory CD8
T cell pool against SARS-CoV-2 differs between infected and
vaccinated individuals remains understudied.

The functional properties of the CD8 memory T cell pool are
impacted by many factors, including the inflammatory environ-
ment during priming. A highly inflammatory milieu promotes
effector and effector memory differentiation, whereas low inflam-
mation favors formation of central memory cells.'"'? The cyto-
kines and co-stimulatory molecules that provide the context of
antigen presentation are therefore very important for shaping
the identity of the memory pool and are unique for each pathogen.
For example, cytomegalovirus infection is associated with more
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effector/effector memory-type T cells, whereas influenza and res-
piratory syncytial virus preferentially drive the development of
central memory-type T cells.'® Vaccination generates a different
inflammatory environment than infection and therefore potentially
mediates formation of memory cells with a different functional ca-
pacity. Indeed, real-world data over a 52-week follow-up period
indicates that the risk of breakthrough infection with SARS-CoV-
2 is 3- to 7-fold higher after vaccination than after infection.'
The underlying molecular mechanism is difficult to investigate,
and our current understanding of SARS-CoV-2-specific CD8
T cells is mostly based on the effector memory response that is
interrogated directly ex vivo.'* Much less is known about the cells
that form secondary effectors upon antigen re-encounter in vivo.
Yet, this information is crucial for a better design of new vaccines.
We hypothesized that the antigenic history impacts the scope
and functionality of the SARS-CoV-2-specific CD8 memory
T cell pool. We directly compared antigen-specific memory CD8
T cells from people with prior infection, vaccination, or both.
Whereas the route of antigen exposure had little impact on the
phenotype and ex vivo functionality of cells, clonal analysis
showed that the memory pool formed after vaccination had a
more restricted repertoire than those generated after infection.
Using a humanized mouse model, we could show that secondary
effectors generated by memory CD8 T cells from infected individ-
uals produced less tumor necrosis factor (TNF) than those from
vaccinated people. Importantly, vaccination of people with prior
infection widened the scope of the memory pool and increased
the ability of secondary effector cells to produce cytokines upon
recall in vivo. Vaccination therefore induces a memory CD8
T cell pool that is more potent yet appears less capable of recog-
nizing mutated pathogens due to its narrower scope. Our findings
indicate that vaccination of infected individuals levels the differ-
ences, emphasizing the importance of booster vaccination.

RESULTS

The route of antigen exposure provokes a unique
transcriptional and phenotypic profile in SARS-CoV-2-
specific memory CD8 T cells

We collected a cohort of 70 adults that had been preselected for
the HLA A*02 haplotype and divided them in three groups based
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on SARS-CoV-2 antigenic history (“route” of antigen exposure):
prior infection, vaccination, or both. Only people vaccinated with
two doses of mMRNA vaccines (Pfizer-BioNTech BNT162b2 or
Moderna mRNA-1273) were included in the study. On average,
people were last exposed to antigen 5-6 months before blood
isolation, and groups were largely comparable in composition
(Figures S1A and S1B). People were self-declared negative for
influenza infection or vaccination at least 1 year before sampling.
Peripheral blood mononuclear cells (PBMCs) were collected,
and memory CD8 T cells were analyzed using HLA tetramers.
We focused our research on CD8 T cells directed against the
dominant A*02 CD8* T cell epitope of the SARS-CoV-2 spike
protein—Ssge_o77 (YLQPRTFLL)."® This epitope had not mutated
in any of the major viral strains of concern and was recognized in
all individuals carrying the A*02 haplotype (Figure 1A and Redd
et al.'® and Shomuradova et al.'”). In the same individuals, we
analyzed CD8 T cells directed against epitope GILGFVFTL of
the MP1 protein of influenza, as most individuals of the A*02
haplotype have memory T cells against this antigen.'® A positive
signal for tetramer staining was determined using stringent con-
trols (Figure S1C). The overall frequency of tetramer-specific
cells in our study group was comparable to those found previ-
ously'*"®2" (Figures 1A and 1B). The lowest frequencies were
observed in the infected-only group. The frequency of SARS-
CoV-2-specific cells formed after vaccination was not increased
by prior infection (Figures 1A and 1B).

We next performed a comprehensive phenotypic analysis of
the well-defined CD45RA™ effector memory (Tgy), CD45RA*
effector memory (Temra), and central memory (Tcw) subsets.?>22
SARS-CoV-2-specific CD8 T cells exhibited a similar immuno-
logical profile irrespective of antigenic history, with preferential
skewing to a Tgmra phenotype. In contrast, influenza-specific
cells favored a Tgy profile. Moreover, the latter pool contained
significantly more Tgy cells than SARS-CoV-2-specific cells
(Figures 1C and S1D). Subsequently, we sorted antigen-specific
cells and performed total transcriptome analysis. Unexpectedly,
unbiased clustering grouped cells of infected individuals more
closely together with cells of people that were both infected
and vaccinated rather than with those that were vaccinated
only. Influenza-specific cells clustered separately from the three
other groups (Figures 1D and S1E). We next analyzed the 200

Figure 1. The route of antigen exposure impacts the transcriptional and phenotypic profile of virus-specific memory cells

PBMCs from 3 groups of people were analyzed directly ex vivo (Inf, people with convalescent COVID-19; Inf/Vacc, people with convalescent COVID-19 who
received 2 doses of vaccine; Vacc, nonconvalescent people who received 2 doses of COVID-19 vaccine).

(A) Frequency of antigen-specific (C19- or FLU-tetramer™) cells. Each dot represents one donor (n = 19 - C19-Inf, n = 15 C19-Inf/Vacc, n = 17 C19-Vacc, n = 51

FLU pooled from all 3 groups).

(B) Representative fluorescence-activated cell sorting (FACS) plots of cells stained with HLA A*02 tetramers loaded with the YLQPRTFLL (C19) epitope of SARS-
CoV-2 or GILGFVFTL (FLU) epitope of influenza. Gated is for live CD3*CD8" cells.

(C) Quantification of Tgm, Tom, and Teumpra cell subsets among C19- and FLU-specific CD8* T cells (n = 18).

(D-F) C19- and FLU-specific CD8"* T cells were sorted and analyzed by RNA sequencing.

(D) Principal-component analysis of virus-specific cells based on all differentially expressed genes (n = 17).

(E) The 200 most differentially expressed genes between C19-tetramer™ cells from the C19-Inf and C19-Vacc groups were subjected to protein network clus-
tering. Shown is the largest node network for each comparison. Inset shows the largest subcluster.

(F) Differential expression of individual genes (n = 17).

(G) Geometric mean fluorescence intensity (GeoMean) of selected markers on C19- and FLU-specific CD8* T cells by flow cytometry (n = 18). Indicated are

means + SEM.

Statistical significances at *p < 0.05, **p < 0.01, and ***p < 0.001 using Kruskal-Wallis rank-sum test with Dunn’s post hoc test for multiple comparisons (A) or one-

way ANOVA followed with Bonferroni post-testing (C, F, and G).
See also Figure S1.
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most differentially expressed genes between CD8 T cells
directed against influenza and SARS-CoV-2 after infection and
clustered them using data of known protein-interaction net-
works. Influenza-specific cells expressed higher amounts of sur-
face markers associated with long-term memory, such as //7ra,
CD8a, and Cd226 (Figures S1E and S1F). We then performed
the same network analysis of genes differentially expressed
between SARS-CoV-2-specific CD8 T cells of infected or vacci-
nated individuals. We found that cells from vaccinated individ-
uals had higher expression of intracellular signaling components
associated with T cell activation such as Jak3, ltk, and Traf1,
whereas they had lower amounts of Stat3 (Figures 1E and 1F).
In addition, we observed higher expression of co-stimulatory
molecules, such as Cd27 and Tnfrsf6, in SARS-CoV-2-specific
cells of vaccinated people. Cells from individuals that were
both vaccinated and infected typically showed intermediate
expression of these genes (Figure 1F).

To corroborate our findings at a protein level, flow cytometric
analysis was performed on virus-specific cells. This confirmed a
higher expression of molecules such as CD3e and CD27 on
SARS-CoV-2-specific memory cells of vaccinated people.
CD57, a molecule associated with reduced memory potential,
was specifically upregulated on SARS-CoV-2-infection-induced
cells®*?® (Figures 1G and S2A). We did not find induction of other
markers typically associated with exhaustion, indicating that
these cells are fully functional (Figure S2B). In accordance with
their transcriptional profile, antigen-experienced cells from in-
fected/vaccinated individuals mostly showed protein expression
of intermediate levels between the other two antigen-experi-
enced groups (Figure 1G).

In summary, the route of antigen exposure has a unique
impact on the transcriptional and phenotypic profile of SARS-
CoV-2-specific memory cells, even though effects are minor.

The route of antigen exposure does not greatly impact
the direct ex vivo cytokine production by antigen-
specific cells

To assess the functionality of virus-specific memory CD8*
T cells, we determined their ability to produce cytokines upon
direct ex vivo stimulation with single viral peptides. Cytokine re-
sponses were observed in all samples (Figure 2A). Interestingly,
we did not find more cells producing cytokines following influ-
enza- than after SARS-CoV-2-peptide stimulation, despite a
higher frequency of tetramer® cells (Figures 1A and 2A).
Antigenic history did not greatly impact the ability of the
SARS-CoV-2-specific memory pool to produce interferon vy
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(IFNvy), TNF, and Granzyme B. We only observed an increase
in cells able to produce IL-2 or both IFNy and Granzyme B by
memory cells from infected/vaccinated individuals compared
with the other two groups (Figure 2A). The ability to produce
cytokines did not correlate with the time since last antigen
exposure (Figure S2C). Also, no major differences were
observed in the polyfunctionality of antigen-specific CD8
T cells (Figure 2B).

Finally, we questioned whether our observations using single
epitopes were representative of the general cytokine response
of cells directed against viral proteins. Cells were stimulated
with peptide pools of the SARS-CoV-2 spike or influenza hemag-
glutinin (HA) proteins. We did not observe significant changes
between groups in the induction of the activation markers
CDe9, CD137, OX40, CD107a, CD25, or IRF4 (Figures 2C and
S2D) nor in their ability to produce cytokines (Figure 2D). In this
assay, memory cells from infected/vaccinated individuals did
not produce more IL-2, but their increased potential to produce
both IFNy and Granzyme B was retained (Figure 2D).

In summary, the route of antigen exposure does not greatly
affect the direct ex vivo ability of memory cells to produce cyto-
kines, though repeated encounters slightly increase their func-
tional capacity.

SARS-CoV-2 infection causes a broader T cell receptor
(TCR)-V repertoire than vaccination
We have previously demonstrated that a memory CD8 T cell pool
of increased clonal diversity has better protective effects against
mutated pathogens.®'° Real-world data indicate that the protec-
tion against breakthrough infection provided by immunological
memory formed after infection is better than after vaccination.’-
We therefore hypothesized that the clonal diversity of the mem-
ory CD8 T cell pool is larger after infection than after vaccination.
To elucidate this, we performed sequence analysis of the TCR-a
and - chains of sorted, SARS-CoV-2-, or influenza-specific CD8
T cells. We observed clonal expansion in all individuals, as most
reads were recovered more than twice (Figures 3A and S3A).
Stringent clonal selection had taken place, with the 20% most
frequent TCR chains (quintet 1) together making up more than
50% of total reads in almost all individuals, with no major differ-
ences between groups (Figure 3A). Similarly, we observed a
comparable dominance of the five most frequently recovered
TCR chains, which comprised more than 25% of all reads in
most people.

We did observe that the average length of the VDJ region of
both the TCR-a and -B chain differed between groups, with the

Figure 2. The route of antigen exposure does not greatly impact the direct ex vivo functionality of antigen-specific cells

PBMCs were stimulated with C19 (YLQPRTFLL) or FLU (GILGFVFTL) peptide for 4 h in the presence of brefeldin A and analyzed by flow cytometry.

(A) Representative FACS plots (top row) and quantification of data (bottom row) are shown. Numbers indicate percentages within the quadrant. Cells are gated for
live CD3*CD8" cells. BrefA control, cells stimulated with brefeldin A only (n = 16).

(B) Donut graphs showing polyfunctional analysis of C19- and FLU-specific CD8* T cells. Relative distribution of single or multiple cytokine-producing cells is

shown for IL-2, IFNy, and TNF (n = 16).

(C and D) PBMCs were stimulated with a peptide pool ofimmunodominant epitopes of the spike protein of SARS-CoV-2 or of influenza HA for 4 h in the presence

of brefeldin A and analyzed by flow cytometry.

(C) Percentage of cells expressing the indicated activation-induced markers (AIMs) (n = 18).
(D) (Top row) Representative FACS plots and (bottom row) quantification of cytokine expression (n = 24). Indicated are means + SEM.
Statistical significances at *p < 0.05 and **p < 0.01 using one-way ANOVA followed by Bonferroni post-testing (A, C, and D).

See also Figure S2.
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longest reads found in SARS-CoV-2-infected individuals and the
shortest in those people that had only been vaccinated (Fig-
ure 3B). In addition, the antigenic history affected the relative
contribution of reads recovered with low frequency. On average,
vaccination resulted in clones with a larger frequency (Fig-
ure S3B). This corresponded with a reduced contribution of
low-frequency clones, most notably for the TCR-B chain
(Figures 3C and 3D). Interestingly, vaccination of infected indi-
viduals further reduced the average frequency of specific TCR
chains (Figure 3C), suggesting that vaccination recruits new
low-frequency clones into the memory pool.

We questioned whether changes in the distribution of T cell re-
ceptor chains also translate into a different skewing of TCR subunit
usage. Memory cells directed against influenza showed a strong
preference for the TCR-Va 27 and TCR-Vp 19 genes (Figures 3F
and S3D). As previously reported,’ SARS-CoV-2-specific cells
favored usage of the TCR-Va 12-1 and TCR-Vp 7-9 genes. Strik-
ingly, whereas we did not find major differences between the
groups at the level of individual reads (Figure 3A), skewing toward
the use of a specific TCR-V gene was much higher in vaccinated
people than in infected people (Figures 3E, S3C, and S3D). Cells
from infected/vaccinated people showed a level of diversity that
more closely resembled that of infected individuals, especially
with regards to TCR-Vp usage (Figures 3E and S3D).

Thus, compared with infection, vaccination against SARS-
CoV-2 leads to a lower frequency of TCR chains used with low
abundance within the memory CD8 T cell pool, whereas the
prominence of the most dominant chains is not greatly affected.

Vaccination-induced memory cells produce more TNF
after in vivo recall

In vitro restimulation provides valuable information about the
direct functionality of cells but does not recapitulate the in vivo
recall capacity of CD8 memory T cells. Current animal models
using hACE2T® mice have investigated the ability of murine
CD8 T cells to respond to SARS-CoV-2,2° but how human mem-
ory cells perform in vivo is unknown. We therefore set up a
mouse model to interrogate the recall capacity of human cells
in vivo in response to a real viral infection (Figure 4A). We gener-
ated two strains of murine cytomegalovirus that express either
the YLQPRTFLL epitope of SARS-CoV-2 (mCMV-COVID) or
GILGFVFTL of influenza (mCMV-FLU), inserted at the C terminus
of the viral immediate-early (IE2) protein. This system allows for a
direct comparison of antigen-specific T cells directed against
two different pathogens, as it negates differences in peptide pro-
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cessing and antigenic load while avoiding the impact of humoral
immunity. As a control, we used a virus expressing the SIINFEKL
epitope of ovalbumin (MCMV-N4)."?® Immunodeficient NSG
mice expressing a human HLA A*02 transgene were transferred
intraperitoneally (i.p.) with human PBMCs. Next, animals were in-
fected with recombinant mCMV and injected with a single shot of
human interleukin-2 (IL-2). Infection with mCMV-N4 did not
result in an expansion of donor CD8 T cells, indicating that
neither the murine pathogen nor human IL-2 alone leads to
bystander activation of human cells (Figure S4A).

To assess the expansion of antigen-specific cells in vivo,
PBMCs from individuals were divided into two equal fractions
and transferred i.p. to separate NSG-HLA A*02™¢ mice, which
were subsequently infected with mCMV-COVID or mCMV-
FLU. On day 7 post-infection, the peritoneal exudate cells
(PECs) were isolated. The frequencies of C19- and influenza-
specific CD8 T cells were determined by tetramer® staining
and compared with those before transfer (Figures 4B and 4C).
Both viruses induced a marked expansion of virus-specific cells
(Figure 4B). However, the relative increase was significantly
larger for influenza-specific cells (22.7-fold + 29.8) compared
with SARS-CoV-2-specific cells (8-fold + 6.9) from the same per-
son. The recall capacity of SARS-CoV-2-specific cells was not
greatly impacted by the antigenic history nor by time since last
antigen exposure (Figures 4D and 4E).

To test the functional capacity of antigen-specific secondary
effector cells formed in vivo, they were restimulated in vitro, and
cytokine production was quantified within tetramer* populations
(Figure S4B). Influenza-specific cells produced the most IFNy
and TNF and displayed a larger frequency of polyfunctional cells
(Figures 4F and 4G). Importantly, SARS-CoV-2-specific second-
ary effector CD8 T cells formed by memory cells from infected
people produced significantly less TNF compared with the vacci-
nated group. This difference was not observed in individuals that
were both infected and vaccinated (Figures 4F and 4G). The abil-
ity to produce IFNy was not impacted by the antigenic history.

Thus, whereas the proliferative capacity is not affected by the
route of antigen exposure, we show that vaccination leads to a
superior ability of secondary effectors to produce TNF compared
to infection.

DISCUSSION

Infection and vaccination both induce potent immunological
memory against SARS-CoV-2, but its real-world protective

Figure 3. SARS-CoV-2 infection causes a broader TCR repertoire than vaccination

C19- and FLU-specific CD8" T cells were sorted and TCR-«. and -B chains were analyzed by RNA sequencing.

(A) Donut graph of the distribution of the TCR-a. (green) and - (orange) chains of a representative individual for each group. Inner ring shows reads recovered once
(blue), twice (yellow), or >2 times (orange/green). Middle ring shows relative contribution of TCR chains segregated in quintets and ranked based on their relative
frequency within the total pool. Outer ring shows the contribution of the 5 most frequent TCR chains to the total pool.

(B) Average length of the VDJ region (n = 17).
(C) Average contribution of each TCR chain to the total pool (n = 17).

(D) Contribution of the 15 most dominant TCR-f and -a chains to the total antigen-specific response (n = 17). Dashed lines indicate SEM.
(E) Representative TCR-Vp usage of four individuals. The ten most frequent TCR chains for each TCR-V are color coded, and chains recovered with lower

frequency are gray.

Indicated are means + SEM and statistical significances at **p < 0.05 and ***p < 0.01 by one-way ANOVA followed by Bonferroni post-testing (B), Kruskal-Wallis
rank-sum test with Dunn’s post hoc test for multiple comparisons (C), and unpaired Mann-Whitney test (D).

See also Figure S3.

Cell Reports 42, 112395, April 25, 2023 7




¢? CellPress

OPEN ACCESS

Cell Reports

mCMV- COVID 103

A B *
BCYNRENC N
. &%
40 d1 Phenotype o 1024
(2]
L K | d7 8
‘ ‘ NSG-HLA:A2TG S 1014
: @ mCMV- FLU £
) ~ k]
PBMC @ T”‘ 2 Function ©
) . D /e L 4004
do di
10'1 T T
C Non HLA-A"02:01 HLA-A"02:01 \\\0 \9
(9] p
1% 0 w5« 0.28 0 A
i 5 ®, o@
Iz P N
o
@ 0 " 0.036 = D
LY e o 108, ® C19-Inf
: .. & &
o ic o3 ¥ m  C19-Inf/Vacc
8 ; T ° 4 C19-Vacc
A e A I P ® 102
o e FLU
mCMV-COVID mCMV-FLU e
=
— -E o ® ; AA .
s 51075
& [T
0.023 - ¢ II A
3 olla g oA
e e e .
[ \\\ \\\ 4\
: L L
mCMV
E F e C19-Inf ®  C19-Inf/Vacc A C19-Vacc v FLU
309 [ Ctonf « Ctovace| 1007 % . — v 1oy
o v 2 s AV «
= C19-Inf/Vacc £ g0 Y S 80 v T 80
3 s s 2 " Y & e 5
= 7
g 20 w0 8 60 b 60 § 8 60 - M
E L] : “ < :: ‘g (D({J i M
3 A . S 404 O 40+ 2 < 40+
o 104 . 2 B MM
* 4 1 20 Y * 204 n &2 20
b4 4
] nn’ = [
o+ 0 T 0 T T T T 0-
0 5 10 N e ©® © e ©® ©®
Time after exposure (months) © < 00\\\ c,0\\\ <)04\ < 004\ OOQ\ GOA\ <
mCMV mCMV
G mCMV-COVID
C19-Inf C19-Inf/Vacc C19-Vacc mCMV-FLU BrefA Control
183 2 166 25 | 1 12 0
Q
&+ A E 3 1
1.': 4 " - ‘ - ."
i - 3 . -"‘-5‘4‘._ I:I"
3 3 3 3
{15 0 19 0 11 0 19 2
TNF — PeCy7

8 Cell Reports 42, 112395, April 25, 2023

(legend on next page)



Cell Reports

effect is not equal, especially against breakthrough infection with
new strains.’> We here characterized the phenotype and func-
tion of memory CD8 T cells directed against a common viral
epitope in the context of different histories of antigen exposure.
We find that infection induces fewer antigen-specific cells with a
different phenotypic and transcriptional profile than vaccination.
Whereas this did not translate to differences in functionality
when directly analyzed ex vivo, it did cause a reduced capacity
to produce TNF after recall in vivo. Nevertheless, its increased
TCR-chain diversity potentially allows it to better recognize epi-
topes carrying point mutations. Importantly, vaccination after
prior infection appeared to correct the functional disadvantage
of CD8 T cell memory while mostly retaining TCR-chain diversity.
The phenotypic and functional properties of memory cells are
determined by many factors, including the nature and route of
antigen exposure as well as the inflammatory environment dur-
ing their formation.'??°~** Not surprisingly, we found several dif-
ferences in the properties of antigen-specific memory formed
after infection and vaccination. Compared with vaccination,
SARS-CoV-2 infection induced memory with higher surface
levels of CD57 and lower CD27, which is associated with an
effector memory rather than a central memory profile.”***
Indeed, whereas direct ex vivo functionality was comparable,
TNF production after in vivo recall was lower by infection-
induced cells, suggesting a different memory potential. This
may have great clinical impact since deficiency of TNF was
shown to greatly exacerbate pathology following respiratory
infection.® Importantly, people with rheumatoid arthritis who
were treated with anti-TNF as part of their normal therapy were
shown to be more susceptible to SARS-CoV-2 infection.*®
Thus, a reduced capacity to produce TNF may predispose peo-
ple to more severe infection upon viral re-encounter.
Interestingly, IFNy production of secondary effectors was not
different between groups. In chronic infection, exhausted CD8
T cells are known to lose their ability to produce TNF before
IFNv.°”%8 Both SARS-CoV-2 infection and vaccination were
shown to induce a subset of exhausted cells,'**%*° though
this was only investigated directly ex vivo and not in recall
models. We did not observe increased expression of key
exhaustion markers®' in cells from infected individuals before
recall. However, we did find lower expression of signal transduc-
tion molecules such as Traf1, Jak3, and /tk. This latter molecule
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was shown to drive nuclear factor kB (NF-kB)-mediated cytokine
release by T cells.*” Whether reduced ltk-mediated signaling is
the underlying cause of the more exhausted profile in secondary
effector cells of infected individuals remains to be determined.
Importantly, vaccination after initial infection promoted both
the direct ex vivo effector function and the functional recall ca-
pacity of these cells. This may explain why vaccination after
infection provides the best protection against re-infection.

Our study corroborates previous findings that both SARS-
CoV-2 infection and vaccination favor acquisition of a Tgmpra
phenotype,?®*>** whereas influenza infection promotes Tgw/
Tewm differentiation.”’ Tow cells are thought to have increased
recall capacity over effector-type memory cells,?>*® which is in
accordance with our observation that influenza-specific cells
expanded more potently than SARS-CoV-2-specific cells in vivo.
Alternatively, differences in the properties of the cognate antigen
derived from influenza and SARS-CoV-2 may underly the
observed differences.

The antigenic history also impacted the TCR-chain composi-
tion of the memory CD8 T cell pool. Our observations are in
line with previous reports, which indicate that infection and
vaccination lead to a roughly equal contribution of dominant
clones.'***%5 However, a focus on only the most prominent
clones underevaluates the total protective scope of antigen-spe-
cific memory. The generation of a broad pool of low-frequency
memory cells is of clinical importance because they are typically
of lower specificity for the original antigen and are therefore more
likely to recognize mutated epitopes.” Indeed, animals with a ge-
netic deficiency in key genes controlling memory cell diversity
have increased susceptibility to infection with mutated
pathogens.®'°*® Moreover, low-frequency memory clones can
make a dominant contribution to the secondary effector
response upon breakthrough infection with SARS-CoV-2.°
Our findings indicate that infection leads to a larger number of
subdominant clones than vaccination. In addition, we find that
infection-induced memory is less restrictive in its TCR-V gene
usage, allowing for a greater potential to recognize mutated
pathogens.'**” This observation provides an explanation for
why prior infection is associated with better protection against
breakthrough infection than vaccination.

Our findings help in the development next-generation vac-
cines and indicate that the induction of a broader memory CD8

Figure 4. Vaccination-induced memory cells have increased functional potential after in vivo recall

PBMCs were analyzed pretransfer for the frequency of tetramer™ cells. Cells were divided into two equal fractions and transferred to NSG-HLA:A*02 transgenic
mice. On the same day, animals were infected i.p. with 2 x 10° PFU mCMV-COVID or mCMV-FLU. The next day, mice were injected i.p. with human IL-2 (100 ng/
mouse). 7 days post-infection, donor cells in peritoneal exudate cells (PECs) were analyzed (n = 25).

(A) Experimental setup.

(B) Line graph showing expansion of cells of the same donor as fold increase over pretransfer, comparing C19- with FLU-specific CD8" T cells.
(C) Representative FACS plots of CD8* T cell stained with HLA-A*02 tetramers pretransfer or 7 days post-infection. Non-HLA-A*02 cells are included as negative

control. Numbers indicate percentages. Gated is for live hCD45"hCD8" cells.
(D) Fold increase of antigen-specific cells segregated by C19 groups.

(E) Correlation between time after last antigen exposure and the expansion of virus-specific cells after mCMV-C19 infection.

(F-G) On day 7 post-infection, PECs were re-stimulated in vitro with PMA/IONO for 4 h in the presence of Brefeldin A and analyzed by flow cytometry. Shown are
(F) cytokine production of live hCD45*hCD8*tetramer* cells and (G) representative FACS plots gated for hCD45"hCD8*tetramer™ cells. Indicated are means +
SEM.

p values were calculated using paired Student t test (B) and Kruskal-Wallis rank-sum test with Dunn’s post hoc test for multiple comparisons (F). *p < 0.05,
**p < 0.01, and **p < 0.001.

See also Figure S4.
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T cell repertoire may include the strengths from both routes of
antigen exposure, which is likely to be beneficial for the protec-
tion against breakthrough infection.

Limitations of the study

This study has several limitations. First, we did not perform sin-
gle-cell RNA sequencing analysis of antigen-specific cells.
Therefore, we cannot draw definitive conclusions with regards
to the clonal diversity within groups, as we do not know which
TCR-a. and -B pairs are present. However, our findings are in
line with studies that did do single-cell RNA sequencing,'* mak-
ing it likely that clonal diversity is indeed higher after infection
than after vaccination. Second, we have investigated the ability
of human memory cells to respond to a secondary viral challenge
in mice. We therefore cannot exclude that differences in memory
cell behavior are at least partially the result of the xenogeneic
environment. Finally, our study was limited to one HLA A*02-
restricted SARS-CoV-2 epitope. Whereas this haplotype is high-
ly prevalent in some human populations and has been shown to
be representative of the general T cell response against SARS-
CoV-2,%"* we cannot exclude that other viral epitopes will induce
memory CD8 T cells with different properties.
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Antibodies

Anti human CD3 monoclonal antibody eBioscience Cat. # 56-0037-42
(clone: OKT3), Alexa Fluor™ 700

Anti human CD8a monoclonal antibody eBioscience Cat. # 47-0086-42
(clone: OKT8) APC-eFluor™ 780

Fixable Viability Dye eFluor 506 eBioscience Cat. # 65-0866-14
Anti human CD45RA monoclonal antibody eBioscience Cat. # 64-0458-42
(clone: HI100) Super Bright™ 645

Anti human CD45R0O monoclonal eBioscience Cat. # 61-0457-42
antibody (clone: UCHL1) PE-eFluor™ 610

Anti human CD27 monoclonal antibody eBioscience Cat. # 78-0279-42
(clone: 0323) Super Bright™ 780

Anti human CD57 monoclonal antibody (clone: BioLegend Cat. # 393328
QA17A04) Brilliant Violet 711™

Anti human IFNy monoclonal antibody eBioscience Cat. # 11-7319-82
(clone: 4S.B3) FITC

Anti human TNFa monoclonal antibody eBioscience Cat. # 25-7349-82
(clone: MAb11) PE-Cyanine7

Anti human IL-2 monoclonal antibody eBioscience Cat. # 17-7029-82
(clone: MQ1-17H12) APC

Anti human Granzyme B monoclonal eBioscience Cat. # 12-8896-42
antibody (clone: N4TL33) PE

Fixable Viability Dye eFluor™ 780 eBioscience Cat. # 65-0865-14

Anti human KIR2D monoclonal antibody
(clone: NKVFS1) FITC

Anti human CD8a monoclonal antibody
(clone: RPA-T8) PerCP-Cyanine5.5

Anti human CD45 monoclonal antibody
(clone: HI30) PE-Cyanine7

Anti human HLA-A2 monoclonal antibody
(clone: BB7.2) PE-Cyanine7

Anti human HLA-A3 monoclonal
antibody (clone: GAP.A3) APC

Anti human CD3 monoclonal antibody
(clone: OKT3) FITC

Anti human CD4 monoclonal antibody
(clone: OKT4) PerCP-Cyanine5.5

Anti human CD96 (TACTILE) monoclonal
antibody (clone: NK92.39) PE-Cyanine7
Anti human CD197 (CCR7) monoclonal
antibody (clone: G043H7) Brilliant Violet 421™
Anti human CD7 monoclonal antibody
(clone: REA1244) PerCP-Vio® 700

Anti mouse CD45.1 monoclonal
antibody (clone: A20) FITC

Anti human IRF4 monoclonal antibody
(clone:REA201) PE-Vio770

Anti human CD134 (OX40) monoclonal
antibody (clone: ACT35) PE

Miltenyi Biotec

eBioscience

eBioscience

eBioscience

eBioscience

eBioscience

eBioscience

BioLegend

BioLegend

Miltenyi Biotec

eBioscience

Miltenyi Biotec

Miltenyi Biotec

Cat. # 130-092-687
Cat. # 45-0088-42
Cat. # 25-0459-42
Cat. # 25-9876-42
Cat. # 17-5754-42
Cat. # 11-0037-42
Cat. # 45-0048-42
Cat. # 338415

Cat. # 353207

Cat. # 130-124-937
Cat. # 11-0453-82
Cat. # 130-100-909
Cat. # 130-116-488
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Anti human CD25 monoclonal antibody
(clone: REA570) APC-Vio770

Anti human CD137 monoclonal
antibody (clone: 4B4-1) APC

Anti human CD107a monoclonal
antibody (clone: REA792) FITC

Miltenyi Biotec

BioLegend

Miltenyi Biotec

Cat. # 130-123-469

Cat. # 309810

Cat. # 130-111-620

Bacteria and virus strains

WT MCMV (MW97.01)
mCMV-N4
mCMV-YLQPRTFLL
mCMV- GILGFVFTL
GS1783 bacteria

In house produced
In house produced
In house produced
In house produced
In house produced

Wagner et al.,*®
Lemmermann et al., 2010°8
N/A

N/A

Tischer et al., 2010*°

Biological samples

PBMCs

Collected in this study

N/A

Chemicals peptides and recombinant proteins

Brefeldin A

Histopaque 1077

Phorbol myristate acetate (PMA)
lonomycin

YLQPRTFLL peptide

GILGFVFTL peptide

PepTivator Influenza A (H1IN1) HA
PepTivator SARS-CoV-2 Prot_S

eBioscience

Sigma Aldrich

InvivoGen

InvivoGen

JPT Peptide Technologies
JPT Peptide Technologies
Miltenyi Biotec

Miltenyi Biotec

Cat. # 00-4506-51
Cat. # 10771

Cat. # tIrl-pma
Cat. # inh-ion
N/A

N/A

130-099-803
130-126-701

Critical commercial assays

Intracellular Fixation & Permeabilization Buffer Set eBioscience Cat. # 88-8824-00
Super Bright Complete Staining Buffer eBioscience Cat. # SB-4401-75
Deposited data

RNA sequencing data GEO GEO: GSE202262

Experimental Models: Organisms

Mouse: NSG-HLA:A*02 transgenic

The Jackson Laboratory

Strain code: 9617

Oligonucleotides

ie2_FLU_fwd (BAC mutagenesis) CTT TCT CTT
GAC CAG AGA CCT GGT GAC CGT CAG GAA
GAA GAT TCA GCC TCT GAC TAA GGG GAT
TTT AGG ATT TGT GTT CAC GCT CTG AGA

GGA CAC GAG GAC GCATCG TGG CCG GAT CTC

ie2_FLU_rev (BAC mutagenesis) CCT CTT TAT

TTA TTG ATT AAA AAC CAT GAC ATA CCT CGT GTC

CTC TCA GAG CGT GAA CAC AAA TCC TAA AAT
CCC CTT AGT CAG AGG CTG AAT CTT CTT CCG
TGA CCA CGT CGT GGAATG C

ie2_COVID-19_fwd (BAC mutagenesis) CTT TCT

CTT GAC CAG AGA CCT GGT GAC CGT CAG GAA
GAA GAT TCA GTG CAG CTT ATT ATG TTATCT TCA
ACC TAG GAC TTT TCT ATT ATG AGA GGA CAC GAG

GAC GCA TCG TGG CCG GAT CTC

CCT CTT TAT TTATTG ATT AAA AAC CAT GAC ATA
CCT CGT GTC CTC TCA TAA TAG AAA AGT CCT AGG

TTG AAG ATA ACA TAA TAA GCT GCA CTG AAT
CTT CTT CCG TGA CCA CGT CGT GGAATG C

Metabion GmbH

Metabion GmbH

Metabion GmbH

Metabion GmbH

N/A

N/A

N/A

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant DNA

mCMV BAC plasmid pSM3fr In house produced Tischer et al., 2010"°
Software and algorithms

Flow Jo FLOWJO, LLC (Tree Star) v10.8.1

GraphPad Prism GraphPad Software v8.3.0

Cytoscape Cytoscape.org v3.9.1

STRING EMBL V11.5

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Felix M.
Wensveen (Felix.Wensveen@medri.uniri.hr).

Materials availability
All models generated in this paper will be shared freely upon request to the lead contact.

Data and code availability
e Single-cell RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession
numbers are listed in the key resources table.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Study subjects

Prior to initiation of the study, the Clinical Hospital Rijeka Ethics committee approved this research under license 003-05/20-1/84.
Appropriate informed consent forms were signed by all people. We conducted the research in accordance and agreement with
the International Conference on Harmonization guidelines on Good Clinical Practice and with the Declaration of Helsinki. Adult do-
nors (>18 years old) were recruited at the Clinical Hospital Rijeka and only HLA-A*02* people (dominant haplotype in the Croatian
population (Grubic et al. Int J Immunogenet. 2014) were included in the study (70 individuals). Peripheral blood mononuclear cells
(PBMCs) were isolated from peripheral blood (PB) by density gradient centrifugation using Histopaque 1077 Density Gradient Me-
dium (Sigma-Aldrich, St. Louis, USA). After isolation, the cells were cryopreserved in fetal bovine serum (Corning) with 10% dimethyl
sulfoxide (Sigma-Aldrich, St. Louis, USA) until use. In the present study, we categorized people into three groups: Infected (C19-Inf,
n=22) — people with convalescent COVID-19 6 months’ post COVID-19 infection; Infected/Vacc (C19-Inf/Vacc, n=24) — people with
convalescent COVID-19 1 month after 2" dose of COVID-19 vaccine; Vaccinated (C19-Vacc, n=24) — non-convalescent people
1 month after 2" dose of COVID-19 vaccine. Only people vaccinated with 2 doses of mRNA vaccines (Pfizer-BioNTech
BNT162b2 or Moderna mRNA-1273 COVID-19 vaccine) were included in the study.

Mice

Mice were strictly age- and sex-matched within experiments and were held in the local animal facility in Rijeka, Croatia, under specific
pathogen-free conditions and handled in accordance with institutional, national and/or EU guidelines. NSG-HLA:A*02 transgenic
mice (line 14570) were purchased from The Jackson Laboratory. All animal experiments were done with approval from the University
of Rijeka Medical Faculty Ethics Committee and Croatian Ministry of Agriculture, Veterinary and Food Safety Directorate under li-
cense UP/I-322-01/20-01/17.

METHOD DETAILS

HLA class | tetramer staining and multi-parameter flow cytometry

First, subject samples were tested for HLA haplotype by flow cytometry and only people with an HLA-A*02 haplotype were included
in this study. CD8" T cells were enriched from PBMCs using magnetic-activated cell sorting CD8 microbeads (Miltenyi Biotec,
Auburn, CA, USA) according to the manufacturer’s instructions. Enriched CD8* T cells were stained with APC-conjugated HLA
class | tetramer (SARS-CoV-2 (C19) - epitope YLQPRTFLL on Spike protein) and PE-conjugated HLA class | tetramer (Influenza
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(FLU) - epitope GILGFVFTL on MP1 protein) (Tetramer Shop, Denmark) for 15 min at 37°C in dark, washed, and then stained with
fluorochrome-conjugated antibodies for specific surface markers for 30 min at 4°C in dark. This allowed us to directly compare within
the same person C19- and FLU- specific CD8" T cells. Multi-parameter flow cytometry was performed using a BD FACSAria llu (BD
Biosciences) and analyzed using FlowJo software version 10.8.1 (Tree Star). All antibodies are summarized in Table S1. (key re-
sources table).

RNA sequencing and TCR analysis

PBMCs were stained with APC (C19)- and PE (FLU)- conjugated HLA class | tetramers (Tetramershop), antibodies directed against
CD8 and CD3, and viability dye. Live FLU*CD8*CD3* and C19*CD8*CD3* T cells were sorted in RLT buffer using a BD FACSAria llu
(BD Biosciences). Total (bulk) RNA was isolated using QIAGEN RNeasy micro kit according to manufacturer’s protocols. Samples
were sent to GENEWIZ for further processing. RNA library preparations and sequencing reactions were conducted at Azenta US,
Inc (South Plainfield, NJ, USA). Ultra-low input RNA sequencing library was prepared by using SMART-Seq HT kit for full-length
cDNA synthesis and amplification (Takara, San Jose, CA, USA), and lllumina Nextera XT (lllumina, San Diego, CA, USA) library
was used for sequencing library preparation. Briefly, cDNA was fragmented and an adaptor was added using Transposase, followed
by limited-cycle PCR to enrich and add index to the cDNA fragments. The sequencing library was validated on the Agilent
TapeStation (Agilent Technologies, Palo Alto, CA, USA). The sequencing libraries were multiplexed and clustered on a flowcell. After
clustering, the flowcel was loaded on an lllumina HiSeq instrument according to manufacturer’s instructions. The samples were
sequenced using a 2x150 Paired End (PE) configuration. Image analysis and base calling were conducted by the HiSeq Control Soft-
ware (HCS). Raw sequence data (.bcl files) generated from lllumina HiSeq was converted into fastq files and de-multiplexed using
lllumina’s bcl2fastq 2.17 software. One mis-match was allowed for index sequence identification. Transcriptome data was analyzed
using the R2 Genomics and Visualization platform (http://r2.amc.nl). To generate protein interaction maps, differentially expressed
genes were analyzed using the STRING platform version 11.5 (https://string-db.org), with a confidence (score) cutoff of 0.4. Visual-
ization of networks was done using cytoscape version 3.9.1. to illustrate largest subnetworks. For TCR analysis, Bulk RNA
sequencing reads were aligned to reference V, D, J and C genes of T cell receptors with MiXCR version 2.1.11 (lllumina), which
assembled the clonotypes and extracted the o and B chains of the CDRS3 regions. The MiXCR clonotype output was further imported
to vdjtools (https://vdjtools-doc.readthedocs.io/en/master/#) where the non-functional (non-coding) clonotypes were filtered and in-
dividual clonotypes were normalized by dividing their read counts by the total read count of the sample clonotypes. The resulted TRB
CDR3 sequence-based clonotypes were used for downstream statistical analysis. Reads retrieved only once or twice were excluded
from the analysis to prevent background of sequencing errors.

In vitro intracellular cytokine staining (ICS) assay

To measure cytokine production directly ex vivo, PBMCs were cultured in RPMI 1640 medium (PAN-Biotech), supplemented with
10% FCS (PAN-Biotech) and 2-ME (Sigma-Aldrich). A total of 1x10° PBMCs per well in a U-bottom 96-well plate (Cellstar) were
stimulated with C19 (YLQPRTFLL) or FLU (GILGFVFTL) peptide (JPT Peptide Technologies, Germany) or with a peptide pool of
SARS-CoV-2 spike (PepTivator SARS-CoV-2 Prot_S, Miltenyi) or influenza HA (PepTivator Influenza A HA, Miltenyi) peptides in a final
concentration of 1 ung/mL for 4h in the presence of Brefeldin A (eBioscience). After incubation, PBMCs were collected and washed
before performing surface staining (FVD, CD8). Fixation and permeabilization of cells for intracellular staining (IFNy, TNF, IL-2 and
Granzyme B) were done with the intracellular fixation and permeabilization set (eBioscience).

Generation of recombinant viruses

mCMV-COVID (YLQPRTFLL) and mCMV-FLU (GILGFVFTL) were generated by en-passant BAC mutagenesis of the mCMV BAC
plasmid pSM3fr as follows: a kanR cassette flanked by homologous viral sequences was amplified from plasmid pori6K-RIT using
the oligonucleotide pairs ie2_FLU_fwd / ie2_FLU_rev or ie2_COVID-19_fwd / ie2_COVID-19_rev (see key resources table). The re-
sulting products were transformed into GS1783 bacteria carrying pSM3fr and the peptide coding sequence was integrated at the
C-terminus of the viral ie2 gene by Red recombination. Subsequently the BACs pmCMV-FLU and pmCMV-COVID were purified
and the successful integration of the peptide-coding sequence mutagenesis was confirmed by sequencing (Eurofins Genomics).
The recombinant virus mCMV-FLU and mCMV-COVID were reconstituted in and high-titer cell culture derived virus stocks were pre-
pared by standard protocol.

In vivo NSG experiments

PBMCs were divided into two equal fractions and transferred to NSG-HLA:A*02 transgenic mice. Fraction of PBMCs was stained
prior the transfer to determine the percentage of antigen-specific cells. On the same day mice were infected intraperitoneal (i.p.)
with 2 x 10® PFU - mCMV-COVID or mCMV-FLU. Next day mice were injected i.p. with 100ng/mouse of human IL-2 (PeproTech).
Mice were sacrificed 7 days post infection and peritoneal exudate cells (PEC) were isolated. For the analysis of the expansion cells
were labeled with APC (C19)- and PE (FLU)- conjugated HLA class | tetramers, washed and stained with FVD to determine live cells,
anti-mouse CD45.1 to exclude mouse cells and anti-human CD8 and anti-human CD45 to determine human PBMCs. To measure
cytokine production, cells were stimulated with phorbol myristate acetate (PMA, InvivoGen) and lonomycin (InvivoGen) for 4h in
the presence of Brefeldin A (eBioscience). After incubation, cells were stained with HLA-A*02 C19 or FLU tetramer, following
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were surface staining (FVD, anti-human CD8, anti-human CD45). Fixation and permeabilization of cells for intracellular staining (IFNy
and TNF) was done with the intracellular fixation and permeabilization set (eBioscience). Flow cytometry analysis was done on a
FACSVerse (BDBiosciences) and analyzed with FlowJo software (Tree Star).

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis
Data are presented as mean + SEM or as individual values. Statistical significance was determined by paired Student’s t test, one-

way ANOVA with Bonferroni’s post-test correction for multiple comparisons or Kruskal-Wallis rank-sum test with Dunn’s post hoc
test for multiple comparisons using Graph Pad Prism 8. *p < 0.05, **p < 0.01 and ***p < 0.001.
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