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Solid organ transplant (SOT) recipients receive therapeutic
immunosuppression that compromises their immune response
to infections and vaccines. For this reason, SOT patients have a
high risk of developing severe coronavirus disease 2019
(COVID-19) and an increased risk of death from severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) infection.
Moreover, the efficiency of immunotherapies and vaccines is
reduced due to the constant immunosuppression in this patient
group. Here, we propose adoptive transfer of SARS-CoV-2-spe-
cific T cells made resistant to a common immunosuppressant,
tacrolimus, for optimized performance in the immunosup-
pressed patient. Using a ribonucleoprotein approach of
CRISPR-Cas9 technology, we have generated tacrolimus-resis-
tant SARS-CoV-2-specific T cell products from convalescent
donors and demonstrate their specificity and function through
characterizations at the single-cell level, including flow cytom-
etry, single-cell RNA (scRNA) Cellular Indexing of Transcrip-
tomes and Epitopes (CITE), and T cell receptor (TCR)
sequencing analyses. Based on the promising results, we aim
for clinical validation of this approach in transplant recipients.
Additionally, we propose a combinatory approach with tacroli-
mus, to prevent an overshooting immune response manifested
as bystander T cell activation in the setting of severe COVID-19
immunopathology, and tacrolimus-resistant SARS-CoV-2-spe-
cific T cell products, allowing for efficient clearance of viral
infection. Our strategy has the potential to prevent severe
COVID-19 courses in SOT or autoimmunity settings and to
prevent immunopathology while providing viral clearance in
severe non-transplant COVID-19 cases.
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INTRODUCTION
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
emerged in 2019, causing respiratory tract disorders, referred to as co-
ronavirus disease 2019 (COVID-19), and led to a worldwide
pandemic.1,2 While, in the general population, most SARS-CoV-2 in-
fections show a mild disease course, severe COVID-19 is more com-
mon among individuals under chronic immunosuppression, such as
transplant recipients, autoimmune patients,3,4 and the elderly.5

Chronic immunosuppression increases susceptibility to respiratory
viral infections, which are increasingly recognized to be a major cause
of morbidity and mortality among transplant recipients.3,6–8

Recent studies suggest that SOT recipients are at high risk for compli-
cations or death due to SARS-CoV-2 infection.3,9–13 In a large US
cohort (1,925) of SARS-CoV2+ SOT recipients, 42.9% of SOT recip-
ients with SARS-CoV-2 had to be hospitalized and the infection was
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associated with increased risk for acute kidney injury, organ rejection,
graft failure, and major cardiologic problems.14 Furthermore, current
findings indicate that immunosuppressed and elderly patients mount
weak responses to COVID-19 vaccines. Consequently, vaccination in
these populations may not provide protection against severe SARS-
CoV-2 infections or to emerging novel SARS-CoV-2 strains, leaving
them at risk.15–20 Indeed, initial studies reported that, despite being
vaccinated, SOT patients still became infected with SARS-CoV-2
and required hospitalization, highlighting the necessity of novel stra-
tegies to protect this vulnerable population.21–23

SARS-CoV-2-specific T cells have been detected in convalescent pa-
tients inmultiple studies, indicating an important role for T cells in viral
clearance and development of protective immunity.24–26 Thus, SARS-
CoV2-specific adoptive T cell therapy (ACT) has been suggested as
an early treatment or preventive strategy for COVID-19 in immuno-
compromised or immunosuppressed individuals27 as well as more
generally for treatment of acute COVID-19.28,29 Virus-specific ACT
has already been administered with a very low incidence of adverse ef-
fects to prevent and treat infections in patients after hematopoietic stem
cell transplantation and SOT.30–32 Furthermore, recent studies have
shown the feasibility of generating SARS-CoV-2-specific T cell prod-
ucts (TCPs) from the blood of patients who have recovered from
SARS-CoV-2 infection.27,28 Clinical trials are now needed to demon-
strate safety, efficiency, and persistence of antiviral TCPs in vivo and
to determine any therapeutic benefit of ACT for COVID-19 patients.
However, current ACT strategies may not benefit COVID-19 patients
who are also treatedwith immunosuppressants,which includes SOTre-
cipients. Theymight, however, benefit from adoptive transfer of immu-
nosuppression-resistant SARS-CoV-2-specific TCPs, allowing preven-
tion of overshooting immune responses while maintaining some form
of viral anti-immunity. Additionally, reported data imply that ACT en-
hances induction of antibody responses,33 thus immunosuppression-
resistant adoptive SARS-CoV-2-specific ACT may help to establish
protective immunity, consisting of both T and B cell responses,34,35 in
immunosuppressed patients, who often fail to mount protective long-
term antibody responses after vaccination.17–20

Immunosuppression-resistant adoptive SARS-CoV-2-specific ACT
could also be beneficial beyond immunosuppressed patient popula-
tions. Severe COVID-19 is associated with extrapulmonary systemic
hyperinflammation syndrome characterized by an overshooting innate
and adaptive immune response (sometimes referred to as cytokine
storm) that further results in tissue damage and multi-organ
failure.36,37 Studies indicate that dysregulated T cell function contrib-
utes to COVID-19-associated hyperinflammation and impaired viral
clearance.38–42 Consequently, immunosuppressive corticosteroids are
currently the first line of treatment for patients with severe COVID-
19-associated hyper-inflammation43,44 and can reduce mortality in pa-
tients requiring respiratory support.45However, their generalizeduse in
treating coronavirus diseases has been controversial: some reports sug-
gest improved disease outcomes in COVID-19 patients upon cortico-
steroid treatment,43,44,46 while others suggest corticosteroids prolong
the duration of hospitalization and delay viral elimination.47–50 Thus,
Molecu
there is anurgent need for effective and safe strategies aiming to support
viral clearance while preventing SARS-CoV-2-associated hyperinflam-
mation and tissue damage in patients with severe COVID-19.

The calcineurin inhibitor (CNI) tacrolimus (Tac) may be an attractive
alternative to corticosteroids. Tac is reported to inhibit proinflamma-
tory cytokine production and the replication of human coronavirus
(HCoV) SARS-CoV-1, HCoV-NL63, and HCoV-229E,51,52 to reduce
T cell-associated hyperinflammation, and to have protective effects
in SOT patients infected with Middle East respiratory syndrome coro-
navirus (MERS-CoV) or SARS-CoV-2.53–56 Indeed, Tac combined
with prednisolone (Pred) pulses (ClinicalTrials.gov Identifier:
NCT04341038)57 and the CNI, cyclosporine A (CsA),58 are under
investigation for treatment of COVID-19 in clinical trials. However, re-
ports imply that immunosuppressed transplant recipients under Tac
therapy also show prolonged viral shedding upon SARS-CoV-2 infec-
tion, illustrating the need for regeneration of specific immune responses
to SARS-CoV-2 in these patients.59–62 The feasibility of generating
glucocorticoid-resistant SARS-CoV-2-specific T cells for ACT has
recently been described29; however, as tacrolimus is required to prevent
organ rejectionafter SOT transplantation andadditionally is reported to
support antiviral and anti-inflammatory processes toward coronavirus
infections,51–56 it might be an attractive alternative to corticosteroid-
based immunosuppression to reduce or prevent COVID-19-associated
hyperinflammation. Thus, we suggest combination therapy for severe
COVID-19 using Tac to prevent immunopathology, combined with ta-
crolimus-resistant adoptive antiviralT cell therapy to improveviral con-
trol as a novel treatment concept, both for immunocompromised SOT
patients as well as in severe non-transplant COVID-19 cases.63

We report the feasibility of generating SARS-CoV-2-specific Tac-
resistant antiviral T cells suitable for ACT from convalescent SARS-
CoV-2-infected individuals utilizing our vector-free gene-editing
approach targeting FKBP12, which codes for the adapter protein
required for the immunosuppressive function of Tac in antiviral
T cells.63,64 Functional analysis confirmed that FKBP12 KO SARS-
CoV-2-specific T cells are highly resistant to Tac treatment, maintain-
ing their effector function as measured by antigen-specific cytokine
production. In contrast, the antiviral cytokine production of these
novel FKBP12 KO SARS-CoV-2-specific T cells was efficiently sup-
pressed by FKBP12-independent immunosuppression via the alter-
native CNI, CsA. We thus provide an inherent safety switch in case
of potential adverse effects of FKBP12 KO T cells in vivo.43 Our
GMP-compatible manufacturing process allows for clinical-grade
production of these innovative Tac-resistant TCPs as a pre-requisite
for a first-in-human clinical trial investigating the potential of SARS-
CoV-2-specific FKBP12 KO T cells in transplant recipients.

RESULTS
SARS-CoV-2-specific T cells from SARS-CoV-2+ convalescent

donors predominantly target the nucleocapsid and spike

proteins

To assess the feasibility of isolating SARS-CoV-2-reactive T cells, we
analyzed the antiviral T cell responses to SARS-Cov-2 structural and
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accessory proteins in individuals with a history of asymptomatic or
mild SARS-CoV-2 infection (convalescent donors). Thus, we ob-
tained peripheral blood mononuclear cells (PBMCs) from 20 donors
who had cleared an asymptomatic or mild SARS-CoV-2 infection,
and 19 SARS-CoV-2-naive control donors (for characteristics of do-
nors, see Table S1). Naive control donors were defined as being sero-
negative for immunoglobulin G (IgG) and immunoglobulin A (IgA)
targeting SARS-CoV-2 spike S1 as detected by ELISA (Figures S1A
and S1B). The SARS-CoV-2-specific T cell responses were evaluated
by stimulating PBMCs with overlapping peptide pools (15-mers, 11-
amino acid [aa] overlap), encompassing the amino acid sequence of
structural proteins (NCAP [Nucleocapsid], spike S1 + S2, VEMP
[Envelope small membrane protein], VME1) and accessory proteins
(AP3a, NS6, NS7a, NS7b, NS8, ORF9b, ORF10, Y14) of SARS-
CoV-2. Cells were stimulated for 16 h to analyze the reactivity of
T cells by flow cytometry using a set of markers for T cell activation
and effector cytokine production (Figures 1A–1C). In all SARS-
CoV-2 convalescent donors, we observed upregulation of cluster of
differentiation (CD) 137 (4-1BB) and production of either interferon
gamma (IFN-g), tumor necrosis factor alpha (TNF-a), or both
cytokines (Figures 1D–1G), which is consistent with effector T cell
activation following SARS-CoV-2-specific stimulation. Furthermore,
we found SARS-CoV-2-specific CD4+ and CD8+ T cells responded to
different viral antigens. CD4+ T cells predominantly reacted to
NCAP, spike S1 and S2, and to a lesser extent to VME1 (Figures
1D and 1E). In contrast, CD8+ T cells predominantly reacted to
NCAP, as illustrated in Figures 1F and 1G. Healthy SARS-CoV-2-
seronegative control donors presented few IFN-g-positive CD4+

T cells, whereas TNF-a producers responded to all tested antigens
(Figures S1C and S1D). SARS-CoV-2-reactive T cells were undetect-
able in the CD8+ T cell fraction of the seronegative control donors
(Figures S1E and S1F).

Vector-free CRISPR/Cas9-based FKBP12 KO in SARS-CoV-2-

specific TCPs generated from convalescent donors

We have previously described a vector-free protocol for electropora-
tion and ribonucleoprotein (RNP)-based knockout (KO) of FKBP12
to generate Tac-resistant antiviral TCPs, which was now applied to
generate SARS-CoV-2-specific Tac-resistant TCPs from eight conva-
lescent donors (CD 1–3, 15, 17–20; Table S1).63 We isolated SARS-
CoV-2-specific T cells with a high purity from PBMCs, based on their
IFN-g secretion after stimulation with SARS-CoV-2 peptide pools
(NCAP, spike S1 + S2, VEMP, VME1, AP3a, NS6, NS7a, NS7b,
NS8, ORF9b; ORF10, Y14) (Figures 2A–2C). These SARS-CoV-2-
specific T cells were expanded and split on day 7. One-half of the cul-
ture was subsequently electroporated with RNP complexes of Cas9
and a single guide RNA (sgRNA), whereas the other half served as
the unmodified control (Figure 2A). The unmodified and FKBP12
KO SARS-CoV-2-specific T cells were expanded for a further 2 weeks
(Figure 2A). Expansion rates and cell yields were similar for both frac-
tions at days 14 and 21, illustrated in Figures 3A and 3D. Similarly, the
expansion rates and total counts of CD4+ and CD8+ T cells of the
TCPs at day 21 were comparable between unmodified and FKPB12KO

fractions (Figures 3B and 3E). Although on day 0 we found the
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CD4+/CD8+ ratios were high among the SARS-CoV-2-reactive
T cells, these gradually became more balanced during expansion in
both unmodified and FKBP12 KO TCPs (Figure 3F). On day 21,
the KO efficiency of FKBP12 ranged from 63% to 89% in the
SARS-CoV-2-specific TCPs, as assessed by peak-shift analysis after
Sanger sequencing (Figure 3C).

ExpandedSARS-CoV-2-specificCD4+ andCD8+ TCPs recognize

multiple SARS-CoV-2-derived antigens

Subsequently, we sought to identify the antigenic targets driving the
expansion of SARS-CoV-2-specific T cells and compared their anti-
gen specificities before and after expansion. We addressed this by
re-stimulating the TCPs from both cultured unmodified controls
and FKBP12 KO with individual peptide pools of the different struc-
tural and accessory proteins of SARS-CoV-2 for 16 h.

Ex vivo (day 0) and post-expansion (day 21) CD4+ T cells were pre-
dominantly activated by NCAP, spike S1 and S2, and VME1 (Figures
4A and 4B, S2A, S2E, and S2F). The frequency of CD4+ T cell reac-
tivity toward the different SARS-CoV-2 antigens tested was similar
between FKBP12 KO and unmodified TCPs (Figures 4B and S2C–
S2F). CD8+ T cells exhibited a discernably different response to the
antigens tested; however, the response of the FKBP12 KO and un-
modified TCPs was again similar (Figure 4C and S2B). CD8+

T cells showed greater proportions of cells reactive to NCAP and
spike S1 ex vivo (day 0); however, after expansion (day 21), CD8+

T cells responded principally to NCAP and AP3a peptide pools,
whereas spike S1- and S2-specific T cells were detected at much lower
frequencies than NCAP- and AP3a-specific T cells (Figures 4D, S2G,
and S2H). After expansion, AP3a-specific CD8+ T cells were more
abundant in both unmodified and FKBP12 KO TCPs (Figures 4D,
S2C, S2D, S2G, and S2H). Interestingly, no specific activation of
CD4+ or CD8+ T cells was observed in response to any of the other
accessory proteins NS6, NS7a, NS7b, NS8, ORF9b, ORF10, and Y14
or the structural VEMP protein in both unmodified and FKBP12
KO TCPs (Figures 4B, 4D, and S2E–S2H).

SARS-CoV-2-specific T cells expanded from convalescent

donors display a differentiated memory phenotype

We next evaluated the cell surface expression of T cell differentiation
markers of expanded unmodified control and FKBP12 KO TCPs
ex vivo (day 0) and after culture (day 21) (Figures 4E and 4F). In
brief, the order of frequency in descending order, illustrated in
Figures 4E and 4G, was observed to be: high CCR7+/CD45RA+

naive T cells (TNAIVE), CCR7
+/CD45RA� central memory T cells

(TCM), CCR7
�CD45RA� effector memory T cells (TEM), CCR7

+/
CD45RA+/CD95dim stem cell-like memory T cells (TSCM), and
CCR7�/CD45RA+ terminally differentiated effector memory T cells
(TEMRA) (Figures 4E and 4G). Post enrichment, the SARS-CoV-2-
specific CD4+ T cells contained a high percentage of TCM and TEM

(Figures 4E and 4G). On day 21 SARS-CoV-2-specific CD4+ T cells
exhibited a more differentiated phenotype, with the majority being
TEM in both bulk and CD137+ and IFN-g+ T cells and a lack of
TCM (Figures 4F and 4H). Before enrichment, CD8+ T cells presented
22
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Figure 1. Frequencies of SARS-CoV-2-reactive T cells in blood of convalescent SARS-CoV-2+ donors

SARS-CoV-2-specific stimulation of PBMCs of convalescent SARS-CoV-2+ donors with individual structural and accessory proteins of SARS-CoV-2. n = 20; *p < 0.05, **p <

0.01 (statistics refer to data of seronegative healthy donors in Figures S1C–S1F). Staphylococcal enterotoxin B (SEB) serves as positive control. (A) Schematic outline of the

experimental setup. Created with BioRender.com. (B) Representative gating strategy to select lymphocytes, single cells, and living CD4+ andCD8+ T cells. (C) Representative

gating strategy to select antigen-reactive (CD137+) cytokine producers (IFN-g+ or TNF-a+) among CD4+ and CD8+ T cells. (D) IFN-g production of SARS-CoV-2-activated

(CD137+) CD4+ T cells after 16 h of stimulation with individual peptides of SARS-CoV-2 in convalescent SARS-CoV-2+ donors. (E) TNF-a production of SARS-CoV-2-

activated (CD137+) CD4+ T cells after 16 h of stimulation with individual peptides of SARS-CoV-2 in convalescent SARS-CoV-2+ donors. (F) IFN-g production of SARS-CoV-

2-activated (CD137+) CD8+ T cells after 16 h of stimulation with individual peptides of SARS-CoV-2 in convalescent SARS-CoV-2+ donors. (G) TNF-a production of SARS-

CoV-2-activated (CD137+) CD8+ T cells after 16 h of stimulation with individual peptides of SARS-CoV-2 in convalescent SARS-CoV-2+ donors.

www.moleculartherapy.org
with an overall high frequency of TNAIVE, followed by TEMRA and
TEM, whereas TCM as well as TSCM were present at lower frequencies
(Figures 4E and 4G). After SARS-CoV-2-specific enrichment, the
CD8+ T cells contained a high proportion of TEMRA and TEM. On
day 21 of expansion, SARS-CoV-2-specific CD8+ T cells expressed
Molecu
a similar phenotype, with the majority being TEMRA and TEM in
both bulk and CD137+ and IFN-g+ T cells (Figures 4F and 4H). Over-
all, the FKBP12 KO did not have a major effect on T cell differentia-
tion and the subset composition of the TCPs, nor did it confer a
discernible advantage to any particular subset.
lar Therapy: Methods & Clinical Development Vol. 25 June 2022 55
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Figure 2. Schematic outline of the experimental setup to isolate and expand SARS-CoV-2-specific T cells following CRISPR-Cas9-mediated KO of FKBP12

to induce tacrolimus-resistance

(A) Timeline and individual steps of the procedure to isolate and expand SARS-CoV-2-specific T cells following CRISPR-Cas9-mediated KO of FKBP12 to induce tacrolimus-

resistance. Created with BioRender.com. (B) Representative dot plot of purities of SARS-CoV-2-specific IFN-g-producing CD4+ and CD8+ T cells pre and post enrichment.

(C) Purities of SARS-CoV-2-specific IFN-g-producing CD4+ and CD8+ T cells pre and post enrichment, where each dot color represents one individual donor (n = 8).
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Effector cytokine production in the presence of tacrolimus is

rescued by FKBP12 KO in SARS-CoV-2-specific TCPs

To demonstrate both efficacy against SARS-CoV-2 and to confirm
Tac resistance of our FKBP12 KO TCPs, we re-stimulated the
distinct TCPs with SARS-CoV-2 peptide pools and analyzed pro-
duction of antiviral cytokines (IFN-g, TNF-a, and interleukin
[IL]-2) in the presence or absence of clinical doses of immunosup-
pressive drugs. To confirm the specificity of the FKBP12 KO
approach, we re-stimulated unmodified control and FKBP12 KO
TCPs in presence of Tac as well as an alternative CNI, CsA, which
depends on the adaptor protein, peptidylprolyl isomerase A
(PPIA). Thus, FKBP12 KO should not affect the immunosuppres-
sive function of CsA in edited TCPs. We also tested the function-
ality of SARS-CoV-2-specific T cells in the unmodified and
FKBP12 KO TCPs by exposure to triple immunosuppression (IS)
56 Molecular Therapy: Methods & Clinical Development Vol. 25 June 20
therapy commonly administered post solid organ transplantation,
namely, Tac, prednisolone (corticosteroid), and mycophenolic
acid (MPA). Upon SARS-CoV-2-specific re-stimulation on day
21, unmodified control and FKBP12 KO TCPs showed comparable
frequencies of activated (CD137+) cytokine producers among
CD4+ and CD8+ T cells (Figures 5A–5G and S3A–S3F). Exposing
TCPs to immunosuppressive drugs during stimulation resulted in a
significant decrease in activated cytokine producers among CD4+

(Figures 5A–5D and S3A–S3C) and CD8+ T cells (Figures 5A,
5E–5G, and S3D–S3F). These were partially rescued by the
FKBP12 KO (Figures 5A–5G and S3A–S3F). Both CD4+ and
CD8+ FKBP12 KO T cells produced effector cytokines in the pres-
ence of Tac but not in the presence of CsA (Figures 5A–5G and
S3A–S3F). The proportions of cytokine producers among CD4+

and CD8+ T cells in FKBP12 KO TCPs were similar in Tac-treated
22
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Figure 3. Expansion rates and CD4+/CD8+ T cell ratio of unmodified control and FKBP12 KO SARS-CoV-2-specific TCPs over 21 days of culture

Experimental setup same as in Figure 2. n = 8. (A) Expansion rates (fold expansion) from day 0 to day 21 of unmodified control and FKBP12 KO SARS-CoV-2-specific TCPs

normalized to day 0. (B) Expansion rates (fold expansion) from day 0 to day 21 of CD4+ and CD8+ T cells of unmodified control and FKBP12 KO SARS-CoV-2-specific TCPs

normalized to day 0. (C) KO efficiency of FKBP12KOSARS-CoV-2-specific TCPs at day 21. (D) Expansion (cell count) from day 0 to day 21 of unmodified control and FKBP12

KOSARS-CoV-2-specific TCPs. (E) Expansion (cell count) from day 0 to day 21 of CD4+ andCD8+ T cells of unmodified control and FKBP12KOSARS-CoV-2-specific TCPs.

(F) Ratio of CD4+/CD8+ T cells at day 0 and day 21 of unmodified control and FKBP12 KO SARS-CoV-2-specific TCPs.
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and untreated TCPs. Exposure to triple IS during stimulation
decreased the capacity to produce effector cytokines among both
the SARS-CoV-2-stimulated CD4+ and CD8+ FKBP12 KO T cells
(Figures 5A–5G and S3A–S3F). Among the CD4+ and CD8+

T cells of unmodified control and FKBP12 KO TCPs, we identified
polyfunctional T cells based on their ability to secrete multiple cy-
tokines, including IFN-g, TNF-a, and IL-2 (Figures 5D, 5G, S3B,
S3C, S3E, and S3F). Unlike CD4+ T cells, the frequency of activated
SARS-CoV-2-specific CD8+ T cells, identified by CD137 (4-1BB)
expression, did not significantly decrease when TCPs were exposed
to CsA during stimulation (Figures S3G and S3H). However, both
CD4+ and CD8+ CD137-expressing T cells were unable to produce
effector cytokines in the presence of CsA, both in unmodified and
FKBP12 KO TCPs (Figures 5A–5G and S3A–S3F). Expression of
the activation marker CD154 (CD40L) among both the SARS-
CoV-2-stimulated CD4+ and CD8+ unmodified and FKBP12 KO
T cells was comparable. Exposing TCPs to IS during stimulation
resulted in a significant decrease in CD154 expression among
CD4+ (Figure S3I) and CD8+ T cells (Figure S3J), which was
partially rescued by FKBP12 KO.
Molecu
FKBP12 KO SARS-CoV-2-specific TCPs demonstrate killing

capacity comparable with unmodified control SARS-CoV-2-

specific TCPs

Since targeted elimination of virus-infected cells is an essential char-
acteristic of antiviral T cells, we tested the cytotoxic killing capacity of
SARS-CoV-2-specific TCPs. Although short-term incubation with
the IS Tac showed a strong effect on antiviral cytokine production
in TCPs (Figure 5), we found that the T cell-mediated cytotoxic killing
of target cells loaded with SARS-CoV-2 peptides was not affected by
short-term treatment with Tac, neither in unmodified nor in FKBP12
KO TCPs (Figures 6A–6C).

To identify the dominant antigens driving T cell-mediated killing of
SARS-CoV-2 peptide-loaded target cells, we analyzed the killing ca-
pacity of TCPs with regard to individual antigens of SARS-CoV-2.
Both unmodified control and FKBP12 KO TCPs showed efficient
killing of NCAP as well as AP3a peptide-loaded target cells, followed
by target cells loaded with VME1 and spike S1 and S2 peptides (Fig-
ure 6D). We also found T cell-mediated killing toward target cells
loaded with peptides from the accessory proteins NS7a and ORF9b
lar Therapy: Methods & Clinical Development Vol. 25 June 2022 57
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for some of the TCPs, but not toward target cells loaded with peptides
from the remaining accessory proteins NS6, NS7b, NS8, ORF10, and
Y14 or the structural protein VEMP (Figure 6D). This was in contrast
to antiviral cytokine production, which we did not observe in
response to accessory-protein-derived peptides in the expanded un-
modified control and FKBP12 KO TCPs, with the exception of the
AP3a peptide pool (Figures 4B, 4D, and S2D–S2H). We then exam-
ined the killing capacity of CD4+ and CD8+ T cells separately to deter-
mine whether T cell-mediated cytotoxic killing of the dominant target
antigens is executed by CD4+ or CD8+ T cells. Our observations sug-
gested CD8+ T cells were the main drivers of cytotoxic elimination of
SARS-CoV-2 peptide-loaded target cells (Figures 6E and 6F). Among
CD8+ T cells of unmodified control and FKBP12 KO TCPs, we de-
tected the most efficient killing of NCAP, AP3a, and SARS-CoV-2
peptide-pool-loaded target cells, followed by target cells loaded with
VME1, spike S1, and spike S2 peptide pools (Figures 6E and 6F).

To add another model of SARS-CoV-2 infection and to determine if
the SARS-CoV-2-specific TCPs can recognize and kill these cells, we
co-transfected target cells with a plasmid encoding the full sequence
of the SARS-CoV-2 wild-type (WT) spike protein (pSpike) (Fig-
ure S4A) and a plasmid encoding GFP (pmaxGFP by Lonza). We
sorted for GFP+ target cells and co-cultured them with the distinct
SARS-CoV-2-specific TCPs to determine the T cell-mediated cyto-
toxicity. Expression of spike was confirmed by flow cytometry (Fig-
ure S4B). We observed T cell-mediated killing of pSpike-transfected
target cells by unmodified and FKBP12 KO TCPs. Although the cyto-
toxic killing of SARS-CoV-2 peptide-loaded target cells by our TCPs
was not affected by short-term incubation with the IS Tac (Figure 6C),
we found that cytotoxic elimination of target cells transfected with
pSpike was reduced in presence of Tac for unmodified but not
FKBP12 KO TCPs (Figure 6G).

SARS-CoV-2-specific unmodified and FKBP12 KO TCPs

recognize spike S1 and S2 of SARS-CoV-2 variants but show

little cross-reactivity to spike S1 and S2 proteins of common

endemic HCoVs

Considering the ongoing occurrence of SARS-CoV-2 variants, it be-
comes increasingly important that TCPs also recognize antigens of
Figure 4. Antigen-specific T cell distribution before and after expansion of unm
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the mutant SARS-CoV-2 strains without the need to determine the
exact variant. Therefore, we re-stimulated the TCPs with peptide
pools of the distinct spike proteins S1 and S2 of SARS-CoV-2 variants
Alpha (B.1.1.7), Beta (B.1.351), Delta (B.1.617.2), and Omicron
(B.1.1.529) and analyzed production of antiviral cytokines (IFN-g
and TNF-a). Upon re-stimulation with peptide pools of the spike
protein S1 and S2 of SARS-CoV-2 variants, frequencies of activated
(CD137+) cytokine producers among CD4+ and CD8+ T cells of un-
modified control and FKBP12 KO TCPs were comparable with those
elicited by the WT spike S1 and S2 (Figures S5A–S5H).

Numerous studies have suggested SARS-CoV-2 cross-reactive T cells in
non-exposed individuals directed against the S2 subunit of the spike
protein occur due to its partial sequence homology with common
endemic HCoVs.24,25,65,66 We investigated this notion by re-stimu-
lating unmodified control and FKBP12 KO TCPs with a peptide pool
derived from spike S1 and S2 of HCoV-229E, HCoV-NL63, HCoV-
OC43, and HKU1. We found that unmodified control and FKBP12
KO TCPs showed little cross-reactivity toward spike S1 and S2 peptide
pools of the common endemic HCoV (Figures S6A–S6D). For CD4+

T cells, both spike S1 and S2 peptide pools of SARS-CoV-2 induced
significantly higher frequencies of activated IFN-g as well as TNF-a
producers in unmodified control and FKBP12 KO TCPs compared
with spike S1 andS2 peptide pools of commonendemicHCoV (Figures
S6A and S6B). Among the CD8+ T cells, the spike S2 peptide pool of
SARS-CoV-2 induced significantly higher frequencies of activated
IFN-g as well as TNF-a producers in unmodified control and
FKBP12 KO TCPs compared with spike S1 and S2 peptide pools of
common endemic HCoV (Figures S6C and S6D).

Cellular indexing of transcriptomes and epitopes sequencing

and proteome analyses confirm resistance of FKBP12 KO TCPs

to tacrolimus

To determine whether FKBP12 editing affects the transcriptome and
specific surface protein levels and how these are influenced by
different CNIs, we performed single-cell Cellular Indexing of Tran-
scriptomes and Epitopes sequencing (CITE-seq) on unmodified
control and FKBP12 KO TCPs of CD17 to CD20 (Table S1).
SARS-CoV-2-specific unmodified control and FKBP12 KO TCPs
odified control and FKBP12 KO SARS-CoV-2-specific TCPs
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were re-stimulated with SARS-CoV-2 peptide-pool-loaded target
cells for 6 h on day 21, either in the presence or absence of CNIs.
According to their transcriptomes and specific protein expression
identified by CITE-seq, cells were clustered by Uniform Manifold
Approximation and Projection for Dimension Reduction (UMAP
[Uniform manifold approximation and projection]). Twenty
distinct cell clusters were identified, comprising CD4+ T cells (clus-
ters 15, 12, 2, 9, and 6), CD8+ T cells (clusters 13, 17, 11, 19, 1, 5, 18,
14, and 7), double-negative (DN) T cells (cluster 16), double-posi-
tive (DP) T cells (clusters 4b, 4a, and 3), natural killer (NK) cells
(clusters 20 and 10), and lymphoblastoid cell lines (LCLs) (cluster
8) (Figure 7A). RNA transcripts of genes associated with effector
function (e.g., IFNG, IL2, TNFA, and GZMB) were upregulated in
clusters 13 and 15 upon SARS-CoV-2-specific activation of unmod-
ified and FKBP12 KO TCPs (Figure 7B). However, cluster 15 but
not 13 showed upregulation of PD-1 (PDCD1) as well as IL-4
mRNA. Cluster 13 additionally showed strong expression of
XCL1, XCL2, CD226, and IRF8, transcripts associated with migra-
tion, survival, and memory formation,67–69 which was less pro-
nounced for cluster 15. Among both CD4+ and CD8+ T cells,
CNI treatment as well as FKBP12 KO had no impact on the cluster
distribution in unstimulated TCPs. In contrast, upon SARS-CoV-2-
specific re-stimulation, the frequency of CD4+ T cell cluster 15 and
CD8+ T cell clusters 13 and 17 of both unmodified control and
FKBP12 KO TCPs increased. The increased frequencies of CD4+

T cell cluster 15 and CD8+ T cell clusters 13 and 17 were inhibited
upon treatment with Tac in the unmodified control but not in
FKBP12 KO TCPs (Figure 7C). However, in the presence of CsA,
CD4+ T cell cluster 15 and CD8+ T cell cluster 13 were under-rep-
resented in both unmodified control and FKBP12 KO TCPs,
whereas the proportion of cells falling into CD4+ T cell cluster 2
and CD8+ T cell clusters 17 as well as 18 increased, respectively
(Figure 7C). Interestingly, cluster 2 was characterized by upregula-
tion of CXC3CR1 and IL7R mRNA, whereas cluster 17 overex-
pressed ID2, ID3, and HAVCR2 (coding for TIM-3) mRNA and
cluster 18 showed slightly elevated levels of CD247 mRNA, respec-
tively (Figure 7B). Gene expression analysis confirmed downregula-
tion of FKBP12 mRNA in CD4+ and CD8+ T cells of FKBP12 KO
TCPs (Figures S7A and S7B). Gene expression analysis also showed
Figure 5. Functional analysis of SARS-CoV-2-specific unmodified control and

SARS-CoV-2-specific stimulation of unmodified control and FKBP12 KO TCPs on day 2
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absence of respective immunosuppressants. (C) Quantified data for the TNF-a producti

SARS-CoV-2-specific TCPs after 16 h of stimulation with SARS-CoV-2 peptide pool in t

the IFN-g and TNF-a production of SARS-CoV-2-activated (CD137+) CD4+ T cells in un
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that, upon SARS-CoV-2-specific stimulation, the top 25 differen-
tially expressed genes were similar between unmodified and
FKBP12 KO TCPs in the absence of CNIs as well as under Tac treat-
ment in the FKBP12 KO TCPs. This was the case for both CD4+

and CD8+ T cell populations (Figures S7A and S7B). Remarkably,
the presence of Tac further upregulated SLA mRNA in CD4+ and
IL2 mRNA in CD8+ FKBP12KO T cells respectively, compared
with untreated FKBP12 KO and unmodified controls. To charac-
terize the functional capacity of FKBP12 KO TCPs in more detail,
we performed gene expression analysis of markers associated with
antiviral T cell function as well as T cell exhaustion. Upon SARS-
CoV-2-specific re-stimulation, CD4+ T cells of unmodified and
FKBP12 KO TCPs show increased expression of TOX2, EOMES,
PDCD1, CTLA4, IL-10, and LAG3, which are common markers to
define T cell exhaustion (Figure S7C). When FKBP12 KO TCPs
were exposed to Tac, expression of TOX2, CTLA4, and IL-10 was
lower compared with FKBP12 KO TCPs without Tac. CD8+

T cells of unmodified and FKBP12 KO TCPs showed increased
expression of PDCD1, CTLA4, LAG3, and IL10, while the expression
of TOX2 and EOMES was only upregulated in unmodified but not
FKBP12 KO TCPs (Figure S7D). Moreover, CD4+ and CD8+ T cells
of unmodified and FKBP12 KO TCPs showed increased expression
of common markers defining antiviral T cell function, including
CD40LG, IL21, IFNG, TNF, IL2, PRF1, and GZMB in the absence
of CNIs as well as under Tac treatment (Figures S7C and S7D).

To further characterize the proteomes of SARS-CoV-2-specific TCPs,
we performed proteome analysis based on mass spectrometry. We
confirmed the gene KO of FKBP12 on protein level (Figure 7D).
Furthermore, we detected 11 of the differentially expressed mRNA
transcripts (Figures S7A and S7B) in the proteome (Figure 7D).
Among those, we observed increased expression of DDX21, NAMPT,
NCL, PGAM1, and PPA1 in SARS-CoV-2-activated unmodified but
not FKBP12 KO TCPs (Figure 7D). In SARS-CoV-2-activated
FKBP12 KO TCPs, we found upregulated protein expression of
RAB27A under Tac treatment (Figure 7D). High levels of GZMB
were detected in FKBP12 KO TCPs in the presence and absence of
Tac, which was to a lesser extent also observed in SARS-CoV-2-acti-
vated unmodified TCPs in the absence of IS (Figure 7D).
FKBP12 KO TCPs

1 of culture. Immunosuppressants were added where indicated: CsA, cyclosporine

= 8; *p < 0.05, **p < 0.01, ***p < 0.001. (A) Representative flow cytometry plots of
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mmunosuppressants. (B) Quantified data for the IFN-g production of SARS-CoV-2-

TCPs after 16 h of stimulation with SARS-CoV-2 peptide pool in the presence or

on of SARS-CoV-2-activated (CD137+) CD4+ T cells in unmodified and FKBP12 KO

he presence or absence of respective immunosuppressants. (D) Quantified data for

modified and FKBP12 KO SARS-CoV-2-specific TCPs after 16 h of stimulation with

nts. (E) Quantified data for the IFN-g production of SARS-CoV-2-activated (CD137+)

timulation with SARS-CoV-2 peptide pool in the presence or absence of respective

tivated (CD137+) CD8+ T cells in unmodified and FKBP12 KO SARS-CoV-2-specific

ce of respective immunosuppressants. (G) Quantified data for the IFN-g and TNF-a

KO SARS-CoV-2-specific TCPs after 16 h of stimulation with SARS-CoV-2 peptide

lar Therapy: Methods & Clinical Development Vol. 25 June 2022 61

http://www.moleculartherapy.org


A B

C D

E F

G

(legend on next page)

Molecular Therapy: Methods & Clinical Development

62 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2022



www.moleculartherapy.org
We additionally performed T cell receptor (TCR) repertoire analysis
on the single-cell level to determine the effect of FKBP12 editing on
TCR diversity. Comparing the TCR clonality and total number of
clones included in SARS-CoV-2-specific unmodified control and
FKBP12 KO TCPs revealed higher variations within largely expanded
but low variations within single small and medium expanded clone
types (Figure 7E). Importantly, there was no overrepresentation of
largely expanded TCR clones within the FKBP12 KO TCPs (Fig-
ure 7E). The TCR diversity represented by Shannon entropy was
largely comparable between unmodified control and FKBP12 KO
TCPs (Figure 7F). The five most represented TCR clones within
both CD4+ and CD8+ T cells of unmodified control and FKBP12
KO TCPs, respectively, revealed a shared TCR repertoire with overall
comparable representation of TCR clones between unmodified and
FKBP12 KO TCPs of one donor (Figure S8A). The proportion of
all TCR sequences represented by the top five clones ranged from
around 5% to a maximum of 32% but was comparable between
FKBP12 KO and the corresponding unmodified TCPs (Figure S8B).

DISCUSSION
ACT is an attractive treatment strategy to prevent and treat viral infec-
tions in immunocompromised or immunosuppressed patients30–32

and has been suggested as an early treatment strategy for SARS-
CoV-2 infection27 or even to treat acute COVID-19.28,29 Immunosup-
pressants likely suppress endogenous antiviral immunity and could
undermine the benefits of antiviral ACT, especially in patients under
constant immunosuppressive treatment, such as SOT recipients.70

Here, we demonstrate the feasibility of generating Tac-resistant
SARS-CoV-2-specific TCPs from the blood of donors who have
cleared SARS-CoV-2 infection. Tac-resistant SARS-CoV-2-specific
TCPs show superior cytokine productionwhen exposed to therapeutic
doses of Tac or triple IS compared with unmodified TCPs. Tac-resis-
tant SARS-CoV-2-specific TCPs could be used for the prevention or
acute treatment of COVID-19 and enhancement of active vaccination
in immunosuppressed patients on Tac therapy (transplant recipients
and autoimmune patients) as well as for patients with severe
COVID-19, in combination with Tac, to prevent immunopathology
while achieving viral control.63

Upon SARS-CoV-2-specific stimulation of ex vivo PBMCs from
SARS-CoV-2 convalescent donors, we detected antigen-specific
CD4+ and CD8+ T cells, which are a pre-requisite for manufacturing
Figure 6. Killing capacity of SARS-CoV-2 peptide-loaded autologous target ce

SARS-CoV-2-specific T cell-mediated cytotoxicity of unmodified control and FKBP12 K

n = 8 for (C) and (D); n = 4 for (E) and (F) (except for VME1 and AP3a of FKBP12 KO TCP

Created with BioRender.com. (B) Representative flow cytometry plots illustrating the s
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plasmid encoding the full spike protein of SARS-CoV-2 by unmodified control and FK
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of Tac-resistant TCPs. In line with recent studies,24–26,65,66,71 we
found that SARS-CoV-2-specific CD4+ T cells predominantly target
the structural proteins NCAP, spike S1 and S2, and to a lower extent
VME1, whereas CD8+ T cells predominantly show specificity toward
NCAP during characterization of the starting material. Similar to our
observations of T cells stimulated ex vivo on day 0, expanded CD4+

and CD8+ T cells preferentially targeted different antigens of SARS-
CoV-2 yet with a clear overall preference of both CD4+ and CD8+

T cells for the structural proteins, in line with previous reports.27,29

The distribution of specificities among T cells before and after
SARS-CoV-2-specific T cell expansion was largely comparable for
CD4+ and CD8+ T cells, except for AP3a, which was found to be a
relevant driver of CD8+ T cell expansion and was not affected by
KO of FKBP12. Supporting previous reports, expanded SARS-CoV-
2-specific CD4+ T cells recognized a broader set of viral surface anti-
gens,27,29 whereas antigen specificity for CD8+ T cells was limited to
internal NCAP29 and AP3a.72 The differences in antigen specificity
between SARS-CoV-2-specific CD4+ and CD8+ T cells may relate
to distinct processing and presentation of viral surface and internal
antigens. However, it is also reported that apoptosis and autophagy
are upregulated in PBMCs of SARS-CoV-2-infected individuals,73

which may promote presentation of phagocytosed antigens via major
histocompatibility complex (MHC) class II molecules on professional
antigen-presenting cells. In line with our observations, the VEMP
protein is reported to be barely recognized by the host’s adaptive im-
mune defense.74 A recent report suggests that ORF8 protein downre-
gulates the expression of MHC class I molecules on several cell types,
resulting in impaired antigen presentation to CD8+ T cells.75 While
CD8+ T cells are indispensable for elimination of infected cells,
CD4+ T cells contribute to affinity-maturated and protective antibody
responses, and thus Tac-resistant TCPs may help to establish
improved antibody responses in immunosuppressed individuals.
Indeed, it was shown that spike-specific CD4+ T cell responses corre-
late with serum levels of anti-spike IgG titers in recovered SARS-
CoV-2-infected donors.76 Moreover, VME1-specific antibodies have
been suggested as an additional target for immune monitoring due
to the relatively high frequency of VME1-specific CD4+ T cells in
the blood of convalescent COVID-19 patients.26

With the continued emergence of SARS-CoV-2 variants, wewere inter-
ested in whether the SARS-CoV-2-specific TCPs we generated are
cross-reactive to mutant SARS-CoV-2 strains abolishing the need for
lls by unmodified control and FKBP12 KO SARS-CoV-2-specific TCPs

O TCPs at day 21 of culture. Immunosuppressant Tac was added where indicated.

s: n = 3); n = 7 for (G) *p < 0.05. (A) Schematic illustration of the experimental setup.

election of autologous (CFSE-labeled) and allogenic (DDAO [7-hydroxy-9H-(1,3-di-
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Figure 7. Single-cell transcriptomes, proteome data, and TCR repertoire of unmodified control and FKBP12 KO SARS-CoV-2-specific TCPs

CITE-seq, proteome, and TCR analysis of SARS-CoV-2-specific TCPs after SARS-CoV-2-specific re-stimulation at day 21 of culture. Immunosuppressant Tac or CsA were

added where indicated. n = 4, n = 3 for (D) (A) UMAP representation of unmodified and FKBP12 KO TCPs. Transcriptionally similar clusters were identified using shared

nearest neighbor (SNN) modularity optimization. (B) Heatmap of RNA expression of T cell-associated genes within different clusters. (C) Cluster distribution within unmodified

control and FKBP12 KO SARS-CoV-2-specific TCPs in the presence or absence of IS as well as in unstimulated and stimulated conditions. (D) Heatmap of proteins

differentially expressed upon SARS-CoV-2-specific stimulation in T cells of unmodified control and FKBP12 KO TCPs in presence or absence of IS. (E) Distribution of different

clone types within unmodified control and FKBP12 KO TCPs. (F) TCR diversity represented by Shannon entropy of unmodified control and FKBP12 KO TCPs.
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variant identification prior to TCP manufacturing. Both unmodified
control and FKBP12 KO TCPs recognized spike protein S1 and S2 of
SARS-CoV-2 variants Alpha (B.1.1.7), Beta (B.1.351), Delta
(B.1.617.2), and Omicron (B.1.1.529), and elicited effector cytokine
levels similar to WT spike S1 and S2 peptide pools, which is in line
with recent reports.77,78 This observation confirms that the T cell
response in SARS-CoV-2 convalescent or vaccinated individuals re-
mains largely stable even against mutants of SARS-CoV-2, whereas
neutralizing antibodies are reported to be weakened in their effect.77,79

Cross-reactive SARS-CoV-2 T cell epitopes with predominant spike
specificity have been described in unexposed individuals, which might
be due to previous infectionswith common endemicHCoV.80 In agree-
ment with recent studies, we observed higher frequencies of SARS-
CoV-2 cross-reactive T cells among CD4+ compared with CD8+

T cells65,80–82 in the seronegative healthy individuals from our study.
There is evidence that pre-formed SARS-CoV-2-directed immunity
to structural proteins is not driven by cross-reactivity to common
endemic HCoV but rather by other frequently encountered patho-
gens.83 Hence, the exact source of pre-formed T cell immunity in
SARS-CoV-2-naive individuals remains to be elucidated. To date, it re-
mains uncertain whether cross-reactivememory T cells possess protec-
tive features to fight SARS-CoV-2 infection.84 Our data from convales-
cent donors indicate little cross-reactivity of SARS-CoV-2-specific
TCPs toward spike S1 and S2 of common endemic HCoV after expan-
sion. In line with this, when stimulating PBMCs of convalescent SARS-
CoV-2-infected donors with spike peptide pools from either SARS-
CoV-2, common endemic HCoV-229E, or HCoV-OC43, it was re-
ported that frequencies of SARS-CoV-2 spike-specific CD4+ T cells
were significantly higher than spike-299E- or spike-OC43-specific
CD4+T cells.74 This indicates that theT cell response toward spike pro-
tein is predominantly directed against SARS-CoV-2 in these donors.
Although it has been reported that, after coronavirus infection, spike-
specific T cells can persist for as long as 4 years,85 the frequency of
cross-reactive T cells in the blood might be limited since memory
T cells are known to reside in the bonemarrow and, without substantial
viral re-stimulation, it is unlikely that they egress into the blood
stream.86

Patients who experience mild symptoms following SARS-CoV-2
infection show higher proportions of CD8+ T cell responses
compared with those suffering from severe infection,42,76 suggesting
a potential protective role of CD8+ T cell immunity against SARS-
CoV-2. CD8+ T cells are known to contribute to effective viral clear-
ance to terminate acute viral infections, whereas cytotoxic CD4+

T cells are required to control chronic infections by, e.g., human im-
munodeficiency virus or herpes viruses.87We found that CD8+ T cells
were the main drivers of SARS-CoV-2-directed cytotoxicity to SARS-
CoV-2-loaded target cells. Although starting with a small proportion
of SARS-CoV-2-reactive CD8+ T cells on day 0, we obtained a more
balanced CD8+ to CD4+ T cell ratio on day 21 of in vitro expansion.
Contrary to our observations, Keller et al. (2020) did not obtain strong
SARS-CoV-2-specific CD8+ T cell responses using peptide libraries
consisting of only SARS-CoV-2 structural proteins to isolate SARS-
Molecu
CoV-2-specific T cells, neither immediately after isolation nor after
expansion.27 It may be that a combination of structural and accessory
antigens of SARS-CoV-2 is superior in driving expansion of both
CD4+ and CD8+ SARS-CoV-2-directed T cells.29 Furthermore, the
cytokine cocktail within the culture mediummay affect the expansion
of either CD4+ or CD8+ T cells.88 Therefore, the use of different cyto-
kine cocktails may explain the observed variations in the expansion of
SARS-CoV-2-specific CD8+ T cells.

Upon SARS-CoV-2-specific ex vivo stimulation, multiple studies have
reported high proportions of TEMRA in the SARS-CoV-2-specific
CD8+ T cell compartment of patients who have recovered from
SARS-CoV-2 infection.65,76,89 Prior to expansion, SARS-CoV-2-spe-
cific CD8+ T cells comprised a substantial proportion of TEMRA.

28

This highly differentiated memory phenotype might therefore be
characteristic of SARS-CoV-2 infection, suggesting short-term
CD8+ T cell immunity. T cells with effector memory and central
memory phenotypes have previously been shown to exhibit increased
in vivo persistence after adoptive transfer and to induce long-term im-
munity,90 and would therefore be desirable for ACT, whereas a termi-
nally differentiated phenotype would not.91 Analysis of the T cell
phenotype of the FKBP12 KO TCPs revealed a predominant TEM

and TCM phenotype among CD4+ T cells before and after SARS-
CoV-2-induced T cell expansion, whereas CD8+ T cells displayed
mainly a TEMRA phenotype followed by TEM as the second most rep-
resented memory T cell subset, which was also the case for unmodi-
fied control TCPs. This may raise concerns about the efficacy,
longevity, and induction of functional memory by TCPs. However,
in patients suffering from severe COVID-19, parameters including
longevity and memory formation of the TCPs may not necessarily
be required to clear an acute SARS-CoV-2 infection. Moreover,
TEMRA can be divided into several subsets that have been shown to
differ in their ability to differentiate, proliferate, and produce effector
cytokines92–94 and might even comprise cells evolved from a naive
differentiation stage.93 It is conceivable that SARS-CoV-2-specific
CD8+ T cells with a late-differentiated effector phenotype could de-
differentiate into long-lived memory cells.94 Low-dose rapamycin
supplementation during cell expansion may be a potential strategy
to arrest differentiation of SARS-CoV-2-reactive T cells or to generate
early-differentiated T cells.88,95 Ultimately, clinical trials are needed to
answer the question of efficacy of TCPs with high TEMRA content to
fight or prevent SARS-CoV-2 infection.

Our functional analysis of the SARS-CoV-2-specific TCPs has shown
that the innovative FKBP12 KO TCPs possess superior cytokine pro-
duction upon SARS-CoV-2-specific re-stimulation in the presence of
Tac and triple IS compared with unmodified SARS-CoV-2-specific
TCPs. The sensitivity of FKBP12 KO SARS-CoV-2-specific TCPs to-
ward CsA shows specificity of the approach and represents an impor-
tant safety switch, which could limit undesired toxicity associated
with Tac-resistant FKBP12 KO SARS-CoV-2-specific TCPs in vivo.43

In line with previous observations, Tac did not influence the cytotoxic
killing capacity of either unmodified or FKBP12 KO SARS-CoV-2-
specific TCPs when confronted with peptide-loaded target cells.63,96
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However, Tac treatment did influence T cell-mediated cytotoxic
killing of pSpike-transfected target cells. The transfection of spike
protein likely leads to a reduced or selective antigen presentation by
target cells compared with the usage of a peptide pool. Indeed, Tac
has been reported to interfere with antigen presentation.97,98 Thus,
the system, which requires active antigen presentation by the LCLs
as opposed to the passive presentation of peptides, may be more sus-
ceptible to Tac, since a certain TCR signaling threshold is necessary to
achieve full T cell activation.99 Re-stimulation using a SARS-CoV-2
peptide pool may be able to continuously exceed this threshold irre-
spective of the presence of Tac, whereas it is not reached in the case of
transfection with pSpike due to the diminished antigen presentation
in the presence of Tac.

FKBP12 KO TCPs may also support antibody production in Tac-
treated patients as they show CD154 expression upon SARS-CoV-
2-specific re-stimulation in the presence of Tac and triple IS, which
was not the case for unmodified SARS-CoV-2-specific TCPs. We
also confirmed upregulation of CD154 (CD40LG) mRNA transcripts
upon SARS-CoV-2-specific re-stimulation of both unmodified and
FKBP12 KO TCPs as well as expression of IL-21 mRNA, which are
both important for antigen-specific B cell development and matura-
tion as well as the formation of long-lived plasma cells and memory
B cells.100,101 Virus-specific T cell polyfunctionality is a correlate of
T cell efficacy and immune protection.102,103 Since FKBP12 KO
SARS-CoV-2-specific TCPs contain multiple effector cytokine pro-
ducers (even in the presence of Tac), our approach holds promise
for adoptively inducing protective immunity against SARS-CoV-2.

Single-cell CITE-seq identified distinct cell clusters based on specific
cell surface protein expression and their transcriptomes. Cluster dis-
tributions were comparable among CD4+ and CD8+ T cells between
non-activated unmodified control and FKBP12 KO SARS-CoV-2-
specific TCPs even in the presence of Tac or CsA. Upon SARS-
CoV-2-specific activation, a distinct cluster distribution was
observed. For CD4+ T cells, the frequency of cluster 15, and for
CD8+ T cells the frequency of clusters 13 and 17, increased in the
absence of CNIs for unmodified and FKBP12 KO TCPs as well as
in the presence of Tac for FKBP12 KO TCPs, which demonstrates
that neither FKBP12 editing nor Tac treatment affected the tran-
scriptome or expression of specific proteins of the inventive
FKBP12 KO TCPs. Gene expression signatures revealed CD4+

T cell cluster 15 and CD8+ T cell cluster 13 represented T cells
with effector functions. Upregulated expression of PD-1 was de-
tected for cluster 15 but not cluster 13, indicating that expanded
SARS-CoV-2-specific CD4+ effector T cells might be more prone
to T cell exhaustion than their CD8+ counterparts. Furthermore,
high IL-4 expression in T cells allocated to cluster 15 points out
the presence of CD4+ TH2 cells known to suppress IFN-g-producing
CD4+ TH1 cells.

104 However, IL-4 is also involved in immunoglob-
ulin class switching and therefore the development and maturation
of antigen-specific B cells and the formation of long-lived plasma
cells and memory B cells.101 Within CD8+ T cell cluster 13, we
observed higher expression of XCL1, XCL2, CD226, and IRF8, which
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was less pronounced for CD4+ T cell cluster 15. These genes are
known to be expressed by CD8+ effector T cells and support cell
migration as well as memory formation and cell survival.67–69

Gene expression patterns confirmed downregulation of FKBP12
mRNA in FKBP12 KO TCPs. The top 25 differentially expressed
genes among SARS-CoV-2-specific activated CD4+ and CD8+

T cells of unmodified control and FKBP12 KO TCPs in the absence
of CNI as well as under Tac treatment in the FKBP12 KO TCPs
comprised genes mainly associated with metabolism, zinc-finger
proteins, as well as proteins of the transcriptional machinery. Inter-
estingly, IL-2 was higher in SARS-CoV-2-stimulated FKBP12 KO
CD8+ T cells exposed to Tac compared with non-exposed
FKBP12 KO CD8+ T cells and unmodified controls. IL-2-producing
CD8+ antiviral T cells are associated with high proliferative potential
and are promising candidates to induce sustained immunity after
adoptive transfer.105 Moreover, upregulation of CXC3CR1 and
IL7R mRNA in CD4+ T cell cluster 2 implies T cells with high
effector function and migratory capacity.106–108 For CD8+ T cell
cluster 17, we found overexpression of ID2 and ID3, which are re-
ported to promote survival and differentiation of mature effector
CD8+ T cells.109 Furthermore, upregulation of HAVCR2 mRNA in
CD8+ T cell cluster 17 could have beneficial effects on TCR-depen-
dent activation and, therefore, could enhance effector functions of
our TCPs.110 A slight increase in CD247 mRNA levels within
CD8+ T cell cluster 18 could result in reduced susceptibility to
apoptosis.111 Gene expression analysis of markers associated with
antiviral T cell function or T cell exhaustion revealed upregulation
of TOX2, a key player in T cell development, which regulates
T cell persistence and exhaustion and is induced upon strong anti-
gen stimulation in T cells,112 and EOMES, an important transcrip-
tion factor for memory T cells, although high levels of EOMES can
promote T cell exhaustion.113 The unmodified TCPs show higher
TOX2 and EOMES expression compared with FKBP12 KO TCPs,
indicating that the FKBP12 KO TCPs tend to be less exhausted, pre-
sumably due to reduced Ca2+ influx into the cytoplasm and thus
reduced Ca2+-dependent activation.114 We also observed upregula-
tion of some co-inhibitory receptors among CD4+ and CD8+

T cells in both unmodified and FKBP12 KO TCPs, including
PD-1 (PDCD1), CTLA-4, LAG-3, and IL-10. However, we also de-
tected upregulated expression of genes associated with antiviral
T cell function, including IFN-g, TNF-a, IL-2, as well as perforin
and granzyme B (GZMB). Exhausted T cells are characterized by
the loss of effector cytokine production combined with high
co-expression of inhibitory receptors.115 Although we observed up-
regulation of some exhaustion markers in both of our SARS-CoV-2-
specific TCPs, we also found that they retain their antiviral effector
function, furthermore, many of the exhaustion markers are not
exclusive to exhausted cells but are also upregulated upon activa-
tion. Thus, we conclude that our TCPs show strong antiviral func-
tion and only minor signs of T cell exhaustion. Moreover, proteome
data confirmed downregulation of FKBP12 on the protein level in
FKBP12 KO TCPs. SARS-CoV-2-activated unmodified but not
FKBP12 KO TCPs showed upregulated expression of proteins
involved in RNA processing, cell metabolism, and shuttling, such
22
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as DDX21,116 NAMPT,117 NCL,118 PGAM1,119 and PPA1.120 We
observed upregulated expression of RAB27A in SARS-CoV-2-spe-
cific FKBP12 KO TCPs under Tac treatment, indicating increased
lysosomal secretory capacity compared with unmodified TCPs.121

We also confirmed upregulation of the antiviral T cell marker
GZMB on the protein level in FKBP12 KO TCPs in the presence
and absence of Tac. On the mRNA level, we observed upregulation
of all these genes in SARS-CoV-2-activated unmodified and FKBP12
KO TCPs. The differences between mRNA and protein expression
patterns might be due to post-translational stabilization or preferen-
tial degradation of certain proteins. In summary, the proteome data
confirmed the observed Tac resistance of SARS-CoV-2-specific
FKBP12 KO TCPs as well as upregulation of GZMB, and further
indicate superior lysosomal function compared with unmodified
TCPs.

TCR diversity was largely comparable between unmodified control
and FKBP12 KO TCPs. The distribution of the top five most repre-
sented TCR clones within CD4+ and CD8+ T cells of unmodified con-
trol and FKBP12 KO TCPs revealed a shared TCR repertoire with no
signs of abnormal proliferation of individual clones, which would be
the case if FKBP12 KO or potential off-target editing transformed
certain clones. Therefore, we conclude that our novel strategy of
FKBP12 editing neither skewed the TCR repertoire of TCPs nor
induced excessive clonal expansion.

Taken together, we have demonstrated the feasibility of
manufacturing GMP-compatible Tac-resistant SARS-CoV-2-specific
TCPs with superior function in the presence of Tac and triple IS
compared with unmodified control SARS-CoV-2-specific TCPs.
The retained sensitivity to CsA represents an important safety switch
to inhibit potential adverse effects elicited by FKBP12-edited TCPs
in vivo. Our innovative GMP-compliant protocol to generate
FKBP12 KO SARS-CoV-2 specific TCPs qualifies for transfer into
clinical application,63 since we have already shown this is feasible in
our previous study.88,122 We are preparing for clinical translation of
Tac-resistant SARS-CoV-2-specific TCPs for first-in-human use in
SOT recipients or autoimmune patients on Tac therapy as a proof
of concept. Transplant patients may specifically benefit from Tac-
resistant ACT as their responses toward active SARS-CoV-2 vaccina-
tion are reported to be poor18,123 and therefore could be improved if
patients have previously undergone Tac-resistant ACT as a passive
vaccination strategy. Importantly, Tac therapy combined with adop-
tive transfer of Tac-resistant SARS-CoV-2 TCPs may be an attractive
novel treatment concept to prevent undesired immune reactions such
as alloreactivity, autoimmunity, or hyperinflammation while effi-
ciently treating viral infections such as severe COVID-19.

MATERIALS AND METHODS
Blood sampling and PBMC isolation

The study was approved by the Charité – Universitätsmedizin Berlin
Ethics Committee and peripheral blood was obtained from convales-
cent individuals with a history of asymptomatic ormild COVID-19 or
SARS-CoV-2 seronegative healthy donors, who had given their writ-
Molecu
ten informed consent. PBMCs were isolated using Biocoll (Biochrom)
gradient centrifugation.

Determining SARS-CoV-2-specific T cell responses

PBMCs (2 � 106) were stimulated with peptide pools of individual
proteins of SARS-CoV-2 (JPT Peptide Technologies; i.e., NCAP,
spike S1, spike S2, VEMP, VME1, AP3a, NS6, NS7a, NS7b, NS8,
ORF9b, ORF10, Y14) at 1 mg/mL each in the presence of 1 mg/mL pu-
rified anti-CD28 antibody (clone CD28.2, BioLegend). Unstimulated
controls were supplemented with equal concentrations of DMSO and
4 mg/mL staphylococcal enterotoxin B (SEB) (Sigma-Aldrich), and
CMV peptide pool (pp65 and IE-1; 0.5 mg/mL each; JPT Peptide
Technologies) served as positive controls. Stimulated PBMCs were
incubated in a humidified incubator at 37�C, 5% CO2 for 16 h. Intra-
cellular cytokine production was captured by addition of 2 mg/mL
Brefeldin A (Sigma-Aldrich) after 2 h of stimulation, and cells were
stained using antibodies (all from BioLegend) and the FoxP3/Tran-
scription Factor Staining Buffer Set (eBioscience). Staining was per-
formed using fluorophore-conjugated human anti-CD3 (OKT3),
-CD4 (SK3), -CD8 (RPA-T8), -IFN-g (4S.B3), -TNF-a (MAb11),
-IL-2 (MQ1-17H12), -CD137 (4B4-1), -CD154 (24–31), -CCR7
(G043H7), and -CD45RA (HI100) antibodies. LIVE/DEAD Fixable
Blue Dead Cell Stain (L/D; Invitrogen) was used to exclude dead cells.
Samples were analyzed using a CytoFLEX flow cytometer (Beckman
Coulter) and FlowJo-10 software (Tree Star).

Serology

Serum IgG and IgA levels of antibodies targeting the S1 domain of the
spike glycoprotein were determined by using anti-SARS-CoV-2 spike
1 IgG and IgA ELISA and carried out according to the manufacturers
protocol (EUROIMMUN).

Isolation and culture of SARS-CoV-2-specific T cells

Virus-specific T cells were isolated from PBMCs derived from
100 mL of peripheral blood from convalescent donors following a
6-h stimulation with overlapping SARS-CoV-2-specific peptide
pools (JPT Peptide Technologies; 1 mg/mL each) using an IFN-g
Secretion Assay—Cell Enrichment and Detection Kit according to
the manufacturer’s instructions (Miltenyi Biotec). Isolated virus-
specific T cells were cultured in complete medium (VLE RPMI
1640 [PAN-Biotech] supplemented with penicillin [100 IU/mL],
streptomycin [Biochrom], 10% fetal calf serum [FCS, PAA],
10 ng/mL recombinant human IL-7 [rhIL-7] and rhIL-15 [CellGe-
nix]) in 24-well plates, in humidified incubators at 37�C and 5%
CO2 as described previously.88,122 Cells were split 1:1 upon reaching
100% confluency.

KO procedure

Two million to 10 million antiviral T cells (half of the culture derived
from 100 mL of peripheral blood) were electroporated with RNPs on
day 7 of expansion using Amaxa P3 primary cell 4D-Nucleofector X
Kit L and the Amaxa-Nucleofector-4D (Lonza, program CO-115) to
transfer ribonucleoprotein complexes of 30 mg of recombinant Alt-R
S.p. HiFi Cas9 Nuclease V3 (Integrated DNA Technologies)124
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precomplexed with 15 mg of synthetically modified sgRNA targeting
5’-GGGCGCACCTTCCCCAAGCG-30 with 2O’-methyl-3’phospho-
thioate modifications between the first and last three nucleotides
(Synthego Corporation). The same number of unmodified antiviral
T cells were expanded as controls.

Phenotypic and functional assays assessed by flow cytometry

For assessing SARS-CoV-2-specific cytokine production/activation,
LCLs were generated as described previously125 and used as anti-
gen-presenting cells at a 1:10 ratio for a 16-h SARS-CoV-2-specific
stimulation with 0.65 mg/mL of pooled SARS-CoV-2-specific peptides
(JPT Peptide Technologies) in the presence or absence of immuno-
suppressants at clinical doses (6 ng/mL tacrolimus [Prograf, Astellas];
120 ng/mL CsA [Sandimmun, Novartis]; triple IS = 6 ng/mL
tacrolimus + 0.57 mg/mL prednisolone [Urbason solubile, Sanofi] +
2.7 mg/mL MPA [active substance of mycophenolate mofetil;
Sigma-Aldrich]). Additionally, T cells were re-stimulated using pep-
tide pools of individual SARS-CoV-2 proteins (NCAP, spike S1, spike
S2, VEMP, VME1, AP3a, NS6, NS7a, NS7b, NS8, ORF9b, ORF10,
Y14) (JPT Peptide Technologies; 0.5 mg/mL). To determine cross-
reactivity to SARS-CoV-2 variants, cryopreserved TCPs were thawed
and re-stimulated with a pool of peptides spanning the sequences of
spike proteins of Alpha (B.1.1.7), Beta (B.1.351), Delta (B.1.617.2),
and Omicron (B.1.1.529) (JPT Peptide Technologies; 0.5 mg/mL).
To assess potential cross-reactivity to other common HCoVs, TCPs
were re-stimulated with a pool of peptides spanning the sequences
of spike proteins of common endemic HCoVs (HCoV-229E,
HCoV-NL63, HCoV-OC43, HKU1) (JPT Peptide Technologies;
0.5 mg/mL). Re-stimulation with CEFX Ultra Superstim pool (JPT
Peptide Technologies; 0.5 mg/mL) served as control to exclude
nonspecific T cell expansion. Unstimulated controls included LCLs
without SARS-CoV-2-specific peptides. Intracellular cytokine pro-
duction was captured by addition of 2 mg/mL of Brefeldin A
(Sigma-Aldrich) after 2 h of stimulation and cells were stained using
antibodies (all from BioLegend, unless stated otherwise) and the
FoxP3/Transcription Factor Staining Buffer Set (eBioscience). Stain-
ing was performed using fluorophore-conjugated human anti-CD3
(OKT3), -CD4 (SK3), -CD8 (RPA-T8), -IFN-g (4S.B3), -TNF-a
(MAb11), -IL-2 (MQ1-17H12), -CD137 (4B4-1), -CD154 (24–31),
-CCR7 (G043H7), and -CD45RA (HI100) antibodies. LIVE/DEAD
Fixable Blue Dead Cell Stain (L/D; Invitrogen) was used to exclude
dead cells.

A VITAL assay was performed to assess the killing capacity of
TCPs.88,126,127 Briefly, cells from TCPs were incubated at distinct
ratios with autologous LCLs loaded with SARS-CoV-2-peptide
pool or with peptide pools of individual SARS-CoV-2 proteins
and stained with 10 mM carboxyfluorescein diacetate succinimidyl
ester (CFSE-DA; Sigma-Aldrich) for 4 min, whereas unloaded allo-
genic LCLs serving as non-target controls were stained with 5 mM
CellTrace Far Red (Invitrogen) for 10 min. T cell-free LCL mixtures
served as internal controls to calculate the SARS-CoV-2-specific
killing capacity. After 14 h of incubation, co-cultures were stained
with L/D.
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To assess the killing capacity of SARS-CoV-2 spike protein-trans-
fected target cells by TCPs, we performed another VITAL assay.
From 8 � 106 to 10 � 106 autologous LCLs were co-transfected
with 4 mg of plasmid encoding SARS-CoV-2 spike protein (pSpike)
and 4 mg of pmaxGFP (Lonza) via electroporation using Amaxa P3
primary cell 4D-Nucleofector X Kit L and the Amaxa-Nucleofector-
4D (Lonza, program DS-104). After 24 h, GFP+ LCLs were sorted
at the Sony Sorter MA900. Spike expression of sorted GFP+ target
cells was confirmed by flow cytometry using an anti-spike-RBD
AF647 antibody (Invitrogen). Cryopreserved TCPs were thawed
and incubated at distinct ratios with GFP+/pSpike-transfected LCLs,
whereas unloaded allogenic LCLs serving as non-target control
were stained with 5 mM CellTrace Far Red (Invitrogen) for 10 min.
T cell-free LCL mixtures served as internal controls to calculate the
SARS-CoV-2-specific killing capacity. After 14 h of incubation, co-
cultures were stained with L/D.

The SARS-CoV-2-specific killing capacity was calculated according to
the following formulas:

Ratio T� cell� free LCL mixtures:
% target cells

% non� target cells

% killing of target cells = 100

�
% target cells

% non� target cells
Ratio T� cell� free LCL mixtures

� 100

All flow cytometry samples were analyzed using either a CytoFLEX or
Navios flow cytometer (both Beckman Coulter) and FlowJo-10 soft-
ware (Tree Star).
KO efficiency analysis

Analysis of on-target gene editing was performed on isolated DNA
(Zymo Research) from day 21 cell samples. The FKBP12 locus was
amplified using KAPA HiFi HotStart ReadyMix (Roche) and the
following primer pairs: TCTGACGGGTCAGATAACACCTAG (F)
and TCTTCCGGAGGCCTGGGTTT (R) with the following touch-
down-PCR program in an automated thermocycler: (1) 95�C,
3 min; (2) 98�C, 30 s; (3) 72�C to 64�C, 15 s (�0.5�C for each cycle
starting at the highest until the lowest temperature was reached; 20
cycles, 64�C); (4) 72�C, 15 s; (5) repeat from step (2) with decreasing
annealing temperature (as specified); (6) 72�C, 1 min; (7) 4�C. PCR
products were purified using DNA purification and enrichment kit
(Zymo Research) prior to Sanger sequencing with primer F by LGC
Genomics. Editing frequencies were calculated using the Inference
of CRISPR Edits (ICE) algorithm (Synthego Corporation).
Proteomics

Cryopreserved in vitro expanded SARS-CoV-2-specific unmodified
and FKBP12 KO T cells were thawed and re-stimulated with SARS-
CoV-2 peptide pool-loaded LCLs for 6 h and subsequently T cells
were purified with the Sony sorter MA900 and cell pellets were frozen
in liquid nitrogen and stored at �80�C. Further sample preparation
22
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and analysis via nano-liquid chromatography-tandem mass spec-
trometry was performed as already described elsewhere.128 The ac-
quired raw files were analyzed by data analysis (Version 3.0, Bruker
Daltonic, Bremen, Germany). The derived peak lists were searched
against the human Swiss-Prot database using PEAKS studio prote-
omics software version 7.5 (Bioinformatics Solutions, Waterloo, Can-
ada). Default settings were used with PEAKS studio proteomics soft-
ware version 7.5 without merging the scans. Correct precursor was
detected using mass only. Peptide identifications were performed
within PEAKS using its own search engine PEAKS DB combined
with PEAKS de novo sequencing. PEAKS PTM search tool was
used to search for unspecified peptides that are homologous to pep-
tides in the protein database. The default maximum number of vari-
able post-translational modifications per peptide was three. Retention
time shift tolerance was 1 min. All the search tools are included in the
PEAKS studio software. False discovery rate (FDR) was estimated
with target decoy fusion and set to 0.01. Label-free quantification
with PEAKS Q was used. PEAKS was allowed to autodetect the refer-
ence sample and automatically align the sample runs. To allow the ex-
porting of complete results, protein significance filter was set to 0,
protein fold change filter to 1, and unique peptide filter to 1 in the
export settings. They were considered just for high-confidence inter-
action of active interaction sources by experiments, databases, co-
expression, and co-occurrences. Differentially abundant proteins
were identified using ANOVA. To validate genes at the protein level,
top differentially regulated genes in CD4+ and CD8+ T cells and a
manual selection of exhaustion/activation genes were intersected
with the complete list of proteins. The shortlisted proteins were
then tested for interaction between FKBP12KO and tacrolimus-treat-
ment in LCL-stimulated T cells.

Single-cell CITE-seq and TCR sequencing

In vitro expanded SARS-CoV-2-specific unmodified and FKBP12 KO
T cells were labelled with anti-human TotalSeq-C hashtag antibodies
(BioLegend) allowing the pooling of samples followed by labelling
with anti-human TotalSeq-C antibodies (BioLegend) targeting a se-
lection of extracellular proteins (Table S2).129 Single-cell suspensions
were loaded onto Next GEM Chip G (10X Genomics), which were
placed into a 10X Genomics controller for initiation of the 10X work-
flow. Transcriptome, antibody-derived, and TCR libraries were pre-
pared using the Chromium Single Cell 50 Library and Gel Bead Kit
as well as the Single Cell 50 Feature Barcode Library Kit (10X Geno-
mics). TCR targeting was performed using the Chromium Single
Cell V(D)J Enrichment Kit for Human T cells (10X Genomics).
Gene expression and TCR libraries were prepared using the Single In-
dex Kit T Set A, whereas the Single Index Kit N Set A (10X Genomics)
was used for antibody-derived libraries.

Qubit HS DNA assay kit (Life Technologies) was used for library
quantification, and fragment sizes were obtained using the 2100 Bio-
analyzer using the High Sensitivity DNA Kit (Agilent). Sequencing
was performed on a NextSeq500 device (Illumina) using High Output
v2 Kits (150 cycles) with the recommended sequencing conditions for
50 GEX libraries (read1, 26 nt; read2, 98 nt; index1, 8 nt; index2, not
Molecu
available [n.a.]) and Mid Output v2 Kits (300 cycles) for TCR/BCR
libraries (read1, 150 nt, read2, 150 nt, index1, 8 nt, index2, n.a.,
20% PhiX spike-in).

Single-cell CITE-seq and TCR sequencing analysis

Raw sequence reads were processed using Cell Ranger 5.0.0, including
the default detection of intact cells. Mkfastq and count were used in
default parameter settings for demultiplexing and quantifying the
gene expression. Refdata-cellranger-hg19–1.2.0 was used as reference.
Raw UMI (Unique Molecular Identifier) counts were further pro-
cessed and analyzed using R 4.0.2 according to the osca workflow
by Lun et al.,130 including normalization, filtering of low-quality cells,
clustering, and UMAP dimensionality reduction. Differentially abun-
dant genes and clusters were identified using edgeR’s quasi-likelihood
methods and test for interaction between FKBP12 KO and tacrolimus
treatment in LCL-stimulated cells. TCR repertoire analysis was con-
ducted on the filtered_contig_annotations.csv outputs from the 10X
Genomics Cell Ranger pipeline using the scRepertoire package.131

Clonotypes were called using the combination of CDR3 nucleotide
sequences and genes.

Statistics

p values were determined by tests for normal distribution (Shapiro-
Wilk and Kolmogorov-Smirnov tests), followed by one-way
ANOVA (normally distributed data sets) or Friedman test (not nor-
mally distributed data sets) and paired t tests (normally distributed
data sets) or Wilcoxon matched pairs signed rank tests (not normally
distributed data sets) or Mann-Whitney-U test (not normally distrib-
uted data sets) as posttests. GraphPad Prism 9 (GraphPad Software)
and R (version 3.5.2) were used to generate graphs and carry out the
statistical analysis of data. Graphical schemes were designed using
BioRender 2022 (www.biorender.com).
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