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Viral infections, such as with cytomegalovirus (CMV), remain
a major risk factor for mortality and morbidity of transplant
recipients because of their requirement for lifelong immuno-
suppression (IS). Antiviral drugs often cause toxicity and some-
times fail to control disease. Thus, regeneration of the antiviral
immune response by adoptive antiviral T cell therapy is an
attractive alternative. Our recent data, however, show only
short-term efficacy in some solid organ recipients, possibly
because of malfunction in transferred T cells caused by ongoing
IS. We developed a vector-free clustered regularly interspaced
short palindromic repeats (CRISPR)-Cas9-based good
manufacturing practice (GMP)-compliant protocol that effi-
ciently targets and knocks out the gene for the adaptor protein
FK506-binding protein 12 (FKBP12), required for the immu-
nosuppressive function of tacrolimus. This was achieved by
transient delivery of ribonucleoprotein complexes into CMV-
specific T cells by electroporation. We confirmed the tacroli-
mus resistance of our gene-edited T cell products in vitro and
demonstrated performance comparable with non-tacrolimus-
treated unmodified T cells. The alternative calcineurin inhibi-
tor cyclosporine A can be administered as a safety switch to
shut down tacrolimus-resistant T cell activity in case of adverse
effects. Furthermore, we performed safety assessments as a pre-
requisite for translation to first-in-human applications.

INTRODUCTION
Viral infections, e.g. with cytomegalovirus (CMV), Epstein-Barr virus,
and BK virus, remain a major morbidity and mortality problem in
chronically immunocompromised patients. A representative case is
CMV disease, a life-threatening side effect of immunosuppressive
medication required for prevention of organ rejection in solid organ
transplant (SOT) recipients. CMV disease causes direct and indirect
morbidity, including rejection of the transplanted organ1 or chronic
allograft nephropathy in kidney transplantation (KTx).2 Classic anti-
viral medication is used as prophylaxis and preemptive therapy, but
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careful dosing is crucial to prevent toxicity and resistance.3 Neverthe-
less, high frequencies of late-onset CMV disease have been observed
with increased mortality among CMV-infected KTx recipients
compared with uninfected recipients.4 The T cell-mediated anti-
CMV response has proven to be a suitable predictive and stratification
marker for CMV disease outcome.5,6 Thus, regeneration of the endog-
enousT cell response by adoptive anti-viral T cell therapymay diminish
CMV-associated morbidity and mortality after transplantation.

Antiviral T cell therapy is an establishedmethod to reconstitute effective
immunity in hematopoietic stem cell transplant (HSCT) recipients.7–12

We previously confirmed that antiviral T cell products (TCPs) can be
successfully generated from immunosuppressed SOT recipients.13,14

Treatment of CMV disease using adoptive T cell transfer to SOT recip-
ients has been reported in a few studies.15–17 However, despite initial
efficient reduction of symptoms and viral load,18,19 the limited persis-
tence and longevity of TCPs are major challenges for successful adop-
tive cell therapy for CMVdisease. Similarly, relapses in Epstein-Barr vi-
rus load have been documented in TCP-treated SOT patients.20

One reason for limited long-term efficacy of antiviral T cell therapy
may be the ongoing immunosuppression (IS) required to prevent or-
gan rejection in SOT recipients. Conventional IS for KTx (and other
SOT patients) is comprised of three classes of immunosuppressants:
the proliferation inhibitor mycophenolic acid (MPA), which also in-
hibits pro-inflammatory cytokine production,21 induces lymphocyte
apoptosis and decreases homing of T cells.22 Calcineurin inhibitors
(CNIs; e.g. tacrolimus [FK506] and cyclosporine A [CsA]) potently
reduce T cell activation, maturation, and cytokine secretion.23
).
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Glucocorticoids blunt cytokine production by T cells24 and provoke
lymphocyte apoptosis.25 Preformed allo-antigen-reactive effector
T cells are particularly difficult to control in transplant recipients.
CNIs are currently the most effective treatment for sustained suppres-
sion of these allo-antigen-reactive cells. Therefore, solutions are
required to maintain control of allograft-reactive T cells while over-
coming suppression of protective antiviral T cell responses. To circum-
vent the effects of tacrolimus on adoptively transferred virus-specific
TCPs, tacrolimus-insensitive forms of calcineurin26,27 have been intro-
duced into cells using retroviruses. Another method to induce tacroli-
mus insensitivity is use of a retrovirally integrated siRNA expression
cassette to knock down the immunophilin fkbp12,28 the adaptor pro-
tein needed for the immunosuppressive function of tacrolimus in
T cells.29 However, retroviruses integrate into the genome randomly,
posing a possible safety risk because of the potential for gene disruption
or dysregulation. Furthermore, proteins that may be mutated by inser-
tion are potentially immunogenic. Moreover, RNA interference is
often incomplete; thus, partial susceptibility to tacrolimus may be re-
tained. None of these approaches have reached clinical application yet.

Here, we introduce a good manufacturing practice (GMP)-compat-
ible, vector-free gene editing approach targeting the FKBP12 gene
to make CMV-specific, tacrolimus-resistant T cells. Efficient gene ed-
iting was achieved by transfection with ribonucleoprotein (RNP)
complexes consisting of CRISPR-associated protein 9 (Cas9) and
respective single guide RNA (sgRNA).30 We implemented a RNP nu-
cleofection step in our existing clinical protocol for generation of anti-
viral TCPs.19 For safety, our protocol comprises an initial sorting step
to solely expand virus-specific T cells, activated upon exposure to the
respective viral antigens.14,27,31 Functionally, FKBP12 knockout (KO)
antiviral T cells showed superior cytokine production and activation
in the presence of tacrolimus compared with unedited antiviral
T cells. These properties were inhibited in the presence of an alterna-
tive CNI, CsA, demonstrating the specificity of pathway inhibition
and providing an optional safety switch to control undesired effects
of gene-edited FKBP12 KO T cells in patients. By combining multiple
highly refined technologies, we developed a unique approach for effi-
cient and safe generation of clinical-grade, tacrolimus-resistant, virus-
specific TCPs suitable for adoptive antiviral T cell therapy.

RESULTS
Integration of FKBP12 KO into a Clinical Protocol for CMV-

Specific T Cell Product Generation

We adapted a vector-free protocol for electroporation and RNP-based
KO30 of FKBP12 to generate a virus-specific tacrolimus-resistant TCP
(FKBP12KOCMVTCP)19 (Figure 1A). For this, CMV-specific T cells
were isolated from peripheral blood mononuclear cells (PBMCs)
Figure 1. Protocol Outline for a GMP-Compatible Approach to Induce Tacrolim

Technology

(A) Individual steps of the production process. (B) Representative purities of CMV-specifi

efficiency of FKBP12 in CMV-specific TCPs. (D) Expansion rates of electroporated CMV-

day 21 (following electroporation). (E) Different immunosuppressants used for function

triple IS consists of a CNI, prednisolone, and MPA.
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based on their interferon g (IFNg) secretion13 after activation by
CMVIE-1/pp-65 overlapping peptide pools (Figure 1B). These cells
were expanded for 1 week. FKBP12 KO was achieved by electropora-
tion with RNP complexes of Cas9 and different sgRNAs, selected
based on in silico prediction (Figure 1C).32,33 The sgRNAs differed ac-
cording to the respective target sequence within the gene coding for
FKBP12 and the mode of production (in vitro transcribed versus fully
synthetic [synt]). The KO efficiencies differed between the tested
sgRNAs (Figure 1C). For GMP compatibility reasons, we investigated
one synt sgRNA with 2O’-methyl-30phosphothioate modifications in
the first and last 3 nucleotides, which have been reported to enhance
editing frequencies in T cells.34 Indeed, the synt version of sgRNA#2
improved the KO efficacy of the sgRNA (Figure 1C). sgRNA#2 was
chosen to be produced as a GMP-compliant, fully synt sgRNAbecause
of its superior function in maintaining T cell function in the presence
of tacrolimus comparedwith the other two guide RNAs (Figure 2).We
adapted an existing KO protocol for polyclonal T cells30 to our CMV
TCPs, employing a different electroporation device suitable for GMP
applications, using closed cartridges and electroporation conditions
that preserved expansion rates similar to unmodified controls (Fig-
ure 1D). The expansion rates were normalized to the unmodified con-
trols, which did not undergo electroporation, to determine whether
the electroporation and/or gene editing procedures altered the expan-
sion capability of the cells (Figure 1D). The expansion rates of the elec-
troporated and gene-edited cells were similar to the control, indicating
that the electroporation procedure and gene editing did not influence
the overall expansion rate of the TCPs (Figure 1D).

For functional analyses, we exposed TCPs to clinical doses of immu-
nosuppressive drugs (Figure 1E). The CNI tacrolimus, which requires
FKBP12 as an adaptor protein (Figure 1E), is the main target in this
project. To confirm the specificity of the tacrolimus-targeted
approach, we used an alternative CNI, CsA, which depends on pepti-
dylprolyl isomerase A (PPIA) as its adaptor protein (Figure 1E). To
test the functionality of the modified T cells in the clinical context
of SOT recipients receiving triple IS, we used classic triple IS consist-
ing of tacrolimus, prednisolone (requiring the glucocorticoid recep-
tor, which acts as a transcription factor), and MPA (which acts
directly on nucleotide synthesis) (Figure 1E). We did not investigate
the distinct effects of prednisolone or MPA on TCPs because FKBP12
KO should not interfere with these pathways, and their effects on
memory T cells are described elsewhere.22,25,35

Cytokine Production in the Presence of Tacrolimus Is Rescued

by FKBP12 KO in CMV-Specific T Cell Products

A major function of effector T cells is production of anti-viral cyto-
kines to instruct other immune cells and induce an antiviral state in
us Resistance in a CMV-Specific TCP Using Vector-Free CRISPR-Cas9

c IFNg-producing T cells pre- and post-enrichment from PBMCs. (C) Calculated KO

specific TCPs normalized to expansion rates of the unmodified control from day 7 to

al analyses and their affected adaptor proteins or receptors and pathways. Classic
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infected cells. Producers of multiple cytokines show particularly high
antiviral functionality.36 Upon CMV-specific re-stimulation on day
21 of culture, we recorded similar proportions of producers of the
antiviral cytokines IFNg and tumor necrosis factor alpha (TNF-a)
among CD4+ and CD8+ T cells in FKBP12 KO CMV and unmodified
CMV TCPs (Figures 2A–2E). Addition of immunosuppressive drugs
during stimulation significantly decreased IFNg and TNF-a/IFNg
double producers among CD4+ (Figures 2B and 2D) and CD8+

T cells (Figures 2C and 2E), which was partially rescued by FKBP12
KO (Figures 2B–2E). Although cytokine production improved under
all FKBP12 KO conditions in the presence of a clinically relevant dose
of tacrolimus, only samples electroporated with sgRNA#2 retained
physiological levels of cytokine producers in stimulated TCPs (Fig-
ures 2B–2E). We therefore tested sgRNA#2 as a GMP-compliant
synt modified sgRNA, with 2O’-methyl-30phosphothioate modifica-
tions in the first and last 3 nucleotides, which have been reported
to enhance editing frequencies in T cells.34 Using synt modified
sgRNA#2, we achieved higher editing efficacy (Figure 1C) and better
recovery of cytokine production, especially in the presence of clini-
cally relevant doses of triple IS, during stimulation (Figures 2A–2E).

FKBP12 KO CMV TCPs Demonstrate a Killing Capacity

Comparable with Unmodified CMV TCPs

Because antiviral T cells induce targeted elimination of infected cells
by cytotoxicity, we tested the cytotoxic killing capacity of TCPs.37,38

Unlike antiviral cytokines, which were strongly affected by short-
term classic immunosuppressive treatment (Figures 2A–2E), T cell-
mediated killing of CMV peptide-loaded target cells was unaffected
by short-term incubation with immunosuppressive drugs at clinical
doses (Figure 2F). Notably, the data demonstrated no differences in
the killing capacity of FKBP12 KO CMV TCPs compared with un-
modified CMV TCPs, irrespective of the applied sgRNA.

Enhanced Survival of FKBP12 KO CMV-Specific T Cell Products

in the Presence of Tacrolimus

Before clinical application, antiviral TCPsmust be cryopreserved until all
release criteria and safety tests are accomplished. Therefore, we froze all
edited andnon-editedCMVTCPs.We focusedon synt sgRNA#2 in sub-
sequent experiments because it was the most effective (Figure 2) and
preferred GMP-compliant material. Synt sgRNA#2-treated FKBP12
KO CMV and unmodified CMV TCPs were thawed and evaluated for
viability and functionality post-thawing (Figure 3A). The viability of
the T cells did not differ directly after thawing (day 0; Figure 3B); howev-
Figure 2. Functional Profiles of CMV-Specific TCPs with Disrupted FKBP12

CMV-specific stimulation of TCPs on day 21 of culture. Immunosuppressants were ad

prednisolone +mycophenolic acid (MPA). *p < 0.05. (A) Representative flow cytometry p

KO CMV TCPs edited with synt sgRNA#2. Unstimulated and CMV peptide-stimulated T

of CD4+ IFNg producers in unmodified and FKBP12-specific sgRNA#1–sgRNA#3 or s

indicated immunosuppressants. (C) Summary of CD8+ IFNg producers in unmodified

FKBP12KOCMV-TCPs in the presence of the indicated immunosuppressants. (D) Summ

sgRNA#1–sgRNA#3 or synt modified sgRNA#2 gene-edited FKBP12 KO CMV TCPs in

IFNg double producers in unmodified and FKBP12-specific sgRNA#1–sgRNA#3 or sy

indicated immunosuppressants. (F) Killing capacity of CMV-TCPs: percentage killing o
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er, we found a slightly bigger proportion of living cells in thawed FKBP12
KOCMVTCPs compared with unmodified CMV TCPs following 24-h
incubationwith tacrolimus (Figure 3C; p = 0.06, normalized to culture in
mediumwithout immunosuppressants). 24-h incubation with other im-
munosuppressants revealed no differences in viability (Figure 3C).

Exhaustion and Phenotypic MemoryMarkers of FKBP12KO and

Unmodified CMV-Specific T Cell Products following 4 Days of

Consecutive Culture in the Presence of Immunosuppressants

We evaluated the cell surface expression of distinct phenotypic
markers for T cell activation (CD25) and exhaustion (programmed
death 1 [PD-1] and cytotoxic T lymphocyte-associated protein 4
[CTLA-4] in the presence of clinical doses of immunosuppressants
0, 1, and 4 days post-thawing by flow cytometry. We detected high
CD25 expression directly after thawing (Figure 3D),which diminished
after 24 h (Figures 3E and 3F). The mean fluorescence intensity (MFI)
of CD25 remained significantly higher in TCPs cultured for 24 h with
clinical doses of classical triple IS, irrespective of whether FKBP12was
genetically edited (Figure 3D). However, no differences in CD25
expression were recorded following 4 days of culture in the presence
of immunosuppressants (added every 48 h) (Figure 3F). Next we as-
sessed exhaustion markers in TCPs. To this end, we determined the
expression of PD-1 and CTLA-4 during 4 days of culture post-thaw-
ing. For all conditions, PD-1 andCTLA-4 expression increased equally
over the observed time course (Figures 3G–3L). Interestingly, CTLA-4
protein levels (MFI) were significantly lower in TCPs treated with tri-
ple IS irrespective of FKBP12 editing (Figure 3L).

Functional Assessment of CMV-Specific TCPs Exposed to

Tacrolimus

Next we assessed the functional capacity of TCPs for virus-specific
effector functions after the freezing and thawing process and 5-day
culture in immunosuppressants, similar to the environment faced
upon injection into an immunosuppressed patient. To this end,
TCPs were stimulated with CMV-specific peptide pools and assessed
for intracellular accumulation of cytokines as well as the presence of
activation markers.

Granzyme B (GZB)mediates apoptosis of virus-infected target cells in
conjunction with perforin. Therefore, we measured intracellular
accumulation of GZB in TCPs upon CMV-specific re-stimulation
and found a stimulation-dependent increase in GZB in CD4+

T cells (Figure 4A). Notably, the majority of CD8+ T cells presented
ded where indicated. Tac, tacrolimus; CsA, cyclosporine A; Tac/Pred/MMF, Tac +

lots showing CD4+ and CD8+ IFNg and TNF-a producers in unmodified and FKBP12

CPs are shown in the presence of the indicated immunosuppressants. (B) Summary

ynt modified sgRNA#2 gene-edited FKBP12 KO CMV TCPs in the presence of the

and FKBP12-specific sgRNA#1–sgRNA#3 or synt modified sgRNA#2 gene-edited

ary of CD4+ TNF-a and IFNg double producers in unmodified and FKBP12-specific

the presence of the indicated immunosuppressants. (E) Summary of CD4+ TNF-a/

nt modified sgRNA#2 gene-edited FKBP12 KO CMV TCPs in the presence of the

f CMV-specific peptide-loaded autologous targets.



Figure 3. FKBP12 KO CMV TCPs after Thawing: Viability, Activation and Exhaustion, and Memory Markers after Culture in Immunosuppressants

Unmodified and FKBP12 KO CMV TCPs (edited with synt sgRNA#2) were frozen (indicated by the ice symbol) and stored in liquid nitrogen until thawing (indicated by the

orange wavy lines). Cells were cultured without cytokines in the presence of the indicated immunosuppressant (Tac and CsA) on day 0 and day 2. Addition of drugs (CsA and

Tac + Pred + MPA) is indicated by the pipette and a green teardrop. *p< 0.05. (A) Representative flow cytometry plot showing L/D and Annexin V staining of single cells after

(legend continued on next page)
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with pre-formed GZB even before re-stimulation (Figure 4C). Neither
gene editing nor culture with immunosuppressants at clinical doses
affected the proportion of CMV-stimulated GZB+ CD4+ (Figure 4B)
or GZB+ CD8+ T cells (Figure 4D) in CMV TCPs. Next we measured
IFNg and TNFa production in response to CMV-specific stimulation
after thawing of TCPs and culture in immunosuppressants (Figures
4E–4J). CD4+ and CD8+ T cells produced IFNg in response to
CMV stimulus after culture with tacrolimus, although IFNg pro-
ducers among CD4+ and CD8+ T cells were significantly more
frequent in FKBP12 KO CMV TCPs compared with unmodified
CMV TCPs after culture with tacrolimus (Figures 4F and 4H).
Remarkably, CD4+ and CD8+ IFNg/TNFa double producers were
also significantly more abundant among CD4+ and CD8+ T cells in
FKBP12 KO compared with unmodified CMV TCPs, in which they
were almost absent (Figures 4I and 4J). CD8+ IFNg/TNFa double
producers were significantly more frequent among CD8+ T cells
from FKBP12 KO CMV TCPs cultured in tacrolimus compared
with CsA, which was not evident with unmodified CMV TCPs (Fig-
ure 4J). The tendency of enhanced cytokine producers among cells
cultured in tacrolimus versus cell cultured in CsA was also observed
in CD4+ IFNg/TNFa double producers and CD4+ and CD8+ IFNg
producers from FKBP12KOCMV but not unmodified TCPs (Figures
4F, 4H, and 4I). In contrast, in unmodified TCPs, IFNg producers
were more frequent among CsA-treated compared with the tacroli-
mus-treated cultures (Figures 4F and 4H). CD4+ and CD8+ IFNg pro-
ducers (Figures 4F and 4H) and CD8+ IFNg/TNFa double producers
(Figure 4J) were more frequent in cultures of FKBP12 KOCMVTCPs
cultured with triple IS compared with their unmodified counterpart.

Interleukin-2 (IL-2) is mainly produced by memory T cells with a low
differentiation state and high proliferative potential, which contribute
to establishment of long-term memory.39 A fraction of CD4+ (Fig-
ure 4K) and CD8+ T cells (Figure 4M) in thawed TCPs produced IL-
2 upon CMV-specific stimulation. CD4+ IL-2 producers were more
frequent in FKBP12 KO CMV TCPs cultured in tacrolimus compared
with the corresponding unedited CMV TCPs (Figure 4L). This obser-
vation was significant for CD8+ IL-2 producers (Figure 4N). CD8+ IL-
2-producers from FKBP12KOCMVTCPs cultured in tacrolimus were
significantly more frequent compared with CD8+ IL-2 producers from
FKBP12 KO CMV TCPs cultured in CsA or with triple IS (Figure 4N).

Next we assessed expression of the activation markers CD154
(CD40L) and CD137 (41BB) on CMV-stimulated TCPs. CD154 in-
thawing and demonstrating the gating strategy; double-negative staining (bottom left qua

(green) and FKBP12 KO CMV TCPs (red) directly after thawing (day 0). (C) Viability of

indicated immunosuppressant 24 h after thawing (day 1). (D) MFI of CD25 on single T ce

0). (E) MFI of CD25 on single T cells of unmodified (green) and FKBP12 KOCMV TCPs (re

CD25 on single T cells of unmodified (green) and FKBP12 KO CMV TCPs (red) cultured

single T cells of unmodified (green) and FKBP12KOCMVTCPs (red) directly after thawing

TCPs (red) cultured in the indicated immunosuppressant 24 h after thawing (day 1). (I) M

cultured in the indicated immunosuppressant 96 h after thawing (day 4). (J) MFI of CTLA

after thawing (day 0). (K) MFI of CTLA-4 on single T cells of unmodified (green) and FK

thawing (day 1). (L) MFI of CTLA-4 on single T cells of unmodified (green) and FKBP12 K

(day 4).
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creases activation of antigen presenting cells and is important for
antibody production by B cells.40 CD154 is also induced upon anti-
gen recognition by the T cell receptor (TCR)41 and has been re-
ported to be expressed on T cells protective against CMV.42 We
found CMV-specific CD154 upregulation on CD4+ (Figure 4O)
but also on a subset of CD8+ T cells (Figure 4Q). CD154-expressing
CD4+ (Figure 4P) and CD8+ T cells (Figure 4R) were more frequent
among FKBP12 KO CMV TCPs cultured in tacrolimus compared
with their unmodified counterpart (Figures 4P and 4R). After cul-
ture with triple IS, CD154-expressing CD4+ T cells increased in
FKBP12 KO compared with unmodified CMV TCPs upon CMV-
specific stimulation (Figure 4P). After culture in CsA and with triple
IS, CMV-specific CD154 expressing CD8+ T cells in FKBP12 KO
CMV TCPs were significantly reduced compared with tacrolimus-
treated cultures of FKBP12 KO CMV TCPs (Figure 4R). CD137
(41BB) is another antigen-dependent activation marker on T cells
(Figures 4O and 4Q). Except for a significant reduction in CMV-
specific CD137-expressing CD4+ T cells from FKBP12 KO CMV
TCPs upon culture in CsA compared with culture without immuno-
suppressants (Figure 4S), we did not detect differences in CMV-spe-
cific CD137-expressing T cells among CMV TCPs, after culture in
immunosuppressants, or upon FKBP12 KO (Figures 4O, 4Q, 4S,
and 4T).

Taken together, these results show that, after culture in tacrolimus,
FKBP12 KO CMV TCPs mediate superior effector function and acti-
vation compared with unedited CMVTCPs and indicate that FKBP12
KO CMV TCPs acquired resistance to tacrolimus.
FKBP12 KO CMV TCPs Have a Similar TCRb Repertoire as CMV

TCPs after Expansion

We performed TCRb sequencing to compare the clonality and total
number of clones included in expanded FKBP12 KO versus CMV
TCPs. There was no similarity between the TCRb repertoires of
different donors, defined by theMorisita index (Figure 5A). However,
we detected high similarity between FKBP12 KO and CMV TCPs
generated from the same donor (Figure 5A). We detected comparable
clonality (Figure 5B), percentage of total sequence reads covered by
the top 10 clones (Figure 5C), and total numbers of clones represented
(Figure 5D) in FKBP12 KO versus CMV TCPs. Hence, we conclude
that gene editing did not drastically skew the TCRb repertoire or
induce excessive clonal expansion.
drant) indicates the population of viable cells. (B) Viability of single cells in unmodified

single cells in unmodified (green) and FKBP12 KO CMV TCPs (red) cultured in the

lls of unmodified (green) and FKBP12 KO CMV TCPs (red) directly after thawing (day

d) cultured in the indicated immunosuppressant 24 h after thawing (day 1). (F) MFI of

in the indicated immunosuppressant 96 h after thawing (day 4). (G) MFI of PD-1 on

(day 0). (H)MFI of PD-1 on single T cells of unmodified (green) and FKBP12KOCMV

FI of PD-1 on single T cells of unmodified (green) and FKBP12 KO CMV TCPs (red)

-4 on single T cells of unmodified (green) and FKBP12 KO CMV TCPs (red) directly

BP12 KO CMV TCPs (red) cultured in the indicated immunosuppressant 24 h after

O CMV TCPs (red) cultured in the indicated immunosuppressant 96 h after thawing
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Cas9 Protein Is Undetectable in Edited TCPs after 5 Days of

Culture

Studies of human T cell reactivity toward the Cas9 protein43,44 may
raise the concern that Cas9-edited cells are potentially immunogenic.
Therefore, we stained edited T cells for Cas9 protein after electropo-
ration. We detected Cas9 protein expression in low proportions of
T cells, which progressively decreased over time. Cas9 protein was un-
detectable by day 5 post-electroporation (Figure 6).

Differentiation States of theDifferent TCPs at Different Stages of

Production

The majority of CD8+ T cells have a terminally differentiated pheno-
type after isolation of CMV-reactive T cells (CCR7�CD45RA+) and,
thus, may give rise to the concern that these TCPs have limited
longevity (Figure 1B; Figure S1). In fact, after expansion and thawing,
this population is almost undetectable in the majority of TCPs, allow-
Figure 4. FKBP12 KO CMV TCPs after Thawing: Superior Response to CMV-Sp

TCPs

Unmodified and FKBP12 KO CMV TCPs (edited with synt sgRNA#2) were cultured in th

thawing and re-stimulated with CMV on day 5 after thawing. *p < 0.05. (A) Representati

(blue) and CMV peptide-stimulated CD4+ T cells (red) on day 5 after thawing. The plot i

within the CD4+ T cell population (gated as illustrated in A) of unmodified (green) and FKB

in the indicated immunosuppressants. (C) Representative flow cytometry plot illustra

stimulated CD8+ T cells (red) on day 5 after thawing. The gate illustrates gating for GZB

population (gated as illustrated in C) of unmodified (green) and FKBP12 KO CMV TCP

immunosuppressants. (E) Representative flow cytometry plot illustrating intracellular TNF

(red) on day 5 after thawing. The gates illustrate gating for IFNg+ (sum of the two righ

proportions of IFNg+ T cells within the CD4+ T cell population (gated as illustrated in

stimulation after 5 days of culture in the indicated immunosuppressants. The background

producers. (G) Representative flow cytometry plot illustrating intracellular TNFa and IFNg

5 after thawing. The gates illustrate gating for IFNg+ (sum of the two right quadrants) and

T cells within the CD8+ T cell population (gated as illustrated in G) of unmodified (green)

culture in the indicated immunosuppressants. The background (see G, blue population)

of proportions of TNFa+IFNg+ T cells within the CD4+ T cell population (gated as illustrated

stimulation after 5 days of culture in the indicated immunosuppressants. The backgrou

TNFa IFNg double producers. (J) Summary of proportions of TNFa+IFNg+ T cells within th

KO CMV TCPs (red) following CMV-specific stimulation after 5 days of culture in the in

tracted to determine exclusively CMV-specific TNFa+IFNg+ double producers. (K) Rep

stimulated (blue) and CMV peptide-stimulated CD4+ T cells (red) on day 5 after thawing.

proportions of IL-2+ T cells within the CD4+ T cell population (gated as illustrated in K

stimulation after 5 days of culture in the indicated immunosuppressants. The background

producers. (M) Representative flow cytometry plot illustrating intracellular IL-2 and IFNg s

5 after thawing. The gates illustrate gating for IL-2+ (sum of the two right quadrants). (N)

illustrated in M) of unmodified (green) and FKBP12 KO CMV TCPs (red) following CMV-s

background (see M, blue population) was subtracted to determine exclusively CMV-spe
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ing the assumption that less differentiated memory T cells expanded
and represent the mass of the expanded TCPs (Figure S1B). Knockout
of FKBP12 did not have a major effect on the T cell memory subset
composition of the TCPs, and there was no clear trend toward a
particular subset preference (Figure S1B).

DISCUSSION
We seek to optimize antiviral T cell therapy for use in a setting
requiring IS; for example, SOT. Thus, we developed a GMP-
compliant approach for targeted gene editing of virus-specific
T cells to achieve tacrolimus resistance. Our approach contains a
viral antigen-specific T cell isolation step14,27,31 that is probably su-
perior, in terms of safety, to other published protocols that start
with a mixed PBMC population.26,28 This safety step is crucial to
exclude an allograft-reactive, IS-resistant T cell contamination that
could cause damage to the transplanted organ. We generated a
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Figure 5. FKBP12 KO CMV TCPs and Unedited Products Have a Similar TCRb Repertoire

TCRb sequencing was performed to compare the clonality and number of clones included in the expanded FKBP12 KO versus CMV TCPs. (A) Similarity matrix based on the

Morisita index for FKBP12 KO CMV TCPs and CMV TCPs. n = 2 (day 1 and day 2). (B) Clonality of FKBP12 KO CMV TCPs and CMV TCPs. n = 2. Clonality of 1, monoclonal;

the lower the clonality, the more diverse the clonal composition of the product. (C) Proportion of total productive sequence reads covered by the top 10 most represented

T cell clones in the product. n = 2. (D) Total number of clones. n = 2. (E) Total productive frequencies divided by the number of clones.
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functional FKBP12 KO CMV TCP with superior cytokine produc-
tion and activation in the presence of tacrolimus and triple IS
(used in SOT as standard IS) compared with unedited CMV
TCPs. The retained sensitivity of the gene-edited FKBP12 KO
CMV TCPs to CsA is an important safety switch. CsA is a clinically
approved drug that could be used to limit any toxicity associated
with the tacrolimus-resistant FKBP12 KO CMV TCP. Our protocol
utilizes a cartridge-based, GMP-compatible electroporation system
and adapted electroporation conditions. Although gene KO using
multiple sgRNAs is more efficient,30 we performed FKBP12 KO us-
ing a single sgRNA to minimize potential off-target effects and to
ensure safety and GMP compatibility. Moreover, we applied a
GMP-compatible synt sgRNA with 2O’-methyl-30phosphothioate
bonds.34 The synt sgRNA enhanced KO efficiency and functionality
of the product in the presence of tacrolimus and triple IS. Recently,
similar processes have been reported for production of glucocorti-
coid-resistant antiviral T cells.45,46 All materials used for the
described process are available at GMP grade or have sufficient
documentation and quality to be accepted by regulatory authorities
for GMP production. This qualifies the whole process as a GMP-
compliant, ready-to-translate process.

We detected no effect of classic immunosuppressive drugs on cyto-
toxic killing capacity, as reported previously.47,48 Cytotoxicity in the
“VITAL” assay used for determination of killing capacity is mainly
based on perforin and granzyme-mediated killing.37 Transcription
of perforin in T cells is reported to be induced by IL-2 and IL-15;
thus, is not exclusively dependent on calcineurin.49,50 Substantial
release of granzymes has also been reported in the presence of tacro-
limus,51 which is in line with our findings of intracellularly captured
GZB and increased GZB producers among CD4+ T cells upon viral
stimulus in the presence of immunosuppressants.
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Figure 6. Cas9 Protein Is Undetectable in FKBP12 KO CMV TCPs

Shown are proportions of edited T cells stained for Cas9 protein at different time

points after electroporation.
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Addition of CNIs decreased IFNg producers among CD4+ and CD8+

T cells, but IFNg production was not completely abolished. This has
also been observed by others for CD4+ memory T cells at higher doses
of IS than used here.23 Indeed, it has been reported that IFNg can be
induced by a calcineurin-independent pathway in T cells.52,53 This ex-
plains continued IFNg production even in the presence of CNIs.
Additionally, some downstream signaling events of the TCR are un-
affected by inhibition of calcineurin and may lead to IFNg induc-
tion.54 However, tacrolimus significantly reduced the proportion of
IFNg producers. Cytokine production in the presence of tacrolimus
was rescued after FKBP12 KO, even in the presence of triple IS,
although MPA and corticosteroids have been reported to further
downregulate TCR-mediated IFNg production.21,24 In contrast,
TNFa producers were much more sensitive to inhibition by calci-
neurin inhibitors. Nonetheless, FKBP12 KO CMV TCPs recovered
their ability of TNFa production in the presence of tacrolimus, con-
firming reports identifying calcineurin as the crucial inducer of
TNFa.55 As reported previously,56 we found IL-2 production by
T cells to be highly sensitive to immunosuppressants. Our data re-
vealed significant recovery of IL-2 producers in FKBP12 KO CMV
TCPs in the presence of tacrolimus. Notably, IL-2 is primarily pro-
duced by less differentiated long-lived memory T cells with high pro-
liferative potential, which are a very attractive cell subset for antiviral
T cell therapy approaches.39 Polyfunctional IFNg+ TNFa+ IL-2+

CD4+ and CD8+ anti-viral T cells have been found to be protective
against CMV disease after SOT.57 Our strategy for FKBP12 KO re-
tained IFNg/TNFa double producers and IL-2-producers despite
IS; hence, FKBP12 KO CMV TCP is an attractive adoptive T cell
transfer approach for induction of protective immunity in vivo.57

The activation marker CD154, which is associated with polyfunction-
ality58 and protection from CMV after SOT,42 was also highly sensi-
tive to immunosuppressants. CMV-specific CD154 upregulation in
the presence of tacrolimus could be restored by FKBP12 KO, under-
pinning the high antiviral potential of FKBP12 KO CMV TCPs in the
presence of tacrolimus. CD154 is also expressed on a small subset of
virus-specific CD8+ T cells (here, <10%), which may have helper-like
42 Molecular Therapy Vol. 29 No 1 January 2021
functions.41We did not observe any effect of CNIs on CMV stimulus-
induced upregulation of the activation marker CD137 (4-1BB) on the
examined T cells.

Glucocorticoid treatment has been reported to transiently increase
the proportions of CD25+CD4+ T cells.59 Indeed, following 24 h of in-
cubation with triple IS, including prednisolone, we recorded tran-
siently elevated expression of CD25 that progressively declined by
day 4 of culture with triple IS. MPA has been reported to downregu-
late CD25 expression on T cells.60 This possibly counteracted the
glucocorticoid-mediated upregulation, resulting in the decline
observed by day 4 of culture with triple IS. We could not confirm
data implying glucocorticoid- or MPA-mediated upregulation of
PD-1 on T cells.21,61 MPA and dexamethasone have been suggested
to upregulate expression of CTLA-4 on CD4+ T cells.21,62 However,
we observed significant attenuation of CTLA-4 after 4 days of culture
with triple IS. CTLA-4 expression requires antigen stimulation.63 We
presume that single initial antigenic T cell stimulation on day 0 was
insufficient to sustain CTLA-4 expression.

Gene editing may raise concerns about transformation of the edited
cells, which could lead to uncontrolled proliferation and, eventually,
tumor formation. An increase in clonality of TCPs could be an indi-
cator of transformation because certain transformed clones gain a
growth advantage and are able to outgrow other clones. Thus, we per-
formed TCR sequencing to exclude that there were any transforma-
tive events in TCPs. We found that the FKBP12 KO CMV TCPs
did not have higher clonality than their non-edited counterparts,
implying that the cells were not transformed. Furthermore, the per-
centage covered by the top 10 most frequent clones was also not
increased, confirming that none of the clones acquired proliferative
advantages as a result of gene editing.

Use of microbial compounds for genetic engineering and introduc-
tion of genetically modified cells into humans may elicit immune re-
actions.64 We demonstrated that FKBP12 KO CMV-specific T cells
degrade the Cas9 protein within 5 days post-electroporation. Thus,
recombinant bacterial Cas9, which has been reported to elicit adap-
tive immune responses,43,44 is unlikely to cause immune reactions
in patients treated with the TCP described here. In general, use of
autologous cells bears a low risk of immunogenicity.19 Nonetheless,
potential mutations inserted during repair of double strand breaks
may result in immunogenicity of the edited cells and cause T cell acti-
vation. The major concern when applying CRISPR-Cas9 technology
for genetic engineering remains off-target gene editing posing the
risk of uncontrollable mutagenesis.65 In-depth characterization
applying next-generation sequencing technology to investigate poten-
tial off-target editing events66 predicted by the “CRISPR Off-target
Sites with Mismatches, Insertions, and Deletions” (COSMID) tool
in silico32 and using in vitro assays67,68 is currently ongoing to ensure
a complete risk-safety calculation for clinical application.69

The initially sorted CMV-specific CD8+ T cells comprise a high per-
centage of terminally differentiated CD45RA-expressing effector



Table 1. Target Sequences of FKBP12-Specific sgRNAs

FKBP12-Specific sgRNA Target Sequence

sgRNA#1 50-GGACTACACCGGTGAGTCGG-30

sgRNA#2 50-GGGCGCACCTTCCCCAAGCG-30

sgRNA#3 50-GGGTGAGTAGTGGCGCGCGG-30
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memory T cells (TEMRA). This could raise concerns about the efficacy,
longevity, and induction of functional memory by the resulting TCP.
However, TEMRA are strongly associated with CMV infection, which
induces them at high levels.70 These cells have been shown not to
expand in polyclonally activated chimeric antigen-receptor (CAR)-
TCPs when cultured alone or in bulk cultures of different T cell mem-
ory subsets.71 This is in line with our findings for expanded and
thawed TCPs, which likely result from proliferation of less differenti-
ated memory T cell subsets. Particularly in donors 4 and 5, we
observed an accumulation of less differentiated memory T cells after
thawing. This may be due to selective survival of earlier memory T cell
subsets, which are known to show higher expression of anti-apoptotic
molecules compared with their later differentiated counterparts and
have also been reported to have high proliferative capacity.72–74

Another possibility would be de-differentiation from further differen-
tiated memory T cells induced by the freezing and thawing cycle,
which we would need to investigate in further experiments. Especially
stem-cell memory T cells (TSCM) have been reported to re-acquire
their naive-like phenotype during culture72, which could explain
the emergence of naive-like cells after thawing, although they were
previously underrepresented.

In summary, we developed a GMP-compatible protocol for manufac-
ture of tacrolimus-resistant CMV-specific TCPs that are functionally
superior to unmodified antiviral TCPs in the presence of tacrolimus
and triple IS. Furthermore, they contain features of highly potent pro-
tective early memory T cells. The sensitivity to CsA represents an
inherent safety switch that is exploitable in case the product should
elicit adverse effects. Additionally, compared with previous ap-
proaches to generate CNI-resistant TCPs,26–28 our product is vector
free and utilizes targeted mutagenesis. Therefore, it could be consid-
ered a safer methodology for TCP generation. This manufacturing
process could be applied to generate effector TCPs directed against
other viruses or tumors using the respective peptide pools for initial
sorting of T cells with the desired specificity. This preclinical study
paves the way for a first-in-human application of our tacrolimus-
resistant anti-viral TCPs in the future.
MATERIALS AND METHODS
Blood Sampling, Isolation, and Culture of Virus-Specific T Cells

The study was approved by the Charité-Universitätsmedizin Berlin
Ethics Committee, and peripheral blood was obtained from healthy
donors, who had given their written informed consent. PBMCs
were isolated using Biocoll (Biochrom) gradient centrifugation. Vi-
rus-specific T cells were isolated following 6-h stimulation with over-
lapping CMV-specific phosphoprotein (pp) 65 and immediate-early
(IE)-1 peptide pools (JPT Peptide Technologies, 0.5 mg/mL each) us-
ing the IFNg Secretion Assay—Cell Enrichment and Detection Kit
according to the manufacturer’s instructions (Miltenyi Biotec) and
cultured in complete medium (very low endotoxin RPMI 1640 me-
dium supplemented with penicillin (100 IU/mL) and streptomycin
(all from Biochrom) and 10% fetal calf serum (FCS; PAA Labora-
tories), supplemented with 10 ng/mL recombinant human (rh) IL-7
and rhIL-15 (CellGenix) on 96- or 24-well plates, respectively, in hu-
midified incubators at 37�C and 5% CO2 as described previously.13,14

Cells were split 1:1 upon reaching 100% confluency. After 21 days,
TCPs were frozen in FCS with 10% dimethyl sulfoxide (Sigma-Al-
drich) at – 80�C and transferred to liquid nitrogen after 1 day.
TCPs were thawed in a water bath at 37�C and washed twice with
complete medium. One half was analyzed immediately, and the other
half was seeded into 24-well plates and cultured in complete medium
with or without immunosuppressive drugs at clinically relevant doses
(6 ng/mL tacrolimus [Prograf, Astellas], 120 ng/mL CsA [Sandim-
mun, Novartis], triple IS = 6 ng/mL tacrolimus + 0.57 mg/mL prednis-
olone [Urbason Solubile, Sanofi] and 2.7 mg/mL MPA [active sub-
stance of mycophenolate mofetil, Sigma-Aldrich]) until further
analysis.

Knockout Procedure

FKBP12-specific sgRNAs (Table 1) were in vitro transcribed from
DNA templates as described previously,75 using the Hi-Scribe T7
High Yield RNA Synthesis Kit (New England Biosciences). Where
indicated, synt modified sgRNA (Synthego) with 2O’-methyl-
30phosphothioate modifications between the first and last 3 nucleo-
tides was used.

2.5 million antiviral T cells were electroporated on day 7 after isola-
tion using the Amaxa P3 Primary Cell 4D-Nucleofector X Kit L and
the Amaxa-Nucleofector-4D (Lonza, program CO-115) to transfer
RNP complexes of 30 mg of recombinant Alt-R Streptococcus pyo-
genes Cas9 protein V3 (Integrated DNA Technologies) precom-
plexed with 30 mg of in-vitro-transcribed or 15 synt sgRNA (Syn-
thego). The same numbers of unmodified antiviral T cells and
antiviral T cells electroporated without additives were expanded as
controls.

Phenotypic and Functional Assays Assessed by Flow Cytometry

For assessment of CMV-specific cytokine production and activation,
LCLs were generated as described previously76 and used as antigen-
presenting cells at a 1:10 ratio for a 6-h CMV-specific stimulation
with 0.5 mg/mL CMV-specific peptide pools (IE-1 and pp-65 each)
in the presence or absence of immunosuppressants at the clinical
doses indicated above. Unstimulated controls included LCLs without
CMV peptides. Intracellular cytokine production was captured by
addition of 2 mg/mL of Brefeldin A (Sigma-Aldrich) after 1 h of stim-
ulation, and cells were stained using antibodies (all from BioLegend
unless stated otherwise) and the FoxP3/Transcription Factor Staining
Buffer Set (eBioscience). Staining was performed using fluorophore-
conjugated human anti-CD3 (OKT3), anti-CD4 (SK3), anti-CD8
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(RPA-T8), anti-IFNg (4S.B3, eBioscience), anti-TNF-a (MAb11),
anti-IL-2 (MQ1-17H12), anti-CD137 (4B4-1), anti-CD154 (24-31),
and anti-GZB (GB11, BD Pharmingen) antibodies. LIVE/DEAD
Fixable Blue Dead Cell Stain (L/D; Invitrogen) was used to identify
living cells and for determination of viability in combination with flu-
orescently labeled Annexin V (BioLegend).

A VITAL assay was performed to assess the killing capacity of
TCPs.14,37,38 Briefly, cells from TCPs were incubated at distinct ratios
with CMV peptide-loaded autologous LCLs stained with 10 mM car-
boxyfluorescein diacetate succinimidyl ester (CFSE-DA; Sigma-Al-
drich) for 4 min and unloaded allogenic LCLs stained with 5 mMCell-
Trace Far Red (Invitrogen) for 10 min. T cell-free LCL mixtures
served as internal controls to calculate the CMV-specific killing ca-
pacity.37 After 14 h of incubation, co-cultures were stained with L/D.

All flow cytometry samples were analyzed using an LSR-II-Fortessa
flow cytometer (Becton Dickinson) and FlowJo-10 software (Tree
Star).

Efficiency Analysis

Analysis of on-target editing was performed from isolated DNA
(Zymo Research) of day 21 cell samples. The FKBP12 locus was
amplified using KAPA HiFi HotStart ReadyMix (Roche) and the
following primer pairs: 50-TCTGACGGGTCAGATAACACCTAG-
30 (F) and 50-TCTTCCGGAGGCCTGGGTTT-30 (R) for sgRNA#1
and sgRNA#2 and 50-ACAGCTGTATCCGGAGGCCT-30 (F’) and
50-TCACAGCCGCCGATTCAGAC-30 (R’) for sgRNA#3 (Eurofins
Scientific) with the following touchdown PCR program in an auto-
mated thermocycler: (1) 95�C, 3 min; (2) 98�C, 30 s; (3) 72�C–
64�C for sgRNA#1 and sgRNA#22 and 68�C–64�C for sgRNA#3,
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
of step 2 with a decreasing annealing temperature (as specified); (6)
72�C, 1 min; and (7) 4�C. PCR products were purified using a
DNA purification and enrichment kit (Zymo Research) prior to
Sanger sequencing with primer F/F’ by LGC Genomics. Editing fre-
quencies were calculated using the inference of CRISPR edits (ICE)
algorithm (Synthego).66

TCRb Sequencing

TCRb sequencing was performed from genomic DNA by Adaptive
Biotechnologies and analyzed using ImmunoSEQ ANALYZER 3.0
(Adaptive Biotechnologies). The data are available at the immuneAC-
CESS platform (http://clients.adaptivebiotech.com/; https://doi.org/
10.21417/LA2020MT).

Statistics

The p values were determined by tests for normal distribution (Sha-
piro-Wilk and Kolmogorov-Smirnov tests), followed by one-way
ANOVA (normally distributed datasets) or Friedman test (not nor-
mally distributed datasets) and paired t tests (normally distributed da-
tasets) or Wilcoxon matched-pairs signed-rank tests (not normally
distributed datasets) as post-tests.
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Supplementary Figure 1: T-cell memory subsets in the starting material,
sorted CMV-specific T-cells and the expanded and thawed T-cell products.

(A) Representative flow cytometric dot plots illustrating T-cell memory
subsets in the different populations indicated above the plots.
(B) Distribution of CD4+ (left panel) and CD8+ (right panel) T-cell memory
subsets in the different populations indicated for each donor: TN = naïve T-
cells (CCR7+, CD45RA+, CD95-), TSCM = stem cell memory T-cells (CCR7+,
CD45RA+, CD95+), TCM = central memory T-cells (CCR7+ CD45RA-), TEM =
effector memory T-cells (CCR7- CD45RA-), TEMRA = CD45RA-expressing
effector memory T-cells (CCR7- CD45RA+), TN-like = expanded naïve-like T-
cells (CCR7+ CD45RA+).

Tn
Tscm
Tcm
Tem
Temra
Tn-like

PB
M

C
s

C
M

V-
re

ac
tiv

e 
so

rte
d

C
M

V-
re

ac
tiv

e 
ex

pa
nd

ed
C

M
V-

re
ac

tiv
e 

ex
pa

nd
ed

 k
.o

.
C

M
V-

re
ac

tiv
e 

th
aw

ed
C

M
V-

re
ac

tiv
e 

th
aw

ed
 k

.o
.

PB
M

C
s

C
M

V-
re

ac
tiv

e 
so

rte
d

C
M

V-
re

ac
tiv

e 
ex

pa
nd

ed
C

M
V-

re
ac

tiv
e 

ex
pa

nd
ed

 k
.o

.
C

M
V-

re
ac

tiv
e 

th
aw

ed
C

M
V-

re
ac

tiv
e 

th
aw

ed
 k

.o
.

CD8+ T-cellsCD4+ T-cells

Donor 1

Donor 2

Donor 3

Donor 4

Donor 5

Donor 6

CMV-reactive 
thawed

CMV-reactive 
thawed k.o.

CMV-reactive 
expanded

CMV-reactive 
expanded k.o.

CD4+ T-cells

CD8+ T-cells

C
D

45
R

A

CCR7

PBMCs CMV-reactive sorted

C
D

45
R

A

CCR7

C
D

45
R

A

CCR7

C
D

95

CCR7

C
D

95

CCR7

CD4+ T-cells

CD8+ T-cells

A

B


	CRISPR-Cas9-Edited Tacrolimus-Resistant Antiviral T Cells for Advanced Adoptive Immunotherapy in Transplant Recipients
	Introduction
	Results
	Integration of FKBP12 KO into a Clinical Protocol for CMV-Specific T Cell Product Generation
	Cytokine Production in the Presence of Tacrolimus Is Rescued by FKBP12 KO in CMV-Specific T Cell Products
	FKBP12 KO CMV TCPs Demonstrate a Killing Capacity Comparable with Unmodified CMV TCPs
	Enhanced Survival of FKBP12 KO CMV-Specific T Cell Products in the Presence of Tacrolimus
	Exhaustion and Phenotypic Memory Markers of FKBP12 KO and Unmodified CMV-Specific T Cell Products following 4 Days of Conse ...
	Functional Assessment of CMV-Specific TCPs Exposed to Tacrolimus
	FKBP12 KO CMV TCPs Have a Similar TCRβ Repertoire as CMV TCPs after Expansion
	Cas9 Protein Is Undetectable in Edited TCPs after 5 Days of Culture
	Differentiation States of the Different TCPs at Different Stages of Production

	Discussion
	Materials and Methods
	Blood Sampling, Isolation, and Culture of Virus-Specific T Cells
	Knockout Procedure
	Phenotypic and Functional Assays Assessed by Flow Cytometry
	Efficiency Analysis
	TCRβ Sequencing
	Statistics

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


