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Immunosuppression posttransplantation exposes patients to
an increased risk for refractory viral infections as an impor-
tant cause of morbidity and mortality. Protective T cell im-
munity can be restored by adoptive T cell transfer, but
ongoing immunosuppression limits efficacy of T cell re-
sponses. In order to deliver protection against viral patho-
gens and allow at the same time necessary steroid therapy,
we generated glucocorticoid-resistant T cells by CRISPR-
Cas9-mediated knockout of the glucocorticoid receptor in
primary human virus-specific T cell products. Characteriza-
tion of the T cell product revealed high efficiency of gluco-
corticoid receptor knockout and high purity of virus-specific
T cells. This tandem T cell engineering preserved protective
T cell functionality, such as cytotoxicity, CD107a degranula-
tion, proliferative capacity, and cytokine release patterns. Vi-
rus-specific T cells with glucocorticoid receptor knockout
were resistant to the suppressive effect of dexamethasone
treatment on lymphocyte proliferation and cytokine secre-
tion (tumor necrosis factor alpha [TNF-a], interleukin-4
[IL-4], IL-6, and sFas). Additionally, glucocorticoid receptor
knockout cells remained sensitive to cyclosporine A treat-
ment, thereby providing a rescue approach for patients in
case of safety issues. This novel approach provides a thera-
peutic option for the treatment of patients with viral infec-
tions after transplantation who are receiving glucocorticoid
therapy.
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INTRODUCTION
Allogeneic hematopoietic stem cell transplantation (HSCT) and solid
organ transplantation (SOT) are curative treatments for a variety of
diseases. However, refractory viral infections cause life-threatening
conditions because of the deficient T cell response posttransplanta-
tion, a situation for which effective treatment options are urgently
needed.1–4 Protective T cell immunity can be restored by means of
adoptive T cell transfer, generating virus-specific T cell products
from healthy donor cells.5 Over the past 30 years it has been demon-
strated that this approach can be successfully applied for patients with
refractory viral infections after stem cell transplantation.6–9 In evi-
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dence-based treatment guidelines, T cell therapy has become a sec-
ond-line treatment recommendation.10,11 Virus-specific T cell prod-
ucts can be generated by in vitro stimulation and expansion12,13 or
selection techniques. Selection has become possible by efforts made
to directly isolate virus-specific T cells from peripheral blood of sero-
positive donors in order to induce efficient proliferation under phys-
iological conditions in vivo. For direct selection of virus-specific
T cells, cytokine capture technique could be applied, leading to a com-
bination of virus-specific T helper (Th) and cytotoxic T cells.6 Isola-
tion based on Streptamer technology leads to high purity of peptide-
specific CD8+ virus-specific T cell products.14 Thus, virus-specific
T cells are obtained in small amounts and are infused into the patient,
where they can expand effectively upon the presence of viral antigen
in vivo. This physiological re-stimulation and T cell response induce
viral clearance and sustained protection. However, this treatment un-
dergoes immediate inactivation in vivo in those patients receiving
relevant immunosuppression, such as patients with graft-versus-
host disease (GvHD) or patients after SOT. In many cases the immu-
nosuppression itself is the major cause of the uncontrolled viral infec-
tion. Patients with significant GvHD after stem cell transplantation
are at highest risk for recurrent and refractory viral infections, largely
because of high-dose glucocorticoid therapy.15 Because glucocorti-
coids exert potent immunosuppressive effects, they remain the
most effective and favored initial therapy for the treatment of acute
and chronic GvHD. However, steroid treatment provides a major
obstacle to adoptive T cell therapy, because glucocorticoids suppress
activation and expansion16 of transferred T cells. T cells are inhibited
after specific antigen-mediated activation by binding to their
glucocorticoid receptor (GR).17 Thus, the most definitive way of
preventing this adverse effect is the genetic knockout (KO) of the
endogenous GR.
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Figure 1. CRISPR-Cas9-Mediated Knockout (KO) of

Glucocorticoid Receptor (GR) Gene

(A) Schematic overview of adoptive transfer of virus-

specific T cells from a healthy donor to a patient receiving

glucocorticoid therapy in order to treat refractory viral in-

fections. Virus-specific T cells were isolated via cytokine

capture technique ex vivo from peripheral blood of a

seropositive donor, and GR was KO via CRISPR-Cas9.

(B) Location of guide RNAs crRNA1 and crRNA2 binding

sites within GRa gene. Chromatogramswere obtained via

Sanger Sequencing. (C) Confirmation of GR KO efficiency

on genetic level. Total frequency of insertions and de-

letions (InDels) at the CRISPR cut site determined by TIDE

webtool on days 5 and 8 after electroporation. InDels with

a p value <0.05 in TIDE are depicted. Mean + SD (n = 3

donors). (D) crRNA1 InDel patterns of three different do-

nors (left) and InDel patterns of crRNA1 and crRNA2 each

of one representative donor (right). (E) GR KO efficiency

on protein level evaluated via western blot and ImageJ-

based digital image analysis. Protein levels were

normalized to those of GAPDH.Mean + SD (n = 3 donors).

(F) Immunofluorescence and light microscopy images of

GR wild-type (WT) and GR KO T cells stained with GR (G-

5) primary and Alexa Fluor 488 secondary antibody.
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Clustered regularly interspaced short palindromic repeats-Cas
(CRISPR-Cas) is the most advanced genetic engineering technology,
which is site specific and highly effective combined with low-toxicity
and off-target cleavage.18 The CRISPR RNA (crRNA)-guided Cas9
protein induces site-specific double-strand breaks in target DNA.
The cleavage site is determined via base pairing between crRNA
and target sequence, as well as a protospacer adjacent motif
(PAM).19,20 Double-strand breaks can be repaired via non-homolo-
gous end joining (NHEJ) inducing insertions and deletions (InDels)
at the cut site, and thus leading to gene KO.

In the present project, we genetically knocked out the endogenous GR
via CRISPR-Cas9 technology in primary human, virus-specific T cells
to induce resistance to suppressive effects of glucocorticoids. This
approach provides a novel therapeutic option for the treatment of re-
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fractory viral infections after stem cell trans-
plantation or SOT in patients receiving gluco-
corticoid therapy.

RESULTS
CRISPR-Cas9-Mediated KO of GR Gene

In order to generate virus-specific glucocorti-
coid-resistant T cells, we enriched virus-specific
T cells via cytokine capture technique followed
by CRISPR-Cas9-mediated KO of the gene
NR3C1 (GenBank: NG_009062.1) encoding
the GR (Figure 1A). Two crRNAs were designed
targeting exon 2 of the GR gene coding for the
receptor’s N-terminal domain (Figure 1B).
The KO efficiency of the GR was evaluated at
days 5 and 8 postelectroporation on genetic level via PCR and
Tracking of Indels by Decomposition (TIDE) analysis, as well as on
protein level via western blot. KO was highly efficient (crRNA1:
59% on genetic and 84% on protein level at day 5) and remained sta-
ble over time (59% on genetic and 79% on protein level at day 8; Fig-
ures 1C and 1E). Furthermore, the KO efficiency did not differ signif-
icantly between the virus-specific T cell fraction (VST) and negative
fraction of virus-specific T cell enrichment (bulk T cells: 59% ± 7%
versus 62% ± 10% on genetic level and 84% ± 17% versus 91% ±

15% on protein level; Figures 1C and 1E). Investigating CRISPR-
Cas9-induced mutation patterns of the crRNAs revealed donor-inde-
pendent characteristic InDel patterns for the respective crRNAs (Fig-
ure 1D), although the overall KO efficiency did not differ significantly.
Immunofluorescence (IF) microscopy confirmed the GR KO on pro-
tein level determined via western blot (Figures 1E and 1F).
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Figure 2. Isolation of Virus-Specific T Cells and

Phenotypic Characterization of the Final T Cell

Product

(A and B) Enrichment of IFNg-secreting T cells from pri-

mary human PBMCs via cytokine capture technique after

stimulation with CMV pp65 or SEB (positive control). (A)

Frequency of IFNg+ T cells in the starting material

(PBMCs), as well as in the negative (bulk T cells) and vi-

rus-specific T cell fraction (VST) after magnetic enrich-

ment. Mean + SD (n = 3 donors). (B) Exemplary flow

cytometry plots of IFNg and NLV-multimer staining. (C–E)

Characterization of the starting material (PBMCs) and the

final GR KO virus-specific T cell product (GR KO VST). (C)

Cellular composition and viability analyzed by flow cy-

tometry. Mean: n = 4 donors. (D) T cell phenotype before

GR KO (VST), in the final T cell product (GR KO VST) and

in WT control (GR WT VST) during T cell production

process (days �2 and 0) and after 3 (d3) and 5 days (d5)

of in vitro expansion. Mean: n = 3 donors. (E) Charac-

terization of flow-cytometric-sorted IFNg+ T cells from the

final T cell product. Western blot and respective ImageJ-

based digital image analysis of the KO efficiency (mean +

SD, n = 2 donors) and (F) flow-cytometric-based deter-

mination of the T cell phenotype (right, mean: n = 3 do-

nors). *p < 0.05, ***p < 0.001. n.s., not significant.
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Enrichment of Virus-Specific T Cells

For generation of virus-specific T cells, primary human peripheral
blood mononuclear cells (PBMCs) were stimulated with cytomegalo-
virus (CMV) pp65, and interferon g (IFNg)-secreting cells were en-
riched via cytokine capture technique. Using CMV pp65 Peptivator, a
15-mer peptide pool covering the immune-dominant protein pp65 of
CMV, we enriched virus-specific T cells significantly (p = 0.031) and
highly efficiently (163-fold) from mean initial frequencies of 0.3% in
the starting material (PBMCs) to 49% in the VST (Figures 2A and
2B). Additionally, we analyzed enrichment of single-epitope-specific
T cell clones. Specificity against the single peptide pp65
NLVPMVATV was detected using Streptamer staining, confirming
an enrichment from 0.04% in the original fraction (PBMCs) to
1.97% in the VST. This enrichment of NLVPMVATV-specific
Molecular
T cell clones confirmed virus specificity of the
IFNg-based enrichment using cytokine capture
technique (Figure 2B).

For the generation of a glucocorticoid-resistant
T cell product, these virus-specific T cells were
further processed by KO of the GR via CRISPR-
Cas9. In order to characterize the final T cell
product, cellular composition and viability
were determined by flow cytometry in the start-
ing material (PBMCs) and the T cell product
(GR KO VST). Figure 2C shows that the start-
ing material consisted of 44% T cells (30%
CD4+ Th cells and 14% CD8+ cytotoxic
T cells) and other leukocyte subsets, such as
monocytes, B cells, and granulocytes. The vi-
rus-specific GR KO product consisted mainly of T cells (87%) and
low frequencies of natural killer (NK) T cells (2%) and B cells
(0.9%). Viability of the starting material and the T cell product was
high (98% and 95%, respectively).

To investigate the influence of the manufacturing procedure on
T cell maturation phenotype, we determined frequencies of naive
T cells, stem cell-like memory T cells, central memory T (Tcm)
cells, effector memory T cells, and effector T cells, according to
the expression of CD62L and CD45RO and CD95. T cells of
freshly isolated PBMCs consisted of high frequencies of naive
T cells (58%) and lower numbers of effector memory (19%), cen-
tral memory (15%), and effector cells (7%; Figure 2D). After re-
stimulation and isolation of virus-specific T cells using cytokine
Therapy Vol. 28 No 9 September 2020 1967
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Figure 3. Functional Characterization of Virus-

Specific GR KO T Cells

(A) Cytotoxic capacity of CMV-specific GR KO and CMV-

specific GR WT T cells. Cytotoxic capacity against autolo-

gous CMV pp65 peptide-pulsed PHA blasts upon co-cul-

ture in effector-to-target ratios (E:T) of 4:1; 2:1, and 1:1

(left). Unpulsed PHA blasts served as negative control

(unpulsed ctrl). Mean ± SD; n = 3 donors. Fold changes of

cytotoxic marker CD107a+ T cell frequencies upon re-

stimulation with CMV pp65 peptides in three donors (right).

(B) Overlay of representative CTV-based proliferation assay

histograms on day 3 after CD3/CD28 re-stimulation and

unstimulated control. (C) Frequency of proliferating, IFNg+,

and TNF-a+ T cells in CMV pp65 peptide-stimulated virus-

specific GR KO and GR WT cells, as well as the respective

unstimulated controls. IFNg+ and TNF-a+ determined by

intracellular cytokine staining. Mean + SD; n = 3 donors. (D)

Representative IFNg and TNF-a histograms of cell culture

supernatant analysis upon CMV pp65 peptide stimulation.

(E) Correlation of absolute cytokine concentrations deter-

mined via multiplex analysis in cell culture supernatants of

GR KO and GR WT cells upon CMV pp65 peptide re-

stimulation and in the unstimulated setting (n = 4 inde-

pendent experiments of two donors). Spearman’s r. *p <

0.05, **p < 0.01, ***p < 0.0001.
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capture technique, the enriched T cell fraction (VST) showed a
mature phenotype with significantly higher frequencies of effector
memory (52%) and effector T cells (22%) and significantly lower
numbers of naive T cells (7.6%). GR KO did not influence the
T cell phenotype significantly, confirming that the CRISPR engi-
neering did not alter physiological maturation of virus-specific
T cells (Figures 2D and 2E).

In order to confirm the GR absence in the virus-specific T cell popula-
tion of the cell product, we further sorted IFNg-positive T cells using
fluorescence-activated cell sorting (FACS). Subsequent western blot
1968 Molecular Therapy Vol. 28 No 9 September 2020
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analysis confirmed that the KO efficiency was
97.4% among virus-specific T cells (Figure 2E).

Functionality of Virus-Specific GR KO T

Cells

In order to assess functionality of the virus-spe-
cific GR KO T cells, we investigated cytotoxicity,
degranulation marker expression, proliferation,
and cytokine release patterns upon re-stimula-
tion. Upon re-stimulation with CMV, using
donor-derived pp65 peptide-pulsed phytohe-
magglutinin (PHA) blasts, GR KO virus-specific
T cells showed similar effector-to-target (E:T)
ratio-dependent cytotoxic effects as GR wild-
type (WT) virus-specific T cells (59% versus
57% specific target cell lysis; Figure 3A). Strong
increase of degranulation marker CD107a
expression on cytotoxic T cells upon re-stimulation with CMV-specific
peptides confirmed the cytotoxicity results and showed donor depen-
dency (4- to 98-fold; Figure 3A). Furthermore, upon re-stimulation
78% of GR KO virus-specific T cells and 79% of GRWT virus-specific
T cells proliferated compared with 29% and 22% in the respective un-
stimulated control samples (Figures 3B and 3C). Intracellular cytokine
staining revealed highly significant upregulation of IFNg and tumor
necrosis factor alpha (TNF-a) secretion (1.5%–11% and 0.6%–6%
respectively) upon CMV re-stimulation of GR KO T cells comparable
with the upregulation in GR WT cells (1.6%–14% and 0.7%–6%
respectively; Figure 3C).
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Figure 4. Glucocorticoid Resistance of Virus-

Specific GR KO T Cells

CMV-specific GR KO and GRWT T cells were treated with

200 mM dexamethasone. (A) TNF-a+ T cell frequencies

were determined via intracellular cytokine staining in

cytotoxic and total T cells (n = 3 donors). (B) Lymphocyte

counts were assessed via flow cytometry using absolute

quantification mode during 5 days of dexamethasone

treatment (n = 3 donors), and GR KO rates were deter-

mined via western blot on day 5 of dexamethasone treat-

ment. (C) Exemplary flow cytometry plots of TNF-a intra-

cellular cytokine staining. (D) Absolute cytokine

concentrations analyzed in cell culture supernatants. n = 2

technical duplicates of one donor. (E) Proliferative capacity

with and without 400 ng/mL cyclosporine A treatment (n =

3 donors). Overlay of representative CTV-based prolifera-

tion assay histograms showing CD8+ T cell proliferation on

day 3 after re-stimulation. *p < 0.05, **p < 0.001. Mean ±

SEM.
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In order to compare functionality of GR KO and GR WT cells upon
CMV re-stimulation in terms of cytokine release, we analyzed a whole
pattern of Th1 and Th2 cytokines and markers (interleukin-2 [IL-2],
IL-4, IL-6, IL-10, TNF-a, IL-17a, sFas, sFasL, IFNg, granzyme A,
granzyme B, perforin, and granulysin) in the cell culture supernatants
via multiplex assays. First, strong increase of Th1 cytokines IFNg and
TNF-a (Figure 3D) upon re-stimulation, as well as high absolute con-
centrations of IFNg and TNF-a in the supernatant of CMV-stimu-
lated T cells, confirmed results from intracellular cytokine staining
(Figures 3C and 3D). Second, highly significant correlation of abso-
lute cytokine/marker levels in GR KO and GR WT cells upon CMV
Molecular
re-stimulation (r = 0.99, p < 0.0001), as well
as in the unstimulated situation (r = 0.98, p <
0.0001), confirmed that the GR KO did not in-
fluence functionality of the virus-specific T cells
in terms of released cytokine patterns (Fig-
ure 3E). The highest concentrations were
observed for cytoplasmic granule proteases
and cytolytic proteins perforin, granzyme A
and granzyme B, and granulysin (Figure 3E).

Glucocorticoid Resistance of Virus-

Specific GR KO T Cells

In order to investigate glucocorticoid resistance
of GR KO T cells, we analyzed cytokine expres-
sion, proliferation, and levels of GR KO cells
during expansion upon high-dose glucocorti-
coid treatment. GR KO rescued the inhibitory
effect of dexamethasone treatment on virus-
specific upregulation of Th1 cytokines (TNF-
a, IFNg), confirmed by intracellular cytokine
staining and absolute quantification of cytokine
levels in the cell culture supernatant (Figures
4A, 4C, and 4D). Intracellular cytokine staining
showed that Th1 cytokine expression in T cells such as TNF-a was
upregulated 9-fold upon dexamethasone treatment in GR KO cyto-
toxic T cells and 7-fold in GR KO total T cells, whereas upregulation
was strongly impaired by dexamethasone treatment in GR WT cells
(2-fold upregulation in WT cytotoxic and total T cells; Figures 4A
and 4C). Quantification of absolute cytokine levels in the supernatant
confirmed the results of intracellular cytokine staining (Figure 4D).
Additionally, physiological upregulation of Th2-driving IL-4, pro-in-
flammatory IL-6, and T cell activation marker Fas secretion was
rescued by GR KO upon dexamethasone treatment (Figure 4D). As
expected, under dexamethasone, Th1 cytokine response in WT
Therapy Vol. 28 No 9 September 2020 1969
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T cells was strongly reduced, but not completely eliminated, whereas
acute pro-inflammation (IL-6) and activation (Fas) were unrespon-
sive to antigen stimulation under dexamethasone (Figure 4D). Expan-
sion of lymphocytes in the T cell product was highly significantly
increased by GR KO during dexamethasone treatment compared
with GR WT cells (p = 0.002; Figure 4B). Western blot analyses
showed that dexamethasone treatment during expansion led to elim-
ination of GR WT cells, and thus enrichment of GR KO cells (Fig-
ure 4B). As expected, cytotoxicity of GR KO and GR WT T cells
was not affected by dexamethasone treatment in our experimental
setting (data not shown).

In order to ensure safety in patients with high risk for GvHD, we
investigated the effect of GR-independent immunosuppressive drugs
on GR KO cells. Cyclosporine A is a commonly used drug in the post-
transplantation setting, exerting its immunosuppressive effect by sup-
pressing T cell proliferation. Treatment with low-dose cyclosporine A
led to suppressed functionality of GR KO cells comparable with the
suppression of WT cells, thereby providing a rescue treatment in
case of safety issues (Figure 4E).

DISCUSSION
Our results demonstrate an efficient CRISPR-Cas9-mediated KO of
the GR in virus-specific T cells, leading to glucocorticoid resistance
and preserved high antiviral functionality. The processes described
here are in line with Good Manufacturing Practice (GMP) scale pro-
cedures, thereby providing a therapeutic option for the treatment of
multiple refractory viral infections after transplantation in patients
after SOT or in patients receiving ongoing glucocorticoid therapy
due to significant GvHD after HSCT.

Enrichment of virus-specific T cells based on cytokine-capture tech-
nique has been already used in clinical practice for decades.6 Menger
et al.21 provided a proof-of-concept study for the generation of vi-
rus-specific, glucocorticoid-resistant T cells by genetic KO of the
GR using transcription activator-like effector nuclease (TALEN).
However, Menger et al.21 performed the genetic KO in Strep-
tamer-selected virus-specific T cells, an approach with the following
restrictions: (1) it is HLA restricted, (2) it is available only for known
immunodominant epitopes, and (3) generated T cell products are
restricted to CD8 T cells only. Consequently, this approach has
not reached clinical routine application to date. In this study, we
combine a clinically available strategy of specific T cell selection
(cytokine-capture technique) with fast and feasible CRISPR-Cas9
electroporation. This combinatorial cell engineering overcomes
the hurdles of HLA restriction, limited immunodominant epitopes,
and is compatible with requirements for GMP grade engineering in
clinical studies. Inducing GR KO T cell responses opens a counter-
intuitive clinical scenario in which immunosuppression could be
switched transiently from any other drug to dexamethasone until re-
covery of the viral infection.

Transient transfection of the CRISPR-Cas9-guide RNA (gRNA) ribo-
nucleoprotein (RNP) complex leads to a reduction of off-target ef-
1970 Molecular Therapy Vol. 28 No 9 September 2020
fects, as well as a reduction of long-term derangement of the cell
compared with stable integration of extrinsic protein complexes.
Furthermore, the delivery of a fully functional RNP complex via elec-
troporation leads to early detectable genetic mutations and more sta-
ble efficacies over time, as previously described.22 KO efficiencies did
not differ between virus-specific T cells and bulk T cells. The InDel
patterns have been shown to be donor independent, but highly depen-
dent on the gRNA sequence. Thus, the mutation pattern can be influ-
enced by the design of the respective gRNA.

As previously described,23 dexamethasone treatment suppresses
immune responses but did not influence cytotoxic capacity of sin-
gle T cells. Thus, GR KO did not affect cytotoxic capacity of WT
T cells upon dexamethasone treatment in the present study. In
fact, it was previously described that dexamethasone treatment in-
hibits activation and proliferation rather than T cell apoptosis.23

Accordingly, lymphocyte counts did not decrease upon dexameth-
asone treatment, but CMV-induced increase of lymphocyte counts
was inhibited by dexamethasone in WT cells. However, lympho-
cyte counts, as well as physiological regulation of TNF-a, IFNg,
IL-4, IL-6, and sFas, could be rescued by GR KO under high-
dose dexamethasone treatment in the present study, confirming
the induction of steroid resistance through GR KO in T cells. Clin-
ical efficacy of virus-specific T cells with a GR KO will depend on
the capacity of in vivo expansion. Animal models have limited pre-
dictive value for T cell persistence because of differences between
human and animal pathogens. The phenotype of Tcm cells has
been associated with in vivo persistence (Figure 2D). Nevertheless,
clinical studies will have to clarify kinetics of protection after
adoptive transfer of GR KO T cells.

Inducing steroid resistance in T cells may carry a risk for uncon-
trolled T cell activation. Therefore, a safety concern before clinical
application is the sensitivity of the adoptively transferred T cells
to other immunosuppressive compounds. Calcineurin inhibitors
such as cyclosporine A act independent of the GR on the T cells,
thereby presenting a potential rescue treatment. Our results show
that cyclosporine A results in a robust suppression of proliferation
in GR KO T cells. General safety issues concerning infusion of
CRISPR KO cells remain to be investigated in prospective clinical
studies. However, recently, first-in-human data have been generated
using the same technique in another gene locus treating refractory
cancer.24

In conclusion, the generated virus-specific GR KO T cell product
was found to have high cytolytic activity, specific stimulating prop-
erties, and high proliferation capacity, while remaining resistant to
glucocorticoid treatment. Characterization and identification of
the product showed a stable effector-memory phenotype and high
purities in terms of KO, as well as virus specificity. Taken together,
CRISPR-Cas9-mediated GR engineering of virus-specific T cells
is a novel approach for induction of protective T cell responses
against persistent viruses under ongoing steroid-mediated
immunosuppression.
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MATERIALS AND METHODS
Isolation of Virus-Specific T Cells via Cytokine Capture

Technique

PBMCs were stimulated for 4 h with CMV pp65 Peptivator or Staph-
ylococcus enterotoxin B (SEB) as positive control. IFNg-secreting cells
were isolated via IFNg Secretion Assay kit (Miltenyi Biotec, Bergisch
Gladbach, Germany) according to the manufacturer’s instructions. In
brief, stimulated cells were coated with a CD45-IFNg bispecific anti-
body. Bound IFNgwas labeled with an anti-IFNg phycoerythrin (PE)
antibody, and cells were magnetically enriched via an anti-PE anti-
body conjugated to magnetic beads (Miltenyi Biotec). PBMCs were
obtained from healthy individuals after informed consent. Ethics
approval was obtained from the local Research Ethics Committee,
and the study was performed in accordance with the Declaration of
Helsinki.
CRISPR-Cas9-Mediated GR KO

Virus-specific T cells were activated using Dynabeads (anti-CD3/
anti-CD28) in a 1:2 bead-to-cell ratio (Thermo Fisher Scientific, Wal-
tham, MA, USA). Beads were removed using the DynaMAG-2 mag-
net and, depending on cell counts, 2–8 days after isolation, 1 � 106

cells were electroporated in Buffer 1M (KCl 5 mM, MgCl2 15 mM,
Na2HPO4/NaH2PO4 120 mM, mannitol 50 mM),25 mixed with
RNP complex containing the respective guide RNA (crRNA 1: 50-
AACCAAAAGUCUUCGCUGCU-30, crRNA 2: 50-CUUUAAGU
CUGUUUCCCCCG-30), Cas9 enzyme, and enhancer according to
the manufacturer’s instructions (all Integrated DNA Technologies,
Skokie, IL, USA). After electroporation using Nucleofector II (Amaxa
Biosystems, Cologne, Germany), cells were cultured in TexMACS
medium supplemented with 2.5% human AB serum. GR WT cells
were cultured and electroporated as GR KO cells, except electropora-
tion without CRISPR-Cas9 reagents (Mock control).
Evaluation of KO Efficiency: TIDE

To evaluate KO efficiency on a genetic level, we isolated DNA using
the QIAamp DNA Mini Kit and performed PCR using forward
primer 50-TCCTGGTAGAGAAGAAAACCCC-30, reverse primer
50-CCTGCAAAATGTCAAAGGTGC-30, and AccuPrime Taq DNA
high-fidelity Polymerase (Thermo Fisher Scientific). PCR products
were Sanger sequenced, and KO rate was determined using TIDE
as described previously.26
Western Blot

20 mg protein lysates generated using standard radioimmunoprecipi-
tation assay (RIPA) buffer and supplemented with 6� Laemmli was
separated and subsequently blotted onto a nitrocellulose membrane.
The membrane was blocked and stained with anti-GR antibody
1:500–1,000 and anti-GAPDH antibody 1:10,000 (both Santa Cruz
Biotechnology, Dallas, TX, USA). Using secondary goat anti-mouse
immunoglobulin G (IgG) horseradish peroxidase (HRP) antibody
(Santa Cruz Biotechnology) and Immun-Star HRP Chemilumines-
cence Kit (BioRad, Hercules, CA, USA), we immunodetected pro-
teins. Blots were quantified using an ImageJ-based digital image anal-
ysis approach.

IF Microscopy

GRKO cells were fixed with 1% paraformaldehyde (PFA) and permea-
bilized with 0.1% Triton X-100 (both Sigma-Aldrich, Merck, Darm-
stadt, Germany). Subsequently, cells were labeled with GR (G-5) anti-
body 1:200 (Santa Cruz Biotechnology) and stained with secondary
goat anti-mouse Alexa Fluor 488 antibody 1:100 (BioLegend, San
Diego, CA, USA). Stained cells were applied onto a poly-L-lysine-
coated slide (Sigma-Aldrich, Merck, Darmstadt, Germany) under a
coverslip with DAPI solution (Thermo Fisher Scientific).

Immunosuppressive Treatment

Dexamethasone (Sigma-Aldrich, Merck) was added at 200 mM. After
5 days, cells were stained with 7-aminoactinomycin D (7-AAD; Bio-
Legend) and quantified using MACSQuant flow cytometer. Cyclo-
sporin A (CsA; Novartis, Basel, Switzerland) was added at 400 ng/
mL for 5 days. Subsequently, cells were labeled with CellTrace Violet
Proliferation Kit (Thermo Fisher Scientific) and re-stimulated with
TransAct (Miltenyi Biotec). Cells were analyzed 24, 48, and 72 h after
re-stimulation via flow cytometry.

Intracellular IFNg Staining

Cells were co-cultured with CD3- and CD56-depleted PBMCs as
feeder cells in a 1:1 ratio and stimulated with CMV pp65 Peptivator
(Miltenyi Biotec). After 2 h of incubation, 10 mg/mL brefeldin A
(Sigma-Aldrich, Merck) was added. Six hours after re-stimulation,
cells were stained for viability and CD3-allophycocyanin (APC)-
Vio770, CD4-VioBright fluorescein isothiocyanate (FITC), CD8-Vio-
Blue, CD56-PE-Vio615, CD45RO-PE-Vio770, and CD62L-APC
(Miltenyi Biotec). Subsequently, cells were stained intracellularly
with IFNg-PE (Miltenyi Biotec) using FIX & PERM Cell Permeabili-
zation Kit (Thermo Fisher Scientific) according to the manufacturer’s
instructions and were measured via flow cytometry.

TNF-a, CD107a, and CD154 Staining

In vitro expanded cells were cultured without any cytokines for 1 day
before addition of brefeldin A and CD107a-APC antibody (Miltenyi
Biotec). After 6 h of incubation, cells were extracellularly stained with
CD4-VioGreen, CD3-FITC, and CD8-APC/Vio770 antibodies. Sub-
sequently, the respective samples were fixated, permeabilized, and
intracellularly stained using Inside Stain Kit and TNF-a-PE-Vio770
and CD154-VioBlue antibodies (all reagents were obtained by Milte-
nyi Biotec). Cells were analyzed via flow cytometry.

T Cell Phenotype Staining

Cells were stained using CD62L-VioBlue, CD45RO-PE-Vio770, and
CD95-APC antibodies (all Miltenyi Biotec) at different time points
and analyzed flow cytometrically to distinguish naive T cells
(CD45RO� CD62L+ CD95�), stem-cell like memory T cells
(CD45RO� CD62L+ CD95+), Tcm cells (CD45RO+ CD62L+

CD95+), effector memory T cells (CD45RO+ CD62L� CD95+), and
effector T cells (CD45RO� CD62L� CD95+).
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Streptamer Staining

Cells were stained with Strep-Tactin PE backbone-labeled Strep-
tamer, either CMV p65 NLVPMVATV or NY-ESO-1 SSLMWITQV
as a control (both IBA, Göttingen, Germany), according to the man-
ufacturer’s instructions. Cells were washed and additionally stained
for CD3-APC-Vio770, CD4-VioBright FITC, CD8-VioBlue, CD56-
PE-Vio615 (Miltenyi Biotec), and viability and analyzed via flow
cytometry.

Cytokine Release in Supernatant

Supernatants were harvested, and secreted cytokines were analyzed in
a bead-based immunoassay (LegendPlex, BioLegend) according to
the manufacturer’s instructions.

Proliferation

Cells were labeled with 1 mM CellTrace Violet (CTV) for 5 min at
37�C using the CellTrace Violet Proliferation Kit (Thermo Fisher Sci-
entific) according to themanufacturer’s instructions. After removal of
unbound dye and washing according to the manufacturer’s instruc-
tions, 2 � 105 cells/well were seeded in a 96-well round-bottom plate
and re-stimulated with 10 mL/mL CD3/CD28 stimulant TransAct. At
24, 48, and 72 h after re-stimulation, CTV intensity was measured via
flow cytometry. For evaluation of T cell proliferation, cells with
reduced CTV intensity compared with the 24-h measurement were
determined as proliferating cells.

Cytotoxicity Assay

Autologous PBMCs were incubated in RPMI medium supplemented
with 1% L-glutamine, 10% FCS, and 1 mg/mL PHA for 3 days to
induce blast transformation. Subsequently, IL-2 was added for 3–
5 days. Blasts were then pulsed with 20 mL/mL CMV pp65 Peptivator
and labeled with CTV (Miltenyi Biotec). Virus-specific GR KO cells
were enriched using EasySep Human T Cell Enrichment Kit (STEM-
CELL Technologies, Vancouver, BC, Canada) according to the man-
ufacturer’s instructions. Blasts and effector T cells were co-cultured in
TexMACS GMP medium (Miltenyi Biotec) at different E:T ratios for
24 h. Propidium iodide was added 1:100 directly before flow cytomet-
ric measurement. For calculation of cytotoxic capacity, living target
cell count in co-cultured wells was divided by themean of living target
cell count in control wells (“target cells only”).
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