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Engagement of the inhibitory T cell receptor programmed cell death protein 1 (PD-1)
associates with dysfunctional states of pathogen- or tumor-specific T cells. Accordingly,
systemic antibody-mediated blockade of PD-1 has become a central target for immuno-
therapies but is also associated with severe toxicities due to loss of peripheral tolerance.
Therefore, selective ablation of PD-1 expression on adoptively transferred T cells through
direct genetic knockout (KO) is currently being explored as an alternative therapeutic
approach. However, since PD-1 might also be required for the regulation of physio-
logical T cell function and differentiation, the suitability of PD-1 as an engineering
target is controversial. In this study, we systematically investigated the maintenance
of T cell functionality after CRISPR/Cas9-mediated PD-1 KO in vivo during and
after acute and chronic antigen encounter. Under all tested conditions, PD-1 ablation
preserved the persistence, differentiation, and memory formation of adoptively trans-
ferred receptor transgenic T cells. Functional PD-1 KO T cells expressing chimeric
antigen receptors (CARs) targeting CD19 could be robustly detected for over 390 d in
a syngeneic immunocompetent mouse model, in which constant antigen exposure was
provided by continuous B cell renewal, representing the longest in vivo follow-up of
CAR-T cells described to date. PD-1 KO CAR-T cells showed no evidence for malignant
transformation during the entire observation period. Our data demonstrate that genetic
ablation of PD-1 does not impair functionality and longevity of adoptively transferred
T cells per se and therefore may be pursued more generally in engineered T cell-based
immunotherapy to overcome a central immunosuppressive axis.
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Functional T cell responses are regulated by a network of costimulatory and inhibitory
signals. Indeed, T cell activation is followed immediately by T cell suppression, in order
to prevent overshooting inflammatory toxicities and ensure protective immunity with
minimal immunopathology (1). Programmed cell death protein 1 (PD-1) is one of the
most prominent inhibitory receptors, especially in cytotoxic T cells. While PD-1 is tran-
siently upregulated after acute antigen-specific stimulation to tune down T cell receptor
(TCR) signaling cascades (2, 3), extensive activation and consequently long-term overex-
pression of PD-1 during chronic stimulation can drive T cells into a dysfunctional and
exhausted state (4, 5).

A major breakthrough in the field of immunotherapy was the discovery that tumors
mediate immune evasion through the expression of inhibitory receptor ligands (i.e., PD-L1);
consequently, tumor-infiltrating lymphocytes become suppressed due to continuous engage-
ment of inhibitory receptors, including PD-1, within the tumor environment (6, 7). This
evidence turned into the development of the so-called checkpoint inhibitors, which have
been already approved as a first-line treatment in several malignancies (8—10). Interestingly,
these therapies are currently under investigation also for chronic infections, for which the
PD-1 axis was shown to drive T cell exhaustion (11-14). While the “rejuvenation” of
exhausted antigen-specific CD8" T cells showed remarkable clinical success, these therapies
rely on the presence of a highly functional preexisting immunity (15), resulting in limited
benefits in patients with the absence of high-avidity T cells. Furthermore, as PD-1 plays a
crucial role in peripheral immune tolerance (16-18), systemic blockade is associated with
toxicities due to enhanced T cell activation and autoreactivity, which can ultimately lead to
severe immune-related adverse events in patients (19-21).

Adoptive transfer of antigen-specific T cells or autologous T cells engineered with highly
defined antigen-specific receptors has proven to be capable of inducing potent, clinically
relevant anti-tumor and anti-viral immune responses (22). Nevertheless, such transferred
T cells are still susceptible to immune inhibition and can be driven into dysfunction or
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exhaustion within the tumor microenvironment as well as during
chronic infections (23-25). Therefore, intrinsic impairment of
PD-1 expression in therapeutic T cells, rather than combination
with PD-1 blockage (26-28), has become an attractive strategy
for improving the function of adoptively transferred antigen-spe-
cific T cells while limiting immune-related toxicities of checkpoint
inhibitors at the same time.

Proof-of-concept for this strategy was shown by CRISPR/
Cas9-mediated disruption of the endogenous Pdcdl locus
(29-33) or PD-1 knockdown (34) in primary human chimeric
antigen receptor (CAR)-T cells, which resulted in enhanced
anti-tumor responses in preclinical xenograft models. Interestingly,
PD-1-ablated CAR-T cells showed also greater persistence and
tumor infiltration (32-34). Similarly, the abrogation of PD-1/
PD-L1 signaling in syngeneic mouse models of acute infections
by the use of either anti-PD-1 blocking antibody (2) or PD-1
knockout (KO) mice (35) led to superior activity. While broad
consensus on the short-term functional benefits of PD-1 KO in
T cells has been achieved, the influence of PD-1 ablation on
long-term functionality and safety is still controversial. In the
context of cell-intrinsic PD-1 gene disruption, short antigen
exposure (tumor models and acute infections) preserved memory
formation (34, 35). Only the concomitant abrogation of multiple
inhibitor receptors seemed to destabilize the long-term protection
of antigen-specific T cells (36). However, PD-1 loss was found
detrimental for T cell homeostatic maintenance at later stages
both in acute (37) and in chronic (38) infections. Finally, PD-1
was recently identified as a haploinsufficient tumor suppressor
in vivo (39), suggesting that PD-1—deficient cells could have an
increased risk for unwanted malignant transformation also in
adoptively transferred T cells.

Regardless of these concerns, the superior (even if perhaps
short) functionality consequent to PD-1 deletion guided the
opening of several clinical trials with transgenic receptor-engi-
neered PD-1 KO T cells (40). A first clinical study exploring the
adoptive transfer of transgenic TCR-engineered T cells carrying
triple endogenous TCR and PD-1 KO has reported on the per-
sistence of the transferred cells without major acute toxicities.
Even though PD-1 KO therapeutic T cells seemed to decline in
the peripheral circulation over time, a causal connection to a
potential loss of fitness has not been demonstrated yet (41), thus
leaving the persistence of PD-1-deficient T cells an important
unanswered question. Therefore, deeper investigations of the long-
term fate of PD-1 KO T cells in both clinical settings as well as
preclinical syngeneic mouse models are urgently needed.

Seemingly contradicting results from in vivo experiments with
PD-1 inhibition likely raise from the use of different approaches
(blocking antibodies, PD-1 KO mice, or genetic gene disruption)
as well as different models of antigen stimulation. Here, we
systematically investigated the persistence, differentiation capac-
ity, and functionality of adoptively transferred T cells after
ex vivo CRISPR/Cas9-mediated PD-1 KO in settings of increas-
ingly longer antigen exposure, from acute to chronic antigen
stress. Our data clearly demonstrate that adoptively transferred
TCR-transgenic PD-1 KO T cells can differentiate into highly
functional effector and memory T cell subsets, the latter sup-
porting long-term immunity. Furthermore, the combination of
genetic disruption of inhibitory PD-1 together with retroviral
transduction of a CD19-targeting CAR allowed the in vivo
tracking of engineered T cells over 13 mo in a syngeneic immu-
nocompetent mouse model with continuous antigen exposure
due to B cell renewal. Even in this model, constitutively func-
tional PD-1 KO CAR-T cells could be robustly followed for

more than 1 y.
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Results

PD-1 KO T Cells Persist and Maintain Functionality after Acute,
Nonchronic Infection. Since it is still controversial whether PD-1 is
required for functional long-term T cell memory, we first explored
if the genetic ablation of PD-1 in adoptively transferred antigen-
specific CD8" T cells would impair their functionality, maintenance,
or memory formation upon acute, nonchronic infection.

To this purpose, ovalbumin (OVA)-specific TCR-transgenic
CD8" T cells (OT-IT cells) were harvested from spleens of OT-I
Rag”™ mice and modified via CRISPR/Cas9 gene editing to dis-
rupt the Pdcd] locus (Fig. 14). Congenically labeled (CD45.1%)
unedited or edited T cells, the latter consisting of a bulk popula-
tion with approximately 75% of PD-1 KO (Fig. 1B), were adop-
tively transferred into immunocompetent mice, followed by
infection with Listeria monocytogenes overexpressing recombinant
OVA (LM-OVA). Mice were analyzed 8 and 34 d after infection,
representing the peak and memory phase of the primary immune
response. To investigate the development of T cell memory, a third
cohort of mice was rechallenged with LM-OVA at day 35 and
their spleens were analyzed after additional 5 d (Fig. 14).

PD-1 KO T cells expanded (day 8), contracted (day 34), and
re-expanded (day 40) comparable to control (mock) T cells, with
no significant differences in the frequencies or total numbers of
antigen-specific OT-I CD8" T cells (Fig. 1 C-£). Accordingly, we
did not observe statistically significant differences in the spleen size
between the two groups (S Appendix, Fig. S14), consistent with
results seen by others during acute Lymphocytic choriomeningi-
tis virus (LCMV) infection (38).

Despite sustained proliferative ability during acute infection,
it was unclear whether these OT-I T cells remained functional
after PD-1 ablation. We, therefore, tested the ability of PD-1
KO OT-I T cells to produce cytokines after ex vivo peptide
restimulation. At day 8 postinfection, both mock and PD-1 KO
T cells were highly capable of producing interferon-gamma
(IFN-y) as well as tumor necrosis factor alpha (TNF-a) and
showed comparable levels of polyfunctionality (Fig. 1 Fand G).

Long-term protective CD8" T cell immunity further relies on
diversification and maintenance of different T cell subsets, such as
less differentiated central memory (T,) and effector memory (Tky,)
T cells. Therefore, we next determined subset diversification in PD-1
competent and deficient T cells based on expression levels of the
phenotypic markers CD62L and CD27 (87 Appendix, Fig. S1B). No
significant differences were observed in the phenotypic composition
as well as in total cell numbers of the different T cell subsets between
PD-1 KO and mock OT-I T cells during the observation period
(Fig. 1 H and 7 and SI Appendix, Fig. S1 Cand D). Importantly,
PD-1-ablated T cells were capable of preserving a stable population
of CD62L" T, which is crucial for immune protection in case of
reinfection (42-44) and can explain the comparable immune
response observed after LM-OVA rechallenge.

Because PD-1 edited T cells were transferred as a bulk popula-
tion, we could also check for persistence and putative in vivo
selection of PD-1 edited or nonedited T cells within the same
mouse. Interestingly, genomic analyses revealed constant levels of
Pded] editing in PD-1 KO transferred cells after primary and
recall infection (Fig. 1/), which were similar to the infusion T cell
product (Fig. 1B), indicating that PD-1 KO T cells persisted over
time. On the contrary, flow cytometry analysis of PD-1 protein
expression was not useful to properly assess the persistence of
genetically altered OT-I T cells within the PD-1 KO group but
rather showed very similar frequencies of PD-1" cells in mice
treated with PD-1 KO and mock OT-I T cells (S/ Appendix,
Fig. S2 A and B). A reason for this observation could be the
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Fig. 1. PD-1 KO T cells persist after acute infection. (A) Schematic overview of the experimental setup (n = 8). (B) Next-generation sequencing (NGS) results of

T cell infusion products. (C) Representative flow cytometry plots, (D) frequencies, and (E) absolute counts of transferred cells from spleens of mice treated with
unedited (mock—grey) or PD-1 edited (PD-1 KO—green) OT-I T cells. Transferred cells were identified by double staining of the congenic marker CD45.1. Statistical
testing by Mann-Whitney test, ns P> 0.05. (F) Functional ex vivo cytokine response of OT-I T cells on day 8 post LM-OVA infection (n = 5 to 6 mice) after stimulation
with 107 M OVA (SIINFEKL) peptide. Statistical testing by Mann-Whitney test, ns P> 0.05. (G) Representative flow cytometry plots of intracellular staining of IFN-y
and TNF-« quantified in (F). (H and /) Phenotypic analysis of transferred OT-I T cells by flow cytometry after primary and recall infection. Ty, (CD62L" CD27%),
Tewm (CD62L™ CD277), Teee (CD62L CD277). Percentages (H) and absolute counts (/) of T cell subsets expressed as mean + SD. (/) NGS results of CD45.1" OT-I T cells

after flow cytometry-based cell sorting from spleens.

absence of persisting antigen stimulation during LM-OVA infec-
tion together with transient PD-1 expression after acute TCR
engagement, which resulted in comparable basal expression levels
at the time of analyses. For the PD-1 KO group, considering the
knockout frequency (around 75%), all OT-I cells with intact
PDCDI1 loci should express PD-1. Still, the absolute numbers as
well as the PD-1 mean fluorescence intensities (MFIs) within the
fraction of PD-1" cells were similar when comparing transferred
or endogenous CD8" T cell populations from PD-1 KO or mock
T cell treated mice, suggesting that no compensatory mechanisms
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occurred in unedited or endogenous OVA-specific CD8" T cells
in the PD-1 KO group (87 Appendix, Fig. S2 B and C).

In summary, these data demonstrate that antigen-specific T cells
with PD-1 genetic ablation maintain functionality, differentiation
ability, and long-term persistence in this model of acute, non-
chronic infection.

Preserved Memory Formation and Maintenance of PD-1 KO
T Cells during Chronic Latent Infection. We next examined
the effect of PD-1 ablation on longevity and functionality of

https://doi.org/10.1073/pnas.2200626120 3 of 11
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antigen-specific T cells during murine Cytomegalovirus (MCMV)
infection and whether any differences to responses after acute
infection could be detected. MCMYV is a model for chronic latent
infection in which MCMV-specific T cells can be followed over
very long periods; thereby, intermittent transcriptional events can
trigger an inflationary CD8" T cell response (45).

For that purpose, T cell products similarly engineered as for the
acute LM-OVA setting (mock and PD-1 KO OT-I T cells, Fig. 1B)
were simultaneously transferred into BL/6 recipient mice, followed
by infection with MCMV overexpressing recombinant OVA
(MCMV-OVA) 1 d after T cell infusion. Antigen-specific OT-1
T cell responses were monitored in blood over 211 d postinfection
(Fig. 24).

Transferred OT-I T cells (CD45.1%) robustly expanded in
response to the infection (Fig. 2 Band C). Intriguingly, we observed
stronger OT-I expansion on day 8 postinfection (both in terms of

frequencies and absolute counts) in mice receiving PD-1 KO T cells,
even though PD-1 edited transferred cells contracted to levels sim-
ilar to mock OT-IT cells already 1 wk later (Fig. 2C). It was reported
in chronic LCMYV infections that PD-1 KO mediates a transient
proliferative advantage in antigen-specific T cells due to increased
TCR signaling, which eventually leads to accelerated cell death and
thereby long-term detrimental effects on longevity and functionality
(38). However, unlike the chronic LCMV model, we observed that
during MCMYV infection PD-1 KO T cells were maintained at
stable detectable levels in the blood after an initial faster contraction
similarly to mock OT-I T cells. Indeed, frequencies and total cell
numbers of circulating OT-I T cells stayed globally comparable in
both T cell-treated groups (Fig. 2C and SI Appendix, Fig. S3), indi-
cating long-term durability of antigen-specific CD8" T cell responses
even after PD-1 ablation during chronic, latent MCMYV infection.
It could be speculated that this divergent behavior between the two
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Fig.2. PD-1KOT cells persist during chronic latent infection. (A) Schematic overview of the experimental setup (n = 8). (B) Representative flow cytometry plots of
transferred cells on an early (day 8 post-infusion (p.i.)) and late (day 211 p.i.) time point. (C) Kinetics of transferred OT-I T cells in the blood depicted as frequencies
(Top row) and absolute counts (Lower row). Data represent the mean + SD. Statistical testing by two-way ANOVA, ns P > 0.05, ****P < 0.0001. (D) Phenotypic
analysis of transferred OT-I T cells by flow cytometry for each time point of blood analysis. T¢y (CD62L" CD27%), Ty, (CD62L™ CD27%), T (CD62L™ CD277). Data
are expressed as mean + SD. (E) Absolute counts of T cell subsets over time. Statistical testing by two-way ANOVA, ns P> 0.05, ****P < 0.0001. (F) NGS results of
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infection models may be linked to the different persistence and
strength of antigen exposure (45).

Since it was recently shown that continuous antigen stimulation
can lead to impaired memory formation in PD-1-ablated T cells
(38), we further analyzed whether PD-1 KO could affect memory
differentiation of OT-I'T cells after MCMV-OVA infection. In line
with other reports (35), we observed a significant accumulation of
memory (T, and Ty, cells in mice treated with PD-1 KO OT-1
T cells during the acute phase of the infection (day 8), even though
this difference was transient and already vanished within 1 wk, pre-
sumably due toaccelerated cell death (Fig. 2 D and E and ST Appendix,
Fig. S4) (37, 38, 46). After contraction, ablation of PD-1 had no
influence on phenotypic differentiation as same frequencies and cell
numbers of Ty, Try and effector (Tepp) T cell subsets were
detected in PD-1 KO and mock T cells over time.

Finally, we analyzed if any PD-1-dependent population shift
occurred within mice treated with bulk PD-1 KO T cells. Next-
generation sequencing (NGS) analysis revealed maintained levels
of Pdcd1 locus disruption (on average 80%) among the infusion
product and the transferred PD-1 KO T cells up to day 211 post-
infection (Fig. 2F), thereby demonstrating that PD-1 ablation
does not lead to positive or negative in vivo selection of anti-
gen-specific T cells during MCMYV infection at later stages.
Interestingly, also the analysis of PD-1 expression by flow cytom-
etry showed a clear difference in the percentage of PD-1 expressing
cells between PD-1 KO and mock OT-I T cells, in particular
during the first month after infection (Fig. 2G). These differences
in PD-1" cells could be associated with the frequency of Pdcdl
locus ablation (S Appendix, Fig. S5A), reflecting prolonged anti-
gen exposure in chronic MCMYV infection in comparison to the
acute LM-OVA infection.

Similar to the acute LM-OVA model, chronic MCMYV infec-
tion also did not result in observable differences in the PD-1 MFI
of PD-1" OT-I or endogenous CD8" T cells between the two
groups (SI Appendix, Fig. S5B). This observation suggests again
that PD-1-KO T cells provide similar and sufficient functionality
as unedited T cells since no compensatory PD-1 upregulation
seemed to have occurred.

Taken together, our data clearly show that genetically PD-1-
ablated antigen-specific T cells are capable of developing into
long-living memory T cells during chronic latent MCMV-OVA
infection, demonstrating that loss of PD-1 per se does not impair
memory formation in this model. Furthermore, levels of PD-1
surface expression can be used as a surrogate of genomic analyses
in settings of persistent antigen exposure.

PD-1 KO CAR-T Cells Maintain Long-Term Functionality Even after
390 d. During MCMYV infection, antigen encounter is believed to
occur infrequently and only with low intensity. Consequently, it
cannot be excluded that these special characteristics of the MCMV
system could be the reason for the high and long-term functionality
of PD-1 edited T cells. In order to analyze the influence of PD-1
KO in a model in which triggering via the antigen-specific
receptor occurs more stringently and continuously, we assessed
T cell functionality after PD-1 ablation in a model of adoptive
CAR-T cell transfer targeting mouse CD19" B cells. Comparable
to patients receiving anti-CD19 CAR-T cells, this treatment
causes long-lasting B cell aplasia (47-49), which depends on
the constitutive recruitment of highly functional CAR-T cells to
deplete newly generated CD19" B cells.

For the generation of PD-1 KO CAR-T cells, we used a com-
bined protocol of Cas9 ribonucleoprotein (RNP) gene editing
and retroviral transduction. Briefly, primary murine T cells were
in vitro stimulated, followed by nucleofection with RNPs

PNAS 2023 Vol.120 No.10 2200626120

targeting the genetic locus of Pdcdl and subsequent retroviral
transduction of the anti-CD19 CAR. We utilized a retroviral vec-
tor of a second-generation murine anti-CD19 CAR in combina-
tion with a sequence for truncated epidermal growth factor
receptor (EGFRU), as previously described (50). Coexpression of
EGFRt functions as a marker of CAR-transduced cells. 70% of
the cell population showed efficient genomic disruption of the
Pdcd1 locus (Fig. 3A4), whereas 70% of cells with or without PD-1
were successfully transduced with the CAR, measured by coex-
pression of EGFRt (Fig. 3B and SI Appendix, Fig. S6A). Similar
MFTIs for EGFRt expression confirmed comparable CAR surface
expression levels of CAR and PD-1 KO CAR-T cells (87 Appendix,
Fig. S6B).

Especially “life-long” effects of PD-1 ablation on CAR-T cell
functionality and safety are still largely unexplored but of par-
ticular importance for clinical use. Therefore, we tracked CAR-T
cells, B cell depletion, and the role of PD-1 KO for over 390 d
(SI Appendix, Fig. S6C), representing to our knowledge the long-
est in vivo follow-up of CAR-T cells described to date. While
two mouse groups received CAR-T cells edited or nonedited for
PD-1, two control groups were injected with either completely
unedited mock T cells or PD-1 KO T cells without a CAR. All
four groups were employed in bulk and without enrichment for
PD-1 ablation or CAR expression. Therefore, each mouse of the
PD-1 KO CAR group was injected with a defined mixture of
four different subpopulations (+/- CAR and +/- PD-1,
SI Appendix, Fig. S6 A and C), which allowed additional analysis
of in vivo selection within the same recipient mouse.

While B cells were stably circulating in the two control groups,
CAR-T cells with and without PD-1 KO showed effective B cell
depletion during the entire observation period. Two mice of the
CAR group had transient B cell reappearances at 100 and 150 d
after CAR-T cell treatment, which were resolved some weeks later.
In the PD-1 KO CAR group, a very low level of B cells arose in a
single mouse during the last analyzed time points (Fig. 3 Cand D).
Effective B cell aplasia was also observed in all analyzed lymphoid
organs on day 390 (Fig. 3E), emphasizing that the long-term func-
tionality and tissue infiltration of CAR-T cells were not impaired
by genetic KO of PD-1 expression.

We next performed CAR-T cell depletion experiments to
demonstrate that the transferred CAR-T cells indeed needed to
stay constitutively active to maintain B cell aplasia in this long-
term model (Fig. 3F). As the engineered CAR-T cells coexpress
EGFRt as a safety-switch on their surface, selective depletion was
possible by antibody-dependent cell-mediated cytotoxicity via
injection of the monoclonal antibody Cetuximab (50, 51). Freshly
produced CAR-T cells with 75% transduction efficacy and 90%
PD-1 editing (8] Appendix, Fig. S7 A and B) showed again stable
long-term B cell aplasia over 40 wk. After Cetuximab treatment,
rapid recovery of B cells could be observed in the blood
(Fig. 3G and SI Appendix, Fig. S7C), as well as 1 mo later in all
lymphoid organs (Fig. 3H). Only one mouse in the CAR group
did not respond to Cetuximab treatment for unknown reasons.
B cell reconstitution after CAR-T cell depletion further confirmed
continuous B cell renewal in the bone marrow and, thereby, con-
stant stimulation of the transferred CAR-T cells.

In summary, these results demonstrate that disruption of PD-1
preserves long-term functionality in a model of constitutively
active CAR-T cells.

Memory Subsets in PD-1 KO CAR-T Cells Are Maintained over 1
Y In Vivo. In order to gain insights into the quality of memory
subset generation in PD-1 KO CAR-T cells, we performed further
analyses on the persistence and phenotype of the transferred cells.
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Fig.3. PD-1KO CAR-T cells maintain long-term functionality over 390 d. CD45.1" splenocytes were edited for PD-1 knockout and anti-CD19 CAR expression, and
transferred bulk in C57BL/6 mice (n = 6). (A) NGS analysis of Pdcd1 locus disruption of all four T cell infusion products [mock (gray), PD-1 KO (blue), CAR (yellow),
PD-1 KO CAR (red)]. (B) Transduction efficacies of CAR-T cell products measured by flow cytometry as percentage of coexpressed EGFRt" of living lymphocytes.
(C) Representative flow cytometry plots of B cell frequencies in the peripheral blood after CAR-T cell injection. (D) Monthly blood analysis of B cells, depicted
as CD19” cells of living lymphocytes. (£) Mice were killed on day 390 after T cell transfer and remaining B cells were quantified in organs. Statistical testing by
one-way ANOVA, ns P > 0.05, ****P < 0.0001 using PD-1 KO CAR group as reference control. (F) Engineered PD-1 KO CAR-T cells were generated and infused
as described before. On day 315 post T cell infusion, 1 mg Cetuximab was administered via i.p. injection. (G) B cell kinetics in the peripheral blood (percentage
of CD19" cells of living lymphocytes). The dotted line depicts the time point of Cetuximab administration. Statistical testing by two-way ANOVA, ns P > 0.05,
**+¥%P <0.0001 using mock group as reference control. (H) Mice were killed on day 369 post CAR-T cell injection and tissues were analyzed for B cells by surface
staining of CD19. Statistical testing by one-way ANOVA, ns P > 0.05, *P < 0.05 using mock group as reference control.

Congenically labeled CAR-T cells with and without PD-1 edit-
ing were robustly detected in the peripheral circulation during the
entire observation period (Fig. 4 A-C), as well as in lymphoid
organs 390 d post infusion (Fig. 4D). Intriguingly, PD-1 KO
CAR-T cells showed a stronger expansion than normal CAR-T
cells during the first 100 d, as previously described (33, 34, 40).
Moreover, we found similar to other reports (38) an accelerated
contraction during the chronic phase, which ultimately resulted
in similar persistence of the transferred cells between the CAR
and PD-1 KO CAR groups at late time points. Interestingly, we
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observed a strong expansion of transferred CAR-T cells in one
particular mouse showing a transient relapse of B cells in the CAR
group, indicating recall capacity, a hallmark of memory T cell
responses.

As a next step, we analyzed the subset composition of remaining
transferred CAR-T cells in lymphoid organs on day 390 after
infusion. CAR-T cells stably engrafted and successfully differen-
tiated independent of their PD-1 status. Frequencies as well as cell
numbers of both memory (T + Tpy) and effector T cell (T'ggp)
subsets were comparable in the PD-1 KO CAR and CAR group
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Fig. 4. Persistence and differentiation of CAR-T cells over 390 d. (A) Representative flow cytometry plots showing CAR-T cell (EGFRt") frequencies of transferred
cells (CD3°CD45.1%) in the peripheral blood at the indicated time points after T cell injection. Mice belong to the experiment of Fig. 3 A-E. (B) Longitudinal
quantification of CAR-T cell counts (EGFRt") in individual mice (Left and Middle) and as mean + SD (Right). (C and D) Quantification of CAR-T cell counts (EGFRt") in
blood at the indicated time points (C) and in lymphoid tissues on day 390 (D) after T cell transfer. () Phenotypic analysis of tissue-recovered CAR-T cells (EGFRt")
on day 390. T, (CD62L CD27%), gy, (CD62L™ CD277), T (CD62L™ CD277). Representative flow cytometry plots (Left) and relative quantification of subpopulations
in organs as mean + SD (Right). (F) Proliferative capacity of tissue-recovered CAR-T cells (EGFRt"). Statistical testing by two-way ANOVA (B) and Mann-Whitney

test (C, D, and F), ns P> 0.05, **P < 0.005.

across all lymphoid organs (Fig. 4 and SI Appendix, Fig. S8).
Typical memory subset phenotypes made up the biggest part of
CAR-T cells, in frequency, as well as in cell numbers, while only
few effector phenotype CAR-T cells were detected.

Despite preferential differentiation into memory T cells, divid-
ing CAR-T cells were still observed, as a consequence of constant
B cell renewal. The proliferation marker Ki-67 was expressed on
nearly 100% of CAR and PD-1 KO CAR-T cells in the lymph
nodes and at comparable, but lower, levels in the two other lym-
phoid tissues (Fig. 4F), indicating considerable divisions of both
engineered T cell products among different organs. This pheno-
type indirectly reflects preserved functionality as limited prolifer-
ative ability was observed in functionally impaired PD-1 KO T
cells at later stages after chronic LCMYV infection (38).

In summary, these results reinforce again that ablation of PD-1
has no negative impact on the persistence and engraftment of
CAR-T cells, even 390 d after injection, as well as on efficient
differentiation into long-living memory subsets, which are prob-
ably crucial for stable B cell aplasia in this model.

PNAS 2023 Vol.120 No.10 2200626120

We found similar evidence in a syngeneic tumor model, where
the leukemic murine Ep-acute lymphoblastic leukemia (ALL) cell
line was inoculated in immunocompetent mice prior to the transfer
of either CAR or PD-1 KO CAR-T cells (S7 Appendix, Fig. S9A).
As expected, PD-1 KO CAR-T cell-treated mice showed longer
survival rates despite subsequent tumor relapse in this model
(81 Appendix, Fig. S9 B and C), confirming the superior antitumor
functionality induced by the removal of the inhibitory receptor
(30, 34). Throughout the observation time, PD-1-ablated CAR-T
cells remained detectable in both the peripheral circulation and
lymphoid organs (8] Appendix, Fig. SOD); indeed, while PD-1
upregulation was observed in most of the conventional CAR-T
cells as an indication of antigen-driven stimulation, we found an
abundant fraction of PD-1" cells in the PD-1 KO CAR-T cell
product at similar levels compared to the infusion product
(SI Appendix, Fig. SOE). Within the observable time frame in this
model, PD-1 KO CAR-T cells persisted at comparable levels than
conventional CAR-T cells (S/ Appendix, Fig. S9 Fand G) and

efficiently established phenotypic changes associated with memory
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formation (81 Appendix, Fig. SOH). However, further experiments
on long-term memory should be performed in settings where tum-
ors do not relapse.

PD-1 KO CAR-T Cells Show Long-Term Persistence but No In Vivo
Selection under Constant Stimulation. The safety profile of CAR-T
cells with PD-1 ablation may raise some concerns, due to the fact
that expression of PD-1 plays a crucial role in peripheral immune
tolerance. Indeed, it is known that the use of PD-1 checkpoint
inhibitors can lead to autoimmunity (8, 21) and that disruption
of the PD-1 locus, concomitantly with enforcement of oncogenic
TCR signaling, can lead to malignant T cell transformation (39).
Therefore, we investigated in more detail if adoptively transferred
CAR-T cells with intrinsic PD-1 KO could persist long-term and
lead to the development of uncontrollable autoreactive T cells under
constitutive stimulation in vivo.

Genomic NGS analysis at specific time points supported that
no consistent negative or positive in vivo selection of PD-1-ablated
T cells occurred. We measured stable frequencies of Pded! disrup-
tion in both PD-1 KO groups (with and without CAR) at day 204
and day 293 after T cell injection in the blood as well as on day
390 in the bone marrow (Fig. 5A4). In support of that, we also
tracked the progression of PD-1 edited and unedited CAR-T cell
populations in blood via flow cytometry (Fig. 5 Band C), as PD-1
expression could be used as a surrogate marker of genetic Pdcd1
ablation in models of constant stimulation as previously shown for
the chronic MCMYV infection model. PD-1" CAR-T cells (EGFRt")
were reliably detected in the CAR group for over one year. On the
contrary, EGFRt" T cells also expressing PD-1 were barely detect-
able in mice treated with PD-1 KO CAR-T cells.

Consistent with genomic analysis, these results demonstrate that
ablation of PD-1 expression does not lead to in vivo selection of
potentially autoreactive CAR-T cells during constant stimulation.

Enhanced Expansion of PD-1-Ablated T Cells without CAR
Expression. While KO of PD-1 in antigen-stimulated CAR-T
cells did not lead to uncontrolled proliferation, malignant
transformation of polyclonal PD-1-ablated T cells without a CAR
could not be excluded at this point. Using the previously described

bulk transfer method, we tracked potential in vivo competition of
all four engineered T cell subpopulations (EGFRt"~ and PD-1"")
within a single mouse over time.

Overall, we detected persistently higher numbers of total trans-
ferred cells in mice receiving PD-1 KO CAR-T cells compared to
mice of the CAR group in both blood and lymphoid tissues
(SI Appendix, Fig. S10 A-D). As no differences in the total num-
bers of antigen-specific CAR-T cells were detected beyond the
initial phase (Fig. 4B), we were wondering which subpopulation
was responsible for this increase. Interestingly, the same trend was
observed comparing the total numbers of transferred cells between
the PD-1 KO and mock control groups (S Appendix, Fig. S10
A-D). These results already pointed toward a stronger proliferation
of PD-1-ablated T cells without an additional antigen-specific
transgenic receptor.

Evaluation of the four subpopulations in blood revealed PD-1
KO T cells without CAR expression (EGFRt/PD-1") to be the
clear dominators in both CAR groups. This population consti-
tuted over 90% of transferred cells in mice treated with PD-1 KO
CAR-T cells but only 50% of transferred cells in the CAR group
(81 Appendix, Fig. S10E). Furthermore, while only low numbers
of EGFRt /PD-1" engineered T cells were detected within the
CAR group, this population immensely overgrew the whole PD-1
KO CAR group in the blood over time (S7 Appendix, Fig. S10F).
Similar dominance, though on a lower level, was also observed in
all screened lymphoid organs (57 Appendix, Fig. S10 G and H).
Consistent with the results before, the same trend was observed
in the PD-1 KO control group compared to mock T cells
(SI Appendix, Fig. S10 E-H). In summary, higher numbers of
persisting and engrafting transferred T cells could be explained by
a stronger expansion of PD-1-ablated T cells without expression
of an additional CAR.

Although the observed differences were not statistically signif-
icant at any time point and despite the lack of evidence for more
severe toxicities in mice receiving PD-1 KO T cells, the results
indicate potential unpredictable risks for the long-term usage of
PD-1-ablated polyclonal T cells without selection for a specific
antigen receptor, as PD-1 KO is known to reduce thresholds,
especially for autoreactive T cell proliferation.
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Discussion

In this manuscript, we addressed the question whether genetic
ablation of PD-1 in physiologically matured, adoptively transferred
T cells compromises in vivo establishment of functional immune
responses, memory formation, and maintenance. Thereby, the basic
engineering approach for PD-1 ablation was similar to recently
reported first-in-man clinical applications (41), despite differences
in the cell-type composition of the products (mainly naive T cells
in this study compared to more differentiated T cells from autol-
ogous patient-derived peripheral T cells). Since differences in
genetic engineering procedures can affect T cell performance, we
generated T cell products with a highly standardized CRISPR/
Cas9-mediated protocol (for several experiments, the same T cell
product was even comparatively used in different models, like
LM-OVA and MCMV-OVA). Subsequently, PD-1 KO T cells
were tested side-by-side in a diverse range of in vivo models, from
acute to chronic (but mild) antigen exposure, to obtain highly
comparable results.

We showed in models for acute and chronic antigen encounter
that for T cell populations expressing a highly defined antigen-spe-
cific receptor (either a TCR or a CAR), PD-1 ablation does not
negatively impair effector and memory responses per se. In addi-
tion, during constitutive long-term recruitment of genetically
engineered T cells, PD-1 ablation permitted maintenance of effec-
tive immunity and no evidence for malignant transformation was
observed. Since PD-1 ablation in normal polyclonal T cells (not
expressing a recombinant CAR or TCR) was found to lead to
some organ-specific infiltrates, potentially related to some degree
of autoreactivity, our data also indicate that PD-1-ablated T cell
products should be highly enriched for cells expressing the ther-
apeutically desired antigen-targeting receptor.

Adoptive T cell therapy is rapidly developing and adapting to
emerging hurdles. A better understanding of mechanisms of
immune suppression like PD-1 has opened the way for a new
generation of treatment approaches against cancer and viral infec-
tions based on T cell coengineering. Similarly to the success of
combinatorial therapy of PD-1 checkpoint inhibitors with adop-
tively transferred T cells (26, 27), PD-1 KO in engineered T cells,
mainly with CAR-T cells, led to superior in vivo anti-tumor
efficacy (29, 33, 52). However, these studies reported only on
short-term observations, as being conducted in xenograft models.
Considering reports on possible long-term negative effects of
PD-1 gene disruption on homeostatic maintenance (37, 38), we
here provided a clinically relevant model for monitoring of adop-
tively transferred cells over almost the entire life span of a mouse.
Our syngeneic anti-CD19 CAR-T cell system ensures chronic
antigen stress by the constant renewal of CD19" B cells, as
demonstrated by the recovery of B cells after CAR-T cell deple-
tion and expression of Ki-67 in CAR-T cells infiltrating the bone
marrow. Importantly, we observed long-term functionality of
PD-1 KO CAR-T cells, as indicated by stable B cell aplasia, but
not an overall functional advantage. Reasonably, conventional
CD19 CAR-T cells already suffice for the elimination of CD19"
target cells in our model, as complete B cell relapses were not
observed. Instead, in previous studies, PD-1 competent CAR-T
cells were challenged against PD-L1-expressing tumors (29, 30,
33, 53) or transferred at relatively low doses (34), which resulted
in a suboptimal in vivo functionality. Further studies combining
our approach of long-term monitoring with tumor models pro-
viding initially high antigen exposure but subsequently complete
tumor clearance are necessary to eventually also conclude on the
role of PD-1 KO on long-term memory formation under such
conditions.

PNAS 2023 Vol.120 No.10 2200626120

Besides functionality, we also observed sustained persistence,
lymphoid tissue infiltration, and memory formation of PD-1 KO
T cells regardless of the antigen model. The kinetics of expansion
and contraction of PD-1 KO CAR-T cells in our models of
chronicity (MCMYV and anti-CD19 CAR) were similar to chronic
LCMYV infections (38) but, differently, PD-1 KO CAR-T cells
did not vanish or become dysfunctional at later stages. Sustained
antigen expression in LCMV is known to rapidly induce a state
of virus-specific T cell exhaustion; on the contrary, MCMV-
specific adaptive immunity still preserves functionality over long
periods of time because of a discontinuous virus activation and T
cell engagement (45). Furthermore, as discussed before, also the
anti-CD19 syngeneic CAR-T cell model does not induce rapid
and strong features of T cell exhaustion. Taken together, these data
suggest that not only chronicity but also the strength and fre-
quency of the antigen stress might be an important trigger for
unleashing potentially detrimental effects of PD-1 KO. Therefore,
further systematic analyses in suitable mouse models, e.g., using
murine tumor cell lines with low to high (persistent) antigen
expression, should be performed to elucidate a potential threshold
from where on fitness and functionality of PD-1-ablated T cells
start to be impaired.

Our work demonstrates that functionality and memory of PD-1
KOT cells are maintained during acute LM-OVA infection, which
is in line with previous studies performed also in other models of
acute infections (2, 35, 54). However, it was recently reported that
T cells with germline PD-1 KO showed a disrupted T cell fitness
at later points also after nonchronic stimulations (37, 46).
Intriguingly, the temporary inhibition of PD-1 via blocking anti-
bodies during priming did not lead to the same outcome (46),
which was interpreted as a dependency of CD8" T cells responses
from the timing and duration of PD-1 inhibition. Despite being
plausible, it cannot be excluded that the absence of PD-1 signaling
during T cell maturation would already predispose to a lower
fitness. Thereby, stringent comparisons between germline PD-1
KO and PD-1 gene disruption in mature T cells are necessary to
better understand the contribution of PD-1 loss during the dif-
ferent phases of maturation and priming.

Next to functionality, the safety profile of immunotherapies is
a crucial aspect for their clinical application. As PD-1 is broadly
expressed in different cell types and involved in the regulation of
diverse mechanisms to maintain immune tolerance (16-18), it is
not surprising that systemic blockage of PD-1 via checkpoint
inhibitors is associated with diverse immune-related adverse events,
including autoimmunity (8, 19, 20). In this context, PD-1 abla-
tion on adoptively transferred antigen-specific T cells (29, 30, 52)
could be a clever strategy to avoid such systemic side effects and
to maintain peripheral tolerance by targeting only the therapeu-
tically relevant T cells.

Nevertheless, some toxicities could still derive from the engi-
neered cell product itself. A more general threat for adoptive cell
therapy is that polyclonal populations of PD-1 deficient T cells
could still express autoreactive TCRs, which could, without PD-1
as an immunosuppressive receptor, lead to autoimmunity. Our
approach to adoptively transfer bulk populations without previous
enrichment allowed us to evaluate the effects of the polyclonal
endogenous TCR repertoire on the safety profile of antigen-spe-
cific and bystander PD-1 KO T cells, in particular in the CAR-T
cell model. We did not observe the outgrowing of PD-1 KO
CAR-T cells. Even after 13 mo of longitudinal in vivo tracking
of continuously stimulated CAR-T cells, there was no evidence
of autoimmunity due to genomic PD-1 ablation. It has been
demonstrated before that the introduction of a dominant CAR
into normal donor T cells can overrule endogenous TCR
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stimulation and avoid allo- or auto-reactivity (55), which may
explain our observations.

In contrast, higher frequencies and cell numbers of PD-1 KO T
cells without an anti-CD19 CAR persisted in two independent
groups (PD-1 KO and PD-1 KO CAR) throughout the examination
period. Even though these PD-1 disrupted T cells did not excessively
proliferate, they dominated over CAR-T cells not only in blood but
also in organs, which could indicate a potential risk for autoimmun-
ity. This could be overcome by the enrichment of cells expressing the
therapeutically desired antigen-targeting receptors prior to adoptive
T cell transfer or by additional genetic ablation of endogenous TCRs.
The recently described approach of orthotopic TCR replacement
combines recombinant TCR engineering with endogenous TCR
ablation (56), which could be an elegant way to increase the safety
of additionally PD-1 KO-engineered T cell products.

PD-1 was also reported to function as a haploinsufficient tumor
suppressor in mouse T cells (39). These data caution that loss of
PD-1 could lead to unwanted malignant development of T cells
in case of additionally occurring oncogenic mutations during con-
stant receptor triggering. Therefore, we were concerned that in
our long-term in vivo model of constitutively active anti-CD19
CAR-T cells in combination with PD-1 ablation, at some point
malignant transformation of engineered T cells could occur.
However, so far we did not observe any T cell-derived malignancy
after PD-1 ablation in any of our experiments, not even after
390 d. These observations suggest that the risk for malignant trans-
formation of PD-1 KO in adoptively transferred CAR- or TCR-
engineered T cells is rather low. This is in line with so far published
data on patients treated with PD-1 KO TCR-engineered T cells,
who also showed no signs of T cell genotoxicity during the mon-
itoring time (41). However, in light of the different quality of T
cell products in terms of cell composition between clinical and
preclinical studies, more extensive data in syngeneic mouse models
as well as clinical patient data are required, to come to more con-
clusive statements regarding oncogenic risks.

In summary, our data demonstrate that PD-1 ablation via
CRISPR/Cas9 does not impair long-term T cell functions per se.
Although this was shown unequivocally in different mouse models
of acute and chronic antigen encounter, it needs to be emphasized
that our findings do not exclude the possibility that under certain
conditions, especially with much stronger or more persistent antigen
exposure, the outcome could be different. Nevertheless, as no long-
term in vivo toxicities were observed upon adoptive transfer of T
cells with highly defined antigen-specificity, genomic editing of
PD-1 might represent a more broadly applicable approach for pro-
tecting engineered T cells from PD-1 mediated inhibitory effects.

Materials and Methods

study Design. This study was conducted to evaluate the long-term effects of
CRISPR/Cas9-mediated PD-1 KO on the persistence, functionality, and safety of
adoptively transferred antigen-specific T cells in vivo. Therefore, PD-1-ablated
adoptively transferred T cells were monitored in an acute and chronic infection
model with LM-OVA and MCMV-OVA, respectively, and in an acute and long-
term therapeutic setting of adoptive CAR-T cell transfer in syngeneic mice. T cell
products were either generated by CRISPR-mediated KO of Pdcd7 on transgenic
OT-IT cells, recognizing the SIINFEKL antigen, for usage in infection models or on
OT-l/wild-type T cells followed by retroviral transduction of an anti-murine CD19
CAR to assess long-term maintenance. Adoptively transferred T cells were tracked
by congenic labeling and CAR-T cells were marked by coexpression of a truncated
version of epidermal growth factor receipt (EGFR). While genomic PD-1 ablation
was studied by next-generation sequencing, expansion kinetics, maintenance
of in vivo and ex vivo functionality, phenotypic evolution, and PD-1 expression
signatures of adoptively transferred T cells were followed by flow cytometry.

https://doi.org/10.1073/pnas.2200626120

All primary data are reported in S/ Appendix.

Animal Models and Cell Lines. C57BL/6JOlaHsd (female, 8 to 11 wk) were
purchased from Envigo. CD45.1*"* congenic C57BL/6 (female, 7 to 8 wk) were
purchased from Charles Rivers, CD45.1 congenic C57BL/6 and SIINFEKL-specific
TCR transgenic OT- RAG1™"~ donor mice were derived from in-house breeding
under specific pathogen-free conditions at our mouse facility at the Technical
University Munich, Institute for Medical Microbiology, Inmunology and Hygiene.
All animal experiments were approved by the district government of Upper
Bavaria (Department 5-Environment, Health and Consumer Protection ROB-
55.2-2532 Vet_02-17-138).

The Ep-ALL cell line was kindly provided by the lab of Riddell at the Fred
Hutchinson Cancer Research Center and was derived from an Ep-myc transgenic
mouse as previously described (48).

Infection Models. Primary and secondary infections with recombinant LM-OVA
were performed by intravenous injection of 5 x 10%and 2 x 10° cfu, respectively.
For recombinant MCMV'™-QVA, 5 x 107 pfu was injected intravenously. For addi-

tional details, see SI Appendix, Materials and Methods.

CRISPR/Cas9-Mediated PD-1 Knockout. Cas9 ribonucleoproteins were gen-
erated and nucleofected in murine splenocytes as previously described (56). For
additional details, see SI Appendix, Materials and Methods.

Retroviral Transduction. Retroviral particles were produced from PlatE cells and
spinoculated on RetroNectin-coated plates prior to the addition of CRISPR/Cas9-
edited, stimulated murine splenocytes. Cells were cultured in complete Roswell
Park Memorial Institute (RPMI) with 25 ng/mL recombinant human interleu-
kin-15(rhIL-15) for 3 d prior to intravenous (i.v.) transfer into sublethally irradiated
C57BL/6 mice. For additional details, see S/ Appendlix, Materials and Methods.

Adoptive T Cell Transfer. For adoptive transfer experiments, murine spleno-
cytes edited for PD-1 knockout and/or CAR expression on a unique congenic
marker background (CD45) were used. For additional details, see S/ Appendix,
Materials and Methods.

Flow Cytometry and Cell Sorting. Single-cell suspensions were generated
from blood, bone marrow, lymph nodes, and spleen, followed by surface marker
staining with fluorophore-conjugated antibodies. For additional details, see
Sl Appendix, Materials and Methods.

Antigen-Specific Ex Vivo Stimulation and Intracellular Cytokine Staining.
Splenocytes from T-cell treated, LM-OVA infected mice were stimulated with 107
M SIINFEKL peptide and a positive control (phorbol-12-myristat-13-acetat/iono-
mycin), followed by intracellular cytokine staining. For additional details, see
Sl Appendix, Materials and Methods.

Analysis of CRISPR/Cas9-Mediated Pdcd1 Disruption. Genomic DNA was
extracted from flow cytometry-sorted CD45.1% OT-I T cells or EGFRt™ CART cells.
The region surrounding the guide RNA (gRNA) cutting site into the PD-1 locus
was amplified via PCR and sequenced. For additional details, see SI Appendix,
Materials and Methods.

statistical Analysis. All statistical tests were performed using GraphPad Prism8
(GraphPad Software Inc.). Statistical details are indicated in the respective figure
legends. Levels of significance were defined as the following: ns P> 0.05, *P <
0.05,**P < 0.01, ***P < 0.001, ****P < 0.0001. Data are presented as mean
+ SD if not stated otherwise specifically.

Data, Materials, and Software Availability. All Study dataareincluded in the
article and/or S Appendix.
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