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Abstract

CD19-specific chimeric antigen receptor (CD19-CAR) T-cell therapies mediate durable responses in late-stage B-cell ma-
lignancies, but can be complicated by a potentially severe immune effector cell-associated neurotoxicity syndrome
(ICANS). Despite broad efforts, the precise mechanisms of ICANS are not entirely known, and resistance to current ICANS-
directed therapies (especially corticosteroids) has been observed. Recent data suggest that inflammmatory cytokines and/or
targeting of cerebral CD19-expressing pericytes can disrupt the blood-brain barrier and facilitate influx of immune cells,
including CAR T cells. However, specific tools for CD19-CAR T-cell analysis within often minute samples of cerebrospinal
fluid (CSF) are not broadly available. Here, we applied our recently developed digital polymerase chain reaction assays to
monitor CD19-CAR T-cell kinetics in CSF and blood in real-world patients with neurotoxicity. Consistently, we observed a
CAR T-cell enrichment within CSF in ICANS patients with further progressive accumulation despite intense corticoste-
roid-containing immuno-chemotherapies in a subset of patients with prolonged and therapy-resistant grade 3-4 neuro-
toxicity. We used next-generation T-cell receptor-f sequencing to assess the repertoire of treatment-refractory cells.
Longitudinal analysis revealed a profound skewing of the T-cell receptor repertoire, which at least partly reflected selective
expansion of infused T-cell clones. Interestingly, a major fraction of eventually dominating hyperexpanded T-cell clones
were of non-CAR T-cell derivation. These findings hint to a role of therapy-refractory T-cell clones in severe ICANS devel-
opment and prompt future systematic research to determine if CAR T cells may serve as ‘door openers’ and to further
characterize both CAR-positive and non-CAR T cells to interrogate the transcriptional signature of these possibly pathol-
ogic T cells.

Introduction

CD19-specific chimeric antigen receptor (CD19-CAR) T-cell
therapy mediates durable remission of relapsed and/or re-
fractory (r/r) B-cell malignancies, which prompted approval
of several licensed CAR T-cell products, including axicab-
tagene ciloleucel (axi-cel) and tisagenlecleucel (tisa-cel)."®
However, this promising treatment modality may be associ-
ated with serious toxicities, including a unique immune ef-
fector cell-associated neurotoxicity syndrome (ICANS).52
The precise mechanisms mediating this potentially life-
threatening condition have not been entirely elucidated,
but accumulating evidence suggests that the cytokine re-

lease upon CAR T-cell activation and/or direct targeting of
CD19-expressing cerebral pericytes induce vascular injury,
which may facilitate migration of immune effectors, includ-
ing CAR T cells, across the blood-brain-barrier.®™4 High-
dose corticosteroids are the first choice for ICANS-directed
therapies, but fail in some patients.”" Interleukin (IL)-1
pathway blockade (anakinra) or intrathecally (IT)-adminis-
tered cytotoxic chemotherapies are used as second-line
therapies, but optimal treatment of severe therapy-refrac-
tory ICANS has not been established.®™s |[CANS monitoring
largely relies on assessment of clinical status, imaging, and
analysis of serum biomarkers.*™ However, to date system-
atic data on CAR T-cell kinetics within the cerebrospinal
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fluid (CSF) are missing, which partly reflects the lack of
broadly available diagnostic CAR-specific monitoring tools
to easily examine the frequently scanty CSF specimen in
the non-trial setting."® In our prior work, we developed and
validated digital polymerase chain reaction (dPCR) assays
for CD19-CAR T-cell tracking.®2 Here, we applied these as-
says to assess the CD19-CAR T-cell kinetics in diagnostic
CSF samples and corresponding peripheral blood specimen
from patients experiencing severe grade =3 neurotoxicity
of CD19-CAR T-cell therapy. We found a preferential CAR T-
cell enrichment within the CSF with further accumulation
under ICANS-directed therapies. We used a previously es-
tablished T-cell receptor-p (TRB) next-generation sequenc-
ing (NGS) assay?® to examine the clonal composition and
longitudinal evolution of the refractory cells in patients
with prolonged ICANS despite intense steroid-containing
immune-chemotherapies.

Methods

Patient treatment

We examined CAR T-cell kinetics in peripheral blood mono-
nuclear cells (PBMC) and CSF in 48 consecutive patients
with r/r B-cell malignancies treated with licensed CAR T-
cell products (axi-cel or tisa-cel) after a cyclophospha-
mide- and fludarabine-based lymphodepleting regimen
(described in the Online Supplementary Appendix).82? The
local ethic committee approved the study (PV7081). Written
informed consent for the schedule of sample collection
was obtained from all patients. The sample collection
schedule is described in detail in the Online Supplementary
Appendix. Cytokine release syndrome (CRS) and ICANS
were graded according to guidelines of the American So-
ciety for Transplantation and Cellular Therapy (ASTCT) and
managed as described in the Online Supplementary Appen-
dix.

Digital polymerase chain reaction-based analysis of
patient samples

Genomic DNA (gDNA) was isolated from aliquots of pa-
tients’ PBMC, CSF, and the infusion product (IP) as de-
scribed.®?°22 Briefly, PBMC were isolated from peripheral
blood by density-gradient centrifugation using SepMate
(Stem Cell Technologies, Cologne, Germany) following the
manufacturer’s instructions, washed, and resuspended in
phosphate-buffered saline (PBS, Gibco, Thermo Fischer
Scientific, Waltham, USA). Samples of CSF or the IP were
centrifuged and the mononuclear cells (MNC) resuspended
in phospate-buffered saline. Genomic DNA (gDNA) was
extracted using QlAamp Blood Mini Kit (Qiagen, Hilden, Ger-
many) following the manufacturer’s protocol. Typically, ali-
quots of 100-120 ng gDNA, corresponding to 15,000-18,000
diploid genomes (cells), were subjected to the dPCR analy-
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sis using the previously described axi-cel-specific® or “uni-
versal” (axi-cel and tisa-cel-specific) dPCR assays.?® All
dPCR runs were performed as duplex reactions using the
diploid hematopoietic cell kinase gene as reference.®?° The
final concentrations of primers (900 nM) and probes (250
nM) followed Bio-Rad dPCR guidelines. In order to reduce
sample viscosity and improve target accessibility, 5 units
EcoRI (Thermo Fischer Scientific) were added for 5 minutes
at room temperature to the reaction. The dPCR was carried
out with the QX100 Droplet Digital PCR System (Bio-Rad
Laboratories, Hercules, USA). Droplets were analyzed with
the QX100 droplet reader and data processed with Quan-
taSoft_v1.7 software (Bio-Rad). Data were analyzed and vis-
ualized using Graphpad PRISM Software 8.4.3. (GraphPad
Software, San Diego, USA). All reported P values are two-
sided, and values <0.05 were considered statistically sig-
nificant.

Fluorescent-activated cell sorting

Aliquots of cryopreserved PBMC or the IP were thawed and
stained with a CD19-CAR reagent (Miltenyi Biotec, Bergisch
Gladbach, Germany) following the manufacturer’s instruc-
tions. Briefly, cells were stained for 10 minutes with the
CAR reagent, washed twice with fluorescent-activated cell
sorting (FACS) buffer (PBS containing 2% fetal bovine
serum, Sigma-Aldrich GmbH, Taufkirchen, Germany), and
then stained for 15 minutes with a fluorochrome-con-
jugated anti-CD3 antibody and anti-biotin reagent (Miltenyi
Biotec). T cells were sorted on a FACSAria_lllu (BD Bio-
sciences, San Jose, USA) into CAR-positive and CAR-
negative subsets, washed with PBS, and used for gDNA
isolation.

T-cell receptor-f3 amplification and Illumina-based next-
generation sequencing

Aliquots of gDNA obtained from samples of PBMC, CSF, or
the IP underwent unbiased amplification of the TRB re-
arrangement using BIOMED2-TRB primer pools as de-
scribed?”® and detailed in the Online Supplementary
Appendix. Amplicons were barcoded, sequenced on an Il-
lumina MiSeq sequencer (San Diego, USA) and analyzed
using the MiXCR software as described previously,” and as
described in the Online Supplementary Appendix.

Results

In our prior work, we treated 21 consecutive r/r B-cell lym-
phoma patients with axi-cel after a cyclophosphamide-
and fludarabine-based lymphodepleting therapy in a non-
trial setting (March 2019-July 2020).??' Since then (until May
2022), additional 27 consecutive patients with advanced B-
cell malignancies received axi-cel (n=14) or tisa-cel (n=13).
In the entire cohort, the overall incidence of grade 21 CRS
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after axi-cel treatment was 85.7% (grade 23 in 14.3%) and
84.6% (grade =3 in 15.4%) after tisa-cel. The incidence of
ICANS (=1) was 57.1% (grade =23 in 20%) in patients receiv-
ing axi-cel, and 38.5% (grade =3 in 23.1%) after tisa-cel
(Table 1). The median day of ICANS grade 3-4 onset was
day 4.5 (range, 0-10), and the median duration was 13.5
days (range, 5-60 days).

Proposed biomarkers associated with high risk of ICANS
include measures of tumor burden such as baseline lac-
tate dehydrogenase (LDH), inflammatory markers (IL-6
peak levels), and/or CAR T-cell peak levels."?25 |In our
small cohort, we found statistically higher pretreatment
LDH values (P<0.0001) in patients experiencing grade 4
neurotoxicity compared to those without ICANS (Online
Supplementary Figure S1A). Also, peak IL-6 levels tended
to be higher in grade 23 ICANS patients, although this was
not statistically significant (Online Supplementary Figure
S1B and C). Similarly, the patients with grade >3 ICANS
showed a trend towards higher grades of CRS (Online Sup-
plementary Figure S1D). In our prior work in the first 21
axi-cel patients of this cohort, we found that higher CAR
T-cell peak values were significantly associated with fa-
vorable efficacy with a trend towards increased neuro-
toxicity.?" In the here updated entire axi-cel cohort (n=35
patients), we found a similar trend with regard to the inci-
dence of neurotoxicity (grade 0 vs. grades 1-4 ICANS), with
significantly higher CAR T-cell peak levels in the subgroup
of patients with grades 2-4 ICANS compared to grades 0-
1 ICANS (P=0.0142, Figure 1A). In this small cohort of pa-
tients, the circulating axi-cel persistence was low in the
single-one grade 4 ICANS patient (patient #03, Figure 1B;
Online Supplementary Figure S2) and he recovered fully
within 24 hours without ICANS-specific treatment, making
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alternative neurological pathologies such as a transient
ischemic attack very probable. This observation might also
reflect the complex and multifactorial nature of the ICANS
pathogenesis, in which tumor burden, inflammation,
and/or severity of CRS have also been identified as im-
portant contributing factors.®™

Consistent enrichment of CAR T cells within
cerebrospinal fluid after real-world CAR therapy

Ten of 48 patients in this cohort experienced grade =3
neurotoxicity (Table 1). The patient characteristics and
outcomes are described in the Online Supplementary
Table S1. We received aliquots of single or serial diagnostic
CSF specimen that were obtained for clinical purposes
from eight patients (Online Supplementary Appendix), in-
cluding five of seven axi-cel treated patients and three of
three tisa-cel-treated patients (Figure 2A). Using our re-
cently developed and validated dPCR assays,**? we first
determined whether the persisting CAR T cells prolifer-
ated and/or accumulated preferentially in the central
nervous system. In all patients, we observed a relative en-
richment of CAR-positive T cells on a per million basis
within the CSF as compared to the PBMC sample with a
median 25.8-fold peak increase (range, 1.5-124.7) in the
CSF (Figure 2B). Even though the absolute numbers of
leukocytes and CAR T cells were higher in the peripheral
blood, we observed a significantly higher (P=0.0073) pro-
portion of CAR T cells among leukocytes within the CSF
versus the peripheral blood (Online Supplementary Table
S2; Figure 2C). In order to determine whether CAR T cells
are detectable within the CSF in the absence of severe
ICANS, we also examined the CAR T-cell kinetics in a sub-
set of eight patients with grades 0-2 ICANS undergoing
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Figure 1. Chimeric antigen receptor T-cell peak levels in correlation with immune effector cell-associated neurotoxicity syn-
drome. 35 consecutive relapsed and/or refractory (r/r) B-cell lymphoma patients were treated with axi-cel in the non-trial setting
and examined for neurotoxicity. Samples of peripheral blood mononuclear cells (PBMC) were obtained after the chimeric antigen
receptor (CAR) T-cell infusion and analyzed by digital polymerase chain reaction for the presence of CAR T cells. (A) Boxplots
showing the axi-cel peak levels in correlation with immune effector cell-associated neurotoxicity syndrome (ICANS). Boxplots
show median (line), 25" and 75™ percentiles (upper and lower box borders), and range (whiskers). (B) Individual axi-cel peak
values in correlation with ICANS. The color-coded symbols identify patients with >grade 3 ICANS. #: Patient #03 recovered fully
within 24 hours without ICANS-specific treatment, making alternative neurological pathologies very probable. Statistical signifi-

cance: *P<0.05; **P<0.01.
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Table 1. Incidence and treatment of cytokine release syndrome and neurotoxicity after real-world CD19-CAR T-cell therapy.

CD19-CAR total

N %
Patients 48 100
Indication
DLBCL* 44 91.7
PMBCL 3 6.3
B-ALL 1 2.1
CNS Involvement 5 10.4
CRS
No CRS 7 14.6
CRS 1 11 22.9
CRS 2 23 47.9
CRS 3 6 12.5
CRS 4 1 2.1
CRS, death 1 2.1
ICANS
No ICANS 23 47.9
ICANS 1 9 18.8
ICANS 2 6 12.5
ICANS 3 6 12.5
ICANS 4 4 8.3
ICANS, death 1 2.1
Treatment
Dex/Tocilizumab 30 62.5
Anakinra 2 18.8
IT-chemotherapy 4 8.3

35

32

22
4
3

axi-cel tisa-cel
% N %
100 13 100
91.4 12 92.3
8.6 0 0.0
0.0 1 7.7
11.4 1 7.7
14.3 2 15.4
20.0 4 30.8
51.4 5 38.5
14.3 1 7.7
0.0 1 7.7
0.0 1 7.7
42.9 8 61.5
20.0 2 15.4
17.1 0 0.0
17.1 0 0.0
2.9 3 23.1
0.0 1 7.7
62.9 8 61.5
11.4 5 38.5
8.6 1 7.7

Axi-cel: axicabtagene ciloleucel; B-ALL: B-cell acute lymphatic leukemia; CAR T cell: chimeric antigen receptor T cell; CNS: central nervous
system; CRS: cytokine release syndrome; Dex: dexamethasone; DLBCL: diffuse large B-cell lymphoma; ICANS: immune effector cell-associated
neurotoxicity syndrome; IT-chemotherapy: intrathecal chemotherapy consisting of dexamethasone, cytarabine, and methotrexate; PMBCL:
primary mediastinal B-cell lymphoma; tisa-cel: tisagenlecleucel. *One axi-cel treated patient was diagnosed with a progressive follicular

lymphoma/DLBCL.

strictly medically indicated lumbar punctures (LP) for
neurological symptoms (Online Supplementary Appendix;
Online Supplementary Table S3; Online Supplementary Fig-
ure S3A). In line with the approval by the local ethic com-
mittee, we were able to use aliquots of those CSF
samples for the molecular monitoring (Online Supplemen-
tary Appendix). An increased frequency of CAR T cells
within the CSF compared to the peripheral blood (median,
6.2-fold; range, 0.3-106.8) was also detectable in patients
with low grade ICANS and in one patient without ICANS
with a diagnostic LP in the context of a grade 2 CRS (On-

line Supplementary Figure S3B; Online Supplementary
Table S3). Also, the proportion of CAR-T cells among leu-
kocytes was significantly higher in the CSF compared to
the peripheral blood (Online Supplementary Table S2; On-
line Supplementary Figure 3C; P=0.0016). These results in-
dicate that CAR T cells can be enriched in the CSF
regardless of the severity of ICANS. We did not find any
significant association of the CAR T-cell enrichment in
CSF with the duration or severity of ICANS, responses to
ICANS-directed therapies, or active or history of cerebral
lymphoma (Online Supplementary Figure S4).
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A

Figure 2. Chimeric antigen receptor T-cell enrichment within the cerebrospinal fluid in real-world patients with severe neuro-
toxicity. (A) Schematic overview of axi-cel or tisa-cel treated patients with grade >3 immune effector cell-associated neurotoxicity
syndrome (ICANS). Days with ICANS (grades 1-4) are highlighted in black. Ana: anakinra; Dex: dexamethasone; LP: lumbar punc-
ture; m: multiple; N: no; Toci: tocilizumab; ITT: intrathecal therapy consisting of Dex, cytarabine, and methotrexate; Y: yes; T: de-
ceased. Updated on May 31%t, 2022. (B and C) Detection of chimeric antigen receptor (CAR) T cells in peripheral blood mononuclear
cells (PBMC) and diagnostic cerebrospinal fluid (CSF) specimen in patients with grade =3 ICANS. Aliquots of diagnostic CSF
specimen and PBMC were obtained at indicated days and examined by digital polymerase chain reaction (dPCR) for the presence
of CAR T cells. (B) Left panel: frequency of CAR-positive cells per million mononuclear cells (MNC) in corresponding samples of
PBMC ([J) and CSF (H). Right panel: Fold change (CSF vs. PBMC). Shown are the results on the day (d) of the maximal change if
multiple samples were obtained. (C) Proportion of absolute CAR T-cell numbers among leukocytes (leu) within the CSF vs. the

peripheral blood (PB). Statistical significance: **P<0.01.

Sustained CAR T-cell persistence despite
glucocorticoid-containing therapies

Recent reports demonstrated rather detrimental effects
of intense-steroid treatment with poorer outcome after
CAR T-cell therapy as well as the failure to ablate CAR T
cells in the peripheral blood in patients with CAR-toxic-
ities.?6-22 However to date, data on CAR T-cell kinetics
within CSF, especially in the context of glucocorticoid-
containing therapies, are missing. The majority of the
ICANS patients received systemic steroid-containing
ICANS-directed treatment and seven of them underwent
serial LP (Figure 2A; Online Supplementary Figure S3; On-
line Supplementary Tables S1 and S3) for diagnostic or
therapeutic purposes solely based on strong medical in-
dication (Online Supplementary Appendix). Left-over ma-
terial provided an opportunity to examine CAR T-cell
frequencies in serial PBMC samples and diagnostic CSF
specimens and to address the impact of glucocorticoid-
containing treatment on the T-cell kinetics. As previously
implicated,?¢?” corticosteroids did not prevent the en-

graftment in the peripheral blood or CSF. We observed a
median 14.3-fold increase of CAR T-cell numbers per uL
despite Dex treatment in serial PBMC specimen (range,
0.9-96,698) as well as in diagnostic CSF samples
(median 2.7-fold; range, 0.9-35.8) after transfer. The ste-
roid-treatment did not cause ablation of CAR T cells, but
the gene-modified T cells remained detectable at only
slightly reduced levels within the peripheral blood (Fig-
ure 3A and D). We also found a sustained enrichment of
the frequency of CAR T cells within the CSF as compared
to the PBMC sample, as indicated by higher frequencies
early during steroid-treatment, with further increase to
up to 95-fold levels (Figure 3B and E). As before, al-
though the absolute CAR T-cell numbers per uL were
generally higher in blood compared to CSF (Figure 3A and
D), reflecting overall higher total leukocyte counts, we
observed that the proportion of axi-cel or tisa-cel T cells
among the leukocytes remained far higher over time
within CSF compared to the peripheral blood (Figure 3C
and F).
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Development of treatment-refractory neurotoxicity
despite intense immune effector cell-associated
neurotoxicity syndrome-directed immuno-
chemotherapies in a small subset of patients

Continued clinical follow-up showed that the ICANS-di-
rected therapies mediated a resolution of the neurotoxic-
ity in the majority of our patients (Figure 2A). However,
two patients (#24 and #26) of our cohort experienced pro-
longed and severe courses of disease despite intense
ICANS-directed treatment, including prolonged corticos-
teroids, anakinra, and repeated IT administration of
chemotherapeutic regimen consisting of Dex, cytarabine,
and methotrexate (Online Supplementary Table S7).° Even
though all efforts were made to restrict the number of LP,
both patients repeatedly underwent this procedure for
different medical reasons including diagnostic purposes,
drug administration, and/or other therapeutic interven-
tions (for example to release pressure). In order to facili-
tate the procedures, patient #24 received an implanted
Rickham reservoir on day 19 after the CAR T-cell infusion.
Analysis of the CAR T- cell kinetics in serial PBMC and CSF

S. C. Berger et al.

samples in patient #26 showed an initial decline of de-
tectable CAR T cells after the IT chemotherapy (Figure 4A
and B), but the CAR T cells continued to persist at up to
125-fold increased frequencies per million cells analyzed
in CSF versus PBMC throughout the follow-up (Figure 4B).
This also translated in a far higher proportion of CAR T
cells among leukocytes in the CSF versus the PB (Figure
4C). Similarly, in patient #24, there was a prolonged CAR
T-cell persistence despite the intense treatment (Figure
4E). We observed a 2-fold enrichment of the absolute fre-
quency of CAR-positive cells within CSF at the start of the
ICANS-directed treatment, which further increased to up
to 105-fold enriched levels in CSF versus PBMC by day 14
(Figure 4F). This was also accompanied by an increased
proportion of absolute CAR T cells among leukocytes
within CSF versus PB (Figure 4G). Continued ICANS-di-
rected treatment including an IT chemotherapy mediated
some decline of the detectable CAR T cells, but they re-
mained present at >20-fold enriched frequencies over
time compared to peripheral blood (Figure 4F). In this
non-trial setting, we also examined selected inflammatory
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Figure 3. Sustained chimeric antigen receptor T-cell persistence and enrichment despite glucocorticoid containing immune ef-
fector cell-associated neurotoxicity syndrome-directed therapy. Chimeric antigen receptor (CAR) T-cell kinetics in serial samples
of peripheral blood mononuclear cells (PBMC) and cerebrospinal fluid (CSF) in patients with grade =3 neurotoxicity receiving im-
mune effector cell-associated neurotoxicity syndrome (ICANS)-directed therapies. Aliquots of PBMC and CSF were obtained at
indicated days and examined by digital polymerase chain reaction (dPCR) for the presence of CAR T cells. (A and D) Shown are
absolute numbers of circulating CAR T cells in PBMC (<{>) and CSF (#®). The arrow heads indicate the type and times of the
cytokine release syndrome (CRS) or ICANS-directed treatments: blue: tocilizumab (Toci); purple: dexamethasone (Dex); yellow:
anakinra (Ana). The grey horizontal bars show the duration of ICANS. (B and E) Left panels: absolute frequencies of CAR-positive
cells per million mononuclear cells (MNC) in PBMC ((J) and CSF (M) on the respective day. Right panels: fold change (CSF vs.
PBMC). (C and F) Proportion of absolute CAR T-cell numbers among leukocytes (leu) within the CSF vs. the peripheral blood (PB)

on the indicated days after the CAR T-cell infusion.
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Figure 4. Sustained chimeric antigen receptor T-cell enrichment within the cerebrospinal fluid in 2 patients with prolonged
treatment-refractory severe immune effector cell-associated neurotoxicity syndrome. (A and E) Chimeric antigen receptor (CAR)
T-cell kinetics. Serial samples of peripheral blood and diagnostic cerebrospinal fluid (CSF) specimen were examined by digital
polymerase chain reaction for the presence of CAR T cells. (A) Absolute numbers of circulating CAR T cells in peripheral blood
mononuclear cells (PBMC) (<) and CSF (#) in (A) patient #26 undergoing axi-cel therapy and (E) patient #24 receiving tisa-cel.
The arrow heads indicate type and times of the cytokine release syndrome (CRS)- or immune effector cell-associated neuro-
toxicity syndrome (ICANS)-directed treatments: blue: tocilizumab (Toci); purple: dexamethasone (Dex); yellow: anakinra (Ana);
magenta: methyl-prednisone (MP); brown: IT-Dex; black: intrathecal therapy (ITT) with Dex, cytarabine, and methotrexate. The
grey horizontal bars show the duration of ICANS. (B and F) Left panels: Absolute frequency of CAR-positive cells per million
mononuclear cells (MNC) in PBMC ([J) and CSF (M) on indicated days in (B) patient #26 or (F) patient #24. Right panels: fold
change (CSF vs. PBMC). (C and G) Proportion of absolute CAR T-cell numbers among leukocytes in CSF vs. PB in (C) patient #26
and (G) patient #24. (D and H) Analysis of inflammatory marker (IL-6, protein) in (D) patient #26 and (H) patient #24.
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marker such as IL-6 and/or total protein, respectively, and
detected in both patients elevated levels in CSF compared
to the serum sample (Figure 4D and H). However, high
levels of inflammatory marker in CSF were also detected
in patients with lower grade ICANS (Online Supplementary
Table S5). Whereas the ICANS symptoms gradually re-
solved over time in patient #26, patient #24 experienced
a prolonged treatment-resistant grade 4 ICANS until her
death due to progression of lymphoma (Figure 2A, Online
Supplementary Table S7). Thus, even very intense systemic
and/or local ICANS-directed treatment may fail to mediate
timely resolution of neurotoxicity in a subset of patients,
which coincides with a continued persistence of possibly
pathogenic T cells in the CSF.

Treatment-refractory immune effector cell-associated
neurotoxicity syndrome concurs with profound clonal T-
cell receptor-f3 skewing

The sustained T-cell persistence in CSF despite prolonged
intense therapies in patients #24 and #26 was surprising,
but could reflect the selected outgrowth of single treat-
ment-refractory T-cell clones. We used a previously es-
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tablished TRB-NGS assay?® to examine the clonal com-
position of T cells in the CSF of the aforementioned two
patients. Our longitudinal analysis of changes in the T-cell
receptor (TCR) repertoire revealed a diverse distribution
in CSF and blood at the onset of ICANS, with an increas-
ingly skewed repertoire in CSF versus blood during the
ICANS-directed treatment. In fact, only 19 hyperexpanded
clones accounted for 88% of the TRB repertoire within the
CSF sample of patient #26 (Figure 5A), 49 days after the
initial diagnosis of ICANS and 48 days after the initiation
of intense ICANS-directed treatment (Figure 2A and 4A).
Similarly, patient #24 showed a high diversity of the T-cell
repertoire within the CSF at the onset of ICANS, but a pro-
found progressive TRB skewing compared to the cor-
responding samples of PBMC over time, especially at later
time points. In this patient, only 15 hyperexpanded clones
occupied 94% of the clonal space within the CSF by day
63 (Figure 5C; Online Supplementary Table S6), after 55
days of ICANS-directed treatment (Figure 2A and 4E),
whereas the corresponding PBMC sample showed a high
level of diversity. This was also reflected by corresponding
changes in the inverse Simpson index (Figure 5B and D),
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Figure 5. T-cell immune-profiling by T-cell receptor-$ next-generation sequencing reveals clonal T-cell repertoire skewing
within the cerebrospinal fluid in 2 patients with prolonged neurotoxicity despite intense immune effector cell-associated neu-
rotoxicity syndrome-directed therapies. (A and C) Analysis of the clonal space distribution in (A) patient #26 undergoing axi-cel
therapy and (C) patient #24 receiving tisa-cel. Genomic DNA was extracted from aliquots of the infusion product (IP), cerebrospinal
fluid (CSF), or peripheral blood mononuclear cells (PBMC), either unsorted or sorted in a chimeric antigen receptor (CAR)-positive
(+) or non-CAR (-) subset and examined by T-cell receptor-p next-generation sequencing (TRB-NGS). The panels demonstrate
the clonal space distribution on the indicated days. Shown is the frequency of rare (0 < X < 1°%; red bars), small (1°° < X < 1%; or-
ange bars), medium (1% < X < 1°%; green bars), large (1" < X = 0.01; blue bars), and hyperexpanded clones (0.01 < X <1; dark blue
bars). The inset values above the bars represent the number of hyperexpanded clones. (B and D) Corresponding repertoire metrics

of the TRB-NGS analysis shown as inverse Simpson index.
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which is a measure for diversity. The total number of re-
covered cells for both patients are shown in Online Sup-
plementary Table S4. Importantly, we did not observe
similar changes in the clonal space distribution within CSF
or peripheral blood in patients with low grade or no
ICANS, respectively (Online Supplementary Figure S5 and
S6).

We next examined the fine-specificity of the hyper-
expanded clones and their longitudinal evolution over
time. In patient #24, we detected a total of 33 unique hy-
perexpanded clones within the CSF between days 14-63;
not all of them persisted throughout all time points,
though (Online Supplementary Figure S7). When we ana-
lyzed the infused T-cell product, eight of those clones that
we detected in the CSF could be directly traced to the
CAR-positive subset and 11 to the non-CAR T-cell fraction,
with some being present in both subsets (Figure 6A and
B). Interestingly, as few as five unique T-cell clones were
shared at all time points within the CSF (Figure 7A) and
detectable at increasing frequencies in the CSF versus the
corresponding peripheral blood sample and/or the IP (Fig-
ure 7A) during the intense ICANS-directed treatment.
Similarly, only single refractory clones were detectable
within the CSF and/or blood in patient #26 (Figure 7B).
Collectively, the fine-specific longitudinal analysis of the
TCR repertoire within the CSF versus the peripheral blood
suggested both, the robust proliferation or accumulation
(up to 1,200-fold) of unique T-cell clones within the CSF,
as well as the progressive outgrowth of a few treatment-
refractory clones within the CSF over time.

Discussion

Adoptive CAR T-cell therapy targeting CD19 has recently
emerged as a novel treatment modality for r/r B-cell tu-
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mors and demonstrated an impressive potential to induce
durable responses of advanced disease."® However, CAR
T-cell therapy can be accompanied by deleterious side ef-
fects, including neurological toxicities, which may limit the
successful outcome of the approach in a subset of pa-
tients.®" CAR T cells belong to a unique new entity of ‘liv-
ing drugs’, which exert unpredictable and patient-specific
in vivo kinetics. Efforts have been made to assess the
circulating CAR T-cell engraftment in the peripheral blood
in the non-trial setting.’®?>2° However, to date still very
little is known about the specific CAR T-cell kinetics
within the CSF in these patients. Here, we set out to
examine the migration and proliferation of CD19-CAR T
cells within the CSF of patients experiencing ICANS after
real-world axi-cel or tisa-cel therapy. We demonstrated a
consistent enrichment of the frequency of CAR-T cells
within the CSF in our patients at ICANS onset and further
accumulation during ICANS-directed therapies in com-
parison with peripheral blood. In a small subset of pa-
tients with treatment-refractory ICANS, we found a
profound progressive skewing of the TCR repertoire with
an outgrowth of very few resistant clones. Notably, these
clones were derived from the CAR-positive and non-CAR
subset of the IP and proliferated and/or accumulated pro-
foundly in vivo.

Prior published results of CD19-CAR therapies demon-
strated manageable toxicities with a considerable subset
of ~40-67% of patients experiencing neurotoxicities.®*™ The
observed incidence and outcome of ICANS in our non-trial
cohort was in the expected range, and in line with prior re-
search we detected a trend towards higher tumor burden
and CAR T peak levels in more severe ICANS patients.™?®
Thus, the identification of prophylactic strategies to prevent
the development of ICANS, including thorough clinical and
immune monitoring as well as early intervention, continues
to have a high priority to further improve patient outcomes.
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Figure 6. Hyperexpanded T-cell clones can be traced back to the infused T-cell product and proliferate strongly in vivo. Analysis
of the T-cell receptor (TCR) repertoire in patient #24 experiencing a treatment-resistant grade 4 neurotoxicity. Genomic DNA
was extracted from (A) the chimeric antigen receptor (CAR)-positive (infusion product positive [IP+]) and non-CAR (IP-) subset
of the infused T-cell product and (B) serial diagnostic cerebrospinal fluid (CSF) samples, and then examined by T-cell receptor-
B next-generation sequencing (TRB-NGS). Shown are the frequencies of 12 hyper-expanded clones that were both detectable in
the CSF (B) between days 14-63 and could also be traced back to the CAR-positive (IP+) and/or non-CAR (IP-) subset of the in-

fused T-cell product (A).
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An important finding of our work is the consistent CAR T-
cell increase within the CSF in our ICANS patients with a
progressive enrichment despite steroid-containing ICANS-
directed therapies. Glucocorticoids have been thought to
serve as lymphotoxic drugs, but prior studies indicated that
steroids fail to restrict the persistence of transferred T cells,
including CAR T-cells, in the peripheral blood.?*?%° Addi-
tionally, recently published work by Strati et al. demon-
strated detrimental effects of corticosteroids after CAR
T-cell therapy and showed that higher cumulative doses of
corticosteroids, as well as a prolonged or early use after
CAR T-cell infusion were associated with significantly
shorter patient survival and poor outcome.?® In line with
these data, we observed in our patients with severe ICANS
that corticosteroids may not mediate ablation of CAR T cells
and/or resolution of neurotoxicity. Importantly, we extend
this work and show for the first time the effects of steroid-
based ICANS-directed therapies on the CAR T-cell kinetics
within the CSF. However, a limitation of this work in the
non-trial setting is, in part due to the inherent ethical con-
cerns, the lack of a cohort of ICANS patients not treated
with corticosteroids that could serve as formal control
group. Thus, systematic studies in appropriate in vitro or in
vivo model systems are urgently needed.*3® The consist-
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ently more profound accumulation of CAR T cells in the CSF
versus peripheral blood highlights the importance of the de-
velopment of effective tools to continue to monitor and
control the cell fate after adoptive transfer.

Our extensive analysis of the available samples in selected
patients showed that the prolonged severe ICANS symp-
toms coincided with the outgrowth of several treatment-
refractory T-cell clones. To the best of our knowledge, this
is the first demonstration of a progressive skewing of the
TCR repertoire and longitudinal fine-specific tracking of in-
dividual T-cell clones in therapy-resistant severe ICANS. The
observation that the clonal diversity within the CSF is
more restricted compared to the peripheral blood suggest
a role of a CSF-specific environment during severe ICANS,
as suggested in prior research.©™324 A prior study of Shah
et al., examined the phenotype of the white blood cells
within the CSF in a patient with a steroid-refractory CAR
T-cell associated neurotoxicity syndrome.® The flow cyto-
metric analysis of a single time point (day 13) in that pa-
tient revealed, unexpectedly, the predominant presence
of a non-CAR CD4"* T-cell population within the CSF. In
line with these results, we found that the dominating
treatment-refractory clones were at least in part derived
from the CAR-negative T-cell fraction. The observation
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Figure 7. Detection of few persisting T-cell clones despite intense immuno-chemotherapies of severe immune effector cell-as-
sociated neurotoxicity syndrome. Longitudinal analysis of the T-cell receptor repertoire in 2 patients with prolonged treatment-
resistant neurotoxicity after the CD19-chimeric antigen receptor (CD19-CAR) T-cell infusion. Genomic DNA was extracted from
the infused T-cell product (left panels), and samples of cerebrospinal fluid (CSF) (middle panels), or peripheral blood mononuclear
cells (PBMC) (right panels) and examined by T-cell receptor-§ next-generation sequencing (TRB-NGS). (A) Patient #24: 5 unique
T-cell clones were shared at all time points and increased in frequency in CSF, but not PBMC. Two of them were also detectable
in the CAR-positive (IP+) and non-CAR (IP-) subset of the infused T-cell product subset. (D) Patient #26: detection of 3 unique
T-cell clones throughout all time points with a pattern of increased frequency in CSF. All 3 clones were also detectable in the
infusion product (IP).
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that both CAR-positive and non-CAR T cells may con-
tribute to the pathology suggests that current ‘built-in’
safety tools and/or suicide-switch strategies, i.e., utilizing
the Herpes Simplex Virus type 1 thymidine kinase gene,
inducible Caspase-9, or constitutive expression of the
truncated epidermal growth factor receptor (EGFR)34-%°
may be insufficient in this setting.®™ Also, it is important
to keep in mind that the mere presence of increased T-
cell levels in the CSF is formally not sufficient to conclude
that these cells themselves are directly mediating neuro-
toxicity rather than serving as biomarkers of increased ex-
pansion. Consequently, we cannot exclude the possibility
that primarily inflammatory cytokines rather than T cells
mediated the observed severe neurotoxicity.

A limitation of our work includes the relatively small
number of diagnostic CSF specimens of inherently very
small volumes and/or paucity of available cell number as
well as the small number of patients. Our findings how-
ever emphasize the need for further systematic in-depth
studies, using next-generation single cell RNA sequencing,
proteomics, and/or epigenetic analysis,*>* to reveal the
precise transcriptional signature underlying the treat-
ment-refractory state of individual T-cell clones. Possible
mechanisms may include an acquired steroid-resistance
due to altered JAK-STAT-pathway signaling,*>** upregula-
tion of the glucocorticoid-induced TNF receptor family-
related protein (GITR) expression,** and/or a previously
observed chemoresistance  of certain central
memory/memory stem T-cell subsets.**#® Novel ap-
proaches, including small-molecule inhibitors interfering
with transcriptional pathways, i.e., Janus kinase- (ruxoliti-
nib) and/or tyrosine kinase (dasatinib) inhibitors, have re-
cently been considered to manage T-cell resistance
and/or CAR T-cell mediated toxicities and may provide
novel tools to overcome this problem.®#-%° Collectively,
our results show that a subset of infused CAR T cells and
non-CAR T cells can resist currently used ICANS-directed
regimens and highlight the need to interrogate the biology
of treatment-refractory T cells in severe ICANS and the
rationale identification of suitable tools to control their
survival, all of which will provide insights in and will fa-
cilitate the further design of ICANS-directed therapies.

Disclosures

The dPCR assays were made available as Bio-Rad “Expert
Design Assays” (axi-cel: dEXD45718942 and tisa-cel/univer-

References

S. C. Berger et al.

sal: dEXD88164642) based on an agreement between UMC
Hamburg-Eppendorf and Bio-Rad. In accordance with the
German law on employee inventions, BF, AB, and SCB re-
ceived compensation payments. BF has performed consul-
tancy work for Celgene/BMS. FAA has performed
consultancy work for Celgene/BMS and is an advisory
board member of Kite/Gilead, Celgene/BMS, Novartis and
Janssen. NK has received honoraria from Celgene/BMS,
Kite/Gilead, Novartis and Janssen. Note that Bio Rad was
not involved in the study design, collection, analysis or in-
terpretation of the data, or in the writing of this paper.
None of the mentioned sources supported the work de-
scribed within this manuscript. All other authors have no
conflicts of interest to disclose.

Contributions

Patient treatment and oversight undertaken by FAA, NK,
CW, DJ, NG, ML, DW, CF, GT, AA and MG. Conceptualization
of the study by FAA, BF and SCB. Methodology by SCB, AB,
NA, JD and BF. Data collection, analysis, and visualization
by SCB, AB, NA, JD, SZ, FAA and BF. Data interpretation by
FAA, BF, SCB and NK. Resources and/or research funding
acquisition by NK, BF and SCB. The initial version of the
manuscript was drafted by SCB, FAA, and BF. All authors
read and approved the final version of the manuscrip.
Supervision by NK, FAA, BF.

Acknowledgments

The authors would like to thank our team of the Research
Department Cell and Gene Therapy and the team of the
Cytometry & Cell Sorting Core Unit of the UKE for excellent
technical support. We are indebted to our medical teams
for outstanding patient care, and particularly our patients
for supporting this project.

Funding
This work was partly supported by a grant from the Barbara
and Wilfried Mohr-Stiftung (DM1669/100) (to SCB and BF).

Data-sharing statement

The data that support the findings of this study and/or pro-
tocols are available from the corresponding authors upon
reasonable request. Primers and probes for the digital PCR
assays are available as Expert Design assays from Bio-Rad
Laboratories (axi-cel: dEXD45718942; “universal’/tisa-cel:
dEXD88164642).

1.Sadelain M, Riviere I, Riddell S. Therapeutic T cell engineering.
Nature. 2017;545(7655):423-431.

2. Frigault MJ, Maus MV. State of the art in CAR T cell therapy for
CD19+ B cell malignancies. J Clin Invest. 2020;130(4):1586-1594.

3. Neelapu SS, Locke FL, Bartlett NL, et al. Axicabtagene ciloleucel

CAR T-cell therapy in refractory large B-cell lymphoma. N Engl J
Med. 2017;377(26):2531-2544.

4. Schuster SJ, Bishop MR, Tam CS, et al. Tisagenlecleucel in adult
relapsed or refractory diffuse large B-cell lymphoma. N Engl J
Med. 2019;380(1):45-56.

Haematologica | 108 February 2023
454



ARTICLE - Molecular CAR T-cell tracking in real-world ICANS

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Turtle CJ, Hanafi L-A, Berger C, et al. Immunotherapy of non-
Hodgkin's lymphoma with a defined ratio of CD8+ and CD4+
CD19-specific chimeric antigen receptor-modified T cells. Sci
Transl Med. 2016;8(355):355ra116.

. Turtle CJ, Hanafi L-A, Berger C, et al. CD19 CAR-T cells of

defined CD4+:CD8+ composition in adult B cell ALL patients. J
Clin Invest. 2016;126(6):2123-2138.

.Abramson JS, Palomba ML, Gordon LI, et al. Lisocabtagene

maraleucel for patients with relapsed or refractory large B-cell
lymphomas (TRANSCEND NHL 001): a multicentre seamless
design study. Lancet. 2020;396(10254):839-852.

.Jacobson CA, Hunter BD, Redd R, et al. Axicabtagene ciloleucel

in the non-trial setting: outcomes and correlates of response,
resistance, and toxicity. J Clin Oncol. 2020;38(27):3095-3106.

.Larson RC, Maus MV. Recent advances and discoveries in the

mechanisms and functions of CAR T cells. Nat Rev Cancer.
2021;21(3):145-161.

Garcia Borrega J, Heindel K, Goreci Y, et al. Toxicity after
chimeric antigen receptor T-cell therapy: overview and
management of early and late onset side effects. Internist
(Berl). 2021;62(6):611-619.

Morris EC, Neelapu SS, Giavridis T, Sadelain M. Cytokine release
syndrome and associated neurotoxicity in cancer
immunotherapy. Nat Rev Immunol. 2022;22(2):85-96.

Rejeski K, Perez A, Sesques P, et al. CAR-HEMATOTOX: a model
for CAR T-cell related hematological toxicity in
relapsed/refractory large B-cell lymphoma. Blood.
2021;138(24):2499-2513.

Gust J, Hay KA, Hanafi LA, et al. Endothelial activation and
blood-brain barrier disruption in neurotoxicity after adoptive
immunotherapy with CD19 CAR-T cells. Cancer Discov.
2017;7(12):1404-1419.

Parker KR, Migliorini D, Perkey E, et al. Single-cell analyses
identify brain mural cells expressing CD19 as potential off-
tumor targets for CAR-T immunotherapies. Cell.
2020;183(1):126-142.

Shah NN, Johnson BD, Fenske TS, Raj RV, Hari P. Intrathecal
chemotherapy for management of steroid-refractory CAR T-
cell-associated neurotoxicity syndrome. Blood Adv.
2020;4(10):2119-2122.

Hay KA, Hanafi L-A, Li D, et al. Kinetics and biomarkers of
severe cytokine release syndrome after CD19 chimeric antigen

receptor-modified T-cell therapy. Blood. 2017;130(21):2295-2306.

Jung S, Greiner J, von Harsdorf S, et al. Fatal late onset CAR T
cell-mediated encephalitis after axicabtagene ciloleucel in a
patient with large B-cell lymphoma. Blood Adv.
2021;12(5):3789-3793.

Johansson U, Gallagher K, Burgoyne V, et al. Detection of CAR-
T19 cells in peripheral blood and cerebrospinal fluid: an assay
applicable to routine diagnostic laboratories. Cytometry B Clin
Cytom. 2021;100(6):622-631.

Fehse B, Badbaran A, Berger C, et al. Digital PCR assays for
precise quantification of CD19-CAR-T cells after treatment with
axicabtagene ciloleucel. Mol Ther Methods Clin Dev.
2020;16:172-178.

Badbaran A, Berger C, Riecken K, et al. Accurate in-vivo
quantification of CD19 CAR-T cells after treatment with
axicabtagene ciloleucel (Axi-cel) and tisagenlecleucel (Tisa-cel)
using digital PCR. Cancers (Basel). 2020;12(7):1970.

Ayuk FA, Berger C, Badbaran A, et al. Axicabtagene ciloleucel in
vivo expansion and treatment outcome in aggressive B-cell
lymphoma in a real-world setting. Blood Adv.
2021;5(11):2523-2527.

Schubert ML, Berger C, Kunz A, et al. Comparison of single copy

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

S. C. Berger et al.

gene based duplex quantitative PCR and digital droplet PCR for
monitoring of expansion of CD19 directed CAR T cells in treated
patients. Int J Oncol. 2022;60(5):48.

Simnica D, Akylz N, Schliffke S, et al. T cell receptor next-
generation sequencing reveals cancer-associated repertoire
metrics and reconstitution after chemotherapy in patients with
hematological and solid tumors. Oncoimmunology.
2019;8(11):e1644110.

Santomasso BD, Park JH, Salloum D, et al. Clinical and
biological correlates of neurotoxicity associated with CAR T-cell
therapy in patients with B-cell acute lymphoblastic leukemia.
Cancer Discov. 2018;8(8):958-971.

Locke FL, Rossi JM, Neelapu SS, et al. Tumor burden,
inflammation, and product attributes determine outcomes of
axicabtagene ciloleucel in large B-cell lymphoma. Blood Adv.
2020;4(19):4898-4911.

Nair R, Drillet G, Lhomme F, et al. Acute
leucoencephalomyelopathy and quadriparesis after CAR T-cell
therapy. Haematologica. 2021;106(5):1504-1506.

Liu S, Deng B, Yin Z, et al. Corticosteroids do not influence the
efficacy and kinetics of CAR-T cells for B-cell acute
lymphoblastic leukemia. Blood Cancer J. 2020;10(2):15.

Strati P, Ahmed S, Furgan F, et al. Prognostic impact of
corticosteroids on efficacy of chimeric antigen receptor T-cell
therapy in large B-cell lymphoma. Blood.
2021;137(23):3272-3276.

Schubert ML, Kunz A, Schmitt A, et al. Assessment of CAR T cell
frequencies in axicabtagene ciloleucel and tisagenlecleucel
patients using duplex quantitative PCR. Cancers (Basel).
2020;12(10):2820.

Hinrichs CS, Palmer DC, Rosenberg SA, Restifo NP.
Glucocorticoids do not inhibit antitumor activity of activated
CD8+ T cells. J Immunother. 2005;28(6):517-524.

Norelli M, Camisa B, Barbiera G, et al. Monocyte-derived IL-1
and IL-6 are differentially required for cytokine-release
syndrome and neurotoxicity due to CAR T cells. Nat Med.
2018;24(6):739-748.

Taraseviciute A, Tkachev V, Ponce R, et al. Chimeric antigen
receptor T cell-mediated neurotoxicity in nonhuman primates.
Cancer Discov. 2018;8(6):750-763.

Maulana TI, Kromidas E, Wallstabe L, et al. Immunocompetent
cancer-on-chip models to assess immuno-oncology therapy.
Adv Drug Deliv Rev. 2021;173:281-305.

Riddell SR, Elliott M, Lewinsohn DA, et al. T-cell mediated
rejection of gene-modified HIV-specific cytotoxic T
lymphocytes in HIV-infected patients. Nat Med.
1996;2(2):216-223.

Bonini C, Ferrari G, Verzeletti S, et al. HSV-TK gene transfer into
donor lymphocytes for control of allogeneic graft-versus-
leukemia. Science. 1997;276(5319):1719-1724.

Fehse B, Kustikova OS, Li Z, et al. A novel 'sort-suicide' fusion
gene vector for T cell manipulation. Gene Ther.
2002;9(23):1633-1638.

Di Stasi A, Tey S-K, Dotti G, et al. Inducible apoptosis as a
safety switch for adoptive cell therapy. N Engl J Med.
2011;365(18):1673-1683.

Budde LE, Berger C, Lin Y, et al. Combining a CD20 chimeric
antigen receptor and an inducible caspase 9 suicide switch to
improve the efficacy and safety of T cell adoptive
immunotherapy for lymphoma. PLoS One. 2013;8(12):e82742.
Wang X, Chang W-C, Wong CW, et al. A transgene-encoded cell
surface polypeptide for selection, in vivo tracking, and ablation
of engineered cells. Blood. 2011;118(5):1255-1263.

Sheih A, Voillet V, Hanafi L-A, et al. Clonal kinetics and single-cell

Haematologica | 108 February 2023

455



ARTICLE - Molecular CAR T-cell tracking in real-world ICANS

41.

42.

43.

44,

45.

transcriptional profiling of CAR-T cells in patients undergoing CD19
CAR-T immunotherapy. Nat Commun. 2020;11(1):219.

Garcia-Prieto CA, Villanueva L, Bueno-Costa A, et al. Epigenetic
profiling and response to CD19 chimeric antigen receptor T-cell
therapy in B-cell malignancies. J Natl Cancer Inst.
2022;114(3):436-445.

Meyer LK, Huang BJ, Delgado-Martin C, et al. Glucocorticoids
paradoxically facilitate steroid resistance in T cell acute
lymphoblastic leukemias and thymocytes. J Clin Invest.
2020;130(2):863-876.

Meyer LK, Verbist KC, Albeituni S, et al. JAK/STAT pathway
inhibition sensitizes CD8 T cells to dexamethasone-induced
apoptosis in hyperinflammation. Blood. 2020;136(6):657-668.
Zhan Y, Funda DP, Every AL, et al. TCR-mediated activation
promotes GITR upregulation in T cells and resistance to
glucocorticoid-induced death. Int Immunol.
2004;16(9):1315-1321.

Zhang Y, Joe G, Hexner E, Zhu J, Emerson SG. Host-reactive

46.

47.

48.

49.

50.

S. C. Berger et al.

CD8+ memory stem cells in graft-versus-host disease. Nat Med.
2005;11(12):1299-1305.

Turtle CJ, Swanson HM, Fujii N, Estey EH, Riddell SR. A distinct
subset of self-renewing human memory CD8+ T cells survives
cytotoxic chemotherapy. Immunity. 2009;31(5):834-844.

Weber EW, Lynn RC, Sotillo E, Lattin J, Xu P, Mackall CL.
Pharmacologic control of CAR-T cell function using dasatinib.
Blood Adv. 2019;3(5):711-717.

Mestermann K, Giavridis T, Weber J, et al. The tyrosine kinase
inhibitor dasatinib acts as a pharmacologic on/off switch for
CAR T cells. Sci Transl Med. 2019;11(499):eaau5907.

Wei S, Gu R, Xu Y, et al. Adjuvant ruxolitinib therapy relieves
steroid-refractory cytokine-release syndrome without impairing
chimeric antigen receptor-modified T-cell function.
Immunotherapy. 2020;12(14):1047-1052.

Zeiser R, Polverelli N, Ram R, et al. Ruxolitinib for
glucocorticoid-refractory chronic graft-versus-host disease. N
Engl J Med. 2021;385(3):228-238.

Haematologica | 108 February 2023

456



