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IMMUNOLOGY

Severe hematotoxicity after CD19 CAR-T therapy is
associated with suppressive immune dysregulation and
limited CAR-T expansion

Kai Rejeski’>3**, Ariel Perez>%, Gloria lacoboni’’?, Viktoria Blumenberg'*3*,

Veit L. Biicklein***, Simon Volkl*®, Olaf Penack®'®, Omar Albanyan®'", Sophia Stock'-3,
Fabian Miiller*®, Philipp Karschnia'?, Agnese Petrera'?, Kayla Reid®, Rawan Faramand®,
Marco L. Davila®, Karnav Modi>, Erin A. Dean'?, Christina Bachmeier®,

Michael von Bergwelt-Baildon'>"#, Frederick L Locke®, Wolfgang Bethge'>, Lars Bullinger®'°,
Andreas Mackensen®®, Pere Barba’'8, Michael D. Jain®*t, Marion Subklewe'23"*#+

Prolonged cytopenias after chimeric antigen receptor (CAR) T cell therapy are a significant clinical problem and
the underlying pathophysiology remains poorly understood. Here, we investigated how (CAR) T cell expansion
dynamics and serum proteomics affect neutrophil recovery phenotypes after CD19-directed CAR T cell therapy.
Survival favored patients with “intermittent” neutrophil recovery (e.g., recurrent neutrophil dips) compared to
either “quick” or “aplastic” recovery. While intermittent patients displayed increased CAR T cell expansion,
aplastic patients exhibited an unfavorable relationship between expansion and tumor burden. Proteomics of
patient serum collected at baseline and in the first month after CAR-T therapy revealed higher markers of en-
dothelial dysfunction, inflammatory cytokines, macrophage activation, and T cell suppression in the aplastic
phenotype group. Prolonged neutrophil aplasia thus occurs in patients with systemic immune dysregulation
at baseline with subsequently impaired CAR-T expansion and myeloid-related inflammatory changes. The asso-
ciation between neutrophil recovery and survival outcomes highlights critical interactions between host hema-
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topoiesis and the immune state stimulated by CAR-T infusion.

INTRODUCTION

CD19-directed CAR T cell therapy (CD19.CAR-T) has substantially
improved treatment outcomes for multiple refractory B cell malig-
nancies (I-6). However, this practice-changing immunotherapy
platform is accompanied by a unique toxicity profile, which typical-
ly includes cytokine release syndrome (CRS) and immune effector
cell-associated neurotoxicity syndrome (ICANS) (7, 8). Real-world
evidence has further highlighted the role of hematological toxicity,
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which represents the most frequently encountered grade > 3 toxic-
ity after CD19.CART (9, 10). Profound and prolonged neutropenia
can predispose for severe infectious complications, which drive
nonrelapse mortality after CAR-T therapy (11-15) (see "note
added in proof").

The recently termed Immune Effector Cell-Associated Hemato-
toxicity (ICAHT) (see "note added in proof") usually presents as an
acute drop in peripheral blood counts due to the lymphodepleting
chemotherapy administered before CAR-T therapy (most com-
monly fludarabine and cyclophosphamide). In some cases, the cy-
topenias are prolonged in nature, often persisting long after
lymphodepletion and resolution of acute CAR-T toxicities (CRS
and ICANS). Neutrophil recovery after CAR T cell therapy is typi-
cally characterized by a biphasic pattern with intermittent recovery
followed by a second dip, or even multiple dips (10, 16). Further-
more, clinically challenging cases of profound granulocyte
colony-stimulating factor (G-CSF) refractory aplasia have been re-
ported, which can ultimately necessitate the application of a stem
cell boost from either an autologous or allogeneic source (12, 17—
22). To account for these qualitative cytopenia differences, we re-
cently proposed a novel classification system for CAR-T-related
hematotoxicity, defining three unique phenotypes of neutrophil re-
covery: quick versus intermittent versus aplastic (10).

Overall, the pathomechanistic basis of hematological toxicity
remains ill-defined and incompletely understood. While chemo-
therapy undoubtedly contributes to cytopenias, it does not alone
explain the observed clinical patterns of cytopenias after CAR T
cell therapy, and the delayed onset suggests that the mechanism is
likely due to a CAR T cell-related impact on (healthy)
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hematopoiesis (23). Furthermore, the success of stem cell boost as a
therapeutic strategy suggests that the hematologic injury is not
ongoing or autoimmune in nature (20, 21). Previous studies have
linked severe CRS and elevated CRS-related cytokine levels to
more pronounced cytopenias (24). However, not all patients with
severe CRS develop hematological toxicity and subsequent dips in
neutrophil counts occur after CRS has resolved.

In previous work, we observed that both pre~CAR-T bone
marrow (BM) reserve (e.g., baseline cytopenias) and inflammatory
state [e.g., C-reactive protein (CRP) and ferritin] are associated with
prolonged neutropenia (10, 13). Still, it remained unclear in what
manner these baseline findings relate to CAR T cell expansion
and persistence upon infusion. Moreover, the precise systemic in-
flammatory stressors mediating hematotoxicity are poorly charac-
terized. Here, we therefore aimed to understand the mechanisms
underlying prolonged neutropenia after CAR-T therapy. Utilizing
the established neutrophil recovery phenotypes as a blueprint of he-
matological toxicity, we analyzed their influence on clinical out-
comes and coincident toxicity and their relation to CAR-T
expansion and serum proteomics.

RESULTS

Baseline patient characteristics by neutrophil recovery
phenotype

In this multicenter retrospective study, CAR-T-related toxicity and
clinical outcomes were analyzed in a representative cohort of re-
lapsed and/or refractory large B cell ymphoma (R/R LBCL) patients
treated in a real-world setting (Fig. 1A). Median age was 64 (range,
19 to 83) years, median Eastern Cooperative Oncology Group
(ECOG) was 1 [interquartile range (IQR), 0 to 1], and median In-
ternational Prognostic Index (IPI) was 3 (IQR, 2 to 4) (Table 1). Pa-
tients received a median of three prior treatment lines (excluding
bridging therapy), including 26% with a prior autologous stem
cell transplantation. A total of 262 patients (76%) received bridging
therapy, which was most commonly chemotherapy-based (64%),
followed by radiation therapy (13%). Transformed lymphoma was
noted in 79 patients (23%), while BM infiltration of the underlying
lymphoma was observed in 16% of cases.

The overall distribution of neutrophil recovery phenotypes was
40, 42, and 18% (Q versus I versus A) (Fig. 1B). In terms of baseline
characteristics, “aplastic” patients displayed a higher ECOG
(median, 1; IQR, 1 to 2) and increased serum lactate dehydrogenase
(LDH) levels (Q versus I versus A: median, 254 versus 266 versus
298 Ul/liter, P = 0.04) at lymphodepletion compared to the other
phenotypes (Table 1). Bridging therapy was more frequently used
in the aplastic group (Q versus I versus A: 71% versus 74% versus
91%, P < 0.001), including the common application of chemother-
apy-based bridging strategies (Q versus I versus A: 54% versus 64%
versus 81%, P = 0.05). Furthermore, aplastic patients more com-
monly exhibited BM infiltration (Q versus I versus A: 10% versus
15% versus 31%, P = 0.002) and double/triple expressor status on
histological examination (40% versus 36% versus 57%, P = 0.02).
On the other hand, age and absolute lymphocyte count did not sig-
nificantly differ by phenotype. Notably, patients who developed the
aplastic phenotype presented with significantly higher levels of the
systemic inflammatory markers CRP (Q versus I versus A: median
1.0 versus 0.9 versus 2.8 mg/dl, P < 0.001) and ferritin (median 381
versus 493 versus 1110 ng/ml, P < 0.001) at lymphodepletion
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compared to their "quick” and “intermittent” counterparts. They
also observed significantly impaired hematopoietic function includ-
ing lower absolute neutrophil count (ANC) (Q versus I versus A:
3320 versus 2380 versus 1410 per pl, P < 0.001), platelet count
(174 versus 162 versus 107 G/liter, P < 0.001), and hemoglobin
(10.7 versus 10.3 versus 9.1 g/dl, P < 0.001). This translated to sig-
nificantly increased CAR-HEMATOTOX scores in the aplastic pa-
tients compared to the other phenotypes (Q versus I versus A:
median 1 versus 1 versus 3, P < 0.001); however, no significant dif-
ference was noted when directly comparing the quick and intermit-
tent groups (P = 0.38).

Influence of neutrophil recovery phenotypes on CAR-T-
related toxicity and nonrelapse mortality

When studying the duration of CAR-T-related neutropenia, we
found that aplastic patients exhibited the longest median duration
of severe neutropenia (Q versus I versus A: 5.5 versus 9 versus 26
days, P < 0.001, Fig. 1C). Concomitantly, supportive measures for
prolonged cytopenia were more commonly utilized in the aplastic
patients, especially TPO agonists (Q versus I versus A: 0% versus 1%
versus 8%, P < 0.001) and stem cell boosts (Q versus I versus A: 0%
versus 0% versus 8%, P < 0.001) (table S1). Conversely, G-CSF was
only rarely applied in the patients with quick recovery (Q versus I
versus A: 11% versus 70% versus 70%, P < 0.001). While we did not
observe a significant difference in the duration of severe neutrope-
nia by CAR product (fig. S1A), patients treated with axicabtagene
ciloleucel (Axi-cel) more frequently displayed biphasic neutrophil
recovery [intermittent phenotype, Axi-cel versus tisagenlecleucel
(Tisa-cel): 47% versus 34%, P = 0.018, fig. S1B].

The extended duration of severe neutropenia translated into a
higher rate of any-grade (Q versus I versus A: 39% versus 49%
versus 64%, P = 0.002) and particularly severe infections (16%
versus 22% versus 44%, P < 0.001) in the aplastic cohort
(Fig. 1D), including five life-threatening (8%) and five fatal infec-
tions (8%) (table S2). Bacterial infections represented the most com-
monly identified pathogen, accounting for 52% of severe infections
(fig. S2A). The rate of severe bacterial infections was significantly
higher in the aplastic group (Q versus I versus A: 7% versus 14%
versus 28%, P < 0.001, fig. S2B). Both the aplastic and intermittent
patients more commonly received broad-spectrum intravenous an-
tibiotics such as piperacillin/tazobactam or carbapenems, during
the first 10 days after CAR T cell infusion (table S2). On the other
hand, fluoroquinolone-based antibiotic prophylaxis was less fre-
quently applied as a supportive measure in the intermittent group.

The rate of severe CRS did not significantly differ by neutrophil
recovery phenotype (Q versus I versus A: 8% versus 9% versus 13%,
P =0.22, Fig. 1E and table S3). However, severe ICANS was less fre-
quently observed in the quick cohort (Q versus I versus A: 9% versus
20% versus 23%, P = 0.002, Fig. 1F and table S3). As a result, sup-
portive measures including tocilizumab, anakinra, and high-dose
corticosteroids were less commonly administered in the quick pa-
tients. Of interest, a significantly increased percentage of patients
with aplastic neutrophil recovery required an intensive care unit
(ICU) admission for the management of CAR-T-related toxicity
(Q versus I versus A: 12% versus 13% versus 25%, P = 0.02, table
S3). Furthermore, we noted a trend toward increased 1-year nonre-
lapse mortality in the aplastic patients (1-year NRM: 3.5% versus 5%
versus 9%, P = 0.18, Fig. 1G). Notably, the quick phenotype was as-
sociated with shortened hospital stays compared to the other
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Fig. 1. Influence of phenotypes of neutrophil recovery on CAR-T-related toxicity and nonrelapse mortality. (A) Schema of study design on the basis of neutrophil
recovery phenotypes: quick recovery (green) versus intermittent recovery (yellow) versus aplastic (red). (B) Overall distribution of neutrophil recovery phenotypes. (C)
Cumulative duration of severe neutropenia (ANC <500/pl) between day 0 and day +60 by phenotype. P value determined by Kruskal-Wallis test and Dunn’s multiple
comparison test. (D) Relative distribution of infection grades by phenotype (all infection subtypes). Infection grades (1° to 5°) are color-coded in shades of green with the
connecting green and gray lines and percentage numbers comparing all-grade and grade > 3 infections by phenotype [infection grading: Rejeski et al. (13)]. P value
determined by chi-squared test (**P < 0.01 and ****P < 0.0001). (E and F) Relative distribution of CRS grades (E) and ICANS grades (F) according to ASTCT criteria by
phenotype. (G) One-year nonrelapse mortality (NRM) in patients with quick (green) and intermittent (yellow) versus aplastic (red) neutrophil recovery. The P value of the
Mantel-Cox log-rank test comparing phenotype groups and for the direct comparison of intermittent versus aplastic is depicted. ANC, absolute neutrophil count.
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Table 1. Baseline patient characteristics according to neutrophil recovery phenotype. P values determined by Kruskal-Wallis test for continuous variables
and chi-squared test for categorical variables. Values in bold indicates P < 0.05. ECOG, Eastern Cooperative Oncology Group; SCT, stem cell transplantation; GCB,
Germinal Center B-cell subtype; ABC, Activated B-cell subtype; STLV, sum of target lesion volume; MTV, metabolic tumor volume.

All patients (n Quick recovery (n Intermittent recovery (n Aplastic (n = 64) P
= 344) =136) = 144)

Demographic features

Median lines of prior therapy (excluding 3(2-4) 3 (2-4) 3(2-4) 3(2-4) 0.73
bridging, IQR)

pno r aumlogous SCT .................................................... 88 (26%) ....................... 31 . (23%) .............................. 41 (28%) ............................ 1 6 (250 /o) ................ 0 55 .
pnorbndgmgtherapy ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 262(76%) .................... 97(71%)107(74%) ........................... 53(91%)<ooo1
Stermds on|y .............................................................. 30 (115%) .................... 12 (165%) ............................ 12 (112%) ........................... 2 (35%) ................ 0 . 05 .
Ra d, atlon On |y ............................................................. 35 ( 133%) ..................... 12 ( 165 %) ............................ 15 (140%) ........................... 4 (69%) ...........

|m munomodmn—argeted .............................................. 9 ( 11 5 %) ...................... 10 ( 134%) ............................ 12 (”2%) ........................... 5 (86%) ...........

.C hemmherapy_based .................................................. 49 (637 %) ..................... 38 (536 %) ............................ 63 (536%) ......................... 47 (31 . 0%) .........
CARprOduct .................................................................................................................................................................................................................................
T, Sagen|ec|euce| ............................................................ 1 36 (40%) ..................... 62 (46%) ............................ 46 ( 32%) .......................... 28 . (44%) ............... 0 05 .
AX|Cabtagene c, | o|euce| ............................................... 208 . (60%) ...................... 74 (54%) .............................. 98 . (63%) ............................ 36 (550 A)} .........................
Dlsease . fea tures ..........................................................................................................................................................................................................................
Transformed|ymphoma(trFL’trMCL’UMALT’79(23%) ........................ 23(21%)33(26%)13(20%) ................ 044
trCLL, trHL)

MTV (mm?, IQR)" 71.6 (20.9-273) 54.94 (9.71-219) 105.3 (27.93-315.9) 1843 045
(35.41-293.0)
el e
Crreactive protein (mg/dl), 95% CIl 113(086-150 - 104 074-140) 087 (0.66-146) 276 (138-408)  0.01
o e e sy s o sms s 000t
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R ey e P o oer oo
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e Jiy iy e R s oo

*Measurement available in 53 patients (LMU cohort). tMeasurement available in 95 patients (Moffitt cohort).
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phenotypes (median hospital stay in days, Q versus I versus A: 15
versus 19 versus 21 days, fig. S3). However, no statistically signifi-
cant difference in hospitalization duration was noted between the
intermittent and aplastic phenotypes (P > 0.9).

Influence of neutrophil recovery phenotypes on post-CAR-
T clinical outcomes

Next, we assessed the relationship between neutrophil recovery phe-
notypes and clinical outcomes. We observed significant differences
in progression-free survival (PFS; P < 0.0001, Fig. 2A) and overall
survival (OS; P = 0.0007, Fig. 2B) by phenotype. Unexpectedly, the
intermittent group, characterized by recurrent neutrophil dips (e.g.,
biphasic neutropenia), exhibited the best survival outcomes (1-year
PES, 51%; 1-year OS, 68%). While the quick phenotype was charac-
terized by an intermediate survival (1-year PFS, 34%; 1-year OS,
59%), both PFS and OS were especially poor in the aplastic patients
(1-year PFS, 26%; 1-year OS, 46%). Median PFS was 4 versus 20
versus 3 months (Q versus I versus A, P < 0.001, Fig. 2A); median
OS was 23 months versus not-reached versus 8 months (Q versus I
versus A, P < 0.001). Compared to the aplastic phenotype, we ob-
served a significantly reduced hazard ratio for progression in the
quick cohort (HRpgs Q versus A: 0.69, 95% CI 0.31 to 0.65) and es-
pecially in the intermittent cohort (HRpgg I versus A: 0.45, 95% CI
0.31 to 0.65) (Fig. 2A). Similar hazard ratio differences were noted
for OS (Fig. 2B). Furthermore, we noted significantly inferior PFS in
the quick compared to the intermittent patients (HRpgrs Q versus I:
1.55, 95% CI 1.13 to 2.13), though statistical significance did not
extend to OS (HRpg Q versus I: 1.27, 95% CI 0.87 to 1.86).

Next, we studied the phenotypes using a multivariable Cox re-
gression proportional hazards model for PFS and OS, adjusting
for other relevant baseline prognostic factors (e.g., CRP, ferritin,
LDH, and ECOG) (Fig. 2, C and D). In terms of the other covariates,
we confirmed the previously established negative prognostic impact
of elevated baseline ferritin and LDH for both PFS and OS (15, 25).
Poor performance status was also associated with significantly infe-
rior OS (adjusted HRpg 1.59, 95% CI 1.04 to 2.42), but not PFS. The
intermittent phenotype was independently associated with superior
PFES (aHRpgg 0.60, 95% CI 0.43 to 0.82, Fig. 2C), with a trend toward
improved OS (aHRps 0.68, 95% CI 0.46 to 1.01, Fig. 2D). On the
other hand, the aplastic phenotype did not represent an indepen-
dent risk factor of PFS and OS. Together, these findings indicate
that a phenotype characterized by recurrent neutrophil dips repre-
sented an independent positive prognostic marker of CAR-T sur-
vival outcomes. In contrast, aplastic neutrophil recovery was
associated with adverse treatment outcomes, though not indepen-
dently of baseline CRP, LDH, and performance status.

The intermittent phenotype is characterized by decreasing
inflammation over time, while the aplastic phenotype is
associated with high peak IL-6 and ferritin levels

To understand potential determinants of the observed survival dis-
crepancies, we next studied peak inflammatory markers and their
changes between lymphodepletion and day 30. Notably, we ob-
served significantly elevated peak IL-6 levels in patients with aplastic
as opposed to biphasic or quick recovery (A versus I versus Q,
median IL-6: 885 versus 577 versus 253 pg/ml, Fig. 3A). Further-
more, peak serum ferritin levels were significantly increased in
the aplastic patients (A versus I versus Q, median IL-6: 1785
versus 973 versus 742 pg/liter, Fig. 3B). On the other hand, no
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statistically significant difference in peak CRP was noted between
phenotype groups (Fig. 3C). When comparing pre— to post—-CAR-
T therapy changes of serum markers in the intermittent group, we
observed a significant reduction of LDH (day 30-to-pre-lymphode-
pletion fold change: 0.8, 95% CI 0.7 to 0.9, Fig. 3D), ferritin (0.8,
95% CI 0.6 to 1.1, Fig. 3E), and especially CRP levels (0.07, 95%
CI 0.05 to 0.1, Fig. 3F). On the other hand, the aplastic patients ex-
hibited a significant increase of serum ferritin at day 30 (1.3, 95% CI
1.1 to 1.9). Fold change differences were particularly evident when
comparing the intermittent to the other two phenotypes.

Multivariable binary logistic analysis for the aplastic versus
non-aplastic phenotype

When studying the influence of demographic, laboratory, and
disease-related factors in a binary logistic regression analysis, we
found that the aplastic phenotype was significantly associated
with impaired baseline hematopoietic reserve (e.g., low hemoglo-
bin, ANC, and platelet count), increased baseline inflammation
(e.g., high CRP and ferritin), and BM infiltration, poor ECOG,
double/triple expressor status, increased IPI, and elevated LDH
(Table 2). Neither high-grade CRS or ICANS nor CAR product
(Tisa-cel versus Axi-cel) was linked to the aplastic phenotype.
While peak ferritin increased the risk for the aplastic phenotype,
the hazard ratio was diminished compared to baseline ferritin
(OR 2.98 versus 4.04). On multivariable regression of baseline
risk factors (n = 344), the aplastic phenotype was independently as-
sociated with the presence of BM infiltration (adjusted OR = 3.2,
95% CI 1.44 to 6.95, P = 0.004), ANC (aOR = 0.28, 95% CI 0.12
to 0.63, P = 0.002), and ferritin (aOR = 2.3, 95% CI 1.05 to 5.21,
P =0.039). Of interest, borderline significance was noted for the as-
sociation between female sex and the aplastic phenotype (aOR =3.2,
95% CI 1.4 to 7.0, P = 0.054). Together, these findings underline the
role of pre~CAR-T cytopenia and inflammation as well as lympho-
ma BM involvement in driving the aplastic phenotype.

Increased (CAR) T cell expansion and persistence in patients
with biphasic neutrophil recovery

The expansion and persistence of CAR T cell populations was as-
sessed by flow cytometry in a subcohort of 104 patients with longi-
tudinal sampling. No difference in peak CAR expansion was noted
when comparing patients treated with Axi-cel versus Tisa-cel (fig.
S1C). When studying CD3" CAR T cell dynamics over time, we
found that patients with intermittent neutrophil recovery displayed
both an earlier and more pronounced expansion peak, and longer
CAR-T persistence compared to their quick and aplastic counter-
parts (Fig. 4A). As a result, the area under the expansion curve
(days 0 to 120) was significantly increased in the intermittent
cohort. These findings were particularly evident for the
CD3"CD8" CAR T cell population (Fig. 4B), but also noted for
the CD3" CD8~ CAR T cell population (Fig. 4C). On the other
hand, the aplastic and quick cohorts did not exhibit statistically sig-
nificant differences in CAR-T expansion kinetics. Similar patterns
were observed in an analysis of non—-CAR-bearing (endogenous) T
cell populations in 134 patients with available measurements (fig.
S2). As expected, T cell lymphopenia persisted in the patients
with aplastic neutrophil recovery (fig. S4, A and B), indicating pro-
found cellular immunosuppression as a potential contributing
factor for the high infection rate observed in this patient population
(Fig. 1D). While absolute CD8" T-lymphocyte populations were
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Fig. 2. Influence of neutrophil recovery phenotypes on post-CAR-T clinical outcomes. (A and B) Kaplan-Meier estimates of PFS (A) and OS (B) by neutrophil recovery
phenotype. The median PFS and OS in months for each phenotype group is depicted on the upper right graph inset together with the hazard ratio and 95% Cl deter-
mined by univariate Cox regression model comparing the respective phenotype groups. The 1-year PFS and OS rate is superimposed above the respective PFS/OS curve
for each phenotype group, while the P value of the Mantel-Cox log-rank test is shown on the bottom right of the graph. (C and D) Forest plots of the multivariable analysis
performed using Cox proportional hazards modeling for PFS (C) and OS (D). The following covariates were incorporated into the multivariable model: neutrophil recovery
phenotype (reference = quick recovery), CRP and ferritin at lymphodepletion (both log;, transformed), LDH greater than the upper limit of normal, ECOG performance

status >2. Adjusted P values accounting for the respective covariates are displayed on the graph inset. Variables reaching statistical significance (P < 0.05) are highlighted
in red (increased risk) or blue (decreased risk).
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comparable between the intermittent and quick conditions (fig.
S$4C), the CD8-to-white blood cell count (WBC) ratio was increased
in the intermittent cohort (fig. S4D).

Unfavorable relation of CAR T cell expansion to baseline
tumor load and inflammation with the aplastic phenotype
Previous reports have established that the relationship of CAR T cell
expansion to baseline tumor burden and inflammatory state is of
particular prognostic interest (25, 26). Peak CAR T cell expansion
measurements were available in an additional 42 patients (total n =
146) and separated into quartiles to harmonize quantification
methods. We noted a trend toward less frequent occurrence of
the quick phenotype in high expanders (23% versus 37%, P = 0.1,
Fig. 5A). While the quick phenotype constituted the dominant phe-
notype in patients with the lowest CAR-T expansion (quartile 1 =
Q1), the intermittent phenotype was over-represented in the highest
CAR-T expanders (Q4) (Fig. 5B). While the aplastic patients were
well represented in the high expansion groups (Q3 and Q4), these
patients also exhibited high baseline LDH and ferritin, indicative of
a higher baseline tumor burden, or “hill to climb” (top right quad-
rants, Fig. 5, C and D). They also commonly displayed the combi-
nation of low expansion and high tumor burden/inflammation, a
particularly adverse risk scenario (top left quadrants). Conversely,
the quick cohort was characterized by both low CAR-T expansion
and low LDH/ferritin (lower left quadrants). Finally, biphasic neu-
trophil recovery was associated with the advantageous combination
of high CAR-T expansion and reduced surrogate markers of tumor
burden (lower right quadrants).

Rejeski et al., Sci. Adv. 9, eadg3919 (2023) 22 September 2023

Serum proteome analysis revealed progressive immune
dysregulation and endothelial dysfunction in the aplastic
patients

The serum proteome was explored in samples from 56 lymphoma
patients across four time points per patient (days 0, 4, 14, and 28).
We encountered a total of 215 samples resulting in 21.436 unique
data points. Principal components analysis of the Normalized
Protein eXpression (NPX) distribution did not detect outliers and
only a single sample was flagged with a quality control warning (fig.
S5). While a high degree of overlap was noted between the two- and
three-way comparison of neutrophil recovery phenotypes, a higher
number of proteins exhibited significant differences when compar-
ing the aplastic versus non-aplastic phenotypes directly (fig. S6). To
identify proteins differential between the aplastic (n = 11) and non-
aplastic (n = 45) conditions, linear mixed models (LMMs) were
fitted to each patient accounting for both phenotype status and
time effects and adjusting for age, sex, and patient baseline. The
largest number of differences was observed at the last time point
(day 28) (Fig. 6A). Still, we found that significant protein-level
changes were already present before CAR-T infusion (day 0) in
the patients who subsequently went on to develop aplastic neutro-
phil recovery. This included significant up-regulation of inhibitory
soluble T cell checkpoint ligands Gal-9 (adjusted P = 0.04) and PD-
L2 (adjusted P = 0.0052), while the stimulatory T cell ligand
TNFSF14 (LIGHT) was down-regulated (Fig. 6C), consistent with
a T cell suppressive cytokine micromilieu. Overall, we found that 20
proteins displayed significant differences between the aplastic and
non-aplastic groups in the LMM analysis (Fig. 6B and figs. S7 and
S8), with 9 of these proteins demonstrating a significant interaction
effect, indicating that differences varied across the measured time
points. Hierarchical clustering of patients using the differentially ex-
pressed candidate proteins demonstrated a clear separation of the
majority of aplastic from non-aplastic patients, particularly on
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Table 2. Univariable and multivariable binary logistic regression analysis for aplastic versus non-aplastic phenotype. Only covariates with a P value <0.1
on univariate analysis were introduced into the multivariable model and these rows are highlighted in bold. The exception was peak ferritin, which was omitted
based on the results of the univariate analysis for baseline ferritin so as to avoid collinearity. Abbreviations: ABC, activated B cell type; GCB, germinal center B cell

like; ECOG, Eastern Cooperative Oncology Group; BM, bone marrow.

Univariate analysis

Multivariable analysis

Covariate
0Odds ratio

95% ClI P value Adjusted OR 95% CI P value

Pre—CAR-T (sorted by P value)

Peak ferritin (log10)

day 0 and day 28 (fig. S9). Notably, we observed progressive down-
regulation of the endothelial and angiogenetic markers ANGPT1
(adjusted P = 0.0024), EGF (adjusted P = 0.01), and PDGFB (adjust-
ed P =0.0061) over time in the patients with aplastic neutrophil re-
covery (Fig. 6D). This was accompanied by immune dysregulation
as indicated by the marked down-regulation of CD40L (adjusted P =
0.02, Fig. 6E) and up-regulation of MCP-1 (adjusted P = 0.0085,
Fig. 6E). Furthermore, we noted significant up-regulation of IL-15
(adjusted P = 0.04) and IL-18 (adjusted P = 0.01) in the aplastic pa-
tients, both of which play an important role in the production of
IFN-y from macrophages, NK cells, and T cells (27, 28). A trend
toward increased serum IFN-y was noted in the aplastic patients
starting on day 14 (fig. S10). We confirmed higher peak serum
IFN-y levels in the aplastic group, along with increased IL-15 and
TNF-a levels, in a second independent cohort using a previously

Rejeski et al., Sci. Adv. 9, eadg3919 (2023) 22 September 2023

0.07-0.35
2.29-7.12

0.19-2.05
1.05-5.21

1.78-5.01

established automated immunoassay (Fig. 6F) (29). This assay
further confirmed significant down-regulation of ANGPT], result-
ing in an increased Angiopoietin-2 to Angiopoietin-1 (Ang-2/1)
ratio. Together, these longitudinal proteomic analyses provide a bi-
ological correlate for progressive endothelial and platelet dysfunc-
tion, immune dysregulation, and macrophage activation in patients
with aplastic neutrophil recovery.

DISCUSSION

In this multicenter observational study of 344 R/R LBCL patients,
we report differential disease outcomes depending on the observed
pattern of cytopenia after CD19 CAR-T therapy. Compared to
quick neutrophil recovery, we demonstrate that biphasic recovery
(intermittent phenotype) is associated with excellent PFS/OS,
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Fig. 4. CART cell expansion over time by neutrophil recovery phenotype. CAR T cell expansion kinetics over time as determined by longitudinal immunomonitoring
using flow cytometry (days 0, 4 to 7, 14, 21, 28, 60, 90, and 120) in 104 patients treated across three CAR-T centers (Barcelona, LMU, Erlangen). (A to C) Median absolute
number of CD3* (A), CD3*/CD8" (B), and CD3*/CD8~ (C) CAR T cells over time by neutrophil recovery phenotype (left); area under the expansion curve (right). The total
area under the expansion curve was compared across phenotype groups using the Kruskal-Wallis test with correction for multiple testing by controlling the false dis-
covery rate (two-stage step-up method of Benjamini, Krieger, and Yekutieli). Significance values: *P < 0.05 and **P < 0.01; ns, not significant.
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compared to Fig. 4). (A) Distribution of neutrophil recovery phenotypes comparing high CAR expanders (above median) versus low expanders (below median). (B) Nor-
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Scatterplot depicting baseline LDH (C) and ferritin (D) on the y axis and the quartiles of peak CAR-T expansion on the x axis. The normalized distribution of phenotypes is

superimposed into the graph for each quadrant.

robust CAR T cell expansion, and decreasing systemic inflammation
over time. Conversely, sustained neutropenia (aplastic phenotype)
resulted in increased rates of severe infections and NRM, poor PFS/
OS, and suboptimal CAR T cell expansion in relation to baseline
tumor load. Pathophysiologically, the aplastic group exhibited
high serum levels of T cell inhibitory ligands such as PD-L2 and
Gal-9, along with markers of macrophage activation, cytokine in-
flammation, and endothelial dysfunction.

The reported incidence of hematological toxicity (e.g., distribu-
tion of phenotypes and neutropenia duration), as well as the under-
lying patient characteristics and clinical outcomes were consistent
with prior publications (10, 13, 16, 30). While similar rates of aplas-
tic neutrophil recovery were observed by CAR product, Axi-cel pa-
tients more commonly exhibited the intermittent phenotype, in line
with other retrospective real-world studies demonstrating delayed
hematopoietic reconstitution with Axi-cel compared to Tisa-cel
(31, 32). In contrast to previous reports (24, 32), we did not identify
a significant correlation between high-grade CRS or ICANS and the

Rejeski et al., Sci. Adv. 9, eadg3919 (2023) 22 September 2023

aplastic phenotype on both uni- and multivariable analysis
(Table 2). Rather, the inflammatory state and hematopoietic func-
tion at baseline were the predominant risk factors driving profound
cytotoxicity after CAR-T therapy. Such high levels of systemic in-
flammatory markers may reflect not only an inflamed lymphoma
microenvironment (25) but also inflammation within the hemato-
poietic niche. Patients with impaired hematopoietic function (as re-
flected by trilineage cytopenia) may be at particular risk for
inflammation-mediated myelosuppression. The fact that the aplas-
tic group more frequently received chemotherapy-based bridging
therapy underlines that cytotoxic treatment immediately prior to
CAR-T therapy can predispose for prolonged cytopenias after
CAR T cell infusion, especially in patients with poor marrow
reserve and high-risk lymphoma (33) (see "note added in proof").
Of note, BM infiltration represented an independent adverse risk
factor for hematotoxicity in our cohort. The presence of lymphoma
within the hematopoietic niche likely predisposes for local inflam-
matory stress due to the interaction of (CAR) T cells, bystander cells,
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proinflammatory cytokines, and the hematopoietic stem and pro-
genitor cell compartment.

Notably, we found that the soluble immune checkpoint mole-
cules PD-L2 and Gal-9 were already up-regulated at baseline in
the patients who subsequently developed the aplastic phenotype,
hinting at potential interactions between the underlying lymphoma
and the endogenous T cell repertoire (34-38). For example, Galec-
tin-9 serves as the natural ligand of the immune receptor TIM3 (35).
The protein can modulate intratumoral TIM-3" cytotoxic CD8" T

Rejeski et al., Sci. Adv. 9, eadg3919 (2023) 22 September 2023

cells and immunosuppressive regulatory T cells, with high expres-
sion levels being linked to a poor prognosis across multiple human
cancers (39). This type of immune dysregulation that is both inflam-
matory and T cell suppressive provides an explanation for the par-
adoxical finding that patients with the aplastic phenotype had lower
CART cell expansion (and inferior treatment outcomes) than those
with the intermittent phenotype. Aplastic patients exhibit a partic-
ularly high risk of infection (44% with severe infections), which may
be due to prolonged neutropenia occurring in combination with
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functional T cell suppression and the prolonged T cell deficits re-
ported in CAR-T patients (40, 41). Furthermore, we observed up-
regulation of Granzyme B, a hallmark of immune activation in cy-
totoxic lymphocytes in hemophagocytic lymphohistiocytosis (35).
Notably, this coincided with high baseline levels of serum ferritin,
which then subsequently increased over time (median fold change
at day 30 = 1.3, 95% CI 1.1 to 1.9). This could also suggest a certain
degree of overlap with sHLH/MAS, a well-described side effect of
CAR-T therapy (especially with CD22-directed CAR products)
(42, 43), which is clinically characterized by pancytopenia and
also features similar elevations of IFN-y, MCP-1, IL-15, and IL-18
(44—48). Other studies have delineated a central role for IL-15 in en-
hancing CAR-T—mediated antitumor activity by promoting a stem
cell memory T cell phenotype (49, 50), suggesting a fine balance
between treatment efficacy and excessive immunotoxicity. The in-
crease of serum interferon-y (IFN-y) levels in the aplastic patients
was more pronounced with the more focused Ella Automated Im-
munoassay System compared to the multiplexed Olink platform,
highlighting assay-dependent differences in biomarker detection.
Overall, the role of IFN-y in the context of CAR-T-related hemato-
toxicity is of particular interest, as this proinflammatory cytokine
represents a mediator of hematopoiesis and has been demonstrated
to reduce stem cell cycling (51, 52). While acute IFN-y is a key po-
tentiator of T cell function, we and others have previously found
that chronic interferon signaling is associated with poor response
to immunotherapies, and is associated with the up-regulation of
multiple T cell suppressive checkpoint ligands leading to T cell dys-
function (25, 53-55). Further investigations are needed to under-
stand the relationship between tumor interferon signaling, the
effects of chronic IFN-y in the peripheral blood, and hematotoxic-
ity. Of interest, we detected only minimal differences between the
intermittent and quick groups in the serum proteomic analysis.
On the one hand, the patient numbers for the Olink analysis may
have been too small to identify features that are unique to the inter-
mittent phenotype. On the other hand, the differences between the
intermittent and quick patients may primarily relate to discrepan-
cies in CAR T cell expansion kinetics.

Recent reports have linked prolonged post-infusion cytopenias
to diminished CAR-T efficacy (56, 57). However, our study indi-
cates that qualitative differences in cytopenia (e.g., biphasic versus
monophasic) likely provide critical context for any observed surviv-
al differences. For example, two patients presenting with an ANC of
500/l at day 30 may exhibit divergent treatment outcomes, depend-
ing on whether they displayed prior count recovery (intermittent)
or continuously low peripheral blood counts (aplastic). Notably, pa-
tients with biphasic neutrophil recovery exhibited high CAR T cell
expansion and persistence (Fig. 4), perhaps reflecting intermittent
extravasation of immune cells including CAR T cells into the pe-
riphery, BM, and to the lymphomatous tissue (58). Similar to hema-
tologic complications of immune checkpoint inhibitors, recurrent
neutrophil drops may thus be facilitated by autoreactive (CAR) T
cells and persistent inflammatory signals (18, 59). This would be
consistent with a natural model of CAR-T-related inflammation
proposed by Wei et al. (60), wherein peripheral CAR T cells redis-
tribute into the BM and other organs after approximately 10 to 21
days, prompting a second decrease in peripheral blood counts and,
ideally, ongoing tumor regression. Considering the independent
prognostic value of biphasic neutrophil recovery, future studies
may prospectively evaluate the utility of this marker as a component
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of dynamic risk assessment in patients receiving CAR-T therapies.
On the other hand, the negative prognostic impact of the aplastic
phenotype was attenuated when accounting for other recognized
risk factors of CAR-T therapy, indicating that these patients
observe coincident poor risk features that likely drive any associa-
tion with poor clinical outcomes. These data underline that con-
founding factors need to be considered when interpreting the
impact of hematotoxicity on post-CAR-T survival outcomes. Fur-
thermore, the baseline proteomic findings provide mechanistic
context for the prognostic value of the CAR-HEMATOTOX score
both in regard to the prediction of the aplastic phenotype and clin-
ical outcomes across disease entities (e.g., LBCL, mantle cell lym-
phoma, and multiple myeloma) (13, 33, 61) (see "note added in
proof"). The Olink results suggest that increased levels of serum in-
flammatory markers such as CRP or ferritin (incorporated in the
CAR-HEMATOTOX score) are associated with a T cell suppressive
cytokine micromilieu, and may more fundamentally reflect poor
disease biology and an immunohostile tumor microenvironment
(25, 62, 63). Several of the identified Olink markers may be useful
to improve upon outcome prediction and could be integrated into
dynamic risk models that identify high-risk patients who could
benefit from immunomodulatory or other experimental agents.

This study has several relevant limitations. It was retrospective in
nature and limited to R/R LBCL patients. While the inclusion of
multiple sites represents a strength of the analysis, this comes at
the price of heterogeneity in regard to the management of CAR-
T-related toxicities including cytopenias. Data on longitudinal in
vivo CAR T cell dynamics (Fig. 4) were available in fewer patients
than peak CAR expansion measurements (Fig. 5), which may
explain the variance in the distribution of phenotypes between
both analyses. While we attempted to harmonize CAR-T quantifi-
cation methods by assigning center-specific quartiles, we cannot
exclude that this may have represented a confounding factor for
the CAR T cell expansion analysis by phenotype. Other potential
driving mechanisms of resistance such as tumor microenvironmen-
tal features (25) and genomic drivers (62, 64), or product immuno-
genicity (65), could not be considered in this study. Still, these
findings are hypothesis-generating and carry several pertinent clin-
ical applications. First and foremost, our data suggest that the un-
derlying mechanisms of intermittent and aplastic neutrophil
recovery substantially differ. As a result, one-size-fits-all manage-
ment approaches to cytopenia are unlikely to meet the needs of
all patients equally. While patients with intermittent recovery can
be effectively managed with growth factor support, the aplastic
group may require escalated measures that facilitate a functional
“reset” of the hematopoietic compartment such as a stem cell
boost (if available) (20). Second, biphasic neutrophil recovery may
represent a novel dynamic biomarker of treatment response that
warrants further validation in larger patient datasets and for other
disease entities in which CAR-T therapies are currently being ex-
plored such as multiple myeloma and mantle cell lymphoma.
Finally, future studies that examine how the modulation of host he-
matopoiesis impacts (and potentially enhances) the systemic antitu-
mor efficacy of CAR T cells appear warranted.

In conclusion, these data provide evidence that hematopoietic
reconstitution patterns reflect differences in CAR-T expansion ki-
netics and inflammatory profiles after CD19 CAR-T therapy. Our
findings highlight critical interactions between host hematopoiesis
and CAR-T efficacy, and suggest that management strategies will
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need to be tailored to the underlying pathophysiology of
hematotoxicity.

MATERIALS AND METHODS

Patients and data collection

In this multicenter retrospective observational study, we studied
toxicity and survival outcomes in 344 patients receiving standard-
of-care Axi-cel (n = 208) or Tisa-cel (n = 136) for R/R LBCL after at
least two prior treatment lines of therapy. Patients were treated
between May 2018 and December 2021 across six international
CAR-T centers [Ludwig Maximilian University (LMU) Munich,
Tibingen, Erlangen, Berlin Charité, Vall D'Hebron Barcelona,
Moffitt Cancer Center]. The patient cohort represents an extension
of our previous report (13) and includes clinical metadata from an
additional 94 patients treated with CD19 CAR-T across the partic-
ipating sites. Lymphodepleting chemotherapy with fludarabine and
cyclophosphamide was administered according to the manufactur-
er's instructions (3, 4). Clinical metadata were extracted from
medical records and databases with institutional review board ap-
proval (LMU Munich: Project No. 19-817; Moffitt Cancer Center:
Advarra Pro00024557) (66).

Defining hematological toxicity and neutrophil recovery
phenotypes
The duration of severe neutropenia was assessed as the total cumu-
lative days with a measured ANC <500/ul between days 0 and + 60
(10). All patients were assigned a phenotype of neutrophil recovery
according to the following definitions:

1) Quick: sustained neutrophil recovery without a second dip
below an ANC <1000/pl.

2) Intermittent: neutrophil recovery (ANC > 1500/pl) followed
by a second dip with an ANC <1000/pl after day 21.

3) Aplastic: continuous severe neutropenia (ANC < 500/ul)
>14 days.

Toxicity grading

CRS and ICANS were graded according to American Society for
Transplantation and Cellular Therapy consensus criteria (67). Tox-
icity management and antimicrobial prophylaxis followed institu-
tional guidelines (13, 68). Infection episodes were characterized
between the day of CAR-T infusion until day +90 as described pre-
viously, with severity being classified on a five-grade scale as mild,
moderate, severe, life-threatening, or fatal (11, 13, 69). Infection ep-
isodes were defined as bacterial, viral, or fungal based on microbi-
ologic or histopathologic data or as a clinical syndrome of infection
(e.g., pneumonia, cellulitis, and cystitis) based on retrospective
chart review.

Clinical outcomes

Efficacy outcomes were assessed according to Lugano criteria (70).
Kaplan-Meier estimates for PFS and OS were calculated from time
of CAR-T infusion, with phenotype groups being compared by log-
rank test. Nonrelapse mortality was defined as death after cellular
therapy without prior relapse or progression. Duration of hospital-
ization was determined from start of lymphodepletion until first
discharge from hospital.

Rejeski et al., Sci. Adv. 9, eadg3919 (2023) 22 September 2023

Multivariable analyses for the aplastic phenotype and
survival outcomes

Multivariable analysis of patient-, disease-, and therapy-related
factors was performed as binary logistic regression for the aplastic
versus non-aplastic phenotypes including variables witha P < 0.1 on
univariate analysis. The prognostic influence of the neutrophil re-
covery phenotypes was explored in a multivariable Cox regression
proportional hazards model for PFS and OS, adjusting for the base-
line prognostic markers CRP, ferritin (both log;, transformed),
LDH, and ECOG (15, 25).

(CAR) T cell kinetics

Quantification of CAR T cells was performed by quantitative poly-
merase chain reaction (n = 42) or by flow cytometry (n = 104) ac-
cording to institutional protocols as previously described (25, 71).
To harmonize CAR T cell expansion across centers, patients were
divided into quartiles by their respective peak expansion.

Serum proteomic analysis

The serum proteome was longitudinally characterized across four
sequential time points (days 0, 4, 14, and 28) in 56 patients using
a 92-protein multiplex proximity extension assay from the Olink
platform (“Immuno Oncology Panel,” Olink Bioscience). The ex-
perimental setup has been described previously (72—74). Briefly, ol-
igonucleotide-labeled monoclonal or polyclonal antibodies (PEA
probes) were utilized to bind target proteins in a pairwise manner
and to prevent cross-reactive events. Upon binding, the oligonucle-
otides come in close proximity and hybridize. After extension, a
unique sequence is generated to digitally identify the specific
protein assay. To test protein-level differences proteins by patient
group (aplastic versus non-aplastic) and time point, we applied an
LMM per protein. To account for potential confounding, age and
sex were included as fixed effects, while a random effect per patient
was included to account for potentially differing baselines. Regres-
sion models were fitted using the R-packages Ime4 and ImerTest,
while plots were generated using the OlinkAnalyze and ggplot2
packages. Protein levels were represented in NPX units, derived
from Ct values, and expressed in log, scale (e.g., 1 NPX difference
= doubling of protein concentration). Key candidate serum markers
were validated in 70 patients from the Moffitt Cancer Center using
the Ella Automated Immunoassay System (ProteinSimple), which
included GM-CSF, interleukins, IFN-y, TNF-a, and angiopoietin
1 and 2.

Statistical considerations

Kruskal-Wallis test with Dunn’s multiple comparison test was used
to explore continuous variables, while Fisher's exact test and chi-
squared test were used to study categorical variables. The d'Agosti-
no Pearson test was used to determine normal distribution. Statis-
tical analysis and data visualization were performed using
GraphPad Prism (v9.0), SPSS (IBM, v26.0), and R Statistical Soft-
ware (v4.1.2).

Note added in proof: Shortly after the acceptance of this manu-
script for publication, (33) was published in full as “K. Rejeski et al.,
The CAR-HEMATOTOX score identifies patients at high risk for
hematological toxicity, infectious complications, and poor treat-
ment outcomes following brexucabtagene autoleucel for relapsed
or refractory MCL. Am. J. Hematol. (2023)" and (61) was published
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in full as "K. Rejeski et al., The CAR-HEMATOTOX score as a prog-
nostic model of toxicity and response in patients receiving BCMA-
directed CAR-T for relapsed/refractory multiple myeloma.
J. Hematol. Oncol. 16, 88 (2023)." Additionally, the following refer-
ence was published after this manuscript was accepted for publica-

tion, where the

term “Immune Effector Cell-Associated

Hematotoxicity (ICAHT)" was introduced: "K. Rejeski et al,
Immune Effector Cell-Associated Hematotoxicity (ICAHT):
EHA/EBMT consensus grading and best practice recommenda-
tions. Blood (2023).”
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