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ABSTRACT

Background Chimeric antigen receptor T-cell (CAR-T)
infusion is associated with early toxicity. Yet, whether early
toxicity development holds ramifications for long-term
outcomes is unknown.

Methods From a large cohort of consecutive adult
patients treated with CAR-T therapies for relapsed or
refractory lymphomas from 2016 to 2019, we assessed
progression-free survival (PFS), by toxicity development
(cytokine release syndrome (CRS), neurotoxicity, or
cardiotoxicity]. We also assessed the relationship of
toxicity development to objective disease response, and
overall survival (0S). Multivariable regression was utilized
to evaluate relationships between standard clinical and
laboratory measures and disease outcomes. Differences
in outcomes, by toxicity status, were also assessed via
30-day landmark analysis. Furthermore, we assessed the
effects of early anti-CRS toxicity therapy use (at <grade 2
toxicity) on maximum toxicity grade observed, and long-
term disease outcomes (PFS and 0S).

Results Overall, from 102 CAR-T-treated patients, 90
were identified as treated with single-agent therapy, of
which 88.9% developed toxicity (80 CRS, 41 neurotoxicity,
and 17 cardiotoxicity), including 28.9% with high-grade
(>3) events. The most common manifestations were
hypotension at 96.6% and fever at 94.8%. Among patients
with cardiac events, there was a non-significant trend
toward a higher prevalence of concurrent or preceding
high-grade (>3) CRS. 50.0% required tocilizumab or
corticosteroids. The median time to toxicity was 3 days;
high grade CRS development was associated with cardiac
and neurotoxicity. In multivariable regression, accounting
for disease severity and traditional predictors of disease
response, moderate (maximum grade 2) CRS development
was associated with higher complete response at 1year
(HR: 2.34; p=0.07), and longer PFS (HR: 0.41; p=0.02, in
landmark analysis), and 0S (HR: 0.43; p=0.03). Among
those with CRS, relative blood pressure (HR: 2.25;
p=0.004), respectively, also associated with improved PFS.
There was no difference in disease outcomes, or maximum
toxicity grade (CRS, neurotoxicity, or cardiotoxicity)
observed, based on the presence or absence of the use of
early CRS-directed therapies.

Conclusions Among adult lymphoma patients, moderate

toxicity manifest as grade 2 CRS after CAR-T infusion may
associate with favorable clinical outcomes. Further studies
are needed to confirm these findings.

INTRODUCTION
Chimeric antigen receptor T-cell (CAR-T)
therapies have rapidly transformed the

treatment of advanced hematologic malig-
nancies.'” Initially FDA approved in 2017,
anti-CD19 CAR-T therapies are associ-
ated with dramatically improved outcomes
among patients with relapsed and refractory
lymphoid malignancies, where prognosis was
previously poor."™ Due to mounting evidence
of preclinical and clinical efficacy suggesting
benefit even beyond lymphoid malignancies,
>550 additional clinical trials are currently
ongoing.’

Despite CAR-T’s benefits, a significant
number of patients do not see sustained
response, with only 40% seeing longer-
term progression-free survival (PFS).'"” '
Available data have also shown variation in
objective disease responses, with 54%-90%
of patients responding depending on the
population studied, and to date, there are
no known early predictors of response.'”
This is compounded by the common nature
of immune-related toxicities, including cyto-
kine release syndrome (CRS), neurotoxicity,
and cardiotoxicity.""™" Yet, currently there is
limited evidence to guide the prognostica-
tion of outcomes after treatment with CAR-T
therapies.

Recently, a growing number of reports have
suggested potential relationships between the
development of early immune-related toxici-
ties and long-term therapeutic efficacy after
the initiation of several immunomodulatory
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therapies."*™ This is particularly true of therapies with
broad T-cell modulatory and/or autoimmunity-related
effects.'” Among patients treated with approved CAR-T
therapies, with T-cell engagement and subsequent broad
immunomodulatory effects, over 80% experience at least
one low-grade adverse event within days of infusion.'™
Yet, whether the development of CAR-T-related toxicities
has ramifications on longer term outcomes after treat-
ment initiation remains unknown.

METHODS

From consecutive patients treated with CAR-T therapy
for relapsed/refractory diffuse large B-cell lymphoma
(DLBCL), follicular lymphoma, or mantle-cell ymphoma
at The Ohio State University’s Comprehensive Cancer
Center from January 2016 through Decemeber 2019,
we evaluated the profile and outcomes of incident
CRS, after Institutional Review Board approval. We also
assessed the incidence of non-CRS toxicities, including
cardiotoxic and neurotoxic events. Study patients
included adults=18 years of age treated with CAR-T for
arelapsed or refractory lymphomas. Patients with incom-
plete medical records for the cancer, cardiovascular, or
neurologic variables of interest were excluded. Patients
treated with clinical trial combinations of CAR-T and
other immunomodulatory experimental therapies were
excluded. Baseline characteristics, including medical
history, and previous treatment were evaluated. Disease
bulk was evaluated and bulky disease defined as having a
primary mass that is 210 cm, based on imaging (ie, posi-
tron emission tomography (PET) or CT). Incident (new)
CRS was defined according to consensus criteria.*’ Toxic-
ities included those events meeting established Common
Terminology Criteria for Adverse Events (CTCAE) within
30 days of infusion.”’ We specifically considered cardio-
toxicity given increasing evidence of potential profound
or limiting events."* " Baseline and preceding anticancer
therapies were also recorded. Disease response was
assessed per Lugano consensus criteria.”® Moreover, we
manually searched all subject charts for incident adverse
events, inclusive of CRS, neurotoxicity, and cardiotoxicity,
in addition to cardiovascular or all-cause death.

Toxicity definitions and grading

Toxicity was considered as events within 30 days of CAR-T
infusion or during index-admission. Individual CRS
components were assessed according to consensus (Penn)
criteria.?’ Specifically, fever, coagulopathy, hypoxia,
hypotension, and end organ toxicity (eg, renal failure)
were included as criteria for incident or worsening CRS
(online supplemental table 1). Fever was defined as oral
temperature >38°C, and hypoxia was considered oxygen
saturation <90% on room air or need for supplemental
oxygen, while hypotension was considered as minimum
systolic blood pressure (SBP) of <105 mm Hg. We selected
<105mm Hg due to the desire to capture even those with
probable relative hypotension. Neurotoxicity grades

included encephalopathy, seizure, dysphasia, tremor,
headache, confusion, depressed level of consciousness,
and cerebral edema.?’ Furthermore, CVD events were
defined as myocarditis, congestive heart failure, stroke,
myocardial infarction, symptomatic arrhythmia (eg, atrial
fibrillation ventricular tachycardia), or cardiac death.'* "

Clinical laboratory measures

Available clinical laboratory measures, including c-re-
active protein (CRP), ferritin, complete blood counts
with differential, troponin, alanine aminotransferase,
and lactate dehydrogenase (LDH) were also considered.
These were widely available and routinely measured
among treated patients, including those with concern
for toxicity.” ** The maximum value was included where
multiple measures were obtained.

Outcomes

The primary outcome was the development of cancer
disease progression or death (ie, PFS) after CAR-T
initiation. The secondary outcome was the occurrence
of partial or complete response at lyear, and overall
survival. Follow-up began from the time of CAR-T initia-
tion. Toxicity events were graded using CTCAE V.5, and
Lugano consensus criteria. Moreover, we assessed the inci-
dence and outcomes CRS, by CAR-T product employed
(axicabtagene ciloleucel (axi-cel), and tisagenlecleucel
(tisa-cel), respectively). Axicabtagene ciloleucel and brex-
ucabtagene autoleucel were considered together as axi-
cel, as the two products are clinically identical, with some
difference in T-cell enrichment/processing.

Statistical analysis

Descriptive statistics were used to summarize patient char-
acteristics, using mean+SD or median (IQR) for contin-
uous variables and frequency counts with percentages for
categorical variables. Time-to-event analysis methods were
used to summarize PFS and evaluate associations with
these outcomes. Patients without progression or death
were considered censored at the last follow-up date. PFS
was estimated and displayed by Kaplan-Meier curves. Cox
proportional hazards models were used to assess asso-
ciation of patient factors with PFS. Univariable models
were fit using maximum CRS grade as the independent
variable, followed by using individual CRS components,
neurotoxicity, and patient laboratory values. Multivari-
able Cox proportional hazards models were then fit using
potential risk factors identified in the univariable models.
To avoid overfitting, we considered the number of PFS
events when evaluating how many independent variables
to include in the models. Log-rank tests and Kaplan-
Meier curves were also used to compare PFS by product
type received. Furthermore, %* tests were used to assess
differences in CRS grade, and its’ individual components
(eg, hypotension, etc.) between patients with complete
(disease) response at 3, 6, and/or 12months, versus those
not seeing complete response. Multivariable logistic
regression was used to account for potential confounders
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in 12-month disease response. To further delineate the
impacts of toxicity, we performed additional landmark
analysis of time to PFS, beginning at 30 days after CART
initiation. This analysis included only those patients who
survived to 30 days without disease progression, stratified
by toxicity grade.

In order to understand the potential contribution of
specific components of CRS in association with clinical
outcomes, individual components of CRS, as well as the
presence of neurotoxicity, and cardiotoxicity, respectively,
were considered. Blood pressure variables were included
alternatively as hypotension (SBP <80mm Hg) and
percent SBP decrease ranges; these were not included
together in any model so as to avoid multicollinearity
issues. A univariable model for overall survival was also fit
with maximum CRS grade as the independent variable.
We also assessed the effects of the antitoxicity interven-
tions (tocilizumab and steroids, respectively, at grade <2
toxicity) on the maximum grade observed. All statistical
tests were two-sided and evaluated at the 0=0.05 type-I
error rate, with no adjustments for multiple comparisons
or evaluation of multiple cut points. All analyses were
performed with SAS Software V.9.4.

RESULTS

Overall, from 102 CAR-T-treated patients, 90 were iden-
tified as treated with single-agent therapy, including 58
(64.4%) treated with axi-cel, and 32 (35.6%) with tisa-cel,
respectively. The patients had a mean age of 61.0+10.9
years and 57.8% were male; and 92.2% had an Eastern
Cooperative Group performance status of 0-1; while
94.4% had relapsed/refractory DLBCL. Most patients
were heavily pretreated, with a median number of prior
treatments of 3+1.3 (range: 0-8), including 33.3% (30)
who underwent prior autologous stem cell transplanta-
tion. Furthermore, 16.7% (15) of patients were treated
within early trials, while 83.3% (75) received CAR-T as
part of standard of care. Additional baseline and disease-
specific characteristics are described in table 1, including
stratification by the degree of CRS.

Incidence and severity of CRS, and other toxicities

Following CAR-T infusion, 88.9% (80) of patients devel-
oped CRS (figure 1), with a median time to CRS onset
of 2.5days (IQR: 1-5 days; range: 0-9 days). This included
98.3% (57/58) with CRS after axi-cel, and 71.9% (23/32)
after tisa-cel infusion. Of those patients who developed
CRS, 38.7% (31) saw a maximum severity of grade 2,
and 16.3% (13) reached at least grade 3; with hypoten-
sion (87.8% (79)), followed by fever (86.7% (78)) being
the most common manifestations (online supplemental
figure 1; table 2); 52.2% patients experienced a minimum
SBPs of <90mm Hg. There were no specific clinical or
disease-related factors associated with the development
of CRS. Neurotoxicity occurred in 41 (45.6%) patients,
including 34 (37.8%) reaching at least grade 2 (online
supplemental figure 2). Furthermore, all patients with

neurotoxicity experienced CRS within the same admis-
sion. In addition, 17 (18.9%) patients developed a CVD
event within days of infusion, including 11 (12.2%) with
arrhythmias, 2 (2.2%) with myocarditis, 1 (1.1%) heart
failure, and 3 (3.83%) with other CVD events (online
supplemental figure 2). Among those with cardiac events,
there was no difference in prevalence of concurrent or
preceding high-grade (=3) CRS (p=0.3).

Effect of drug product on toxicity occurrence

The use of axi-cel was associated with a higher incidence of
CRS (98.3% vs 71.9%, p<0.01; online supplemental table
2). The median time to CRS onset differed by product (3.0
vs 3.4days for axi-cel and tisa-cel, respectively; p=0.45),
as did maximum CRS grade observed (1.93+1.1 vs .
1.15+1.08 for axi-cel and tisa-cel, respectively; p=0.005).
Neurotoxicity was more common after axi-cel (63.6% vs
20.3%, p=0.001). There was no difference in cardiotox-
icity development, by CAR-T product. There was also no
difference in PFS or mortality, by product.

Toxicity development and subsequent disease response

Over a median follow-up of 16.5 months (range: 1-54
months), the median PFS was 6.0 months (95% CI:
3.3 to 8.8 months), and the 25th percentile for overall
survival was 9.6 months (95% CI: 5.1 to 14.9 months).
Fifty-four (60.0%) patients experienced disease
progression or death at 12 months (online supple-
mental table 3). Complete remissions was attained in
42 (4672%) patients at 3months postinfusion, while
nine (10.0%) had a partial remission, and 38 (42.2%)
had progressive (unresponsive) disease; one (1.1%)
had stable disease. At 12 months, complete remission
remained in 30 (33.3%), with no partial remissions; and
54 (60.0%) had progressive disease. Overall survival
among all patients was 90.0% at 3 months, 80.0% at 6
months, and 72.2% at 12 months, with corresponding
PFS of 57.8% at 3 months, 47.8% at 6 months, and
40.0% at 12 months. Response rates were similar to the
ZUMA-1" and JULIET? trials.

When stratified by CRS-status, maintenance of PFS
at 3 months was observed among 70.0% of those with
grades 0—1 CRS, and 55.0% with grade 3-4, and 80.0%
in those with grade 2 CRS. This pattern remained
through 12 months, with 36.0% maintaining PFS with
grade 0-1, 33.0% with grade 3-4, and 54.0% with
grade 2, respectively (figure 2). Similarly, complete
disease response at lyear was highest among those
with moderate (grade 2) CRS (figure 3). These rela-
tionships remained even after accounting for other
factors linked with disease and therapeutic outcomes
(HR: 0.52; 95% CI: 0.19 to 0.88; p=0.03 in landmark
analysis; table 3, online supplemental figure 3 and
online supplemental table 4). Furthermore, similar
differences in overall survival by CRS status were also
observed, with moderate CRS seeing improved survival
(HR: 0.43; 95% CI: 0.20 to 0.94; p=0.03; online supple-
mental figure 4 and online supplemental table 4).
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Table 1 Baseline characteristics

Variable 2::3:)) CRSgrade0-11(n=46) CRS grade 2-5t (n=44)
Age, mean (SD) 61.0 (10.9) 59.6 (12.7) 62.3 (8.5)
Sex, n (%)

Male 52 (57.8%) 27 (568.7%) 25 (56.8%)

Female 38 (42.2%) 19 (41.3%) 19 (43.2%)
Race, n (%)

White 85 (94.4%) 42 (91.3%) 43 (97.7%)

Othert 5 (5.6%) 4 (8.7%) 1(2.3%)
BMI, mean (SD) 29.0 (6.5) 28.0 (6.2) 30.0 (6.6)
BMI, n (%)

<25 25 (27.8%) 15 (32.6%) 10 (22.7%)

25-29.9 35 (38.9%) 20 (43.5%) 15 (34.1%)

>30 30 (33.3%) 11 (23.9%) 19 (43.2%)
Other baseline traditional CVD risk factors, n (%)

DM 19 (21.1%) 8 (17.4%) 11 (25.0%)

Ml 1(1.1%) 0 (0%) 1(2.3%)

CAD 7 (7.8%) 4 (8.7%) 3 (6.8%)

CKD (stage IV or V) 4 (4.4%) 3 (6.5%) 1(2.3%)

CHF 8 (8.9%) 4 (8.7%) 4(9.1%)

AF 10 (11.1%) 5(10.9%) 5(11.4%)
Smoking status, n, (%)

Never 43 (47.8%) 27 (568.7%) 16 (36.4%)

Previous 38 (42.2%) 15 (32.6%) 23 (52.3%)

Current 9 (10.0%) 4 (8.7%) 5(11.4%)
Primary malignancy, n (%)

DLBCL 85 (94.4%) 43 (93.5%) 42 (95.5%)

FL 2 (2.2%) 2 (4.3%) 0 (0%)

MCL 3 (3.3%) 1(2.2%) 2 (4.5%)
Disease response at time of CAR-T

Relapse 62 (68.9%) 31 (67.4%) 31 (72.7%)

Primary refractory 28 (31.1%) 15 (32.6%) 13 (29.5%)
Ann Arbor stage, n (%)

0 0 (0%) 0 (0%) 0 (0%)

1 4 (4.4%) 3 (6.5%) 1(2.3%)

2 9 (10.0%) 2 (4.3%) 7 (15.9%)

3 23 (25.6%) 14 (30.4%) 9 (20.5%)

4 40 (44.4%) 21 (45.7%) 19 (43.2%)

Unknown 14 (15.6%) 6 (13.0%) 8 (18.2%)
International Prognostic Index (IPl) score, risk stratification, n (%)

0-1 9 (10.0%) 6 (13.0%) 3 (6.8%)

2 12 (13.3%) 7 (15.2%) 5 (11.4%)

3 9 (10.0%) 4 (8.7%) 5(11.4%)

4-5 9 (10.0%) 6 (13.0%) 3 (6.8%)

Unknown 51 (56.7 %) 23 (50.0%) 28 (63.6%)
Bulky disease 51 (56.7%) 27 (568.7%) 24 (54.5%)
Genetic mutations, stratification, n (%)
Double hit: 24 (26.7%) 10 (21.7%) 14 (31.8%)

Del-Myc and (BCL2 or BCL6)

Continued
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Table 1 Continued

Variable ;I::g:)) CRSgrade0-11(n=46) CRS grade 2-5t (n=44)
Triple hit: 2 (2.2%) 0 (0%) 2 (4.5%)
Del-Myc, BCL2, BCL6
Transformed (low grade to high grade)
Yes 30 (33.3%) 14 (30.4%) 16 (36.4%)
No 60 (66.7 %) 32 (69.6%) 28 (63.6%)
Baseline ECOG performance status, n (%)
0 39 (43.3%) 20 (43.5%) 19 (43.2%)
1 44 (48.9%) 24 (52.2%) 20 (45.5%)
2 6 (6.7%) 2 (4.3%) 4(9.1%)
3 0 (0%) 0 (0%) 0 (0%)
4 0 (0%) 0 (0%) 0 (0%)
Unknown 1(1.1%) 0 (0%) 1(2.3%)
Treatment history, n (%)
Number of prior anticancer therapies, median (IQR) 3 (2-4) 3 (2-3) 3 (2-4)
Prior anthracycline 85 (94.4%) 42 (91.3%) 42 (95.5%)
Kymriah (tisagenlecleucel) 32 (35.6%) 22 (47.8%) 10 (22.7%)
Yescarta (axicabtagene ciloleucel) 55 (61.1%) 23 (50.0%) 32 (72.7%)
Tecartus (brexucabtagene autoleucel) 3 (3.3%) 1(2.2%) 2 (4.5%)
Prior chemotherapy 90 (100%) 46 (100%) 44 (100%)
Prior targeted therapy 90 (100%) 46 (100%) 44 (100%)
Prior immunomodulatory (eg, checkpoint inhibitor) 4 (4.4%) 4 (8.7%) 0 (0%)
Prior autologous stem cell transplantation
Baseline SBP (mm Hg)
<100 0 (0%) 0 (0%) 0 (0%)
100-119 31 (34.4%) 14 (30.4%) 17 (38.6%)
120-129 28 (31.1%) 17 (37.0%) 11 (25.0%)
130-139 13 (14.4%) 6 (13.0%) 7 (15.9%)
140-179 18 (20.0%) 9 (19.6%) 9 (20.5%)
180+0 (0%)0 (0%)0 (0%)
Baseline DBP (mm Hg)
<60 13 (14.4%) 6 (13.0%) 7 (15.9%)
60-69 34 (37.8%) 13 (28.3%) 21 (47.7%)
70-79 27 (30.0%) 19 (41.3%) 8 (18.2%)
80-89 14 (15.6%) 8 (17.4%) 6 (13.6%)
90-119 2(2.2%) 0 (0%) 2 (4.5%)
120+0 (0%)0 (0%)0 (0%)
Baseline anti-HTN medications
Beta-blocker 17 (18.9%) 10 (21.8%) 7 (15.9%)
ACE inhibitor/ARB 21 (23.3%) 9 (19.6%) 12 (27.3%)
Calcium channel blocker 12 (13.3%) 6 (13.0%) 6 (13.6%)
Diuretict 11 (12.2%) 6 (13.0%) 5(11.4%)

*Black, Hispanic, Asian, multiracial, and unknown race.

TIncludes loop, thiazide, and potassium-sparing diuretics.

ACE, angiotensin converting enzyme inhibitor; AF, atrial fibrillation; BCL, B-cell ymphoma; BMI, body-mass-index; CAD, coronary artery disease;
CAR-T, chimeric antigen receptor T-cell; CHF, congestive heart failure; CKD, chronic kidney disease; CVD, cardiovascular disease; DBP, diastolic
blood pressure; DLBCL, diffuse large B-cell ymphoma; DM, diabetes mellitus; ECOG, Eastern Co-operative Oncology Group; FL, follicular
lymphoma; HTN, hypertension; MCL, mantle cell ymphoma; MI, myocardial infarction; Myc, myelocytomatosis viral oncogene homolog; SBP, systolic
blood pressure.;
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Figure 1 Cumulative incidence of early toxicities (A), and
median time to toxicity development (B), after CAR-T cell

infusion. CAR-T, chimeric antigen receptor T-cell; CRS,
cytokine release syndrome

In univariable analysis of CRS components, hypoxia
(HR: 1.88; 95%CI: 1.02 to 3.47; p=0.044), coagulop-
athy (HR: 11.62; 95% CI: 4.26 to 31.67; p<0.01), organ
toxicity (HR: 3.99; 95% CI: 1.92 to 8.33; p<0.01), and
profound hypotension (minimum SBP <80mm Hg;
HR: 2.07; 95% CI: 1.11 to 3.87; p=0.02) were linked with
worse PFS (online supplemental table 3). Yet, in a multi-
variable model, only coagulopathy remained associated
with worse PFS (HR: 4.72; 95% CI: 1.22 to 18.23; p=0.024;
table 3). On stratification by temperature, there were no
differences in outcomes. However, on stratification by the
degree of SBP reduction, those with a minimum SBP of
80-104mm Hg saw PFS at 3 and 12 months of 74.0% and
50.0%, respectively, compared with 70.0% at 3 months
and 11.0% at 12 months in those with minimum SBPs of
2105 or the 50.0% at 3 months and 18.0% at 12 months in
those with SBPs<80 mm Hg; online supplemental figure 5.
Furthermore, by the degree of SBP change postinfusion
(<80, 81-104, or 2105 mm Hg SBP after CAR-T treatment
blood pressure, and absence of active infection), SBP of
<80 or =105 mm Hg was associated with higher PFS, which
remained in multivariable analysis (HR: 2.25; 95% CI:
1.29 to 3.91; p<0.01; online supplemental table 5). Rela-
tive percent fall (<10%, >10%-40%, or >40% decline in
SBP from pretreatment blood pressure, and absence of
active infection) in SBP of <10% or >40% was associated

Table 2 CRS, neurotoxicity, and cardiotoxicity

characteristics after CAR-T cell infusion

Variable

Summary

Follow-up time (months), median (IQR)

Age at CART infusion, mean (SD)
Sex, female

Maximum CRS grade

Specific CRS parameters
Fever (>38°C)
Hypoxia
Organ toxicity
Coagulopathy
Hypotension (SBP <105 mm Hg)
Lowest SBP, mean (SD)
Lowest SBP range
<80
80-104
>105
% Decrease in SBP*, mean (SD)
% Decrease in SBP
<10%
>10%-40%
>40%
Neurotoxicity
Neurotoxicity grade, n (%)
0
1

A 0 N

5
Steroid use
Tocilizumab use
CVD event*t
Clinical laboratory markers
CRP, median (IQR)
Ferritin, median (IQR)
LDH
PTT
D-dimer
Alkaline phosphatase

16.5 (7.0-28.8)
61.0 (10.9)
38 (42.2%)

10 (11.1%)
36 (40.0%)
31 (34.4%)
6 (6.7%)
3 (3.3%)
4 (4.4%)

78 (86.7%)
19 (21.1%)
9 (10.0%)
5 (5.6%)
79 (87.8%)
90.6 (13.5)

16 (17.8%)
63 (70.0%)
11 (12.2%)
28.0 (12.0)

5 (5.6%)

71 (78.9%)
14 (15.6%)
41 (45.6%)

49 (54.4%)
7 (7.8%)
12 (13.3%)
16 (17.8%)
5 (5.6%)
1(1.1%)
39 (43.3%)
36 (40.0%)
17 (18.9%)

21.6 (8.0-67.7)
530.0 (233.5-1160.5)
224.0 (182.0-273.0)
31.2 (27.8-34.9)

0.6 (0.4-2.5)

77.0 (64.0-101.0)

*Reflects maximum fall in systolic blood pressure from preadmission outpatient

reading.

tIncludes myocarditis, myocardial infarction, congestive heart failure (CHF),
symptomatic arrhythmia (eg, atrial fibrillation, ventricular tachycardia), and cardiac or

sudden death (n=90).

CAR-T, chimeric antigen receptor T-cell; CKD, chronic kidney disease; CRP, c-reactive
protein; CRS, cytokine release syndrome; CVD, cardiovascular disease; DM, diabetes
mellitus; LDH, lactate dehydrogenase; PTT, prothrombin time; SBP, systolic blood

pressure.;
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Figure 2 Kaplan-Meir curves with 30-day landmark
analysis for progression-free survival across all CRS grades
(mild, moderate, severe; A), and the presence or absence
of moderate toxicity (B). *Reflects grades 0-1. TAll grades
except grade 2. CRS, cytokine release syndrome.

with higher PFS on univariate analysis, but not in multi-
variable analysis. There was no association between the
development of other cardiovascular or neurologic events
and PFS.

Laboratory markers and disease response

Where measured, the presence of CRP (=50mg/L),
ferritin (=2500ng/mL), and LDH (>280 units/L) eleva-
tion, respectively, was associated with lower rates of PFS

Complete Response at 12 months, by CRS grade

50

g 46
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&g |
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Figure 3 Maintenance of complete clinical disease
response (reflected by absence of progression or malignancy
related death) by 1year after CAR-T cell infusion, according
to CRS grade (severity). Responses were confirmed and
assessed according to the 2014 Lugano classification for
non-Hodgkin’s lymphoma. CAR-T, chimeric antigen receptor
T-cell; CRS, cytokine release syndrome.

Table 3A Multivariable predictors of progression-
free survival after CAR-T cell infusion, following 30-day
landmark; by the Lee criteria®

95% CI (lower-
upper)

0.28 to 0.95

Variable HR

CRS grade 2 vs not 0.52
grade 2

Primary refractory 1.41
disease at CAR-T
initiation

P value
0.033

0.79 to 2.52 0.234

*n=88.
CAR-T, chimeric antigen receptor T-cell; CRS, cytokine release
syndrome.

(online supplemental figure 5). However, following
multivariable adjustment, outside of ferritin, no associa-
tions with outcomes were observed (online supplemental
table 4). Similarly, there was no association between
prothrombin time, d-dimer, or alkaline phosphatase and
disease outcomes after CAR-T infusion. Furthermore,
baseline CRP was known in the majority (72.2%) of
patients, with an average delta (A) peak increase in CRP
of 24.0mg/L, at a median of 3days post-CART infusion.
Among those with available measures, there was a correla-
tion between A CRP and maximum CRS grade (r’=0.28,
p=0.02).

Grading system selection and PFS outcomes

The effect of CRS grading system on PFS was assessed
based on the three primary CRS grading criteria: Penn,
Transplantation and Cellular Therapy(TCT), and Lee,
respectively. The variance across the three scoring scales
was small. The proportion of patients with grade 2 CRS

Table 3B Multivariable predictors of progression-free
survival after CAR-T cell infusion, by toxicity type and
component*

Variable HR 95% CI (lower-upper) P value
Fever* (>38°C) 0.36 0.27 to 1.43 0.269
Hypoxiat 1.45 0.63t03.32 0.376
Organ toxicityf 2.26 0.66 to 7.70 0.190
Coagulopathy 472 1.22t018.23 0.024
Hypotension§ 1.33 0.531t03.35 0.532
Neurotoxicity 0.62 0.30to1.25 0.183

The P values that are bolded are the ones that are statistically
significant.

*Maximum temperature >38°C.

TRequiring supplemental oxygen (nasal cannula oxygen, high flow
oxygen, continuous positive airway pressure or bilevel positive
airway pressure, or intubation).

FOther than cardiac or neurologic organ toxicity, n=90.
§Minimum systolic blood pressure of <80mm Hg.

CAR-T, chimeric antigen receptor T-cell; CKD, chronic kidney
disease; CRS, cytokine release syndrome; DM, diabetes mellitus;
SBP, systolic blood pressure.
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Table 3C Multivariable predictors of complete response at
12 months after CAR-T cell infusion*

95% Cl (lower-

Variable HR upper) P value
CRS grade 2 vs not 2.47 1.00to 6.08 0.048
grade 2

Primary refractory 0.80 0.31t02.09 0.657
disease at CAR-T

initiation

*One subject had 16 month follow-up data, rather than at

12 months, n=90.

CAR-T, chimeric antigen receptor T-cell; CRS, cytokine release
syndrome.

was 34.4% by Penn criteria, 34.4% by Lee criteria, and
38.9% by TCT criteria. There was no difference in the
relationship between grading system and PFS (p=0.9995,
online supplemental figure 6). Furthermore, on multivar-
iate analysis, a similar degree of significance was main-
tened between the relationship of b moderate CRS and
PFS outcomes, by Penn, TCT, and Lee criteria (p=0.067,
0.067, and 0.033, respectively; online supplemental table
6); with axicel showing stronger associations (HR: 0.40;
95% CI: 0.18 to 0.87; p=0.02; online supplemental tables
7 and 8).

Impact of toxicity reducing interventions

Tocilizumab, an interleukin-6 inhibitor, was used in 36
(40.0%) patients due to worsened CRS, with a mean
CRS grade of 1.87+0.63 (median grade of 2) at the
time of initiation. There was no difference in mortality
(p=0.91), CRS worsening, cardiotoxic or neurotoxic
events, by tocilizumab-status (p=0.99). Furthermore,
steroids were used in 39 (43.3%) patients due to neuro-
toxicity (and three patients received steroids for CRS),
with a mean toxicity grade at the time of initiation of
2.17+0.71 (median grade 2). Similarly, there was no
difference in mortality (p=0.538), including in those
with concurrent CRS (p=0.573); or the likelihood of
neurotoxicity worsening (p=0.594), or cardiotoxic
events (p=0.99). Furthermore, there was no difference
in PFS or disease response based on the presence or
absence of tocilizumab or steroid use, respectively
(online supplemental table 4).

DISCUSSION

In this evaluation of the prognostic implications of toxicity
after CAR-T infusion, more than 89% of patients devel-
oped CRS or other toxicities. Those patients who devel-
oped moderate CRS (grade 2) saw marked improvement
in the outcomes of PFS, objective disease response, and
overall survival compared with those with no/minimal or
severe CRS. This pattern remained, even after accounting
for the timing of CRS development, and pretreatment
disease severity. Moreover, considering the specific
components of CRS, the presence of post-therapy fever

3

and hypotension strongly associated with higher thera-
peutic response and the avoidance of disease-progression.
Furthermore, the development of a post-treatment inter-
mediate hemodynamic response to therapy, reflected by
a 10%—-40% fall in SBP after infusion, was associated with
a nearly threefold increase in the likelihood of longer
term PFS. These observations are of particular impor-
tance, given the rapidly increasing prevalence of CAR-T
use, and the lack of available early markers to guide the
determination of likelihood of post-treatment long-term
disease response.

The observation of improved anticancer efficacy after
early treatmentrelated toxicity adds to a growing body
of evidence linking cancer immunomodulatory therapy
related adverse events with clinical disease outcomes."*"”
In priorstudies of relapsed lymphoma patients treated with
programmed cell death ligand inhibitor-1, nivolumab,
the development of adverse events within weeks of treat-
ment initiation was associated with a nearly twofold
improvement in long-term objective disease control, and
PFS.'* Similarly, the occurrence of early toxicity was asso-
ciated with a two to fivefold improvement in PFS among
nivolumab treated non-small cell lung and melanoma
patients.'” '° This pattern of association between anti-
cancer therapeutic efficacy and adverse events has also
been noted following other immunotherapies, including
interferon, interleukin-2, and talimogene laherparepvec
therapy.'”™" Knowledge of these effects has dramatically
altered the understanding of cancer cellular biology,
anticancer therapeutic efficacy, toxicity, and disease-
prognostication. This has generally pervaded the relative
acceptance of some toxicities after the initiation of clini-
cally efficacious therapies, particularly if linked with ther-
apeutic effect. Yet, to the best of our knowledge, this is the
first investigation linking toxicity with therapeutic efficacy
after CAR-T infusion. The implications of these findings
may bear weight on the understanding and interpreta-
tion of the adverse events after the initiation of CAR-T
based therapies.

Knowledge of the indicators of CAR-T activity in
patients with advanced malignant disease is of substan-
tial importance. Currently, the primary available tools for
monitoring the anticancer efficacy of CAR-T includes post-
discharge PET disease activity at least 90 days after CAR-T
infusion (in those with lymphomas).”” And although
other techniques have been proposed, including cytokine
profiling, enumeration of tumor-specific T-cells in periph-
eral blood, and invasive tumor biopsies, their use has been
confounded by CRS syndrome and the need for invasive
monitoring.*® Identification of more practical early tools,
including the development and degree of toxicity itself,
represent a step forward for clinicians tasked with deci-
sions regarding subsequent timely treatment strategies.
Given the high correlation between moderate CRS, a fall
in SBP of 10%-40%, and subsequent PFS, it is plausible
that this prognostic variable could be used to identify
patients where early PET imaging (eg, 30 days) may be
beneficial. Specifically, this may allow for the initiation
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of early alternative interventions targeted at enhanced
augmentation of CAR-T activity, and the opportunity for
improved longer term clinical responses. Nevertheless,
with the high prevalence of CRS, initially described in the
early phase trials, identification and potential interpre-
tation of these common events may prove beneficial to
the rapid assessment of therapeutic efficacy following the
initiation of these therapies.

Despite a general awareness of the prevalent nature of
toxicity after CAR-T infusion, variation in the reported
incidence of CRS has been previously observed. In the
pivotal ZUMA-1 trial, CRS was observed among 93% of
patients after axi-cel therapy (using the National Insti-
tutes of Health consensus criteria), with 59% developing
significant hypotension." In the JULIET trial, 58% of
patients developed CRS using the Penn toxicity criteria,
with 22% being grade 3 or higher, and 21% of patients
developed neurotoxicity, with 12% being grade >8.” This
effect has also been seen with other emerging forms of
CAR-T-based therapies.6 7 Moreover, in these studies,
the occurrence of more significant (=grade 2) events
has been reported to be over 55%. However, due to the
heterogeneity in CRS grading, and the innate differences
between CAR-T constructs, adequate comparisons across
studies have been limited. Given the high prevalence and
the potential impact, these events may portend for disease
response, consistent application of uniform criteria,
including recent proposals by the American Society for
Transplantation and Cellular Therapy to standardize CRS
assessments may prove vital to the understanding and
evaluation of CAR-T-related toxicity.”” The observation
of stronger associations between toxicity and outcomes
with axi-cel, accounting for some biologic T-cell activa-
tion difference, may also warrant prospective investiga-
tion to further delineate the potential impacts of product
selection.

Although the exact reasons behind the association of
early toxicity with CAR-T outcomes is unknown, several
plausible mechanisms may underlie these findings. The
level of CRS severity has been previously linked to higher
pretreatment disease burdens.” Accordingly, it is plausible
that the occurrence of these phenomena may simply be
due to the cellular expansion and activation of immune
cell subsets with inflammation, and thus act as an early
surrogate for longer term disease response. However, this
consideration is limited by the lack of association between
high grades (=3) of CRS and reduction in the rate of
continued disease remission. Similarly, a link between the
development of other forms of toxicity, including cardio-
vascular and neurotoxicity was not seen. The occurrence
of more moderate degrees of CRS may reflect a stable,
but optimal level of immune response to CAR-T therapy,
as observed with other immunotherapies.'*" Given the
early report of reasonable disease response with other
investigational CAR-T therapies linked with less prevalent
manifestations of CRS, it may be likely that the degree
of clinical sequelae with established therapies may more
clearly reflect the nature of the relationship of toxicity

to disease response. Within the current analysis, hypo-
tension was observed to critically predict future disease
response. Vascular leak has been previously proposed to
contribute to this clinical phenomena.”® CAR-T treatment
may induce change in T-cell morphology, prompting
abrupt cellular volume expansion and extracellular fluid
loss and subsequent intravascular depletion. Yet, with the
commonly used CD19-specific CAR-Ts, this relationship
has not been observed. In conjunction with prospec-
tive evaluations of the prognostic role of early toxicity
(including cardiac), additional mechanistic studies are
needed.

Study limitations

Several limitations should be acknowledged. Given the
retrospective nature of the study, available follow-up within
the cohort was not uniform. Also, we could not exclude
information bias. Uniform cardiac, neurologic, and correl-
ative laboratory testing protocols were not in place near
the initiation of programmatic CAR-T-based treatments, as
many patients were in early phase clinical trials. Similarly,
timely tocilizumab and steroid application was at the discre-
tion of the treating clinicians and thus varied across time.
CART management strategies shifted over time. Notably,
the proportion of patients receiving tisa-cel increased
after FDA approval in 2018. Furthermore, tocilizumab
was utilized more frequently in practice than was initially
outlined in the prior JULIET and ZUMA-1 trials."* Despite
these factors, the data represent real-world practice, and
are thus generalizable to this population. Although we
did not observed mitigation in maximum toxicity grade
by intervention antitoxicity therapies, it is not known
if treatment in combination with supportive therapies
(eg, fluids), may have shortened toxicity durations,” or
prevented some patients from reaching high grades or
death. We did not include children. Relationships with axi-
cel were more robust. Keppra was not commonly used for
seizure prophylaxis. The population consisted primarily
of DLBCL patients, and it is unclear if the same relation-
ships would be observed among non-lymphoma patients.
The current study focused on relapsed and refractory
lymphoma patients treated with axi-cel and tisa-cel, respec-
tively, and did not include data from more recently avail-
able CAR-T products or other disease populations. Pooled
product data were employed for most analyses, as sample
size limited further product subgroup analyses. Yet, there
was no difference in PFS by CAR-T product used. However,
given the desire to best reflect commonly used CAR-Ts in
contemporary clinical practice, we focused on these high-
profile and more available therapies. Additionally, given
that the risk of non-CRS toxicities (namely cardiotoxicity)
was not known during the early experience with CAR-T
therapy, several adverse events may have gone uncaptured
despite extensive search.

CONCLUSION
CAR-T therapy is associated with an elevated risk of early
toxicity. However, the occurrence of a moderate degree
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of this toxicity appears to associate with long-term disease
response and PFS. This suggest that the recognition of
early clinical events may enhance the early interpretation
of the therapeutic effects of CAR-T-based therapy, and
potentially provide the opportunity for the earlier iden-
tification of patients likely to need additional disease-
specific interventions. Given the anticipated increase in
CAR-T use, additional studies of the role of early toxicity
as a potential prognostic biomarker, in the setting of
severity limiting interventions are needed.
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