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ABSTRACT

Background Immunocompromised patients are at
increased risk of SARS-CoV-2 infections. Patients
undergoing chimeric antigen receptor (CAR) T-cell therapy
for relapsed/refractory B-cell malignancies are uniquely
immunosuppressed due to CAR T-mediated B-cell aplasia
(BCA). While SARS-CoV-2 mortality rates of 33%—40%

are reported in adult CAR T-cell recipients, outcomes in
pediatric and young adult CAR T-cell recipients are limited.
Methods We created an international retrospective
registry of CAR T recipients aged 0-30 years infected with
SARS-CoV-2 within 2 months prior to or any time after CAR
T infusion. SARS-CoV-2-associated illness was graded as
asymptomatic, mild, moderate, or severe COVID-19, or
multisystem inflammatory syndrome in children (MIS-C).
To assess for risk factors associated with significant SARS-
CoV-2 infections (infections requiring hospital admission
for respiratory distress or supplemental oxygen), univariate
and multivariable regression analyses were performed.
Results Nine centers contributed 78 infections in 75
patients. Of 70 SARS-CoV-2 infections occurring after CAR
T infusion, 13 (18.6%) were classified as asymptomatic,
37 (52.9%) mild, 11 (15.7%) moderate, and 6 (8.6%)
severe COVID-19. Three (4.3%) were classified as MIS-C.
BCA was not significantly associated with infection
severity. Prior to the emergence of the Omicron variant, of
47 infections, 19 (40.4%) resulted in hospital admission
and 7 (14.9%) required intensive care, while after the
emergence of the Omicron variant, of 23 infections, only 1
(4.3%) required admission and the remaining 22 (95.7%)
had asymptomatic or mild COVID-19. Death occurred in

3 of 70 (4.3%); each death involved coinfection or life-
threatening condition. In a multivariable model, factors
associated with significant SARS-CoV-2 infection included
having two or more comorbidities (OR 7.73, Cl 1.05 to
74.8, p=0.048) and age >18 years (OR 9.51, Cl 1.90 to
82.2, p=0.014). In the eight patients infected with SARS-
CoV-2 before CAR T, half of these patients had their CAR T
infusion delayed by 15-30 days.

Conclusions In a large international cohort of pediatric
and young adult CAR-T recipients, SARS-CoV-2 infections
resulted in frequent hospital and intensive care unit
admissions and were associated with mortality in 4.3%.
Patients with two or more comorbidities or aged >18

13,17

WHAT IS ALREADY KNOWN ON THIS TOPIC

= SARS-CoV-2 infections pose an increased risk in
immunocompromised populations. Chimeric anti-
gen receptor (CAR) T-cell recipients are a uniquely
immunocompromised group due to frequent B-cell
aplasia, history of hematological malignancy, and
receipt of multiple lines of chemotherapy and/or
hematopoietic stem cell transplant. However, in-
formation on the outcomes of CAR T-cell recipients
who have been infected with SARS-CoV-2 is primar-
ily limited to adults prior to the emergence of the
Omicron (B1.1.529) variant.

WHAT THIS STUDY ADDS

= This study describes outcomes and clinical features
of children and young adults who developed SARS-
CoV-2 infections after undergoing CAR T-cell thera-
py and identifies risk factors for significant disease
within this population.

HOW THIS STUDY MAY AFFECT RESEARCH,
PRACTICE OR POLICY

= This study may influence practice by identifying pa-
tients following CAR T-cell therapy at higher risk of
hospitalization secondary to SARS-CoV-2 infections
who would benefit from preventative measures,
such as vaccination or prophylaxis strategies, as
well as early treatment with antiviral therapy.

years were more likely to experience significant illness.
Suspected Omicron infections were associated with milder
disease.

INTRODUCTION

Patients undergoing chimeric antigen
receptor (CAR) T-cell therapy for relapsed/
refractory (r/r) B-acute lymphoblastic
leukemia (B-ALL) or B-non-Hodgkin's
lymphoma (B-NHL) comprise a cohort of
pediatric oncology patients with distinct
immunological deficiencies. Currently, CAR
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T-cell therapies for pediatric B-ALL include one commer-
cially available product, tisagenlecleucel, which targets
CD19, and investigational CAR T-cell products targeting
CD19 and/or CD22.'** Tisagenlecleucel is also avail-
able for treatment of mature B-cell lymphomas in adult
patients,” in addition to other Food and Drug Administra-
tion (FDA)-approved CD19-directed CAR T-cell therapies
for this indication, including axicabtagene ciloleucel®
and lisocabtagene maraleucel.” CAR T-cell recipients are
immunocompromised due to underlying hematological
malignancies, receipt of multiple lines of chemotherapy
and immunotherapies, history of hematopoietic stem
cell transplant (SCT), and/or comorbidities that might
have precluded SCT. Furthermore, prior to CAR T-cell
therapy, patients typically undergo lymphodepleting
chemotherapy, leading to further immunosuppression,
and following CAR T-cell infusion, CD19-directed and/
or CD22-directed CAR T cells target and eliminate both
malignant and healthy B cells, resulting in B-cell aplasia
(BCA).? * CAR-associated inflammatory toxicities such
as cytokine release syndrome and immune effector cell-
associated neurotoxicity syndrome frequently neces-
sitate anti-inflammatory therapies and are associated
with protracted cytopenias that can predispose to infec-
tions.” ' Finally, those with inadequate responses to CAR
T-cell therapies require further cancer-directed therapies,
increasing their degree of immunosuppression.

Since its discovery in December 2019, SARS-CoV-2 has
resulted in more than 1000000 deaths in the USA."
Just over 0.01% of recorded pediatric cases (ages 0-17)
have resulted in death, but children remain at risk for
severe sequelae including multisystem inflammatory
syndrome in children (MIS-C).""™"* While risks to healthy
children are relatively low, a study of 917 pediatric
oncology patients confirmed increased susceptibility to
severe outcomes after SARS-CoV-2 infection, including
a 81% hospitalization rate and 1.6% death rate.'” Risks
for severe disease were significantly higher for patients
with comorbidities, hematological malignancies, and age
=11 years. Conversely, while the Omicron (B.1.1.529)
SARS-CoV-2 variant has been associated with increased
transmissibility, several studies have suggested decreased
pathogenicity in the general population.'" '**' Whether
pathogenicity is also decreased in immunocompromised
patients is not known.

The immune deficits and limited serological responses
to SARS-CoV-2 vaccination in patients after CD19-directed
CAR T raise concerns for increased risk of infection, inef-
fective immune responses to SARS-CoV-2 infection, and
heightened infection severity in this population.”” ** In
adults with hematological malignancies who have under-
gone CAR T-cell therapy, mortality from SARS-CoV-2
infections has been reported in as many as 33%-40% of
patients.** * However, outcomes in children and young
adults undergoing CAR T-cell therapies are not well
described. Furthermore, given the relapsed and refrac-
tory nature of the hematological malignancies for which
CAR T-cells are indicated, an important consideration

is the impact on SARS-CoV-2 infection on delaying this
potentially life-saving therapy. Primary objectives of this
study were (1) to describe the outcomes, laboratory and
imaging findings of SARS CoV-2 infections in children
and young adult recipients of CAR T-cell therapies; (2) to
evaluate patient factors associated with significant infec-
tions in this population, including the relative severity of
infections before and after the emergence of the Omicron
variant; and (3) to survey the delays in delivery of CAR T
therapy for those infected before anticipated infusions.

METHODS

Study design and participating sites

This is an international multicenter retrospective study
that included patients aged 0-30 years with a diagnosis of
r/r B-ALL or B-NHL who underwent or were planning to
undergo CAR T-cell therapy within 2 months of a docu-
mented SARS-CoV-2 infection. Infections between the
dates of 1 March 2020 and 1 March 2022 were included.
Nine institutions contributed retrospective deidentified
patient data: Children’s Hospital of Philadelphia (n=48),
Lucile Packard Children’s Hospital Stanford (n=3), Chil-
dren’s Hospital Los Angeles (n=8), Princess Maxima
Center for Pediatric Oncology (n=5), Johns Hopkins All
Children’s Hospital (n=4), Medical College of Wisconsin
(n=3), Clinica Pediatrica Universita degli Studi di Milano
Bicocca (n=3), Children’s National Hospital (n=2), and
Hackensack University Medical Center (n=2) (online
supplemental figure S1). Data were collected from the
medical record, deidentified, and entered retrospectively
via a REDCap data collection tool in a registry housed at
the Children’s Hospital of Philadelphia.

Data collected
Baseline information on CAR T-cell recipients included
age, sex, leukemia/lymphoma history (diagnosis, remis-
sion status at time of infection, and receipt of chemo-
therapy when diagnosed with SARS-CoV-2 infection),
presence of comorbidities compiled from the Centers for
Disease Control and Prevention (CDC) list of underlying
medical conditions associated with higher risk of severe
COVID-19 (type 1 or 2 diabetes, asthma, chronic lung
disease, pulmonary hypertension, on immunosuppressive
medicines, chronic kidney disease, liver disease, congen-
ital heart disease, pre-existing hypertension, trisomy 21,
overweight or obese, cancer not in remission), history of
SCT, and CAR T-cell infusion details (CAR T-cell product
and history of CAR T-cell-related toxicities) 6

Data collected about the clinical course of SARS-CoV-2
infections included symptoms experienced, hospital-
ization to the acute care or intensive care unit (ICU),
respiratory support, presence of hypotension, laboratory
findings (maximum and minimum values during illness),
chest imaging findings (X-ray and CT), echocardiogram
findings, and SARS-CoV-2-directed treatments. SARS-
CoV-2 positivity was defined as a positive PCR or antigen
test. In patients who had multiple SARS-CoV-2 PCR or
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antigen tests, duration of positivity and time to clearance
were measured. Duration of SARS-CoV-2 positivity was
defined as the number of days from first to last positive
result on serial tests. Time to SARS-CoV-2 clearance, or
the number of days from the first positive to the first nega-
tive SARS-CoV-2 test, was not reported because of signifi-
cant variability in the practice of testing until SARS-CoV-2
negativity.

Infection severity classification

Based on symptoms and degree of support required,
patients were categorized into five clinical groups: (1)
asymptomatic, no symptoms of COVID-19; (2) mild
COVID-19, symptomatic but no requirement for hospital
admission; (3) moderate COVID-19, symptomatic and
required admission but not meeting criteria for severe
disease; (4) severe COVID-19, symptomatic and required
intensive care admission and/or high-flow nasal cannula,
non-invasive positive-pressure ventilation, advanced
airway and mechanical ventilation, vasopressor support;
and (b) MIS-C for those who met the CDC definition of
MIS-C.*® As MIS-C is a severe complication of SARS-CoV-2
infection, these patients were grouped with the severe
COVID-19 category for further analysis.

To evaluate for factors associated with more versus less
significant SARS-CoV-2 infection, moderate COVID-19
requiring oxygen supplementation or admission for
respiratory distress, severe COVID-19, and MIS-C were
classified as significant infections. Factors previously
found to be associated with more severe SARS-CoV-2
infections (age, cytopenias and comorbidities) and vari-
ables suspected to contribute to more severe infections
in CAR T-cell recipients (BCA, receipt of chemotherapy,
history of SCT, presence of coinfection) or less severe
SARS-CoV-2 infections (infection following emergence
of the Omicron B.1.1.529 variant) were included in the
analysis.”” * Omicron became the dominant SARS-CoV-2
strain in the USA following 11 December 2021.% Patients
diagnosed with SARS-CoV-2 infection following this date
in the USA were classified as having suspected Omicron
variant infections in this study. In Europe, Omicron
became the dominant form of SARS-CoV-2 in mid-January
2022, but no infections classified as Omicron in this study
were identified outside of the USA.

Delays in cancer-directed therapy
To evaluate for delays in CAR T-cell therapy due to SARS-
CoV-2 infection, patients diagnosed within 2 months
prior to CAR T-cell infusion were evaluated for length of
delay to CAR T-cell infusion, duration of SARS-CoV-2 test
positivity, and severity of illness.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
V.9.3.1 (San Diego, California, USA) and SPSS V.28.0 and
R V.4.2. Groups were compared via Kruskal-Wallis test for
continuous variables and Fisher’s exact or % tests for cate-
gorical variables. Univariable and multivariable logistic

regressions were used to determine factors associated
with the development of significant SARS-CoV-2 infec-
tions. The multivariable model included variables that
were significant in the univariable analysis without many
missing values. Odds ratios (ORs) and their 95% CIs were
reported. A two-sided p value of <0.05 was considered
statistically significant.

RESULTS

Timing and classification of SARS-CoV-2 infections
Seventy-five pediatric/young adult patients with r/r
B-ALL or B-NHL treated with CAR T-cell therapy expe-
rienced 78 unique SARS-CoV-2 infections (3 patients
had two distinct infectious episodes separated by 3-12
months). Eight infections occurred within 2 months
prior to CAR T-cell infusion, and 70 infections occurred
following infusion. Of the 70 postinfusion infections, 13
(18.6%) resulted in asymptomatic disease; 37 (52.9%)
resulted in mild COVID-19; 11 (15.7%) resulted in
moderate COVID-19; 6(8.6%) resulted in severe COVID-
19; and 3 (4.3%) resulted in MIS-C (table 1).

The median age of those who developed SARS-CoV-2
infections post-CAR T-cell infusions was 16 years (range
1.0-27.0). All patients with infection following CAR
T-cell infusion had r/r B-ALL as an indication for CAR
T-cell therapy, and 67 of 70 (95.7%) were in remission
at the time of SARS-CoV-2 infection. Of the 70 patients,
57 (81.4%) had BCA at the time of SARS-CoV-2 infec-
tion and 60 (85.7%) were receiving support with immu-
noglobulin replacement. BCA status, immunoglobulin
replacement, and type of CAR T-cell product were not
associated with infection severity (table 1). Overall, of
the 70 patients, 24 (34.3%) had undergone SCT prior
to SARS-CoV-2 infection without significant differences
among groups (table 1). Overweight or obese status was
present in 32.9% of our cohort (table 1).

Infection characteristics

SARS-CoV-2 infections occurred a median of 435 days
(range 20-3180days) following CAR T-cell infusion
(table 2). As the early post-CAR T-cell period is often asso-
ciated with BCA, neutropenia, and lymphopenia, early
infections (occurring <90 days after CAR T-cell infusion)
(n=14) were evaluated for associated severity. Infections
early in the postCAR T course were most frequently
asymptomatic (50%) or mild (35.7%), while moderate
(0%) and severe COVID-19/MIS-C (14.3%) were found
less frequently. For infections occurring >90days after
CAR T, infections were mild in 57%, asymptomatic in
10.7%, moderate in 0%, and severe COVID-19/MIS-C
in 11.5%. There was a known exposure to someone with
SARS-CoV-2 in 37 (54.4%) of 68 patients, a rate similar
to that reported in adult cell therapy recipients (45%).”
Eighteen of 70 (25.7%) patients had serial positive SARS-
CoV-2 tests recorded; for these patients, duration of
documented SARS-CoV-2 test positivity ranged from 8
to 215days, with a median of 30 days, and duration of
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Table 1 Characteristics of children and young adults infected with SARS-CoV-2 following CAR T

Mild Severe COVID-19
Asymptomatic COVID-19 Moderate (n=6)+MIS-C
infection (N=13) (N=37) COVID-19 (N=11) (N=3) Total (N=70) P value

Age (years), median (range) 9.0 (4.0-18.0) 16 (1.6-25.0) 21 (11.0-27.0) 17 (1.0-20.0) 16.0 (1.0-27.0) 0.0008
Sex (% female) 6/31 (19.4) 17/31 (54.8) 4/31 (12.9) 4/31 (12.9) 31/70 (44.3) p=0.9524
BMI percentile, n (%) p=0.3133

<85% 6/47 (12.8) 26/47 (55.3) 9/47 (19.1) 6/47 (12.8) 47/70 (67.1)

85%-94% (overweight) 3/13 (23.1) 6/13 (46.2%) 113 (7.7%) 3/13 (23.1) 13/70 (18.6)

95%-100% (obese) 4/10 (40.0) 5/10 (50.0) 1/10 (10.0) 0/10 (0) 10/70 (14.3)
Cancer in remission at time ~ 13/67 (19.4) 36/67 (53.7) 11/67 (16.4%) 7/67 (10.4) 67/70 (95.7) p=0.0838
of SARS-CoV-2 infection,
n (%)
Undergoing cancer 0/8 (0) 5/8 (62.5) 1/8 (12.5) 2/8 (25.0) 8/70 (11.4) p=0.4856
chemotherapy at the time of
SARS-CoV-2 infection, n (%)
In B-cell aplasia at the time ~ 10/57 (17.5) 28/57 (49.1) 10/57 (17.5) 9/57 (15.8) 57/70 (81.4) 0.2969
of infection, n (%)
On immunoglobulin 13/60 (21.7) 29/60 (48.3) 11/60 (18.3) 7/60 (11.7) 60/70 (85.7) 0.1047
replacement at time of
infection, n (%)
Infection during Omicron 5/23 (21.7) 17/23 (73.9) 1/23 (4.3) 0/23 (0) 23/70 (32.9) 0.0163
dominant strain (12/11/21+),
n (%)
2+ comorbidities present, 114 (7.1) 3/14 (21.4) 3/14 (21.4) 7/14 (50.0) 14/70 (20.0) <0.0001
n (%)
Comorbidities (n), median 1.0 (0.0-3.0) 0.0 (0.0-4.0) 0.0 [0.0-3.0) 2.0 (0.0-3.0) 1.0 (0.0-1.0) 0.0526
(range)
History of SCT prior to 3/24 (12.5) 11/24 (45.8) 7/24 (29.2) 3/24 (12.5) 24/70 (34.3) 0.1527
infection (% yes)
Timing of SCT relative to 0.2503
CAR T-cell infusion, n (%)

No SCT 10/46 (21.7) 26/46 (56.5) 4/46 (8.7) 6/46 (13.0) 46/70 (65.7)

SCT pre-CAR T-cell 2/17 (11.8) 9/17 (52.9) 5/17 (29.4) 1/17 (5.9) 17/70 (24.2)

infusion

SCT post-CAR T-cell 1/7 (14.3) 2/7 (28.6) 2/7 (28.6) 2/7 (28.6) 7/70 (10)

infusion
CAR T product received 0.0809
most recently, n (%)

Tisagenlecleucel (CTLO19, 7/47 (14.9) 23/47 (48.9) 10/47 (21.3) 6/47 (12.8) 47/70 (67.1)

Kymriah)

Humanized CART19 5/17 (29.4) 11/17 (64.7) 0/17 (0.0) 1/17 (5.9) 17/70 (24.3)

(CTL119 Penn)

CART 22 (Penn) 0/1 (0) 0/1 (0) 1/1 (100) 0/1 (0) 1/70 (1.4)

Seattle Children’s 1/4 (25.0) 2/4 (50.0 0/4 (0) 1/4 (25.0) 4/70 (5.7)

Research Institute CAR19,

JCARO017

Other 0/1 (0) 0/1 (0) 0/1 (0) 1/1 (100) 1/70 (1.4)

Patients are grouped into asymptomatic infection (no symptoms), mild COVID-19 (experienced symptoms but did not require admission), moderate COVID-19
(required admission for fever or oxygen therapy, including nasal cannula or blow-by oxygen), severe COVID-19 (symptomatic and required intensive care admission
and/or high flow nasal cannula, non-invasive positive-pressure ventilation, advanced airway and mechanical ventilation, and vasopressor support), and MIS-C (those
who met the CDC definition of MIS-C). The severe COVID-19 and MIS-C groups were combined as they both represent severe manifestations of SARS-CoV-2
infections. Groups are compared with Kruskal-Wallis or 2 or Fisher’s exact tests with significance set as p value of p<0.05.

BMI, body mass index; CAR, chimeric antigen receptor; SCT, stem cell transplant.

SARS-CoV-2 positivity did not differ significantly between
severity groups (table 2 and online supplemental figure
S2A). However, there were several outliers with protracted
SARS-CoV-2 positivity in the severe COVID-19 group; one
patient with more than nine consecutive positive tests and

215 days of positivity who never had documented clear-
ance, and one patient with 94 days of positivity on four
consecutive tests who had documented clearance at day
123. Median duration of SARS-CoV-2 test positivity for
patients with BCA was 30 days (range 10-215, n=14), while
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Table 2 Continued

Severe COVID-19

(n

Moderate

Mild

Asymptomatic
infection (n

P value

Total

6)+MIS-C (n=3)

1/1 (100%)
2/2 (100%)
5/5 (100%)
4/4 (100%)

11)

COVID-19 (n
0/1 (0%)
0/2 (0%)
0/5 (0%)
0/4 (0%)

COVID-19 (n=37)

13)

1/70 (1.4%)
2/70 (2.9%)
5/70 (7.1%)

ECMO

Other
Hypotension/shock

<0.0001
<0.0001

0/5 (0%)
0/4 (0%)

0/5 (0%)
0/4 (0%)

4/70 (5.7%)

Required intravenous fluid boluses for

hypotension

<0.0001

4/70 (5.7%)
3/70 (4.3%)

0/4 (0%) 0/4 (0%) 0/4 (0%) 4/4 (100%)
0/3 (0%) 2/3 (66.7%)

0/3 (0%)

Vasopressors required

1/3 (33.3%)

Experienced death with SAR-CoV-2 infection

Characteristics of SARS-CoV-2 infections in children and young adult patients who have experienced infection with SARS-CoV-2 following CAR T-cell therapy. Groups are compared with

Kruskal-Wallis, %2 or Fisher’s exact tests with significance of p<0.05.

CAR, chimeric antigen receptor; ECMO, extracorporeal membrane oxygenation; ICU, intensive care unit; MIS-C, multisystem inflammatory syndrome in children; NA, not available.

it was 29.5 days in those with B-cell recovery (BCR) (range
8-39days, n=4) (online supplemental figure S2B). The
median duration of SARS-CoV-2 positivity was 38.5 days
(range 15-215, n=4) in patients with an early (<90 days
from CAR T) infection and 30 days (range 8-94, n=14) in
those with a late (>90days from CAR T) infection (online
supplemental figure S2C). Formal comparisons were
not performed for SARS-CoV-2 positivity due to missing
values.

The most common symptoms of SARS-CoV-2 infec-
tion in our cohort were cough, fever, and rhinorrhea
(figure 1). Gastrointestinal symptoms occurred at similar
rates among the mild COVID-19, moderate COVID-
19, and severe COVID-19/MIS-C groups, while fever
and respiratory distress occurred more commonly in
the moderate COVID-19 and severe COVID-19/MIS-C
groups, as expected based on defining criteria.

Laboratory and imaging findings

There were significant differences in minimum white
blood cell counts, absolute lymphocyte counts (ALCs),
hemoglobin, and platelet counts between asymptomatic,
mild, moderate, and severe/MIS-C groups, while there
were no significant differences in absolute neutrophil
counts (figure 2). Maximum creatinine, aspartate amino-
transferase (AST), alanine transaminase (ALT), total
bilirubin, and minimum albumin values were also signifi-
cantly different (figure 2A). Coagulation parameters and
inflammatory markers were assessed in a smaller subset of
patients: prothombin time, partial thromboplastin time,
D-dimer, C reactive protein, ferritin, and lactate dehy-
drogenase were elevated in the severe COVID-19/MIS-C
group (online supplemental figure S3); however, statis-
tical comparisons between groups were not possible for
coagulation parameters and inflammatory markers due
to missing values in asymptomatic and mild COVID-19
groups.

We assessed imaging findings obtained throughout
infectious course. When obtained, chest X-ray or chest
CT did not reveal abnormal findings in patients with
mild COVID-19. However, in patients with moderate and
severe COVID-19 or MIS-C, imaging findings included
ground-glass opacities, consolidations, pleural effusions,
alveolar edema, and atelectasis, pulmonary embolism,
and pneumomediastinum (figure 2B). Echocardiograms
were more commonly obtained in patients with moderate
COVID-19 (with two of five abnormal) and severe
COVID-19/MIS-C (with seven of nine abnormal), while
only one patient with mild COVID-19 had an echocardio-
gram performed and it was normal. Abnormal echocardi-
ography findings included right ventricular dysfunction,
left ventricular dysfunction, pericardial effusion, elevated
right ventricular pressure, and coronary artery dilation
(figure 2B).

Severity and outcomes
Hospital admissions occurred in 20 of 70 (28.6%) and
ICU admissions occurred in 8 of 70 (11.4%) patients
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Figure 1 Symptoms of SARS-CoV-2 infections in CAR T-cell recipients. The proportion of children and young adults ;Z_)-
experiencing listed symptoms from SARS-CoV-2 infections following CAR T-cell infusions is shown in groups with mild =1
COVID-19 (mild), moderate COVID-19 (moderate), severe COVID-19, and MIS-C (severe/MIS-C). The group with asymptomatic (UT';.
infections is not shown but is included in the total column. Total patients reported is 70 for symptoms of fever, rhinorrhea, 8
cough, respiratory distress, and Gl symptoms due to missing data. Comparisons between mild, moderate, and severe/MIS-C _8
groups are via x? test with significance of p<0.05. CAR, chimeric antigen receptor; Gl, gastrointestinal; MIS-C, multisystem -
inflammatory syndrome in children. %
2
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Figure 2 Laboratory and imaging findings in CAR T-cell recipients with COVID-19. (A) Laboratory findings in asymptomatic
SARS-CoV-2 infections, mild COVID-19, moderate COVID-19, and severe COVID-19/MIS-C groups. Min or max laboratory
values over the course of illness are reported. Bars show the median and 25th-75th IQR. Comparisons between groups are
with Kruskal-Wallis test with significance of p<0.05. (B) Distribution of abnormal imaging findings on chest X-ray, chest CT, and
echocardiogram is demonstrated. ALT, alanine transaminase; ANC, absolute neutrophil count; AST, aspartate aminotransferase;
bili, bilirubin ; CA, coronary artery; GGO, ground-glass opacity; Hgb, hemoglobin; LV, left ventricular; max, maximum; min,
minimum; MIS-C, multisystem inflammatory syndrome in children; PE, pulmonary embolism; PLT, platelet count; pneumo MS,
pneumomediastinum; n, number of values; RV, right ventricular; RVP, right ventricular pressure; WBC, white blood cell.

infected following CAR T-cell infusion. Admissions
occurred a median of 4days (range 0-59) following
detection of SARS-CoV-2 infection. Of the 20 admissions,
reasons for admission included fever in 10 (50%), respi-
ratory distress in 7 (35%), shock in 2 (10%), or other in 1
(5%). Median duration of hospital admission was 13 days
for the admitted cohort (range 1-95days), and median
length of ICU stay was 7 days in the ICU-admitted cohort
(n=8) (table 2).

Most patients did not require supplemental oxygen;
however, 2.9% required high-flow nasal cannula; 4.3%
required intubation and mechanical ventilation; and
one patient (1.4%) required extracorporeal membrane
oxygenation (table 2). Five of seventy (7.1%) patients
developed hypotension or shock. Four of these five
patients required intravenous fluids and vasopressors
(table 2).
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In our cohort, 3 of the 70 (4.3%) patients died with
SARS-CoV-2 infection. Importantly, all three patients
had a co-occurring infection or life-threatening condi-
tion (one with multispecies bacteremia and Aspergillus
pneumonia, one with progressive leukemia, bacteremia,
and osteomyelitis, and one with sinusoidal obstruction
syndrome occurring after SCT). Coinfections occurred
in 9 of 69 (13.0%) of patients overall: of the nine coin-
fections, zero (0%) ccurred in those with asymptomatic
or mild disease; four (44.4%) occurred in those with
moderate COVID-19; and five (55.6%) occurred in those
with severe COVID-19 or MIS-C (p<0.0001) (table 2). Of
the nine coinfections, six were bacterial (66.7%); one
was fungal (11.1%); and two were multiple types (22.2%)
(table 2).

Differences in infection severity pre-Omicron and post-
Omicron variant

For infections occurring prior to the emergence of
Omicron as the dominant SARS-CoV-2 variant, admis-
sion occurred in 19 of 47 (40.4%) patients, and ICU
admissions occurred in 6 of 47 (12.7%). For infections
following Omicron, hospital and ICU admission occurred
in 1 of the 23 (4.3%) patients infected, for the develop-
ment of a pulmonary embolism. The remaining 22 of
23 (95.7%) had asymptomatic (n=5) or mild-COVID-19
(n=17). The OR for admission following the emergence
of the Omicron variant (with reference pre-Omicron)
was 0.067 (95% CI 0.0062 to 0.4086, p=0.0016) (table 2).
Infection severity categorization pre-Omicron and post-
Omicron is depicted in figure 3.

Severity of SARS-CoV-2 Infection

Treatments
As the SARS-CoV-2 pandemic has evolved, significant
research efforts have been made to identify effective
COVID-19-directed treatments. Interventions can be
grouped broadly into two categories: (1) medications that
target the ‘detectable viral replication phase’ including
direct antivirals (remdesivir or nirmatrelvir/ritonavir)
and those that provide passive immunity (convalescent
plasma and monoclonal antibodies (mAbs)) and (2)
those that target the ‘inflammatory phase’, including
steroids or other more targeted immune-modulating
agents (tocilizumab and anakinra) 2

Patients who had asymptomatic or mild disease were
more likely to be observed clinically than to undergo
any therapy. One of thirteen (7.7%) patients with asymp-
tomatic disease and 8 of 37 (21.6%) patients with mild
disease received one or more SARS-CoV-2-specific mAbs
including indevimab+casirivimab, bamlanivimab, and
sotrovimab (online supplemental table S1). mAb treat-
ment for these patients likely reflects adoption of an
early intervention strategy by treating physicians and the
changing landscape of available treatments throughout
the study. None of the patients with asymptomatic or
mild COVID-19 received anti-inflammatory medications.
Patients with moderate disease were more often treated
with at least one medication directed at viral replication
(6 of 11, 55%) and inflammatory (5 of 11, 45%) phases of
infection. Eight out of nine patients with severe COVID-19
or MIS-C were treated with both categories of medica-
tions. Of the four patients who experienced SARS-CoV-2

Severity of SARS-CoV-2 Infection

Asymptomatic — o —
Mild Not Significant
Moderate N
Significant
Severe/MIS-C
P=0.0163 P=0.014
Asymptomatic ]
Mild 4 1 Not Significant 1
Moderate {]
Significant ]
Severe/MIS-C - — _
0 25 50 75 100 0 25 50 75 100

Percent of Infections (%)

Percent of Infections (%)

- Pre-Omicron, N=47

|:| Post-Omicron, N=23

Figure 3 Severity of SARS-CoV-2 infection before and after the emergence of Omicron variant. The severity of SARS-CoV-2
infections by category (asymptomatic, mild COVID-19, moderate COVID-19, and severe COVID-19/MIS-C) and by significant
(those with moderate COVID-19 requiring oxygen supplementation or admitted for respiratory distress, severe COVID-19, and
MIS-C) versus not significant infections in the pre-Omicron (n=47) and post-Omicron (n=23) time periods. Groups are compared
with x2 and Fisher’s exact test with significance set as p=0.05. MIS-C, multisystem inflammatory syndrome in children.
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positivity for greater than 50 days on sequential testing
(range 56-215 days), all received interventions to provide
passive immunity (convalescent plasma and/or mAb),
and those who had severe COVID-19 also received remde-
sivir and/or steroids.

Factors associated with severity of disease

To identify patient and infection features associated with
more severe disease, patients were classified as having
either significant (n=16) SARS-CoV-2 infection (including

A

groups with severe COVID-19, MIS-C, and moderate
COVID-19 with oxygen supplementation or respiratory
distress) or not (n=54) (figure 4).

In a univariable logistic model, factors most strongly
associated with significant SARS-CoV-2 infection included
possessing at least two comorbidities (OR 8.00, 95% CI
2.24 to 30.9, p=0.002), presence of a coinfection (OR
19.8, 95% CI 4.07 to 149, p<0.001), age >18 years (OR
3.96, 95% CI 1.26 to 13.4, p=0.021), and minimum ALC

Univariable Analysis

: Odds Ratio (CI) p-value
Hx of SCT} —jo— 1.20(0.36-3.78)  0.758
Chemotherapy+ ——— 1.14 (0.16-5.63) 0.878
ALC <500, H—e— 4.60 (1.25-18.8) 0.025
Omicron; —e— 0.10 (0.01-0.53) 0.029
Age = 181 D 3.96 (1.26-13.4) 0.021
Coinfections ——— 19.8 (4.07-149) <0.001
2+ Comorbidities P —e— 8.00 (2.24-30.9) 0.002
0.001 001 01 1 10 100 1000
Odds Ratio
B
Multivariable Analysis
Odds Ratio (CI) p-value
Omicron- . 0.16 (0.01-1.18)  0.128
Age > 181 . ———e——— 951(1.90-822) 0014
Coinfection H . 5.59 (0.79-58.2) 0.103
2+ Comorbidities b o 7.73 (1.05-74.8) 0.048
0.001 001 0.1 1 10 100
Odds Ratio

Figure 4 Univariable and multivariable regression analyses for significant SARS-CoV-2 infections. Significant SARS-CoV-2
infections were defined as infections resulting in admission for respiratory distress or requiring oxygen supplementation, those
admitted to the ICU, or meeting criteria for MIS-C, while not significant infections were defined as infections not meeting these
criteria. (A) Forest plot demonstrating variables evaluated for association with significant infection in univariable regression
analysis. Factors evaluated included ALC under 500 cells/puL (ALC <500 cells/pL), receipt of chemotherapy at time of infection
(chemotherapy), presence of coinfection, age >18, suspected infection with Omicron variant (Omicron), Hx of hematopoietic
SCT, and sex. BCA was not included because all patients with significant infection had BCA so OR could not be reported.

(B) Variables significant in the univariable analysis were included in a multivariable regression model. ORs with 95% Cls are
shown. P values: two-tailed significance was set as p=0.05. ALC, absolute lymphocyte count; BCA, B-cell aplasia; Hx, history;
MIS-C, multisystem inflammatory syndrome in children; SCT, stem cell transplant.
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of <500 cells/pL during infection (OR 4.60, 95% CI 1.25
to 18.8, p=0.025) (figure 4A). Of note, ALC values were
available for 14 of 16 significant infections, but only 33
of 54 non-significant infections. Infection in the period
when Omicron was the dominant SARS-CoV-2 variant was
protective against significant infection (OR 0.10, 95% CI
0.01 to 0.53, p=0.029). Factors not associated with signif-
icant SARS-CoV-2 infection included receipt of chemo-
therapy at the time of infection, history of SCT, and sex
(figure 4A). BCA was not evaluable in regression analysis
because every patient in the significant infection group
had BCA at the time of infection. Comorbidities were eval-
uated individually to identify high-risk features (online
supplemental tables S2,S3). The two comorbidities that
were more highly represented in the severe-COVID-19/
MIS-C group were trisomy 21 and having cancer not in
remission at the time of SARS-CoV-2 infection (online
supplemental table S2), but no single comorbidity was
significantly associated with significant disease, although
there was a trend toward significance with trisomy 21
(online supplemental table S3).

Variables significant in the wunivariable analysis
mentioned earlier were included in a multivariable
regression model. ALC of <500 cells/pL was omitted due
to missing data in the group without significant infec-
tions. In this multivariable model, factors significantly
associated with severe infection included >2 comorbidi-
ties (OR 7.73, 95% CI 1.05 to 74.8, p=0.048) and age >18
years (OR 9.51, 95% CI 1.90 to 82.2, p=0.014). Point esti-
mates of OR for infection during the Omicron-dominant
period suggested a protective effect, while the presence
of coinfection suggested an association with significant
infections, but these variables were no longer statistically
significant in the multivariable model (figure 4B).

= SARS-CoV-2 infection
(O = Length of delay
% = Date of CAR-T infusion

Changes to cancer-directed therapy

Multiple studies have demonstrated delays or modifi-
cations in cancer-directed care for pediatric oncology
patients infected with SARS-CoV-2."' * % In patients
with r/r B-ALL where disease burden prior to CAR
T-cell therapy has been shown to impact outcomes, it is
ideal to proceed to CAR T-cell therapy without substan-
tial delays to avoid disease progression.”™ In this
registry, eight patients were infected with SARS-CoV-2
within 2 months prior to a planned CAR-T infusion, six
with r/r B-ALL, and two with r/r B-NHL. SARS-CoV-2
infections occurred a median of 39 days (range 1-60)
prior to infection. Infections delayed CAR T-cell infu-
sions in four patients (two patients with asymptomatic
infections and two patients with moderate COVID-19)
by 15-30 days (figure 5). Of note, all patients who had
a positive test for SARS-CoV-2 within 10 days of planned
infusion (three of three) had delays in CAR-T infu-
sions between 24 days and 30 days, whereas four of five
patients who had a positive test more than 30 days prior
to planned CAR-T cell infusion did not have any delays.
Three of eight (37.5%) patients were in remission at
the time of infection, while the remaining five (62.5%)
had active B-ALL or B-NHL. Of the eight patients, five
(62.5%) were classified as having asymptomatic SARS-
CoV-2 infections, and three (37.5%) experienced
moderate COVID-19 requiring hospitalization. In this
group, the number of days of documented SARS-CoV-2
positivity was 21.5days (range 3-60days, n=8). None
of the patients with asymptomatic infections received
SARS-CoV-2-directed therapies, including one patient
who had a positive test 8days prior to planned CAR
T-cell infusion. All of the patients with moderate disease
received remdesivir and/or steroids.

*)

*)
*)

*)

+30

Days relative to planned CAR-T infusion

Figure 5 SARS-CoV-2 infections prior to anticipated CAR T-cell therapy. The timing of SARS-CoV-2 infection prior to planned
CAR T-cell infusion and the delay in administration of planned CAR T-cell product is shown for eight patients, with each row

representing one patient. CAR, chimeric antigen receptor.
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DISCUSSION

We present an analysis of SARS-CoV-2 infections in a large
cohort of children and young adult CAR T-cell recipients
using a retrospective international registry. Our data
provide critical information on the severity of SARS-CoV-2
infections in children and young adults undergoing CAR
T-cell therapy before and after the emergence of the
Omicron variant, summarize common laboratory and
imaging findings in this uniquely immunocompromised
population, and identify factors associated with infection
severity.

Hospital admission was common in our cohort, with
approximately 30% requiring admission and 10%
requiring intensive care. However, children and young
adult CAR T-cell recipients experienced decreased
morbidity and mortality compared with an analogous
adult cohort. In contrast to the 33%-40% COVID-19-
related mortality rate reported in adults by the European
Society for Blood and Marrow Transplantation Infec-
tious Diseases Working Party and the European Hema-
tology Association Lymphoma groups, the mortality rate
reported in our cohort (median age 16.0 years) was 4.3%
(3 of 70).2*# ** Additionally, deaths in the present study
occurred exclusively in patients with significant coinfec-
tions or concomitant medical conditions, highlighting
the influence of age on SARS-CoV-2 risk. Outcomes in
our patient population mirrored outcomes for pediatric
oncology patients in general, suggesting that patients who
underwent CAR T-cell therapy are at higher risk of severe
disease than the general pediatric population but not
clearly higher than the oncology population at large."
BCA was expectedly common in our cohort, making
contribution to severity of infection difficult to deter-
mine. Interestingly, BCA was not associated with longer
carriage of the SARS-CoV-2 virus compared with patients
who had experienced BCR, although it is important to
note a small number of patients had BCR at the time of
infection and SARS-CoV-2 testing was not obtained at stan-
dardized intervals in this study. Interestingly, SARS-CoV-2
infections occurring within 90 days of CAR T-cell infu-
sion, a period when CAR T-cell recipients are frequently
recovering from cytopenias and T-cell lymphopenia in
combination with BCA, were most commonly asymptom-
atic.'’ Likely contributing to this finding was the greater
frequency of bone marrow aspiration/biopsy and lumbar
puncture procedures in the first 3 months following CAR
T-cell infusions, and the associated preprocedural SARS-
CoV-2 testing required at many institutions. Those with
severe COVID-19 or MIS-C frequently had leukopenia,
lymphopenia, anemia, and thrombocytopenia, along
with elevations in serum AST, ALT, and bilirubin, demon-
strating the occurrence of bone marrow suppression and
hepatic toxicity in these groups. Chest imaging findings
were expectedly common in those with moderate to
severe COVID-19 or MIS-C, and echocardiogram abnor-
malities were present in seven of nine patients with severe
COVID-19 or MIS-C, demonstrating the common occur-
rence of cardiac changes in severely-affected patients.

In a univariable analysis for factors associated with
significant SARS-CoV-2 infections, the most critical
factors included having two or more comorbidities,
a coinfection, age >18 years, and minimum ALC of
<500 cells/pL, while infection occurring after Omicron
became the dominant SARS-CoV-2 variant was protec-
tive against significant disease. Importantly, vaccination
status was available in only 8 of 23 patients infected with
suspected Omicron variant, with five having undergone
SARS-CoV-2 vaccination and three not having undergone
SARS-CoV-2 vaccination. A potentially greater proportion
of CAR T-cell recipients being vaccinated against SARS-
CoV-2 following the emergence of the Omicron variant
is therefore an important unmeasured confounding vari-
able. Additionally, limited availability of SARS-CoV-2 PCR
testing earlier in the pandemic could have contributed
to a higher proportion of moderate and severe infections
identified prior to emergence of the Omicron variant.
In the multivariate model, having two or more comor-
bidities and age >18 years were the primary determi-
nants of disease severity, similar to risk factors identified
in a pediatric oncology cohort and in pediatric patients
in general."” * *® Although the numbers were small, it
appeared that trisomy 21 and cancer not in remission
were comorbidities more highly represented in the severe
COVID-19/MIS-C  group. While this finding certainly
warrants validation, given the limited sample size, it is in
line with previous data and suggests these may be higher-
risk comorbidities for severe infections.

BCA was common in this cohort, both in mild and signif-
icant forms of infection, making its contribution to the
more severe infections difficult to determine. However,
for the patients who had serial positive SARS-CoV-2 tests
with BCA, we demonstrate a median duration of SARS-
CoV-2 positivity of 30 days, reinforcing prior findings that
SARS-CoV-2 carriage is prolonged in SCT and CAR T-cell
recipients.”” Prior reports demonstrate that those with
BCA are less likely to develop seroconversion and are
therefore more likely to rely on cellular responses to clear
SARS-CoV-2 infections.” ** In adult CAR T-cell recipients,
only 11% of those with BCA at the time of BNT162b2
mRNA COVID-19 vaccination had serological conversion
after two doses of vaccine, compared with 66% who had
BCR following CAR T.* However, cellular responses to
SARS-CoV-2 vaccination with the BNT162b2 or mRNA-
1273 vaccines have been demonstrated in 50%—67% of
CD19 or CD19/22-directed CAR T-cell recipients, illus-
trating the utility of vaccination in this population, even
in patients with BCA.** ** Additionally, passive immunity
measures such as mAbs for prophylaxis, such as tixa-
gevimab and cilgavimab, likely carry more importance in
those without expected humoral responses to vaccination,
although recommendations regarding their use evolve
based on their neutralizing activity against emerging
variants of concern. Finally, intravenous immune glob-
ulin (IVIG) products likely provide a degree of passive
immunity as neutralizing antibodies against SARS-CoV-2
viruses have been documented in pooled IVIG products
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up to September 2021.%” The prevalence of BCA and high
rate of hospital admission in this cohort highlights the
increased risk of SARS-CoV-2 infection and the impor-
tance of vaccination, passive immunity measures, and early
antiviral treatments such as ritonavir-boosted nirmatrelvir
to prevent severe infections in this group, when available.

SARS-CoV-2 infections occurring after Omicron became
the dominant variant were most often categorized as
asymptomatic and mild COVID-19 in our cohort. Addi-
tionally, the admission rate for SARS-CoV-2 infections
was nearly 10 times higher prior to Omicron compared
with after (40.4% vs 4.3%), suggesting Omicron is associ-
ated with less severe disease, consistent with observations
in immunocompetent populations.'” While genetic
characterization of patient samples by sequencing was
not done in this study, it is highly likely that cases in the
USA after 11 December 2021 were due to Omicron, given
dominance of the Omicron variant after that date.” As
SARS-CoV-2 continues to evolve and new variants emerge,
it is critical to understand their pathogenicity not only in
the general population but also in immunocompromised
patients.

Limitations of this study include the potential for
recall bias with retrospective data collection. Many of
the patients in the asymptomatic and mild COVID-19
groups had missing laboratory data as laboratory studies
were less often obtained for clinical decision-making in
these groups. The duration of SARS-CoV-2 positivity was
determined based on tests performed as part of routine
care and therefore was not obtained at regular intervals.
There were several potential confounders for our assess-
ment of Omicron severity. The proportion of patients
who had undergone vaccination against SARS-CoV-2 was
not tracked as part of this study and is certain to have
increased as vaccines became available. Additionally,
treatment options evolved over the course of the SARS-
CoV-2 pandemic. Although remdesivir was available
early in the pandemic (FDA approved on 10 October
2020), dexamethasone was shown to be effective in
patients hospitalized with COVID-19 (RECOVERY trial™
published online on 17 July 2020), and bamlanivimab
and casirivimab+imdevimab received emergency use
authorization (EUA) for mild to moderate COVID-19
(November 2020), the increased availability of mAbs and
increased provider familiarity of SARS-CoV-2 manage-
ment following the emergence of the Omicron variant are
other potential confounders. FDA EUA of nirmatrelvir
and ritonavir (22 December 2021) is another potential
confounder, although no patients included in the registry
were reported to have received nirmatrelvir+ritonavir at
the time of study entry. Strengths of this study included
the large number of patients who have undergone CAR
T-cell therapy in BCA at the time of infection, allowing for
an evaluation of factors associated with significant infec-
tion in this uniquely immunocompromised pediatric and
young adult population.

CONCLUSIONS

As SARS-CoV-2 persists in the population, the data
presented here provide a framework for understanding
the risks of SARS-CoV-2 infections for young patients
undergoing CAR T-cell therapies for hematological
malignancies. Children and young adults undergoing
CAR T-=cell therapy who are 18 years or older or who have
two or more comorbidities are at higher risk of significant
SARS-CoV-2 infections and represent a population for
which preventative measures such as vaccination and/or
passive immunity, as well as early treatment with antiviral
therapy, should be considered.
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