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B-cell maturation antigen-targeted chimeric antigen receptor T-cell therapy (BCMA CAR-T) is

an effective treatment of relapsed refractory multiple myeloma (MM). However, the

pattern of infectious complications is not well elucidated. We performed a single-center

retrospective analysis of infection outcomes up to 1 year after BCMA CAR-T for MM from

2018 to 2020. Fifty-five patients with MM were treated with BCMA CAR-T. Before

lymphodepletion (LD), 35% of patients had severe hypogammaglobulinemia and 18% had

severe lymphopenia. Most patients (68%) received bridging chemotherapy (BC) before

LD. In the first month after CAR-T, 98% patients had grade 3 to 4 neutropenia. At 1 year

after infusion, 76% patients had hypogammaglobulinemia. With a median follow-up of

6.0 months (95% confidence interval, 4.7-7.4), there were a total of 47 infection events

in 29 (53%) patients: 40% bacterial, 53% viral, and 6% fungal. Most (92%) were

mild-moderate and of the lower/upper respiratory tract system (68%). Half of the infections

(53%) occurred in the first 100 days after CAR-T infusion. Although no statistically significant

risk factors for infection were identified, prior lines of therapy, use of BC, recent infections,

and post–CAR-T lymphopenia were identified as possible risk factors that need to be further

explored. This is the largest study to date to assess infectious complications after BCMA

CAR-T. Despite multiple risk factors for severe immunosuppression in this cohort, relatively

few life-threatening or severe infections occurred. Further larger studies are needed to

better characterize the risk factors for and occurrence of infections after BCMA CAR-T.

Introduction

Relapsed refractory multiple myeloma (MM) remains incurable despite a wide variety of approved thera-
peutic agents. Using chimeric antigen receptor T-cell therapy (CAR-T) against CD19 in lymphoma has
been quite successful, and recently, idecabtagene vicleucel B-cell maturation antigen-directed CAR-T
therapy (BCMA CAR-T) gained US Food and Drug Administration approval for relapsed refractory MM.1

Toxicities associated with CAR-T include cytokine release syndrome (CRS), immune effector
cell–associated neurotoxicity syndrome (ICANS),2 cytopenias,3,4 tumor lysis syndrome, hypogammaglo-
bulinemia, and infections, among others.5,6

Although infections have been observed after CAR-T, there is currently limited insight on the rate, type,
and severity of infections and the risk factors that predispose patients to infectious complications.
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Key Points

� Forty percent
bacterial, 53% viral,
and 6% fungal
infections in 29 of 55
patients with multiple
myeloma were
observed after BCMA
CAR-T.

� Most infections after
BCMA CAR-T were
mild-moderate and
involved upper or
lower respiratory
system.
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Infection rates after CAR-T range from 23% to 63%,7-9 with some
possible risk factors identified including steroids, impaired perfor-
mance status, history of infections, treatment history, and CRS.7,8 A
single-center retrospective study of 144 patients treated with vari-
ous CAR-T products included 26 patients treated with anti–BCMA
CAR-T.10 Fifty-eight (40.3%) subjects experienced a total of 103
infections from initiation of lymphodepletion (LD) through day 30
after CAR-T. Increased risk of infection was associated with age .

18 years, prior history of infection, and prior lines of therapies.10

This study was limited by the heterogenous patient population.
Indeed, the most common cause of morbidity and mortality in MM is
the underlying disease itself, which can be associated with deficien-
cies in both humoral and cellular immunity. Hence, studying a
homogenous patient population to assess infectious outcomes and
risk factors for infections after CAR-T is very important.

Although several studies have described infectious complications
after CAR-T,7-10 long-term infection studies in patients with MM
treated with BCMA CAR-T are still lacking. We report infection
rates of incidence, risk factors, and outcomes for up to 1 year after
BCMA CAR-T in patients with MM.

Methods

Patients and characteristics

This is a single-center retrospective study analyzing the infectious
complications of all patients with MM who underwent BCMA CAR-
T between 2018 and 2020. All clinical information was extracted
from electronic health records. The data cutoff for statistical analysis
was 1 May 2020. The University of California, San Francisco, institu-
tional review board approved this study through the Multiple Mye-
loma Translational Initiative protocol, which allows us to access
patient records for patients who have consented to the protocol,
and all the patients included in this study consented to this
protocol.

Antimicrobial prophylaxis and toxicity grading

There was no institutional mandate for antimicrobial prophylaxis or
infection surveillance; thus, prophylaxis used was based on institu-
tional practice or primary physician’s preference. General institu-
tional guidelines of infection prophylaxis were as follows:
granulocyte colony-stimulating factor (G-CSF) was administered
when the absolute neutrophil count (ANC) was ,500 cells/mm3,
although not before 14 days after CAR-T. All patients received stan-
dard varicella zoster virus (VZV) prophylaxis. Antibacterial and anti-
fungal prophylaxis were given while ANC was ,500 cells/mm3, and
Pneumocytis jiroveci pneumonia (PCP) prophylaxis was given when
CD4 count was ,200 cells/mm3. Cytomegalovirus monitoring was
not routinely done after CAR-T. However, if patients had any clinical
indication for infection, they underwent testing. The serum immuno-
globulin G (IgG) concentration was evaluated before and approxi-
mately monthly after CAR-T, and immunoglobulin (400 mg/kg, IV)
was given if the serum IgG concentration was ,400 mg/dL.

The most severe grade of neutropenia, lymphopenia, and hypogam-
maglobulinemia was recorded for each patient in blocks of 3
months after CAR-T. Neutropenia and lymphopenia were graded by
the National Cancer Institute Common Terminology Criteria for
Adverse Events version 4.03. Hypogammaglobulinemia was graded
as normal if IgG . 600 mg/dL, mild-moderate if IgG was 300 to

Table 1. Baseline characteristics

BCMA CAR-T (n 5 55)

Demographics

Age (y), median (range) 62 (33-77)

Sex

Female, n (%) 28 (51)

Race

White, n (%) 36 (65)

Asian, n (%) 5 (9)

African American, n (%) 5 (9)

Other, n (%) 9 (16)

Ethnicity

Hispanic, n (%) 8 (15)

Non-Hispanic, n (%) 47 (85)

BMI, median (range) 26.7 (20.5-56.2)

Charlson comorbidity index, median (range) 2 (0-7)

MM diagnosis and type

Time from diagnosis of MM (mo), median (range) 6.8 (0.6-14.3)

Type of MM

IgAŒ/IgAl 10 (18)/2 (4)

IgGŒ/IgGl 29 (53)/8 (15)

Œ light chains 5 (9)

IgDŒ 1 (2)

Prior treatment

Prior lines of therapy, median (range) 6 (1-13)

Prior auto-transplant, n (%) 48 (87)

Prior Allo-transplant, n (%) 1 (2)

Time from transplant (mo), median (range) 60.9 (4.6-146.9)

Prior McAb, n (%) 49 (89)

Time from McAb (mo), median (range) 7.0 (0.9-54.3)

Triple class refractory, n (%) 49 (89)

Prior infections

Hx of infection in 30 days before CAR-T, n (%) 13 (24)

Baseline laboratory values

Before LD

IgG , 300 (mg/dL), n (%) 23 (42)

ALC , 200 (cells/mm3), n (%) 10 (18)

ANC , 500 (cells/mm3), n (%) 1 (2)

Ferritin (mg/L), median (range) 247 (29-5894)

Prior to CAR-T

CD19 B cells absolute (3106cells/L), median (range) 17.5 (1-537)

Treatment

BC received, n (%) 35 (64)

Type of BC, n (%)

Cy-based 24 (44)

Dexamethasone 5 (40)

Carfilzomib or carfilzomib/Dex 3 (5)

Dara/Pom/Dex 1 (2)

Benda/Dex 1 (2)

XRT 1 (2)

Allo, allogeneic; Auto, autologous; Hx, history.
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600 mg/dL, significant if IgG was 100 to 299 mg/dL, and pro-
foundly reduced if IgG , 100 mg/dL.11 The most severe values of
counts and IgG were used in each time block to classify severity,
irrespective of the supportive care given. Functional hypogammaglo-
bulinemia was assessed by subtracting out the monoclonal IgGs in
the patients with IgG isotype MM.

The severity of CRS was graded by the American Society for Trans-
plantation and Cellular Therapy consensus criteria.12 Neurotoxicity
was graded using the standard ICANS tool and did not contribute
to organ toxicity grading in CRS.12

Infection categorization

All infections were documented from the day of CAR-T through 1
year after CAR-T, last follow-up, or relapse/progression, whichever
came first. Infections were recorded if there was a microbiologic or
histopathologic diagnosis or if treatment was received for the infec-
tion, and infection-onset day was defined as the day on which the
diagnostic test was performed. Infection events included both con-
firmed infections in which causative pathogens were identified and
probable infections diagnosed by the presence of localized physical
examination, symptoms, and/or radiologic findings that warranted
treatment with antimicrobials. Any episode of culture-negative neu-
tropenic fever in the absence of localized infection within the first 30
days after CAR-T was excluded from the analysis because of the
high probability of overlap with CRS. Bacterial infections were cate-
gorized as bacteremia or site-specific infections. Viral infections
were classified as respiratory virus or other. Fungal infections were
characterized as mold or nonmold infections. Infections were also

classified by the organ system they affected: lower respiratory,
upper respiratory, bloodstream, central nervous system, skin, and
other.

Classification of infection severity

Infection severity was classified as mild, moderate, severe, life-
threatening, or fatal as previously established.13,14 Mild infections
required no treatment. Moderate infections required oral treatment
only. Severe infections required IV antimicrobial therapy or were
associated with other clinical circumstances that were considered
severe, with the exception of bacteremia because of possible skin
contaminants and fever without systemic symptoms (categorized as
moderate). Life-threatening infections were complicated by symp-
toms considered life-threatening. Fatal infections contributed signifi-
cantly to death. Patients with severe, life-threatening, or fatal
infections were classified as high-severity infections, whereas
patients with mild or moderate infections were classified as low
severity. Patients were censored at time of progression, time of
starting next therapy, or death, whichever occured first.

Statistical analysis

Overall survival (OS) was defined as the time from starting
anti–BCMA CAR-T to death from any causes. For those who were
alive, OS was censored at the date of last known contact.
Progression-free survival (PFS) was defined as the time from start-
ing CAR-T to evidence of disease progression, starting next line of
therapy, or death, whichever occurred first. PFS was censored as
date of last encounter within 1 year after CAR-T. Descriptive statis-
tics were used to summarize baseline characteristics, supportive
care, and incidence of infections. We reported median and range
for continuous variables. Categorical data were summarized using
proportions. OS and PFS were analyzed using Kaplan-Meier
method and Cox regressions, with infection being treated as a
binary time-dependent covariate with value jumped from 0 to 1 at
the time of first infection. Recurrent infections were summarized
using the Nelson-Aalen estimator15 and analyzed using the propor-
tional rate model,16 an extension of the Cox model to the recurrent
events setting, where the robust sandwich-type variance estimates
were used in deriving P values and confidence intervals.
Post–CAR-T neutropenia and hypogammaglobulinemia were treated
as binary time-dependent covariates in the recurrent event analysis.
All statistical analyses were performed by R program version 3.6.0.

Results

Patient and treatment characteristics

Fifty-five adult patients with MM who were treated with BCMA
CAR-T were included in the study. Patient and treatment charac-
teristics are detailed in Table 1. The median age was 62 years
(range, 33-77 years). Most patients (53%) were IgGŒ MM fol-
lowed by IgAŒ (18%) and IgGl (15%). Median time from diagno-
sis of MM to CAR-T was 6.8 years (range, 0.6-14.3 years).
Before receiving LD and CAR-T, patients had received a median
of 6 treatment regimens (range, 1-13). Eighty-nine percent of
patients had undergone prior transplantation with median time
from transplant being 60.9 months (range, 4.6-146.9 months).
Eighty-nine percent of patients had received prior monoclonal
antibody (McAb) treatment, with median time from most recent
McAb therapy before CAR-T being 7.0 months (range, 0.9-54.3

Table 1. (continued)

BCMA CAR-T (n 5 55)

BCMA CAR-T product, n (%)

JCARH125 17 (31)

BB2121 23 (42)

BB21217 7 (13)

JNJ-4528 8 (15)

CAR-T dose (cells/kg), n (%)

600 3 106 6 (11)

450 3 106 16 (29)

300 3 106 22 (40)

150 3 106 3 (5)

,100 3 106 8 (15)

Post–CAR-T characteristics

Time to neutrophil recovery (days), median (range) 8.5 (0-63.0)

Cytokine release syndrome (grade 1-2), n (%) 48 (87)

Cytokine release syndrome (grade $ 3), n (%) 0 (0)

Neurotoxicity (grade 1-2), n (%) 6 (11)

Neurotoxicity (grade $ 3), n (%) 2 (4)

Corticosteroids received, n (%) 22 (40)

Tocilizumab received, n (%) 42 (76)

Maximum ferritin level, median (range) 1081 (32-40 000)

ICU admission by day 28, n (%) 3 (5)

Allo, allogeneic; Auto, autologous; Hx, history.
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Figure 1. Neutropenia, lymphopenia, and hypogammaglobulinemia after BCMA CAR-T. (A) Incidence and severity of neutropenia up to 1 year after BCMA CAR-T.

(B) Incidence and severity of lymphopenia up to 1 year after BCMA CAR-T. (C) Incidence and severity of hypogammaglobulinemia up to 1 year after BCAM CAR-T. Number

of patients evaluable in each 3-month time block is shown on the x axis.

2048 KAMBHAMPATI et al 12 APRIL 2022 • VOLUME 6, NUMBER 7



months). Eighty-nine percent of patients were triple class refrac-
tory. In the 30 days before CAR-T infusion, 24% of patients had
an infection. Before LD, 42% of patients had serum IgG , 300
mg/dL, 18% had an ALC , 200 cells/mm3, and 2% had an abso-
lute neutrophil count (ANC) , 500 cells/mm3. The median CD19
count before CAR-T for the 40 patients with available data was
17.5 3 106 cells/L (range, 1-537 3 106 cells/L). Most patients
(64%) received bridging chemotherapy (BC), commonly cyclo-
phosphamide (Cy)-based therapy, before LD. LD consisted of flu-
darabine (30 mg/m2 of body surface area per day) and Cy (300
mg/m2 per day) on days 25, 24, and 23. Patients were treated
with 1 of 4 different BCMA CAR-T products, JCARH125,
BB2121, BB21217, or JNJ4528, and CAR-T doses ranged from
,100 3 106 cells/kg to 600 3 106 cells/kg. The median time to
neutrophil recovery was 8.5 days (range, 0-63.0 days) after CAR-T.
Most patients (87%) had grade 1 to 2 CRS, and 11% of patients
had grade 1 to 2 neurotoxicity. Admission to the intensive care unit
was needed in 5% of patients within 28 days of CAR-T.

Antimicrobial prophylaxis and supportive care

Most patients (98%) received antibacterial prophylaxis/treatment after
CAR-T, with 22% of patients starting this before LD. Median duration
on antibacterial prophylaxis after CAR-T was 22.5 days (range, 7.0-
198.0 days). All patients were on VZV prophylaxis, and 95% of
patients started this before LD. Median duration on antiviral prophy-
laxis after CAR-T was 182.0 days (range, 16.0-371.0 days). Most
patients (95%) received antifungal prophylaxis after CAR-T, with
10% starting this before LD. Median duration of antifungal therapy
was 16.5 days (range, 5.0-3665.0 days) after CAR-T. Most patients
(98%) received prophylaxis for PCP, with 51% of patients starting
before LD. The median duration of PCP prophylaxis after CAR-T was
141.5 days (range, 14.0-463.0 days; supplemental Table 1).

There were 58% (32 of 55) patients who received at least 1 dose
of intravenous immunoglobulin (IVIG) within 12 months after CAR-T.
The median number of total IVIG doses received after CAR-T was
1.0 (range, 0-6.0). The time block after CAR-T in which the largest
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Figure 2. Infection incidence after BCMA CAR-T. (A) Swimmer’s plot of infections up to disease progression within 1 year after BCMA CAR-T (gray bars on this plot

indicate the duration from CAR-T infusion to either progression or death). (B) Cumulative number of infections/person over time after BCMA CAR-T (solid line indicates rate

of infections over time, dotted lines indicate the corresponding pointwise 95% interval).
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proportion of patients received $1 dose of IVIG was 3 to 6 months
after CAR-T at 38% (17 of 45) of patients. At 9 to 12 months after
CAR-T, there were 24% (4 of 17) patients who received $1 dose
of IVIG. Ninety-three percent (51 of 55) of patients received $1
dose of G-CSF within 12 months after CAR-T. The median number
of total G-CSF doses received after CAR-T was 4.0 (range, 0-
23.0). Ninety-one percent (50 of 55) of patients required $1
G-CSF dose within 1 month after CAR-T. The G-CSF requirement
gradually decreased over time, with 6% (1 of 17) patients receiving
$1 dose of G-CSF 9 to 12 months after CAR-T (supplemental
Figure 1A-B).

Recovery of neutrophil counts, lymphocyte counts,

and immunoglobulin levels

Rates of grade 3 to 4 neutropenia and lymphopenia were most
severe in the first month after CAR-T and gradually improved over
time. Ninety-eight percent (54 of 55) of patients had grade 3 to 4
neutropenia in the first month after CAR-T, whereas only 12% (2 of
17) patients had grade 3 to 4 neutropenia 9 to 12 months after
CAR-T (Figure 1A). A similar trend was seen with lymphopenia after
CAR-T (Figure 1B). All patients experienced grade 3 to 4 lymphope-
nia within the first month after CAR-T, whereas only 24% (4 of 17)
of patients had grade 3 to 4 lymphopenia 9 to 12 months after
CAR-T. With respect to hypogammaglobulinemia, 18% (10 of 55)
of patients had mild-moderate hypogammaglobulinemia and 67%
(37 of 55) of patients had significant or profoundly reduced hypo-
gammaglobulinemia in the first month after CAR-T. By 9 to 12
months after CAR-T, 35% (6 of 17) of patients had mild-moderate

hypogammaglobulinemia and 41% (7 of 17) of patients had signifi-
cant or profoundly reduced hypogammaglobulinemia (Figure 1C).
There was no association between the level of CD19 count before
CAR-T and the development of post–CAR-T significant or pro-
foundly reduced hypogammaglobulinemia (odds ratio, 1.0; P 5 .2).
There was also no association between significant or profoundly
reduced pre–CAR-T hypogammaglobulinemia and development of
post–CAR-T hypogammaglobulinemia of the same severity (odds
ratio, 1.7; P 5 .3).

CRS and ICANS. CRS was observed in 48 patients (87%;
grade 1 in 23 [42%] patients and grade 2 in 25 [45%] patients) at
a median onset of 1.0 day after CAR-T (range, 0-12.0 days) and
median duration of 2.0 days (range, 0-8.0 days). ICANS was
observed in 8 patients (14%; grade 1 in 3 patients, grade 2 in 3
patients, and grade 3 in 2 patients). The median onset of ICANS
was 3.5 days after CAR-T (range, 1.0-10.0 days), and median dura-
tion of ICANS was 1 day (range, 0-21.0 days). Forty-two patients
(76%) received at least 1 dose of tocilizumab. Twenty-nine patients
(53%) required 1 dose of tocilizumab, 12 patients (22%) received
2 doses of tocilizumab, and 1 patient (2%) received 3 doses. The
median time to first tocilizumab after CAR-T was 1 day (range,
0-10.0 days). Twenty-two (40%) patients received steroids after
CAR-T, with median time to first steroid dose being 2.0 days (range,
0-8.0 days) and median cumulative dose of dexamethasone being
70 mg (range, 30-150 mg) over the 14-day hospitalization period.
There were 12 patients who received at least 1 dose of anakinra,
with the number of median doses received being 3.5 (range, 2.0-
11.0). Median time to first anakinra dose after CAR-T was 6.5 days
(range, 4.0-113.0 days; supplemental Table 2).

Incidence, characteristics, and patterns of infection

after CAR-T

With a median follow-up of 6.0 months (95% confidence interval
[CI]: 4.7-7.4), there were a total of 47 infection events after CAR-T
and before progression or death (Figure 2A). At 12 months after
CAR-T, the expected cumulative number of infections per person
was 1.4 (95% CI: 1.0-1.8) had the patient remained free of progres-
sion/death (Figure 2B).

Infectious complications were predominantly viral and of low severity
(Figure 2A). There were 19 (40%) bacterial, 25 (53%) viral, and 3
(6%) fungal infections in 29 patients (53%) during the entire study
period. Of the bacterial infections, there were 14 (30%) bacterial
site infections, 2 (4%) gram-positive bacteremia, and 3 (6%) gram-
negative bacteremia. All the viral infections were respiratory viruses,
and no cases of cytomegalovirus infections were identified. Of the
fungal infections, 2 (4%) were mold (both had Aspergillus fumiga-
tus) and 1 (2%) was nonmold. One of the patients with Aspergillus
pneumonia was persistently neutropenic including at the time of
infection despite recurrent doses of G-CSF. Fatal Aspergillus pneu-
monia developed in the other patient after severe influenza pneumo-
nia while non-neutropenic. Of the 47 infection events, 6 (13%)
were classified as mild, 37 (79%) were moderate, 3 (6%) were
severe, and 1 (2%) was classified as fatal (Table 2; Figure 3A). The
infections were predominantly infections of the lower or upper respi-
ratory system (34% each). Bloodstream infections were present at
a prevalence of 2%. There were no gastrointestinal or central ner-
vous system infections. All other infections such as skin and urinary
tract infections were seen in 30% of patients (Figure 3B).

Bacterial site infection

Gram positive bacteremia

Gram negative bacteremia

Respiratory virus

Mold-fungal

Non-mold fungal

54%

A 4% 2%

30%

4%

6%

Lower respiratory system

Upper respiratory system

Bloodstream

Other

B

30% 34%

2%

34%

Figure 3. Classification of infections after BCMA CAR-T. (A) Infections by

type and subtype. (B) Infections by organ system.
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Seven (15%) infections occurred in the first 30 days after CAR-T,
with 4 (2%) being severe. Most infections (25 events, 53%)
occurred in the first 100 days after CAR-T, predominantly being
moderate in severity (16 events, 34%; Figure 4). The distribution of
any infection, viral infections, bacterial infections, and fungal infec-
tions over time after CAR-T organized by severity is shown in Figure
4. Among the 29 patients with first infections, the median time to
onset of first infection was 3.9 months (95% CI: 3.2-not reached
[NR]).

Risk factors associated with infection

Recurrent event analysis was performed to identify risk factors for
development of infection after CAR-T up to 1 year with censoring at
the time of progression or death. The risk factors assessed were
prior lines of therapy (.3 lines of therapy), use of BC, baseline lym-
phopenia (ALC , 200 cells/mm3), baseline hypogammaglobuline-
mia (IgG , 300 mg/dL), triple class refractoriness, prior McAb
therapy, CAR-T dose (,300 3 106 cells/kg vs $300 3 106 cells/
kg), infection 30 days before CAR-T, post–CAR-T neutropenia
(ANC , 500 cells/mm3) as a time-dependent variable, post–CAR-T
lymphopenia (ALC , 200 cells/mm3) as a time-dependent variable,
post–CAR-T hypogammaglobulinemia (IgG , 300 mg/dL) as a
time-dependent variable, depth of best clinical response achieved
after CAR-T, tocilizumab use, steroid use, and maximum CRS grade
1 to 2 vs none. Baseline neutropenia (ANC , 500 cells/mm3) was
not assessed as a risk factor given only 1 patient met the criteria.
None of these risk factors were found to have an association that

reached statistical significance, although prior lines of therapy . 3,
use of BC, infections 30 days before CAR-T, and post–CAR-T lym-
phopenia had a trend toward increasing infection risk (Table 3).
Although post–CAR-T hypogammaglobulinemia was not associated
with an increased risk for infection in a statistically significant man-
ner, 60% of post–CAR-T infections (30% viral, 26% bacterial, and
4% fungal) occurred when patients had either significant or pro-
foundly reduced hypogammaglobulinemia at the time of infection
(supplemental Table 3). The cumulative number of infections over
time was not significantly associated with whether patients received
IVIG support for IgG , 300 mg/dL at any time point before or after
CAR-T. Tocilizumab use, tocilizumab total dose, dexamethasone
use, dexamethasone total dose, and the maximum grade of CRS or
neurotoxicity were not significantly associated with developing high
severity infections. Although depth of best clinical response
achieved after CAR-T had no correlation with infection risk, 85% of
infections after CAR-T occurred when patients had achieved at least
a partial response to CAR-T at the time of developing the infections
(supplemental Table 4).

Impact of infection on patients’ survival outcomes

The median OS of the cohort was 24.8 months (95% CI: 18.59-
NR), and the median PFS was 12.0 months (95% CI: 9.4-NR). Of
all infectious complications, 1 resulted in death attributed to an inva-
sive fungal infection with Aspergillus fumigatus. There was no statis-
tically significant association between development of infection and

Table 2. Infections organized by type and subtype and organ system

Severity of infection

Number of infection events (n 5 47) Number of patients (n 5 55)

Any severity* High severity† Any severity* High severity†

Any infection, n (%) 47 (100) 4 (9) 29 (53) 3 (6)

Bacterial infections, n (%) 19 (40) 3 (6) 15 (27) 3 (6)

Bacterial site,‡ n (%) 14 (30) 2 12 (22) 2 (4)

Gram-positive bacteremia, n (%) 2 (4) 0 (0) 2 (4) 0 (0)

Gram-negative bacteremia, n (%) 3 (6) 1 (2) 3 (6) 2 (4)

Viral infections, n (%) 25 (53) 0 (0) 18 (33) 2 (4)

Respiratory virus, n (%) 25 (53) 0 (0) 18 (33) 2 (4)

Other, n (%) 0 (0) 0 (0) 0 (0) 0 (0)

Fungal infection, n (%) 3 (6) 1 (2) 3 (6) 1 (2)

Mold fungal, n (%) 2 (4) 1 (2) 2 (4) 1 (2)

Nonmold fungal, n (%) 1 (2) 0 (0) 1 (2) 0 (0)

Organ system

Lower respiratory, n (%) 16 (34) 0 (0) 14 (30) 2 (4)

Upper respiratory, n (%) 16 (34) 0 (0) 14 (30) 2 (4)

Bloodstream, n (%) 1 (2) 1 (2) 1 (2) 1 (2)

GI, n (%) 0 (0) 0 (0) 0 (0) 0 (0)

CNS, n (%) 0 (0) 0 (0) 0 (0) 0 (0)

Other,§ n (%) 14 (30) 3 (6) 9 (16) 2 (4)

CNS, central nervous system; GI, gastrointestinal.
*Any severity: infections that are mild, moderate, severe, life-threatening, or fatal.
†High severity: infections that are severe, life-threatening, or fatal.
‡Site-specific bacterial infections were defined as evidence of bacterial infection by culture of a normally sterile site or by culture and evidence of tissue invasion of a nonsterile site.
§Other includes skin and urinary tract, among other infections.
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mortality risk in CAR-T–treated patients when analyzed by univariate
Cox regression (hazard ratio, 0.88; 95% CI: 0.2-3.7; P 5 .9).

Discussion

This is the largest study to date to assess the infectious complica-
tions after BCMA CAR-T for MM. In this cohort of 55 patients, we

found 47 total infection events up to 1 year after CAR-T. Despite
multiple risk factors that indicate significant immunosuppression in
this patient cohort before commencing LD and after CAR-T infusion,
few of the infections occurring after CAR-T were life-threatening or
severe. Most of these infections were mild to moderate, with only
9% of infections being classified as high severity. Viral infections
were the most frequent at 53%, followed by bacterial infections at
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Figure 4. Characterization of infections after BCMA CAR-T over time. (A) Infections of any type after BCMA CAR-T. (B) Bacterial infections after BCMA CAR-T. (C)

Viral infections after BCMA CAR-T. (D) Fungal infections after BCMA CAR-T. The total number of infections and number of infection events observed in each time period is

shown on the x axis.

Table 3. Risk factors for infection

Rate ratio CI (lower) CI (upper) P

Prior lines of therapy (.3 vs #3) 1.20 0.48 3.02 .70

Prior monoclonal antibody therapy (yes or no) 1.0 0.28 3.52 1.0

Triple class refractory (yes or no) 1.0 0.28 3.52 1.0

BC (yes or no) 1.22 0.70 2.13 .48

Dose of CAR-T (,300 3 106 cells/kg vs $300 3 106 cells/kg) 0.94 0.44 1.99 .87

Infections 30 days before CAR-T (yes or no) 1.46 0.86 2.50 .16

Baseline lymphopenia (ALC ,200 cells/mm3 vs $200 cells/mm3) 1.0 0.50 2.05 1.0

Baseline hypogammaglobulinemia (IgG ,300 mg/dL vs $300 mg/dL) 0.97 0.57 1.65 .91

Post–CAR-T neutropenia (grade $3 vs grade ,3) 1.14 0.56 2.30 .72

Post–CAR-T lymphopenia (grade $3 vs grade ,3) 1.34 0.70 2.55 .37

Post–CAR-T hypogammaglobulinemia (IgG ,300 mg/dL vs $300 mg/dL) 0.83 0.45 1.55 .56

Post–CAR-T best response ($ partial response (PR) vs , PR) 0.50 0.07 3.74 .50

Tocilizumab (yes or no) 1.12 0.60 2.12 .72

Steroids (yes or no) 1.12 0.66 1.89 .68

Max CRS grade (1-2 vs 0) 1.06 0.42 2.64 .91
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40%. Fungal infections were very rare, although fatal in 1 patient.
The infectious complications predominantly affected the upper or
lower respiratory system. Most infections occurred in the first 100
days after CAR-T. A variety of risk factors were assessed, none of
which increased risk for infections in a statistically significant man-
ner. Although high-grade neutropenia was present in most patients
in the first month after CAR-T, the severity and incidence of neutro-
penia resolved by 9 to 12 months after CAR-T. Most patients, how-
ever, had persistent hypogammaglobulinemia 9 to 12 months after
CAR-T.

There are both similarities and differences in the infectious complica-
tions seen in our cohort of patients with MM after BCMA CAR-T
and prior studies of CD19 CAR-T. The prevalence of both viral and
bacterial infections seen in patients with MM after BCMA CAR-T is
similar to the study assessing infections in diffuse large B-cell lym-
phoma (DLBCL) patients up to 1 year after CD19 CAR-T.8 How-
ever in the DLBCL CD19 cohort, bacterial pathogens were the
most predominant, unlike our study, where viral pathogens were
most frequent.8 Both in our study and that study, infections were
mostly mild to moderate in severity, and the upper or lower respira-
tory system was the organ system most frequently affected.8,17 Prior
studies assessing infectious complications after CD19 CAR-T also
found, similar to our study, relatively low incidence rates of late infec-
tions beyond 90 days after CAR-T.18 Prior risks factors identified to
increase risk of infections after CD19 CART, such as use of ste-
roids, increased prior lines of therapy, impaired performance status,
and CRS, were not observed in our study.7,8 The median dose of
steroids used, rates of grade 1 to 3 CRS, and median lines of prior
therapy were higher in our study than that reported in some of these
prior CD19 CAR-T infection studies,7,8 suggesting that the lack of
these risk factors having a signal in our study is either because of
the difference in patient population and type of CAR-T used or the
fact that our study sample size was too small to detect these risk
factors. Although poor performance status was a risk factor for
increased infections in a prior CD19 CAR-T study,8 this could not
be assessed as a risk factor in our study because all our patients
received BCMA CAR-T in clinical trials, thus requiring good perfor-
mance status to meet eligibility criteria.

The only other prior study focusing on infectious complications of
CAR-T that included patients who had BCMA CAR-T was a heter-
ogenous study with short follow-up of 30 days after CAR-T.10 This
study also showed predominance of bacterial and viral infections
over fungal infections in the BCMA cohort, although the largest pre-
dominance of viral infections observed in our study was not seen in
this small cohort.10 The phase 1 BB2121 study19 demonstrated
15% any grade upper respiratory tract infection, which is lower than
that seen in our study, but may be explained by the differences in
characterizing and including infections.

The limitations of this study include the small sample size and its ret-
rospective nature. Infections were included both if there was an
actual causative pathogen identified and if there was a suspected
infection that required antimicrobials, which may have led to over-
characterization of infections. However, this is in line with prior stud-
ies of infectious complications in CAR-T8 and stem cell transplant.20

The absence of finding any risk factors that increased the risk of
infections in a statistically significant manner may have been because
of our small sample size and our study not being powered enough
to identify these risk factors. The absence of finding an association

between receiving IVIG for significant or profoundly reduced hypo-
gammaglobulinemia may be secondary to not only small sample size
but also missing data, given many patients were given supportive
care locally. This study also examines infectious complications in
patients who received BCMA CAR-T on a clinical trial, raising the
issue of selection bias. Real-world studies are needed in the future
to assess infectious complications of this treatment.

Although the rates of severe infections were low, our study high-
lights that infectious complications after BCMA CAR-T can occur
despite a very high rate of antimicrobial prophylaxis. The highest
prevalence of bacterial and viral infections was in months 1 to 3
and fungal infections was in months 3 to 4. Although 2% of severe
fungal infections in this population is comparable to other novel
myeloma therapies,21 our patients had high rates of neutropenia
within the first 3 months after CAR-T. Based on these findings, we
recommend antibacterial prophylaxis not only during early neutrope-
nia but also with late or recurrent neutropenia and likely for at least
1 month after CAR-T. We recommend VZV prophylaxis for 6
months and PCP prophylaxis for 3 months. Fluconazole prophylaxis
should be tailored to patient’s risk for prolonged neutropenia.
G-CSF support to keep ANC . 1000 cells/mm3 may be consid-
ered in the first 3 months after CAR-T. However, because of the
theoretical concern of increased risk of CRS with G-CSF, the risks
and benefits should be considered before initiation of G-CSF in the
early period after CAR-T. We also recommend early use of pegfil-
grastim and consideration of mold prophylaxis for patients with
recurrent neutropenia. The overall low infection rate in our study
despite persistent hypogammaglobulinemia is possibly secondary to
IVIG, but no clear association was identified. Although we did not
identify any statistically significant risk factors for infection because
of the study’s small sample size, risk factors such as prior lines of
therapy, use of BC, recent infections, and post–CAR-T lymphopenia
were identified as possible risk factors that need to be further
explored. Although this study sheds light on the infectious complica-
tions of BCMA CAR-T in patients with MM, which is poorly under-
stood at this time, we need larger studies to evaluate this question
further, standardize criteria for defining infections, characterize the
underlying risk factors, and establish appropriate prophylactic
approaches in patients undergoing BCMA CAR-T.
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