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Key Points

• CMV reactivation is a
common complication
of CAR T-cell therapy
and is associated with
increased overall
mortality.

• Immunosuppression,
particularly
corticosteroids, for
management of CAR
T-cell toxicities is a
major risk factor for
CMV reactivation.
Cytomegalovirus (CMV) reactivation is a major complication among seropositive allogeneic

hematopoietic cell transplantation recipients; however, data on CMV reactivation after

chimeric antigen receptor (CAR) T-cell therapy are limited. We report the incidence and

outcomes of 95 adult CMV-seropositive patients who received CAR T-cell therapy between

February 2018 and February 2023. CMV outcomes were CMV reactivation (any viremia) and

clinically significant CMV infection (cs-CMV). Thirty-one patients (33%) had evidence of

CMV reactivation (any viremia), and 10 patients (11%) had cs-CMV. The median time from

CAR T-cell infusion to CMV reactivation was 19 days (interquartile range [IQR], 9-31). The

cumulative incidence of CMV (any viremia) was significantly higher among patients with

grade 3 to 4 cytokine release syndrome (67 vs 28%; P = .01), and those who received

corticosteroids (39 vs 21%; P = .03), anakinra (56 vs 28%; P = .02), or ≥2
immunosuppressants (41 vs 21%; P = .02). Receipt of corticosteroids (18 vs 0%; P = .004),

tocilizumab (14 vs 0%; P = .04), anakinra (33 vs 7%; P = .008), and ≥2 immunosuppressants

(20 vs 0%; P = .001) were all associated with cs-CMV. Receiving ≥2 immunosuppressants was

associated with a twofold increase in CMV reactivation in multivariate analyses (adjusted

odds ratio [aOR], 2.27; 95% confidence interval, 1.1-4.8; P = .03). Overall, the 1-year mortality

was significantly higher in those with CMV reactivation (57% vs 23%; P = .001).

Immunosuppression, particularly with corticosteroids, for the management of CAR T-cell

toxicities, is a major risk factor for CMV reactivation.
Introduction

Chimeric antigen receptor (CAR) T-cell therapy has been a pivotal advance in the management of
patients with resistant/refractory malignancies, including lymphoma, multiple myeloma, and acute
lymphoblastic leukemia.1-3 In general, CAR T-cell recipients are at increased risk of infection due to
various factors, including underlying malignancy, lymphodepleting therapy, multiple previous lines of
chemotherapy, and prolonged cytopenias.4 Additionally, immunosuppressive agents, including
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corticosteroids and tocilizumab, which are often used to manage
CAR T-cell therapy–related toxicities, such as cytokine release
syndrome (CRS) and immune effector cell-associated neurotoxicity
syndrome (ICANS), also put these patients at risk of infection.4-6

Bacterial and viral infections are the most common infections and
usually occur within the first month after CAR T-cell infusion.4,5,7-11

More than 60% of allogeneic hematopoietic cell transplantation
(HCT) recipients have detectable cytomegalovirus (CMV) DNA
levels in the first 100 days after transplantation.12-14 However, data
on CMV reactivation in patients undergoing CAR T-cell therapy are
limited. Some studies have reported a low incidence of CMV
reactivation in this population; however, a number of factors,
including a lack of routine testing, may have contributed to the
lower incidence.1,2,4,15-17 In this study, we assessed the incidence
and outcomes of CMV reactivation in CAR T-cell therapy recipients
treated at our center.

Methods

Study subjects

We report on a single-center retrospective study of 95 adult CMV-
seropositive patients who received CAR T-cell therapy between
February 2018 and February 2023. The study was approved by the
institutional review board and conducted consistently according to
the principles of the Declaration of Helsinki.

Antiviral prophylaxis and CMV therapy

All patients received antiviral prophylaxis with acyclovir 400 to
800 mg orally twice daily. At our institution, preemptive therapy is
initiated in HCT recipients with a CMV viral load >200 international
unit per milliliter (IU/mL) as the cutoff for initiation of therapy.14

However, during the study period, no institutional protocol for the
prevention of CMV was implemented in CAR T-cell therapy
recipients; therefore, patients with CMV reactivation received
antivirals at the discretion of the treating physician. In the absence
of leukopenia or thrombocytopenia, valganciclovir 900 mg orally
twice daily (or ganciclovir 5 mg/kg IV twice daily, if oral intake was
not tolerated) was the anti-CMV agent of choice. Patients who did
not tolerate or in whom (val)ganciclovir was contraindicated
received foscarnet 90 mg/kg every 12 hours.

Measurement of CMV viral load

The CMV viral load was monitored at the discretion of the treating
physician. Plasma CMV viral load was measured at the University of
Miami laboratory using the Food and Drug Administration–approved
COBAS AmpliPrep/COBAS TaqMan test (Roche Diagnostics,
Indianapolis, IN). The quantitative range of this assay was 137 IU/
mL (2.14 log10) to 9 100 000 IU/mL (6.96 log10). All CMV values in
this study are reported in international units per milliliter (IU/mL). For
statistical analyses, CMV levels reported as “detected” but below
the quantitative assay range (eg, <137 IU/mL) were considered
equivalent to the lowest level of quantitation (ie, 137 IU/mL).13,14

Throughout the article, the term CMV viremia corresponds to
CMV DNA levels in the plasma or CMV DNAemia.

Outcomes and statistical analysis

CMV outcomes were CMV reactivation (any viremia) and clinically
significant CMV (cs-CMV; CMV viremia or end-organ disease that
3814 LIN et al
required antiviral treatment), as described previously.13,14 Mann-
Whitney U, Fisher exact, or log-rank tests were used, where
appropriate. For risk factor analysis, we first conducted univariate
analysis; to develop a multivariate model, we included variables
whose P values were <.2. For multivariate analysis, we conducted
Cox proportional hazard regression analysis with stepwise back-
ward elimination. A P value of <.05 was considered statistically
significant. Statistical analyses were performed using SPSS
version 26.0 and GraphPad Prism Software, version 10.1.1.
Results

Patient characteristics

During the study period, there were a total of 148 patients who
received CAR T-cell therapy. A flowchart of the patient selection is
shown in supplemental Figure 1. Patients who were CMV sero-
negative, had a history of allogeneic HCT, those who received
letermovir prophylaxis, or had missing CMV data were excluded. In
total, 95 adult CMV-seropositive patients who had CMV polymer-
ase chain reaction (PCR) data available were analyzed. The patient
characteristics are presented in Table 1. The distribution of CAR T-
cell products administered was as follows: 71% axicabtagene cil-
oleucel (Yescarta), 16% brexucabtagene autoleucel (Tecartus),
7% tisagenlecleucel (Kymriah), 4% idecabtagene vicleucel
(ABECMA), and 2% lisocabtagene maraleucel (Breyanzi).

CAR T-cell toxicities

The study subjects were followed up for a median of 352 days
(interquartile range [IQR], 144-548) after CAR T-cell infusion.
Seventy-four patients (78%) developed any grade of CRS, with a
median time to CRS onset of 4 days (IQR, 2-6). Forty-two patients
(44%) developed any grade ICANS. Among the patients who
developed CRS, 66 (89%) received tocilizumab, 52 (70%)
received corticosteroids, and 9 (12%) received anakinra. In the
corticosteroid group, the median total dose of the dexamethasone
equivalent was 110 mg (IQR, 63-160). Among those receiving
tocilizumab, the median number of doses was 2 (IQR, 1-4), and the
standard dosage was 8 mg/kg.

Timing and frequency of CMV testing

The median number of days from CAR T-cell infusion to first CMV
PCR testing was 14 days (IQR, 9-25) for the entire cohort; 13 days
(IQR, 7-16) for those with CMV reactivation, and 17 days (IQR, 10-
36) for the group of patients with no CMV reactivation. Among
patients with CMV reactivation, the median number of tests before
detectable CMV DNA levels was 1 (IQR, 1-3), whereas among
patients without CMV reactivation, the median number of tests was
2 (IQR, 1-5).

Incidence of CMV reactivation and viral kinetics

Among the 95 CAR T-cell recipients analyzed, 70 patients had
CMV levels drawn at any time before CAR T-cell infusion, and only
1 of them had a single measurement with detected CMV before
CAR T-cell therapy and it was at the lowest detectable DNA level
(<137 IU/mL). However, after CAR T, 31 patients (33%) had evi-
dence of CMV reactivation (any viremia), and 10 patients (11%)
had cs-CMV reactivation requiring antiviral therapy.
23 JULY 2024 • VOLUME 8, NUMBER 14



Table 1. Characteristics of study subjects

Characteristic

Seropositive patients

(n = 95)

No CMV reactivation

(n = 64)

CMV reactivation

(n = 31) P value*

Clinically significant

CMV (n = 10) P value†

Age, median (IQR), y 62 (53-69) 62 (53-69) 62 (55-69) .506 67 (59-71) .155

Sex .648 .734

Male 64 (67%) 42 (66%) 22 (71%) 6 (60%)

Female 31 (33%) 22 (34%) 9 (29%) 4 (40%)

Hispanic or Latino 62 (65%) 38 (59%) 24 (77%) .109 8 (80%) .301

Race .375 .901

White 84 (88%) 58 (91%) 26 (84%) 9 (90%)

Black/African American 10 (11%) 5 (8%) 5 (16%) 1 (10%)

Asian 1 (1%) 1 (2%) 0 0

CAR T-cell product .83 .518

Axicabtagene ciloleucel (Yescarta) 67 (71%) 47 (73%) 20 (65%) 5 (50%)

Brexucabtagene autoleucel (Tecartus) 15 (16%) 9 (14%) 6 (19%) 3 (30%)

Tisagenlecleucel (Kymriah) 7 (7%) 5 (8%) 2 (7%) 1 (10%)

Idecabtagene vicleucel (ABECMA) 4 (4%) 2 (3%) 2 (7%) 1 (10%)

Lisocabtagene maraleucel (Breyanzi) 2 (2%) 1 (2%) 1 (3%) 0

Conditioning regimen >.999 >.999

Fludarabine/cytoxan 94 (99%) 63 (98%) 31 (100%) 10 (100%)

Bendamustine 1 (1%) 1 (2%) 0 0

Main diagnosis .75 .513

Non-Hodgkin lymphoma 88 (93%) 60 (94%) 28 (90%) 9 (90%)

Multiple myeloma 4 (4%) 2 (3%) 2 (7%) 1 (10%)

Leukemia 3 (3%) 2 (3%) 1 (3%) 0

Karnofsky performance status, median (IQR) 70 (70-80) 70 (70-80) 70 (60-80) .172 70 (50-80) .06

Prior transplant .023 .264

Yes 23 (24%) 20 (31%) 3 (10%) 1 (10%)

No 72 (76%) 44 (69%) 28 (90%) 9 (90%)

Neutropenic during admission .169 >.999

Yes 90 (95%) 59 (92%) 31 (100%) 10 (100%)

No 5 (5%) 5 (8%) 0 0

ANC at day 30‡ 1.07 (0.47-1.75) 1.18 (0.52-1.8) 0.83 (0.45-1.71) .4 0.9 (0.24-3.14) .822

Initial CMV viremia (IQR) - - 137 (137-137) n/a 173 (137-1424) n/a

Peak CMV viremia (IQR) - - 137 (137-1217) n/a 2388 (1091-6841) n/a

CRS any grade§ 73 (78%) 48 (75%) 25 (83%) .435 9 (100%) .192

CRS onset after CAR T-cell infusion, d (IQR)§ 4 (2-6) 4 (2-7) 5 (2-6) .795 5 (1.5-5.5) .757

CRS grade ≥ 2§ 25 (27%) 17 (27%) 8 (27%) .999 3 (33%) .698

CRS grade ≥ 3§ 6 (6%) 2 (3%) 4 (13%) .08 1 (11%) .33

Tocilizumab§ 65 (69%) 42 (66%) 23 (77%) .343 9 (100%) .05

Corticosteroids§ 51 (54%) 31 (48%) 20 (67%) .122 9 (100%) .003

Anakinra§ 9 (10%) 4 (6%) 5 (17%) .139 3 (33%) .036

Hypogammaglobulinemia‖ .433 .435

Yes 26 (43%) 18 (47%) 8 (36%) 2 (25%)

Data are presented as absolute numbers (percentages), unless specified otherwise.
“n/a” indicates instances where P values could not be calculated for initial and peak CMV viremia, because no comparison is indicated.
ANC, absolute neutrophil count; IgG, Immunoglobulin G.
Bolded text indicates statistical significance
*P value for comparison between the CMV reactivation and no CMV reactivation groups using Mann-Whitney U or Fisher exact test.
†P value for comparison between the clinically significant CMV and no CMV reactivation groups using Mann-Whitney U or Fisher exact test.
‡For ANC levels on day 30, 2 patients are missing values from both the no CMV reactivation group and the CMV reactivation group.
§One patient who had clinically significant CMV was excluded because the patient reactivated before immunosuppression.
‖Hypogammaglobulinemia was defined as IgG <400 mg/dL. In the no CMV reactivation group, 26 patients are missing IgG levels; in the CMV reactivation group, 9 patients are missing IgG

levels; and in the clinically significant CMV group, 2 patients are missing IgG levels.
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Table 1 (continued)

Characteristic

Seropositive patients

(n = 95)

No CMV reactivation

(n = 64)

CMV reactivation

(n = 31) P value*

Clinically significant

CMV (n = 10) P value†

No 34 (57%) 20 (53%) 14 (64%) 6 (75%)

Relapsed/progressive disease .376 .299

Yes 39 (41%) 24 (37.5%) 15 (48%) 6 (60%)

No 56 (59%) 40 (62.5%) 16 (52%) 4 (40%)

ICANS max grade§ .145 .003

0 53 (56%) 40 (63%) 13 (43%) 1 (11%)

1 11 (12%) 7 (11%) 4 (13%) 1 (11%)

2 8 (9%) 3 (5%) 5 (17%) 2 (22%)

3 19 (20%) 13 (20%) 6 (20%) 3 (33%)

4 3 (3%) 1 (2%) 2 (7%) 2 (22%)

No. of previous lines of therapy .48 .345

1 10 (11%) 7 (11%) 3 (10%) 0

2 14 (15%) 12 (19%) 2 (6%) 0

3 32 (34%) 19 (30%) 13 (42%) 5 (50%)

4 24 (25%) 15 (23%) 9 (29%) 4 (40%)

≥5 15 (16%) 11 (17%) 4 (13%) 1 (10%)

Data are presented as absolute numbers (percentages), unless specified otherwise.
“n/a” indicates instances where P values could not be calculated for initial and peak CMV viremia, because no comparison is indicated.
ANC, absolute neutrophil count; IgG, Immunoglobulin G.
Bolded text indicates statistical significance
*P value for comparison between the CMV reactivation and no CMV reactivation groups using Mann-Whitney U or Fisher exact test.
†P value for comparison between the clinically significant CMV and no CMV reactivation groups using Mann-Whitney U or Fisher exact test.
‡For ANC levels on day 30, 2 patients are missing values from both the no CMV reactivation group and the CMV reactivation group.
§One patient who had clinically significant CMV was excluded because the patient reactivated before immunosuppression.
‖Hypogammaglobulinemia was defined as IgG <400 mg/dL. In the no CMV reactivation group, 26 patients are missing IgG levels; in the CMV reactivation group, 9 patients are missing IgG

levels; and in the clinically significant CMV group, 2 patients are missing IgG levels.
The median time from CAR T-cell infusion to CMV reactivation was
19 days (IQR, 9-31). The median peak viremia was 137 (IQR, 137-
1217) for 31 patients with CMV reactivation (any viremia). In the 21
patients with CMV reactivation who were not treated, the median
peak viral load was 137 IU/mL, and all had detected plasma CMV
DNA values <137 IU/mL, except for 1 patient who had a CMV DNA
level of 199 IU/mL. In patients with cs-CMV reactivation, the
median peak viral load was 2388 IU/mL (IQR, 1091-6841); the
pretreatment viremia, defined as the last CMV viral load available
immediately before initiation of antiviral therapy, was 1088 IU/mL
(IQR, 672-2369). Six of the patients with cs-CMV reactivation
(60%) met classificatory criteria for CMV syndrome,18,19 and there
were no cases of end-organ disease. Nine patients (90%) had
documented clearance of viremia, defined as documentation of a
negative PCR value (ie, below the level of detection) in response to
antiviral therapy, and 1 patient had plasma CMV DNA levels
trending down in response to therapy but died before clearance of
viremia.

Risk factors for CMV

Among patients with cs-CMV reactivation, 100% received corti-
costeroids with a dexamethasone equivalent median dose of
130 mg (IQR, 74-263), compared with the group of patients who
did not have evidence of CMV reactivation, in which 31 patients
(48%; P = .003) received corticosteroids with a median dose of
100 mg (IQR, 30-150). The proportion of patients who received
tocilizumab and anakinra was also significantly higher among those
3816 LIN et al
with cs-CMV reactivation (100% vs 66%, P = .05; and 33% vs 6%,
P = .04, respectively). There were no significant differences in the
demographics, CAR T-cell product used, hypogammaglobulinemia
(defined as serum immunoglobulin G [IgG] level <400 mg/dL), or
number of previous lines of chemotherapy between those with and
without CMV reactivation (Table 1).

In time-to-event analyses, the 180-day cumulative incidence of
CMV (Figure 1; any viremia) was significantly higher among
patients with grade 3 to 4 CRS (67 vs 28%; P = .01) and those
who received corticosteroids (39 vs 21%; P = .03), anakinra (56 vs
28%; P = .02), or ≥2 immunosuppressants (41 vs 21%; P = .02).
Receipt of corticosteroids (18 vs 0%; P = .004), tocilizumab (14 vs
0%; P = .04), anakinra (33 vs 7%; P = .008), ≥ 2 immunosup-
pressants (20 vs 0%; P = .001), and grade 3 to 4 ICANS (23 vs
6%; P = .02) were all associated with cs-CMV (Figure 2).

In the univariate analysis, there was a nonstatistically significant
trend for corticosteroid use and the risk of CMV viremia (odds ratio
[OR], 2.01; 95% confidence interval [CI], 0.9-4.3; P = .07). The
use of ≥2 immunosuppressants was associated with a twofold
increase in CMV viremia (OR, 2.17; 95% CI, 1.0-4.5; P = .04), a
finding that remained significant in the adjusted analysis (adjusted
odds ratio [aOR], 2.27; 95% CI, 1.1-4.8; P = .03) (supplemental
Table 1). For cs-CMV, the use of anakinra was associated with a
fourfold increased risk (OR, 4.3; 95% CI, 1.1-17; P = .04;
supplemental Table 2). For cs-CMV, multivariate analysis was
precluded as all variables were excluded except anakinra after
23 JULY 2024 • VOLUME 8, NUMBER 14
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Figure 1.
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stepwise backward elimination. Notably, cs-CMV was exclusively
seen in patients who received both corticosteroids and tocilizumab.
In total, 44 patients received both corticosteroids and tocilizumab,
and 20% of them developed cs-CMV.

Mortality and progression/relapse rates

There was a significant increase in the 1-year overall mortality
among CAR T-cell recipients with evidence of CMV reactivation
(any viremia) by day 28 compared with those without detectable
CMV viremia by day 28 after CAR T-cell infusion (57 vs 23%,
P = .001; Figure 3A). The increased overall mortality among those
with CMV reactivation by day 28 remained significant at 3 years
(100 vs 52%, P = .001; supplemental Figure 2A). There was no
association between CMV reactivation and the rate of nonrelapse
mortality, but the 1-year and 3-year cumulative incidence of pro-
gression/relapse disease was higher among those with CMV
reactivation by day 28 (Figure 3B-C; supplemental Figure 2B-C).
Likewise, we observed an increased overall 1-year and 3-year
mortality among those with cs-CMV by day 28 compared with
those that had no CMV reactivation by day 28 or had viremia that
required no antiviral therapy (61 vs 28%, P = .04; and 100 vs 60%,
P = .03, respectively; supplemental Figure 3). Among those with
cs-CMV reactivation, there were 2 deaths, but none were attributed
to CMV reactivation; 1 was due to fungemia, whereas the other
was attributed to CAR T-cell therapy–related toxicities causing
multiorgan failure. Cs-CMV by day 28 was also associated with an
increased incidence of progression/relapse at 1- and 3 years after
CAR T-cell therapy (supplemental Figure 3).

Discussion

In pivotal clinical trials, ZUMA-2 and TRANSCEND, the incidence
of CMV infection was <3%.1,2 However, CMV testing was not
conducted routinely in the participating subjects, which could have
led to a falsely low incidence. In this study, the incidence of CMV
reactivation (any viremia) and cs-CMV after CAR T-cell therapy was
33% and 11%, respectively, and there were no cases of end-organ
disease due to CMV reactivation. Our findings are consistent with
prior reports.8,9,11,20-22 CMV was the most common viral infection
in the first month of therapy in a study that included 60 anti-CD19
CAR T-cell recipients, with CMV reactivation and cs-CMV rates of
17% and 10%, respectively (median viremia, 6307 IU/mL; range,
310-44 250; none had CMV disease).8 Trando et al reported an
incidence of CMV viremia of 40% among 57 CD19-targeted CAR
T-cell recipients with available CMV data.23 In a recent single-
center retrospective study, CMV reactivation (any viremia)
occurred in 42 of 95 (44%) CD19-directed CAR T-cell recipients
who were CMV seropositive, with 22% of the patients experiencing
a viral load >1000 IU/mL.9 Chen et al also reported a cumulative
incidence of CMV reactivation >400 IU/mL of 44% by day 100
after CD19-targeted CAR T.10 In a recent study by Kampouri et al,
the incidence of CMV reactivation (any viremia) and cs-CMV
among 72 adult CMV-seropositive CD19-, CD20-, and B-cell
maturation antigen (BCMA)-targeted CAR T-cell recipients was
Figure 1. Increased risk of CMV reactivation in CAR T-cell therapy recipients rec

viremia) in the entire cohort. (B-G) The 180-day incidence of CMV reactivation (any virem

immunosuppressants, (F) anakinra use, and (G) degree of ICANS. The number of subject
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27% and 10%, respectively,11 with most cases corresponding to
low-grade viremia (median 127 IU/mL) and no cases of end-organ
disease.11 Khawaja et al also reported a cs-CMV rate of 10%
among 230 CD19-targeted CAR T-cell recipients at a major can-
cer center.22 The fact that we observed very similar rates of CMV
(any viremia) and cs-CMV compared with the incidence reported
by other groups is quite remarkable, considering the different CMV
PCR platforms used and different institutional cutoffs for initiation
of therapy across studies.

CMV reactivation occurs relatively early after CAR T, with a median
time to reactivation of 19 days in our study and 21 days in the
reports by Chen et al10 and Marquez-Algaba et al.9 This could be
related to the fact that CMV-specific cell–mediated immunity, as
measured by virus-specific T-cell responses to IE-1 and pp65
antigens using a CMV enzyme-linked immunospot assay, reaches a
nadir 2 weeks after infusion and recovers to baseline levels by
week 4.11 We have previously shown that the production of
interferon-γ alone does not fully capture the risk of CMV in the
allogeneic HCT setting;13 therefore, further characterization of the
immune reconstitution of the CMV-specific polyfunctional T-cell
compartment after CAR T-cell therapy is needed.

Although cases of end-organ disease, including CMV pneumonitis,
enteritis, and retinitis, have been reported after CAR T-cell infu-
sion,10,22,24-27 our data, along with previous cohort studies, indi-
cate that most CMV reactivation episodes after CAR T-cell
infusion do not require antiviral therapy and that end-organ disease
is uncommon.8-11,18,28 Yet, the impact of CMV reactivation (any
viremia) after CAR T-cell therapy should not be underestimated.
Sixty percent of patients with cs-CMV in this cohort met the
criteria for CMV syndrome, as described in solid organ transplant
recipients.19 One of the 2 deaths in the group of patients with cs-
CMV was due to fungemia. CMV infection is known to be asso-
ciated with indirect effects, including an increased risk of bacterial
and fungal infections,14,29,30 and reactivation of CMV at relatively
low viral load levels has been associated with increased mortality
in other cellular therapy settings.12 Further supporting this notion,
we observed increased 1-year overall mortality among patients
with CMV reactivation by day 28, similar to Khawaja et al who
reported a higher overall mortality rate 1-year after CAR T-cell
therapy in patients with cs-CMV.22 We also observed a higher
incidence of progression/relapse disease among those with CMV
reactivation by day 28, which could reflect enrichment of patients
with more aggressive lymphoma in this group, therefore not only at
higher risk of relapse but also at higher risk of CAR T-cell toxicity
requiring immunosuppression with associated infectious
complications.

There are currently no clear guidelines or consensus on the optimal
strategy for the prevention of CMV in patients receiving CAR T-cell
therapy. Our findings indicate that CMV reactivation is a common
complication after CAR T-cell therapy and that individuals who
receive immunosuppression or immunomodulation, particularly
corticosteroids and tocilizumab, for the management of CAR
eiving immunosuppression. (A) The 180-day incidence of CMV reactivation (any

ia) by (B) degree of CRS, (C) corticosteroid use, (D) tocilizumab use, (E) use of ≥2
s was 94.
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Figure 3. CAR T-cell outcomes by CMV reactivation. (A) 1-year overall mortality, (B) 1-year nonrelapsed mortality, and (C) 1-year progression/relapse rates after CAR T-cell

therapy among patients with no CMV reactivation and those with CMV reactivation by day 28. The number of subjects was 95.
T–associated toxicities carry a higher risk. In a study by Marquez-
Algaba et al, the sole risk factor for CMV reactivation was the
administration of high-dose corticosteroids, and among those who
had not received corticosteroids, none of them had cs-CMV.9

Similarly, in the present report, cs-CMV was exclusively seen in
patients who received both corticosteroids and tocilizumab. In a
study by Kampouri et al, the group of patients receiving >3 days of
corticosteroids or BCMA CAR T-cell therapy had an incidence of
CMV reactivation close to 50%.11 Marquez-Algaba et al reported
an eightfold increase in the risk of CMV viremia ≥1000 IU/mL with
corticosteroid treatment (OR, 8.4; 95% CI, 2.4-37).9 In patients
treated with axicabtagene ciloleucel, there was a significant asso-
ciation between corticosteroid use and CMV viremia, which
occurred within 2 weeks of corticosteroid initiation.31 Thus, our
findings and those of others strongly suggest the potential benefit
of routine early monitoring of CMV using a PCR assay (1-3 months)
after CAR T-cell therapy and/or antiviral prophylaxis in CAR T-cell
recipients who receive corticosteroids. We excluded 5 patients
who had received letermovir prophylaxis, 4 of whom experienced
CMV reactivation with 2 requiring antiviral therapy. Although the
role of letermovir in the prevention of CMV in adult-seropositive
allogeneic HCT recipients is well established,32,33 clinical trials
specifically addressing the efficacy of letermovir prophylaxis in
CMV-seropositive CAR T-cell recipients are needed.

Limitations of our study include those of a retrospective study
conducted at a single center. In addition, the heterogeneity of the
CAR T-cell therapies, most targeting CD19, prevent us from
drawing conclusions specific to a given product, and multivariate
analyses were restricted due to the small sample size. Lastly, CMV
viremia was monitored at the discretion of the treating physician;
therefore, it is conceivable that if routine monitoring had been
undertaken, the incidence of CMV reactivation would be higher
than that reported here. In addition, individual physician prefer-
ences could have influenced the testing frequency, yet the time to
Figure 2. Increased risk of clinically significant CMV reactivation in CAR T-cell t

clinically significant CMV reactivation in the entire cohort. (B-G) The 180-day incidence of

degree of CRS, (C) corticosteroid use, (D) tocilizumab use, (E) use of ≥2 immunosuppres

3820 LIN et al
initiation of testing and the number of tests were comparable
between the CMV and no CMV reactivation groups.

Despite these limitations, our observations are in alignment with
recent reports and provide novel insights into the incidence and
outcomes of CMV reactivation in this clinical setting. Our center
has now implemented routine CMV monitoring in CAR T-cell
recipients following the preemptive approach used in allogeneic
HCT recipients not receiving letermovir prophylaxis,14 although the
optimal duration and frequency of CMV PCR testing and the
optimal viral load threshold for the initiation of preemptive therapy in
this patient population remains to be established.18,28 Until more
data are available, the clinical decision-making on when to initiate
antiviral therapy might need to be individualized and guided by viral
kinetics (eg, doubling time of CMV DNA levels, which may be as
short as 2-3 days in high-risk allogeneic HCT recipients),14 risk
factor stratification of the host (eg, corticosteroids, ≥2 immuno-
suppressants), type of CAR T-cell product (eg, BCMA), anticipated
toxicity of antiviral agents (eg, if underlying cytopenia or renal dis-
ease), and the presence of symptoms. CMV-specific cell–mediated
immunity monitoring using interferon-γ release assays or flow
cytometry assessment of virus-specific polyfunctional T cells might
also play an important role in the risk stratification of CAR T-cell
recipients and further work in this area is needed.11,13

We conclude that CMV reactivation is a common complication of
CAR T-cell therapy in CMV-seropositive individuals, which can be
associated with increased overall mortality, even in the absence of
end-organ disease. Although larger confirmatory studies are
needed, our data indicate that administration of immunosuppres-
sion, particularly corticosteroids and tocilizumab, for the manage-
ment of CAR T-cell toxicities is a major risk factor for CMV
reactivation, and preventive interventions such as antiviral prophy-
laxis or routine monitoring for preemptive therapy may be indicated
in this setting.
herapy recipients receiving immunosuppression. (A) The 180-day incidence of

clinically significant CMV reactivation in patients receiving CAR T-cell therapy by (B)

sants, (F) anakinra use, and (G) degree of ICANS. The number of subjects was 94.

23 JULY 2024 • VOLUME 8, NUMBER 14



Acknowledgment

The authors thank all the patients who participated in the study.
Authorship

Contribution: R.Y.L., J.F.C., and K.V.K. conceived and designed the
study; R.Y.L. and J.F.C. acquired the data; R.Y.L., J.F.C., Y.N., A.N.,
and K.V.K. analyzed the data; R.Y.L. and J.F.C. prepared the first
draft of the manuscript; and all authors were involved in the revision
of the draft manuscript and have agreed to the final content.
23 JULY 2024 • VOLUME 8, NUMBER 14
Conflict-of-interest disclosure: M.I.M received funding from
Eurofins Viracor. The remaining authors declare no competing
financial interests.

ORCID profiles: R.Y.L., 0000-0001-6226-0375; A.D.A., 0000-
0002-2765-582X; Y.N., 0000-0002-4938-125X; M.R., 0000-
0003-4324-5748; M.I.M., 0000-0002-4479-8726; A.J.J., 0000-
0003-2817-6836; T.W., 0000-0001-5685-7204; J.S., 0000-
0001-6491-0044; J.F.C., 0000-0001-9584-5011.

Correspondence: Rick Y. Lin, University of Florida, 1600 SW
Archer Rd, Gainesville, FL 32608; email: ricklin@medicine.ufl.edu.
References

1. Abramson JS, Palomba ML, Gordon LI, et al. Lisocabtagene maraleucel for patients with relapsed or refractory large B-cell lymphomas (TRANSCEND
NHL 001): a multicentre seamless design study. Lancet. 2020;396(10254):839-852.

2. Wang M, Munoz J, Goy A, et al. KTE-X19 CAR T-cell therapy in relapsed or refractory mantle-cell lymphoma. N Engl J Med. 2020;382(14):1331-1342.

3. Rendo MJ, Joseph JJ, Phan LM, DeStefano CB. CAR T-cell therapy for patients with multiple myeloma: current evidence and challenges. Blood Lymphat
Cancer. 2022;12:119-136.

4. Hill JA, Li D, Hay KA, et al. Infectious complications of CD19-targeted chimeric antigen receptor-modified T-cell immunotherapy. Blood. 2018;131(1):
121-130.

5. Logue JM, Zucchetti E, Bachmeier CA, et al. Immune reconstitution and associated infections following axicabtagene ciloleucel in relapsed or refractory
large B-cell lymphoma. Haematologica. 2021;106(4):978-986.

6. Park JH, Romero FA, Taur Y, et al. Cytokine release syndrome grade as a predictive marker for infections in patients with relapsed or refractory B-cell
acute lymphoblastic leukemia treated with chimeric antigen receptor T cells. Clin Infect Dis. 2018;67(4):533-540.

7. Hill JA, Seo SK. How I prevent infections in patients receiving CD19-targeted chimeric antigen receptor T cells for B-cell malignancies. Blood. 2020;
136(8):925-935.

8. Beyar-Katz O, Kikozashvili N, Bar On Y, et al. Characteristics and recognition of early infections in patients treated with commercial anti-CD19 CAR-T
cells. Eur J Haematol. 2022;108(1):52-60.

9. Marquez-Algaba E, Iacoboni G, Pernas B, et al. Impact of cytomegalovirus replication in patients with aggressive B cell lymphoma treated with chimeric
antigen receptor T cell therapy. Transplant Cell Ther. 2022;28(12):851.e1-851.e8.

10. Chen G, Herr M, Nowak J, et al. Cytomegalovirus reactivation after CD19 CAR T-cell therapy is clinically significant. Haematologica. 2023;108(2):615-
620.

11. Kampouri E, Ibrahimi SS, Xie H, et al. CMV reactivation and CMV-specific cell-mediated immunity after chimeric antigen receptor T-cell therapy. Clin
Infect Dis. 2024;78(4):1022-1032.

12. Green ML, Leisenring W, Xie H, et al. Cytomegalovirus viral load and mortality after haemopoietic stem cell transplantation in the era of pre-emptive
therapy: a retrospective cohort study. Lancet Haematol. 2016;3(3):e119-e127.

13. Camargo JF, Wieder ED, Kimble E, et al. Deep functional immunophenotyping predicts risk of cytomegalovirus reactivation after hematopoietic cell
transplantation. Blood. 2019;133(8):867-877.

14. Camargo JF, Kimble E, Rosa R, et al. Impact of cytomegalovirus viral load on probability of spontaneous clearance and response to preemptive therapy
in allogeneic stem cell transplantation recipients. Biol Blood Marrow Transplant. 2018;24(4):806-814.

15. Korell F, Schubert ML, Sauer T, et al. Infection complications after lymphodepletion and dosing of chimeric antigen receptor T (CAR-T) cell therapy in
patients with relapsed/refractory acute lymphoblastic leukemia or B cell non-Hodgkin lymphoma. Cancers (Basel). 2021;13(7):1684.

16. Stewart AG, Henden AS. Infectious complications of CAR T-cell therapy: a clinical update. Ther Adv Infect Dis. 2021;8:20499361211036773.

17. Wudhikarn K, Perales MA. Infectious complications, immune reconstitution, and infection prophylaxis after CD19 chimeric antigen receptor T-cell
therapy. Bone Marrow Transplant. 2022;57(10):1477-1488.

18. Kampouri E, Boeckh MJ, Hill JA. Understanding the clinical significance of cytomegalovirus viremia after chimeric antigen receptor T-cell therapy: should
we be treating a value? Clin Infect Dis. 2024:ciae030. Epub ahead of print.

19. Ljungman P, Boeckh M, Hirsch HH, et al. Definitions of cytomegalovirus infection and disease in transplant patients for use in clinical trials. Clin Infect
Dis. 2017;64(1):87-91.

20. Solano de la Asuncion C, Hernani R, Albert E, et al. Cytomegalovirus DNAemia in haematological patients undergoing CD19-directed chimeric antigen
receptor T-cell therapy: should it be systematically monitored? Clin Microbiol Infect. 2023;29(8):1093-1095.

21. Wang D, Mao X, Que Y, et al. Viral infection/reactivation during long-term follow-up in multiple myeloma patients with anti-BCMA CAR therapy. Blood
Cancer J. 2021;11(10):168.
INCIDENCE OF CMV REACTIVATION AFTER CAR T THERAPY 3821

https://orcid.org/0000-0001-6226-0375
https://orcid.org/0000-0002-2765-582X
https://orcid.org/0000-0002-2765-582X
https://orcid.org/0000-0002-4938-125X
https://orcid.org/0000-0003-4324-5748
https://orcid.org/0000-0003-4324-5748
https://orcid.org/0000-0002-4479-8726
https://orcid.org/0000-0003-2817-6836
https://orcid.org/0000-0003-2817-6836
https://orcid.org/0000-0001-5685-7204
https://orcid.org/0000-0001-6491-0044
https://orcid.org/0000-0001-6491-0044
https://orcid.org/0000-0001-9584-5011
mailto:ricklin@medicine.ufl.edu
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref1
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref1
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref2
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref3
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref3
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref4
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref4
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref5
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref5
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref6
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref6
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref7
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref7
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref8
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref8
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref9
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref9
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref10
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref10
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref11
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref11
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref12
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref12
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref13
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref13
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref14
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref14
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref15
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref15
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref16
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref17
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref17
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref18
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref18
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref19
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref19
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref20
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref20
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref21
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref21


22. Khawaja F, Prakash R, Sassine J, et al. Cytomegalovirus (CMV) reactivation within in the first year after chimeric antigen receptor (CAR) T cell therapy:
experience from the first two years at a major cancer center. Blood. 2022;140(suppl 1):7533-7535.

23. Trando A, Ter-Zakarian A, Yeung P, et al. Outcomes of chimeric antigen receptor (CAR) T-cell therapy in patients with large B-cell lymphoma (LBCL): a
single-institution experience. Cancers (Basel). 2023;15(18):4671.

24. Heldman MR, Ma J, Gauthier J, et al. CMV and HSV pneumonia after immunosuppressive agents for treatment of cytokine release syndrome due to
chimeric antigen receptor-modified T (CAR-T)-cell immunotherapy. J Immunother. 2021;44(9):351-354.

25. Cheng J, Huang J, Cao W, et al. Case report: fatal cytomegalovirus pneumonia after CAR-T cell therapy in the long-term follow-up. Front Immunol.
2023;14:1226148.

26. Bin Dokhi H, Alharbi AO, Ibnouf NH, Alahmari B, Refka MN. Post-CD19 chimeric antigen receptor T-cell therapy cytomegalovirus retinitis. Cureus.
2022;14(3):e23002.

27. Zu C, Xu Y, Wang Y, et al. Cytomegalovirus retinitis and retinal detachment following chimeric antigen receptor T cell therapy for relapsed/refractory
multiple myeloma. Curr Oncol. 2022;29(2):490-496.

28. Hammond SP, Little JS. How much does cytomegalovirus viremia matter after chimeric antigen receptor T-cell therapy? Clin Infect Dis. 2024:ciae053.
Epub ahead of print.

29. Marr KA, Carter RA, Boeckh M, Martin P, Corey L. Invasive aspergillosis in allogeneic stem cell transplant recipients: changes in epidemiology and risk
factors. Blood. 2002;100(13):4358-4366.

30. Nichols WG, Corey L, Gooley T, Davis C, Boeckh M. High risk of death due to bacterial and fungal infection among cytomegalovirus (CMV)-
seronegative recipients of stem cell transplants from seropositive donors: evidence for indirect effects of primary CMV infection. J Infect Dis. 2002;
185(3):273-282.

31. Baird JH, Epstein DJ, Tamaresis JS, et al. Immune reconstitution and infectious complications following axicabtagene ciloleucel therapy for large B-cell
lymphoma. Blood Adv. 2021;5(1):143-155.

32. Anderson A, Raja M, Vazquez N, Morris M, Komanduri K, Camargo J. Clinical "real-world" experience with letermovir for prevention of cytomegalovirus
infection in allogeneic hematopoietic cell transplant recipients. Clin Transplant. 2020;34(7):e13866.

33. Marty FM, Ljungman P, Chemaly RF, et al. Letermovir prophylaxis for cytomegalovirus in hematopoietic-cell transplantation. N Engl J Med. 2017;
377(25):2433-2444.
3822 LIN et al 23 JULY 2024 • VOLUME 8, NUMBER 14

http://refhub.elsevier.com/S2473-9529(24)00347-1/sref22
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref22
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref23
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref23
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref24
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref24
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref25
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref25
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref26
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref26
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref27
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref27
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref28
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref28
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref29
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref29
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref30
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref30
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref30
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref31
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref31
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref32
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref32
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref33
http://refhub.elsevier.com/S2473-9529(24)00347-1/sref33

	Incidence and outcomes of cytomegalovirus reactivation after chimeric antigen receptor T-cell therapy
	Introduction
	Methods
	Study subjects
	Antiviral prophylaxis and CMV therapy
	Measurement of CMV viral load
	Outcomes and statistical analysis

	Results
	Patient characteristics
	CAR T-cell toxicities
	Timing and frequency of CMV testing
	Incidence of CMV reactivation and viral kinetics
	Risk factors for CMV
	Mortality and progression/relapse rates

	Discussion
	Authorship
	References




