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Respiratory viral infections (RVIs) are of major clinical importance in immunocompromised patients and represent a substantial
cause of morbidity and mortality in patients with hematologic malignancies and those who have undergone hematopoietic cell
transplantation. Similarly, patients receiving immunotherapy with CD19-targeted chimeric antigen receptor-modified T cells,
natural killer cells, and genetically modified T-cell receptors are susceptible to RVIs and progression to lower respiratory tract
infections. In adoptive cellular therapy recipients, this enhanced susceptibility to RVIs results from previous chemotherapy
regimens such as lymphocyte-depleting chemotherapy conditioning regimens, underlying B-cell malignancies, immune-related
toxicities, and secondary prolonged, profound hypogammaglobulinemia. The aggregated risk factors for RVIs have both
immediate and long-term consequences. This review summarizes the current literature on the pathogenesis, epidemiology, and
clinical aspects of RVIs that are unique to recipients of adoptive cellular therapy, the preventive and therapeutic options for

common RVIs, and appropriate infection control and preventive strategies.
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Respiratory viral infections (RVIs) remain a major cause
of morbidity in patients with hematologic malignancies
and those who have undergone hematopoietic cell trans-
plantation (HCT). Similarly, recipients of CD19-targeted
chimeric antigen receptor (CAR)-modified T cells, B-cell
maturation antigen (BCMA)-targeted CAR T cells, and
natural killer cells, among others, are also susceptible to
severe RVIs, with subsequent impact on morbidity and
mortality [1, 2].

Recipients of adoptive therapy undergo lymphocyte-
depleting conditioning regimens and often suffer from pro-
longed, profound lymphopenia and hypogammaglobulinemia
[1]. Potential complications from these cellular therapies
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include cytokine release syndrome (CRS) and immune effector
cell-associated neurotoxicity syndrome (ICANS); management
often requires corticosteroids and interleukin blockers such as
anakinra and tocilizumab. These therapies can derange the in-
tricate balance of humoral and cell-mediated immunity.
Currently, data are still limited regarding the risk factors and
management strategies for RVIs in patients who have under-
gone cellular therapies.

This review summarizes the pathogenesis, epidemiology,
and clinical aspects of RVIs that are unique to recipients of
adoptive cellular therapy and introduces preventive and thera-
peutic options for common RVIs.

ADOPTIVE CELLULAR THERAPIES AND CELLULAR IMMUNOTHERAPIES
Adoptive cellular therapies are promising salvage treatments
for patients with relapsed or refractory (r/r) hematological ma-
lignancies [3]. These therapies involve T cells and natural killer
cells that have been genetically modified to express CARs. The
CAR expression on these immune cells targets cancer cells by
recognizing their tumor-associated antigens [4]. CAR T-cell
therapies directed against CD19 are being used in the treatment
of r/r lymphomas affecting B-cell lineages and acute and chron-
ic lymphoblastic leukemia while BCMA-directed CAR T-cell
therapies are used in the treatment of r/r multiple myeloma
[5]. Before the CAR-modified immune cell infusion, patients
undergo lymphodepletion chemotherapy to allow efficient
cell engraftment.
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INFECTIOUS RISK ASSOCIATED WITH CELLULAR IMMUNOTHERAPIES
The immune derangements detected in recipients of cellular
immunotherapies are multifactorial. The different underlying
malignancies lead to distinct inherent immune derangements
related to the primary disease process. Lymphoblastic leukemia
and multiple myeloma are associated with baseline cell-
mediated immune defects, hypogammaglobulinemia, comple-
ment defects, and abnormal phagocytosis whereas lymphoma
mainly causes qualitative and quantitative lymphocyte abnor-
malities [6]. These patients are often exposed to multiple lines
of chemotherapy that result in prolonged cytopenia, B-cell
depletion, and hypogammaglobulinemia, which is known
to be associated with an increased risk of mortality due to
community-acquired RVIs [7, 8]. In addition, 38%-55% of
these patients undergo either autologous or allogeneic HCT
preceding adoptive cellular therapy [2]. In this setting, the
type of HCT-related lymphodepletion regimen impacts the
duration of bone marrow suppression [1] and many patients
experience delayed recovery of B- and T-lymphocyte subsets
[9]. Further immunological dysregulations ensue when
graft-versus-host disease occurs with subsequent use of steroids
and other immunosuppressants. These cumulative immunode-
ficiencies predispose patients to significant clinical conse-
quences and diminished responses to available vaccines.

In addition to all of the above factors, different types of CAR
therapies are associated with infusion toxicities often requiring
corticosteroids and interleukin blockers, such as anakinra and
tocilizumab, and unique on-target-off-tumor toxicities leading
to short-term and long-term immunodeficiencies [10]. The
CD19 cell surface antigen is expressed on earlier-stage naive
and memory B cells and lost on the terminal plasma cells affect-
ing the development and immunoglobulin activation of B cells
while BCMA expression remains present on long-lived plasma
cells, which represent the long-lived antibody-producing plas-
ma cells and hence are hypothesized to lead to a higher extent of
immunoglobulins deficiencies with subsequent higher risks for
viral infections than CD19-directed CAR T-cell therapy [4, 10].

Like the HCT clinical categorization, the timeline from CAR
T-cell infusion comprises multiple phases, with the early phase
from day 0 to 30, the intermediate phase from day 31 to day
100, and the late phase beyond day 100 [8] (Figure 1).

Early Phase

Cytopenias occur in up to 48% of patients during the early
phase [11]. These are attributed to lymphodepleting regimens,
bridging chemotherapy, or radiotherapy before CAR T-cell in-
fusion, as well as to therapy-related toxicities, like CRS, macro-
phage activation syndrome, and ICANS [12]. CRS and ICANS
occur in relatively high proportions and vary with the type and
burden of the underlying malignancies, ranging from 37% to
93% and 23% to 67%, respectively [13]. Their treatment proto-
cols include anti-interleukin 6 receptor antibodies such as

tocilizumab in addition to corticosteroids when severe [13].
Bacteria are the most common pathogens during the early
phase, accounting for 54%-61% of infections, followed by viral
infections, of which 8%-38% are RVIs [2, 8, 14].

Intermediate and Late Phase

Following day 30, bone marrow toxicities with prolonged cyto-
penias, such as neutropenia, B-cell aplasia, and hypogamma-
globulinemia, are increasingly noted as therapy-related
adverse effects [12]. The likelihood of developing extended im-
munosuppression and off-target effects, such as B-cell aplasia
leading to long-term hypogammaglobulinemia, increases with
the number of previous lines of therapy [12]. This has been ob-
served within 9 weeks following receipt of CAR T-cell infusion
and may persist through 4 years [3]. In a pooled analysis of 3
clinical trials (NCT01029366 and NCT02640209 for tisagenle-
cleucel, and NCT01747486 for CART-19/4-1 BB) that included
67 patients who received CD19-directed CAR T-cell therapy
[15], 44% of patients had hypogammaglobulinemia before
therapy, and 81% developed a new or persistent decline in their
immunoglobulin levels following infusion [15].

Persistent cytopenias were noted in 27% of patients at 1 year
and in 11% of patients at 2 years in the ZUMA-1 and ZUMA-9
trials [11]. Similarly, in the TRANSCEND NHL-001 trial that
evaluated lisocabtagene maraleucel therapy in patients with re-
lapsed or refractory large B-cell lymphoma, 37% of the patients
(N =100/269) developed cytopenias at day 29 [16]. Other ret-
rospective analyses reported similar results; the rate of persis-
tent neutropenia, defined as neutropenia beyond day 28 in
some studies and beyond day 42 in others, ranged from 9%
to 70% in these analyses [17]. The intermediate and late phases
after CAR T-cell infusion are mostly complicated by RVIs [8,
14].

INCIDENCE AND PATTERNS OF RVIs AFTER ADOPTIVE CELL THERAPY
To date, there are scarce data on the incidence and outcomes of
RVIs after CAR T-cell therapy. Most of the literature was gen-
erated from post hoc evaluation of the main CAR T-cell therapy
trials. These studies’ rates of RVIs ranged from 8.3% to 19.5% in
the early phase (within 30 days of CAR T-cell infusion) [14, 18-
20] and in some studies reached 58% from days 30 to 90 and
53% within 1 year during monitoring (late phase) [1, 8, 19,
21, 22]. The high overall incidence of these RVIs after CAR
T-cell therapy during the late phase is likely attributable to pa-
tients reengaging with their communities while experiencing
the long-term immunodeficiency described above [23].

Some of the landmark CAR T-cell trials that have described
RVIs among their participants include the phase 2, multicenter
ZUMA-1 trial of axicabtagene ciloleucel [24], the JULIET trial
of tisagenlecleucel [25], and the TRANSCEND trial of lisocab-
tagene maraleucel, among others [26-28] (Table 1). In the
ZUMA-1 trial, 12 upper respiratory tract infections (URTIs)
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Timeline of host immune defects, predictable respiratory viral infection incidence, and corresponding preventive practices for recipients of cellular therapy.

Abbreviations: CAR-T, chimeric antigen receptor—modified T-cell therapy; COVID-19, coronavirus disease; CRS/ICANS, cytokine release syndrome/immune effector cell—
associated neurotoxicity syndrome; IgG, immunoglobulin G; IVIG, intravenous immunoglobulin; LDT, lymphodepleting chematherapy.

occurred among the 101 participants within 8 months of CAR
T-cell infusion. Two recurrent URTTs were noted on follow-up
at 16 months [24]. In the phase 1 trial for 19-28z CAR T-cell
therapy, 11 RVIs were reported; 3 occurred in the first month
after the infusion, and 8 occurred between 31 and 180 days after
the infusion, with a median of 48 days [25]. In 2 cohorts of pa-
tients with r/r diffuse large-B-cell lymphoma receiving axicab-
tagene ciloleucel or tisagenlecleucel, RVIs occurred less
frequently during the first 30 days (up to 11.8%) than during
day 30 to 1 year after receipt of adoptive cellular therapy (up
to 23%) [14, 20]. None of these infections were associated
with death during the follow-up period. Among the studies
that reported the incidence of specific viruses, rhinovirus infec-
tions were the most common (35/102 [34.3%]), followed by in-
fluenza (22/102 [21.6%]) and human parainfluenza virus
(hPIV) (15/102 [14.7%]) infections (Table 1). The prevalence
of coronavirus disease 2019 (COVID-19) was 4.8% among an
observational cohort of 353 patients who received CAR T-cell
therapy in 2020 prior to vaccine development [29], with half
of the patients having received their therapy within 6 months
of acquiring the virus [29].

Poor outcomes and higher mortality due to RVIs were
reported in patients post-adoptive cellular therapy [8].
Influenza virus-associated lower respiratory tract infections
(LRTIs) occurred in patients after receipt of FMC63-28Z and
autologous anti-CD19 CAR T lymphocytes [4, 29]. Death at-
tributed to influenza infection was also reported in a patient en-
rolled in the ZUMA-1 trial [24]. Furthermore, during the
COVID-19 pandemic, patients with hematologic malignancies,
including those who had received CAR T-cell products, were at
higher risk of developing severe COVID-19 and had a higher
death rate [4]. Two European cohorts of unvaccinated CD19
and BCMA-directed CAR T-cell recipients with concomitant
COVID-19 were evaluated. In the first cohort with a total of
30 patients, 66.7% experienced severe disease, 43.3% required

intensive care unit (ICU) admission, and 50% died [29]. In
the second cohort of 56 patients, 80% required hospitaliza-
tion, 42.9% received oxygen support, and 39.3% required
ICU admission, and COVID-19-attributed mortality was
41.1% [30]. In addition, few studies highlighted the
persistent and prolonged severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) viral detection by
reverse-transcription polymerase chain reaction (PCR) as-
says from nasopharyngeal swabs beyond 2 months in
some patients [29, 31].

DIAGNOSIS OF RESPIRATORY ILLNESSES AND AVAILABLE THERAPIES
FOR RECIPIENTS OF CELLULAR THERAPY

Adoptive cellular therapy recipients exhibiting upper or lower
respiratory symptoms, with or without fever, should be evalu-
ated for respiratory viruses in circulation. Because the available
rapid detection techniques for influenza and respiratory syncy-
tial virus (RSV) antigens have low sensitivity and specificity
[23], comprehensive nasopharyngeal multiplex PCR testing
for COVID-19 and other respiratory illnesses can improve
the timeliness of care. As antiviral therapies are available for
some pathogens, early, specific viral diagnostics can help pre-
vent the progression to LRTT.

For patients with presumptive or confirmed RVI before CAR
T-cell therapy, lymphodepleting chemotherapy should be de-
layed for 2 weeks or until symptoms resolve [23], especially
for RSV, hPIV types 1-4, influenza virus A or B, and metapneu-
movirus [32]. Although delaying CAR T-cell therapy until the
resolution of symptoms may be preferred, this must be ba-
lanced against the risk of malignancy progression [32].
Pulmonary radiography can help guide clinical decisions and
risk stratification on infected patients.

To date, no prospective studies evaluate the specific use of
antiviral therapy in recipients of adoptive cellular therapy.
Instead, current practices are extrapolated from data and

RVIs After Adoptive Cell Therapies « OFID « 3



Table 1.

Summary Table of Published Chimeric Antigen Receptor T-Cell Studies and Respiratory Viral Infections

No. of
Patients

Study [Reference]

Underlying Malignancy

Study Name,
|dentifier, Product

No. and Type of RVIs

Clinical trials

Cappell et al, 2020 53
[25]

Hill et al, 2018 [2] 133

Locke et al, 2019 [24] 101

Schuster et al, 2019 111
[26]

Frey et al, 2020 [27] 42

Cappell et al, 2020 43
[25]

Abramson et al, 2020 269
[16]

Retrospective studies
Schuster et al, 2017 28
[28]

Wudhikarn et al, 2020 60
[14]

Dayagi et al, 2021 88
[19]

B-ALL

Relapsed refractory CD19* ALL,

CLL, NHL

DLBCL

DLBCL

Relapsed or refractory B-ALL

Primary mediastinal BCL,
DLBCL

LBCL

DLBCL, follicular lymphoma

DLBCL

ALL, NHL

Phase 1 clinical trial, NCT01044069
19-28z* CAR-T

Phase 1/2 clinical trial
NCT01865617
Autologous anti-CD19-
CAR-4-1BB-CD3zeta-EGFRt-expressing
T lymphocytes

ZUMA-1 trial, NCT02348216
(axicabtagene ciloleucel)

JULIET trial, phase 2, NCT02445248
CTLO19 (tisagenlecleucel-T)

Phase 2 trial, NCT02030847, NCT01029366
CTLO19 (tisagenlecleucel)

Phase 1/2 trial, NCT00924326
(FMC63-282)

TRANSCEND trial, NCT02631044
(lisocabtagene maraleucel)

Phase 2a trial, NCT02030834
CTLO19 (tisagenlecleucel)

Axicabtagene ciloleucel
or tisagenlecleucel

CD28-based CD19 CAR T cells

Total: 11

<30d,n=3
Parainfluenza, n=2
Rhinovirus, n=1

31-180d,n=8
Coronavirus, n=1
Influenza A, n=2
Rhinovirus/enterovirus, n=4
Unknown, n=1

Total: 20
Viral pneumonia, n=3
<28d,n=10
Rhinovirus, n=4
Parainfluenza 3, n=2 (1 LRTI)
Parainfluenza 4, n=1 (LRTI)
Influenza A, n=1
hMPV, n=1
Coronavirus, n=1
29-90d,n=10
Rhinovirus, n=4
Parainfluenza 3, n=2
Influenza A, n=1
Influenza B, n=1 (LRTI)
hMPV, n=1
Coronavirus, n=1
Total: 12
Viral pneumonia, n=5
Influenza A, n=2
Influenza B, n=6
Rhinovirus, n=1
Parainfluenza, n=1
Total: 13
Unspecified, n=13
Total: 2
Influenza, n=1
Unspecified, n=1
Total: 1
Influenza, n=1

Total: 3
Coronavirus, n=1
Parainfluenza, n=1
Unspecified, n=1

Total: 8
Unspecified®, n=8
Total: 27
<30d,n=5
Rhinovirus, n=2
Parainfluenza, n=1
Coronavirus, n=1
hMPV, n=1
>30d, n=22
Rhinovirus, n=8
Parainfluenza, n=1
Coronavirus, n=2
hMPV, n=3
Adenovirus, n=2
Influenza, n=2
Unidentified®, n=4
Total: 5
<30d,n=5
Parainfluenza, n=2
hMPV, n=2
Influenza B, n=1
>30d,n=0
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Table 1. Continued

No. of

Study [Reference] Patients Underlying Malignancy

Study Name,

Identifier, Product No. and Type of RVIs

Logue et al, 2021 [18] 85 Relapsed or refractory LBCL

Baird et al, 2021 [20] 41 Relapsed or refractory CD19*

LBCL

Kambhampati et al, 55
2022 [22]

Relapsed refractory multiple
myeloma

Axicabtagene ciloleucel

Axicabtagene ciloleucel

BCMA CAR-T (JCARH125,
BB2121, BB21217, JNJ-4528)

Total: 29
<30d,n=10
Rhinovirus, n=7
Influenza, n=2
RSV, n=1
>30d,n=19
Rhinovirus, n=4
Influenza, n=2
Parainfluenza, n=2
RSV, n=1
Unspecified?, n=10
Total: 14
<28d,n=4
Unspecified®, n=4
>28d,n=10
Unspecified®, n=10
Total: 25
Unspecified, n=25

Abbreviations: ALL, acute lymphoblastic leukemia; B-ALL, B-cell acute lymphoblastic leukemia; BCL, B-cell lymphoma; BCMA, B-cell maturation antigen; CAR-T, chimeric antigen receptor—
modified T-cell therapy; CLL, chronic lymphocytic leukemia; DLBCL, diffuse large B-cell ymphoma; hMPV, human metapneumovirus; LBCL, large B-cell lymphoma; LRTI, lower respiratory
tract infection; NHL, non-Hodgkin lymphoma; RSV, respiratory syncytial virus; RVI, respiratory viral infection.

“Clinical diagnosis without microbiological confirmation.

available guidelines for recipients of HCT [33]. This is one of
the limitations to our review, which underscores the need for
more related research.

Respiratory Syncytial Virus

An immunodeficiency scoring index was originally developed
to risk-stratify RSV infections in recipients of allogeneic HCT
and help define their risk of progressing to LRTI and mortality
[34]. Although the index has not been validated in recipients of
CAR T-cell therapy, this population would benefit from a sim-
ilar tool to identify those at high risk of severe infection and to
guide antiviral therapy. As in HCT recipients, patients with a
low likelihood of progression to LRTI do not require therapy,
but those with evidence of LRTT and those at moderate-to-high
risk of progression to LRTI may benefit from oral ribavirin
therapy [34].

Intravenous immunoglobulin (IVIG) is a recommended ad-
junct therapy in HCT recipients with RSV infections that have
progressed to LRTI [34]. Further studies are needed to determine
its role in recipients of adoptive cellular therapy, but it may be
considered in patients with low immunoglobulin G (IgG) titers.
Newer agents, including EDP-938 (NCT04196101) and sisuna-
tovir (RV521; NCT04267822), are being actively investigated
as treatments for RSV infections in recipients of HCT.

Influenza Virus

Influenza virus infection can result in pneumonia and acute re-
spiratory failure in recipients of adoptive cellular therapies. In
these patients, antiviral therapy should be initiated immediately
in all symptomatic patients with confirmed infection, even if
symptom onset is beyond 48 hours, and the duration of therapy

should be extended up to 10 days in patients with severe or pro-
longed illness [35]. Neuraminidase inhibitors are recommend-
ed treatments for influenza A and B; oseltamivir is the preferred
agent except for neuraminidase-mutated influenza A(HIN1)
[35]. Inhaled zanamivir is an alternative for both subtypes
[35]. Intravenous peramivir has not been tested in immuno-
compromised patients. Still, it is an alternative when intestinal
absorption is compromised by mucositis or diarrhea and in-
haled zanamivir is not an option [23]. Baloxavir marboxil, a
new antiviral agent with limited efficacy data [33, 36], is used
in rare instances as salvage therapy. Combining baloxavir
with standard-of-care neuraminidase inhibitors in hospitalized
patients with severe influenza infection did not result in supe-
rior clinical outcomes but did show greater virologic efficacy
[36]. However, the study did not report specifically on immu-
nocompromised patients with underlying malignancies except
noting the development of viral resistance in 2 patients with re-
lated immunosuppression due to their underlying malignan-
cies [36]. In a subset analysis of immunocompromised
patients who were not clearly defined, no significant difference
in the median time to clinical recovery was observed (n = 17
and n = 13 in the baloxavir and the standard-of-care arms, re-
spectively) [36]. A single-center clinical trial of baloxavir in
combination with oseltamivir in HCT recipients is currently
under way (NCT05170009).

Chemoprophylaxis is a strategy for preventing overt influen-
za infection in susceptible patients. Therapeutic dosing of osel-
tamivir within 48 hours postinfluenza exposure or during
institutional outbreaks should be considered in unvaccinated
patients or those with a poor vaccine response [32]. Available
studies have shown significantly lower rates of cultured (0.4%
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oseltamivir vs 3.8% placebo) or PCR-confirmed (1.7% oselta-
mivir vs 8.4% placebo) influenza infections upon prophylaxis
against influenza [33].

Human Parainfluenza Virus

Currently, there are no licensed anti-hPIV therapies. Therefore,
supportive care and sometimes adjunctive IVIG are utilized
[33]. Ribavirin therapy has been used despite the scarcity of
data [33]. Sialidase DAS181, a novel inhaled host-active antivi-
ral that cleaves the sialic acids from the surface of the respira-
tory epithelium preventing infection, demonstrated more
rapid clinical stability and survival in the phase 2 trial [37]. A
phase 3 trial of DAS181 in immunocompromised patients is
under way (NCT03808922).

Rhinovirus

There are no approved antirhinovirus-specific therapies.
Several agents have been studied, including capsid-binding
proteins, protease inhibitors, and soluble intercellular adhesion
molecules; however, these have failed to demonstrate clinical
efficacy and may induce viral resistance [38].

CoVID-19

The optimal approach to treating COVID-19 in immunocom-
promised patients is under investigation. Available therapies
for patients with moderate to severe infection include antiviral
and anti-inflammatory agents [39]. Therapeutic options should
be guided by disease severity, as suggested by clinical parame-
ters, including the presence of symptoms, age (>65 years), pre-
existing cardiopulmonary disease, severe obesity (body mass
index >40 kg/m?), recent myeloablative chemotherapy, history
of HCT, CAR T-cell therapy, severe lymphopenia (<300 cells/
uL), hypogammaglobulinemia, radiographic evidence of LRTI,
supplementation oxygen requirements, mechanical ventilation,
and multiorgan dysfunction.

Early antiviral treatment with remdesivir showed a small ef-
fect against death and progression to ventilation in hospitalized
patients, but no benefit was noted once mechanical ventilation
was needed. The recommended duration of therapy spans from
3 to 10 days depending on illness severity [40]. Longer duration
of therapy may be warranted for this population, unlike the ge-
neral population. Persistent COVID-19 and clinical relapse
have been reported in immunocompromised patients, and pro-
longing the duration of remdesivir course or repeating a course
may be warranted [40, 41]. Oral antiviral agents—including the
combination of the oral protease inhibitors nirmatrelvir and ri-
tonavir, and molnupiravir, a nucleoside analogue that inhibits
SARS-CoV-2 replication—are currently indicated for use in pa-
tients at risk of severe complications from COVID-19 to pre-
vent hospitalization and progression to severe disease [42].

The arsenal of monoclonal antibodies in the treatment
of COVID-19 has been jeopardized by rapidly emerging

SARS-CoV-2 variants of concern [43], as these agents do not
retain substantial efficacy against the currently dominant vari-
ant strains.

Regarding anti-inflammatory agents, dexamethasone reduc-
es mortality in patients at least 7 days from COVID-19 symp-
tom onset who require supplemental oxygen beyond their
baseline; delaying treatment until day 7 may decrease the risk
of corticosteroid-induced immunosuppression exacerbating
viral replication. Tocilizumab may be used with dexametha-
sone and remdesivir for COVID-19 pneumonia in select pa-
tients requiring varying degrees of persistent supplemental
oxygen [39]. In patients requiring supplemental oxygen beyond
baseline who are not candidates for corticosteroid therapy, bar-
icitinib may be considered if the benefits of the drug outweigh
the risks (eg, further immunosuppression, superinfections, and
thrombosis) [39].

INFECTION PREVENTION STRATEGIES

Infection prevention and control (IPC) strategies are integral
to the care of patients with hematological malignancies, recip-
ients of HCT, and adoptive cellular therapies. IPC precautions
should be implemented for patients with suspected or docu-
mented RVIs. Standard precautions to prevent RVIs include
hand hygiene, control of air quality, and transmission-based
droplet precautions. Patients with RVIs who are hospitalized
should be placed on isolation precautions to prevent trans-
mission to healthcare workers (HCWs) and other vulnerable
patients. The recommended personal protective equipment
for HCWs caring for patients with RVIs includes gloves,
gowns, masks, and sometimes eye protection. Visitors should
also be asked about URTI symptoms and should delay visita-
tion when symptoms are present. Similarly, HCW's with respi-
ratory symptoms should refrain from direct patient care until
symptom resolution to avoid nosocomial transmission
(Table 2) [44].

The COVID-19 pandemic demonstrated the utility of univer-
sal masking in patient care areas. The rates of non-COVID-19
RVIs decreased in institutions where universal masking was
adopted for HCWs and patients [45]. Prepandemic, a prospec-
tive trial noted a significant decrease in the overall incidence of
RVT rates from 10.3% to 4.4% in HCT recipients after a manda-
tory universal masking policy on all individuals in contact with
this patient population [46].

Clinical surveillance of community-acquired respiratory vi-
ruses, especially during times of high viral circulation in the
community or during hospital outbreaks, should include daily
screening for signs and symptoms of RVIs. Furthermore, pro-
longed viral shedding should be considered in recipients of
adoptive cellular therapy, including HCT and immunotherapy
cell recipients, and corresponding infection control precau-
tions should be taken. This is especially important for
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Table 2. Preventive and Therapeutic Recommendations for Recipients of Cellular Therapy With Respiratory Viral Infections

Virus Prophylaxis

Available Therapies

Infection Control Procedures and Prevention
Strategies

Respiratory syncytial  Not indicated

— Oral or aerosolized ribavirin
virus — RSV polyclonal or monoclonal

— Transmission-based contact plus droplet
precautions

antibodies, EDP-938 (sisunatovir;
under investigation)

Rhinovirus No chemoprophylaxis available

Parainfluenza virus No chemoprophylaxis available - IVIG

— DAS181 (a sialidase; under
investigation)

— Oral oseltamivir

— Inhaled zanamivir

— Intravenous peramivir

— Oral baloxavir marboxil in
combination therapy

Influenza A and B Postexposure:

— Within 48 h of exposure in
unvaccinated patients or those with
poor vaccine response

— Oral oseltamivir (preferred) or
inhaled zanamivir

Human
metapneumovirus

No chemoprophylaxis available

Coronaviruses No chemoprophylaxis available

Supportive care

Supportive therapy

Supportive care

— Transmission-based contact plus droplet
precautions

— Consider longer ICP measures for prolonged
shedding

Transmission-based contact plus droplet
precautions

— Transmission-based contact plus droplet
precautions

— Seasonal vaccination (lifelong):
at least 2 wk prior to the initiation of
lymphodepleting therapy and 3 mo after CAR
T-cell infusion; then annually thereafter

— Vaccination of close contacts

Transmission-based contact plus droplet
precautions

Transmission-based contact plus droplet
precautions

SARS-CoV-2 — Oral ritonavir-boosted nirmatrelvir — Transmission-based contact plus airborne
(Paxlovid) precautions
— Molnupiravir — Serial vaccination series: 2 wk prior to the initiation
— Remdesivir of lymphodepleting therapy and 90 d after CAR
— Dexamethasone T-cell infusion
— Tocilizumab
— Baricitinib

Abbreviations: CAR, chimeric antigen receptor; ICP, infection control and prevention; IVIG, intravenous immunoglobulin; RSV, respiratory syncytial virus; SARS-CoV-2, severe acute respiratory

syndrome coronavirus 2.

rhinovirus, as shedding time in infected patients may exceed 21
days (Table 2).

VACCINATION AND OTHER STRATEGIES FOR PREVENTING RVIs

The immunogenicity of vaccines following CAR T-cell therapy
is not well established. Available studies show mixed vaccine
responses to influenza and SARS-CoV-2.

Influenza A(HINI1)-specific titers were significantly lower in
response to vaccination in CAR T-cell therapy recipients com-
pared to a control group, despite similar vaccination frequency
[47]. In contrast, a prospective study on inactivated influenza
vaccine given before or after CD19-directed CAR T-cell therapy
found evidence of preserved immunogenicity, even among pa-
tients with low immunoglobulin and CD19" B-cell levels [48].

A pooled analysis of 11 studies evaluating the immune re-
sponse to the SARS-CoV-2 vaccination series in which CAR
T-cell recipients received either 2 or 3 vaccine doses found a cu-
mulative humoral response of 35.9% [49], suggesting either a
poor vaccine response or a rapidly waning responses.

The current practice of immunization of adoptive cell ther-
apy recipients is not standardized. Experts recommend admin-
istering nonlive vaccines 2-4 weeks before CAR T-cell infusion
[50]. Live vaccines should be avoided 6-8 weeks before CAR
T-cell therapy [50]. After infusion, the patient population

becomes heterogeneous. For patients in remission who do
not require additional chemotherapy, vaccinations with killed
or inactivated vaccines should be considered 6 months to 1
year after CAR T-cell therapy, as long as the patients have
not received IVIG supplementation within 2 months [32].
For influenza, experts suggest administering the annual vaccine
at least 2 weeks before lymphodepleting therapy or 6 months
after CAR T-cell infusion, similar to the other inactivated vac-
cines, and then yearly thereafter [32]. It is reasonable however,
during the influenza season and outbreaks, to administer the
vaccine starting 3 months post-CAR T-cell therapy despite
the possible inadequate response. European and United
States transplant guidelines recommend COVID-19 vaccina-
tion as early as 3 months after transplantation or adoptive cel-
lular therapy to prevent infection and severe disease [23, 34].
These recommendations were based on limited data from few
small sample size studies on COVID-19 vaccines and on previ-
ous clinical experience with other vaccine-preventable infec-
tions [23, 51]. The Pfizer-BioNTech and Moderna messenger
RNA COVID-19 vaccines are preferred for primary and boos-
ter vaccinations [51]. COVID-19 vaccination should not be
delayed in patients receiving IVIG [51]. Interestingly, the
COVID-19 vaccines developed against earlier strains during
the pandemic provided clinical protection despite decreased
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humoral responses after the emergence of highly mutated
SARS-CoV-2 variants. This potentially underscored the role
of the spike-specific T-cell immunity induced by COVID-19
vaccinations [52, 53]. Oh et al showed that vaccination with
BNT162b2 induced spike-specific T-cell immunity in a small
cohort of 8 patients treated with anti-CD19 4-1BB-CD3z
CAR T-cell therapy [53]. As numerous epitopes are targeted
along the whole spike protein, the generated T-cell immunity
remained intact against the mutated variants [53].

Passive immunization against SARS-CoV-2 was utilized dur-
ing the pandemic to prevent disease progression in immuno-
suppressed patients; however, its efficacy did not last with the
subsequent new variants and subvariants.

Vaccination of HCWs and household contacts of immuno-
compromised individuals remains paramount in protecting
high-risk patients from vaccine-preventable diseases.

IMMUNOGLOBULIN REPLACEMENT

The prophylactic use of immunoglobulin replacement in pa-
tients with secondary hypogammaglobulinemia is limited to
recommendations based on the consensus of experts who
adapted guidelines for managing primary humoral immune de-
ficiencies for patients with hematologic malignancies who had
received HCT. For CAR T-cell recipients, current practices dif-
fer among institutions. Some offer IVIG replacement to pa-
tients with recurrent or severe infections, while others offer it
to patients with IgG titers <400 mg/dL [54].

FUTURE DIRECTIONS

The current gap in knowledge of the underlying immunological
and cellular consequences of adoptive cellular therapies will
continue to exist with the ongoing development of new-
generation CAR T cells. Each new product and construct
may carry a novel and unique infectious risk profile. In the
realm of RVIs, the focus remains on developing the optimal
preventive and prophylactic strategies while new antiviral
agents are being developed.

Risk stratification using patient and treatment factors may
prove to be useful in guiding the intensity of supportive care
following CAR T-cell therapies. Validating risk scores may as-
sist in management as is the case of immunodeficiency scoring
index for RSV and other respiratory viruses in allogeneic HCT
recipients [55]. The CAR-HEMATOTOX score evaluates the
bone marrow reserves and inflammatory status to predict hem-
atotoxicity and, although it is not validated for viral infections,
may play a role in stratifying patients at risk of developing se-
vere infections and poor outcomes [56].

The duration of immunity defects, the timing of vaccina-
tions, whether revaccination or boosting is required, and if
this is contingent on the different antigens that the CAR cells
are designed to target are areas of research that remain to be de-
termined in future studies. On the other hand, mitigating

therapy-related toxicities will be significant. Strategies to im-
prove the on-target-off-tumor effects are being investigated
such as the use of selective antigens, deleting the target on nor-
mal hematopoietic stem cells, and optimizing the CAR with
dual and affinity-tuned CARs [57].

CONCLUSIONS

Patients receiving cellular therapies are particularly vulnera-
ble to RVIs, placing them at risk of higher morbidity and
mortality. Understanding the acute and delayed infectious
complications after CAR T-cell therapy and treatment of
CAR T-cell toxicities plays a substantial role in determining
the optimal RVI management strategies and highlights the
need for further research to promote the development of nov-
el antiviral compounds.
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