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ABSTRACT

Background Despite immunization, patients on
antineoplastic and immunomodulating agents have a
heightened risk of COVID-19 infection. However, accurately
attributing this risk to specific medications remains
challenging.

Methods An observational cohort study from December
11, 2020 to September 22, 2022, within a large healthcare
system in San Diego, California, USA was designed to
identify medications associated with greatest risk of
postimmunization SARS-CoV-2 infection. Adults prescribed
WHO Anatomical Therapeutic Chemical (ATC) classified
antineoplastic and immunomodulating medications were
matched (by age, sex, race, and number of immunizations)
with control patients not prescribed these medications
yielding a population of 26 724 patients for analysis. From
this population, 218 blood samples were collected from

an enrolled subset to assess serological response and
cytokine profile in relation to immunization.

Results Prescription of WHO ATC classified antineoplastic
and immunomodulatory agents was associated with
elevated postimmunization SARS-CoV-2 infection

risk (HR 1.50, 95% Cl 1.38 to 1.63). While multiple
immunization doses demonstrated a decreased
association with postimmunization SARS-CoV-2 infection
risk, antineoplastic and immunomodulatory treated
patients with four doses remained at heightened risk (HR
1.23, 95% Cl 1.06 to 1.43). Risk variation was identified
among medication subclasses, with PD-1/PD-L1 inhibiting
monoclonal antibodies, calcineurin inhibitors, and CD20
monoclonal antibody inhibitors identified to associate with
increased risk of postimmunization SARS-CoV-2 infection.
Antineoplastic and immunomodulatory treated patients
also displayed a reduced IgG antibody response to SARS-
CoV-2 epitopes alongside a unique serum cytokine profile.
Conclusions Antineoplastic and immunomodulating
medications associate with an elevated risk of
postimmunization SARS-CoV-2 infection in a drug-specific
manner. This comprehensive, unbiased analysis of all
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Patients prescribed PD-1/PD-L1 directed immuno-
therapy are generally believed to generate an ad-
equate immune response to COVID-19 vaccination.

WHAT THIS STUDY ADDS

= Using an unbiased approach, we systematically
evaluated all antineoplastic and immunomodulating
agents to pinpoint those most significantly associ-
ated with increased SARS-CoV-2 infection risk fol-
lowing immunization. Notably, patients treated with
PD-1/PD-L1 monoclonal antibody inhibitors exhib-
ited an elevated likelihood of experiencing break-
through infections.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= The response to immunization against COVID-19,
other infectious agents, or neoantigens should be
closely assessed for clinical outcomes in addition
to surrogates of immunity such as cytokine or an-
tibody response in patients prescribed immunosup-
pressants. Additionally, patients prescribed PD-1/
PD-L1 monoclonal antibody inhibitors, calcineurin
inhibitors, and CD20 monoclonal antibody inhibitors
may need additional counseling regarding increased
infection risk after immunization based on these
results.

WHO ATC classified antineoplastic and immunomodulating
medications identifies medications associated with
greatest risk. These findings are crucial in guiding and
refining vaccination strategies for patients prescribed
these treatments, ensuring optimized protection for this
susceptible population in future COVID-19 variant surges
and potentially for other RNA immunization targets.
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INTRODUCTION

Patients prescribed antineoplastic and immunomodu-
lating medications face an elevated risk of developing
COVID-19, as well as more severe consequences of the
disease. Given that this large class of medications includes
various mechanisms of immune modulation, the degree
of infection risk likely differs on a spectrum depending
on the specific antineoplastic and immunomodulating
agent used. However, the broad nature of this medication
class results in a lack of understanding of which medica-
tions are associated with the greatest risk. This variability
in medication mechanisms has led to inconsistent reports
with some studies finding no increase in severe outcomes
of COVID-19 by medication subclass, while others indi-
cate a significant increase in risk of severe infection and
death.'™ Thus, it is currently difficult for clinicians to
ascribe the individual risk associated with a particular
medication, making discussion of risk mitigation strate-
gies challenging. As a result, physicians and patients are
limited to broad characterizations of immunosuppres-
sants as a whole.

Although COVID-19 immunization reduces the risk of
infection, patients with immune dysfunction due to anti-
neoplastic or immunomodulating treatment remain at
increased risk of breakthrough infection.”"" We sought
to understand which medications were more likely
to increase postimmunization infection risk. Current
investigations of breakthrough infection in individuals
receiving immunosuppressing therapy are limited by the
following factors: analysis of a single therapy,11 12 evalu-
ation of postimmunization antibody response without a
concurrent analysis of clinical infection,"” " and assess-
ment by disease group, such as solid organ transplant
patients or patients with cancer with hematological malig-
nancies, where a population with heterogeneous disease
states receives a wide range of different medications.'” '°
We address these limitations by assessing all medications
included in the WHO Anatomical Therapeutic Chemical
(WHO ATC) classification of antineoplastic and immu-
nomodulating agents, examining the risk of postimmu-
nization infection compared with a control population
not receiving these medications. In parallel, we assessed
serial blood samples in a subset of patients and controls
to measure serological response to multiple SARS-CoV-2
Spike protein epitopes as well as postimmunization circu-
lating cytokine levels for correlation with clinical risk.
These data help healthcare providers and patients make
informed decisions regarding COVID-19 risk reduction
strategies during treatment with these medicines and may
also have implications in future COVID-19 variant surges
and for other infections targeted by RNA immunization.

METHODS

Study design

We conducted an observational cohort study at the
Scripps Health, the primary healthcare system for greater
than 2.4million patients and specialty referral site for

another 1.bmillion patients, designed to assess the
outcome of SARS-CoV-2 infection following COVID-19
immunization in patients immunosuppressed by anti-
neoplastic and immunomodulatory medications (“treat-
ment”) compared with patients not on these medications
(“control”). Included subjects were =18 years of age,
received at least two COVID-19 immunizations (manu-
factured by Pfizer-BioNTech, Moderna, Janssen, or Astra-
Zeneca), had no documentation of SARS-CoV-2 infection
prior to initiation of immunization series, and were active
in the healthcare system as defined by at least one health-
care appointment within 180 days of immunization. All
COVID-19 immunizations were confirmed by Scripps
Health through the California Immunization Registry.

Immunosuppressing medications were identified by
WHO ATC classification system, L. code “Antineoplastic
and Immunosuppressing”. From all medications in
WHO ATC L code, topical tretinoin, topical fluorouracil,
celecoxib, megestrol, and medroxyprogesterone were
excluded. Patients were defined as actively receiving anti-
neoplastic or immunomodulating medication at time of
initial immunization by having a prescription for one of
the above-described medications within the 6 months
preceding initial COVID-19 immunization. Patients not
having a WHO ATC L code medication active on their
medication list were eligible as matched controls.

The outcome of SARS-CoV-2 infection was determined
as a positive SARS-CoV-2 infection PCR test documented
in the electronic medical record (Epic Systems, Verona,
Wisconsin, USA), including both internal and external
laboratories. Patients with a SARS-CoV-2 infection posi-
tive test within 14 days following initial immunization
were excluded.

Patients were classified based on disease criteria during
outpatient encounters from July 1, 2020 to June 30, 2021.
Those with hematological or oncological diseases had
encounters noting a cancer diagnosis. Rheumatological
disease cases were determined by encounters specifically
within the rheumatology department. Identification of
solid organ transplant recipients was based on encounters
within the transplant department. Lastly, bone marrow
transplant patients were identified using procedure codes
for bone marrow transplantation within the same time
frame.

In parallel, we invited patients prescribed WHO
ATC L medicines and control patients to provide serial
assessment of blood samples to assess vaccine immune
response. Invitation was through direct study investi-
gator communication in oncology, rheumatology, and
transplant surgery clinics, posted study information
flyers, and online patient portal information to patients
on these medicines. A volunteer subset of these patients
and control patients were enrolled digitally, in a paper-
less process using a QR code or link to the study consent
and a survey confirming demographics, reason for WHO
ATC L medication, and immunization types and dates. All
participants gave informed consent to participate before
taking part in the study. Study data were collected and
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managed using REDCap electronic data capture hosted
at Scripps Health.'” 8

Serological assessment

Anti-SARS-CoV-2 antibodies were assessed using the
Maverick SARS-CoV-2 multiantigen panel (Genalyte, San
Diego, California, USA), according to the manufacturer’s
protocol as previously described.'’ This panel detects anti-
bodies to five SARS-CoV-2 antigens: nucleocapsid, Spike
S1 subunit, Spike S1 receptor binding domain, Spike full
length, and Spike S2 subunit. Briefly, 10 pL of each serum
sample was added to the sample well plate array to assess
baseline resonance.”” *' Subsequently, the samples were
challenged over the respective antigens to assess specific
IgM and IgG antibodies. Response measurements are
reported in antibody response units.

Circulating cytokines were assessed in patient
serum samples using the Luminex xMAP Immuno-
assay, a 38-plex magnetic cytokine Kkit, according
to the manufacturers protocol (Millipore Sigma,
Burlington, Massachusetts, USA). Briefly, 25pL of
patient serum was mixed 1:1 with magnetic beads and
allowed to incubate overnight. The detection anti-
body was added and allowed to incubate for 1hour.
The phycoerythrin-streptavidin conjugate was added
and allowed to incubate for 30 min prior to washing
with subsequent quantification of fluorescent inten-
sity on Luminex 200TM instrument.

Statistical analysis

To discern demographic and clinical characteristic
differences between groups, all categorical variables
were summarized as frequencies and percentages
and compared between arms by y* tests or Fisher’s
exact test. All continuous variables were summarized
as means and SD and compared between arms by
t-tests if normally distributed or medians and IQRs
compared by Mann-Whitney U tests. Patients taking
WHO ATC L medications were propensity matched
to control patients by age, body mass index (BMI),
sex, self-reported race and ethnicity, and number of
immunizations received. For cumulative incidence
assessment, log-rank test was used to assess HR. Cox
proportional hazard analysis was used to assess the
effect of multiple immunizations. To assess serological
antibody response between WHO ATC L medicine-
treated and control patients, two-way analysis of vari-
ance (ANOVA) was conducted, and when significance
identified, Tukey’s multiple comparison test assessed
effects at indicated time points. Differences in sero-
logical cytokine concentrations were assessed using
restricted maximum likelihood mixed effect model
with two-way ANOVA. Statistical significance was
set at p<0.05 unless otherwise indicated. Propensity
matching, cumulative incidence subgroup analysis,
Cox proportional analysis, Restricted Maximum Like-
lihood (REML)-mixed effects model, and ANOVA
were conducted using R. Figures were made using

GraphPad Prism (V.9.5.1, Boston, Massachusetts,
USA).

RESULTS

Observational cohort

From December 11, 2020 to September 22, 2022, a total
of 13362 patients taking WHO ATC L medicines and
197151 control patients not prescribed these medications
were identified for matched analysis. Propensity matching
the WHO ATC L subjects 1:1 produced a population of
26724 patients that was median age 68, 63% female, 80%
white, with an average BMI 26; 36% of patients received 4
immunizations (table 1).

The majority received immunizations manufactured by
Pfizer or Moderna. Treated and control patients initiated
immunization series at similar times and experienced
SARS-CoV-2 infection positive results across similar surge
dates (online supplemental figure 1).

The risk of postimmunization SARS-CoV-2 infection varies
depending on type of immunosuppressive medication taken
Active prescription of WHO ATC L medicines, the
combined category of antineoplastic and immunomod-
ulating medications, was associated with increased risk
of postimmunization SARS-CoV-2 infection compared
with matched controls (HR 1.50, 95% CI 1.38 to 1.63,
p<0.0001) (figure 1A). Receiving 3 and 4 immunizations
mitigated the risk of SARS-CoV-2 infection among WHO
ATC L-treated patients; however, these patients remained
at risk greater than the control group (figure 1B). Specif-
ically, even among patients receiving four immunizations,
WHO ATC L agents are associated with an increased
risk of SARS-CoV-2 infection (HR 1.23, 95% CI 1.06 to
1.43, p=0.006) (online supplemental table 1). The risk
of postimmunization SARS-CoV-2 infection remained
greater in treated patients regardless of vaccine manu-
facturer (online supplemental figure 2 and table 2).
Additionally, the risk of postimmunization SARS-CoV-2
infection remained greater in treated patients across
immunodeficient disease types (online supplemental
figure 3).

The risk of SARS-CoV-2 infection varies depending on
the type of antineoplastic or immunomodulating medi-
cation taken. The ATC broadly classifies these medica-
tions into four subgroups: L0l “antineoplastic agents”,
L02 “endocrine therapy”, LO3 “immunostimulants”, and
L04 “immunosuppressants.” The risk of SARS-CoV-2
infection differed among these subgroups, with LOI anti-
neoplastic and L04 immunosuppressant medications
increasing risk (n=4124, HR 1.41, 95%CI 1.24 to 1.61,
p<0.0001, and n=3140, HR 2.12, 95%CI 1.84 to 2.45,
p<0.0001, respectively), while LO2 endocrine therapy and
L03 immunostimulants did not (n=2999, HR 1.07, 95% CI
0.91 to 1.24, p=0.7734, and n=94, HR 1.13, 95% CI 0.51
to 2.46, p=0.8548, respectively) (figure 1C-F). Receiving
three or four immunizations reduced the risk of postim-
munization SARS-CoV-2 infection in patients receiving
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Table 1 Baseline demographics of patients
Matched WHO ATC L-
control patients treated patients
Characteristic (n=13362) (n=13362)
Age—median (IQR)— 68 (48-88) 68 (48-88)
years
BMI—median (IQR)—  26.5(19.8-33.2) 26.5 (19.5-33.5)
kg/m?
Sex—no (%)
Male 4953 (37.1) 4836 (36.2)
Female 8408 (62.9) 8525 (63.8)
Other 1(0.0) 1(0.0
Race—no (%)
White 10724 (80.3) 10607 (79.4)
Asian 1212 (9.1) 1179 (8.8)
African American/ 288 (2.2) 347 (2.6)
Black
Native Hawaiian/ 7 (0.4) 63 (0.5)
Pacific Islander
American Indian/ 37 (0.3) 44 (0.3)
Native American
Other/unknown 1044 (7.8) 1122 (8.4)
Ethnicity —no (%)
Hispanic/Latino 1501 (11.2) 1608 (12.0)
Not Hispanic/Latino 11579 (86.7) 11429 (85.5)
Other/unknown 282 (2.1) 325 (2.4)
Immunizations received —no (%)
2 3245 (24.3) 3333 (24.9)
3] 5352 (40.1) 5174 (38.7)
4 4765 (35.7) 4855 (36.3)
Vaccination 1 manufacturer—no (%)
Pfizer-BioNTech 6049 (45.3) 6084 (45.5)
Moderna 6965 (52.1) 6873 (51.4)
Janssen 257 (1.9) 314 (2.4)
AstraZeneca 1(0.0) 2 (0.0
Vaccination 2 manufacturer—no. (%)
Pfizer-BioNTech 6967 (52.1) 6108 (45.7)
Moderna 7030 (52.6) 6958 (52.1)
Janssen 86 (0.6) 102 (0.8)
AstraZeneca 1(0.0) 1(0.0)
Vaccination 3 manufacturer—no (%)
Pfizer-BioNTech 4103 (30.7) 4159 (31.1)
Moderna 4317 (32.3) 4492 (33.6)
Janssen 14 (0.1) 16 (0.1)
None 3245 (24.3) 3333 (24.9)
Vaccination 4 manufacturer—no (%)
Pfizer-BioNTech 506 (3.8) 538 (4.0)
Moderna 2161 (16.2) 2131 (16.0)
Janssen 3 (0.0 2 (0.0
Continued

Table 1 Continued

Matched WHO ATC L-
control patients treated patients
Characteristic (n=13362) (n=13362)
None 8597 (64.3) 8507 (63.7)

ATC, Anatomical Therapeutic Chemical; BMI, body mass index.

LO1 antineoplastic agents and L.04 immunosuppressant
agents compared with receiving only two immunization
doses (online supplemental table 3 and figure 4). Among
all patients who received four immunization doses, there
was no risk difference between those receiving LO1 anti-
neoplastic agents and matched controls (HR 1.09, 95% CI
0.89 to 1.35, p=0.006); however, for patients receiving L04
immunosuppressant agents, risk was greater relative to
controls (HR 1.43,95% CI 1.15 to 1.77, p=0.0012) (online
supplemental table 3).

Given the infection risk differences seen among
subgroups, we sought to better understand which thera-
peutic classes conferred the greatest risk of postimmuni-
zation SARS-CoV-2 infection. In an exploratory subclass
analysis, comparing patients receiving a single WHO ATC
L medication type with the full control group, significant
risk differences were observed in patients receiving PD-1/
PD-L1 inhibiting monoclonal antibodies, antiestrogen
therapy, antiandrogen therapy, TNF-o inhibitors, inter-
leukin inhibitors, and calcineurin inhibitors (online
supplemental figure 5). Of particular interest, patients
receiving calcineurin inhibitors had persistently elevated
risk of SARS-CoV-2 infection regardless of the number
of immunizations received (online supplemental figure
5). We then undertook matched analysis of patients
treated with PD-1/PD-L1 inhibiting monoclonal anti-
bodies, antiestrogen therapy, calcineurin inhibitors and
CD20 monoclonal antibody inhibitors (demographics of
these analyses, (online supplemental tables 4-7). Patients
prescribed CD20 monoclonal antibody inhibitors had an
increased risk of postimmunization SARS-CoV-2 infec-
tion compared with matched control patients (HR 2.10,
95% CI 1.12 to 3.78, p=0.0095) (figure 2A). Separating
this group by immunization number, those who received
three or four doses appeared to have decreased infec-
tion risk, although statistical significance was not reached
(figure 2B, online supplemental table 8). Patients
receiving PD-1/PD-L1 inhibiting monoclonal antibodies
had significantly increased risk of postimmunization
SARS-CoV-2 infection compared with control patients
(HR 2.33, 95% CI 1.35 to 4.04, p=0.038) (figure 2C). This
effect appears driven by the increased risk observed in
patients who received only two immunizations (figure 2D,
online supplemental table 9). Calcineurin inhibi-
tors were associated with increased risk of COVID-19
following immunization (HR 2.72, 95% CI 1.78 to 4.16,
p<0.0001) (figure 2E), which was significantly higher at
all vaccination levels compared with controls and was not
statistically incrementally decreased after three or four
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Figure 1 Antineoplastic and immunomodulating agents associated with increased risk of postimmunization SARS-CoV-2
infection in a class dependent manner. (A) Cumulative incidence of SARS-CoV-2 infection following initial immunization in all
patients receiving antineoplastic and immunomodulating agents (treatment, n=13362) compared with matched control patients
(n=13362) (p<0.001 by log-rank). (B) Effect of multiple immunizations on SARS-CoV-2 infection incidence postimmunization
(treatment: 2 immunizations n=3333, 3 immunizations n=5174, 4 immunizations n=4855; control: 2 immunizations n=3245, 3
immunizations n=5352, 4 immunizations n=4765) (p<0.001 by log-rank square). (C) SARS-CoV-2 infection cumulative incidence
following initial immunization in all patients receiving LO1: antineoplastic agents, patients receiving multiple medications
excluded from analysis (LO1 antineoplastic agent receiving patients n=4124) (p<0.0001 by log-rank). (D) SARS-CoV-2 infection
cumulative incidence following initial immunization in all patients receiving L02: endocrine therapy, patients receiving multiple
medications excluded from analysis (L02 endocrine therapy receiving patients n=2999) (p=0.7734 by log-rank). (E) SARS-CoV-2
infection cumulative incidence following initial immunization in all patients receiving L03: immunostimulants, patients receiving
multiple medications excluded from analysis (LO3 immunostimulant receiving patients n=94) (p=0.8548 by log-rank). (F) SARS-
CoV-2 infection cumulative incidence following initial immunization in all patients L04: immunosuppressants, patients receiving
multiple medications excluded from analysis (LO4 immunosuppressant receiving patients n=3140) (p<0.0001 by log-rank). ATC,
Anatomical Therapeutic Chemical.
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Figure 2 CD20 monoclonal antibody inhibitors, PD-1/PD-L1 monoclonal antibody inhibitors and calcineurin inhibitors increase
risk of postimmunization COVID-19, which is variably overcome by repeat immunizations. (A) Cumulative incidence of SARS-
CoV-2 infection following initial immunization in all patients receiving LO1FA: CD20 monoclonal antibody inhibitors (n=251)
compared with matched control patients (n=251) (p=0.0095 by log-rank). (B) Effect of multiple immunizations on SARS-CoV-2
infection cumulative incidence following initial immunization in patients receiving LO1FA: CD20 monoclonal antibody inhibitors
compared with matched control patients (immunosuppressed: 2 immunizations n=59, 3 immunizations n=96, 4 immunizations
n=96; immunocompetent: 2 immunizations n=58, 3 immunizations n=103, 4 immunizations n=90) (p=0.0022 by log-rank) (online
supplemental table 7) demonstrates HRs). (C) Cumulative incidence of SARS-CoV-2 infection following initial immunization

in all patients receiving LO1FF: PD-1/PD-L1 monoclonal antibody inhibitors (n=282) compared with matched control patients
(n=282) (p=0.0038 by log-rank). (D) Effect of multiple immunizations on SARS-CoV-2 infection cumulative incidence following
initial immunization in patients receiving LO1FF: PD-1/PD-L1 monoclonal antibody inhibitors compared with matched control
patients (immunosuppressed: 2 immunizations n=78, 3 immunizations n=108, 4 immunizations n=96; immunocompetent: 2
immunizations n=66, 3 immunizations n=119, 4 immunizations n=97) (online supplemental table 8 demonstrates p values).

(E) Cumulative incidence of SARS-CoV-2 infection following initial immunization in all patients receiving LO4AD calcineurin
inhibitors (n=407) compared with matched control patients (n=407) (p<0.0001 by log-rank). (F) Effect of multiple immunizations
on COVID-19 cumulative incidence following initial immunization in patients receiving LO4AD calcineurin inhibitors compared
with matched control patients (immunosuppressed: 2 immunizations n=111, 3 immunizations n=169, 4 immunizations n=127;
immunocompetent: 2 immunizations n=101, 3 immunizations n=179, 4 immunizations n=127) (online supplemental table 9
demonstrates p values). ATC, Anatomical Therapeutic Chemical.
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immunizations (figure 2F and online supplemental table
10). Matched analysis identified no significant difference
in the risk of postimmunization SARS-CoV-2 infection in
those receiving antiestrogen treatment (online supple-
mental figure 6).

We also investigated the effects of combination treat-
ment of antineoplastic and immunomodulatory agents
on the risk of postimmunization SARS-CoV-2 infection.
Given our findings of significantly increased risk associ-
ated with PD-1/PD-L1 inhibiting monoclonal antibodies
used as single agents, we evaluated the use of these agents
in combination with the combined group of chemother-
apies, defined as WHO ATC L antineoplastic subgroups
LOIA (alkylating agents), LO1B (antimetabolites), LO1C
(plant alkaloids and other natural products), and LOID
(cytotoxic antibiotics and related substances). There is
no significant difference in the risk of risk of postimmu-
nization SARS-CoV-2 infection in those prescribed PD-1/
PD-L1 inhibiting monoclonal antibodies as single agents
compared with combination (online supplemental figure
7). Additionally, we assessed the effect of these agents in
combination with antineoplastic protein kinase inhibitors
(LO1E). There was no significant difference in postimmu-
nization SARS-CoV-2 infection risk in those prescribed
PD-1/PD-L1 inhibiting monoclonal antibodies as single
agents compared with those prescribed these agents in
combination with antineoplastic protein kinase inhibi-
tors (online supplemental figure 7). We also sought to
evaluate the effects of chemotherapy with antiestrogen
therapy and HER2 therapy. We identified no significant
difference in the risk of postimmunization SARS-CoV-2
infection in those prescribed antiestrogen therapy as a
single agent compared with in combination with chemo-
therapy (online supplemental figure 8). The use of HER2
agents in combination with chemotherapy was not asso-
ciated with an increased risk of postimmunization SARS-
CoV-2 infection (online supplemental figure 8).

Antineoplastic and immunomodulatory medications are
associated with decreased seroconversion postimmunization
From this population of treated and control patients, we
invited patients to provide serial blood samples along-
side third and fourth doses of COVID-19 immuniza-
tion, which resulted in 87 patients providing 218 blood
samples (participant demographics online supplemental
table 11). Using the Genalyte multiantigen panel, we
assessed IgM and IgG antibody response to multiple
SARS-CoV-2 antigens, including multiple epitopes on the
Spike protein, the target of COVID-19 immunizations,
as well as nucleocapsid, which is not present in available
vaccines thus far and therefore represents natural viral
infection. We found no differences in IgM antibody
response between those receiving treatment with anti-
neoplastic and immunomodulating agents and control
patients (figure 3A). However, a significant difference is
observed in levels of IgG against both Spike S1 subunit
and Spike S2 subunit in antineoplastic and immuno-
modulating agent treated patients versus controls

(p<0.0001 and p=0.0001, respectively) (figure 3B). There
were no differences in the rate of natural viral infection
in this population as determined by development of IgM
and IgG against SARS-CoV-2 nucleocapsid (p=0.2321and
p=0.3187, respectively) (online supplemental figure 9).
As we identified calcineurin inhibitors to confer signifi-
cantly increased risk of postimmunization SARS-CoV-2
infection, we further assessed antibody levels in this
subgroup of patients. Again, no significant differences
were identified in IgM response (online supplemental
figure 10); however, calcineurin inhibitors impaired
IgG response to Spike full length and Spike S2 subunit
(online supplemental figure 10). These findings suggest
immunoglobulin class switching is impaired by immuno-
suppressive medications.

Finally, we observe a differential serum cytokine
profile in those receiving treatment with antineoplastic
and immunomodulating agents and control patients
(figure 4A). Specifically, differences are observed in the
circulating levels of IL-4, IL-6, TNF-3, and IL-1f in those
treated with antineoplastic and immunomodulating
agents (figure 4B-E).

DISCUSSION

Here, we confirm an increased risk of SARS-CoV-2 break-
through infection in patients prescribed antineoplastic
and immunomodulating agents despite immunization,
risk that is reduced by but nonetheless persists to a total
of 4 vaccine doses. Important for treatment planning and
patient counseling, this hazard varied based on the partic-
ular subclass of WHO ATC L code immunosuppressant
prescribed. This study focused on the association between
antineoplastic and immunomodulating medications and
the elevated risk of postimmunization SARS-CoV-2 infec-
tion. This approach represents an improvement over
previous studies by offering a unique analysis of the risks
associated with immunosuppressive medications, rather
than a broad categorization based on disease type, which
often encompasses a wide range of therapeutic inter-
ventions. The matching process, length of follow-up,
and examination of specific medication subclasses add
considerable depth to the understanding of increased
risk of breakthrough infection and impaired surrogates
of immunity in this patient population.’ **** It addition-
ally builds on understanding of immunosuppression for
other viral immunizations.***

Among subclasses, an increased incidence of postimmu-
nization SARS-CoV-2 infection is seen particularly among
those taking PD-1/PD-L1 monoclonal antibody inhibi-
tors, CD20 monoclonal antibody inhibitors, and calci-
neurin inhibitors. Risk mitigation behaviors change with
patient impression of protection conveyed by immuniza-
tion, as demonstrated by immunocompromised patients
increasing their levels of social participation after vacci-
nation.”® However, the results of the present study suggest
that immunization against COVID-19 does not achieve
the same protective levels in these immunocompromised
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Figure 3 Antineoplastic and immunomodulating agents impair immunoglobulin class switching to SARS-CoV-2 Spike
subunits. (A) IgM and (B) IgG antibody response to respective SARS-CoV-2 epitopes at time points following third (Vax 3)

and fourth (Vax 4) COVID-19 immunization in patients receiving antineoplastic and immunomodulating agents (treatment) and
immunocompetent patients (control) Immunocompetent: greater than 1 month prior to Vax 3 n=4, 0-1 month prior to Vax 3
n=9, 0-1 month following Vax 3 n=9, 1-3 months following Vax 3 n=3, greater than 3 months following Vax 3 n=17, 0-1 month
following Vax 4 n=2, 1-3 months following Vax 4 n=0, greater than 3 months following Vax 4 n=4; Immunosuppressed: greater
than 1 month prior to Vax 3 n=5, 0-1 month prior to Vax 3 n=18, 0-1 month following Vax 3 n=20, 1-3 months following Vax 3
n=19, greater than 3 months following Vax 3 n=36, 0-1 month following Vax 4 n=28, 1-3 months following Vax 4 n=17, greater
than 3 months following Vax 4 n=27). Dashed lines indicate Vax three and Vax 4. Antibody response reported as antibody
response units. When significance observed by ANOVA, significant pairwise comparisons indicated by *p<0.05, ***p<0.001 by
Tukey’s multiple comparison. ANOVA, analysis of variance; RBD, receptor binding domain.

cohorts and that patients treated with PD-1/PD-L1 mono-
clonal antibody inhibitors, CD20 monoclonal antibody
inhibitors, and calcineurin inhibitors should be iden-
tified for additional counseling regarding avoidance
strategies. Although increased severity of COVID-19 has
been observed with CD20 inhibition, immune check-
point inhibitor therapy and calcineurin inhibitors are
not associated with increased risk of COVID-19 Intensive
Care Unit admission or COVID-19-related death.”* By
concentrating on the risk of SARS-CoV-2 infection postim-
munization, our research highlights that these patients
exhibit an impaired protective immune response, neces-
sitating tailored clinical strategies.

It is pertinent to note that during the study period,
there was no cross-over of patients between different
subclasses of medication in the subclass analysis. Consid-
ering the frequent coprescription of PD-1/PD-L1

monoclonal antibody inhibitors with other antineoplastic
agents, we delved deeper into the impact of combination
treatments. Our findings revealed no significant variation
in postimmunization SARS-CoV-2 infection risk when
these agents were used in tandem with cytotoxic chemo-
therapy or protein kinase inhibitors. This suggests that
the increased risk of breakthrough infections is primarily
linked to the use of PD-1/PD-L1 monoclonal antibody
inhibitors, regardless of combination therapy. Given
these insights, it becomes imperative to prioritize patients
on these particular drug regimens for enhanced coun-
seling about potential postvaccination vulnerabilities and
the continued importance of risk mitigation strategies.
In this study, patients were consistently assessed based
on their prescription status rather than actual medica-
tion consumption. This approach was taken to ensure
that any temporary discontinuation, interruption, or
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Figure 4 Antineoplastic and immunomodulating agents are associated with decreased serum cytokine concentration after
immunization in patients receiving antineoplastic and immunomodulating agents. (A) Serum cytokine concentration of patients
receiving antineoplastic and immunomodulating agents (treatment) and participants not receiving these medications (control)
relative to third (Vax 3) and fourth (Vax 4) COVID-19 immunization (Treatment prior to Vax 3 n=10, after Vax 3 n=70, after Vax

4 n=68; control prior to Vax 3 n=9, after Vax 3 n=28, after Vax 4 n=6). Within cytokine Z-score demonstrated from normalized
Luminex Immunoassay. (B) Serum concentration (pg/mL, mean estimated by Restricted Maximum Likelihood (REML)-mixed
effect model, error bars represent SEM) of IL-4 of treatment and control participants. (p=0.01685 by ANOVA main interaction
effect). (C) Serum concentration (pg/mL, estimated by REML-mixed effect model) of IL-6 of treatment and control participants.
(p=0.03168 by ANOVA main interaction effect). (D) Serum concentration (pg/mL, estimated by REML-mixed effect model) of
TNF-B of treatment and control participants (p=0.01839 by ANOVA main interaction effect). (E) Serum concentration (pg/mL,
estimated by REML-mixed effect model) of IL-1 of treatment and control participants. (p=0.06627 by ANOVA main interaction
effect, p=0.0245 ANOVA treatment effect). ANOVA, analysis of variance.
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dose reduction did not affect their classification. By
evaluating the medication prescription status, we aimed
to provide a controlled perspective on the risk associ-
ated with specific medication subclasses. However, it is
important to recognize the inherent limitations in this
methodology, especially when extrapolating to real-world
scenarios. In real-world settings, it is not uncommon
for patients, under the guidance of their physicians, to
alter or modify their treatment plan. Our reliance on
prescription status as a marker might not capture these
nuanced changes, potentially introducing a confounding
element. Additionally, during the pandemic personal
fears or simple preferences might have led to sporadic
adherence to the prescribed regimen. Our methodology,
centered on prescription status, may not fully account
for these self-guided choices. Additionally, the unprece-
dented shift to telemedicine healthcare delivery during
the pandemic resulted in systemic shifts that may have
influenced prescription patterns and patient adherence,
somewhat compromising our study’s external validity
to future vaccine response research. By assessment of
the medication prescription status, we aimed to offer a
controlled perspective on the risk associated with specific
medication subclasses, while acknowledging these intrica-
cies associated with patient behavior and the COVID-19
pandemic.

The mechanism of immune inhibition differs among
the medications we identified as associated with increased
risk of breakthrough infection. Despite differing mech-
anisms of action, CD20 monoclonal antibody inhibitors
and calcineurin inhibitors are all known to have low rates
of COVID-19 immunization antibody response, which
suggests humoral impairment causes the increased rate
of postimmunization infection.” *** Durable humoral
response depends on the concurrentactivation of lympho-
cytes to develop high-affinity, class switched antibodies.
This class switch, from IgM or IgD to the expression of
IgG, IgE, or IgA, improves effector function for viral inhi-
bition. While we observed no difference in postimmu-
nization IgM levels in treatment versus control patients,
a difference in IgG antibody response to Spike S1 and
Spike S2 subunit was observed. This suggests that highly
regulated mechanisms underlying class switch, such as
cytokine stimulation, intracellular signaling, cellular
proliferation, and epigenetic controls are also affected by
these immunosuppressant subclasses, further supported
by our finding of a different circulating cytokine expres-
sion profile in treated versus control participants.
Although a plethora of cytokines have been reported to
mediate class switch recombination, IL-4 and IL-21 are
of particular significance in potentiating the switching to
IgG, consistent with our finding of decreased postimmu-
nization circulating IL-4 in patients treated with antineo-
plastic and immunomodulating agents, with an associated
decrease in IgG antibody response.”” In those treated
with WHO ATC L therapies, we also observed decreased
circulating levels of IL-6 and TNF following immuniza-
tion, both of which are necessary for antibody secreting

cell proliferation and survival.”**® Our findings, as based
on correlations, should be considered preliminary as we
did not prospectively modulate IL-4, IL-6, nor TNF, but
rather observed the association with the WHO ATC L
medication class.

IL-1Bis primarily amediator of innate immune response,
yetit serves as a key mediator of inflammatory response to
mRNA immunization by stimulating the release of other
proinflammatory cytokines.” The WHO ATC L category
encompasses diverse immunosuppressive and immuno-
modulating agents, each potentially influencing IL-1f3
levels differently based on their mechanism of action.
For instance, while aromatase inhibitors may not alter
serum IL-1P levels, drugs like the IL-1 receptor antagonist
anakinra can directly inhibit IL-1B activity.** While IL-1B
plays a crucial role in mRNA vaccine response and innate
immunity, its levels can differ based on the specific immu-
nocompromised state. The lower expression level of IL-1[3
in our treatment group suggests a possible deficiency
with initial innate response to immunization, which in
turn reduces long-term humoral response. However, it is
essential to note that in non-vaccinated individuals, base-
line IL-1B levels primarily hinge on health status and any
prevailing inflammatory or immune processes. Absent
an immune challenge, such as vaccination, healthy non-
vaccinated individuals would maintain relatively stable
IL-1B levels.” * It is essential to approach this correlation
with caution, understanding that observed associations
do not confirm causality, and other factors may also play
a role in determining antibody responses. Importantly,
we found differences in both circulating cytokines and
IgG antibody response to Spike protein epitopes in a
subgroup of immunosuppressed patients exhibiting a
greater rate of postimmunization infection.

We are the first to report an increased risk of SARS-
CoV-2 infection among patients treated with PD-1/PD-L1
monoclonal antibody inhibitors who have received immu-
nization. Other investigators have reported a marked post-
vaccine surge in serological cytokine response, notably IL-6
and other cytokine release syndrome-related cytokines,
postimmunization that seemingly did not correspond
with heightened rates of antibody generation.' *** % %
This highlights the mechanism of checkpoint inhibitor
therapy as a release on immune inhibition and stands
unique to the antineoplastic and immunomodulating
class as a whole, where we observe decreased cytokine and
antibody response. Yet, this hyperinflammatory response
did not result in increased adverse events in patients
receiving COVID-19 immunization.*” Reported increase
in IL-6 contrasts with our analysis of patients treated with
WHO ATC L therapies in whom we observed decreased
IL-6. This parallels the finding that patients receiving ICI
therapy did not experience increased severity of natural
COVID-19 infection, as measured by hypoxia and respi-
ratory collapse caused by hyperinflammation.” In a
recent meta-analysis where the overall quality of evidence
was rated as low, patients receiving immune checkpoint
inhibitors had similar rates of seroconversion to patients
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with cancer who were not on active treatment."’ While
PD-1/PD-L1 directed therapy may amplify certain arms
of the immune response, specifically leading to a surge
in cytokines, they might not uniformly bolster all aspects
of immunity crucial for effective viral defense. Thus, our
clinical outcome results clarify this dichotomy of previ-
ously published identification of augmented cytokine
response but unaugmented antibody response which
ultimately is associated in an increased risk of postimmu-
nization SARS-CoV-2 infection among those prescribed
PD-1/PD-L1 monoclonal antibody inhibitors. This obser-
vation underscores the potential pitfalls in solely relying
on antibody or cytokine responses as a measure of immu-
nity. Achieving a perceived “adequate” response could
misleadingly reassure patients on immunotherapy, who
might be inherently at higher risk. Hence, until surro-
gate immune responses are linked definitively to clinical
outcomes across medication classes, clinicians should
exercise prudence when communicating such prelimi-
nary findings to patients.

This stands unique compared with influenza immu-
nization, where patients on PD-1/PD-L1 monoclonal
antibody inhibitors have positive efficacy outcomes of
influenza immunization, and thus may point to differ-
ences in the biology of response to RNA immunization,
which was the majority mechanism of immunization in
our population.” Yet, our results support the positive effi-
cacy outcomes of influenza immunization among patients
with cancer.” Further, we observe that receiving multiple
immunizations reduces the risk associated with immu-
notherapy. Thus, although an altered immune response
occurs, patients prescribed these medications still main-
tain some benefit from immunization.

Similarly, although a diminished antibody response
occurs following multiple immunization doses in
those treated with CD20 monoclonal antibody inhibi-
tors, patients treated with these agents develop T-cell
response.”” ¥ We find patients prescribed CD20 mono-
clonal antibody inhibitors to remain at increased risk
of postimmunization COVID-19, clarifying that these
patients remain at risk of infection despite T-cell
response. Solid organ transplant patients primarily
treated with a calcineurin inhibitor also develop
T-cell response to immunization alongside dimin-
ished antibody response.** * We find patients treated
with calcineurin inhibitors to remain at increased
risk of postimmunization SARS-CoV-2 infection even
after three or four doses of immunization. Even in the
context of PD-1/PD-L1 monoclonal antibody inhibi-
tors, the presence of a hyperactivated T-cell response
does not necessarily translate to a decreased risk of
infection postimmunization. Drawing from these obser-
vations, it can be inferred that while the T-cell response
might play a crucial role in modulating the severity of
the disease on infection, the B-cell-mediated antibody
response seems to have a more pronounced effect in
preventing the infection in the first place. This high-
lights the unique and distinct roles the two arms of the

adaptive immune response play in the context of SARS-
CoV-2 immunization, emphasizing the importance of a
balanced immune response.

Patients on antineoplastic and immunomodulating
medications were targeted with behavioral counseling
throughout the duration of the pandemic.” ' ** We
find no reports of preferential counseling that targeted
specific subclasses of immunocompromising medica-
tions. Our study helps identify certain medications within
immunosuppressants at large that portend increased risk
of postimmunization SARS-CoV-2 infection. Targeted
interventions focused on these prescribed medications
may improve postimmunization outcomes for this vulner-
able patient population. For example, pausing these
medications, exchanging medication around the timing
of immunization, or delaying immunization until medica-
tion can be discontinued may improve postimmunization
infection outcomes.**

Our study draws strength from beginning with the full
WHO ATC L medication class, and unbiasedly assessing
the risk of postimmunization SARS-CoV-2 infection first
in all patients on antineoplastic and immunomodulating
agents. We identify an associated risk of postimmunization
SARS-CoV-2 infection that is not overcome by multiple
immunizations. In our study, 87 patients, treated with a
range of antineoplastic and immunomodulating agents,
contributed 218 blood samples for antibody and cytokine
analysis. However, for the subset giving blood samples,
there were notable demographic differences between
our control and experimental groups. Specifically, the
treated group was older in median age and had a higher
proportion receiving the Moderna COVID-19 immuni-
zation. The constraints of the pandemic impacted our
enrolment, with many hesitant or unable to participate in
person. By the time of our serological assessments, many
patients had received their first two immunizations. Thus,
our study was designed to analyze antibody responses
and cytokine profiles after the third and fourth doses.
While our serological sample size was modest compared
with the 13 362 control and 13362 treated patients eval-
uated for SARS-CoV-2 infection outcomes, the serolog-
ical insights remain valuable. Although results should be
interpreted with measured care given the demographic
differences, our findings provide a foundation for further
assessment of potential biomarkers of vaccine response,
as it is anticipated this mechanism of immunization will
be adopted for other diseases. Additionally, this study
draws strength from its large sample size, our matched
control cohort drawn from a population of over 200000
patients within a large, diverse healthcare system. Despite
capturing a broad spectrum of prescriptions reflective
of community dynamics, it is pertinent to highlight the
predominant Caucasian demographic with a median
age in the mid-60s, actively engaged with the healthcare
system. This may limit the generalizability to populations
with different cultural or community norms, vaccine
hesitancy, or restricted healthcare access. Extrapolation
to groups less represented in our study, such as African
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Americans, Native Americans, and patients with age <40,
necessitates caution.

We also recognize the absence of an unvaccinated study
group, which would have provided a direct comparison
to isolate the benefits or potential detriments of vacci-
nation from the effects of these treatments. Without this
directed comparison, our conclusions rely on existing
literature that has shown patients with cancer, solid organ
transplant recipients and those on immunosuppressive
treatments generally face heightened risk of COVID-19.
Our study expands on this to pinpoint medications of
particular risk.

These findings highlight a medication-dependent
increased risk of postimmunization infection for patients
receiving antineoplastic and immunomodulating agents.
They offer critical guidance for physician-patient deci-
sions regarding booster effectiveness and additional risk
mitigation during future COVID-19 variant surges, and
they identify medications that may reduce the effec-
tiveness of RNA-based vaccines against other infectious
agents. Accordingly, our results will help clinicians prac-
tice more personalized care, tailoring interventions based
on each patient’s treatment plan.
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