S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Best Practice & Research Clinical Haematology xxx (XXxx) XXX

Contents lists available at ScienceDirect

Clinical
Haematology

Best Practice & Research Clinical Haematology

-~ ;
ELSEVIER journal homepage: www.elsevier.com/locate/issn/15216926

SARS-CoV-2 primary and breakthrough infections in patients with
cancer: Implications for patient care

Lindsey Wang ?, William Wang“, Rong Xu ™, Nathan A. Berger >~

@ Center for Science, Health & Society, Case Western Reserve University, Cleveland, OH, USA
Y Center for Artificial Intelligence in Drug Discovery, Case Western Reserve University, Cleveland, OH, USA
¢ Case Comprehensive Cancer Center, Case Western Reserve University, Cleveland, OH, USA

ARTICLE INFO ABSTRACT

Keywords: Initial reports of SARS-CoV-2 caused COVID-19 suggested that patients with malignant diseases
SARS-CoV-2 were at increased risk for infection and its severe consequences. In order to provide early United
COVID-19 . . States population-based assessments of SARS-CoV-2 primary infections in unvaccinated patients
Ig::ztromgm malignancies with hematologic malignancies or cancer, and SARS-CoV-2 breakthrough infections in vaccinated

patients with hematologic malignancies or cancer, we conducted retrospective studies using two,
unique nationwide electronic health records (EHR) databases. Using these massive databases to
provide highly statistically significant data, our studies demonstrated that, compared to patients
without malignancies, risk for COVID-19 was increased in patients with all cancers and with all
hematologic malignancies. Risks varied with specific types of malignancy. Patients with hema-
tologic malignancies or cancer were at greatest risk for COVID-19 during the first year after
diagnosis. Risk for infection was increased for patients 65 years and older, compared to younger
patients and among Black patients compared to white patients.

When patients with hematologic malignancies or cancer were vaccinated against SARS-CoV-2,
their risk for breakthrough infections was decreased relative to primary infections but remained
elevated relative to vaccinated patients without malignancies. Compared to vaccinated patients
without malignancies, vaccinated patients with hematologic malignancy or cancer showed
increased risk for infection at earlier post vaccination time points. As with primary infections, risk
for breakthrough infections was greatest in patients during their first year of hematologic ma-
lignancy or cancer. There were no signs of racial disparities among vaccinated patients with
hematologic malignancies or cancer. These results provide the population basis to understand the
significance of subsequent immunologic studies showing relative defective and delayed immu-
noresponsiveness to SARS-CoV-2 vaccines among patients with hematologic malignancies and
cancers. These studies further provide the basis for recommendations regarding COVID-19
vaccination, vigilance and maintaining mitigation strategies in patients with hematologic ma-
lignancies and cancers.

1. SARS-CoV-2 early warnings

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) was detected in 2019 in China as the cause of a previously

* Corresponding author. Case Western Reserve University School of Medicine 10900 Euclid Avenue Cleveland, Cleveland, OH, 44106-4971, USA.
E-mail address: nab@case.edu (N.A. Berger).

https://doi.org/10.1016/j.beha.2022.101384

Received 25 August 2022; Received in revised form 12 September 2022; Accepted 20 September 2022

Available online 29 September 2022

1521-6926/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Please cite this article as: Lindsey Wang, Best Practice & Research Clinical Haematology, https://doi.org/10.1016/j.beha.2022.101384



mailto:nab@case.edu
www.sciencedirect.com/science/journal/15216926
https://www.elsevier.com/locate/issn/15216926
https://doi.org/10.1016/j.beha.2022.101384
https://doi.org/10.1016/j.beha.2022.101384
https://doi.org/10.1016/j.beha.2022.101384
http://creativecommons.org/licenses/by-nc-nd/4.0/

L. Wang et al. Best Practice & Research Clinical Haematology xxx (xxxx) xxx

unknown severe pneumonic disease ultimately named Coronavirus Disease 2019 (COVID-19) [1,2]. Worldwide spread of the virus
rapidly ensued and by early 2020, cases of COVID-19 leading to hospitalization and death were clearly identified in the U.S [3,4]. On
March 11, 2020, with dire health outcomes occurring on a worldwide basis, the World Health Organization (WHO) declared COVID-19
a pandemic [5]. By the end of 2020, over 20 million cases of COVID-19 with more than 340,000 deaths were reported in the U.S [5,6].
In addition to wreaking havoc on patients’ lives and on medical institutions [7-9], the COVID-19 pandemic caused profound social and
economic disruptions and uncovered significant healthcare disparities in the U.S., where African Americans showed disproportion-
ately higher rates of COVID-19 infection and death [10-12]. In December 2020, federal drug authorities issued an Emergency Use
Authorization (EUA) for two, newly developed, COVID-19 mRNA vaccines [5]. Although uptake and utilization of these vaccines were
initially slow, they ultimately were shown to effectively protect people against severe consequences of COVID-19 infection, including
death [13,14].

Initial reports from Wuhan and from other Hubei hospitals in China, from Memorial Sloan Kettering Cancer Center in New York,
and from the COVID-19 and Cancer Consortium, including medical centers in the U.S., Canada and Spain, indicated that patients with
cancer or hematologic malignancies were at increased risk for SARS-CoV-2 infection and its severe consequences, including death rates
as high as 41% [15-18]. However, most of these early reports came from specialty hospitals and/or hospital systems in geographically
focused areas, with limited patient numbers.

2. Seeking population based data

In order to provide a U.S. population based assessment of primary and breakthrough SARS-CoV-2 infections and consequences,
including hospitalizations and death, across the spectrum of cancers and hematologic malignancies, we conducted retrospective, case
control, nationwide studies of de-identified, unique electronic health record (EHR) databases, derived from both inpatient and
outpatient facilities, distributed across all 50 states, and representing diverse geographic locations, age groups, racial and ethnic
groups, income levels and insurance types [19-23]. Availability of these extensive EHR databases allowed us to rapidly establish real
time, broad nationwide insights with high statistical power regarding SARS-CoV-2 infection, incidence, associated patient charac-
teristics, co-morbidities and adverse outcomes including hospitalization and death in patients with cancer and hematologic malig-
nancies as well as to document related age and ethnic disparities [19-23].

All the disease terms used in these studies were based on EHR recorded Systematized Nomenclature of Medicine-Clinical Terms.
(SNOMED-CT) For studies of primary infection, we used the IBM Watson Health Explorys Cohort Discovery Informatic System covering
366 hospitals and 317,000 clinicians across 50 states in the U.S. At the time of our studies for primary infections, August 14, 2020, for
patients with all cancers, and September 1, 2020 for patients with hematologic malignancies, the IBM Watson Explorys database
contained more than 73 million unique patient EHR’s including more than 25 million diagnosed with at least one of 13 common
cancers and more than 500,000 with hematologic malignancies [19,20].

For studies of breakthrough infections in vaccinated patients, we used the TriNetX Analytics Network Platform which provides
access to the unique, de-identified EHR’s for 66 healthcare systems, both inpatient and outpatient facilities, across 50 states in the U.S.
At the time of our breakthrough infection studies on hematologic malignancies, December 2020 to October 2021, the TriNetX Platform
provided access to 84.5 million unique patients, including 513,413 who were vaccinated for COVID-19, of whom 5956 had

Risk for primary or breakthrough SARS-CoV-2 infections
in patients with all cancer and hematologic malignancy
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Fig. 1. Comparison of risk of primary or breakthrough SARS-CoV-2 infections in patients with all cancer and hematologic malignancy. The
outcome “Primary infection” during February-August 2020 was compared between the “All-cancer” cohort that comprised patients who had a
diagnosis of cancer but no prior SARS-CoV-2 infections and the “Not cancer” cohort that comprised patients who did not have diagnosis of cancer
nor prior SARS-CoV-2 infections. Similar comparision was performed between the “Hematologic malignancy” cohort that comprised patients who
had a diagnosis of a hematological malignancy but no prior SARS-CoV-2 infections and the “Not cancer cohort” described above.The outcome
“Breaktrhough infection” between December 2020 and November 2021 was compared between the “All-cancer” cohort that comprised fully
vaccinated patients who had a diagnosis of cancer but no prior SARS-CoV-2 infections and the “Not cancer” cohort that comprised patients who did
not have diagnosis of cancer nor prior SARS-CoV-2 infections. Similar comparision was performed between the “Hematologic malignancy cohort”
that comprised fully vaccinated patients who had a diagnosis of a hematological malignancy but no prior SARS-CoV-2 infections and the “Not cancer
cohort” described above.
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hematologic malignancies [21,22]. At the time of our studies on all cancers, December 2020 to November 2021, the TriNetX Analytics
database contained more than 90 million unique patient EHRs, including 636,465 who were vaccinated for COVID-19 and 45,253 who
were vaccinated patients with one of 12 common cancer types [23].

Our population based results provided early indication of the consequences of COVID-19 in patients with cancer and hematologic
malignancies as well as on their relative resistance to COVID-19 vaccination [19-23]. These data highlight the need for vigilance,
vaccination and maintaining COVID-19 mitigation strategies in patients with cancer and hematologic malignancies. They also provide
the clinical basis to better understand the subsequent results of serologic studies demonstrating relative resistance to SARS-CoV-2
infection and/or vaccination in patients with cancer and hematologic malignancies [24-27].

This report reprises the results of our population based, nationwide EHR studies of SARS-CoV-2 primary and breakthrough in-
fections and their consequences [19-23] and summarizes their implications for patient care. These studies show how utilization of EHR
databases can provide early and significant insights and data-driven indications with statistical power to evaluate emerging health
problems to orient both research and patient care strategies.

3. COVID-19 infections in unvaccinated patients with hematologic malignancies or cancer

Our studies showed that patients with any of 12 common cancer types or 8 hematologic malignancies, had higher risks of COVID-19
infection when compared to patients without cancer [19,20]. Risk for COVID-19 was greatest for patients who were recently diagnosed
with cancer within the past year compared to all patients with the same tumor, presumably reflecting more active disease, greater
suppression of body defenses and/or consequences of anti-cancer therapies. Fig. 1 shows that after adjustment for potential con-
founders, COVID-19 infection risk varied by tumor type ranging from adjusted odds ratio (aOR) for all leukemias (aOR, 12.16, 95% CI,
11.03-13.40), and for all cancers (aOR, 7.14, 95% CI, 6.91-7.39). There were significant variations within each group ranging from
liver cancer (aOR, 6.49, 95% CI, 5.71-7.38), and lung cancer (aOR, 7.66, 95% CI, 7.07-8.29) to thyroid cancer (aOR, 3.10, 95% CI,
2.47-3.87).

Patients with hematologic malignancies, likewise, showed a broad range of disease dependent risks for COVID-19 infection,
ranging from acute lymphoid leukemia, (aOR, 31.08, 95% CI, 35.84-37.27), to myelodysplastic syndrome (aOR, 6.59, 95% CI,
5.31-8.18), and polycythemia vera (aOR, 4.89, 95% CI, 3.91-6.11). As with all cancer patients, those with recent diagnosis of he-
matologic malignancies showed significantly higher risks for COVID-19 infection (aOR, 11.91, 95% CI, 11.31-12.53) compared to
patients with all-time diagnoses of hematologic malignancies (aOR, 2.27, 95% CI, 2.17-2.36). Nonetheless, all patients with cancer
and all patients with hematologic malignancies of any duration remained at elevated risk for COVID-19 infection [19,20].

When compared to patients without cancer, infected by COVID-19, those with cancer infected by COVID-19 had more severe
consequences, as shown by increased rates of hospitalization (Fig. 2) and death (Fig. 3) [19]. Fig. 2 shows that in adult patients, (>18
years old) with cancer who contracted COVID-19, 47.6% were hospitalized, compared to 25.2% of adult patients without cancer who
contracted COVID-19. The hospitalization rate of Black patients with COVID-19 and cancer was even higher at 55.56% compared to
white patients, 43.2%. Overall, the 47.6% hospitalization rate for patents with COVID-19 and cancer was higher than for COVID-19
patients with no cancer, 24.26%, as well as for patients with cancer, but no COVID-19, 12.39%. Thus, the combination of COVID-19

Hospitalization risk among patients with SARS-CoV-2 infection
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Fig. 2. Comparison risk of hospitalization among patients with primary or breakthrough SARS-CoV-2 infections between All cancer, Not
Cancer and Hematologic maligancy cohorts. All cancer — patients who had a preexisting diagnosis of cancer and a SARS-CoV-2 infection between
February-August 2020 (“Primary infection”) or fully vaccinated patients who had a preexisting diagnosis of cancer and a breakthrough SARS-CoV-2
infection between December 2020 and November 2021 (“Breakthrough infection™). All cancer — patients who had no preexisting diagnosis of cancer
but had a SARS-CoV-2 infection between February—August 2020 (“Primary infection”) or fully vaccinated patients who had no preexisting diagnosis
of cancer but a breakthrough SARS-CoV-2 infection between December 2020 and November 2021 (“Breakthroug infection”). Hematologic malig-
nancy — patients who had a preexisting diagnosis of hematologic malignancy and a SARS-CoV-2 infection between February—August 2020 (“Primary
infection™) or fully vaccinated patients who had a preexisting diagnosis of hematologic malignancy and a breakthrough SARS-CoV-2 infection
between December 2020 and November 2021 (“Breakthrough infection™).
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Mortality rate among patients with SARS-CoV-2 infection
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Fig. 3. Comparison overall mortality rate among patients with primary or breakthrough SARS-CoV-2 infections between All cancer, Not
Cancer and Hematologic maligancy cohorts. All cancer - patients who had a preexisting diagnosis of cancer and a SARS-CoV-2 infection between
February-August 2020 (“Primary infection™) or fully vaccinated patients who had a preexisting diagnosis of cancer and a breakthrough SARS-CoV-2
infection between December 2020 and November 2021 (“Breakthrough infection™). All cancer — patients who had no preexisting diagnosis of cancer
but had a SARS-CoV-2 infection between February-August 2020 (“Primary infection”) or fully vaccinated patients who had no preexisting diagnosis
of cancer but a breakthrough SARS-CoV-2 infection between December 2020 and November 2021 (“Breakthroug infection”). Hematologic malig-
nancy - patients who had a preexisting diagnosis of hematologic malignancy and a SARS-CoV-2 infection between February-August 2020 (“Primary
infection™) or fully vaccinated patients who had a preexisting diagnosis of hematologic malignancy and a breakthrough SARS-CoV-2 infection
between December 2020 and November 2021 (“Breakthrough infection™).

plus cancer had a synergistic effect on severity requiring patient hospitalization. Fig. 3 shows that similar synergistic effects were seen
in death rates among patients with cancer and COVID-19 who had death rates of 14.9% compared to patients with COVID-19 alone or
cancer alone, where the death rates were respectively 5.26 and 4.03%.

Among patients with recent onset hematologic malignancies and COVID-19 infection, Fig. 2 shows that the hospitalization rate was
51.9% compared to 23.5% for patients with COVID-19 without hematologic malignancies and 15.0% for patients with hematologic
malignancies without COVID-19, again indicating synergistic effects between COVID-19 infection and recent hematologic malig-
nancies leading to patient hospitalization. Fig. 3 shows that similar results, indicating synergistic effects were noted for death rates
with 14.8% mortality for patients with recently diagnosed hematologic malignancy plus COVID-19 infection, compared to 5.1%
mortality for COVID-19 infections alone, and 4.1% mortality for patients with recently diagnosed hematologic malignancies without
COVID-19.

African Americans with COVID-19 plus all cancers had a higher death rate of 18.52% compared to white patients, 13.51%, however
this difference did not reach statistical significance. Similarly, African American patients with COVID-19 plus hematologic malig-
nancies had higher death rates, 20.0% compared to white patients 13.8% without reaching statistical significance.

4. COVID-19 breakthrough infections in vaccinated patients with hematologic malignancies or cancer

By the 2020-21 winter, within one year of the World Health Organization declaration of COVID-19 as a global pandemic, three
vaccines became available in the U.S. including two mRNA vaccines, mRNA-1273 from Moderna and BNT162b2 from Pfizer-BioNTech
as well as a modified viral vector vaccine from Jansen/Johnson and Johnson. All three vaccines were noted to activate T cells, B cells,
and plasma cells and to induce cellular and humoral immunity [28]. Initial priority for emergency use of COVID-19 vaccination in the
U.S. was provided for healthcare workers, older patients and those with comorbidities, including cancer which put them at higher risk
for COVID-19 infection [5]. However, early studies indicated that some patients with hematologic malignancies either failed to un-
dergo serologic conversion or were weak antibody responders [25,29]. It therefore became important to demonstrate whether cancer
patients that were fully vaccinated were protected against COVID-19 infection and/or the serious outcomes associated with infection.

We initially evaluated patients with multiple myeloma (MM) who were fully vaccinated against SARS-CoV-2, for COVID-19
breakthrough infection and compared them to breakthrough infections in patients without myeloma or any other malignancy [21].
At the time of this study, full vaccination was identified as two doses of the Pfizer-BioNTech or Moderna mRNA vaccine or a single dose
of the Jansen/Johnson and Johnson viral vector vaccine. The overall COVID-19 infection breakthrough rate among fully vaccinated
patients with MM was 15.4% compared to 3.4% in patients without cancer [21]. When patients with MM were propensity matched
with patients without cancer for demographics, adverse socioeconomic determinants of health, comorbidities, medications and vac-
cine types, MM patients still showed increased risk for breakthrough infection Hazard Ratio (HR) 1.34 (95% CI 1.06-1.69). Severe
outcomes as measured by hospitalization rates, revealed 30% for vaccinated patients with MM and breakthrough infections compared
to 4.5% for matched MM patients without breakthrough infections. Thus, our initial study of vaccinated patients with a specific he-
matologic malignancy, MM, showed an increased infection breakthrough rate compared to patients with no malignancy. We
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furthermore showed that patients with MM with breakthrough infections were at increased risk for hospitalization compared to pa-
tients with breakthrough, but no malignancy or no breakthrough infection. These studies showed the value of the EHR massive
database in providing early warnings of the increased risk and severity for COVID-19 infection in patients with a hematologic ma-
lignancy, even though they had completed the vaccination schedule recommended at that time. Such information might have been
useful to maintain enhanced mitigation strategies for patients like Colin Powell who had MM and was vaccinated but succumbed to
COVID-19 induced mortality [30].

We subsequently extended our investigation to examine breakthrough infections in vaccinated patients with all cancers combined,
and with each of 12 common cancers individually, including breast, prostate, colorectal, skin, lung, thyroid, bladder, kidney, endo-
metrial, liver, and pancreatic cancers. We also examined breakthrough infections in vaccinated patients with all hematologic ma-
lignancies as a group and with 7 specific hematologic malignancies, including MM, acute myelogenous leukemia, chronic myelocytic
leukemia, chronic lymphocytic leukemia, Hodgkin lymphoma, and non-Hodgkin lymphoma. These results were compared to break-
through infections in propensity matched vaccine patients without cancer [22]. Overall, the breakthrough rates for vaccinated patients
with all cancer was 13.6% while the breakthrough rate for vaccinated patients with all hematologic malignancies was 13.4% compared
to control vaccinated patients without malignancy which ranged from 4.5% to 4.9% in two separate studies [22,23].

Within each group, cancers and hematologic malignancies, there was a range of breakthrough infections associated with different
tumor types. Among vaccinated patients with cancers, breakthrough rates ranged from 24.7% for patients with pancreatic cancer,
22.8% for liver cancer, 17.5% for colorectal cancer, 11.9% for endometrial cancer, 11.9% for breast cancer and 10.3% for thyroid
cancer, all higher than the 4.5-4.9% breakthrough infection rate in vaccinated patients without cancers. Variations in breakthrough
rates were also noted in vaccinated patients with specific hematologic malignancies, ranging from 17.4% for patients with Chronic
Myeloid Leukemia, 17.2% for MM, to 11% for Acute Lymphocytic Leukemia [22]. These elevated breakthrough infection rates in
vaccinated patients with cancer, who had medical encounters during the past year, presumably reflected active disease and elevated
risk for breakthrough infections compared to cancer patients without medical encounters during the past year.

Patients with cancer or hematologic malignancies with breakthrough infections had increased risk for hospitalization and mortality
of 30.6% and 3.9% respectively, compared to 6.7% and 1.3% in patients with cancer without breakthrough infections. Similarly,
patients with hematologic malignancies and breakthrough infections had hospitalization and mortality rates of 37.8% and 5.7%
respectively, compared to 2.2% hospitalization and 0.8% mortality for patients with hematologic malignancies without COVID-19
breakthrough infections. Interestingly, among vaccinated patients with all cancers as well as for those with hematologic malig-
nancies, there were no significant differences in breakthrough infections, hospitalizations or death based on race or ethnicity [22,23].

Results summarized in Fig. 1 show that risks for primary COVID-19 infection in patients with all cancers or with all hematologic
malignancies are considerably increased relative to those in patients without cancers. Fig. 1 also shows, that while risks for break-
through infections in vaccinated patients with all cancers or vaccinated patients with hematologic malignancies are higher than in
vaccinated patients without cancers, the results for breakthrough infections are considerably less in vaccinated patients compared to
risk for primary infections in non-vaccinated patients. Thus, vaccination reduces but does not eliminate the increased risk for infection
in patients with cancers and with hematologic malignancies [19-23].

Fig. 2 shows that hospitalization rates for patients with SARS-CoV-2 infection are significantly higher in patients with all cancers or
with all hematologic malignancies compared to effects of primary infections in patients without cancer. Among vaccinated patients
with breakthrough infections, those with all cancers and those with all hematologic malignancies had higher mortality rates than those
without cancer, however overall mortality rates were reduced compared to those that occurred with primary infections [19-23] (see
Fig. 3).

In summary, our studies showed on a population basis in the U.S., that patients with cancer and patients with hematologic ma-
lignancies were at increased risk for primary COVID-19 infections and that infections among these groups of patients were associated
with increased mortality compared to infections in patients without malignancies. Our studies also showed that vaccination reduced
risk of breakthrough infections in patients with cancer and patients with hematologic malignancies, however these patients were still
at increased risk for breakthrough infections compared to patients without cancer. Moreover, patients with cancers and patients with
hematologic malignancies were at increased risk for mortality associated with COVID-19 infections. Vaccination reduced but did not
eliminate the increased mortality rate associated with the combination of COVID-19 breakthrough infection plus cancer or hemato-
logic malignancy.

While individual cancer types and hematologic malignancies are varied in their relative risk for primary and breakthrough in-
fections and associated severity, they all showed similar patterns. In all cases, risks increased with medical encounters during the most
recent year, suggesting risk increased with more active disease, disease severity, and/or disease specific therapeutic interventions.

We and others have reported significant disparities for primary SARS-CoV-2 infection among African American individuals
compared to white individuals and among African American patients with cancer compared to white patients with cancer and/or
hematologic malignancies [8,9,12]. We also reported that African Americans with cancer and/or hematologic malignancies and
primary COVID-19 infection have more severe disease measured by increased hospitalization and mortality rates. These disparities
have been attributed to a variety of factors including access to quality care, adverse social determinants of health and structural racism.
Interestingly, however, we found no significant differences in breakthrough infection rates and/or severity of outcomes between
vaccinated African Americans and white patients with cancer and/or hematologic malignancies. These observations suggest that
vaccination itself and/or associated medical care mitigates against factors leading to racial/ethnic disparities. Alternatively, it is
possible that patients with cancer and/or hematologic malignancies who are vaccinated against SARS-CoV-2 are also more cautious to
practice all other mitigation strategies.

In more recent studies of patients who were treated with Paxlovid (niratrelvir/ritonavir) or Molnupiravir antiviral therapy for
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COVID-19, who then developed COVID-19 rebound within 30 days of treatment, greater than 55% of those rebounds occurred in
patients with cancer [31]. These results again demonstrate the increased susceptibility of patients with cancer to SARS-CoV-2 and
indicate the need for continued surveillance of patients with COVID-19 and cancer, even after completion of antiviral therapy with
Paxlovid or Molnupiravir.

In summary, our nationwide, real-time population based studies using unique de-identified EHRs provided early indication of the
multiple aspects of the impact of SARS-CoV-2 infection in patients with cancer and hematologic malignancies.

Patients with cancer and hematologic malignancies are at increased risk for SARS-CoV-2 infection.

e Risk of Infection with SARS-CoV-2 among patients with cancer and with hematologic malignancies is greatest among those with
medical encounters during the most recent year relative to those without recent encounters. These observations suggest that pa-
tients with newly diagnosed disease, active disease and/or those undergoing therapy are at greatest risk for infection.

Risk for infection with SARS-CoV-2 varies significantly among patients with different malignant disease types, however, all patients
with cancer and all patients with hematologic malignancies showed increased risk for infection. These observations suggest that
cancer itself has an impact on susceptibility to SARS-CoV-2 infection that is further modulated by effects of cancer on different
organ systems, health status and overall resistance mechanisms.

Patients with cancer or hematologic malignancies, who are infected with SARS-CoV-2 show greater disease severity as measured by
increased hospitalization and increased death rates. The combination of cancer or hematologic malignancies with SARS-CoV-2
infections are synergistic leading to hospitalization and death.

In unvaccinated patients with hematologic malignancies or cancer, there were racial/ethnic and age dependent disparities in SARS-
CoV-2 infection and severity. However, disparities for breakthrough infections were not present in vaccinated patients.
SARS-CoV-2 vaccinated patients with hematologic malignancies or cancer showed lower risk for breakthrough infections compared
to risk for primary infections in unvaccinated patients. However, SARS-CoV-2 breakthrough infections among patients with he-
matologic malignancies or cancer occurred at a higher rate and at earlier time points compared to breakthrough infections in
vaccinated patients without cancer or hematologic malignancies.

Risk for breakthrough infections, varied with different malignancies and was greatest in patients with medical encounters during
most recent years.

Mortality rates for vaccinated patients with hematologic malignancies or cancer who developed SARS-CoV-2 breakthrough in-
fections were decreased relative to mortality rates associated with primary infections in hematologic malignancies or cancer pa-
tients, however, they were still greater than mortality rates in patients with breakthrough infections without underlying
malignancies.

Our recent studies indicate that patients with hematologic malignancies or cancer who are treated with Paxlovid or Molnupiravir
represent a large percentage of those patients who developed SARS-CoV-2 rebound within 30 days of completing anti-viral therapy.
Information on mortality of these rebound infections in patients with hematologic malignancies or cancer is not yet available.

5. Clinical implications for pre and post SARS-CoV-2 exposure in patients with hematologic malignancies or cancer

Our studies outlined above have been substantiated by subsequent reports [32,33]. While we did not specifically study mechanisms
of susceptibility and/or resistance to SARS-CoV-2 infection or prognosis, our population-based observations were predictive and are
supported at a mechanistic level by multiple subsequent immunologic studies. The complete and protective adaptive immune response
to SARS-CoV-2 infection and/or immunization requires a complex and coordinated interaction between antibody producing B cells,
cellular responses in CD4+T helper cells and CD8" T killer cells [28,34]. As anticipated by our studies, patients with hematologic
malignancies or cancer are capable of mounting those protective responses against SARS-CoV-2 virus and vaccine, however, compared
to normal patients without hematologic malignancies or cancer, these responses may be delayed, take longer to develop, and
frequently require more encounters with the immunogen i.e., multiple vaccinations. In addition, patients with hematologic malig-
nancies or cancer when compared to normal patients, frequently do not reach equivalent virus neutralization titers. Moreover, im-
munity wains more rapidly providing less sustained protection [25,29,35-39]. Furthermore, the immune response to SARS-CoV-2
varies with different hematologic malignancies or cancer and is particularly compromised in those with hematologic malignancies
compared to solid tumors, especially those with B cell malignancies and those receiving anti B-cell therapies with agents such as
Rituximab and BTK inhibitors as well as other immunosuppressants [18,27,38,40,41]. These studies indicate the need for all patients
with hematologic malignancies or cancer to receive early and regularly scheduled SARS-CoV-2 vaccinations, including regular
boosters, to coordinate vaccination with immune suppressive therapy so as to optimize effectiveness. Moreover, the compromised
immune status and defective immunoresponsiveness of patients with hematologic malignancies or cancer stresses the importance for
patients, their families, friends and caregivers, to be fully immunized and even when fully immunized, to maintain vigilance and full
observance of social and behavioral mitigation strategies [42].

The compromised immune status of patients with hematologic malignancies and cancer, further strongly support the use of pro-
phylactic preexposure passive immune strategies with anti SARS-CoV-2 monoclonal antibodies Tixagevinab and Cilgavimab
(Evusheld) [43-45] or intravenous immunoglobulin, which has been shown to carry protective antibodies and has been suggested for
patients receiving CAR-T therapy [46,47].

Since both primary and breakthrough SARS-CoV-2 infection in patients with hematologic malignancies or cancer have an increased
incidence as well as increased severe consequences including death, the early use of antivirals, Paxlovid and Molnopurivir, to control
signs and symptoms in particular with hematologic malignancies or cancer who test positive for SARS-CoV-2 antigens is encouraged to
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potentially reduce severe outcomes [48].

These results are supportive of the recommendations of the National Comprehensive Cancer Network (NCCN) for COVID-19
vaccination and for preexposure prophylaxis which are briefly outlined below in Practice Points and available in more detail at the
NCCN website [49,50].

6. Research agenda

To provide U.S. population-based data for the following questions regarding SARS-CoV-2 infections and breakthrough infections in
patients with cancers or hematologic malignancies.

Are patients with cancer or hematologic malignancies at increased risk for SARS-CoV-2 infections and severe outcomes?

In patients with cancer or hematologic malignancies, does SARS-CoV-2 vaccination reduce risk of breakthrough infections?

Are vaccinated patients with cancer or hematologic malignancies at increased risk for SARS-CoV-2 breakthrough infections or
severe outcomes?

Do patients with cancer or hematologic malignancies show disparities in risk or outcomes of SARS-CoV-2 primary or breakthrough
infections?

N

Practice Points

Patients with cancer should get vaccinated with three vaccine doses followed by two booster shots as soon as they can.

Patients receiving stem cell transplant and/or CAR-T therapy should wait at least three months after treatment to get vaccinated.
Caregivers, family and contacts should get all recommended vaccines and boosters.

Patients with cancer and their contacts and caregivers should practice social distancing, wearing masks, and other mitigation
strategies.

In addition to vaccination, preexposure prophylaxis using Tixagevimab plus Cilgavimab (Evusheld) is recommended for patients
undergoing active therapy.

In addition, we suggest the prompt initiation of antiviral therapy for patients with hematologic malignancies or cancer who develop
symptomatic primary and/or breakthrough SARS-CoV-2 infection and become antigen positive.
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