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Abstract: Background/Objectives: This study aimed to investigate the association between colorectal
cancer (CRC) and the risk of breakthrough respiratory syndrome coronavirus 2 (SARS-CoV-2) infec-
tion in vaccinated patients with CRC. Methods: This retrospective cohort study used the TriNetX
research network to identify vaccinated patients with CRC. Patients were matched using propensity
score matching (PSM) and divided into patients with CRC and control (without history of CRC)
groups. The primary outcome was the risk of breakthrough SARS-CoV-2 in vaccinated patients. The
secondary outcome was a composite of all-cause emergency department (ED) visits, hospitalization, and
death during the follow-up period after the diagnosis of COVID-19. Results: A total of 15,416 vaccinated
patients with CRC were identified and propensity matched with 15,416 vaccinated patients without
CRC. Patients with CRC had a significantly increased risk for breakthrough infections compared
to patients without CRC (aOR = 1.78; [95% CI: 1.47–2.15]). Patients with CRC were at increased
risk of breakthrough SARS-CoV-2 infections after two doses (aOR = 1.71; [95% CI: 1.42–2.06]) and
three doses (aOR = 1.36; [95% CI: 1.09–1.69]) of SARS-CoV-2 vaccine. Vaccinated patients with CRC
were at a lower risk of COVID-19 infection than unvaccinated CRC patients (aOR = 0.342; [95% CI:
0.289–0.404]). The overall composite outcome (all-cause ED visits, all-cause hospitalization, and
all-cause death) was 51.6% for breakthrough infections, which was greater than 44.3% for propensity
score-matched patients without CRC (aOR = 1.79; [95% CI: 1.29–2.47]). Conclusions: This cohort
study showed significantly increased risks for breakthrough SARS-CoV-2 infection in vaccinated
patients with CRC. Breakthrough SARS-CoV-2 infections in patients with CRC were associated with
significant and substantial risks for hospitalizations.

Keywords: colorectal cancer; CRC; breakthrough; SARS-CoV-2; COVID-19

1. Introduction

In the initial phases of the pandemic, data suggested an increased susceptibility of
cancer patients to severe SARS-CoV-2 infection [1,2]. Ongoing vaccination efforts against
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SARS-CoV-2 have played a crucial role in mitigating morbidity and mortality rates, with
a specific emphasis on inoculating patients with cancer to avoid severe outcomes in this
population. In general, cancer patients are more susceptible to infections due to disrupted
normal anatomical barriers and compromised cellular and humoral immunity, which are
attributable to both the cancer itself and its treatment. While initial data on seroconversion
and titers of anti-mRNA antibodies post-SARS-CoV-2 vaccination are promising for solid
malignancies [3,4], concerns persist regarding the durability of this immune response.

Despite ongoing vaccination efforts, numerous studies have revealed waning im-
munity and an increased incidence of breakthrough SARS-CoV-2 infections in patients
with cancer [5,6]. The efficacy of vaccines in patients with cancer is influenced by various
factors intrinsic to the disease. Patients with cancer often exhibit immune dysfunction due
to tumor-induced alterations in immune cell populations and cytokine profiles [7]. This
compromised immunity extends to vaccine responses, potentially resulting in attenuated
immunity following vaccination [8]. Moreover, the impact of cancer treatments such as
chemotherapy further complicates vaccine efficacy by suppressing immune function and
altering the timing of vaccination relative to treatment cycles [9]. Monitoring vaccine re-
sponses in cancer patients is challenging due to underlying comorbidities and the dynamic
nature of immune function within the tumor microenvironment. Additionally, the poten-
tial for cancer cells to harbor molecular alterations that confer resistance to vaccination
emphasizes the need for tailored immunization strategies in this population [10].

With the emergence of new variants, there has been a focus on assessing the risks and
identifying vulnerable populations to breakthrough SARS-CoV-2 infection [11]. Previous
data indicated that SARS-CoV-2 infection contributes significantly to morbidity and mortal-
ity in patients with colorectal cancer (CRC) [12]. Patients with cancer, particularly those
undergoing active treatment or with advanced disease, may face an increased risk of severe
SARS-CoV-2 outcomes due to compromised immune function [13]. In addition to vacci-
nation, emerging pharmacological treatments such as monoclonal antibodies, including
tixagevimab/cilgavimab, hold promise for preventing disease progression and reducing
the severity of SARS-CoV-2 in eligible patients [14,15]. These therapies target specific viral
components and have demonstrated efficacy in reducing viral load and hospitalization
rates in high-risk individuals, including those with cancer [16].

We hypothesize that patients with CRC are at a higher risk of breakthrough SARS-
CoV-2 infection and severe outcomes. Using large, nationally representative data from the
United States (US), we aim to address these knowledge gaps by evaluating the relationship
between CRC and vaccination efficacy.

2. Materials and Methods
2.1. Database Description

We conducted a retrospective cohort study utilizing the TriNetX (Cambridge, MA,
USA) Analytics Network Platform. TriNetX is a multi-institutional global federated re-
search network that contains de-identified data from more than 105 million patients within
61 health care organizations (HCOs) across the US. [17]. The TriNetX web portal can be used
to perform cohort selection, propensity score matching, and time trend analysis to compare
outcomes between cohorts. The de-identification process is determined and performed
at the network level by a qualified expert as defined in the Health Insurance Portability
and Accountability Act Privacy Rule (HIPAA). Rigorous quality assurance is achieved at
the time of extraction of data from electronic health records (EHRs), in a systemic and
standardized format, before inclusion in the database. Based on the recommendations of the
National Human Research Protections Advisory Committee, this study was exempted from
IRB approval because it involved publicly available de-identified data [18]. TriNetX has been
previously used and validated for studying SARS-CoV-2 infections in the US [19,20]. This
study followed the Strengthening the Reporting of Observational Studies in Epidemiology
(STORBE) reporting guidelines [21].
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2.2. Study Participants and Cohorts

A real-time search and analysis of the US Collaborative Network in the TriNetX
platform were conducted through February 1, 2024. The CRC cohort included patients
who fulfilled the following inclusion criteria: (a) were aged 18 years and older; (b) had
an International Classification of Disease, Ninth Revision and Tenth Revision, Clinical
Modification (ICD-10-CM) code in their EHR for CRC (Supplementary Table S1); (c) had
documented evidence of vaccination in their EHRs (received two doses of the COVID-19
messenger RNA vaccine or a single dose of the COVID-19 viral vector vaccine); and (d) did
not contract COVID-19 infection prior to vaccination. This case definition was used and
validated in previously published studies [5,20].

The control cohort was stratified into two dichotomous cohorts: (1) cohort 1, in
which patients had no medical encounters for CRC but were vaccinated against COVID-19;
and (2) cohort 2, in which patients had medical encounters for CRC and did not receive
the COVID-19 vaccine. The three cohorts were propensity score matched for covariates
(Figure 1).
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Figure 1. Flowchart for cohort identification of patients in the colorectal cancer (CRC) cohort and
non-CRC control cohort.

2.3. Covariates

The covariates used in this study and their standardized names, codes, and data
types are described in Supplementary Table S1. The CRC and control groups were created
using the following 1:1 propensity score matching variables: (a) demographic informa-
tion (age, sex, race, and ethnicity) [22–24]; (b) social determinants of adverse health out-
comes (SDHOs); (c) behavioral factors (tobacco smoking, alcohol abuse); (d) vaccine types;
(e) cancer treatment types; and (f) comorbidities that are related to SARS-CoV-2 morbidity
and mortality [25].

2.4. Study Aims and Outcomes

The primary aim of the study was to compare the risk of SARS-CoV-2 breakthrough
infections after vaccination between the CRC cohort and the control cohort. Patients were
considered to have breakthrough SARS-CoV-2 infection if they were diagnosed with SARS-
CoV-2 infection 14 days to 6 months after vaccination [26]. The status of breakthrough
SARS-CoV-2 infection was based on the laboratory test-confirmed presence of “SARS
coronavirus 2 and related RNA” (TNX:LAB:9088) or the International Classification of
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Disease-10 Genomes (ICD-10) diagnosis code “COVID-19” (U07.1). The TriNetX database
allows temporal associations between different groups within a cohort to be created. This
functionality allowed us to identify patients who had SARS-CoV-2 infection after receiving
the SARS-CoV-2 vaccine.

The secondary outcomes included (1) a composite of any emergency room (ER) visits,
hospitalization, or death [27] and (2) ER visits, all-cause hospitalization, all-cause death,
all-cause critical care admission, and all-cause intubation, individually. These outcomes
were observed during the follow-up period, spanning 30 days after the breakthrough
SARS-CoV-2 infection [27]. This case definition was previously used and validated with
98% sensitivity and 99% specificity in the US hospital setting [28]. In a separate subgroup
analysis, we evaluated the risk of SARS-CoV-2 infection and severe outcomes between
vaccinated and unvaccinated patients with CRC.

2.5. Statistical Analyses

All the statistical tests were performed using the built-in functions of the TriNetX
Advanced Analytics Platform. The characteristics of the two groups are presented as the
mean ± standard deviation (SD) or frequency and proportion. One-to-one (1:1) propensity
score matching was performed to control for the covariate between the two groups. The
TriNetX platform utilizes input matrices of user-identified covariates to conduct logistic
regression analysis in order to obtain propensity scores for all individual subjects. The
propensity scores generated were used to match patients using greedy nearest-neighbor
algorithms with a caliper width of 0.1 for the pooled standard deviations. TriNetX random-
izes the order of rows to eliminate bias resulting from nearest-neighbor algorithms. After
propensity score matching, the risk of each outcome was calculated and is expressed as an
adjusted odds ratio (aOR) with a 95% confidence interval (CI). Two-sided p-values < 0.05
were considered statistically significant.

3. Results
3.1. Patient Characteristics

A total of 15,416 vaccinated CRC patients were identified (mean age = 68.3 ± 12.7 years,
female 47.4%) and matched with 15,416 patients without CRC. Among the CRC-vaccinated
patients, 69.7% were White individuals, 11.6% were Black individuals, and 7.9% were
Hispanic/Latino individuals. In this cohort, 11,168 patients received two doses, and
2311 patients received three doses of the COVID-19 mRNA vaccine. A full description
of the demographic and comorbidity data before and after propensity score matching is
shown in Table 1.

Table 1. Baseline characteristics of patients in the CRC cohort and non-CRC control cohort before and
after propensity score matching.

Before Matching After Matching

With CRC (n, %)
n = 15,416

Without CRC (n, %)
n = 2,158,771 p Value With CRC (n, %)

n = 15,416
Without CRC (n, %)

n = 15,416 p Value

Demographics

Age (mean) 69.6 ± 12.5 53.1 ± 19.5 <0.001 69.6 ± 12.5 70.2 ± 12.2 <0.001

Female 7492 (48.60%) 1,128,860 (52.30%) <0.001 7491 (48.60%) 7695 (49.90%) 0.02

Hispanic or Latino 1219 (7.90%) 329,008 (15.20%) <0.001 1219 (7.90%) 1106 (7.20%) 0.015

White 10,743 (69.70%) 1,386,991 (64.20%) <0.001 10,742 (69.70%) 10,995 (71.30%) 0.002

Black or African
American 1793 (11.60%) 216,367 (10.00%) <0.001 1793 (11.60%) 1808 (11.70%) 0.79

Asian 1062 (6.90%) 167,199 (7.70%) <0.001 1062 (6.90%) 993 (6.40%) 0.115

Diagnosis

Obesity 4301 (27.90%) 278,403 (12.90%) <0.001 4300 (27.90%) 4469 (29.00%) 0.033
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Table 1. Cont.

Before Matching After Matching

With CRC (n, %)
n = 15,416

Without CRC (n, %)
n = 2,158,771 p Value With CRC (n, %)

n = 15,416
Without CRC (n, %)

n = 15,416 p Value

Diabetes mellitus 4262 (27.60%) 224,236 (10.40%) <0.001 4261 (27.60%) 4577 (29.70%) <0.001

Hypertension 9962 (64.60%) 563,266 (26.10%) <0.001 9961 (64.60%) 10,563 (68.50%) <0.001

Hyperlipidemia 7356 (47.70%) 390,934 (18.10%) <0.001 7355 (47.70%) 7815 (50.70%) <0.001

Heart failure 1959 (12.70%) 71,271 (3.30%) <0.001 1959 (12.70%) 2012 (13.10%) 0.368

CLRD 3839 (24.90%) 234,019 (10.80%) <0.001 3839 (24.90%) 3969 (25.70%) 0.089

IHD 4137 (26.80%) 169,624 (7.90%) <0.001 4137 (26.80%) 4147 (26.90%) 0.898

CKD 2889 (18.70%) 105,588 (4.90%) <0.001 2888 (18.70%) 2982 (19.30%) 0.173

Diseases of liver 3447 (22.40%) 96,400 (4.50%) <0.001 3446 (22.40%) 3348 (21.70%) 0.178

CVD 1880 (12.20%) 87,249 (4.00%) <0.001 1880 (12.20%) 2009 (13.00%) 0.027

SDHOs 605 (3.90%) 34,431 (1.60%) <0.001 605 (3.90%) 565 (3.70%) 0.233

HIV 189 (1.20%) 9177 (0.40%) <0.001 189 (1.20%) 180 (1.20%) 0.637

Dementia 388 (2.50%) 14,252 (0.70%) <0.001 388 (2.50%) 381 (2.50%) 0.798

Substance use
disorders 2634 (17.10%) 168,404 (7.80%) <0.001 2633 (17.10%) 2769 (18.00%) 0.042

Depression 2983 (19.40%) 199,924 (9.30%) <0.001 2982 (19.30%) 3155 (20.50%) 0.014

Anxiety 4038 (26.20%) 298,874 (13.80%) <0.001 4037 (26.20%) 4294 (27.90%) 0.001

Alcohol abuse 465 (3.00%) 28,708 (1.30%) <0.001 465 (3.00%) 463 (3.00%) 0.947

Tobacco use 737 (4.80%) 45,197 (2.10%) <0.001 737 (4.80%) 736 (4.80%) 0.979

Procedure

SCT 57 (0.40%) 2496 (0.10%) <0.001 57 (0.40%) 68 (0.40%) 0.324

Chemotherapy 4959 (32.20%) 109,228 (5.10%) <0.001 4958 (32.20%) 4592 (29.80%) <0.001

Targeted Therapy 1837 (11.90%) 65,534 (3.00%) <0.001 1837 (11.90%) 1801 (11.70%) 0.525

Radiation 1419 (9.20%) 21,552 (1.00%) <0.001 1418 (9.20%) 1146 (7.40%) <0.001

Hormone Therapy 1011 (6.60%) 58,354 (2.70%) <0.001 1011 (6.60%) 1016 (6.60%) 0.909

CAR-T therapy 10 (0.10%) 49 (0.00%) <0.001 10 (0.10%) 10 (0.10%) 1

Medication

pembrolizumab 150 (1.00%) 1444 (0.10%) <0.001 150 (1.00%) 125 (0.80%) 0.13

nivolumab 76 (0.50%) 993 (0.00%) <0.001 76 (0.50%) 59 (0.40%) 0.143

cemiplimab 10 (0.10%) 41 (0.00%) <0.001 10 (0.10%) 10 (0.10%) 1

atezolizumab 11 (0.10%) 291 (0.00%) <0.001 11 (0.10%) 12 (0.10%) 0.835

avelumab 10 (0.10%) 21 (0.00%) <0.001 10 (0.10%) 10 (0.10%) 1

durvalumab 24 (0.20%) 261 (0.00%) <0.001 24 (0.20%) 20 (0.10%) 0.546

ipilimumab 31 (0.20%) 426 (0.00%) <0.001 31 (0.20%) 28 (0.20%) 0.696

Abbreviations: CRC: colorectal cancer; CLRD: chronic lower respiratory diseases; IHD: ischemic heart diseases;
CKD: chronic kidney diseases; HIV: human immunodeficiency virus; CVD: cerebrovascular diseases; SDHOs:
social determinants of adverse health outcomes; SCT: stem cell transplant; CAR-T: chimeric antigen receptor
T-cell therapy.

3.2. Comparison of Breakthrough SARS-CoV-2 Infections between Patients with and without
Colorectal Cancer

Overall, vaccinated CRC patients were significantly more prone to breakthrough
infections than vaccinated patients without CRC after matching for demographic variables,
SDHOs, comorbidities, and vaccine and cancer treatment types (aOR = 1.78; [95% CI:
1.47–2.15]). Subgroup analysis based on the number of vaccines yielded similar findings.
Patients were at increased risk of breakthrough SARS-CoV-2 infections after two doses
(aOR = 1.71; [95% CI: 1.42–2.06]) and three doses (aOR = 1.36; [95% CI: 1.09–1.69]) (Figure 2).
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without CRC.

3.3. Outcomes of Breakthrough SARS-CoV-2 Infections

Among patients with CRC, the overall composite outcome (all-cause ED visits, all-
cause hospitalization, and all-cause death) was 51.6% for breakthrough infections, which
was greater than 44.3% for propensity score-matched patients without CRC (aOR = 1.79;
[95% CI: 1.29–2.47]). Furthermore, patients with CRC had a significantly greater incidence of
composite outcomes than did those in the control group (log rank test, p < 0.0001). Although
mortality and ICU admissions were not different between the two groups, the CRC patients
had a significantly greater risk of hospitalization (aOR = 3.01; [95% CI = 2.1–4.3]) (Table 2).

Table 2. Outcomes of breakthrough COVID-19 infections in patients with CRC compared to patients
without CRC after 1:1 propensity score matching expressed as adjusted odds ratio (aOR) with 95%
confidence intervals (CI).

Outcome aOR 95% CI p Value

Composite outcome 1.79 (1.298, 2.469) 0.0004

Mortality 1 0.411, 2.435) 1

Hospitalization 3.01 (2.101, 4.318) <0.0001

Emergency department 0.763 (0.518, 1.123) 0.1690

ICU 1 (0.411, 2.435) 1

Intubation 1 (0.411, 2.435) 1

2 Doses

Composite outcome 1.84 (1.29, 2.624) 0.0007

Mortality 1 (0.41, 2.44) 1

Hospitalization 3.261 (2.172, 4.896) <0.0001

ED 0.847 (0.553, 1.299) 0.4466

ICU 1 (0.41, 2.44) 1

Intubation 1 (0.41, 2.44) 1

3 Doses

Composite outcome 1.77 (1.089, 2.875) 0.0205

Mortality 1 (0.41, 2.44) 1

Hospitalization 3.065 (1.781, 5.277) <0.0001



J. Clin. Med. 2024, 13, 2495 7 of 11

Table 2. Cont.

Outcome aOR 95% CI p Value

ED 0.558 (0.282, 1.104) 0.0907

ICU 1 (0.41, 2.44) 1

Intubation 1 (0.41, 2.44) 1

Age <65 vs. ≥65

Composite outcome 1.058 (0.548, 2.043) 0.8667

Mortality 1 (0.39, 2.566) 1

Hospitalization 0.829 (0.415, 1.659) 0.5963

ED 1.457 (0.678, 3.129) 0.3334

ICU 1 (0.39, 2.566) 1

Intubation 1 (0.39, 2.566) 1

Gender Male vs. Female

Composite outcome 1.583 (0.397, 2.522) 0.1129

Mortality 1 (0.397, 2.522) 1

Hospitalization 1.724 (0.951, 3.127) 0.717

ED 2.05 (1.026, 4.096) 0.0399

ICU 1 (0.397, 2.522) 1

Intubation 1 (0.397, 2.522) 1

According to our subgroup analysis, the composite outcome was greater in CRC
patients than in patients without CRC after vaccination with two doses (aOR = 1.84;
[95% CI = 1.29–2.62]) or three doses (aOR = 1.77; [95% CI = 1.09–2.88]). Patients who
were vaccinated for three doses were at higher risk of 30-day all-cause hospitalization if
they developed breakthrough infections (aOR = 3.07; [95% CI: 1.78–5.28]). No significant
differences were observed in a subgroup analysis based on sex (men vs. women) (Table 2).
Supplemental Table S2 shows the clinical and demographic characteristics of the patients
included in the evaluation of these outcomes.

3.4. Vaccinated vs. Unvaccinated Patients with CRC

Vaccinated patients with CRC were at a lower risk of COVID-19 infection than unvac-
cinated CRC patients (aOR = 0.342; [95% CI: 0.289–0.404]). On a subgroup analysis, the
composite outcome was lower in vaccinated patients (aOR = 0.724; [95% CI: 0.535–0.98])
(Table 3).

Table 3. Risk of breakthrough infection and severe outcomes between vaccinated and unvaccinated
patients with CRC after 1:1 propensity score matching expressed as adjusted odds ratio (aOR) with
95% confidence intervals (CI).

Vaccinated vs. Unvaccinated aOR 95% CI p Value

Breakthrough COVID-19 infection 0.342 (0.289, 0.404) <0.0001

Composite outcome 0.724 (0.535, 0.981) 0.0371

Mortality 1.477 (0.675, 3.232) 0.3261

Hospitalization 0.884 (0.64, 1.223) 0.4573

Emergency department 0.929 (0.664, 1.3) 0.6683

ICU 0.77 (0.408, 1.455) 0.4204

Intubation 1.15 (0.552, 2.395) 0.7088
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4. Discussion

Our analysis, using real-world evidence data, demonstrated a greater risk of break-
through COVID-19 infections in vaccinated patients with CRC than in vaccinated patients
without a history of CRC. Overall, rates of breakthrough COVID-19 infections were greater
in CRC patients regardless of the number of vaccine doses, indicating that vaccines are less
effective in CRC patients. This trend may reflect waning immunity of vaccines in the CRC
population [29,30]. Our study also showed higher all-cause hospitalization rates among
CRC patients with breakthrough COVID-19 infection than among those without a history
of CRC.

In our analysis, to evaluate whether CRC itself increases the risk for breakthrough
COVID-19 infections and worse outcomes, we conducted propensity score matching for var-
ious covariates that were linked to an increased risk of COVID-19 infections. Interestingly,
as immunosuppressive treatments and comorbidities were controlled by using propensity
score matching, CRC patients were still at increased risk of breakthrough COVID-19 in-
fections, suggesting that CRC itself might play a role in the increased risk of infections,
irrespective of cancer treatment and comorbidities.

While cancer patients are known to be at increased susceptibility to infections in
general [31], the reasons behind the increase in the incidence of breakthrough COVID-19
infections in vaccinated CRC patients remain unclear. The increased risk of breakthrough
infections in CRC patients following vaccination may be attributed to several biological
mechanisms. Potential etiologies include the immunosuppressive effect of cancer treatment
combined with chemotherapy and immunotherapy [32,33], which could affect seroconver-
sion and antibody titers in cancer patients receiving active treatment. The immunosup-
pressive effects of CRC itself, compounded by the tumor microenvironment’s inhibitory
signals, may impair vaccine-induced immune responses. Studies have shown that CRC
patients often exhibit dysfunctional immune cell populations and altered cytokine profiles,
which can compromise the generation of robust and durable immunity following vaccina-
tion [7,34]. Furthermore, chemotherapy, radiation therapy, and surgical interventions can
all exert immunosuppressive effects, disrupting the balance of immune homeostasis and
impairing vaccine responsiveness [35]. Chemotherapeutic agents, in particular, may induce
cytotoxic effects on immune cells and hinder antigen presentation, thereby diminishing the
efficacy of vaccination [35,36].

The impaired cellular immunity in cancer patients, regardless of treatment status [33],
contributes to the shortened durability of their immunity after receiving the COVID-19
vaccine and accordingly increases the need for booster doses to maintain their antibody
titer. Furthermore, the emergence of multiple variants of COVID-19 infections over time,
against which vaccines might not be as effective, could contribute to this trend.

Since some of the most significant outcomes of COVID-19 infection include emergency
department (ED) visits, hospitalizations, and mortality, we integrated these outcomes into
a composite measure and evaluated it as a secondary outcome in our study [27]. Our study
revealed an increased risk of the composite outcome among CRC patients. This trend
was consistent in the two-dose group and the three-dose group. Moreover, CRC patients
had higher rates of all-cause hospitalization, regardless of the number of vaccine doses
administered. These trends result in an increased burden on healthcare resource utilization
and higher morbidity in this patient population. These findings indicate that CRC may be
associated with a greater risk of post-acute breakthrough SARS-CoV-2 infection. Our study
showed no increase in the risk of mortality or ICU admission between the CRC patients
and non-CRC patients.

Our study has several limitations. First, it is imperative to acknowledge the obser-
vational and retrospective design inherent in this study, which could introduce biases
associated with case selection, reporting, testing, and follow-up. However, using data
exclusively from one database, TriNetX, to compare different cohorts, these issues are
anticipated to exert minimal impact on the integrity of the relative risk analyses conducted.
Second, we could not evaluate the immune response to the COVID-19 vaccine among can-



J. Clin. Med. 2024, 13, 2495 9 of 11

cer patients, such as by quantifying antibody titers, which limits our ability to determine the
underlying reasons for breakthrough infections and to determine the necessity for booster
doses accordingly. Additionally, using data from the TriNetX network, primarily from US
health care organizations, may limit the applicability of findings to other health care sys-
tems or countries. The strengths of our study include the use of large, propensity-matched,
US-based multi-institutional cohorts.

5. Conclusions

In conclusion, our retrospective cohort study provides real-world evidence that vacci-
nated colorectal cancer patients are at a significantly higher risk for breakthrough COVID-19
infections and present higher rates of adverse clinical outcomes such as hospitalization.
These findings emphasize the importance of continuing efforts and exploring tailored
strategies for cancer patients, especially those with colorectal cancer, against the ongoing
threat of breakthrough COVID-19 infections. As we navigate the complexities of vacci-
nation and infectious disease management, our study contributes valuable insights that
may inform public health measures and clinical interventions for this vulnerable patient
population. Future studies are warranted to evaluate the biological mechanisms underlying
breakthrough infections among colorectal cancer patients and to assess interventions aimed
at mitigating the increased risk observed in CRC patients.
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Author Contributions: Conceptualization: S.A. and A.S.; methodology: S.A., M.B., A.S. and F.J.;
software: S.A. and A.M.; validation: H.Q., H.A., D.S.D. and Y.A.; formal analysis: S.A. and Y.A.;
investigation: S.A., F.J., A.M. and D.S.D.; resources: A.M.; data curation: S.A., H.A. and H.Q.;
writing—original draft preparation: S.A., F.J. and H.Q.; writing—review and editing: M.B. and A.S.;
visualization: S.A. and Y.A.; supervision: M.B., S.A. and A.S.; project administration: M.B and A.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Data included in this study is from a database containing
anonymized de-identifiable data. Therefore, this study was exempted from review by the institutional
review board based on the recommendations of the National Human Research Protections Advisory
Committee policy.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available upon reasonable request from the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Wang, Q.; Berger, N.A.; Xu, R. When hematologic malignancies meet COVID-19 in the United States: Infections, death and

disparities. Blood Rev. 2021, 47, 100775. [CrossRef] [PubMed]
2. Kuderer, N.M.; Choueiri, T.K.; Shah, D.P.; Shyr, Y.; Rubinstein, S.M.; Rivera, D.R.; Shete, S.; Hsu, C.Y.; Desai, A.; de Lima Lopes, G.,

Jr.; et al. Clinical impact of COVID-19 on patients with cancer (CCC19): A cohort study. Lancet 2020, 395, 1907–1918. [CrossRef]
[PubMed]

3. Goshen-Lago, T.; Waldhorn, I.; Holland, R.; Szwarcwort-Cohen, M.; Reiner-Benaim, A.; Shachor-Meyouhas, Y.; Hussein, K.;
Fahoum, L.; Baruch, M.; Peer, A.; et al. Serologic Status and Toxic Effects of the SARS-CoV-2 BNT162b2 Vaccine in Patients
Undergoing Treatment for Cancer. JAMA Oncol. 2021, 7, 1507–1513. [CrossRef] [PubMed]

4. Griffiths, E.A.; Segal, B.H. Immune responses to COVID-19 vaccines in patients with cancer: Promising results and a note of
caution. Cancer Cell 2021, 39, 1045–1047. [CrossRef] [PubMed]

5. Wang, W.; Kaelber, D.C.; Xu, R.; Berger, N.A. Breakthrough SARS-CoV-2 Infections, Hospitalizations, and Mortality in Vaccinated
Patients With Cancer in the US Between December 2020 and November 2021. JAMA Oncol. 2022, 8, 1027–1034. [CrossRef]
[PubMed]

https://www.mdpi.com/article/10.3390/jcm13092495/s1
https://www.mdpi.com/article/10.3390/jcm13092495/s1
https://doi.org/10.1016/j.blre.2020.100775
https://www.ncbi.nlm.nih.gov/pubmed/33187811
https://doi.org/10.1016/s0140-6736(20)31187-9
https://www.ncbi.nlm.nih.gov/pubmed/32473681
https://doi.org/10.1001/jamaoncol.2021.2675
https://www.ncbi.nlm.nih.gov/pubmed/34236381
https://doi.org/10.1016/j.ccell.2021.07.001
https://www.ncbi.nlm.nih.gov/pubmed/34242573
https://doi.org/10.1001/jamaoncol.2022.1096
https://www.ncbi.nlm.nih.gov/pubmed/35394485


J. Clin. Med. 2024, 13, 2495 10 of 11

6. Gong, I.Y.; Vijenthira, A.; Powis, M.; Calzavara, A.; Patrikar, A.; Sutradhar, R.; Hicks, L.K.; Wilton, D.; Singh, S.; Krzyzanowska,
M.K.; et al. Association of COVID-19 Vaccination With Breakthrough Infections and Complications in Patients with Cancer. JAMA
Oncol. 2023, 9, 386–394. [CrossRef]

7. Gessani, S.; Belardelli, F. Immune Dysfunctions and Immunotherapy in Colorectal Cancer: The Role of Dendritic Cells. Cancers
2019, 11, 1491. [CrossRef] [PubMed]

8. Seneviratne, S.L.; Yasawardene, P.; Wijerathne, W.; Somawardana, B. COVID-19 vaccination in cancer patients: A narrative review.
J. Int. Med. Res. 2022, 50, 3000605221086155. [CrossRef]

9. Ollila, T.A.; Lu, S.; Masel, R.; Zayac, A.; Paiva, K.; Rogers, R.D.; Olszewski, A.J. Antibody Response to COVID-19 Vaccination in
Adults With Hematologic Malignant Disease. JAMA Oncol. 2021, 7, 1714–1716. [CrossRef]

10. Schmidt, A.L.; Labaki, C.; Hsu, C.Y.; Bakouny, Z.; Balanchivadze, N.; Berg, S.A.; Blau, S.; Daher, A.; El Zarif, T.; Friese, C.R.; et al.
COVID-19 vaccination and breakthrough infections in patients with cancer. Ann. Oncol. 2022, 33, 340–346. [CrossRef]

11. Ribas, A.; Sengupta, R.; Locke, T.; Zaidi, S.K.; Campbell, K.M.; Carethers, J.M.; Jaffee, E.M.; Wherry, E.J.; Soria, J.C.; D’Souza,
G. Priority COVID-19 Vaccination for Patients with Cancer while Vaccine Supply Is Limited. Cancer Discov. 2021, 11, 233–236.
[CrossRef] [PubMed]

12. Feng, Y.; Jin, H.; Guo, K.; Wasan, H.S.; Ruan, S.; Chen, C. Causes of Death After Colorectal Cancer Diagnosis: A Population-Based
Study. Front. Oncol. 2021, 11, 647179. [CrossRef]

13. Brar, G.; Pinheiro, L.C.; Shusterman, M.; Swed, B.; Reshetnyak, E.; Soroka, O.; Chen, F.; Yamshon, S.; Vaughn, J.; Martin, P.;
et al. COVID-19 Severity and Outcomes in Patients With Cancer: A Matched Cohort Study. J. Clin. Oncol. 2020, 38, 3914–3924.
[CrossRef]

14. Jakimovski, D.; Eckert, S.P.; Mirmosayyeb, O.; Thapa, S.; Pennington, P.; Hojnacki, D.; Weinstock-Guttman, B. Tixagevimab and
Cilgavimab (Evusheld™) Prophylaxis Prevents Breakthrough COVID-19 Infections in Immunosuppressed Population: 6-Month
Prospective Study. Vaccines 2023, 11, 350. [CrossRef] [PubMed]

15. Suribhatla, R.; Starkey, T.; Ionescu, M.C.; Pagliuca, A.; Richter, A.; Lee, L.Y.W. Systematic review and meta-analysis of the clinical
effectiveness of tixagevimab/cilgavimab for prophylaxis of COVID-19 in immunocompromised patients. Br. J. Haematol. 2023,
201, 813–823. [CrossRef]

16. Naser, M.; Bhardwaj, P.V.; Warriach, F.Z.; Jadoon, Y.; Gupta, K.; Rastegar, V.; Loke, C.; Malleshappa, S.K.S. Real-world effectiveness
of prophylactic tixagevimab-cilgavimab monoclonal antibodies on incidence and severity of COVID-19 infection in patients with
cancer. J. Clin. Oncol. 2023, 41, e18843. [CrossRef]

17. TriNetX. Available online: https://trinetx.com/ (accessed on 22 January 2024).
18. Institute of Medicine (US) Committee on Assessing the System for Protecting Human Research Participants. The National

Academies Collection: Reports funded by National Institutes of Health. In Responsible Research: A Systems Approach to Protecting
Research Participants; Federman, D.D., Hanna, K.E., Rodriguez, L.L., Eds.; National Academies Press: Washington, DC, USA, 2002.

19. Wang, L.; Davis, P.B.; Kaelber, D.C.; Volkow, N.D.; Xu, R. Comparison of mRNA-1273 and BNT162b2 Vaccines on Breakthrough
SARS-CoV-2 Infections, Hospitalizations, and Death During the Delta-Predominant Period. JAMA 2022, 327, 678–680. [CrossRef]

20. Wang, L.; Berger, N.A.; Xu, R. Risks of SARS-CoV-2 Breakthrough Infection and Hospitalization in Fully Vaccinated Patients With
Multiple Myeloma. JAMA Netw. Open 2021, 4, e2137575. [CrossRef] [PubMed]

21. von Elm, E.; Altman, D.G.; Egger, M.; Pocock, S.J.; Gøtzsche, P.C.; Vandenbroucke, J.P. The Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) statement: Guidelines for reporting observational studies. J. Clin. Epidemiol.
2008, 61, 344–349. [CrossRef]

22. Alsakarneh, S.; Duong, N.; Hashash, J.G. Racial disparities in COVID-19 and gastrointestinal diseases-related mortality: Analysis
from CDC-WONDER databases, 2020–2022. Bayl. Univ. Med. Cent. Proc. 2024, 37, 30–33. [CrossRef]

23. Alsakarneh, S.; Jaber, F.; Beran, A.; Aldiabat, M.; Abboud, Y.; Hassan, N.; Abdallah, M.; Abdelfattah, T.; Numan, L.; Clarkston, W.;
et al. The National Burden of Colorectal Cancer in the United States from 1990 to 2019. Cancers 2024, 16, 205. [CrossRef] [PubMed]

24. Alsakarneh, S.; Kilani, Y.; Jaber, F.; Ahmed, M.; Rawabdeh, L.; Bilal, M.; Shaukat, A. Disparities in Colorectal Cancer Incidence in
the United States, 2000–2019. Gastro Hep. Adv. 2024; pre-proof. [CrossRef]

25. Centers for Disease Control and Prevention. COVID-19 and People at Increased Risk. Available online: https://www.cdc.gov/
coronavirus/2019-ncov/need-extra-precautions/people-with-medical-conditions.html (accessed on 5 March 2024).

26. Butt, A.A.; Yan, P.; Shaikh, O.S.; Mayr, F.B. Outcomes among patients with breakthrough SARS-CoV-2 infection after vaccination
in a high-risk national population. EClinicalMedicine 2021, 40, 101117. [CrossRef] [PubMed]

27. Wu, J.Y.; Liu, M.Y.; Hsu, W.H.; Tsai, Y.W.; Liu, T.H.; Huang, P.Y.; Chuang, M.H.; Chin, S.E.; Lai, C.C. Association between vitamin
D deficiency and post-acute outcomes of SARS-CoV-2 infection. Eur. J. Nutr. 2023, 63, 613–622. [CrossRef] [PubMed]

28. Kadri, S.S.; Gundrum, J.; Warner, S.; Cao, Z.; Babiker, A.; Klompas, M.; Rosenthal, N. Uptake and Accuracy of the Diagnosis Code
for COVID-19 Among US Hospitalizations. JAMA 2020, 324, 2553–2554. [CrossRef]

29. Song, Q.; Bates, B.; Shao, Y.R.; Hsu, F.C.; Liu, F.; Madhira, V.; Mitra, A.K.; Bergquist, T.; Kavuluru, R.; Li, X.; et al. Risk and
Outcome of Breakthrough COVID-19 Infections in Vaccinated Patients With Cancer: Real-World Evidence from the National
COVID Cohort Collaborative. J. Clin. Oncol. 2022, 40, 1414–1427. [CrossRef] [PubMed]

30. Wu, J.T.; La, J.; Branch-Elliman, W.; Huhmann, L.B.; Han, S.S.; Parmigiani, G.; Tuck, D.P.; Brophy, M.T.; Do, N.V.; Lin, A.Y.; et al.
Association of COVID-19 Vaccination With SARS-CoV-2 Infection in Patients With Cancer: A US Nationwide Veterans Affairs
Study. JAMA Oncol. 2022, 8, 281–286. [CrossRef]

https://doi.org/10.1001/jamaoncol.2022.6815
https://doi.org/10.3390/cancers11101491
https://www.ncbi.nlm.nih.gov/pubmed/31623355
https://doi.org/10.1177/03000605221086155
https://doi.org/10.1001/jamaoncol.2021.4381
https://doi.org/10.1016/j.annonc.2021.12.006
https://doi.org/10.1158/2159-8290.Cd-20-1817
https://www.ncbi.nlm.nih.gov/pubmed/33355178
https://doi.org/10.3389/fonc.2021.647179
https://doi.org/10.1200/jco.20.01580
https://doi.org/10.3390/vaccines11020350
https://www.ncbi.nlm.nih.gov/pubmed/36851227
https://doi.org/10.1111/bjh.18782
https://doi.org/10.1200/JCO.2023.41.16_suppl.e18843
https://trinetx.com/
https://doi.org/10.1001/jama.2022.0210
https://doi.org/10.1001/jamanetworkopen.2021.37575
https://www.ncbi.nlm.nih.gov/pubmed/34812850
https://doi.org/10.1016/j.jclinepi.2007.11.008
https://doi.org/10.1080/08998280.2023.2264716
https://doi.org/10.3390/cancers16010205
https://www.ncbi.nlm.nih.gov/pubmed/38201632
https://doi.org/10.1016/j.gastha.2024.01.004
https://www.cdc.gov/coronavirus/2019-ncov/need-extra-precautions/people-with-medical-conditions.html
https://www.cdc.gov/coronavirus/2019-ncov/need-extra-precautions/people-with-medical-conditions.html
https://doi.org/10.1016/j.eclinm.2021.101117
https://www.ncbi.nlm.nih.gov/pubmed/34476395
https://doi.org/10.1007/s00394-023-03298-3
https://www.ncbi.nlm.nih.gov/pubmed/38112761
https://doi.org/10.1001/jama.2020.20323
https://doi.org/10.1200/jco.21.02419
https://www.ncbi.nlm.nih.gov/pubmed/35286152
https://doi.org/10.1001/jamaoncol.2021.5771


J. Clin. Med. 2024, 13, 2495 11 of 11

31. Zembower, T.R. Epidemiology of infections in cancer patients. Cancer Treat. Res. 2014, 161, 43–89. [CrossRef] [PubMed]
32. Massarweh, A.; Eliakim-Raz, N.; Stemmer, A.; Levy-Barda, A.; Yust-Katz, S.; Zer, A.; Benouaich-Amiel, A.; Ben-Zvi, H.; Moskovits,

N.; Brenner, B.; et al. Evaluation of Seropositivity Following BNT162b2 Messenger RNA Vaccination for SARS-CoV-2 in Patients
Undergoing Treatment for Cancer. JAMA Oncol. 2021, 7, 1133–1140. [CrossRef]

33. Evans, C.; Dalgleish, A.G.; Kumar, D. Review article: Immune suppression and colorectal cancer. Aliment. Pharmacol. Ther. 2006,
24, 1163–1177. [CrossRef]

34. Tuomisto, A.E.; Mäkinen, M.J.; Väyrynen, J.P. Systemic inflammation in colorectal cancer: Underlying factors, effects, and
prognostic significance. World J. Gastroenterol. 2019, 25, 4383–4404. [CrossRef] [PubMed]

35. Kaur, P.; Asea, A. Radiation-induced effects and the immune system in cancer. Front. Oncol. 2012, 2, 191. [CrossRef] [PubMed]
36. Kumari, S.; Mukherjee, S.; Sinha, D.; Abdisalaam, S.; Krishnan, S.; Asaithamby, A. Immunomodulatory Effects of Radiotherapy.

Int. J. Mol. Sci. 2020, 21, 8151. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/978-3-319-04220-6_2
https://www.ncbi.nlm.nih.gov/pubmed/24706221
https://doi.org/10.1001/jamaoncol.2021.2155
https://doi.org/10.1111/j.1365-2036.2006.03075.x
https://doi.org/10.3748/wjg.v25.i31.4383
https://www.ncbi.nlm.nih.gov/pubmed/31496619
https://doi.org/10.3389/fonc.2012.00191
https://www.ncbi.nlm.nih.gov/pubmed/23251903
https://doi.org/10.3390/ijms21218151
https://www.ncbi.nlm.nih.gov/pubmed/33142765

	Introduction 
	Materials and Methods 
	Database Description 
	Study Participants and Cohorts 
	Covariates 
	Study Aims and Outcomes 
	Statistical Analyses 

	Results 
	Patient Characteristics 
	Comparison of Breakthrough SARS-CoV-2 Infections between Patients with and without Colorectal Cancer 
	Outcomes of Breakthrough SARS-CoV-2 Infections 
	Vaccinated vs. Unvaccinated Patients with CRC 

	Discussion 
	Conclusions 
	References

