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Endothelial dysfunction underlies many of the major complications following hematopoietic cell transplantation (HCT), including transplant-associated thrombotic microangiopathy (TA-TMA), veno-occlusive disease/sinusoidal obstruction syndrome (VOD/SOS), and engraftment syndrome (ES). Emerging evidence similarly implicates endothelitis and microangiopathy in severe COVID-19-related multi-system organ dysfunction. Given the overlap in these two illness states, we hypothesize that prior COVID-19 infection may increase risk for HCT-related endotheliopathies. This retrospective, multicenter study included patients aged 0-25 years who underwent autologous or allogeneic HCT for any indication between January 1, 2020 and September 21, 2021, with close attention to those infected with COVID-19 in either the six months prior to transplant or twelve months following transplant. Incidences of TA-TMA, VOD/SOS, and ES were compared among patients with COVID-19 infection pre-HCT and post-HCT, as well as with historical controls who were never infected with SARS-CoV-2. Those who underwent HCT following COVID-19 infection displayed significantly increased rates of TA-TMA compared to those who were never infected. Additionally, our data suggests a similar trend for increased VOD/SOS and ES rates, although this did not reach statistical significance. Therefore, a history of COVID-19 infection prior to undergoing HCT may be a nonmodifiable risk factor for endothelial-related complications following HCT. Further studies are warranted to better clarify this relationship among larger cohorts and in the era of the Omicron SARS-CoV-2 variants.
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1 Introduction

While scientific knowledge regarding the severe acute respiratory syndrome  coronavirus-2 (SARS-CoV-2) has expanded rapidly since the beginning of the coronavirus disease 2019 (COVID-19) pandemic, unanswered questions remain pertaining to the impact of this illness on medically unique populations. Pediatric patients undergoing hematopoietic cell transplantation (HCT) are a medically complex group in which the impact of SARS-CoV-2 infection is not well understood. While pediatric patients in general seem to be at lower risk for severe disease from COVID-19, adults undergoing HCT appear to be at increased risk for COVID-19-related severe disease and mortality (1–3).

Data characterizing the experience of this unique pediatric population is limited and predominately describes patients infected following HCT. Lucchini et al. recount the UK experience, in which the majority of their post-HCT pediatric patients who became infected with SARS-CoV-2 had mild illness, although one of the nine patients did develop severe COVID-19 infection with cytokine-release syndrome (4). A series of more severe cases was described by Barhoom et al., where they detailed four pediatric patients who contracted COVID-19 following HCT, three of whom required endotracheal intubation and ICU level care and two of whom died as a result of the infection (5). The largest study to date includes 62 children infected with SARS-CoV-2 following HCT, with 10% of those patients requiring ICU level care (6). COVID-19-specific mortality among this cohort was 5% (6). In total, most of the available literature highlights COVID-19 infection months following transplant, with little data available regarding patients who acquire SARS-CoV-2 prior to or immediately surrounding HCT. Additionally, no available literature describes the relationship between COVID-19 infection and HCT-specific complications or outcomes.

Mounting evidence suggests that severe disease from SARS-CoV-2 is largely mediated by systemic endothelial injury (7, 8). Analysis of biopsy samples from surviving and postmortem patients with severe COVID-19 infection reveals endothelial destruction in all major organ systems (9–11). Under normal conditions, endothelial cells regulate vascular tone, inflammatory cascades, vessel permeability, and the balance between prothrombic and antithrombic states. In the setting of SARS-CoV-2 infection, endothelial dysfunction likely arises from a combination of two factors – direct viral invasion of endothelial cells and cytokine hyperactivation initiated by pulmonary COVID-19 infection (10–12). Subsequently, diffuse vascular leakiness and interstitial edema, microvascular and macrovascular thromboembolic events, and overwhelming immune activation lead to multisystem organ dysfunction/failure (8, 10, 13).

The effect of COVID-19 infection on endothelial function may persist long after the acute infection has resolved. A study by Chioh et al. demonstrated that there were persistent cellular and biochemical markers of endothelial injury and cytokine hyperactivation among convalescing patients (14). Additionally, in prospective studies examining endothelial function as estimated by brachial artery flow-mediated dilation, multiple groups have demonstrated persistent endothelial dysfunction up to six months following COVID-19 infection (15, 16). These authors hypothesize that this continued endothelial dysfunction may predispose patients with a history of COVID-19 infection to thromboembolic events. Indeed, clinical data is accumulating that some adult patients may experience ongoing risk of vascular complications for weeks after acute SARS-CoV-2 infection (17, 18).

The systemic endothelial dysfunction seen in severe SARS-CoV-2 infection shares a similar pathophysiology with the endotheliopathies seen following HCT (19, 20). This collection of post-HCT complications include transplant associated thrombotic microangiopathy (TA-TMA), veno-occlusive disease/sinusoidal obstruction syndrome (VOD/SOS), engraftment syndrome (ES), graft-versus-host disease (GvHD), idiopathic pneumonia syndrome/diffuse alveolar hemorrhage (IPS/DAH), and thrombosis/coagulopathy. Factors that contribute to endothelial injury in HCT settings include high-intensity conditioning chemotherapy, total body irradiation, certain underlying oncologic diagnoses, degree of alloreactivity, and GvHD prophylactic agents such as calcineurin inhibitors (21). In each of these complications, systemic or organ-specific endothelial damage occurs, leading to increased vascular permeability, decreased regulation of vascular tone, activation of coagulation factors, and excess inflammatory/cytokine signaling (21).

Given these shared mechanisms, as well as the lingering nature of the endothelial dysfunction following COVID-19 infection, we hypothesize that patients with SARS-CoV-2 infection in the time period immediately pre- or post- HCT may be at increased risk of developing HCT-related complications mediated by endothelial dysfunction. Therefore, in this study we assessed the incidence of transplant-related endotheliopathies in patients with COVID-19 infection pre-HCT and post-HCT compared to historical controls without documented SARS-CoV-2.



2 Methods

This multicenter study evaluated patients across four geographically diverse academic pediatric centers. All patients aged 0-25 years who underwent autologous or allogeneic HCT for any indication from January 1, 2020 to September 21, 2021 were included. The study group was comprised of all patients with a laboratory confirmed case of COVID-19 in either the six months prior to or twelve months following HCT. Clinical variables of interest were collected via retrospective review of the medical record and stored on a de-identified, secure database.

Data was summarized using frequencies and percentages for categorical data and medians with either ranges or interquartile ranges for continuous data. Data was compared between groups (COVID-19 pre-HCT vs COVID-19 post-HCT) using a Fisher’s exact tests for categorical data, and a Wilcox rank sum test for continuous data. All tests were two-sided, and p-values ≤ 0.05 were considered statistically significant. All analyses were performed using R version 4.1.2 (R Core Team, R Foundation for Statistical Computing, Vienna, Austria).

This study was approved by the institutional review boards at each of the participating centers. Patient consent was not required given the de-identified and retrospective nature of the investigation.



3 Results

A total of 374 pediatric and young adult patients underwent HCT for any indication during the specified date range across the four sites. Ten patients contracted COVID-19 in the six months prior to HCT, and 13 contracted COVID-19 in the twelve months following HCT. Demographic characteristics of the infected patients are in Table 1A. No significant differences in age, sex, race, pre-transplant performance score, or underlying pre-transplant diagnosis were found between the COVID-19 Pre-HCT group and COVID-19 Post-HCT group.


Table 1A | Baseline demographic characteristic of HCT patients who contracted COVID-19 pre- and post-transplant.



Clinical data regarding HCT variables were compiled for patients who contracted COVID-19 (Table 1B). Transplant type, number of lifetime transplants, stem cell source, intensity of conditioning regimen, GVHD prophylactic agents, and exposure to serotherapy were similar between the groups. Patients in the COVID-19 Pre-HCT group were significantly more likely to have undergone haploidentical or mismatched transplantation, whereas patients in the COVID-19 Post-HCT group were more likely to have undergone matched transplantation.


Table 1B | HCT variables of patients who contracted COVID-19 pre- and post-transplant.



COVID-19 infection characteristics were compiled (Table 2). Median date of COVID-19 diagnosis for the Pre-HCT group was day -107.5 (range: -73 to -205); the Post-HCT median infection date was day +206 (range: +54 to +345). Symptoms of COVID-19 infection were largely similar between groups, except for gastrointestinal symptoms, which were more likely to be reported in the Pre-HCT group. Rates of asymptomatic infection were similar between groups (20% vs. 31%, p = 0.66), as was need for intensive care (10% vs. 15%, p = 0.99).


Table 2 | SARS-Cov-2 infection details among HCT patients who contracted COVID-19 pre- and post-transplant.



Incidence of TA-TMA, VOD/SOS, and ES were compared between patients infected with COVID-19 Pre- and Post-HCT, as well as to the larger group of historical controls who were never infected with COVID-19 (Table 3). Patients in the Pre-HCT group were significantly more likely to experience TA-TMA as compared with patients who were never infected with COVID-19 (40% vs. 4.6%, p = 0.003). Several other non-statistically significant trends were noted as well. Incidence of TA-TMA may be higher among the Pre-HCT patients as compared to Post-HCT patients (40% vs. 8%, p = 0.20). VOD/SOS may occur more frequently among the Pre-HCT patients, as compared to the Post-HCT patients (30% vs. 8%, p = 0.42) and the non-COVID patients (30% vs. 14.8%, p = 0.42). ES displayed similar non-statistically significant trends. Incidence among the Pre-HCT patients may be increased as compared to the Post-HCT patients (20% vs. 0%, p = 0.35) and the non-COVID patients (20% vs. 8.8%, p = 0.35). Rates of VOD/SOS and ES were lowest in the Post-HCT patients (8%, 0%), which may be a reflection of small sample size.


Table 3 | Incidences of TA-TMA, VOD/SOS, and ES among HCT patients who contracted COVID-19 pre-transplant, post-transplant, or were never infected.



Individual case details for the 10 patients in the COVID-19 Pre-HCT group are outlined in Table 4. Two patients died (20%); one death was attributed to multi-system organ failure in the setting of multiple transplant-related endotheliopathies. The other death was due to multi-system organ failure from both COVID-19 infection and multiple transplant-related endotheliopathies. Among the patients who were in the COVID-19 Post-HCT group, two patients died (15.4%). Neither death was attributed to COVID-19 infection or transplant-related endotheliopathy.


Table 4 | Case details of all HCT patients who were infected with COVID-19 pre-transplant.





4 Discussion

In this study, we sought to understand the impact of COVID-19 infection on pediatric HCT outcomes, particularly transplant-associated endotheliopathies. Among this small group of pediatric and young adult patients, those who underwent HCT following COVID-19 infection displayed significantly increased rates of TA-TMA compared to those who were infected after transplant or historical controls who were never infected. Additionally, our data suggests a similar trend for increased VOD/SOS and ES rates, although this did not reach statistical significance. We do acknowledge that rates of VOD/SOS and ES were lowest in our cohort of patients who contracted COVID-19 following HCT, however we suspect this is due to small sample size and low statistical power rather than a true protective effect. Finally, for both patients from the COVID-19 Pre-HCT cohort who died, multiple identified endotheliopathies contributed to mortality.

To our knowledge, no other studies have reported on HCT-associated outcomes in pediatric patients with a history of prior COVID-19 infection. However, there are a few cases in the literature that support the pathophysiologic link between transplant endothelitis and COVID-19 endothelial dysfunction. Among the patients described by Lucchini et al., one patient who had mild illness from COVID-19 infection on day +138 went on to develop TA-TMA, in the absence of other commonly accepted TA-TMA risk factors (4). The authors suggest that COVID-19 infection was the suspected trigger for endothelial derangement in this patient. In the same cohort, the only patient who experienced severe illness and cytokine release syndrome from COVID-19 infection had undergone HCT for sickle cell anemia, specifically due to cerebrovascular disease which may suggest pre-existing endothelial dysfunction (4). Additionally, one patient reported by Barhoom et al. who developed COVID-19 infection on day +27 of transplant course developed TA-TMA within days of the infection and ultimately died as a result of this complication (5).

Evidence to support the increased risk of TA-TMA among transplant recipients who experience COVID-19 infection reaches beyond the realm of HCT. Two cases of TMA concurrent with COVID-19 infection in renal transplant recipients have been reported. The first describes an adult patient who was nine years post-allograft receipt and developed TMA 11 days following COVID-19 diagnosis; other known causes of TMA were ruled out. His course was also characterized by multisystem organ dysfunction and myocardial infarction, suggestive of global endothelial dysfunction (22). The second patient contracted COVID-19 three months following renal transplantation; acute kidney injury, hemolytic anemia, and coagulopathy were the presenting features of her COVID-19 diagnosis. Renal biopsy confirmed the diagnosis of TMA, with SARS-CoV-2 infection named as the suspected cause (23).

The shared pathogenic mechanism between severe COVID-19 infection and post-HCT endotheliopathies may be rooted in excess complement activation. SARS-CoV-2 infections have been shown to cause aberrant complement activation via the classical, lectin, and alternative complement pathways (24, 25). Genetic differences in the individual components of the complement system have been proposed as a contributing factor to varying illness severity amongst patients with COVID-19. In particular, several polymorphisms of the MBL allele, which codes for the MBL protein of the lectin pathway, are known to cause excess complement activation and are associated with poor clinical outcomes in setting of severe infections (25). Similarly, excess complement activation is a contributing cause to post-HCT endothelial dysfunction, particularly TA-TMA. A number of pathogenic variants in a variety of complement factors have been identified in association with increased risk for TA-TMA (25–27). Further investigation is recommended to evaluate for unifying genetic predisposition for both conditions. Greater understanding of the genetic underpinnings for excess complement activation may eventually impact clinical guidance for increased screening, personalized transplant protocols, and therapeutic strategies for affected individuals.

Additionally, excess and prolonged cytokine release is likely a shared pathophysiologic mechanism that unifies severe COVID-19 illness and HCT-associated endotheliopathies. IL-6, IL-1β, and TNF-α have been named as key cytokines that become overexpressed in the setting of severe COVID-19 infection (28). Particularly for the pediatric population, these are key cytokines involved in the development of the multisystem inflammatory syndrome in children (MIS-C) that arises after COVID-19 infection. Specific therapeutic targets such as tocilizumab and anakinra are being investigated for their use in severe COVID-19 illness, due to their effects of modulating excess cytokine signaling. Likewise, IL-6 and TNF-α, in addition to a number of other cytokines, are excessively active in patients who have developed HCT-associated endothelial complications (21, 29). The use of targeted cytokine antagonists in preventing or treating HCT-associated endotheliopathies has been suggested in the literature, however to our knowledge has not been explored in a large-scale trial. Further investigation into cytokine signaling among patients undergoing HCT in close temporal relation to SARS-CoV-2 infection is warranted to better understand this relationship.

Two clinical applications of interest arise from these findings. First, our reported findings may suggest that prior COVID-19 infection could be a nonmodifiable risk factor for transplant-associated endotheliopathy. As such, institutions may consider implementing additional screening for affected patients throughout their transplant process. For example, we endorse the TA-TMA screening guidelines recommended by Dandoy et al., which includes twice weekly lactate dehydrogenase measurement and weekly urinalysis with urine protein creatinine ratio for the first 30 days post-HCT. For patients undergoing HCT for non-malignant and non-urgent indications who contract COVID-19 prior to HCT, consideration may be given to delaying HCT. The appropriate interval for delaying HCT is not yet defined, and further investigation is required prior to formalizing this recommendation (30). Second, recognition of the overlapping risks between HCT-related endotheliopathies and COVID-19 endothelial dysfunction raises the question of shared therapeutics between the two diseases. Prior researchers have called for studies investigating the use of agents for VOD/SOS and TA-TMA for severe COVID-19. Both defibrotide and eculizumab have demonstrated improved short- and long-term outcomes without significant adverse effects among patients with severe SARS-Cov-2 infection (31, 32).

Currently, the impact of SARS-CoV-2 infection on success of HCT engraftment and ultimate outcome is unknown. Key endothelial cell populations are thought to be involved in homing, engraftment, and restoration of bone marrow functioning following HCT (33, 34). Damage to crucial endothelial cells, such as by recent COVID-19 illness, may conceivably impair success of HCT engraftment. Further investigation into long term transplant outcomes amongst patients with recent SARS-CoV-2 infection who undergo HCT is imperative to understand this relationship.

The following limitations must be considered while interpreting the results of this study. First, although this study was conducted across four pediatric HCT centers, the frequency of patients infected with COVID-19 in the peri-HCT period was low. The sample size of our population of interest is small, which limits study power and ability to perform complete statistical analyses, including multivariate analysis. We strongly encourage ongoing investigation regarding this topic, as more patients will be available for study as the COVID-19 pandemic progresses. Second, he patients included in this research contracted COVID-19 prior to the emergence of the Omicron variants. The Omicron variant infected significantly more pediatric patients nationwide, however severe clinical outcomes were fewer as compared to pediatric patients infected with the Delta variant (35). Follow up studies are recommended to capture the impact of the Omicron strain, as well as future variants that may arise. Third, data regarding patient serologic status and evidence of prior COVID-19 infection was not available for our patient cohort, as these patients were studied prior to the widespread availability of serologic COVID-19 testing. Therefore, we do not have insight into whether these patients experienced a primary or subsequent COVID-19 infection and therefore cannot comment on the impact of subsequent infections on risk of developing endothelial complications. Fourth, we acknowledge a major potential confounder in our underlying HCT variables; patients who contracted COVID-19 prior to HCT were more likely to receive haploidentical grafts, as compared to patients who contracted COVID-19 following HCT. Increased degree of alloreactivity, as well as differences in conditioning and immunosuppression that coincide with haploidentical transplantation, are known risk factors for endothelial complications following HCT (36). Similar studies with larger cohorts are warranted to more effectively control for confounders.
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