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Background: The COVID-19 pandemic presents challenges for healthcare systems globally, especially in vulnerable populations
such as pediatric hematopoietic stem cell transplant (HSCT) recipients. This study examines the clinical characteristics and outcomes
of COVID-19 infection in pediatric HSCT recipients within one year post-HSCT.

Methods: Retrospective analysis was conducted on data from 247 pediatric patients. None of them had received SARS-CoV-2
vaccination or had prior infection. SARS-CoV-2 infection was confirmed using RT-PCR testing. COVID-19 disease severity was
categorized according to established guidelines. Demographic, clinical, laboratory, imaging and treatment data were collected.
Results: The median age of the cohort was 7+3.7 years, with thalassemia major as the predominant underlying disease. Allogeneic
HSCT was performed in the majority of cases, with haploidentical donors being the most common source of grafts. Nearly half of the
patients developed COVID-19, with significantly higher infection rates observed in recipients over 100 days compared to recipients
within 100 days post-HSCT (40.1% vs 21.7%, p<0.05, Fisher’s Exact test). Fever (n=107, 43.2%) and cough (n=88, 35.6%) were the
most common symptoms. While most patients had mild disease and did not require specific anti-viral treatment, a significant
proportion required hospitalization (n=34, 13.8%). Various treatments were employed hospitalized patients, including Paxlovid
(n=19, 55.9%), methylprednisolone (n=7, 20.6%), IL-6 antibody (n=2, 5.9%), mesenchymal stem cells (n=3, 8.8%), and exosomes
nebulization therapy (n=2, 5.9%). Despite multidisciplinary approaches, one patient died from severe respiratory failure. However,
overall survival of all patients remained high (99.53%; CI 96.72-99.93%), indicating favorable outcomes in pediatric HSCT recipients
with COVID-19.

Conclusion: This study provides insights into clinical features, therapeutic measures, and outcomes of pediatric HSCT recipients
following COVID-19 infection in a large HSCT center in China. These findings contribute to our understanding of COVID-19 in this
population and inform strategies to mitigate the impact the pandemic’s impact on their care.
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Introduction

The COVID-19 pandemic has presented significant challenges for healthcare system globally.'? Although children and
adolescents generally exhibit milder symptoms and have a lower rate of severe disease and death from COVID-19
compared to adults,>* those who have undergone hematopoietic stem cell transplantation (HSCT) are more susceptible to
severe COVID-19 infection due to their impaired immune response and underlying comorbidities.”® While there is

evidence that pediatric HSCT recipients have a better prognosis than adults, they remain at risk for severe complications
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caused by COVID-19 infection, including severe respiratory dysfunction, multi-organ failure, and potentially fatal
outcomes.””® In addition to the direct impact of COVID-19 infection, the pandemic may also create obstacles for the
ongoing care and treatment of these susceptible patients, potentially disrupting their regular care and follow-up.’

Since 2000, China has implemented a series of strategies to control the spread of the virus, including lockdowns,
travel restrictions, and widespread testing and quarantine measures.'”'" As a result of these efforts, the transmission of
the virus was effectively controlled and none of pediatric HSCT patients receiving treatment in our center contracted the
virus. However, with the easing of these measures, outbreaks of COVID-19 have been reported in several parts of the
country, including our own, in December 2022. Unlike many other countries, there is limited data available on the effects
of COVID-19 on pediatric HSCT recipients in China, raising concerns about the potential impact on their outcomes and
prognosis.® Moreover, the vaccination rate among pediatric patients undergoing HSCT remains low in China. Given that
patients undergoing immune reconstitution and receiving active immunosuppressive therapy are more susceptible to
COVID-19 infection, we conducted the current study to examine the clinical characteristics and outcomes of COVID-19
infection in children within one year after HSCT.

Methods

Patient Participation

Between January and December 2022, 247 pediatric patients aged between 6 months to 7 years of age underwent HSCT
at Shenzhen Children’s Hospital in China and were recruited for this study. None of these patients received SARS-CoV-2
vaccine or had prior SARS-CoV-2 infection. SARS-CoV-2 infection was confirmed by RT-PCR in nasopharyngeal or
pharynx swabs. The severity of COVID-19 was determined according to guidelines published by China Center for
Disease Control and Prevention.'> COVID-19 treatment related data were collected from the electronic patient system for
hospitalized patients. The remaining patients were followed up through outpatient clinics or phone interviews between
Ist February 2023 and 15th February 2023. Demographic data including age and gender; patients’ clinical information
such as primary diseases, HSCT type, COVID-19 related symptoms, and treatment before and after HSCT, and their
outcomes; laboratory results including SARS-CoV-2 RT-PCR test and antigen test results; imaging findings; and
information regarding COVID-19 related treatment were collected. This study was approved by the Ethics Committee
of Shenzhen Children’s Hospital (N0.2021102) and was conducted in compliance with the Declaration of Helsinki and its
later amendments. Written consent was obtained from the parents and legal guardians of the patients for the collection
and publication of their clinical data.

Statistical Analysis

All statistical analyses were performed using the GraphPad Prism software version 9. Categorical analyses were
performed using the Fisher’s exact test. Survival rate was calculated using the Kaplan-Meier analysis. A p value less
than 0.05 was considered statistically significant.

Results

Patient Characteristics

Table 1 displays the characteristics and outcomes of the study population, which consisted of 247 pediatric patients who
underwent HSCT. The patients’ median age was 7+3.7 years (ranging from 6 months to 17 years), with 83 patients being
female (33.6%) while 164 patients were male (66.4%). Thalassemia major was the primary disease for the majority of
patients (n=184, 74.5%), followed by acute myeloid leukemia (n=14, 5.7%) acute lymphoblastic leukemia (n=12, 5.0%),
primary immune deficiencies (n=10, 4%), neuroblastoma (n=9, 3.6%), severe aplastic anemia (n=7, 2.8%), lymphoma
(n=3, 1.2%), adrenoleukodystrophy (n=3, 1.2%), brain tumors (n=2, 0.8%), pyruvate kinase deficiency (n=2, 0.8%), and
yolk sac tumor (n=1, 0.4%). Allogeneic HSCT was performed in 230 patients (93.1%), and autologous HSCT in 17
patients (6.9%). The majority of allogeneic HSCT patients received grafts from haploidentical donors (n=176, 69.6%),
while others received grafts from matched related (n=36, 14.6%) and unrelated (n=22, 8.9%) donors.
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Table | Patient Characteristics
Patient Characteristics Total (n=247)
Age (median + SD) 7%3.7 (range 6 months to |7 years)
Gender
Female 83 (33.6%)
Male 164 (66.4%)
Primary disease
™ 184 (74.5%)
ALL 12 (5.0%)
AML 14 (5.7%)
PID 10 (4%)
SAA 7 (2.8%)
NB 9 (3.6%)
Lymphoma 3 (1.2%)
ALD 3 (1.2%)
Brain tumor 2 (0.8%)
PKD 2 (0.8%)
Yolk sac tumor 1 (0.4%)
Type of HSCT
Matched related 36 (14.6%)
Matched unrelated 22 (8.9%)
Haploidentical 176 (69.6%)
Autologous 17 (6.9%)
SARS-CoV2 RT-PCR
Yes 193 (78.1%)
Positive 88/193 (45.6%)
Negative 105/193 (54.4%)
No 54 (21.9%)
SARS-CoV2 antigen
Yes 154 (62.3%)
Positive 68/154 (44.2%)
Negative 86/154 (55.8%)
No 93 (37.7%)
COVID-19 infection at days after HSCT*
< 100 days 13/60 (21.7%)
(Continued)
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Table 1 (Continued).
Patient Characteristics Total (n=247)
> |00 days 75/187 (40.1%)
Symptoms
Fever 107 (43.2%)
Cough 88 (35.6%)
Snuffing 39 (15.8%)
Sore throat 25 (10.3%)
Muscle pain 17 (6.9%)
Malaise Il (4.5%)
Breathing difficulty 8 (3.4%)
Diarrhea 5 (2.1%)
Vomit 5 (2.1%)
Smell loss 3 (1.2%)
No symptoms 93 (37.7%)
Severity of disease
Severe 19 (7.7%)
Mild 228 (92.3%)
Hospitalization
Yes 34 (13.8%)
No 213 (86.2%)
Complications
Acute GYHD 2 (0.8%)
AIHA 2 (0.8%)
Hospitalization due to COVID-19
infection at days after HSCT*
< 100 days 19/60 (31.7%)
> 100 days 15/187 (8.0%)
Co-infections in hospitalised patients
Viruses
CMV 7/34 (20.6%)
HHVé 2/34 (5.9%)
RSV 1/34 (2.9%)
BKV 1/34 (2.9%)
Bacteria
(Continued)
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Table | (Continued).

Patient Characteristics Total (n=247)
Gram positive 1/34 (2.9%)
Gram negative 4/34 (11.8%)

Invasive fungal infection 4/34 (11.8%)

Notes: * p < 0.05 Fisher’s Exact test. Comparisons were made between patients that
received HSCT < 100 days and patients that received HSCT > 100 days.

Abbreviations: AIHA, autoimmune hemolytic anemia; ALD, adrenoleukodystrophy; ALL,
acute lymphoblastic leukemia; AML, acute myeloid leukemia; BKYV, BK virus; CMV, cytome-
galovirus; GVHD, graft versus host disease; HHV6, human herpes virus 6; HSCT, hemato-
poietic stem cell transplantation; NB, neuroblastoma; PID, primary immunodeficiencies;
PKD, pyruvate kinase deficiency; RSV, respiratory; SAA, severe aplastic anemia; TM, thalas-
semia major.

Patients received SARS-CoV-2 testing via RT-PCR or antigen self-detection kits, but only those testing positive for
SARS-CoV-2 by RT-PCR were considered to have confirmed SARS-CoV-2 infection. Almost half of the HSCT patients
in 2022 developed COVID-19, but only 35% of the patients had confirmed infection. Of the 193 patients tested for
SARS-CoV-2 by RT-PCR, 45.6% were positive (n=88), and 44.2% of the 154 patients tested using antigen detection were
positive (n=68). Most patients developed mild diseases and 19 patients (7.7%) developed severe diseases according to
published guidelines. The confirmed COVID-19 infection rate was significantly higher in patients who received HSCT
over 100 days prior compared to those who received it within 100 days (40.1% vs 21.7%, p<0.05, Fisher’s Exact test).
Furthermore, patients receiving HSCT within 100 days had a significantly higher percentage of hospitalizations than
those who received HSCT over 100 days (31.7% vs 8.0%, p<0.01, Fisher’s Exact test).

The majority of patients (n=154, 62.3%) experienced COVID-19 related symptoms, with fever being the most
common symptom (n=107, 43.2%), followed by cough (n=88, 35.6%), snuffing (n=39, 15.8%), and sore throat (n=25,
10.3%). Other symptoms were less frequent, including muscle pain, malaise, breathing difficulties, diarrhea, and
vomiting. Most of the patients developed mild diseases, approximately one third of the infected patients required
hospitalization (n=34, 13.8%), and 19 patients (7.7%) developed severe SARS-CoV2 pneumonia according to the
China CDC guidelines. Among all patients that had confirmed SARS-CoV2 infection, two patients developed acute
graft versus host disease (0.8%) and two patients (0.8%) experienced autoimmune hemolytic anemia.

Co-infections with other pathogens were studied in the 34 patients who were hospitalized. Seven patients (20.6%) had
cytomegalovirus (CMV) reactivation, two patients (5.9%) were infected with human herpes virus type 6 (HHV®6), one
patient (2.9%) had a respiratory syncytial virus (RSV) infection, and one patient (2.9%) developed hemorrhagic cystitis
associated with BK virus infection. Gram-positive bacterial infections were observed in one patient (2.9%), while gram-
negative bacterial infections were observed in four patients (11.8%). Additionally, four patients (11.8%) developed
invasive fungal infection at the time of COVID-19 infection.

Treatment and Outcomes of Pediatric HSCT Recipients Following COVID-19

Table 2 summarizes the treatment and outcomes of the patients. The overall survival rate from the time of confirmed
SARS-CoV2 infection to the last follow-up visit was 99.53% (CI 96.72-99.93%) for all patients. Of the total patients, 19
patients received Paxlovid treatment (nirmatrelvir 150 mg/ ritonavir 100mg per day for 5 days for patients <12 years old
or <40kg; nirmatrelvir 300mg/ritonavir 100mg per day for 5 days for patients >12 years old or >40kg), 7 patients
received methylprednisolone, 2 patients received IL-6 antibody treatment, and 3 patients received mesenchymal stem
cells infusions. Three patients required mechanical ventilation and were transferred to the intensive care unit. One patient
died due to severe respiratory failure. The two surviving patients received exosome nebulisation and later recovered
gradually. Of the 34 hospitalized patients, 29 patients achieved complete resolution, four patients had residual lung
lesions, and one remained positive for SARS-CoV-2 by RT-PCR two months after infection.
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Table 2 Treatment and Outcomes of Hospitalized HSCT Patients with COVID-19

Treatment of Hospitalized Patients Number of Patients (Percentage)

COVID-19 treatment

Paxlovid (nirmatrelvir and ritonavir) 19/34 (55.9%)
Methylprednisolone 7/34 (20.6%)
IL-6 antibody 2/34 (5.9%)
Mesenchymal stem cells 3/34 (8.8%)
Exosome treatment 2/34 (5.9%)
ICU admission 3 (1.2%)
Mechanical ventilation 3 (1.2%)

Treatment outcomes

Complete resolution 29 (85.3%)
Partial resolution 4 (11.8%)
Death I (3%)

Notes: COVID-19 — ICU, intensive care unit; IL-6, interleukin 6.

Discussions

The COVID-19 pandemic has demonstrated vulnerabilities in both adult and pediatric HSCT recipients. Adult HSCT
patients typically exhibit a propensity for severe COVID-19 diseases and higher mortality rates compared to their
pediatric counterparts, reflecting a trend in age-related outcomes of HSCT recipients after COVID-19 infection.'*
However, the survival rate of HSCT recipients with COVID-19 has improved in recent years.”'®!” Due to strict
COVID-19 quarantine policies in China, our patients were only exposed to the virus during the latest outbreak since
December 2022. Our study found that most pediatric HSCT patients developed COVID-19 related symptoms during
this period, with approximately one-third of patients confirmed positive for SARS-CoV-2. This incidence is
consistent with previous studies reported by other countries, highlighting the susceptibility of pediatric HSCT
patients to COVID-19.'%'%'¥ Nonetheless, most patients made a good recovery after COVID-19 infection, with
a survival rate of 99.53% among all patients and 85.3% of the hospitalized patients achieving complete resolution of
lung lesions at the last follow-up visit.

COVID-19 related symptoms were similar to those reported in existing literature,'® with fever and upper respiratory
symptoms being the most prevalent manifestations among the infected patients. Most patients developed mild diseases
and did not require specific treatment. In the current study, 19 patients developed severe diseases and 34 patients were
hospitalized due to COVID-19 infection and received specific treatment. Our study demonstrated that patients who
received HSCT more than 100 days before contracting COVID-19 had a lower rate of confirmed infection than those
who received HSCT within 100 days, potentially due to that HSCT recipients may attain donors’ immunity during the
early stage after HSCT.'* %' Thus, HSCT recipients should be closely monitored for a longer period. Additionally, we
observed that patients who developed COVID-19 within 100 days of HSCT were more likely to require hospitalization,
suggesting a potential vulnerability to severe disease. However, the higher hospitalization rate may also be due to these
patients remaining in the hospital and not being discharged after HSCT. Further research is needed to confirm this
finding.

The impact of COVID-19 on HSCT complications remains a significant concern for pediatric HSCT recipients. In the
context of COVID-19, HSCT patients may have a predisposition to higher risks of viral, bacterial and fungal
infections.””** However, this study did not report higher rates of co-infections with other pathogens compared to data
from other studies and our own previous reports. Although an increased incidence of GVHD was not observed during the
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COVID-19 period in this study, COVID-19 may trigger a profound inflammatory response, which can exacerbate
cytokine release, potentially leading to the onset or increased severity of GVHD.?* Additionally, “long-COVID-19”
symptoms and other post-acute sequelae have been described in literature, hence longer follow-up is required to
understand the long-term impact of COVID-19 on our patients.?

The high incidence of COVID-19 among pediatric HSCT patients raises the question of whether they should
vaccinated against SARS-CoV-2.2%* Studies have shown that pediatric and adolescent HSCT patients can develop
protective antibodies after vaccination, indicating its potential for reducing the risk of COVID-19.27' However,
declined vaccine efficacy have been observed in HSCT recipients.>* None of the patients in this study were vaccinated
prior to the recent outbreak. This low vaccination rate highlights the need to raise awareness among patients, their
families and healthcare providers about the importance of vaccination. In addition, the optimal timing of vaccination in
pediatric patients post HSCT, as well as the most suitable vaccine type and dosage, require further investigation.

The treatment of COVID-19 has significantly evolved since the onset of the pandemic, with various therapeutic
approaches being explored to improve patient outcomes. In this study, Paxlovid, a combination of the antiviral agents
nirmatrelvir and ritonavir, has shown promising outcomes in the treatment of COVID-19.2** Paxlovid was used off-
label for children in this study.*> A total of 19 patients received Paxlovid treatment, with doses adjusted for those under
12 years of age or weighing less than 40 kg. Paxlovid was not administered to all hospitalized patients due to limited
availability during the outbreak. Nonetheless, we believe that Paxlovid may have contributed to the favorable outcomes
observed, given the high survival rate among all hospitalized patients. In addition, no severe drug-related toxicities were
observed in our patients. Further investigation is necessary to evaluate the efficacy and safety of Paxlovid in a larger
pediatric population.

The pathogenesis of COVID-19 is characterized by dysregulated immune responses and excessive
inflammation.*®*” Consequently, various approaches aim to modulate the immune response and mitigate inflammation,
particular in patients with severe diseases. Steroids, due to their anti-inflammatory properties, are recommended for
managing severe COVID-19.>® The use of IL-6 antibodies has also been supported by evidence pointing to their role
in reducing cytokine release syndrome and hyperinflammation.®” In this study, seven patients received methylpredni-
solone and two of the three patients admitted to the ICU were treated with the IL-6 antibody tocilizumab. Additionally,
MSC treatment, known for its immune modulation and potential regenerative capacity, was administered to patients in
the ICU.***' It is noteworthy that the two ICU survivors were treated with exosome nebulization, which delivers
therapeutic agents directly to the respiratory system, the primary site of SARS-CoV-2 infection.*? Nebulization
facilitates the distribution of exosomes throughout the respiratory tract, allowing for interaction infected cells and
modulation of the local immune response.** However, the precise mechanisms by which exosome therapy exserts its
effects in COVID-19 have yet to be fully understood. Furthermore, the safety profile of exosome nebulization must be
thoroughly evaluated to ascertain and address any potential adverse effects.

This study has several limitations. Firstly, it included patients only from a single centre in China hence the findings
may not be generalizable to other regions or countries. Another limitation is that most HSCT patients had non-malignant
diseases, which might underrepresent the post-COVID-19 comorbidities and mortalities associated with malignant
conditions. Additionally, this study did not investigate the long-term effects of COVID-19 infection in pediatric HSCT
patients. Further research is needed to explore the long-term impact of COVID-19 infection on the immune system and
the prognosis of pediatric HSCT recipients.

In conclusion, this study highlights the high incidence of COVID-19 in pediatric HSCT patients who have neither
received the SARS-CoV-2 vaccination nor been previously infected with SARS-CoV-2. These findings underscore the
importance of preventive and control measures for COVID-19 in this vulnerable group of patients, including vaccination,
vigilant monitoring, and timely diagnosis and treatment. Further research is necessary to determine the benefits of SARS-
CoV-2 vaccination in pediatric HSCT patients and to explore the long-term effects of COVID-19 infection on this
population.
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