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A B S T R A C T   

A better understanding of COVID-19 in people with primary immunodeficiency (PI), rare inherited defects in the 
immune system, is important for protecting this population, especially as population-wide approaches to miti
gation change. COVID-19 outcomes in the PI population could have broader public health implications because 
some people with PI might be more likely to have extended illnesses, which could lead to increased transmission 
and emergence of variants. We performed a systematic review on COVID-19-associated morbidity and mortality 
in people with PI. Of the 1114 articles identified through the literature search, we included 68 articles in the 
review after removing 1046 articles because they were duplicates, did not involve COVID-19, did not involve PI, 
were not in English, were commentaries, were gene association or gene discovery studies, or could not be 
accessed. The 68 articles included outcomes for 459 people with PI and COVID-19. Using data from these 459 
people, we calculated a case fatality rate of 9%, hospitalization rate of 49%, and oxygen supplementation rate of 
29%. Studies have indicated that a number of people with PI showed at least some immune response to COVID- 
19 vaccination, with responses varying by type of PI and other factors, although vaccine effectiveness against 
hospitalization was lower in the PI population than in the general population. In addition to being up-to-date on 
vaccinations, current strategies for optimizing protection for people with PI can include pre-exposure prophylaxis 
for those eligible and use of therapeutics. Overall, people with PI, when infected, tested positive and showed 
symptoms for similar lengths of time as the general population. However, a number of people with X-linked 
agammaglobulinemia (XLA) or other B-cell pathway defects were reported to have prolonged infections, 
measured by time from first positive SARS-CoV-2 test to first negative test. As prolonged infections might in
crease the likelihood of genetic variants emerging, SARS-CoV2 isolates from people with PI and extended illness 
would be good candidates to prioritize for whole genome sequencing.   

1. Introduction 

Knowing whether certain underlying conditions increase a person’s 
risk for severe COVID-19 is important for clinical and public health 

practice. People with primary immunodeficiency (PI), rare inherited 
defects in the immune system, are more susceptible to infectious dis
eases [1]. There are over 400 different types of PI with varying symp
toms and severity depending partly on which components of the 
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immune system are affected [2]. Understanding COVID-19-related 
health outcomes, such as mortality, hospitalization, and oxygen 
requirement, for people with PI is essential to better protect and treat 
this patient population. As the COVID-19 pandemic evolves, significant 
advances have been made with regard to diagnostic tests, vaccinations, 
and therapeutics to decrease the impact of COVID-19 on the general 
population. As mask mandates, community-wide use of masks, and 
adherence to other mitigation measures decrease, an accurate assess
ment of risk is essential for patients with PI to help guide them, their 
families, and their health care providers in deciding which mitigation 
measures to take. In addition, a focus on the PI population is of broader 
interest as patients with PI might be less likely to clear the virus or more 
likely to have extended illnesses, thus increasing transmission risk and 
creating the potential for the emergence of variants [3]. Furthermore, 
understanding the pathology of COVID-19 in people with PI can provide 
insights into how SAR-CoV-2 interacts with the immune system and 
which components are involved in severe disease, viral clearance, and 
other factors. While studies have established an increased risk for people 
with secondary immunodeficiencies, due to factors such as HIV infection 
[4], organ transplant [5], or chemotherapy [6], these findings do not 
necessarily extrapolate to PI [7]. 

We conducted a systematic review of the literature to evaluate health 
outcomes in people with PI and COVID-19, including cohort, cross- 
sectional, and case studies. We did not address the effects of the 
COVID-19 pandemic on mental health, healthcare delivery, or related 
issues. We aimed to determine whether any classes of PI showed 
increased susceptibility to severe COVID-19 and to identify gaps in the 
literature as areas for future study. 

2. Methods 

2.1. Literature search 

We performed a systematic review of the literature following the 
PRISMA guidelines [8] to examine health-related outcomes of COVID-19 
in people with PI. One author (M.K.) searched the WHO COVID-19 
Database, Medline (Ovid), Embase (Ovid), CAB Abstracts (Ovid), 
Global Health (Ovid), PsycInfo (Ovid), the Cochrane Library, Scopus, 
Academic Search Complete (Ebsco), CINAHL (Ebsco), and ProQuest 
Central from January 2020–August 2021, limiting results to English 
language studies only. After using Endnote to identify duplicates, a total 
of 1114 articles were identified for manual article selection. Complete 
search strategies are included in Table S1. We based search terms on the 
Jeffery Modell Foundation (JMF) 2020–2021 Global Survey (F. and V. 
Modell, personal communication) and the IUIS classification of human 
inborn errors of immunity in table 1 of Tangye S, et al. [2] (Table S2). 
Inclusion criteria for articles were: 1) case reports or case series 
involving patients with pre-existing PI who had confirmed or suspected 
COVID-19, 2) cohort studies that looked at COVID-19 health outcomes 
among people with pre-existing PI, and 3) COVID-19 vaccination studies 
of people with pre-existing PI. We excluded articles that were: 1) not 
about both PI and COVID-19, 2) non-human studies, 3) commentaries, 
4) genomic association studies, 5) plans for a currently unfinished study, 
6) a duplicate of an already included study, and 7) gene discovery 
studies on novel or rare variants that increase risk for severe COVID-19 
in previously undiagnosed individuals, as our focus was on people with 
known PI. One author (E.D.) screened titles and abstracts to select ar
ticles for full text review and checked the full text of selected articles to 
determine which ones to include based on the inclusion criteria. 

Two authors (E.D. and R.F.G.) used a tool proposed by Murad et al. 
[9] to assess risk of selection and measurement bias for each included 
article and categorized each article as having a low, moderate, serious, 
or critical risk of bias (Table S3). This tool uses questions to evaluate the 
selection, ascertainment, follow-up, and level of detail in case reports 
and case series. The same reviewers used the GRADE assessment [10] to 
determine the certainty of evidence in each article, categorized as high, 

moderate, low, or very low (Table S3). We selected these methods 
because they allowed us to assess both case and cohort studies. We did 
not control for bias or certainty in the data analysis. 

2.2. Data collection 

For cohort studies that reported data in aggregate, we collected 
infection rate, fatality rate, hospitalization rate, and oxygen supple
mentation requirement. 

For case reports and case series, one author (E.D.) extracted data, 
listed in Table S4, and merged this information to form a single dataset. 
Information extracted included patient demographics (age, sex), 
comorbidities, PI diagnosis, PI treatments, hospitalization, length of 
hospitalization (days), re-admissions/hospitalization, ICU admission, 
oxygen supplementation requirement, COVID-19 treatments, compli
cations during SARS-CoV-2 infection, length of COVID-19 symptoms 
(days), length of SARS-CoV-2 infection (days), presence of anti-SARS- 
CoV-2 antibodies (including IgG, IgM, and not specified), persistent 
symptoms after COVID-19 diagnosis, and coinfections during COVID-19 
illness. We used data from the 459 cases in the dataset to calculate 
percentages for each variable of interest after excluding cases with 
missing data for that variable, except for length of COVID-19 symptoms, 
length of SARS-CoV-2 infection, and presence of anti-SARS-CoV-2 anti
bodies. We used the 407 recovered cases to calculate the percentages for 
these three variables, excluding those who died or had not recovered. 
We performed analyses for all PI combined and for each of the 10 pri
mary immunodeficiency classifications used by JMF, i.e., immunodefi
ciencies affecting cellular and humoral immunity, combined 
immunodeficiencies with associated or syndromic features, predomi
nantly antibody deficiencies, diseases of immune dysregulation, auto
inflammatory disorders, congenital defects of phagocyte number or 
function, defects in intrinsic and innate immunity, complement de
ficiencies, phenocopies of inborn errors of immunity, and unspecified. 

3. Results 

3.1. Article selection 

Of the 1114 articles identified through the literature search, we 
included 68 articles in this review after removing 25 articles for dupli
cation that had not been identified through Endnote and removing 1021 
articles for not including COVID-19, not including PI, not being a human 
study, being a commentary, being a gene association or gene discovery 
study, the full article not being in English, and being unable to access the 
article (Fig. 1). We assessed bias for all included publications and found 
37 publications had a low risk of bias, 29 publications had a moderate 
risk of bias, and 2 publications had a high risk of bias (Table S3). Of the 
68 included articles, 47 were case reports or case series, and 21 were 
cohort or cross-sectional studies. The cohort and cross-sectional studies 
covered a variety of COVID-19-related health outcomes including mor
tality, hospitalization, and oxygen requirement [11–28] (Table 1). Some 
cohort and cross-sectional studies had COVID-19-related health out
comes at the individual level, and all of these studies had small numbers 
(n of 11 to 169) of people with PI and COVID-19. Three studies with 
small sample sizes assessed COVID-19 rates in PI populations. Using 
polymerase chain reaction (PCR) testing for COVID-19 diagnosis, Milito 
and colleagues found a similar cumulative incidence of COVID-19 by 
February 2021 between the PI population and general population of 
about 4% in the Italian PI population and 5% in the general population. 
Delvari and colleagues also found a similar incidence between the PI and 
general populations in Iran (0.7% in PI population in mid-2020 vs. 0.6% 
in general population in October 2020) [11,12]. Deya-Martinez and 
colleagues found a COVID-19 prevalence, using PCR and serology 
testing and SARS-CoV-2 ELISpot, of 7.7% in a pediatric cohort with 
moderate to severe PI in Spain [13]. 

E. Drzymalla et al.                                                                                                                                                                                                                              



Clinical Immunology 243 (2022) 109097

3

3.2. Cases in the literature 

A total of 459 people with PI and COVID-19 are described from 54 of 
the 68 studies [12,13,16,18–21,24,26,27,29–71] (Table 2 and Table S4). 
These cases came from case reports as well as cohort studies with in
formation available for individual patients. These articles include in
formation from 19 countries and primary immunodeficiencies from 
every class. The patients ranged from ages 0 years to 75 + years with 
most of the patients being between ages 3–12 years (Fig. 2). Among 
those PI reported in case reports, case series, and cohort studies, anti
body deficiencies were most common, with 208 patients (45%) 
(Table 2), and phenocopies of inborn errors of immunity were the least 
common (0.4%, n = 2). The percentage of cases in each PI class generally 

correlates with the global prevalence of each PI class, which was 
calculated based on data from a 2018 JMF survey (F. and V. Modell, 
personal communication). Based on this survey, predominantly antibody 
deficiencies, such as X-linked agammaglobulinemia (XLA), were the 
most common PI class (46%, compared with 45% of COVID-19 PI cases), 
while phenocopies of inborn errors of immunity, such as Good Syn
drome, was the rarest PI class (0.1%, compared with 0.4% of COVID-19 
PI cases). The information available for the cases, including health 
outcomes and treatments, varied considerably among studies. For 
example, among 208 PI cases classified as predominantly antibody 
deficiency, only 123 included information on supplemental oxygen 
requirements. 

Fig. 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram for primary immunodeficiency and COVID-19 litera
ture curation. 
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Table 1 
Summary of cohort and cross-sectional study results included in this systematic review.  

Title First author Country Number of 
participants 

Findings 

Adverse COVID-19 outcomes in immune deficiencies: 
Inequality exists between subclasses [16] 

Karakoc 
Aydiner E. 

Turkey 34 Overall, 67.6% of the patients required hospitalization and 
23.5% required the ICU. The overall case fatality rate was 23.5%. 
The inpatient mortality rate was 34%. None of the admitted 
patients with predominantly antibody deficiencies died. 
Admitted patients with combined immunodeficiencies or 
immune dysregulation had mortality rates of 33% and 50% 
respectively. 

CD19 + IgD + CD27- naïve B Cells as predictors of humoral 
response to COVID-19 mRNA vaccination in 
immunocompromised patients [17] 

Schulz E. Austria 25 After mRNA COVID-19 vaccination, patients with primary 
immunodeficiency had lower antibody production compared to 
healthy patients. 

The clinical course and outcome of SARS-COVID 19 in 
patients with inborn errors of immunity, does it relate to 
the type of immune defects [18] 

Sherkat R. Iran 14 Not all patients with inborn errors of immunity are predisposed 
to severe COVID-19. Out of the 14 patients, 3 (21.4%) were 
hospitalized and 1 (7.1%) was admitted to the ICU. 

Clinical outcome, incidence, and SARS-CoV-2 infection- 
fatality rates in Italian patients with inborn errors of 
immunity [11] 

Milito C. Italy 131 The cumulative incidence per 100,000 was 4.01 for patients with 
inborn errors of immunity and 5.22 for the general population. 
The infection fatality rate was 3.81% for patients with inborn 
errors of immunity and 3.28% for the general population. One 
third of the patients with inborn errors of immunity were positive 
for SARS-CoV-2 for over three weeks. 

Clinical outcomes and features of COVID-19 in patients 
with primary immunodeficiencies in New York City [19] 

Ho H. United States 16 The median symptom duration was 29 days. Out of the 16 
patients, 12 (75%) required hospitalization and 5 (31%) required 
the ICU. For oxygen supplementation, 5 (31%) required a 
standard nasal cannula and 5 (31%) required mechanical 
ventilation. Out of the 16 patients, 4 (25%) died. 

Confirmed SARS-COV-2 Infection In A Cohort Of Children 
And Young Adults With Moderate Or Severe Primary 
Immunodeficiencies [13] 

Deya- 
Martinez A. 

Spain 65 The COVID-19 prevalence was 7.7% (5/65). Only one patient, 
with Jacobsen Syndrome and CVID-like phenotype, was 
symptomatic. 

Coronavirus disease 2019 in patients with inborn errors of 
immunity: An international study [20] 

Meyts I. International 94 Out of the 94 patients with inborn errors of immunity and 
COVID-19, 59 (63%) required hospitalization, 13 (14%) required 
non-invasive ventilation, 15 (16%) required admission to the 
ICU, 15 (16%) required invasive ventilation, 3 (3%) required 
ECMO, and 9 (9.6%) patients died. 

COVID-19 affecting hereditary angioedema patients with 
and without C1 inhibitor deficiency [21] 

Grumach A. Brazil 13 Out of the 13 patients with hereditary angioedema and COVID- 
19, 5 (38%) had a hereditary angioedema attack. One patient 
required hospitalization. 

COVID-19 AND PRIMARY IMMUNODEFICIENCY: ONE- 
YEAR EXPERIENCE [22] 

Al Yazidi L. Oman 140 None of the children with primary immunodeficiencies were 
admitted to the hospital. A patient with XLA shed SARS-CoV-2 
for 3 months. 

COVID-19 in patients with primary and secondary 
immunodeficiency: The United Kingdom experience [23] 

Shields A. United 
Kingdom 

67 Of the 67 patients with inborn errors of immunity, 34 (50.7%) 
required hospitalization, and 12 (17.9%) died. The inpatient 
mortality was 35.3% and the case fatality ratio was 28.5. 

COVID-19 in Patients with Primary Immunodeficiency [24] Esenboga S. Turkey 26 Of the 26 patients, 8 (31%) were hospitalized, 2 (7.7%) were 
admitted to the ICU, and 2 (7.7%) died. The median recovery 
time was 8 days while one patient had a 60 day recovery time. 

COVID-19 prevalence and outcomes in patients receiving 
biologic therapies at an infusion center in New York City 
[25] 

Harada K. United States 11 Of the 11 patients with primary immunodeficiency, 10 (91%) 
were hospitalized, 5 (45%) required a nasal canula, 4 (36%) 
required ventilation, 4 (36%) required the ICU, and 4 (36%) 
died. 

Immunogenicity of Pfizer-BioNTech COVID-19 vaccine in 
patients with inborn errors of immunity [14] 

Hagin D. Israel 26 In response to the Pfizer-BioNTech COVID-19 vaccine, 18 out of 
26 individuals with PI developed a specific antibody response 
and 19 had a S-peptide-specific T-cell response. 

Impact of SARS-CoV-2 Pandemic on Patients with Primary 
Immunodeficiency [12] 

Delavari S. Iran 19 Compared to the general population, patients with primary 
immunodeficiencies had a 1.23 higher risk of COVID-19 
infection. The general population had an incidence of 1:178 and 
patients with primary immunodeficiency had an incidence of 
1:144. 

Low morbidity in Danish patients with common variable 
immunodeficiency disorder infected with severe acute 
respiratory syndrome coronavirus 2 [26] 

Drabe C. Denmark 11 All 11 patients had CVID and recovered. Three (27%) of patients 
were admitted to the hospital and 1 (9%) patient required oxygen 
supplementation. The median symptom duration was 12 days. 

Minor Clinical Impact of COVID-19 Pandemic on Patients 
With Primary Immunodeficiency in Israel [27] 

Marcus N. Israel 20 Out of 1679 primary immunodeficiency patients followed, 20 
(1.2%) tested positive for COVID-19. None of the patients 
required hospitalization and symptom duration ranged from 1 to 
14 days. 

Risk factors for hospitalization, disease severity and 
mortality in children and adolescents with COVID-19: 
Results from a nationwide German registry [28] 

Armann J. Germany 169 Children with primary immunodeficiency had a 2.7-fold risk for 
ICU admission compared with children without primary 
immunodeficiency. 

SARS-CoV-2 vaccine induced atypical immune responses in 
antibody defects: everybody does their best [15] 

Salinas A. Italy 75 Compared to healthy controls, patients with CVID had lower post 
BNT162b2 vaccination antibodies for Spike and RBD. Patients 
with XLA did not generate antibodies for Spike or RBD after 
vaccination. However, 5 out of 6 XLA patients developed Spike- 
specific T-cells.  
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3.3. Case fatality 

We used data from the 459 people with PI and COVID-19 included in 
case reports, case series, and cohort studies to calculate the overall case 
fatality rate and case fatality rate by type of PI among people with PI and 
COVID-19 (Table 2). One caveat is that rates calculated using data from 
case reports and case series are likely elevated, as these publications are 
generally limited to those who are hospitalized and potentially biased 
toward including those with more severe health outcomes [72]. We 
calculated an overall case fatality rate of 9% (Table 2). In comparison, 
the case fatality rate reported in the cohort studies varied from 3.8% to 
36%. Out of these cohorts, the two cohorts with the highest number of 
participants, 131 and 94 participants, had case fatality rates of 3.8% and 
9.6%, respectively. Among types of PI from the 459 cases with COVID- 
19, complement deficiencies (n = 25) and defects in intrinsic and innate 
immunity, such as MyD88 deficiency, (n = 19) had the lowest case fa
tality rate of 0% (Table 2). Consistent with this, one cohort study also 
reported that none of the patients with complement deficiencies, such as 
hereditary angioedema, died. For other types of PI from the 459 cases 
with COVID-19, we calculated case fatality rates of 19% for immuno
deficiencies affecting cellular and humoral immunity, such as Omenn 
Syndrome, and 18% for diseases of immune dysregulation, such as 
autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy 
(Table 2). The remaining primary immunodeficiency classes had case 
fatality rates between 6% and 9%. Of the published PI cases with COVID- 
19, those in the youngest (0–2 years) and oldest (75 years or older) age 
groups had the highest case fatality rates, 17% and 63%, respectively. 

3.4. Hospitalization 

We calculated hospitalization, ICU, and respiratory support rates 
among the 459 people with PI and COVID-19 from published reports 
(Table 2). The overall hospitalization rate was 49% and the ICU 
admission rate was 16%. Types of PI with the highest hospitalization 
rates were diseases of immune dysregulation, such as ALPS-like syn
drome, (64%); defects in intrinsic and innate immunity, such as MyD88 
deficiency, (63%); and predominantly antibody deficiencies, such as 
XLA, (50%). Complement deficiencies, such as hereditary angioedema, 
had the lowest hospitalization rates (0%, n = 12). Among all case re
ports, only 5 (1 chronic granulomatous disease, 4 XLA) reported read
mission to the hospital and all 5 recovered (Table S4). The age groups 
with the highest percentage of hospitalized patients were those 0 to 2 
years old (69% of 42 cases age 0 to 2 years) and those 75 years old or 
older (75% of 8 cases ages 75 and older). Overall, 29% of patients 
required oxygen supplementation or intubation: 14% with nasal can
nula, 4% with non-invasive ventilation, 12% with invasive ventilation, 
and 2% with extra corporeal membrane oxygenation (ECMO) (Table 2). 

Patients with predominantly antibody deficiencies had the highest rates 
of required oxygen supplementation or intubation, required nasal can
ula, and required invasive ventilation. Information about required ox
ygen supplementation was not available for case reports or series on 
patients with complement deficiencies or phenocopies of inborn error of 
immunity. The only reports of ECMO use were among patients with 
congenital defects of phagocyte number or function, defects in intrinsic 
and innate immunity, and unspecified PI. 

3.5. COVID-19 duration, symptoms, and antibodies 

Of the 407 patients who recovered, 78 (19%) had information on 
their SARS-CoV-2 antibody status after infection, 102 (25%) had infor
mation on the duration of COVID-19 symptoms, and 61 (15%) had in
formation on how long they continued to test positive for SARS-CoV-2 
(Table S4). Of the 78 cases with information available, 52 (67%) 
developed antibodies against SARS-CoV-2, including patients with 
autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy 
(APECED) and those with PI that affect the B-cell pathway, including 19 
patients with common variable immunodeficiency (CVID) and 1 patient 
with XLA. Of the 84 patients with information available, the median 
length of symptoms for the symptomatic patients was 8 days (range: 1 to 
60 days), with a longer length of symptoms (range: 30 to 67 days) seen 
for patients with agammaglobulinemia, combined immunodeficiency 
(CID), CVID, severe combined immunodeficiency (SCID), Wiskott- 
Aldrich Syndrome, and XLA. Of the 61 patients with information 
available, the median time from first positive test for SARS-CoV-2 to first 
negative test was 15 days (range: 2 to 67 days). Of note, 4 patients with 
XLA showed longer durations of testing positive for SARS-CoV-2 (30 to 
64 days), and 4 additional cases had reports of rehospitalization or of 
testing positive, then negative, then positive again. As most people with 
XLA have no or very few B cells and thus produce no or few antibodies, 
this finding supports the importance of antibodies in clearing SARS-CoV- 
2 [20,24,33,35,49,55,58]. No case reports included information on 
whole viral genome sequencing for SARS-CoV-2 to allow for evaluation 
of the impact of PI on the emergence of variants of concern. 

3.6. COVID-19 vaccination 

Only two studies focused on COVID-19 vaccination in people with PI 
in the time period covered by this review; patients received Pfizer- 
BioNTech COVID-19 vaccine in both studies [14,15]. The first study, 
by Hagin and colleagues, included 26 patients with primary immuno
deficiencies, including XLA, CVID, NFkB1 haploinsufficiency, hypo
gammaglobulinemia, selective IgG2 deficiency, CID, autoimmune 
lymphoproliferative syndrome-like (ALPS-like), STAT1 GOF, and STAT3 
LOF [14]. None of the patients had major adverse reactions to the 
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vaccine. Out of 26 patients, 18 tested positive for antibodies against the 
SARS-CoV-2 spike protein following 2-dose vaccination, indicating a B- 
cell response to the vaccine [14]. As expected, none of the four XLA 
patients had evidence of antibody response [14]. The other patients who 
did not have evidence of an antibody response to vaccination had ALPS- 
like disease (1 out of 1), CID (1 out of 1), and CVID (2 out of 12). 
Compared with healthy vaccinated controls, patients with CVID who 
responded to vaccination had lower anti-SARS-CoV2 antibody re
sponses, especially those who were older [14]. Excluding XLA patients, 
18 out of 21 patients with PI produced antibodies that were able to block 
binding of the SARS-CoV-2 spike protein to the ACE2 receptor in vitro 
indicating that antibodies produced could block SARS-CoV-2 Infection. 
Out of 26 patients, 19 had a T-cell response to the vaccine, measured by 
IL-2 and IFN-ɣ production, including the patients with XLA. Those 
lacking a T-cell response were 1 patient with ALPS-like disease (1 out of 
1), 2 with NFKB1-H1 (2 out of 2), and 4 with CVID (4 out of 12), with no 
difference in response by age. 

The second article about COVID-19 vaccination and PI patients, by 
Salinas et al., studied patients with CVID and XLA [15]. Seven of the 41 
patients with CVID already had COVID-19 prior to vaccination, and one 
had COVID-19 following vaccination with Pfizer-BioNTech COVID-19 
vaccine. Most CVID patients had abnormal B- and T-cell responses to the 
vaccine that the authors suggested might not be sufficient to offer pro
tection [15]. However, 5 of the 7 patients previously infected with SARS- 
CoV-2 had detectable IgG antibodies, indicating that they had mounted 
a B-cell response to infection, and vaccination boosted the IgG response 
in 6 out of 7. While the XLA patients did not have a B-cell response, most 
had a significant T-cell response to vaccination that the authors indi
cated might offer protection [15]. 

Two other studies, published outside of the time period of the 68 
articles in this study, were identified during the preparation of this 
manuscript and are discussed due to their significance and the lack of 
publications in this area. One study provided information on COVID-19 
vaccine effectiveness against severe disease requiring hospitalization for 
patients with intrinsic immune conditions or immunodeficiencies who 
had been vaccinated 14 days or more before hospitalization, from 
January to September 2021 [73]. The vaccine effectiveness (VE) for two 
doses of either the Moderna or Pfizer-BioNTech mRNA vaccine was 73% 
for PI patients and 87% for immunocompetent patients, for two doses of 
the Moderna vaccine the VE was 81% for PI patients and 93% for 
immunocompetent patients, and for two doses of the Pfizer-BioNTech 
vaccine VE was 64% for PI patients and 88% for immunocompetent 
patients [73]. Another study had 11 PI patients that received either the 
Pfizer-BioNTech or Moderna mRNA COVID-19 vaccine. All of the pa
tients, except for the only patient with XLA, developed a positive anti
body response [74]. 

4. Discussion 

This systematic review provides insight into the information avail
able in the literature regarding COVID-19 health outcomes in PI patients 
as well as gaps in knowledge. Of all the PI classes, predominantly anti
body deficiencies had the most information available on health out
comes associated with COVID-19. The literature provides information 
on COVID-19 outcomes in PI patients, including mortality, hospitaliza
tion, and required oxygen supplementation. However, the varying 
number and level of detail for reported COVID-19 cases for the different 
PI classes limit our ability to compare the severity of COVID-19 between 
different PI classes. During the preparation of this manuscript, Bucciol 
and colleagues published a review on PI and COVID-19 outcomes [75]. 
Their review, which shared 38 articles with our review, looked at ICU 
admission and case fatality rates in different types of PI and had similar 
results to our study (Table S5). Both reviews found 16% ICU admission 
rates and 9% case fatality rates overall for people hospitalized with PI. 
Our review expands on their findings by providing information on fac
tors beyond ICU admission and case fatality rates, such as oxygen Ta
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requirements, treatments, comorbidities, complications, and length of 
COVID-19 infection. 

Because of their increased risk for infection in general, most people 
with PI, even before the pandemic, routinely take proactive measures to 
avoid infection, including wearing masks, physical distancing, and 
avoiding crowds, and may take further steps to avoid infection 
compared to the general population [11,12,20,22,72,76]. Strict adher
ence to these mitigation practices would be expected to decrease the 
likelihood of exposure to SARS-CoV-2 resulting in the PI population 
having a lower level of exposure than the general population. Thus, 
finding a similar cumulative incidence of COVID-19 in the PI population 
compared with the general population might indicate that patients with 
PI are more likely to be infected with SARS-CoV-2 following exposure. 
However, this could also be explained by a higher likelihood of testing 
patients with PI for COVID-19. Whether mitigation measures provide 
the same level of protection for people with PI as for the general pop
ulation cannot be determined from the data available. 

Some studies have reported similar mortality rates between the 
general population and people with PI [11,12]. However, many people 
with PI have a decreased life expectancy due to their increased risk for 
infection, cancer, and other complications. Thus, the mean and median 
age of people with PI would be expected to be lower than that of the 
general population: based on the JMF 2020–2021 Global Survey, the 
largest age group among those with PI is ages 5–19 years (F. and V. 
Modell, personal communication). As younger age is a protective factor, 
finding similar overall case fatality rates between the PI and general 
population could indicate an increased risk of COVID-19-related mor
tality in the PI population. If this is the case, stratifying by age might be 
expected to show higher rates in each age category for people with PI 
compared with the general population. Our findings on mortality in 
children with PI support this hypothesis. Based on data from 201 chil
dren in the case and cohort studies, the case fatality rate in children with 
PI hospitalized for COVID-19 was 23%, substantially higher than the 
0.18% rate reported for children in the general population. 

Furthermore, PI patients are followed more carefully and frequently, 
so that asymptomatic and mild cases would be more likely to be detected 
than for people in the general population, potentially leading to lower 
rates of morbidity and mortality in this population when compared with 
the general population [12]. Our review found a higher COVID-19 case 
fatality rate for PI patients 56 years or older (20.5%) compared with 
those 55 years or younger (8.2%). The difference by age in the case- 
fatality rate is also found in the general population, 19.0% for patients 
51 years or older compared with 3.0% for patients 50 years or younger 
[77]. Overall, people with PI die from COVID-19 at significantly younger 
ages than the general population and more often have comorbidities 
including chronic lung or liver disease [23]. 

Newborn screening for SCID allows for the early identification of 
children with this condition so that they can be treated with hemato
poietic stem cell transplantation prior to 6 months of age, increasing the 
likelihood of successful transplantation, which can greatly improve their 
health outcomes. Of note, 10 people with SCID who had been treated 
with hematopoietic stem cell transplantation showed mild courses of 
COVID-19 [12,27]. This highlights the importance of newborn screening 
for SCID in the United States in preventing morbidity and mortality of 
these children during the pandemic, as they likely would have died of 
COVID-19 in the absence of successful transplantation, made possible 
through early identification by newborn screening. 

An emerging area of interest for all PI is information about COVID-19 
vaccination and its ability to prevent infection and limit transmission 
within this population. Current recommendations are that people with 
PI receive three primary doses of mRNA COVID-19 vaccine and one 
booster dose, with the possibility of a second booster dose at least 4 
months after the first booster dose [78]. The studies by Hagin et al. and 
Salinas et al. showed that vaccination with two doses of mRNA vaccine 
produces an immune response in some people with PI, such as CVID. 
However, some people with PI, such as XLA, were found to have little to 

no antibody production following vaccination. Even among those who 
have evidence of mounting an immune response to vaccination the 
concentration of neutralizing antibodies may be suboptimal [14,15,73]. 
A better understanding of the effectiveness of vaccination, including 
boosters, in protecting patients with PI will be important for optimizing 
the vaccine recommendations for this population [14]. This will require 
determining the immune correlates of protection that provide the most 
accurate measure of vaccine effectiveness and immunity in people with 
PI. Of note, current Interim Guidelines for COVID-19 Antibody Testing 
from the U.S. Center of Disease Control and Prevention do not recom
mend antibody testing to assess for immunity to SARS-CoV-2 following 
COVID-19 [79]. 

While vaccinations remain the first line of defense, further study is 
needed to optimize prevention and treatments for people with PI who 
become infected with SARS-CoV-2. The National Institutes of Health 
(NIH) COVID-19 Treatment Guidelines Panel recommends pre-exposure 
prophylaxis using anti-SARS-CoV-2 monoclonal antibodies (tix
agevimab 300 mg plus cilgavimab 300 mg (Evusheld) administered as 2 
consecutive 3 mL intramuscular injections) for people ages 12 years and 
older who have a moderate or severe primary immunodeficiency [80]. 
IVIG, a standard treatment for many people with PI, and COVID-19 
convalescent plasma can both provide protection to people with PI. 
Studies have shown that both IVIG and COVID-19 convalescent plasma 
now have increased anti-SARS-CoV2 antibody titers compared with 
early trials because of vaccine coverage, which generated higher anti
body titers than infection in the general population, including plasma 
donors [81]. Some studies suggest that convalescent plasma can be 
especially beneficial for people with PI, helping avoid relapses and 
prolonged infection [42,58]. However, about 3% of convalescent plasma 
obtained from patients previously hospitalized for COVID-19 were 
found to contain neutralizing autoantibodies to type I interferons which 
have been associated with severe COVID-19. Whether convalescent 
plasma containing these autoantibodies is harmful for people with PI 
and COVID-19 is not yet known [82]. For people with moderate or se
vere PI who test positive for COVID-19, the NIH Treatment Guidelines 
Panel recommends treatment with the antivirals Paxlovid and Remde
sivir [83]. 

Our review identified important areas for further study, including 
length of SARS-CoV-2 infection, length of symptoms in PI patients, and 
whole viral genome sequencing in people with PI. Serial whole viral 
genome sequencing in people with PI and prolonged infection at 
different time points is important to determine whether prolonged 
infection increases the likelihood of developing novel genetic variants of 
concern of SARS-CoV-2. While the length of SARS-CoV-2 infection and 
length of symptoms in PI patients does not appear to be longer overall 
than the general population, certain subsets of patients, such as those 
with XLA or other B cell pathway defects, may be more likely to have 
prolonged or repeat infections [11,22,24,33,42,55,58,84]. This is 
consistent with the current consensus that neutralizing antibodies are 
the primary immune correlate of protection [85]. In studies on people 
with PI, the presence of neutralizing antibodies was associated with less 
frequent infections and less severe outcomes, delayed seroconversion is 
associated with compromised viral control, and neutralizing antibodies 
prior to 14 days after disease onset can be important for recovery [58]. 
However, many with XLA and other B cell defects have a mild disease 
course, still mount an inflammatory response to infection, and mount an 
immune response to vaccination. Some have speculated that dysregu
lation of the B cell pathway might cause the inflammation pathology 
observed in otherwise healthy people from the general population [22]. 
Supporting this, some patients with PI with autoimmune or inflamma
tory complications had poorer outcomes [19], and some studies have 
found that severe COVID-19 cases are more likely to have a greater IgG 
response than mild cases [41]. In contrast, the more severe outcomes 
seen in people with defects in the T cell and innate pathways point to the 
importance of these pathways in preventing severe disease 
[11,12,47,86]. These findings support the development of vaccines that 
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better target the T cells to better protect both people with PI and the 
general population. These types of vaccines would be less vulnerable to 
loss of effectiveness due to SARS-CoV2 variants, as T-cells target larger 
regions of the spike protein [87,88]. However, some with XLA and other 
B cell pathway defects have developed severe disease despite seemingly 
functional T cell and innate pathways, possibly indicating the impor
tance of the role of B cells in the setting of intact cellular immunity in 
some people [58]. Of note, those with PI that result in absent B cell 
function, such as XLA, tend to fare better than those with a PI that leads 
to B-cell dysfunction, such as CVID [23]. Despite these trends, patients 
with PI can have complications from COVID-19, and severity cannot be 
predicted for all people with PI [57]. This might be partly due to the 
complex interplay and built-in redundancy of the B and T cell pathways, 
as T cells are required to make antibodies, just as B cells assist with T cell 
function. 

Studies found a higher risk of severe disease in some people with 
immune dysregulation or autoimmune disease, possibly due to a higher 
likelihood of unregulated inflammatory response, which could provide 
clues to the mechanism of disease in some previously healthy people 
who develop severe COVID-19 and could suggest that treatments for 
these PI may have utility in treating people who develop severe COVID- 
19 [12]. Whether COVID-19 could trigger auto-immunity in predisposed 
people remains unknown [57]. For example, a recent study showed an 
association between COVID-19 infection and development of type 1 
diabetes, with a higher risk in younger (age 0–1) and older (51–65) 
people [89]. Whether this risk is higher in people with pro-inflammatory 
PI remains unknown. 

Strengths of this review include the broad nature of the search used 
to find relevant literature and the inclusion of case studies, cohort 
studies, and cross-sectional studies. One major limitation is publication 
bias. For case studies, the more severe cases with worse outcomes may 
be more likely to be published. For example, people with PI who were 
infected with SARS-CoV-2 and remained asymptomatic or had mild 
disease courses that did not require hospitalization were less likely to be 
included in the published literature. As a result, rates of outcomes such 
as hospitalization, ICU admission, oxygen requirement, and death are 
likely overestimated. The number of studies and included patients, 
particularly those focused on COVID-19 vaccine response, was small. 
These low numbers precluded a more sophisticated meta-analysis that 
controlled for publication bias, time period of infection, and other fac
tors. The heterogeneity across the large number of PI conditions makes it 
challenging to draw overall conclusions about COVID-19 and PI. 
Furthermore, the low number of cases in most PI classes could mean that 
the cases included in this review are not representative of those classes. 
Another potential limitation is the exclusion of non-English articles. As a 
result, important findings for COVID-19 outcomes in PI patients may 
have been missed. 

5. Conclusion 

Evidence-based guidelines for managing emerging high-consequence 
pathogens such as SARS-CoV-2 are important for PI patients, their 
families, and their providers. Better understanding of COVID-19 in 
people with PI is important both for better protecting these people and 
potentially for limiting transmission and the development of SARS-CoV- 
2 variants of concern. SARS-CoV-2 isolates from people with PI and 
prolonged infection would be good candidates to prioritize for whole 
genome sequencing. Findings from studies on people with PI can provide 
important clues to the mechanisms of SARS-CoV-2 infection and pro
tection offered by vaccination. Mitigation such as masking and physical 
distancing, while decreasing in use in the general population, remain 
important for many people with PI due to their increased risk for many 
different types of infections. Adherence to current guidance, including 
vaccination, use of pre-exposure prophylaxis, and early treatment if 
infected, is especially important for people with PI, who might be at 
increased risk for secondary infections if hospitalized with COVID-19. 
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[64] R. Lévy, P. Bastard, F. Lanternier, M. Lecuit, S.-Y. Zhang, J.-L. Casanova, IFN-α2a 
therapy in two patients with inborn errors of TLR3 and IRF3 infected with SARS- 
CoV-2, J. Clin. Immunol. 41 (1) (2021) 26–27, https://doi.org/10.1007/s10875- 
020-00933-0. 

[65] H.Z. Mahmood, S. Madhavarapu, M. Almuqamam, Varying illness severity in 
patients with myd88 deficiencyinfected with coronavirus SARS-CoV-2, Pediatrics 
147 (3) (2021) 453–454, https://doi.org/10.1542/peds.147.3MA5.453. 

[66] C. Meisel, B. Akbil, T. Meyer, E. Lankes, V.M. Corman, O. Staudacher, 
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