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Purpose

Patients with X-linked agammaglobulinemia (XLA) are characterized by humoral impairment and are routinely treated with intravenous immunoglobulin (IVIG). In this study, we aimed to investigate the presence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) antibodies in IVIG preparations harvested globally and evaluate the transfer of SARS-CoV-2 antibodies to the XLA patient.





Methods

A single-center, prospective cohort study was conducted in the period of November 2020 to November 2022. Clinical and laboratory data, specifically, SARS-CoV-2 spike IgG levels from the serum of 115 IVIG preparations given to 5 XLA patient were collected. Concurrently, SARS-CoV-2 spike IgG levels from the serum of the 5 XLA was collected monthly.





Results

Five XLA patients were evaluated within the study period. All were treated monthly with commercial IVIG preparations. A total of 115 IVIG treatments were given over the study period. The origin country and the date of IVIG harvesting was obtained for 111 (96%) of the treatments. Fifty-four IVIG preparations (49%) were harvested during the COVID-19 pandemic of which 76% were positive (>50AU/mL) for SARS-CoV-2 spike antibodies which were subsequently transmitted to the XLA patients in an approximate 10-fold reduction. SARS-CoV2 spike IgG was first detected in IVIG batches that completed their harvest date by September 2021. Positive products were harvested from origin countries with a documented prevalence over 2,000 per 100,000 population.





Conclusion

As the prevalence of COVID-19 infections rises, detection of SARS-CoV-2 spike IgG in commercial IVIG products increases and is then transmitted to the patient. Future studies are needed to investigate the neutralizing capabilities of SARS-CoV-2 IgG and whether titer levels in IVIG remain consistent as the incidence of infection and vaccination rates in the population changes.
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1 Introduction

The pandemic eruption of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) gave rise to coronavirus disease 2019 (COVID-19) affecting millions of people worldwide (1). Major risk factors for severe disease include advanced age, obesity, high blood pressure, chronic kidney disease and diabetes (1). However, a significant proportion of severe illness occurs in the absence of these risk factors (2). With the rapid emergence of COVID-19 research, inborn errors of immunity were implicated in increasing the morbidity and mortality of COVID-19 (3–5). The major risk factor were defects in type I IFN, and a phenocopy with pre-existing neutralizing type I IFN autoantibodies, which together accounted for up to 25% of life threatening COVID-19 disease (6). The data regarding X-linked agammaglobulinemia (XLA), a humoral immunodeficiency, is more controversial, with some studies showing asymptomatic or mild disease with prompt recovery (7, 8) and others reporting an increased morbidity and mortality (9). While risk factors for severe COVID-19 within inborn errors of immunity were not too dissimilar from that seen in the general population, decreased lymphocyte counts and Ig levels were additionally noted risk factors (8, 10).

XLA is characterized by an impaired humoral response secondary to pathogenic variants of the BTK gene, which plays a key role in B-cell differentiation. Patients manifest with nearly absent B cells with severely decreased production of Ig, leading to recurrent and severe sinopulmonary infections (11). Treatment of XLA patients relies on intravenous immunoglobulins (IVIG) which significantly reduces the number of invasive bacterial infections and progression of lung disease (11). Severe viral infections with enteroviruses, a complication seen in XLA patient, has not significantly declined in the era of IVIG therapy (12). Additionally, studies looking at trough levels of various pathogens demonstrated non-protective anti measles antibodies (13). This highlights the limited value of IVIG in protection from severe viral infections.

However, IVIG at high doses has been reported to be efficacious in treatment of viral pneumonia during outbreaks with influenza, Middle East respiratory syndrome coronavirus (MERS-CoV), SARS and respiratory syncytial virus (RSV) (14). During the COVID-19 pandemic high dose IVIG and standard dosing were trialed with conflicting results including reduced mortality (15–17), no difference in mortality (18) and increased adverse events (19). These studies consisted of a broad heterogeneity of patients and lack of information on the composition of the IVIG, specifically the presence of high titer neutralizing SARS-CoV2 IgG antibodies, making it difficult to infer whether this therapeutic option would be efficacious in a specific population, such as those with underlying humoral defects, and with a specific immunoglobulin product.

At the beginning of 2021 studies showed the presence of anti-SARS-CoV2 IgG antibodies in IVIG products from countries with high prevalence of COVID-19. Anti-SARS-CoV2 IgG was present in IVIG products from Spain and the US (20) with up to 80% of IVIG batches positive for anti-SARS-CoV2 antibodies in Italy (21). This was followed by several neutralization studies on commercial lots demonstrating a positive correlation with detection and neutralization capabilities that increased temporally and exponentially (22, 23). One such study applied pharmacokinetic extrapolations suggesting that regularly treated PID patents may obtain a potential steady state trough level (23). This study also directly compared convalescent serum to IVIG products showing that 50% of plasma donation for convalescent serum lacked neutralizing titers, in contrast to IVIG in which there was lot to lot variability however neutralizing capacity means substantially increased with the passing of time (23).

Herein, we aimed to examine the presence and levels of anti- SARS-CoV-2 spike IgG antibodies in the different IVIG product harvested before and during the COVID-19 pandemic, along with the prevalence of COVID-19 in the origin of harvesting. Lastly, simultaneous measurements of SARS-CoV2 spike antibodies in the sera of XLA patients was collected to determine whether SARS-CoV2 spike antibodies are detected consistently and the relationship to COVID-19 prevalence in the origin of harvesting.




2 Methods



2.1 Study design and population

This is a prospective cohort study that was undertaken spanning over a two-year period (November 2020- November 2022) at the Allergy and Clinical Immunology Unit of Shaare Zedek Medical Center in Jerusalem, Israel. Five known XLA patients, with a diagnosis based on immune and or genetic workups, who were treated with IVIG were included in the study and followed monthly. At each encounter, total IgG and SARS-CoV-2 spike IgG antibodies were measured from the patients’ sera and from their IVIG preparation. Additional data collected at each monthly visit included reports of COVID19 infection, COVID-19 vaccination, and treatment with other anti-COVID therapies. Commercial IVIG products included Kedrion, Omerix, Grifols Flebogamma and Takeda Kiovig. Documentation of the harvesting date, country, and region of plasma harvesting was collected.

Secondary data collected included κ-deleting recombination excision circles (KREC) analysis, antibody levels at time of diagnosis, B cell percentages, review of their genetic testing for BTK deficiency, BTK protein detection by flow cytometry and co-morbidities associated with XLA, such as neutropenia, bronchiectasis, and other co-morbid conditions.




2.2 Genetic workup of XLA patients

XLA patients were diagnosed using whole exome sequencing (WES) and in one case using multiplex ligation-dependent probe amplification of the BTK gene. Functional confirmation of BTK variants of uncertain significance (VUS) were determined pathogenic via a combination of family segregation studies and BTK expression on monocytes and dendritic cells by using flow cytometry.




2.3 SARS-CoV-2 spike IgG assays

Testing of anti-SARS-CoV2 IgG antibodies was conducted using the Abbott AdviseDx SARS-CoV-2 IgG II assay according to the manufacturer’s instructions, as previously described (24). The ELISA kit is designed for detection of anti-SARS-CoV2 IgG against receptor binding domain (RBD) of the spike protein S1 of SARS-CoV-2. The Abbott AdviseDx SARS-CoV-2 IgG II assay calculates antibody concentrations expressed as arbitrary units (AU/mL) with >50AU/mL considered a positive result.




2.4 Immune analysis

Lymphocytes subsets were determined by flow-cytometry. KREC copies were determined using quantitative real-time polymerase chain reaction (RQ-PCR), as previously described (25), using 0.5-ug genomic DNA (gDNA) extracted from patients PBMCs. RQ-PCR was carried out using StepOne Plus Sequence Detector System (Applied Biosystems). A standard curve was constructed by using serial dilutions containing 10>3 and 10>6 copies of a plasmid with know KREC copy numbers. Patients’ samples were tested in duplicates, and the number of KRECs in each sample was calculated by comparing the obtained cycle threshold value of the sample to the standard curve using an absolute quantification algorithm. Amplification of RNAseP (TaqMan assay, Applied Biosystems) served as a quality control to verify similar amounts of genomic DNA that were used in the assay. When the KRECs termed signal joint (sj) are formed, an intron RSS-IGKDEL coding joint (cj) is simultaneously formed and is stably retained in the genomic DNA and thus can serve to monitor active B cell replication. Median sj-KREC in healthy controls is 447.9 copies/0.5 ug (range 86.2-2471.9 copies/0.5 ug DNA). Median (cj) in healthy control is 1061.1copies/0.5ugDNA (range 132-99989.9 copies/0.5ug). The ratio between the sj-KREC copies and the (cj) copies measured represents the homeostasis of both B cell neo-genesis and the replication history of B lymphocyte subsets in our BTK deficient patients.




2.5 Ethical review of the study

The study was approved by the institutional review board (IRB) committee of Shaare Zedek Medical Center, Jerusalem, Israel (IRB number: SZMC-20-0525). Patients were given explanations regarding the study and signed informed consents.




2.6 Statistical analysis

Data was collated using Microsoft Excel™ 365. Statistical analysis was done using Prism GraphPad 9.3.1. (GraphPad Software, San Diego, California USA, www.graphpad.com).





3 Results



3.1 Clinical characteristics of the patients

During a period from November 2020 to November 2022, five XLA patients (P1-5) were followed prospectively, monthly, with routine IVIG replacement therapy (Table 1). Five male patients, age range of 2-37 years were included. Four out of the five patients were children and four were of Jewish ancestry. All were compliant on long term therapy with IVIG. Three of the patients had bronchiectasis, four had transient neutropenia and none had comorbid conditions such as diabetes, kidney disease, obesity, or liver disease. None were on immunomodulatory therapies. One adult patient (P5) was vaccinated to COVID-19, none of the children were vaccinated to COVID-19. Three out of five patients (P1, 4 and 5) contracted COVID-19 during the study period with one patient (P5) having two separate infections and required hospitalization. P1 and P5 were diagnosed with COVID-19 based on a positive PCR. P4 had a sudden detectable SARS-CoV2-spike IgG titer, which was not seen in previous month, thus confirming COVID19 diagnosis. All patients recovered and no deaths occurred.


Table 1 | Patient Demographics, Clinical Characteristics, Immune Evaluations and COVID19 history.






3.2 B cell number and functional assays including KREC analysis of the XLA patients

Immune workup of the patients is summarized in Table 1. P1 and P5 had 0% CD19+ B cells with absent IgG, IgA, and IgM at the time of diagnosis. KREC analysis during the study period showed undetectable KRECs.

P2 had 0.2% CD19+ B cells and undetectable IgG, IgA and IgM at the time of diagnosis. Functional testing for BTK showed expression of BTK on dendritic cells and on the small number of present B cells. KREC analysis during the study period showed nearly absent detection of B cell rearrangement with sj-KRECs of 22 (reference range 86.2-2471.9 copies/0.5 ug DNA) and (cj) 11.3 (reference range 132-99989.9 copies/0.5ug).

P3 had 0.5% CD19+ B cells at the time of diagnosis and a detectable IgG of 291 (>2SD below normal for age) with undetectable IgA and IgM. KREC analysis during the study period similar to P2 showed an sj-KREC of 26 (reference range 86.2-2471.9 copies/0.5 ug DNA) and (cj) 19 (range 132-99989.9 copies/0.5ug). P2 and P3 only had SARS-CoV2-spike IgG present when receiving anti-SARS-CoV2-IVIG.

P4 had 0.3% CD19 expressing B cells at the time of diagnosis at age 3. Inconsistent with typical XLA he had a normal IgG count with absent IgA and IgM. Specific antibody results were not attainable. KREC analysis during the study period showed a higher presence of receptor rearrangement compared to the other XLA patients and was significant for sj-KREC of 74.7 (range 86.2-2471.9 copies/0.5 ug DNA) and (cj) 51.4 (range 132-99989.9 copies/0.5ug) (Table 1). P4 was the only patient that had presence of SARS-CoV2-spike IgG prior to receiving anti-SARS-CoV2-IVIG, suggesting an ability to mount his own titer.




3.3 Genetic testing and functional validation

Four out of the five patients completed genetic testing of the BTK gene of which three were sequencing analysis and one was multiplex ligation-dependent probe amplification of the BTK gene. Three of the patients have novel variants, that were determined pathogenic, one had a known pathogenic variant with conflicting reports on severity of this variants. Lastly one patient had missing genetic analysis.

P1 has a family history of an uncle with XLA, prompting testing soon after birth inclusive of multiplex ligation-dependent probe amplification of the BTK gene which identified a novel deletion of exons 2-5. WES was not completed. The X-linked inheritance pattern in P1’s family along with immune studies confirming 0% B cells with undetectable Ig and absent KREC confirm the variant’s pathogenicity. In line with reports studying genotype-phenotype correlations the lack of B cells, low IgM and absent KREC are consistent with a classic early onset XLA (26).

P2 presented with neutropenia and Haemophilus Influenza pneumonia by age two, prompting an immunologic and genetic evaluation. There was no family history of immunodeficiency, and he has one healthy brother. WES revealed a novel and rare missense variant, frequency of zero, in exon 12, c.1076T>A (p. Ile359Asn), determined as likely pathogenic. BTK expression was present on dendritic cells and on 0.2% of B cells present. Functional testing of B cells via KREC analysis of the present B cells showed a significantly depressed to nearly absent sj and (cj). Taken together, although there is presence of BTK, the function is impaired and consistent with a diagnosis of XLA.

P3 was tested and diagnosed soon after birth given a known family history of XLA. WES revealed a novel nonsense variant c.982C>T (p.Gln328Ter). This variant has been previously reported in another XLA patient (27). Functional testing of B cells via KREC analysis showed a significantly depressed to nearly absent sj-KREC and (cj). Taken together his nearly absent KREC, low B cells, severely decreased Ig and X linked inheritance pattern confirms pathogenicity of the p.Gln328Ter nonsense variant.

P4 presented at the age of 4 years with multiple infections including pneumonia, empyema, pneumococcal septic arthritis, and bacteremia leading to an immunodeficiency and genetic evaluation. He was noted to have normal IgG with absent IgA and IgM. Lymphocyte enumeration revealed 0.3% CD19 B cells. WES revealed a de novo pathogenic variant in exon 2 c.83G>A (p.Arg28His). This missense variant, located in exon two encoding the PH domain, leads to destruction or decrease in the protein IP4 binding capacity compared to wild type (28, 29). In a Chinese cohort of 174 XLA patients, Arg28His was the second most common variant (30) and was associated with a typical phenotype. Different amino acid substitutions at this site, such as R28C, lead to milder phenotypes in mice models (30) and in humans (30) with one described patient with a selective polysaccharide immunodeficiency (31, 32). Our patient presented at an older age of onset with presence of IgG, and low-level detection on KREC analysis. In summary Arg28His in our patient likely led to a semi-functional protein with a clear halt in B cell maturation as displayed by low B cell percentages with an initial ability for IgG production.

Of note, P5 was diagnosed with XLA more than 35 years ago, although he had no genetic confirmation of BTK variant. However, he had a brother with no B cells in peripheral blood and agammaglobulinemia, who died at a young age. Taken together with P5’s clinical presentation of infections starting at a young age, absent B cells, agammaglobulinemia, bronchiectasis and a family history of an affected male (Table 1), we included P5 as a probable XLA patient.




3.4 IVIG preparations, which are harvested in COVID-19 high-prevalence regions, contain SARS-CoV2 spike IgG

Data concerning IVIG preparations including the date and time of harvest were collected by reaching out to the associated pharmaceutical company. The IVIG obtained at Shaarei Zedek included Kedrion Ig-vena, Omerix Omr-IgG-am, Grifols Flebogamma, Grifols Gamnuex, Genmedix Privigen and Takeda Kiovig. Data was obtained for 111 (96%) of a total of 115 IVIG infusions given during the study period (Table 2). Reasons for missing data include technical difficulties. Majority of the IVIG products were harvested in the US with the remainder being harvested in Eastern Europe and Israel. 57 (51%) were harvested before the COVID-19 pandemic and 54 (49%) were harvested during the pandemic. Of the pandemic harvested IVIG, 13 of the preparations (24%) were negative for SARS-CoV2-spike IgG with the remainder 41 (84%) being positive for SARS-CoV2-spike IgG, inclusive of all four pharmaceutical preparations. A noted trend was a doubling in the SARS-CoV2-spike IgG from February 2021 to March 2021 despite a steady COVID-19 prevalence rate in Israel. This was the period of vaccine initiation, with world renowned high vaccination rates in Israel.


Table 2 | IVIG preparation harvesting details and SARS-CoV-2 antibodies titer levels found in preparation. (COVID-10 prevalence from https://covid19.who.int/).



IVIG preparations containing SARS-CoV2 spike IgG (anti-SARS-CoV2-IVIG), were all harvested from regions of high COVID-19 prevalence COVID-19 (>2,000 per 100,000 population) while the negative preparations were harvested from regions with lower COVID-19 prevalence (Table 2).




3.5 SARS-CoV-2 antibodies of XLA patients after receiving IVIG preparations positive for SARS-CoV2 spike antibody

During the study period, five patients were treated 115 times, of which 54 IVIG contained anti-SARS-CoV2-IVIG.

P1 received over 10 IVIG treatments lacking SARS-CoV2-spike IgG, which was reflected in the patient’s serum (mean of 1AU/mL). He was then treated with IVIG containing a high level of anti-SARS-CoV2-IVIG (585 AU/ml) followed by a first time detection of SARS-CoV2-spike IgG in the patient’s serum the following month (32AU/ml). At that time, he was found to be PCR positive to COVID-19 without any symptomatology (Figure 1). The following six IVIG treatments containeing anti-SARS-CoV2, three were harvested from high prevalence regions and three were harvested from low prevalence regions. His serum reflected a mean persistently detectable SARS-CoV2-spike IgG (54 Au/mL) while treated with the IVIG from high prevalence regions (mean 525 AU/mL) and dropped (39 Au/mL) while treated with IVIG from lower prevalence regions (229 Au/mL) (Figure 1).




Figure 1 | Titer levels reported in AU/mL in commercial IVIG products and patient serum A-P1; B- P2; C-P3; D- P4; E-P5. SARS-CoV2 antibody levels in IVIG preparations (left y axis, red) with reflected patient serum SARS-CoV2 antibody levels over time (right y axis, blue). P1, P2 and P3 treated with high and low titer SARS-CoV2 IVIG (red)with reflective rise and fall in mean patient SARS-CoV2 antibody levels (blue) over time. P4: Detection of SARS-CoV2 antibody levels (499AU/mL) in P4 noted prior to receiving SARS-CoV2 IVIG suggestive of asymptomatic infection. This was followed by low titer SARS-CoV2 IVIG and lower patient serum titers. P5: high titer patient SARS-CoV2 antibody levels reflective of treatment with Bamlanivimab, Casirivimab/imdevimab (Regeneron) and Tixagevimab/cilgavimab (Evusheld).



P2 had undetectable SARS-CoV2-spike IgG while on IVIG lacking SARS-CoV2-spike IgG. He was then treated multiple times with IVIG harvested from a high prevalence region (SARS-CoV2-spike IgG mean 547 AU/ml) and was found to have a mean serum SARS-CoV2-spike IgG levels of 56 AU/ml for the following months. Subsequently he was infused with IVIG harvested from a lower prevalence region (SARS-CoV2-spike IgG mean = 304 AU/ml) with negative SARS-CoV2-spike IgG levels in the patient’s’ serum, in the following months (mean = 25 AU/ml) (Figure 1). P2 did not have a history of COVID-19 infection during the study period.

P3 was treated with IVIG lacking anti-SARS-CoV2 antibodies during most of the study period, reflected in undetectable SARS-CoV2-spike IgG in his serum. He was then treated with an IVIG containig an extremely high titer of anti-SARS-CoV2 (40,000 Au/mL) with a reciprocal spike of SARS-CoV2-spike IgG detected in the patients serum (2202 AU/ml). His next IVIG infusion was without SARS-CoV2-spike IgG and the patient serum SARS-CoV2-spike IgG dropped by 50% (1,136 AU/mL) (Figure 1). P3 has a reported negative COVID-19 infection history with no document positive PCR.

P4 had a abrupt detectable SARS-CoV2-spike IgG (increased from 1 AU/mL to 499AU/mL in one month) prior to receiving any anti-SARS-CoV2 containing IVIG, suggestive of an asymptomatic infection and an unexpected ability to make specific antibodies. The patient then received over ten IVIG infusions harvested from lower prevalence regions or IVIG lacking SARS-CoV2-spike IgG. The patient continued to have detectable SARS-CoV2 spike antibodies in his serum, with titers of up to 1351 Au/mL (Figure 1).

Overall, SARS-CoV2 spike antibodies greater than 50AU/mL SARS-CoV2 in our patients’ sera was consistently detected in those treated with IVIG preparations containing anti-SARS-CoV2-levels above 500AU/mL. These anti-SARS-CoV2 IVIG preparation were harvested from populations with COVID-19 prevalence of approximately 8,000 per 100,000 population. Additionally, with the passing of time, we found an elevation of the average titer level in the commercial IVIG products which was reflected in the patients’ sera (Figure 2).




Figure 2 | Average SARS-CoV2-spike antibody titer levels measured in AU/mL over time Different commercial products (solid lines), XLA patients’ sera (dotted lines).






3.6 Recurrent infections in an XLA patient and SARS-CoV-2 IgG titers following several treatments

P5, the only adult XLA patient in the study, received three infusions with IVIG from the pre-pandemic period, with undetected SARS-CoV2-spike IgG in his serum. He was infected three times with COVID-19 (one prior to the study period). His second infection was treated with hyperimmune SARS-CoV2 Ig and bamlanivimab with the patient having a peak antibody level of 5,800 AU/mL with continued detection for four months. Hence he had his third COVID-19 infection and was treated with Casirivimab/imdevimab (Regeneron) with a peak antibody level of 40,000 AU/mL, with continued detection five months later as high as 3,600 AU/mL. The patient was then treated twice with Tixagevimab/cilgavimab (Evusheld) as prophylaxis with peak SARS-CoV2 Ig levels in his sera of 17,000AU/mL and 21,000AU/mL respectively. At the end point of the study, four months post- Evusheld SARS-CoV2 Ig antibody levels in his sera continued to be high (5,800AU/mL).




3.7 SARS-CoV-2 antibodies of XLA patients after vaccinations

Four patients were of pediatric age and did not receive SARS-CoV2 vaccination during the study period. P5, the only adult patient was vaccinated to SARS-CoV2. Spike antibodies were detected in his serum only while on treatment with anti-SARS-CoV2-IVIG, convalescent plasma and Evusheld and therefore response to vaccination were unable to be determined.





4 Discussion

In this study, we analyzed commercial IVIG from four different companies for SARS-CoV-2 antibody concentrations in the period of November 2020 to November 2022. Our study has several limitations including unknown regions of harvesting within each country with known pockets of higher prevalence and outbreaks of infections which can impact the ratio of prevalence to titer levels. Additionally, exact dates of harvesting are unknown with commercial companies reporting a block of months from which the product was harvested. SARS-CoV2-spike IgG was present in 76% of IVIG products that were harvested during the COVD-19 pandemic. Detection of SARS-CoV2-spike IgG in the commercial products was seen at a prevalence of greater than approximately 2,000 per 100,000 population.

Detection of SARS-CoV-2 antibodies in the patients’ sera was seen while receiving IVIG harvested from high prevalence regions (greater than approximately 8,000 per 100,000) with a titer level of above 500 AU/mL in the IVIG preparation. Additionally, as more consistent infusions with high prevalence lots were given (nearing 500 Au/ML) there was more consistent presence of SARS-CoV2-spike IgG in the patients. Conversely, with repeated infusions from lower prevalence lots (150-300Au/mL range) the patients serum SARS-CoV2-spike IgG dropped to below 50Au/ML. Trends that were noted (as seen in P1 and P2) was a mirroring of the level in the patient’s sera to what was present in the IVIG with an approximated 10-fold reduction level from IVIG to the patient’s sera.

Additionally, with the passage of time, regardless of prevalence rate, there was a mean SARS-CoV2-spike IgG rise in IVIG products and in the patients’ sera. This is likely explained by the increase in vaccination rates and a higher percentage of the population with a positive COVID-19 infection history. Of note, in commercial lots harvested in Israel there was doubling in the SARS-CoV2-spike IgG in harvested IVIG from February 2021 to March 2021 despite a steady COVID-19 prevalence rate in Israel. This was the period of vaccine initiation with world renowned high vaccination rates in Israel. This finding demonstrates that presence of SARS-CoV2-spike IgG is likely dependent on both prevalence rates but also vaccination rates.

Our study was unable to identify the clinical benefits of anti-SARS-CoV2-IVIG, as we were unable to report COVID-19 infection in two of the five patients. However, of the three patients with known COVID-19 illness, two had an asymptomatic course and did not have previously reported risk factors for severe COVID-19 disease. The only symptomatic COVID-19 infection was seen in P5, the oldest patient in our cohort with risk factors associated with a more complicated course, such as lung disease, absent B cells, undetectable Ig and absent KREC analysis (7–10). Moreover, products, such as Evusheld, have higher titer levels of SARS-CoV2 spike IgG than what is seen in commercial IVIG or convalescent plasma. This was translated into higher titer levels in the patients’ sera of SARS-CoV2 spike Ig that remained elevated for up to 4 months post- treatment. This highlights the use of more reliable targeted monoclonal therapies leading to higher titers, longer half-lives and non-dependence on the population’s infection and vaccination prevalence.

Of note, P2 has a novel and extremely rare BTK likely pathogenic variant. However, BTK expression on flow cytometry in this patient was normal. This does not rule out the diagnosis, as there are cases of normal BTK expression with aberrant protein function (33). Available assays for functional validation included quantification of B-cell number, immunoglobulin levels, KREC analysis. P2 has a lack of B cells, undetectable immunoglobulins, and lack of KREC. In addition, the BTK variant is extremely rare and was reported as likely pathogenic by different prediction software. Searching the online BTK database (34), reported is a pathogenic variant at the same site, although to a different amino acid of c.1076T>G, p.Ile359Ser. Our patient was c.1076T>A, p.Ile359Asn. Lastly, no other genes were reported in his WES that could better explain his disease. Taken together. we believe that this is consistent with a diagnosis of XLA.

KREC analysis was completed in all 5 XLA patients to assess if hypomorphic XLA may have a milder course or an ability to mount antibody responses to natural infection and or vaccination. Of the five patients, two had undetectable KRECs and three had KRECS just above detection level. Only one of the patients, P4, with detectable level of KRECs and peripheral B cells, was able to mount SARS-CoV2-spike IgG. P4 is also the only patient with a BTK pathogenic variant that has been associated in some cases with B cell lymphopenia with normal immunoglobulin levels and a selective polysaccharide immunodeficiency.

In conclusion, IVIG preparations from high-prevalence COVID-19 regions contain higher detectable SARS-CoV-2 IgG antibodies than those from lower prevalence regions. Detection of SARS-CoV2 spike antibody >50AU/ml in patients’ sera was only seen in those treated with IVIG from high prevalence regions >8,000 per 100,0000 population, with mean serum levels of approximately 500 AU/mL. Future studies assessing whether global vaccination rates and broad harvesting can achieve an expected steady state level of SARS-CoV2-spike IgG in commercial lots that will be less dependent on prevalence rates of natural infection can be expected.
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