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response of individuals with primary

antibody deficiency (PAD) syndromes to

COVID-19 mRNA vaccination and boost-

ing. Although the response after a two-

dose primary series is relatively transient,

boosting induces higher levels of

neutralizing antibody against the ances-

tral strain and variants, including

Omicron.
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SUMMARY

Individuals with primary antibody deficiency (PAD) syndromes have poor humoral immune responses
requiring immunoglobulin replacement therapy. We followed individuals with PAD after severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) vaccination by evaluating their immunoglobulin replacement
products and serum for anti-spike binding, Fcg receptor (FcgR) binding, and neutralizing activities. The
immunoglobulin replacement products tested have low anti-spike and receptor-binding domain (RBD) titers
and neutralizing activity. In coronavirus disease 2019 (COVID-19)-naive individuals with PAD, anti-spike and
RBD titers increase after mRNA vaccination but wane by 90 days. Those vaccinated after SARS-CoV-2 infec-
tion develop higher and more sustained responses comparable with healthy donors. Most vaccinated indi-
viduals with PAD have serum-neutralizing antibody titers above an estimated correlate of protection against
ancestral SARS-CoV-2 and Delta virus but not against Omicron virus, although this is improved by boosting.
Thus, some immunoglobulin replacement products likely have limited protective activity, and immunization
and boosting of individuals with PADwithmRNA vaccines should confer at least short-term immunity against
SARS-CoV-2 variants, including Omicron.

INTRODUCTION

Common variable immune deficiency (CVID) and other primary

antibody deficiency (PAD) syndromes are associated with low

immunoglobulin levels and impaired antibody responses to

pathogens and vaccines.1,2 Individuals with these immune disor-

ders suffer from severe and recurrent infections and autoimmu-

nity and are at increased risk for malignancies.3 CVID has a prev-

alence of 1 in 25,0004–6 and is the most common primary

immunodeficiency in registries, with more than 20% of individ-

uals suffering from this condition. CVID is not a single disease,

but rather a collection of hypogammaglobulinemia syndromes

resulting from multiple genetic defects.7–11 Most individuals

with PAD require intravenous or subcutaneous immunoglobulin

replacement therapy, which decreases their risk for infec-

tion.12–14 There are more than 15 commercially available immu-

noglobulin products in the United States. Production of immuno-

globulin replacement products takes up to 1 year from sample

donation to distribution.15,16 Each vial contains immunoglobulins

pooled from thousands of donors,16,17 and each manufacturer

has its own plasma donors. In individuals with PAD, immuno-

globulin replacement therapy is dosed every 1 to 4 weeks, de-

pending on the route of administration.

Severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) is the causative agent of the global coronavirus disease

2019 (COVID-19) pandemic. From November 2019 until now,

Cell Reports Medicine 3, 100653, June 21, 2022 ª 2022 The Author(s). 1
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the virus has caused more than 6 million deaths. In the United

States, emergency use authorization has been granted for

one COVID-19 vaccine (Ad26.COV2.S, Johnson & Johnson/

Janssen), and full approval has been given to two mRNA vac-

cines (BNT162b2, Pfizer-BioNTech and mRNA-1273, Moderna).

Presently, there is limited data regarding the effectiveness of

mRNA or adenoviral vector vaccination against COVID-19 in in-

dividuals with PAD. Several studies have shown variable sero-

conversion rates with detection of anti-spike, S1, or receptor-

binding domain (RBD) antibodies in 20%–90% of individuals

with PAD after vaccination with BNT162b2, mRNA-1273, or

ChAdOx1 (Oxford-AstraZeneca),18–21 with better responses in

those with a history of SARS-CoV-2 infection.20,22 Available

data are limited to the initial vaccine response with no informa-

tion on durability or the effect of boosting in individuals with

PAD. No data have been published on the ability of serum from

individuals with PAD to neutralize authentic SARS-CoV-2 strains,

including the currently dominant Omicron variants. Finally, no

study has reported the anti-spike, anti-RBD, or neutralization ac-

tivity of immunoglobulin replacement products individuals with

PAD have received to rule out the possibility that their anti-

SARS-CoV-2 antibodies originated from passive immunoglob-

ulin therapy. To address these gaps, we evaluated the effect of

mRNA vaccination and boosting on serum antibody responses

in individuals with PAD against ancestral SARS-CoV-2 strains

and key circulating variants.

RESULTS

Antibody binding to spike and the RBD
To begin to determine the baseline immunity afforded by anti-

body replacement therapy for our cohort of affected individuals,

we tested 48 distinct lots of 6 different immunoglobulin products

(Table S1) for binding to ancestral spike and RBD proteins and

compared these results with serum from 20 healthy donors

(HDs) before or 14 and 90 days after completion of 2 doses of

BNT162b2 mRNA vaccine (Figures 1A and 1B). Only one immu-

noglobulin product, Gamunex-C, showed anti-spike and anti-

RBD titers higher than unvaccinated HDs, and these values

were lower than those from HDs after immunization (p < 0.001)

(Figures 1A and 1B). Thus, most antibody replacement products

in clinical use at the time of this study (May 2021–February 2022)

had low levels of anti-SARS-CoV-2 antibody and likely were

derived from donations obtained before or soon after onset of

the pandemic.

We next compared anti-spike and anti-RBD titers of 27 individ-

uals with PAD (Tables 1, S2, and S3) who completed immuniza-

tion with mRNA vaccines (BNT162b2, n = 19; mRNA-1273, n = 8)

with those of 20 HDs immunized with BNT162b2. Nineteen PAD

patients had CVID, and the others had hypogammaglobulinemia

(n = 4) or specific antibody deficiency (n = 4) diagnoses. Nine of

the 27 individuals with PAD had a confirmed history of COVID-19

infection by RT-PCR and were convalescent or recovered

(COVID-19 experienced; range, 36–276 days from infection to

vaccination; median, 117 days; mean, 141 days). Because of

the study design, we obtained pre-vaccination serum samples

from only a subset (9 of 30) of individuals in the PAD cohort.

Notwithstanding this limitation, our analysis of immunoglobulin

replacement samples (Figures 1A and 1B) suggests that individ-

uals without a history of SARS-CoV-2 infection should have low,

if any, levels of pre-existing anti-spike or RBD antibodies. For all

groups (COVID-19-naive individuals with PAD, COVID-19-expe-

rienced individuals with PAD, and HDs), anti-spike titers 14 and

90 days after completion of a two-dosemRNA vaccination series

were higher than HD pre-vaccination titers (Figure 1C). Fourteen

days after the second immunization, the mean anti-spike titers

trended higher in COVID-19-naive and -experienced individuals

with PAD as well as HDs compared with their respective pre-

vaccination levels (37-fold, COVID-19-naive individuals with

PAD; 126-fold, COVID-19-experienced individuals with PAD;

778-fold, HDs) (Figure 1C); these differences were statically sig-

nificant for COVID-19-experienced individuals with PAD and

HDs but not for COVID-19-naive individuals with PAD. 90 days

after vaccination, individuals with PAD with a history of SARS-

CoV-2 infection showed waning anti-spike titers (Figure 1C).

The loss in anti-spike titers between days 14 and 90 after two-

dose vaccination in individuals with PAD appeared to be greater

than in HDs. The intragroup variation was high so that the differ-

ences between HDs and COVID-19-naive and COVID-19-expe-

rienced individuals with PAD were not significant (Figure S1A).

Similar findings were observed with anti-RBD titers. For all

groups, anti-RBD titers were higher 14 days after completion

of a two-dose vaccination series than pre-vaccination titers (Fig-

ure 1D). However, 90 days after vaccination, only HDs and

Figure 1. Anti-spike and anti-RBD titers after primary vaccination and boosting in individuals with PAD

(A and B) Anti-spike (A) andRBD (B) (ancestral strain) endpoint titers in 48 lots of 6 different immunoglobulin replacement products (squares) comparedwith 20HD

(blue circles) before and 14 and 90 days after completion of the BNT162b2 vaccine series.

(C and D) Anti-spike (C) and RBD (D) endpoint titers in HDs (n = 20; blue circles), COVID-19-naive individuals with PAD (n = 18, red circles), and COVID-19-expe-

rienced individuals with PAD (n = 9, green circles) before or 14 and 90 days after completion of amRNA vaccination series (BNT162b2, n = 19; mRNA-1273, n = 8).

(E and F) Anti-spike (E) and RBD (F) endpoint titers in COVID-19-naive individuals with PAD (n = 16, red circles) and COVID-19-experienced individuals with

PAD (n = 3, green circles) before (n = 6) and 14 or 28 (n = 19), 90 (n = 18), and 150 (n = 12) days after completion of a primary mRNA (BNT162b2, n = 14;

mRNA-1273, n = 3) or Ad26.COV2.S (n = 2) vaccine series and 14 (n = 19) days and 90 (n = 13) days after booster with a mRNA vaccine (BNT162b2, n = 16;

mRNA-1273, n = 3). A dotted black line represents the limit of detection (1/50).

(G andH) Anti-spike avidity index in HDs (n = 19, blue circles), COVID-19-naive individualswith PAD (red circles), andCOVID-19-experienced individuals with PAD

(green circles) 14 and 90 days after primary vaccination (n = 16, COVID-19-naive; n = 6, COVID-19-experienced), 150 days after primary vaccination (n = 10,

COVID-19-naive; n = 2, COVID-19-experienced), 14 days after boosting (n = 12, COVID-19-naive; n = 3, COVID-19-experienced), and 90 days after boosting

(n = 10, COVID-19-naive; n = 1, COVID-19-experienced).

Numbers above graphed data (C–F) represent the geometric mean titer (GMT) for each time point and average avidity index (G and H). Bars indicate median (A

and B) values. Kruskal-Wallis with Dunn’s post-test (A–F), paired t test (G), and one-way ANOVA with Dunnett’s post-test (H). Only significant differences are

shown: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S1 and Tables S1–S3.
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COVID-19-experienced individuals with PAD had anti-RBD titers

that were significantly higher than pre-vaccination titers. 14 days

after completion of the two-dose immunization series, anti-

RBD titers trended higher than respective pre-vaccination titers

(14-fold, COVID-19-naive individuals with PAD; 35-fold, COVID-

19-experienced individuals with PAD; 257-fold, HDs); these dif-

ferences were statistically significant for COVID-19-experienced

individuals with PAD and HDs but not for COVID-19-naive indi-

viduals with PAD (Figure 1D). 90 days after vaccination, anti-

RBD titers of COVID-19-naive and COVID-19-experienced indi-

viduals with PAD were not statistically higher than pre-vaccina-

tion titers (Figure 1D), whereas titers of HDs had decreased but

remained higher than before immunization (95-fold, HDs) (Fig-

ure 1D). The fold decrease in anti-RBD titers between days 14

and 90 after vaccination was not substantially different among

the three groups (Figure S1B). Thus, vaccinated HDs and

COVID-19-experienced individuals with PAD had more sus-

tained anti-spike and anti-RBD responses than vaccinated indi-

viduals with PAD lacking a history of SARS-CoV-2 infection

(Figures 1C and 1D).

Nineteen individuals with PAD received a booster (third) dose

with an mRNA vaccine (range, 65–196 days from initial vaccine

completion to booster; median, 150 days; mean, 141 days)

(Table 1), and samples were obtained 1–4 weeks later (n = 18;

range, 7–27 days; median, 17 days; mean, 18 days; one individ-

ual had a post-booster sample drawn on day 35). Serum anti-

spike and RBD titers were higher after boosting than those

obtained pre-booster (5- to 6-fold compared with day 90 after

primary vaccination series and 14- to 19-fold compared with

day 150 after primary vaccination series; Figures 1E and 1F).

Although the anti-spike and RBD titers after boosting trended

higher than those obtained 14 days after the primary two-dose

Table 1. Patient characteristics

Patient number Age (years) Sex Diagnosis

Immunoglobulin

replacement product Vaccine

COVID-19 infection

to first vaccine (days)

Vaccine completion

to booster (days) Booster

1 59 F CVID Gammagard Pfizer – 152 Pfizer

2 25 F CVID Hizentra Pfizer – 117 Pfizer

3 56 F CVID Gammagard Pfizer – – –

4 41 F CVID Gammaplex Pfizer – 150 Pfizer

5 30 M CVID Gammagard Pfizer – 143 Pfizer

6 61 F CVID Gamunex-C Pfizer – – –

7 73 F SAB none Pfizer 96 134 Pfizer

8 61 F CVID Hizentra Pfizer – 128 Pfizer

9 37 F SAB HyQvia J&J – 162 Pfizer

10 46 F CVID Gammagard Pfizer – 138 Pfizer

11 59 F CVID Hizentra Pfizer – 163 Pfizer

12 44 M CVID Gamunex-C Moderna – 150 Moderna

14 34 F SAB Xembify Pfizer 90 – –

15 20 F CVID Gamunex-C Moderna 181 – –

16 26 F SAB none J&J – – –

17 82 F CVID Gamunex-C Moderna – – –

18 61 F CVID Cuvitru Moderna – – –

19 21 F hypogam Octagam Pfizer 276 154 Pfizer

20 41 F CVID Gamunex-C Moderna – 196 Moderna

21 70 F SAB Cuvitru Pfizer – 185 Pfizer

22 49 F CVID Gamunex-C Pfizer 117 – –

23 70 F hypogam Xembify Pfizer – 108 Pfizer

24 54 F CVID Privigen Moderna 222 – –

25 56 F hypogam none Moderna 106 – –

26 57 M CVID Gamunex-C J&J – 65 Pfizer

27 56 F CVID Gammagard Pfizer – 162 Pfizer

28 63 F hypogam Gamunex-C Pfizer – 158 Pfizer

29 37 F CVID Hizentra Pfizer – 104 Pfizer

30 48 F SAB Gamunex-C Moderna 144 104 Moderna

31 29 F CVID Gamunex-C Pfizer 36 – –

Mean (days) 141 141

F, female; M, male; CVID, common variable immune deficiency; hypogam, hypogammaglobulinemia; SAB, specific antibody deficiency disorder.
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immunization series, these differences did not reach statistical

significance (p > 0.9). Ninety days after boosting, serum titers

against spike and the RBD from individuals with PAD had

decreased to levels comparable with 14 days after the primary

vaccination series (Figures 1E and 1F).

We also measured antibody avidity to the spike protein in 19

HDs and 22 individuals with PAD at 30 and 90 days after pri-

mary-series vaccination using a published urea wash-based

ELISA.23 In these studies, we excluded the two individuals with

PAD who lacked responses after both primary two-dose vacci-

nation series and third-dose boosting. Although the antibody

avidity against the spike protein trended higher on day 90

compared with day 30 in serum from COVID-19-naive and

COVID-19-experienced PAD patients, only HDs showed a statis-

tically significant increase (Figure 1G). Boosting (third dose) re-

sulted in higher avidity of anti-spike antibodies in COVID-19-

naive PAD patients at 30 and 90 days later (Figure 1H). In com-

parison, COVID-19-experienced individuals with PAD already

had relatively high-avidity antibodies before boosting. These

findings are consistent with published data from convalescent

HDs.24 Thus, most individuals with PAD showed evidence of

antibody avidity maturation after primary mRNA vaccination se-

ries or boosting, with differences associated with whether they

had experienced natural infection.

Immunoglobulin subclass and Fc-g receptor binding
Recent studies have suggested that immunoglobulin subclass

and antibody interactions with Fcg receptors (FcgR) can

contribute to protective immunity against SARS-CoV-2.25,26

Accordingly, we evaluated serum from immunized individuals

with PAD for their immunoglobulin subclasses (immunoglobulin

G1 [IgG1], IgG2, IgG3, and IgG4), IgA, and IgM that bind spike

proteins and domains (S, S1, S2, and/or RBD) from ancestral,

B.1.351 (Beta), and B.1.617.2 (Delta) SARS-CoV-2 strains

(Figures 2A–2F and S2). Fourteen days after primary-series im-

munization, COVID-19-naive individuals with PAD had lower

IgG2, IgG3, and IgM levels against spike and RBD proteins of

all 3 tested virus strains than vaccinated HDs (Figures 2B, 2C,

and 2F). COVID-19-naive individuals with PAD also had lower

IgG1 levels against the ancestral SARS-CoV-2 spike and RBD

than HDs (Figure 2A). In comparison, vaccinated COVID-19-

naive individuals with PAD had IgA titers against spike and

RBD proteins that were similar to those of HDs (Figure 2E).

Vaccinated COVID-19-experienced individuals with PAD had

lower IgG3 levels against the ancestral spike, S1, and RBD (Fig-

ure 2C) but similar levels of IgG1, IgG2, IgA, and IgM against the

ancestral spike, S1, S2, and RBD and variant spike proteins

compared with immunized HDs (Figures 2A, 2B, 2E, and 2F).

Because our cohort of HDs did not include subjects with a history

of COVID-19 prior to vaccination, we could not assess whether

COVID-19-experienced HDs and individuals with PAD had com-

parable immune responses. Vaccinated, COVID-19-experi-

enced individuals with PAD had higher levels of IgG2, IgA, and

IgM against the ancestral spike and RBD than vaccinated,

COVID-19-naive individuals with PAD. COVID-19-experienced

individuals with PAD had higher IgG3, IgA, and IgM titers

against S2 protein than COVID-19-naive individuals with PAD

(Figures 2C, 2E, and 2F). The levels of IgG4 anti-spike or RBD

protein in all groups were near the limit of detection (Figure 2D).

Although prior infection with COVID-19 in individuals with PAD

was associated with a better vaccine response, COVID-19-naive

and -experienced individuals with PAD had lower IgG3 re-

sponses than HDs (Figures 2C, S2A, and S2B). This result sug-

gests that class switching to IgG3 is impaired in individuals

with PAD after infection or vaccination.

Given these results, we next evaluated anti-spike and anti-

RBD antibody binding to FcgRs (FcgR2A, FcgR2B, FcgR3A,

and FcgR3B) using a systems serology platform.27 Vaccinated,

COVID-19-naive individuals with PAD had lower levels

of FcgR binding to anti-spike and RBD antibodies than vacci-

nated, COVID-19-experienced individuals with PAD or HDs

(Figures 2G–2J). FcgR2A, 3A, and 3B binding was higher in

serum from vaccinated, COVID-19-experienced individuals

with PAD than vaccinated, COVID-19-naive individuals with

PAD for all viral antigens tested (Figures 2G, 2I, 2J, and S2). Bind-

ing in serum from COVID-19-experienced individuals with PAD

to FcgR2B was higher than that of COVID-19-naive individuals

with PAD for ancestral and B.1.617.2 spike proteins (Figure 2H).

FcgR2A, FcgR2B, FcgR3A, and FcgR3B binding was higher in

HDs than in COVID-19-naive individuals with PAD for most spike

proteins (Figures 2G–2J, S2A, and S2B). Serum anti-S2 re-

sponses from COVID-19-experienced individuals with PAD

were higher than those of COVID-19-naive individuals with

PAD for all tested FcgRs (Figures 2G–2J). The higher levels of

FcgR binding by anti-spike and anti-RBD antibodies in COVID-

19-experienced compared to COVID-19-naive individuals with

PAD after vaccination suggest that individuals with PAD do not

have an inherent defect in producing antibodies that mediate

Fc effector functions.

Serum-neutralizing antibody responses
We evaluated the functional activity of antibody preparations

by performing focus reduction neutralization tests (FRNTs)

with authentic SARS-CoV-2 strains and variants (WA1/2020,

B.1.617.2, and B.1.1.529). We used the model from Khoury

et al.,28 which predicts that a pre-existing serum neutralization

titer of 54 is protective against symptomatic SARS-CoV-2 infec-

tion in 50% of vaccinated individuals. We tested the neutralizing

activity of the commercial immunoglobulin products (n = 17),

serum from COVID-19-naive individuals with PAD after vaccina-

tion (n = 18), and serum from COVID-19-experienced individuals

after vaccination (n = 9) (Figures 3A and 3B). Fourteen of 17

different lots of immunoglobulin products tested had no appre-

ciable neutralizing activity against WA1/2020 or B.1.617.2 at

Figure 2. IgG subclasses and FcgR-binding activity of anti-spike antibodies in serum from vaccinated individuals with PAD

(A–J) Levels of IgG1(A), IgG2 (B), IgG3 (C), IgG4 (D), IgA (E), IgM (F), FcgR2A-binding (G), FcgR2B-binding (H), FcgR3A-binding (I), and FcgR3B-binding

(J) ancestral (S, S1, S2, and RBD), B.1.351, and B.1.617.2 spike antibodies in HDs (n = 20, blue circles), COVID-19-naive individuals with PAD (n = 18, red circles),

and COVID-19-experienced individuals with PAD (n = 9, green circles) 14 days after completion of the second dose of themRNA vaccine series. Two-way ANOVA

with Tukey post-test, mean. Only significant differences are shown: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). See also Figure S2 and Table S3.
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500 mg/mL (Figures 3A, 3B, and S2), which is approximately a 1/

20 dilution of the mean IgG concentration measured in our indi-

viduals with PAD on IgG replacement therapy (9.7 mg/mL)

(Tables S1 and S2). We tested this concentration (rather than a

neat sample) because it corresponds to the serum dilution that

is the presumed cutoff for vaccine-mediated protection.28 Two

lots of Gamunex-C and one of Hizentra had limited neutralizing

activity against the WA1/2020 strain at a 1/20 dilution, and only

one lot (Hizentra) had inhibitory activity against B.1.617.2 at

this dilution (Figures 3A, 3B, S3A, and S3B; Table S1).

As expected, serum of COVID-19-naive individuals with PAD

had no neutralizing activity against WA1/2020 prior to vaccina-

tion, whereas that of COVID-19-experienced individuals did (Fig-

ure 3A). Fourteen days after immunization, 15 of 18 (83%)

COVID-19-naive individuals with PAD had levels of serum

neutralizing antibodies against WA1/2020 that are considered

protective28 (titer > 50). By 90 days, neutralizing activity had

waned, with 12 of 17 (71%) individuals with PAD in this group still

having titers above the presumed protective threshold. After

boosting, neutralizing titers increased in 12 of 14 (86%)

COVID-19-naive individuals with PAD to levels greater than 50

against WA1/2020 (Figure 3A). In the cohort of COVID-19-expe-

rienced individuals with PAD, serum neutralizing activity against

WA1/2020 exceeded the protective cutoff at all tested time

points in all subjects (Figure 3A). 14 days after the primary immu-

nization series, COVID-19-experienced individuals with PAD had

serum neutralizing titers against WA1/2020 that were 15-fold

higher than those of COVID-19-naive individuals with PAD

(Figure 3A).

We repeated FRNTs with serum from individuals with PAD and

the B.1.617.2 Delta strain, which can evade neutralizing anti-

bodies because of amino acid substitutions in the RBD.29

Although pre-immunization serum of COVID-19-naive individ-

uals lacked inhibitory activity against B.1.617.2, serum from 4

of 5 (80%) COVID-19-experienced individuals with PAD neutral-

ized B.1.617.2 before vaccination (Figure 3B). Fourteen and

90 days after vaccination, 14 of 18 (78%) and 11 of 17 (65%)

COVID-19-naive individuals, respectively, had serum neutral-

izing titers against B.1.617.2 that were above 50. Following

boosting, 11 of 14 (79%) COVID-19-naive individuals with PAD

had B.1.617.2 neutralizing titers above 50 (Figure 3B). In com-

parison, 8 of 9 (88%), 6 of 6 (100%), and 3 of 3 (100%) of

COVID-19-experienced individuals with PAD had serum neutral-

izing titers against B.1.617.2 above the presumed protective

threshold 14 and 90 days after vaccination and 14 days after

boosting, respectively. 14 days after vaccination, COVID-19-

experienced individuals with PAD had 10-fold higher serum

neutralizing titers against B.1.617.2 than COVID-naive vacci-

nated individuals (Figure 3B).

We next analyzed individuals with PAD (n = 19) who received

an mRNA vaccine booster (Figure 3C). We included in this anal-

ysis two individuals who initially received an Ad26.COV2.S vac-

cine (Table 1; Figures S1C–S1F). 14, 90, and 150 days after pri-

mary vaccination, 14 of 19 (74%), 12 of 18 (67%), and 5 of 12

(42%) individuals, respectively, had serum neutralization titers

above 50 against WA1/2020. 14 days after boosting, 17 of 19

(89%) individuals had neutralizing titers against WA1/2020 that

exceeded 50 (Figure 3C), and the highest titers (geometric

mean titer [GMT], 721) showed a 4-fold increase over levels

14 days after the primary series, a 7-fold increase over level

90 days after the primary series, and a 14-fold increase over level

150 days after the primary series (Figure 3C). Ninety days after

boosting, 12 of 13 (92%) individuals had neutralization titers

above 50 (Figure 3C). Similar findings were observed against

B.1.617.2, with 13 of 19 (68%), 11 of 18 (61%), 2 of 12 (17%),

16 of 19 (84%), and 9 of 13 (69%) individuals with PAD having

neutralizing titers greater than 50 14, 90, and 150 days after

the primary immunization series or 14 and 90 days after boost-

ing, respectively (Figure 3D). Similar to WA1/2020, the highest

neutralization titers against B.1.617.2 were detected 14 days af-

ter boosting (GMT, 312) (Figure 3D), this level was higher than the

neutralization titers measured 90 and 150 days but not 14 days

after the primary vaccination series.

The B.1.1.529 (BA.1) Omicron variant hasmore than 30 substi-

tutions, deletions, and insertions in its spike protein, which jeop-

ardizes the efficacy of vaccines designed against ancestral

SARS-CoV-2 strains.30–32 Accordingly, we evaluated serum

neutralizing activity against B.1.1.529 in our cohort of affected in-

dividuals (Figures 3E and 3F). Fourteen days after completing the

primary mRNA vaccination series, only 8 of 27 (30%) individuals

with PAD had serum levels of neutralizing antibody above 50

against B.1.1.529 (Figure 3E), and only 1 of 8 individuals in this

group was COVID-19 naive. The neutralization titers against

B.1.1.529 of HDs 14 days after the primary vaccination series

were also low; only 5 (25%) had neutralizing titers against

B.1.1.529 above the assay level of detection, with only one

Figure 3. Neutralizing antibody responses in individuals with PAD after vaccination and boosting
(A and B) Serum neutralizing activity against WA1/2020 (A) or B.1.617.2 (Delta) (B) in COVID-19-naive (red circles) and COVID-19-experienced (green circles)

individuals with PAD before (n = 4, COVID-19-naive; n = 5, COVID-19-experienced) and 14 (n = 18, COVID-19-naive; n = 9, COVID-19-experienced) or 90

(n = 17, COVID-19-naive; n = 6, COVID-19-experienced) days after mRNA vaccination and 14 days after mRNA booster (n = 14, COVID-19-naive; n = 3,

COVID-19-experienced). Shown is the neutralizing activity of immunoglobulin replacement products (n = 17, purple squares).

(C and D) Effect of boosting on serum neutralization of WA1/2020 (C) and B.1.617.2 (D) in COVID-naive (n = 16, red circles) and COVID-19-experienced (n = 3,

green circles) individuals with PAD after completion of the primarymRNA (14 or 90 days after vaccination; BNT162b2, n = 14; mRNA-1273, n = 3) or Ad26.COV2.S

(28 or 90 days after vaccination, n = 2) vaccine series and 14 (n = 19) or 90 (n = 13) days after boosting with a mRNA vaccine (BNT162b2, n = 16; mRNA-1273,

n = 3).

(E–G) Effect of variant strains on serum neutralizing activity of individuals with PAD 14 days after completion of mRNA vaccination (E) (n = 27 total; n = 18, COVID-

19-naive, red circles; n = 9, COVID-19-experienced, green circles), 14 days after boosting (F) (n = 19 total; n = 16, COVID-19-naive, red circles; n = 3, COVID-19-

experienced, green circles), and 90 days after boosting (G) (n = 13 total; n = 12 COVID-19-naive, red circles; n = 1, COVID-19-experienced, green circle).

LOD, limit of detection. A dotted black line represents the presumptive protective titer as described.28 Numbers immediately above the x axis indicate the number

and percentage of individuals with serum-neutralizing titers above 50 at each time point. Numbers above graphed data represent the GMT for each time point.

Kruskal-Wallis with Dunn’s post-test. Only significant differences are shown: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). See also Figure S3 and Table S3.
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(5%) above 50 (Figure S1G). Fourteen days after boosting, 13 of

19 (68%) individuals with PAD had neutralizing titers against

B.1.1.529 that exceeded 50 (Figure 3F). Ninety days after boost-

ing, 7 of 13 (53%) individuals with PAD had serum neutralization

titers against B.1.1.529 that exceeded 50 (Figure 3G). The mean

neutralization titer against B.1.1.529 was lower than against

WA1/2020 and B.1.617.2 14 days after primary immunization

(�8- to 10-fold, p < 0.0001), 14 days after boosting (�3- to

7-fold, p < 0.05 and 0.001), and 90 days after boosting (�6-

fold, p < 0.001), which is consistent with recent studies in immu-

nized healthy cohorts.30–32

DISCUSSION

Our findings highlight the importance of immunizing and boost-

ing individuals with PAD with SARS-CoV-2 mRNA vaccines.

Even though these individuals have defects in their humoral re-

sponses, vaccination is an important prevention option for those

with PAD against COVID-19 because immunoglobulin replace-

ment products in use at the time of this study had limited inhib-

itory activity, and several of the commercially available mono-

clonal antibody therapeutic agents lose substantial neutralizing

capacity against variants, including B.1.1.529.33–35 Although

two doses of mRNA vaccines induce serum neutralizing anti-

bodies in most individuals with PAD that presumably would pro-

tect against ancestral and the B.1.617.2 variant, individuals with

PAD and HDs without a history of SARS-CoV-2 infection had lit-

tle to no serum neutralizing activity against B.1.1.529 (Omicron)

after completion of a primary vaccination series. However, an

mRNA vaccine booster in those with PAD increased

anti-B.1.1.529 responses in most individuals, although the

serum levels of neutralizing antibodies waned over time. Our

findings support Center for Disease Control and Prevention rec-

ommendations for a three-dose primary mRNA vaccine series

that also includes a booster dose 5 months later in moderately

or severely immune-suppressed indivdiuals.36

In individuals with no history of COVID-19 infection, the im-

mune response to two doses of mRNA vaccine was lower in

magnitude and less durable than in HDs or individuals with

PADwith a history of infection. The increase in serum neutralizing

titers after boosting was higher than the increase in anti-spike

and anti-RBD titers (4.5-fold compared with 2-fold). This obser-

vation highlights the utility of performing antibody neutralization

assays in addition to spike or RBD binding assays to assess

the quality of humoral immune responses. Although further

studies that sample and sequence B cells in blood from individ-

uals with PAD are needed, the avidity assays we performed sug-

gest that individuals with PAD undergo antibodymaturation after

infection, vaccination, and boosting. This analysis also highlights

the importance of a third vaccination dose, which resulted an in-

crease in anti-spike avidity in COVID-19-naive individuals with

PAD. These findings may also explain the apparent discrepancy

between the ELISA and neutralization results that showed a

higher fold increase in neutralization compared with binding

titers after boosting.

Many of our individuals with PADwho historically had poor im-

mune responses to bacterial and other protein antigens (e.g.,

Streptococcus pneumoniae polysaccharides, tetanus toxoid,

and diphtheria toxin) as part of their initial immune workup

(Table S3) responded to mRNA vaccines. The basis of this differ-

ence remains unclear, although it could be due to the unique

adjuvant properties of the lipid nanoparticles or in vitro-synthe-

sized mRNA.37–39 In comparison, although the numbers in our

cohort are too small (n = 3) to generalize, we detected little to

no antibody response 35, 60, or 90 days after immunization of

COVID-naive individuals with PAD with the Ad26.COV2.S

adenoviral-vectored vaccine (Figures S1C–S1F). Because PAD

is a heterogeneous clinical entity, with many of the genetic de-

fects unknown,7–11 certain classes of adjuvants or antigens

may overcome specific deficiencies and promote B cell re-

sponses, albeit at lower levels than in healthy counterparts.

Our data suggest that the mRNA platform may have utility for

vaccination of individuals with PAD. That said, their less durable

response, lower level of anti-spike and anti-RBD IgG3, and lower

levels of complement-fixing and FcgR-engaging antibodies sug-

gest that more frequent boosters may be required to establish

and maintain protective immunity.

Our study also showed that many of the immunoglobulin

replacement products currently used have low levels of inhibi-

tory anti-SARS-CoV-2 antibodies. This may be due to the long

lead time required for collection from donors, purification, and

testing. Neutralization assays performed by one manufacturer

and by us showed low inhibitory activity against ancestral strains

and less activity against SARS-CoV-2 variants.40 The three prod-

ucts we identified with some activity against an ancestral strain

and B.1.617.2 had titers that likely would not confer protection

against B.1.1.529, given the more extensive antibody evasion

by this strain.33,34,41,42 Indeed, neutralizing titers were below

the presumed protective cutoff in the 4 COVID-19-naive individ-

uals with PAD who donated pre-vaccination blood samples,

even though all had received immunoglobulin replacement every

3–4 weeks before study enrollment. It is unclear when commer-

cially available products will have sufficient levels of specific and

neutralizing anti-SARS-CoV-2 antibodies to protect individuals

with PAD. Further binding and neutralization studies are war-

ranted when anti-SARS-CoV-2 antibodies become more wide-

spread in plasma pools. The lag between collection of donor

plasma to distribution of products may make most available

commercial immunoglobulin replacement products less effec-

tive against current circulating Omicron variants. Although

many individuals with PADmight be eligible for long-acting com-

bination monoclonal antibody prophylaxis (e.g., Evusheld

[AZD7442]) against COVID-19, recent studies showed substan-

tial (�33-fold) losses in potency against some lineages of Omi-

cron virus (e.g., BA.1.1). Immunization of individuals with PAD

with mRNA vaccines that include a booster may an effective

way to induce a protective antibody response against SARS-

CoV-2 and its variants.

Limitations of the study
One limitation of our study is the heterogeneity in the cohort of

individuals with PAD, which included thosewith CVID, hypogam-

maglobulinemia, or specific antibody deficiency. Although this

was an inherent limitation of the cohort available for study, we

did not observe substantive differences between the subgroups

of affected individuals. Instead, the most significant differences
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in antibody response to mRNA vaccines were between those

who had or lacked a history of SARS-CoV-2 infection. Another

limitation is the lack of an available HD comparison cohort with

a history of COVID-19 prior to vaccination. It is possible that in-

dividuals with PAD with history of COVID-19 have a blunted im-

mune response to vaccination compared with HDs with history

of infection prior to vaccination. The serum neutralization titer

cutoff we used for correlates of protection is based on one

model.28 Other models exist with different cutoff values that

could affect interpretation of our data with regard to likely sus-

ceptibility to symptomatic infection. For example, another model

predicts that a neutralization titer of 50would confer higher levels

of protection against SARS-CoV-2 infection.43 One advantage of

the model we selected is that it is based on data from seven

different studies and was corroborated by a subsequent meta-

analysis.28,44
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Antibodies

(HRP)-conjugated goat anti-human IgG (H + L) Jackson ImmunoResearch Cat #109-035-003

FRNT staining mix (SARS2-02, SARS2-11, SARS2-16,

SARS2-31, SARS2-38, SARS2-57, and SARS2-71)

VanBlargan et al., 2022 N/A

Anti-Mouse IgG (whole molecule)–Peroxidase

antibody

Sigma-Aldrich Cat #A5278

Recombinant biotinylated human FcgR2a, FcgR2b,

FcgR3a, FcgR2b

Duke Protein Production Cat #NA, custom order

Mouse Anti-Human IgG1-Fc PE Southern Biotech Cat #9054-09 RRID: AB_2796628

Mouse Anti-Human IgG2-Fc PE Southern Biotech Cat #9060-09; RRID: AB_2796635

Mouse Anti-Human IgG3-Fc PE Southern Biotech Cat #9210-09; RRID: AB_2796701

Mouse Anti-Human IgM-Fc PE Southern Biotech Cat #9020-09

RRID: AB_2796577

Mouse Anti-Human IgA1-Fc PE Southern Biotech Cat #9130-09

RRID: AB_2796656

Chemicals, peptides, and recombinant proteins

Dulbecco’s Phosphate Buffered Saline Gibco Cat #14190-136

Dulbecco’s Modified Eagle Medium Gibco Cat #11995-040

Fetal Bovine Serum Defined HyClone Cat #SH30070.03

GlutaMAX Supplement Gibco Cat #35050-061

HEPES (1M) Gibco Cat #15630-080

KPL TrueBlue Peroxidase Substrate SeraCare Cat #5510-0050

Methylcellulose Sigma-Aldrich Cat #M0512

Minimum Essential Medium Eagle Sigma-Aldrich Cat #M0275

Nonfat dry milk for western blotting applications Bio-Rad Cat #1706404

Paraformaldehyde 20% Solution EMS Cat #15713-S

PE-Streptavidin Agilent Technologies, CA, USA Cat # PJRS25-1

Penicillin Streptomycin Gibco Cat #15140-122

Saponin Sigma-Aldrich Cat #47036

Sodium bicarbonate Sigma-Aldrich Cat #S5761

SARS-CoV-2 spike protein (6P) VanBlargan et al., 2021 N/A

SARS-CoV-2 spike RBD VanBlargan et al., 2021 N/A

SARS-CoV-2 D614G Spike Sino Biological 40589-V08B4

SARS-CoV-2 D614G S1 Sino Biological 40591-V08H

SARS-CoV-2 D614G S2 Sino Biological 40590-V08B

SARS-CoV-2 D614G RBD Sino Biological 40592-V08H

SARS-CoV-2 B.1.351 Spike Sino Biological 40589-V08B7

SARS-CoV-2 B.1.617.2 Spike Sino Biological 40589-V08B16

Tetramethylbenzidine substrate Thermo Fisher Cat #34029

Tween-20 Thermo Fisher Cat #BP337-500

Bacterial and virus strains

SARS-CoV-2 WA/20 D614G Chen et al., 2021 N/A

SARS-CoV-2 B.1.1.529 VanBlargan et al., 2021 N/A

SARS-CoV-2 B.1.617.2 R. Webby laboratory (St Jude

Children

Research Hospital)

N/A
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Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Ofer Zimmerman (zimmero@

wustl.edu).

Materials availability
All requests for resources and reagents should be directed to the lead contact author. This includes viruses. All reagents will bemade

available on request after completion of a Materials Transfer Agreement.

Data and code availability
(a) Data. All serological results described in this study are available within the body of the paper. All data (including raw data used

to generate neutralizing and binding curves) reported in this paper will be shared by the lead contact upon request

(b) Code. This paper does not report original code.

(c) Additional information. Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAIL

Patients and samples
The study was approved by the Institutional Review Board of Washington University School of Medicine (Approval # 202104138).

Patients were identified by a medical record search for PAD, and their records were reviewed to confirm their diagnosis and verify

theymet the inclusion criteria. COVID-19 vaccination status was reviewed, and subjects were contacted if they were within the vacci-

nation window or not yet immunized. Laboratory values (Tables S2 and S3) were acquired based on review of patient history and

records and were not performed as part of this study. Reference values and ranges of specific tests are based on data obtained

at the time of original sampling from patient records.

Inclusion criteria included males and females over 18 years of age, health care provider-documented PAD syndrome including

common variable immunodeficiency (CVID), specific antibody deficiency, or hypogammaglobulinemia, and the ability to give

informed consent. Entry criteria also included receipt of a SARS-CoV-2 vaccine within 14 days of enrollment, receipt of the second

dose of mRNA vaccine (Moderna mRNA-1273 or Pfizer BNT162b2) within 28 days of the first visit, or receipt of one dose of adeno-

viral-vector vaccine (J&J Ad26.COV2.S) within 35 days of initial visit. Exclusion criteria included participation in an investigational

study of SARS-CoV-2 vaccines within the past year, history of HIV infection, an active cancer diagnosis, treatment with immunosup-

pressive medications, history of hematologic malignancy, treatment with anti-CD20 monoclonal antibody, receipt of live-attenuated

vaccine within 30 days or any inactivated vaccine within 14 days of SARS-CoV-2 vaccination, blood or blood product donation within

30 days prior to study vaccination, and planned blood donation at any time during or 30 days after the duration of subject study

participation.

469 charts were reviewed, and 160 subjects were contacted. A total of 30 adults (27 females, 3 males) with PAD met eligibility re-

quirements and agreed to enroll in the study (see Table 1); we note a gender-bias in the enrollees from our PAD cohort, which is not

typical for the disease itself. Ages ranged from 20 to 82, with an average age of 48.4 years old. Twenty PAD patients hadCVID, six had

specific antibody deficiency, and four had hypogammaglobulinemia. Twenty-seven of these subjects had received immunoglobulin

replacement therapy before and during the study period from 9 different products. Nineteen subjects received the BNT162b2, 8

received mRNA-1273, and three received Ad26.COV2.S vaccines. Of the 30 subjects, 9 were diagnosed with a prior SARS-CoV-2

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

Vero-TMPRSS2 Chen et al., 2021 N/A

Vero-TMPRSS2-human ACE2 Chen et al., 2021 N/A

Software and algorithms

GraphPad Prism GraphPad V9

ImageJ National Institute of Health V1.53

Nanozoomer Digital Pathology Hamamatsu v2

Other

MagPlex microspheres Luminex corporation Cat #MC12001-01
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infection with a positive nasal swab RT-PCR test, and one received treatment with an anti-SARS-CoV-2 monoclonal antibody (bam-

lanivimab) 90 days prior to study enrollment.

All subjects had onemandatory post-vaccine blood sample collection with optional pre-vaccine and follow-up visits at days 60, 90,

and 150 (±14 days) after vaccination. The optional pre-vaccination blood sample was collected up to 14 days before receiving vac-

cine. For subjects who received a two-dose series of mRNA vaccines, the first post-vaccination blood collection occurred 7–28 days

after the second dose. For subjects receiving the Ad26.COV2.S single-dose vaccine, the first post-vaccination blood sample was

collected 21–35 days after immunization. Since the study was non-interventional, patients were informed if they mounted an immune

response to the vaccine, but the decision to receive a booster wasmade between the patient and their health care provider. Subjects

who opted for boosting provided a blood sample up to 14 days prior to receiving the booster dose, unless the subject previously

provided a sample within 2 weeks as part of the optional post-vaccine assessments. Subjects returned for an additional sample

7–28 days after receiving the booster (range 7-27 days, median 17 days, mean 17 days. One patient had her post-booster sample

drawn at day 35), with a second post-booster visit and sample collection at 90 ± 14 days. Immunoglobulin replacement product vials

that were used in PADpatients were collected at each study visit and/or post-infusion at theWashingtonUniversity Allergy and Immu-

nology Division infusion centers.

Healthy donor controls
Immunocompetent healthy donor volunteer blood samples were obtained as previously described.45

SARS-CoV-2 spike and RBD protein expression
Genes encoding SARS-CoV-2 spike protein (residues 1–1213, GenBank:MN908947.3) andRBD (residues 319–514) were cloned into

a pCAGGS mammalian expression vector with a C-terminal hexahistidine tag. The spike protein was stabilized in a prefusion form

using six proline substitutions (F817P, A892P, A899P, A942P, K986P, V987P),46 and expression was optimized with a disrupted S1/

S2 furin cleavage site and a C-terminal foldon trimerization motif (YIPEAPRDGQAYVRKDGEWVLLSTFL).47 Expi293F cells were tran-

siently transfected, and proteins were purified by cobalt-affinity chromatography (G-Biosciences) as previously described.48,49

Cells
Vero-TMPRSS2 cells50 were cultured at 37�C in Dulbecco’s Modified Eagle medium (DMEM) supplemented with 10% fetal bovine

serum (FBS), 10mMHEPES pH 7.3, 1mM sodium pyruvate, 13 non-essential amino acids, and 100 U/mL of penicillin–streptomycin,

and 5 mg/mL of blasticidin. Expi293F cells were cultured at 37�C, Expi29TM media, on a shaker at 225 RPM.

Viruses
The WA1/2020 D614G recombinant strain was obtained from an infectious cDNA clone of the 2019n-CoV/USA_WA1/2020 strain as

described previously.51 The B.1.617.2 isolate was obtained a gift from R. Webby (Memphis, TN). All viruses were passaged once in

Vero-TMPRSS2 cells and subjected to next-generation sequencing after RNA extraction to confirm the introduction and stability of

substitutions. All virus experiments were performed in an approved Biosafety level 3 (BSL-3) facility.

METHOD DETAILS

ELISA for anti-spike and anti-RBD binding
Maxisorp ELISA (Thermo Fisher) plates were coated with SARS-CoV-2 ancestral spike or RBD (2 mg/mL) overnight in sodium bicar-

bonate buffer, pH 9.3. All plates were coated with spike and RBD from the same expression and purification batch. Plates were

washed four times with PBS and 0.05% Tween-20 and blocked with 3% non-fat milk (reconstituted from powder) in PBS 0.05%

Tween-20 for 1 h at 25�C. Plates were then incubated with 50 mL of patient and healthy donor serially-diluted samples (eight

4-fold dilutions, starting at 1/50) in 1% non-fat milk PBS 0.05% Tween-20, for 2 h at 25�C on a shaker. Immunoglobulin replacement

products were diluted to 10 mg/mL (average patient IgG level) and then treated as described above. Plates were washed with PBS

and 0.05% Tween-20 and incubated with horseradish peroxide (HRP)-conjugated goat anti-human IgG (H + L) (1:2000 dilution,

Jackson ImmunoResearch) for 1 h at room temperature. After washing, plates were developed with 100 mL of 3,30-5,50 tetramethyl-

benzidine substrate (Thermo Fisher) for 90 s and fixed with 50 mL of 2N H2SO4. Plates were read at 450 nM using a microplate reader

(Synergy H1; BioTek). Patient samples from different days of collection were run on the same plate. All plates were run with the same

positive control sample (a healthy donor vaccinated with three doses of mRNA vaccine). End point titers were calculated using the

average optical density as a cutoff. A specific well was considered positive if optical density signal was two times higher than average

optical density of blank wells.

Avidity assay
Plasma antibody avidity was measured as previously described.23 In brief, plasma dilutions that give an optical density reading of 1

were calculated from the serial dilution series performed. Plates were coated with spike protein overnight, washed and blocked with

PBS 3% non-fat milk (reconstituted from powder), incubated with a specific plasma dilution as described above for 2 h and

then washed one time for 5 min with either PBS or 8 M urea in PBS, followed by 4 washes with PBS 0.05% Tween-20. After assay
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development as described above, the avidity index was calculated for each sample as the optical density ratio of the urea-washed to

PBS-washed wells.

Luminex profiling
Serum samples were analyzed by a customized Luminex assay to quantify the levels of antigen-specific antibody subclasses and

FcgR binding profiles, as previously described.52,53 Briefly, SARS-CoV-2 antigens were coupled to magnetic Luminex beads (Lumi-

nex Corp) by carbodiimide-NHS ester-coupling (Thermo Fisher). Antigen-coupled microspheres were washed and incubated with

plasma samples at an appropriate sample dilution (1:100 for antibody isotyping and 1:1000 for all low-affinity FcgRs) overnight in

384-well plates (Greiner Bio-One). Unbound antibodies were washed away, and antigen-bound antibodies were detected by using

a PE-coupled detection antibody for each subclass and isotype (IgG1, IgG2, IgG3, IgA1, and IgM; Southern Biotech), and FcgRswere

fluorescently labeled with PE before addition to immune complexes (FcgR2a, FcgR2b, FcgR3a, FcgR2b; Duke Protein Production

facility). After 1 h of incubation, plates were washed, and flow cytometry was performed with an iQue (Intellicyt), and analysis was

performed on IntelliCyt ForeCyt (v8.1). PE median fluorescent intensity (MFI) is reported as a readout for antigen-specific antibody

titers.

Focus reduction neutralization test
Serial dilutions of immunoglobulins products or sera were incubated with 102 focus-forming units (FFU) of different strains of SARS-

CoV-2 for 1 h at 37�C. Antibody-virus complexes were added to Vero-TMPRSS2 cell monolayers in 96-well plates and incubated at

37�C for 1 h. Subsequently, cells were overlaid with 1% (w/v) methylcellulose in MEM supplemented with 2% FBS. Plates were har-

vested 30 h later by removing overlays and fixed with 4% PFA in PBS for 20 min at room temperature. Plates were washed and

sequentially incubated with an oligoclonal pool of SARS2-2, SARS2-11, SARS2-16, SARS2-31, SARS2-38, SARS2-57, and

SARS2-7154,55 anti-spike antibodies and HRP-conjugated goat anti-mouse IgG (Sigma) in PBS supplemented with 0.1% saponin

and 0.1% BSA. SARS-CoV-2-infected cell foci were visualized using TrueBlue peroxidase substrate (KPL) and quantitated on an

ImmunoSpot microanalyzer (Cellular Technologies).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was assigned using Prism Version 9 (GraphPad) when p < 0.05. Statistical analysis was determined by one-

way ANOVA with Dunnett’s post-test, two-way ANOVA with Tukey post-test, paired t-tests or a Kruskal-Wallis with Dunn’s post-

test. The statistical tests, number of independent experiments, and number of experimental replicates are indicated in the

Figure legends.
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