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Background: Patients with predominantly antibody deficiency
(PAD) have lower anti–severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) spike antibody levels after initial
2-dose SARS-CoV-2 vaccination than healthy controls do;
however, the anti-spike antibody responses and neutralization
function in patients with PAD following subsequent
immunizations remain understudied.
Objective: We sought to characterize anti-spike antibody
responses in adults with PAD over the course of 5 SARS-CoV-2
vaccine doses and identify diagnostic and immunophenotypic
risk factors for low antibody response.
Methods: We evaluated anti-spike antibody levels in 117 adult
patients with PAD and 192 adult healthy controls following a
maximum of 5 SARS-CoV-2 immunizations. We assessed
neutralization of the SARS-CoV-2 wild-type strain and the
Omicron BA.5 variant and analyzed infection outcomes.
Results: The patients with PAD had significantly lower mean
anti-spike antibody levels after 3 SARS-CoV-2 vaccine doses
than the healthy controls did (1,439.1 vs 21,890.4 U/mL [P <
.0001]). Adults with secondary PAD, severe primary PAD, and
high-risk immunophenotypes had lower mean anti-spike
antibody levels following vaccine doses 2, 3, and/or 4 but not
following vaccine dose 5. Compared with patients with mild and
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moderate PAD, patients with severe PAD had a higher rate of
increase in anti-spike antibody levels over 5 immunizations.
A strong positive correlation was observed between anti-spike
antibody levels and neutralization of both the SARS-CoV-2
wild-type strain and the Omicron BA.5 variant. Most infections
were managed on an outpatient basis.
Conclusions: In all of the patients with PAD, anti-spike antibody
levels increased with successive SARS-CoV-2 immunizations
and were correlated with neutralization of both the SARS-CoV-
2 wild-type strain and the Omicron BA.5 variant. Secondary
PAD, severe primary PAD, and high-risk immunophenotypes
were correlated with lower mean anti-spike antibody levels
following vaccine doses 2 through 4. Patients with severe PAD
had the highest rate of increase in anti-spike antibody levels
over 5 immunizations. These data suggest a clinical benefit to
sequential SARS-CoV-2 immunizations, particularly among
high-risk patients with PAD. (J Allergy Clin Immunol Global
2024;3:100234.)

Key words: Predominantly antibody deficiency, SARS-CoV-2, com-
mon variable immunodeficiency, anti-spike antibody, Omicron
BA.5 variant, neutralization, CD191 B cells, CD41 T cells, class-
switched memory B cells, rituximab

Predominantly antibody deficiency (PAD) is the most
frequently diagnosed inborn error of immunity and the most
widespread primary immunodeficiency disorder globally. PAD is
defined clinically by increased susceptibility to infection, low
antibody levels, and/or impaired vaccine responses.1,2 The spec-
trum of PAD disease ranges from infectious manifestations only
to complications including autoimmunity and lymphoprolifera-
tive disease, with the potential for end-organ damage and reduced
life expectancy.3

Current research indicates that immunodeficient individuals
who contract severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) often have more severe illness and a higher
mortality rate than the overall population.4 The data specific to
individuals with PAD show increased morbidity due to SARS-
CoV-2 infection than among the general population, with approx-
imately 9% to 10% of patients with PAD progressing to severe
infection requiring hospitalization.5,6 Severe SARS-CoV-2 cases
have been further linked to specific primary and/or secondary de-
fects in immune defense pathways.7,8 Together, these findings
suggest that patient immunophenotypes may affect both risk for
and protection against SARS-CoV-2.
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Abbreviations used

CVID: Common variable immunodeficiency

IgRT: Immunoglobulin replacement therapy

PAD: Predominantly antibody deficiency

SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2
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Anti-spike antibody levels are a known correlate of protection
against severe SARS-CoV-2 infection.9-11 Data from our group
and others have shown that patients with an underlying immune
deficiency diagnosis, including PAD, demonstrate lower anti-
spike antibody responses to the initial 2-dose SARS-CoV-2 vacci-
nation series than healthy controls do.12-15 Prior studies have
revealed that the underlying severity of PAD and immunopheno-
typic markers of disease severity correlate with vaccination
response, including lower anti-spike antibody levels in patients
with secondary PAD (such as following a B-cell depletion ther-
apy) and severe primary PAD (such as in those with low CD41

T-cell counts, low CD191 B-cell counts, and low class-
switched memory B-cell counts).12

As the SARS-CoV-2 pandemic has evolved, additional vac-
cine doses have been recommended by the US Centers for
Disease Control and Prevention.16 However, data on the SARS-
CoV-2 vaccination response, neutralization response, and infec-
tious outcomes in patients with PAD are limited. We sought to
characterize these responses and outcomes over 5 SARS-CoV-2
vaccine doses in patients with PAD, with a focus on diagnostic
and immunophenotypic risk factors, as well as to investigate the
neutralization of both wild-type SARS-CoV-2 and the Omicron
BA.5 variant.
METHODS
Informed consent was obtained from patients with PAD at

Mass General Brigham under an institutional review board–
approved protocol (protocol no. 2021P002414), as previously
described.12 Adult patients with PAD (aged >18 years) who had
received the initial 2-dose SARS-CoV-2 vaccination series be-
tween December 18, 2020, and June 14, 2022, were included
and longitudinally followed to assess anti-spike antibody levels
over sequential SARS-CoV-2 immunizations. Informed consent
was also obtained from healthy controls atMass General Brigham
under institutional review board protocols (protocol nos.
2020P001081 and 2020P002274), as described in previously pub-
lished cohorts.17,18 Adult healthy controls (aged >18 years) had
anti-spike antibodies to SARS-CoV-2 evaluated following up to
a total of 3 SARS-CoV-2 vaccines.

PAD diagnoses were confirmed by manual chart review by a
clinical immunologist and met the consensus definitions.1,19,20 In
all, 7 patients did not have samples available for a serial dilution
measure of an exact titer and were excluded from further analysis.
A total of 117 patients with PADwere included. Patients with any
confounding variables at the time of immunodeficiency diagnosis
(eg, clonal lymphocyte population or ongoing immunosuppres-
sion) were classified as having secondary PAD. Patients with pri-
mary PAD were subclassified as having mild antibody deficiency
(IgG subclass deficiency, specific antibody deficiency, and pri-
mary hypogammaglobulinemia), moderate antibody deficiency
(uncomplicated common variable immunodeficiency [CVID]),
and severe antibody deficiency (complicated PAD that encom-
passed the diagnoses of activated phosphoinositide 3-kinase delta
syndrome, transmembrane activator and CAML interactor
(TACI) deficiency, nuclear factor kappa B subunit 1 [NFKB1]
deficiency, and complicated CVID or specific antibody defi-
ciency, defined as a presence of co-occurring autoinflammatory
clinical features20 but without a known genetic etiology).

We evaluated subjects’ demographic and clinical characteris-
tics, including type of PAD and vaccine type(s) received. Immune
testing available in the electronic medical record was reviewed at
time points both before first immunoglobulin replacement
therapy (IgRT) (for immunoglobulin levels, specifically) and in
closest proximity to SARS-CoV-2 vaccination (for peripheral
blood flow cytometry, specifically). Recent treatment regimens
were examined, with a focus on B-cell depletion therapy (eg,
rituximab) received in close proximity to vaccination (defined as
6 months before or 1 month after the initial 2-dose series or the
last vaccine dose received). We evaluated for a history of SARS-
CoV-2 infection, infection outcomes, use of preexposure prophy-
laxis with tixagevimab and cilgavimab (Evusheld, AstraZeneca,
Cambridge, United Kingdom), use of any antiviral rescue therapy,
and level of medical care needed.

Serologic assays were performed through the Massachusetts
General pathology laboratory using the Roche Elecsys Anti–
SARS-CoV-2 S-antibody test (evaluating antibodies to the SARS-
CoV-2 spike (S) protein receptor binding domain [‘‘anti-spike
antibody’’]) and the Roche Elecsys Anti–SARS-CoV-2 N-anti-
body test (evaluating antibodies to the SARS-CoV-2 nucleocapsid
domain [‘‘antinucleocapsid antibody’’]). These tests are semi-
quantitative and correlate with neutralizing immunity.21,22 The
Roche S-antibody assay reports results in absorbance units per
mL (U/mL), with values of 0.8 U/mL or higher considered reac-
tive, and the Roche N-antibody assay reports that cutoff index
values of 1.0 or higher are considered reactive.23

Neutralization was measured using a SARS-CoV-2 pseudovi-
rus neutralization assay as previously described,12,18 evaluating
wild-type SARS-CoV-2 and the Omicron BA.5 variant. Briefly,
lentiviral particles encoding luciferase and ZsGreen reporter
genes were pseudotyped with SARS-CoV-2 spike protein and
produced in 293T cells, titered using ZsGreen expression by
flow cytometry, and used in an automated neutralization assay
with 50 to 250 infectious units of pseudovirus coincubated with
3-fold serial dilutions of serum for 1 hour. Neutralization was
determined on 293T-ACE2 cells. Percentage of neutralization
was determined by subtracting background luminescence
measured in cell control wells (cells only) from sample wells
and dividing by virus control wells (virus and cells only). The
values of the half-maximum effective concentration of each sam-
ple against the pseudoviruses (pNT50) were calculated by taking
the inverse of the 50% inhibitory concentration.

All anti-spike antibody levels were log-transformed and are
reported as geometric means (695% CI). To account for
differences in time from last vaccination to anti-spike antibody
measurement, 1-way analysis of covariance was used to
compare anti-spike antibody levels after each SARS-CoV-2
vaccine dose, and the adjusted geometric means are reported.
The Spearman rank correlation coefficient (r) was used to
examine anti-spike antibody levels in relation to neutralization
function and immunophenotype. A mixed linear model with
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random intercept and slope was used to analyze the extent to
which anti-spike antibody levels changed over SARS-CoV-2
immunizations while adjusting for time since vaccination, rit-
uximab use, IgRT, tixagevimab and cilgavimab prophylaxis,
and acquired SARS-CoV-2 infections. The linear mixed model
was implemented using the lme4 package24 in R, version 4.3.0
(R Foundation for Statistical Computing, Vienna, Austria).
Statistical analyses were completed with SAS 9.4 (SAS
Institute, Cary, NC) and Prism, version 7.01 (Reston, Va);
2-tailed P values less than .05 were considered significant.
RESULTS

Demographics of patients with PAD
This study included 192 adult healthy controls and 117 adult

patients with PAD (88.9% with primary PAD and 11.1% with
secondary PAD). In contrast to the healthy controls, the patients
with PADwere significantly older (average age 52.5 vs 47.5 years),
predominantly non-Hispanic White (98.3%), and mainly female
(68.4%) (Table I). Patients with primary PAD were stratified by
their disease severity; 23.1% had mild PAD, 31.7% had moderate
PAD, and 45.2% had severe PAD. All of the patients with PAD
received at least 2 doses of a SARS-CoV-2 vaccine, with 93.2%,
67.5%, and 38.5% of them additionally receiving vaccine doses
3, 4, and 5, respectively. For their initial immunization, 41.9% of
the patients with PAD received the mRNA-1273 (Moderna, Cam-
bridge,Mass) vaccine, 49.6% received the BNT162b2 (Pfizer, New
York, NY) vaccine, and 8.6% received the Ad26.COV2.S (Janssen,
Titusville, NJ) vaccine. All subsequent vaccinations beyond the
primary series in the PAD cohort were mRNA-based vaccine plat-
forms (mRNA-1273 [Moderna] or BNT162b2 [Pfizer]). The
earliest introduction of the bivalent vaccine, directed against both
thewild-type strain and Omicron BA.5 variant, occurred at vaccine
dose 4 in the PAD cohort, with 37 patients with PAD (31.6%)
receiving a bivalent vaccine at any time. The average time between
a vaccine dose and subsequent anti-spike antibody measurement
was between 51.9 and 83.3 days for patients with PAD, which
was statistically different between the healthy controls and patients
with PAD for vaccine doses 2 (P < .0001) and 3 (P < .0001)
(Table I). Therefore, analysis of covariance was used to compare
anti-spike antibody levels after each SARS-CoV-2 vaccine dose,
adjusting for time since last vaccination.
Antibody response to SARS-CoV-2 vaccine is lower

in patients with PAD than in healthy controls
We observed significantly lower anti-spike antibody levels in

the patients with PAD than in the healthy controls following up to
3 SARS-CoV-2 vaccine doses (Fig 1, A). Following vaccine dose
3, themean anti-spike antibody level in the patients with PADwas
1,439.1 U/mL, compared with 21,890.4 U/mL in the healthy con-
trols (P < .0001).

Given that secondary PAD is a known risk factor for lower anti-
spike antibody responses,12 we performed additional analyses
excluding patients with secondary PAD and still found that the pa-
tients with primary PAD produced significantly lower mean anti-
spike antibody levels than the healthy controls following up to
3 SARS-CoV-2 vaccine doses (1,942.5 vs 20,422.3 U/mL
[P < .0001] [Fig 1, B]).
Anti-spike antibody levels positively correlate with

neutralization of the wild-type and Omicron BA.5

variant of SARS-CoV-2 in patients with PAD
Among the patients with primary PAD, there was a strong

positive correlation (r5 1.0; P < .0001) between anti-spike anti-
body levels and neutralization of wild-type SARS-CoV-2 after 2
doses of the SARS-CoV-2 vaccine, with the correlation maintain-
ing significance through vaccine dose 4 (Table II). In contrast, no
significant correlation was detected for the Omicron BA.5 variant
after 2 doses of the SARS-CoV-2 vaccine, potentially because of
patient exposure to only the monovalent vaccine and wild-type
SARS-CoV-2 strain at that time. We observed a significant posi-
tive correlation following vaccine doses 3 (r5 0.8;P <.0001) and
4 (r 5 0.6; P 5 .003) for the Omicron BA.5 variant, which is
consistent with the peak prevalence of this variant and the first
introduction of the SARS-CoV-2 bivalent vaccine at vaccine
dose 4 in the PAD cohort. Stratifying by all patients with PAD
who had (n 5 6) or had not (n 5 58) received a bivalent SARS-
CoV-2 vaccine at any time, we observed a trend toward higher
neutralization of the Omicron BA.5 variant in patients with
PAD who had received a bivalent vaccine, although this differ-
ence did not reach statistical significance (half-maximum effec-
tive concentration of each sample against the pseudoviruses
[pNT50] 5 366.5 vs 139.8 [P 5 .5] [see Table E1 in the Online
Repository at www.jaci-global.org]).
Patients with PAD with secondary and severe

primary disease have lower anti-spike antibody

levels following up to 4 SARS-CoV-2 vaccines
Secondary PAD is a known risk factor for low anti-spike

antibody levels following an initial 2-dose SARS-CoV-2 vaccina-
tion.12 Therefore, we chose to compare vaccine responses between
adults with primary and secondary PAD following subsequent
SARS-CoV-2 vaccines. Patients with secondary PAD, as compared
with primary PAD, trended toward lower anti-spike antibody levels
following vaccine dose 3 (393.0 vs 2,102.4 U/mL [P5 .05]), with
the difference reaching statistical significance following vaccine
dose 4 (459.0 vs 5,018.0 U/mL [P 5 .005]). In contrast, anti-
spike antibody levels were not statistically different between pa-
tients with secondary and primary PAD following vaccine dose 5
(4,387.0 vs 8,903.9 U/mL [P 5 .2] [Fig 2, A]).

Among the patients with primary PAD, our group previously
reported lower anti-spike antibody levels following initial 2-
dose SARS-CoV-2 immunization in patients with severe disease
than in those with moderate and mild disease.12 Here, we further
compared SARS-CoV-2 vaccine responses between the primary
PAD disease severity groups following up to 5 vaccine doses.
We observed lower anti-spike antibody levels in patients with
severe PAD than in patients with moderate and mild
PAD following vaccine doses 2 (64.2 vs 707.0 vs 305.4 U/mL
[P 5 .02]), 3 (755.2 vs 3356.1 vs 8454.3 U/mL [P 5 .001]),
and 4 (2729.2 vs 9857.0 vs 6951.4 U/mL [P 5 .02] [Fig 2, B
and C]). In post hoc analysis, statistical significance was driven
by differences between the groups with severe versus mild
and moderate PAD. This finding may be explained by the
more severe immunophenotypes seen in patients with severe
PAD.12 In contrast, no significant differences in anti-spike
antibody levels were observed in patients with mild PAD

http://www.jaci-global.org


TABLE I. Patient demographics

Characteristic PAD (n 5 117) Healthy controls (n 5 192) P value

Age (y), average (SD) 52.5 (15.9) 47.5 (13.5)

(n missing 5 60)

.008

Age (y), min-max 19-81 23-76

Female sex, % (no.) 68.4 (80) 55.3 (104) .02

Race and ethnicity, % (no.)

Non-Hispanic White 98.3 (115) 25.3 (48) <.0001

Unknown 0 1 (2) —

Vaccine, initial dose, % (no.)

mRNA-1273 (Moderna) 41.9 (49) 19.5 (37) —

BNT162b2 (Pfizer) 49.6 (58) 54.7 (104) —

Ad26.COV2.S (Janssen) 8.6 (10) 25.3 (48) —

Unknown 0 1.6 (3) —

SARS-CoV-2 vaccines received, % (no.)

Dose 1 100 (117) 100 (192) —

Dose 2 100 (117) 76.0 (146) —

Dose 3 93.2 (109) 39.1 (75) —

Dose 4 67.5 (79) 0 —

Dose 5 38.5 (45) 0 —

Dose >5 10.3 (12) 0 —

Bivalent SARS-CoV-2 vaccines received, % (no.)

At any time 31.6 (37) — —

At dose 1 0 — —

At dose 2 0 — —

At dose 3 0 — —

At dose 4 4.3 (5) — —

At dose 5 23.1 (27) — —

After dose 5 5.1 (6) — —

Average time, vaccine to blood draw (d), % (no.)

Dose 1 70.6 (11) 71.8 (78) 1.0

Dose 2 61.8 (67) 154.8 (118) <.0001

Dose 3 83.3 (76) 25.8 (59) <.0001

Dose 4 58.1 (53) —

Dose 5 51.9 (31) —

Average time between vaccines (d), % (no.)

Between doses 1 and 2 38.8 (117) 61.7 (146) —

Between doses 2 and 3 182.1 (107) 224.9 (75) —

Between doses 3 and 4 210.7 (79) — —

Between doses 4 and 5 189.4 (45) — —

After dose 5 127.1 (12) — —

PAD type, % (no.)

CVID 28.2 (33) — —

Complicated PAD 40.2 (47) — —

Secondary hypogammaglobulinemia 11.1 (13) — —

Primary hypogammaglobulinemia 9.4 (11) — —

Specific antibody deficiency 9.4 (11) — —

IgG subclass deficiency 1.7 (2) — —

Immunosuppression (around SARS-CoV-2 vaccine), % (no.)

Yes: any, 1 mo after 23.1 (27) — —

Yes: any, 1 mo before 22.2 (26) — —

Yes: B-cell depletion, 6 mo before to 1 mo after 8.6 (10) — —

No. of SARS-CoV-2 infections, % (no.)

0 58.1 (68) — —

1 33.3 (39) — —

2 7.7 (9) — —

3 0.9 (1) — —

Timing of SARS-CoV-2 infections, % (no.)

Before dose 1 5.1 (6) — —

Between dose 1 and 2 0.9 (1) — —

Between dose 2 and 3 7.7 (9) — —

Between dose 3 and 4 18.0 (21) — —

Between dose 4 and 5 11.1 (13) — —

After dose 5 3.4 (4) — —

Positive for nucleocapsid antibody, % (no.)

(Continued)
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TABLE I. (Continued)

Characteristic PAD (n 5 117) Healthy controls (n 5 192) P value

All patients with PAD 82.2 (60)

(n missing 5 44)

— —

Receiving prior IgRT 89.5 (17) —

Not receiving prior IgRT 79.6 (43) — .49*

With prior SARS-CoV-2 infection 91.4 (53) —

Without prior SARS-CoV-2 infection 46.7 (7) — .0004*

Min-max, Minimum-maximum.

*P value according to the Fisher exact test.

A

B

FIG 1. Mean anti-spike antibody levels following 3 SARS-CoV-2 vaccine

doses in adults with PAD versus in healthy controls. SARS-CoV-2 anti-spike

antibody levels (in U/mL), shown in log scale as geometric means, adjusted

for time from last vaccination. A, Levels compared between healthy adult

controls (HCs) (gray circles [n 5 192]) and all adult patients with PAD (red

circles [n 5 117]) after vaccination doses 1 to 3, as indicated. B, Levels

compared between adult HCs (gray circles [n 5 192]) and adult patients

with primary PAD (red circles [n 5 104]) after vaccination doses 1 to 3, as

indicated. Symbols represent unique individuals, bars represent adjusted

geometric means (95% CIs) of total indicated patients (n), and shading rep-

resents the assay’s lower limit of reactivity. *P < .05 by analysis of covari-

ance analysis.
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versus in patients with moderate PAD versus in patients with se-
vere PAD after vaccine dose 5 (7,563.4 vs 12,280.8 vs 6,674.8 U/
mL [P 5 .2]).
Patients with primary PAD with high-risk

immunophenotypes have lower anti-spike antibody

levels following up to 4 SARS-CoV-2 vaccines
We further investigated anti-spike antibody responses in

patients with PAD with high-risk immunophenotypes, such as
low absolute CD191 B-cell count, low absolute CD41 T-cell
count, and impaired B-cell maturation, as they have previously
been identified as correlating with low anti–SARS-CoV-2 spike
antibody levels following initial series immunization.12 We
collected the results of peripheral blood flow cytometry testing
in closest proximity to vaccination, which occurred at a median
(quartile 1–quartile 3) of 265 days (range 42.5-444 days) after
vaccine dose 1.

Among the patients with PAD, we again observed that low
absolute CD191 B-cell counts correlated with lower anti-spike
antibody levels. Following vaccine doses 2 through 4, patients
with PADwith B-cell counts of 90 cells/mL or less (the lower limit
of the normal adult laboratory reference range) had significantly
lower mean anti-spike antibody levels than did those with B-
cell counts higher than 90 cells/mL (eg, after dose 4, 1,557.4 vs
7,702.5 U/mL [P5 .001] [Fig 3, A and see Fig E1, A in the Online
Repository at www.jaci-global.org]). Furthermore, among all im-
munophenotypes analyzed, total absolute counts of CD191 B
cells emerged as a predominant immunophenotypic factor posi-
tively associated with anti-spike antibody levels, as measured
by the Spearman rank correlation coefficient following vaccine
doses 1 through 4 (Table III). In contrast, following vaccine
dose 5, anti-spike antibody levels were no longer significantly
lower in patients with low CD191 B-cell counts than in those
with CD191 B-cell counts in the normal range (5,080.2 vs
10,888.6 U/mL; [P 5 .1]).

Similar to our previous findings,12 we found that low absolute
CD41 T-cell counts were significantly associated with lower anti-
spike antibody levels. After the initial 2-dose SARS-CoV-2 vac-
cine series, patients with PAD with CD41 T-cell counts of
419.0 cells/mL or less (the lower limit of the adult laboratory
reference range) had significantly lower anti-spike antibody
levels than did patients with PADwith CD41 T-cell counts higher
than 419.0 cells/mL (33.1 vs 289.5 U/mL [P5 .04] [Fig 3, B and
see Fig E1, B). However, with subsequent SARS-CoV-2 vaccine
doses, no statistical differences in anti-spike antibody levels
were observed between the 2 cohorts.

Finally, we observed a significant association between low
class-switchedmemory B-cell counts and low anti-spike antibody
levels. We found a significant difference in anti-spike antibody
levels between patients with less than 2.0% versus at least 2.0%
(of total CD191 cells) class-switched memory B cells after vac-
cine dose 4 (2,512.1 vs 8,197.8 U/mL [P 5 .01] [Fig 3, C and
see Fig E1, C). Here again, however, there was no statistical dif-
ference in mean anti-spike antibody levels between patients with
PAD with less than 2.0% versus at least 2.0% class-switched
memory B cells following vaccine dose 5 (7,621.3 vs 11,665.0
U/mL [P 5 .3]).

http://www.jaci-global.org


TABLE II. Correlation between anti-spike antibody level and neutralization function among patients with primary PAD

Strain

Spearman rank correlation coefficient

Post–dose 2

coefficient (P value) n 5 5

Post–dose 3

coefficient (P value) n 5 27

Post–dose 4

coefficient (P value) n 5 24

Post–dose 5

coefficient (P value) n 5 6

Wild-type

SARS-CoV-2

1.00 (<.0001) 0.82 (<.0001) 0.62 (.002) 0.94 (.06)

Omicron

BA. 5 variant

0.90 (.3) 0.77 (<.0001) 0.60 (.003) 0.66 (.3)
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Confounder analysis results
Rituximab is a B-cell–depleting agent known to inhibit the

humoral response to SARS-CoV-2 vaccination in autoimmune and
immunodeficient patients.12,25-28 In this study, we observed signif-
icantly lower anti-spike antibody levels in patients with primary
PADwith a history of rituximab use than in those without a history
of rituximab use after vaccine doses 3 (670.1 vs 2,863.3 U/mL
[P5.04]) and 4 (1,432.9 vs 7,105.6U/mL [P5.001]), but not after
vaccine dose 5 (6,641.2 vs 10,024.2U/mL [P5.3] [Fig 4,A and see
Fig E2, A in the Online Repository at www.jaci-global.org]).
A similar trend was observed in all patients with PAD, regardless
of whether they had the primary or secondary subtype of PAD
(see Fig E3, in the Online Repository at www.jaci-global.org).

To test the theory that passive antibody transfer may produce
higher anti-spike antibody levels in patients receiving IgRT, we
compared anti-spike antibody levels between patients who did
(n 5 85) and did not (n 5 19) receive IgRT (Fig 4, B and see
Fig E2, B). We found that patients who received IgRT had signif-
icantly lower anti-spike antibody levels than those patients who
did not receive IgRT, specifically after vaccine doses 3 and 4.
This lower response may be explained by the more severe immu-
nophenotypes seen in the patients who received IgRT. After vac-
cine dose 5, there was no significant difference in anti-spike
antibody levels between those who did and did not receive
IgRT (9,194.6 vs 7,437.9 U/mL [P 5 .7]). In addition, the rate
of seropositivity for antinucleocapsid antibody trended to be
higher in patients with PAD who received IgRT than in those
who did not receive IgRT. However, this difference did not reach
statistical significance (Table I).

We evaluated anti-spike antibody responses between those
patients who received tixagevimab and cilgavimab prophylaxis
(n515) and thosewho did not (n589). Notably, no significant dif-
ferences in anti-spike antibody levels were observed between
these 2 cohorts, even up to vaccine dose 5 (Fig 4, C and see
Fig E2, C).

Similarly, no significant differences in anti-spike antibody
levels were observed between patients who had a natural history
of SARS-CoV-2 infection at any time during the study (n 5 28)
and those with no such history (n 5 76) (Fig 4, D and see Fig
E2, D). As expected, a natural history of SARS-CoV-2 infection
was strongly correlated with seropositivity for antinucleocapsid
antibody (91.4 vs 46.7% [P 5 .0004] [Table I]).

Lastly, there were no significant differences in anti-spike
antibody levels between patients younger than 50 years and
patients aged 50 years or older, although anti-spike antibody
levels did increase with cumulative SARS-CoV-2 vaccine doses
regardless of age (see Fig E4 in the Online Repository at www.
jaci-global.org).
Patients with severe PAD have a higher rate of

increase in anti-spike antibody levels over 5

sequential SARS-CoV-2 vaccines
Anti-spike antibodies in all of the patients with PAD increased

over 5 SARS-CoV-2 vaccine doses (P < .0001) (see Table E2 in
the Online Repository at www.jaci-global.org). A mixed linear
model was created to analyze the rate of increase in anti-spike
antibody levels over time in patients with PAD stratified by dis-
ease severity. The unadjusted model demonstrated significantly
lower anti-spike antibody levels in patients with severe PAD
than in patients mild or moderate PAD at baseline, following vac-
cine dose 1. Additionally, the unadjusted model demonstrated a
higher rate of increase in anti-spike antibody levels over 5 sequen-
tial SARS-CoV-2 vaccine doses in patients with severe PAD than
in patients with mild or moderate PAD (Fig 5). These findings
were significant even after adjustment for a history of rituximab
use, IgRT therapy, tixagevimab and cilgavimab prophylaxis, or
prior SARS-CoV-2 infection (see Table E3 in the Online Repos-
itory at www.jaci-global.org). Additionally, we did not identify a
significant difference in the uptake of sequential SARS-CoV-2
vaccine doses, up to vaccine dose 5, between patients with severe
PAD and patients with mild and moderate PAD (see Table E4 in
the Online Repository at www.jaci-global.org).
Infection outcomes in patients with PAD
Over the course of this study, there were 36 patients with PAD

(30.8%) who contracted SARS-CoV-2 infection once and 9
patients with PAD (7.7%) who contracted SARS-CoV-2 infection
more than once. Overall, SARS-CoV-2 infections were well
tolerated, with no patient deaths. Of those patients who were
infected once, 2 (5.7%) remained asymptomatic and 24 (68.6%)
required treatment; of those patients, 15 (60.0%) received
nirmatrelvir copackaged with ritonavir (Paxlovid, Pfizer). One
patient (2.9%) required hospitalization and another patient (2.9%)
required admission to the intensive care unit. Among those
patients with PAD who acquired multiple SARS-CoV-2 infec-
tions, 1 underwent emergency department evaluation and none
were hospitalized. Three patients (33.3%) required treatment with
their first infection, and 6 (66.7%) required treatment with their
second infection (as detailed in Table E5 in the Online Repository
at www.jaci-global.org).
DISCUSSION
Elucidation of the humoral immune response to SARS-CoV-2

vaccination in patients with PAD provides critical information
needed by public health officials and clinicians to develop

http://www.jaci-global.org
http://www.jaci-global.org
http://www.jaci-global.org
http://www.jaci-global.org
http://www.jaci-global.org
http://www.jaci-global.org
http://www.jaci-global.org
http://www.jaci-global.org
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FIG 2. Mean anti-spike antibody levels following 5 SARS-CoV-2 vaccine

doses, compared between patients with PAD by clinical disease type.

SARS-CoV-2 anti-spike antibody levels (in U/mL), shown in log scale as

geometric means, adjusted for time from last vaccination. A, Levels

compared between adult patients with secondary PAD (purple circles
[n 5 13]), and adult patients with primary PAD (red circles [n 5 104]), after

vaccination doses 2 to 5, as indicated. B, Symbols with bars represent

adjusted geometric means (695% CIs) of the patients with mild (green cir-

cles), moderate (orange circles), and severe (red circles) primary PAD, and

the dotted line indicates mean SARS-CoV-2 anti-spike antibody levels in

adult healthy controls (HCs) following vaccine dose 3 as a reference. C, Pa-

tients segregated by disease severity after vaccine dose 2 (n 5 57), dose 3

(n 5 64), dose 4 (n 5 47), and dose 5 (n 5 26) in adult patients with mild

(green circles [n 5 24]), moderate (orange circles [n 5 33]), and severe

(red circles [n 5 47]) primary PAD. Symbols represent unique individuals,

bars represent adjusted geometric means (695% CIs) of the total indicated

patients (n), respectively; shading represents the assay’s lower limit of reac-

tivity, and the dotted line indicates mean SARS-CoV-2 anti-spike antibody

levels in adult healthy controls (HCs) following vaccine dose 3 as a refer-

ence. *P < .05 by analysis of covariance analysis. In post hoc analysis, sta-

tistical significance was driven by differences between the groups with

severe versus mild and moderate PAD.
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FIG 3. Mean anti-spike antibody levels following 5 SARS-CoV-2 vaccine

doses, compared between patients with PAD by immunophenotype. SARS-

CoV-2 anti-spike antibody levels (in U/mL) in adult patients with PAD,

shown in log scale as geometric means, adjusted for time from last

vaccination, at postvaccine time points, as indicated. Segregated by

patients with PAD with absolute B-cell counts higher than 90 cells/mL

(blue circles and line) and absolute B-cell counts of 90 cells/mL or lower (or-
ange circles and line) (A), absolute T-cell counts higher than 419.0 cells/mL

(blue circles and line) and absolute T-cell counts of 419.0 cells/mL or lower

(orange circles and line) (B), and class-switchedmemory B-cell frequency of

at least 2.0% of CD191 cells (blue circles and line) and class-switched mem-

ory B-cell frequency less than 2.0% of CD191 cells (orange circles and line)
(C). Symbols with bars represent adjusted geometric means (695% CIs) of

the total set of patients, and the dotted line indicates mean SARS-CoV-2

anti-spike antibody levels in adult healthy controls (HCs) following vaccine

dose 3 as a reference. *P < .05 by analysis of covariance analysis.
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immunization guidelines for patients at high risk for SARS-CoV-
2 morbidity.

In this study, we evaluated anti-spike antibody responses in
adults with PAD over 5 SARS-CoV-2 vaccine doses and analyzed
diagnostic and immunophenotypic risk factors for low antibody
response. Consistent with prior research, we observed signifi-
cantly lower anti-spike antibody levels in adults with PAD than in
adult healthy controls. We identified secondary PAD and severe
primary PADas diagnostic risk factors for lower anti–SARS-CoV-
2 spike antibody levels, which improved with subsequent vaccine
doses (particularly following vaccine dose 5). Of note, patients
with severe primary PADdemonstrated a higher rate of increase in
anti-spike antibody levels over 5 sequential SARS-CoV-2 vaccine
doses than did the cohorts with mild or moderate PAD. These data
suggest a cumulative benefit to sequential SARS-CoV-2 immuni-
zation in the cohort of patients with severe PAD immunodefi-
ciency, consistent with US Centers for Disease Control and
Prevention guidelines outlining additional immunization doses
in patients with moderate-to-severe immunocompromise.16
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FIG 4. Mean anti-spike antibody levels following 5 SARS-CoV-2 vaccine doses, compared between patients

with PAD by clinical confounder. SARS-CoV-2 anti-spike antibody levels (in U/mL) in adult patients with

primary PAD, shown in log scale as geometric means, adjusted for time from last vaccination, at

postvaccine time points, as indicated. Segregated by patients with PAD who received prior rituximab

therapy (orange circles and line) and did not receive prior rituximab therapy (blue circles and line) (A),
received prior IgRT (orange circles and line) and did not receive prior IgRT (blue circles and line) (B),

received prior tixagevimab and cilgavimab (Evusheld [orange circles and line]) and did not receive prior

Evusheld (blue circles and line) (C), and had prior SARS-CoV-2 infection (orange circles and line) and did

not have prior SARS-CoV-2 infection (blue circles and line) (D). Symbols with bars represent adjusted

geometric means (695% CIs) of the total set of patients, and the dotted line indicates mean SARS-CoV-2

anti-spike antibody levels in adult healthy controls (HCs) following vaccine dose 3 as reference. *P < .05

by analysis of covariance analysis.

TABLE III. Correlation between anti-spike antibody level and immunophenotype among patients with primary PAD

Immune parameter

Spearman rank correlation coefficient

Post–dose 1

coefficient (P value)

Post–dose 2

coefficient (P value)

Post–dose 3

coefficient (P value)

Post–dose 4

coefficient (P value)

Post–dose 5

coefficient (P value)

IgG (mg/dL) 0.8 (.02) 0.1 (.4) 0.2 (.1) 0.1 (.4) 0.2 (.3)

IgA (mg/dL) 0.5 (.2) 0.2 (.1) 0.4 (.002) 0.4 (.009) 0.3 (.2)

IgM (mg/dL) –0.8 (.02) 0.3 (.05) 0.3 (.01) 0.2 (.1) 0.06 (.8)

CD31 T cells (cells/uL) –0.05 (.9) 0.4 (.01) 0.2 (.2) 0.2 (.1) 0.2 (.4)

CD41 T cells (cells/mL) 0.3 (.5) 0.4 (.006) 0.2 (.1) 0.3 (.08) 0.2 (.5)

CD81 T cells (cells/mL) –0.7 (.04) 0.5 (.1) 0.1 (.5) 0.1 (.4) 0.4 (.06)

CD191 B cells (cells/mL) 0.8 (.01) 0.5 (.001) 0.5 (<.001) 0.3 (.04) –0.09 (.7)

CD16/561CD3–

natural killer cells (cells/mL)

0.4 (.4) 0.2 (.3) 0.08 (.6) –0.05 (.7) –0.1 (.6)
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In terms of immunophenotype, we identified low absolute
CD191 B-cell count as a significant risk factor for low anti-spike
antibody levels following SARS-CoV-2 immunization. Consis-
tent with prior studies, we also identified low CD41 T-cell count
and low class-switched memory B-cell count as being risk factors
for low SARS-CoV-2 vaccine responses in adults with primary
PAD. Similar to our findings regarding high-risk clinical pheno-
types, we observed that anti-spike antibody levels between low
and high-risk immunophenotypes were no longer significantly
different after the fifth vaccine dose, indicating that additional
SARS-CoV-2 immunization may be particularly beneficial in
patients with low CD191 B-cell counts, low CD41 T-cell counts,
and/or low class-switched memory B-cell counts.

B-cell–depleting agents, such as rituximab, are commonly used
in patients with PAD to treat autoimmune and lymphoprolifer-
ative complications, but they are associated with lower SARS-
CoV-2 vaccine responses.12,25-28 Similarly, our study showed that
rituximab use in patients with PAD was associated with signifi-
cantly lower anti-spike antibody levels, specifically following
vaccine doses 3 and 4. These data may be helpful in guiding cli-
nicians who have patients with PADwho are receiving or about to
start receiving a B-cell–depleting agent. Consideration of



FIG 5. Linear mixed model of SARS-CoV-2 vaccine response among patients with PAD by clinical disease

severity. Linear mixed model of mean anti–SARS-CoV-2 spike antibody levels following vaccine doses, as

indicated, in patients with primary PAD, stratified by clinical disease severity (mild in green, moderate in

orange, and severe in red). Shaded areas represent 695% CIs. Further adjustment for time since vaccina-

tion, use of tixagevimab and cilgavimab, IgRT (mg/kg per month), and prior SARS-CoV-2 infection did

not significantly change these findings (see Table E3).

J ALLERGY CLIN IMMUNOL GLOBAL

VOLUME 3, NUMBER 2

ZHANG ET AL 9
vaccination with recovery of B-cell counts or spaced 2 to 4 weeks
before subsequent rituximab infusions can be considered.29

Continued careful surveillance of this patient population with
regard to SARS-CoV-2 is warranted, especially in the dual
setting of an immunodeficiency disorder and pharmacologic
immunosuppression.

Anti–SARS-CoV-2 spike antibody levels have been correlated
with antiviral neutralization function.12 In this study, we found that
anti-spike antibody levels did in fact positively correlate with
neutralization of both wild-type SARS-CoV-2 and the Omicron
BA.5 variant. There was a very strong positive correlation for
wild-type SARS-CoV-2 following vaccine doses 2 through 4,
and a modestly strong positive correlation for the Omicron BA.5
variant following vaccine doses 3 and 4. Correlation with the Om-
icron BA.5 variant increased following subsequent vaccinations,
likely driven by the development and uptake of the bivalent vaccine
and natural exposure to Omicron BA.5 at the later time points.

There are several limitations to our study. Although it was a
large study of patients with PAD, the patients with PAD were
predominantly female and non-Hispanic White, which demo-
graphically, was statistically different from the healthy control
cohort. Prior studies have shown differences in anti-spike
antibody response based on sex and race, such as longer anti-
spike antibody half-lives after SARS-CoV-2 infection in females
and higher anti-spike antibody levels after SARS-CoV-2 vacci-
nation among participants who self-identify as White.30,31 Thus,
the external validity of this study may be limited, and as a result,
there is a need for future studies including patients with PADwho
are frommore diverse backgrounds and are matched with healthy
controls. In addition, the timing between each vaccine dose and its
corresponding anti-spike antibody level measurement was not
fixed. To account for this, we performed adjusted analyses ac-
counting for the time since vaccination. In the confounder anal-
ysis, patients with either continuous or sporadic rituximab
therapy use were included, which could have affected the
response to vaccination and thus requires future investigation.
Our data set was also underpowered to look at sequential B-cell
counts during the course of the SARS-CoV-2 vaccination series,
and therefore, our data are limited to correlations with single–
data point immunophenotypes. It is also important to note that
the healthy controls received up to 3 SARS-CoV-2 vaccine doses,
whereas the patients with PAD received up to 5. Therefore, we
were unable to directly compare data between the 2 cohorts after
vaccine dose 3. Although a strength of this study is the assay used
to measure anti-spike antibody levels, which allowed for dilutions
up to 25,000 U/mL, we acknowledge that testing approaching the
upper limit of the assay may be nearing a nonlinear detection
range. Finally, we observed strong correlations between anti-
spike antibody levels and neutralization function for wild-type
SARS-CoV-2 and the Omicron BA.5 variant, but additional
research is needed to elucidate the neutralization response to
evolving variants and among healthy controls.

In conclusion, this study provides novel insights into anti-spike
antibody responses in adults with PAD over 5 sequential SARS-
CoV-2 vaccine doses. Risk factors for a lower anti-spike antibody
response included secondary PAD, severe primary PAD, ritux-
imab use, low CD191 B-cell count, low CD41 T-cell count, and
low class-switched memory B-cell count. For most of these risk
factors, we identified a significant increase in the anti-spike anti-
body response by the fifth SARS-CoV-2 vaccine dose, high-
lighting the importance of additional immunizations in these
patients. This study contributes important data regarding response
to SARS-CoV-2 vaccination and clinical and immunophenotypic
risk factors, which underscore the importance of additional
SARS-CoV-2 vaccine doses in patients with PAD.
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Key messages

d Diagnostic and immunophenotypic risk factors for lower
anti-spike antibody levels following SARS-CoV-2 vaccina-
tion (particularly following vaccine doses 2 through 4) in
adults with PAD included secondary PAD, severe primary
PAD, low CD191 B-cell count, low CD41 T-cell count, and
low class-switched memory B-cell count.

d In all patients with PAD, anti-spike antibody levels
increased over 5 sequential SARS-CoV-2 immunizations
and were positively correlated with both wild-type
SARS-CoV-2 and Omicron BA.5 variant neutralizations.

d Patients with PAD who are at risk of low anti-spike anti-
body responses to SARS-CoV-2 immunization were iden-
tified, and the need for additional SARS-CoV-2 vaccine
doses to optimize anti-spike antibody responses, particu-
larly among high-risk patients with PAD, was highlighted.
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