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Context and significance

In most individuals, mRNA

vaccines effectively prevent

severe disease following SARS-

CoV-2 infection. However, the

protective immunity induced by

mRNA vaccines is diminished in

immunocompromised individuals,

and the effect of variant strains is

unexplored. Here we evaluated

serum antibody responses in

individuals with chronic

inflammatory disease after

immunization with the Pfizer

BNT162b2 mRNA vaccine. The

lowest neutralizing antibody titers

were observed in individuals

treated with TNF-a inhibitors, and

this pattern appeared to be worse

against the delta virus, with the

antibody levels falling below the

presumed threshold correlate of

protection. Administration of a

third vaccine dose substantially

boosted serum neutralizing titers.

Our data suggest that vaccine

boosting is needed to prevent

SARS-CoV-2 infection in some
SUMMARY

Background:Although vaccines effectively prevent coronavirus disease
2019 (COVID-19) in healthy individuals, they appear to be less immuno-
genic in individuals with chronic inflammatory disease (CID) or receiving
chronic immunosuppression therapy.
Methods: Here we assessed a cohort of 77 individuals with CID treated
as monotherapy with chronic immunosuppressive drugs for antibody
responses in serum against historical and variant severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) viruses after immunization
with the BNT162b2 mRNA vaccine.
Findings: Longitudinal analysis showed the greatest reductions in
neutralizing antibodies and Fc effector function capacity in individuals
treated with tumor necrosis factor alpha (TNF-a) inhibitors (TNFi), and
this pattern appeared to be worse against the B.1.617.2 delta virus.
Within 5 months of vaccination, serum neutralizing titers of all TNFi-
treated individuals tested fell below the presumed threshold correlate
for antibody-mediated protection. However, TNFi-treated individuals
receiving a third mRNA vaccine dose boosted their serum neutralizing
antibody titers by more than 16-fold.
Conclusions: Vaccine boosting or administration of long-acting pro-
phylaxis (e.g., monoclonal antibodies) will likely be required to prevent
SARS-CoV-2 infection in this susceptible population.
Funding: This study was supported by grants and contracts from
the NIH (R01 AI157155, R01AI151178, and HHSN75N93019C00074;
NIAID Centers of Excellence for Influenza Research and Response
(CEIRR) contracts HHSN272201400008C and 75N93021C00014; and
Collaborative Influenza Vaccine Innovation Centers [CIVIC] contract
75N93019C00051).
immunocompromised

populations, especially those

receiving TNF-a inhibitor

therapies.
INTRODUCTION

In December 2019, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),

emerged and the coronavirus disease 2019 (COVID-19) pandemic began. Since

then, many antibody-based therapeutic agents and vaccines have been devel-

oped,1,2 with some given emergency use authorization (EUA) or US Food and

Drug Administration approval (e.g., the BNT162b2 mRNA vaccine) in hopes of pre-

venting infection and severe disease. Although several of these countermeasures
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show efficacy against historical (2019–early 2020) SARS-CoV-2 strains, the emer-

gence of variants of concern (VOC) has prompted questions regarding whether

they will retain efficacy.

The SARS-CoV-2 spike protein engages the cell surface receptor angiotensin-con-

verting enzyme 2 (ACE2) for attachment and entry into human cells.3 The S1 compo-

nent of the spike protein contains the N-terminal domain (NTD) and

receptor binding domain (RBD), the latter being the primary target of neutralizing

antibodies.4–7 However, recent studies have shown that therapeutic monoclonal

and vaccine-elicited polyclonal antibodies have reduced neutralizing activity against

VOC, likely because these strains contain mutations within the RBD and the receptor

binding motif (RBM).8–12 This observation is concerning because serum neutralizing

antibody titers are believed to be an in vitro correlate of in vivo protection.13–15

Most studies on the immunogenicity and efficacy of SARS-CoV-2 vaccines have focused

on immunocompetent animals and humans. Because SARS-CoV-2 has been docu-

mented to mutate and evolve in immunocompromised hosts,16,17 it is important to un-

derstand whether vaccine-elicited responses are protective and durable in this popula-

tion. Just recently, the Centers for Disease Control and Prevention recommended an

additional BNT162b2 mRNA dose for immunocompromised individuals, notwith-

standing the relatively limited study of effects of immunosuppression on the immunoge-

nicity and protection following SARS-CoV-2 vaccination. Here we examine a cohort of

individuals with chronic inflammatory disease (CID) from the COVID-19 Vaccine Re-

sponses in Patients with Autoimmune Disease (COVaRiPAD) study18 who received

different treatment regimens for functional antibody responses against SARS-CoV-2 af-

ter completion of a BNT162b2 mRNA vaccination regimen.
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RESULTS

Although the potency of neutralization by monoclonal antibodies (mAbs) can be

affected greatly by small numbers of mutations in emerging SARS-CoV-2

strains,8,11,12,19,20 it is less clear how polyclonal antibodies derived after vaccination

that target multiple epitopes perform. While the efficacy of mRNA vaccine protec-

tion in immunocompetent volunteers has been high (>90%) against historical and

some emerging SARS-CoV-2 strains (e.g., B.1.1.7 [alpha]),21,22 there are concerns

regarding breakthrough infections in immunosuppressed individuals or those

receiving immunomodulatory drugs because of blunted immune responses, waning

immunity, or evasion by variants, including B.1.351 (beta) and B.1.617.2 (delta). We

assessed the neutralizing activity of serum from individuals immunized with the

BNT162b2 mRNA vaccine against fully infectious SARS-CoV-2 strains, including re-

combinant WA1/2020 viruses encoding D614G (WA1/2020 D614G) and the B.1.351

(beta) spike (Wash-B.1.351) and a clinical isolate of B.1.617.2 (delta). All viruses were

passaged in Vero-TMPRSS2 cells to minimize adventitious generation of furin cleav-

age site mutations23 and confirmed by deep sequencing (Table S1).

We obtained sera from a cohort of individuals with CID 3 months after BNT162b2

mRNA vaccination. This group included individuals with Crohn’s disease, ulcerative

colitis, asthma, multiple sclerosis, ankylosing spondylitis, systemic lupus erythema-

tosus, Sjögren’s syndrome, Hashimoto’s disease, psoriasis, rheumatoid arthritis

and undifferentiated inflammatory arthritis, type 1 diabetes, combined variable im-

mune deficiency, alopecia areata, uveitis, vasculitis, scleroderma, psoriatic arthritis,

anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis, and microscopic

colitis (Table 1). Because of disease severity, some individuals received multiple
1328 Med 2, 1327–1341, December 10, 2021
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Table 1. Patient characteristics

Total (N = 77)

Variable N (%)

Age (median [range]) 49 (22-82)

Sex

Female 52 (68)

Male 24 (31)

N/A 1 (1)

Race

White 69 (90)

Black 5 (6)

Multiple race 2 (3)

Asian 1 (1)

CIDa

Alopecia areata 1 (1)

ANCA-associated vasculitis 1 (1)

Ankylosing spondylitis 2 (3)

Asthma 6 (8)

Combined variable immune deficiency 2 (3)

Crohn’s disease 31 (40)

Hashimoto’s disease 5 (6)

IBD-associated arthritis 1 (1)

Inflammatory arthritis 1 (1)

Multiple sclerosis 10 (13)

Psoriasis 5 (6)

Psoriatic arthritis 1 (1)

Rheumatoid arthritis 8 (10)

Sarcoidosis 1 (1)

Scleroderma 1 (1)

Sjögren’s syndrome 5 (6)

Systemic lupus erythematosus 5 (6)

Type 1 diabetes 4 (5)

Ulcerative colitis 5 (6)

Uveitis 2 (3)
aIndividuals may have more than one disease diagnosis.
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drug interventions. For our analysis, we focused on subjects (n = 77) treated with a

single immunomodulatory agent so we could correlate treatment interventions

with immunological outcomes. This included individuals receiving chronic treatment

with tumor necrosis factor alpha (TNF-a) inhibitors (TNFi) (n = 14), antimetabolites

(n = 12), antimalarial agents (n = 10), anti-integrin inhibitors (n = 10), non-steroidal

anti-inflammatory drugs (NSAIDs) (n = 9), anti-interleukin-23 (IL-23) inhibitor (n =

9), B cell depletion therapy (BCDT) (n = 5), Bruton’s tyrosine kinase inhibitor (BTKi)

(n = 1), nuclear factor-erythroid factor 2-related factor 2 (Nrf2) activator (n = 1), sul-

fasalazine (SSZ) (n = 1), systemic steroids (n = 2), anti-B lymphocyte stimulator (anti-

BLyS) (n = 1), and sphingosine 1-phosphate receptor modulator (S1PR mod) (n = 1).

We first used an ELISA to assess serum immunoglobulin G (IgG) binding to spike pro-

teins of Wuhan-1 (historical) or three dominant circulating variants: B.1.1.7, B.1.351,

and B.1.617.2. When we analyzed relative binding to the different spike proteins,

sera from immunocompetent, healthy volunteers (n = 25)24 and individuals with

CID (n = 45) showed slightly reduced (1.5-fold) binding to B.1.1.7, B.1.351, and

B.1.617.2 compared with to Wuhan-1 spike protein (Figures 1A and 1B). Serum

IgG titers from individuals with CID as a group did not show statistically significant

differences against the historical and variant spike proteins compared with those
Med 2, 1327–1341, December 10, 2021 1329



Figure 1. Serum IgG titers against SARS-CoV-2 variant spike proteins 3 months after the second vaccination

(A–G) Analyses of spike-specific endpoint IgG serum titers measured by ELISA from humans 3 months after the second vaccination with the BNT162b2

mRNA vaccine. Individuals were grouped as (A) immunocompetent volunteers (n = 25) and (B) individuals with CID (n = 45) or subdivided by

immunosuppressive drug class: (C) TNFi (n = 8), (D) antimetabolites (n = 7), (E) antimalarials (n = 5), (F) anti-integrin inhibitors (n = 5), or (G) non-steroidal

anti-inflammatory drugs (NSAIDs) (n = 4). Geometric mean titer (GMT) values are shown on the graph. The dotted line represents the limit of detection

of the assay. One-way ANOVA with Dunnett’s post-test; *p < 0.05, ****p < 0.0001.

(H) Heatmap of GMT values relative to healthy volunteer GMT values for each SARS-CoV-2 spike protein. Blue, reduction; red, increase.
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from immunocompetent volunteers (wild type [WT], p = 0.6; B.1.1.7, p = 0.29;

B.1.351, p = 0.14; B.1.617.2, p = 0.23) (Figures 1A and 1B). Most drug treatment

groups also showed no statistically significant differences in anti-spike IgG binding

titers compared with the controls (Figures 1C–1G). As expected, individuals

receiving BCDT had substantially lower levels of IgG against the spike proteins

(Figure S1).

To begin to determine the functional capacity of the antibody response, we interro-

gated sera obtained from immunocompetent volunteers (n = 25) and individuals

with CID (n = 75) 3 months after their second dose of the BNT162b2 mRNA vaccine.

As a group, sera from individuals with CID did not show statistically significant differ-

ences in neutralizing activity compared with the controls (WA1/2020 D614G (geo-

metric mean titer [GMT]: 239 [immunocompetent] versus 175 [individuals with

CID], p = 0.67), Wash-B.1.351 (GMT: 117 [immunocompetent] versus 80 [individuals

with CID], p = 0.16), and B.1.617.2 (GMT: 109 [immunocompetent] versus 83 [indi-

viduals with CID], p = 0.49) (Figures 2A and 2B; Figure S2A). In the control and

CID groups, the B.1.351 and B.1.617.2 variants were neutralized less efficiently

than the historical WA1/2020 D614G strain, as reported previously.10,12,19,20,25

Among the treatment subgroups, individuals receiving TNFi had lower serum

neutralizing titers (GMT: 239 [immunocompetent] versus 102 [TNFi] [WA1/2020

D614G], p = 0.11; 117 versus 45 [Wash-B.1.351], p = 0.01; 109 versus 48

[B.1.617.2], p = 0.048) (Figures 2A and 2D; Figure S2). Other treatment groups (n

> 5), including antimalarial, anti-integrin, NSAIDs, and anti-IL-23 inhibitors, had

neutralization titers similar to immunocompetent volunteers (Figures 2A and 2E–

2H). In addition, sera from all subgroups with more than 5 individuals neutralized

Wash-B.1.351 and B.1.617.2 less efficiently than WA1/2020 (Figures 2A–2H). This

pattern was also seen in groups with fewer individuals receiving other immunosup-

pressive agents (Figure S3).

A recent study analyzing the relationship between in vitro neutralization titers and

protection against SARS-CoV-2 infection by vaccines estimated a protective serum
1330 Med 2, 1327–1341, December 10, 2021



Figure 2. Serum NT50 against SARS-CoV-2 variant viruses 3 months after the second vaccination

(A–H) Paired analyses of neutralization titers (NT50) in serum measured by focus reduction neutralization test (FRNT) against fully infectious SARS-CoV-2

strains 3 months after the second vaccination with the BNT162b2 mRNA vaccine. Individuals were grouped as (A) immunocompetent volunteers (n = 25)

and (B) individuals with CID (n = 75) or subdivided by immunosuppressive drug class: (C) antimetabolites (n = 12), (D) TNFi (n = 12), (E) antimalarials (n =

8), (F) anti-integrin inhibitors (n = 9), (G) NSAIDs (n = 9), or (H) anti-IL-23 inhibitors (n = 9). GMT values are shown on the graph. The dotted line represents

the limit of detection of the assay. One-way ANOVA with Dunn’s post-test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

(I) Heatmap of GMT values relative to healthy volunteer GMT values for each SARS-CoV-2 spike protein. Blue, reduction; red, increase.
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titer of approximately 1/50 (range, 1/10–1/200, depending on the assay used).26

Given this result, we determined the fraction of individuals in the different groups

of our cohort that fell below this cutoff. Three months after completion of the initial

series of BNT162b2 mRNA vaccine, only 2 of 25 (8%) immunocompetent volunteers

had neutralizing titers (NT50) below 1/50 against B.1.617.2, whereas 27 of 75 (36%) of

individuals with CID had titers below this level (Table 2). Many of the drug treatment

groups also had a higher percentage of individuals below the 1/50 cutoff compared

with immunocompetent volunteers, including TNFi (67%), antimetabolites (33%),

antimalarial agents (37.5%), NSAIDs (11%), and anti-IL-23 inhibitor (22%) (Table 2).

We separately grouped the individuals by disease and re-analyzed NT50 values

3 months after the second vaccination. Groups of individuals with certain diseases

(e.g., ulcerative colitis, systemic lupus erythematosus, Sjögren’s syndrome, rheuma-

toid arthritis, and asthma) had NT50 values that were statistically similar to those of

immunocompetent volunteers (Figure 2A; Figure S4). Subjects with Crohn’s disease

(Table S2) had slightly lower geometric mean NT50 than healthy individuals,

although this difference did not attain statistical significance (GMT: 239 [healthy]

versus 214 [Crohn’s disease] [WA1/2020 D614G], p = 0.59; 117 versus 83 [Wash-

B.1.351], p = 0.27; 109 versus 94 [B.1.617.2], p = 0.40) (Figure 2A; Figure S4).

Because TNFi is an important therapeutic target in Crohn’s disease, we analyzed

this group by treatment class. Compared with 36% (27 of 75) of all individuals with

CID 3months after the second vaccination who had an NT50 of less than 1/50 against

B.1.617.2, 39% (12 of 31) of individuals with Crohn’s disease fell below this threshold

(Figure S4). However, 67% (6 of 9) of individuals with Crohn’s disease receiving TNFi

had NT50 against B.1.617.2 below the 1/50 cutoff compared with 27% (6 of 22) of
Med 2, 1327–1341, December 10, 2021 1331



Table 2. Numbers (and percentages) of individuals with neutralization titers (NT50) below 1/50

Class

No. (%) 3 months after second vaccination below NT50 of
1/50

No. (%) 5a or 6b months after second vaccination below
NT50 of 1/50

Total WA1/2020 D614G Wash-B.1.351 B.1.617.2 Total WA1/2020 D614G Wash-B.1.351 B.1.617.2

Immunocompetent volunteers 25 0 (0) 4 (16) 2 (8) 24 0 (0) 5 (22) 4 (17)

Individuals with CID 75 14 (19) 26 (35) 27 (36) 43 14 (33) 24 (56) 25 (58)

TNFi 12 3 (27) 8 (67) 8 (67) 7 5 (71) 6 (86) 7 (100)

Antimetabolites 12 2 (17) 5 (42) 4 (33) 5 2 (40) 2 (40) 2 (40)

Antimalarials 8 0 (0) 1 (12.5) 3 (37.5) 7 1 (14) 4 (57) 3 (43)

Anti-integrin 9 0 (0) 1 (11) 0 (0) 3 0 (0) 0 (0) 1 (33)

NSAIDs 9 1 (11) 1 (11) 1 (11) 5 1 (20) 2 (40) 2 (40)

Anti-IL-23 9 1 (11) 2 (22) 2 (22) 3 0 (0) 1 (33) 1 (33)
aSamples from individuals with CID were collected 5 months after completion of vaccination.
bImmunocompetent volunteer samples were collected 6 months after completion of vaccination.
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those on other treatment regimens (Figure S4). Multivariable regression analysis

indicated that the lower NT50 against B.1.617.2 were associated with TNFi treatment

and not Crohn’s disease (Table S3).

Recent studies have shown that the Fc effector functions of antibodies can

contribute to protection against SARS-CoV-2 infection and disease.27–32 To address

whether our immunized individuals with CID had distinct Fc effector function pro-

files, we analyzed their SARS-CoV-2-specific antibodies in sera for IgG subclass dis-

tribution and C1q and Fcg receptor (FcgR) binding. We focused our analyses on

groups with at least 5 individuals (those receiving anti-integrin inhibitors, antimetab-

olites, TNFi, and antimalarial agents and immunocompetent volunteers) and

measured responses against Wuhan-1 D614G, B.1.617.2, and B.1.351 spike pro-

teins (Figure 3; Figure S5). There were no differences in levels of IgG1, IgG3, and

IgM against SARS-CoV-2 spike proteins and C1q or FcgR (FcgR2A, FcgR2B, or

FcgR3A) binding (Figure 3; Figure S5). However, compared with immunocompetent

volunteers, individuals treated with TNFi had decreased anti-SARS-CoV-2 total IgG,

IgG2, and IgG4 levels against Wuhan-1 D614G (Figure 3A), B.1.617.2 (Figure 3B),

and B.1.351 (Figure S5), whereas all other groups had no significant difference.

We also assessed for antibody-mediated innate immune effector functions.

Although all groups showed similar antibody-dependent neutrophil phagocytosis

(ADNP) (Figures 3C and 3D; Figure S5), individuals receiving TNFi had decreased

antibody-dependent cellular phagocytosis (ADCP) against B.1.617.2 (Figure 3D)

and B.1.351 (Figure S4). For unexplained reasons, individuals receiving anti-integrin

inhibitors had enhanced ADCP against Wuhan-1 D614G (Figure 3C) and antibody-

dependent complement deposition (ADCD) against B.1.617.2 (Figure 3D) and

B.1.351 (Figure S5). When we combined the data, only individuals receiving TNFi

showed substantive decreases in antibody effector functions 3 months after the sec-

ond immunization (Figure 3E).

Because serum antibody titers generated by the BNT162b2 vaccine wane over

time,33,34 we also assessed neutralizing activity 5 months after immunization in indi-

viduals with CID (n = 43); for comparison, we used the later, 6-month time point from

our immunocompetent cohort (n = 24) because a 5-month time point was not

sampled. Sera from individuals with CID showed lower neutralizing activity against

all three viruses compared with immunocompetent volunteers (GMT: 178 [immuno-

competent] versus 105 [individuals with CID] [WA1/2020 D614G], p = 0.04; 80 versus

55 [Wash-B.1.351], p = 0.02; 102 versus 54 [B.1.617.2], p = 0.008) (Figure S2). Sera

from affected individual and immunocompetent subject groups were also less
1332 Med 2, 1327–1341, December 10, 2021



Figure 3. Effector functions against SARS-CoV-2 variant viruses 3 months after the second vaccination

(A–D) Serum from humans 3 months after the second vaccination with the BNT162b2 mRNA vaccine were assayed for (A and B) total IgG, IgG subclasses

(IgG1, IgG2, IgG3, IgG4, and IgM), and C1q binding or (C and D) antibody-dependent cellular phagocytosis (ADCP), antibody-dependent neutrophil

phagocytosis (ADNP), antibody-dependent complement deposition (ADCD), or FcgR (FcgR2A, FcgR2B, or FcgR3A) binding as measured by Luminex.

Reponses were measured against (A and C) Wuhan-1 D614G or (B and D) B.1.617.2. Individuals were grouped as immunocompetent volunteers (n = 25)

or subdivided by immunosuppressive drug class: TNFi (n = 8), antimetabolites (n = 7), antimalarials (n = 6), or anti-integrin inhibitors (n = 5). One-way

ANOVA with Dunnett’s post-test; *p < 0.05, **p < 0.01, ***p < 0.001.

(E) Composite polar plots depicting shifted Z score only median of antibody titer, FcgR binding, and antibody function against Wuhan-1 D614G,

B.1.351, and B.1.617.2 for each group.
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efficient at neutralizing Wash-B.1.351 and B.1.617.2 than WA1/2020 D614G (Fig-

ure 4). Although there were limited numbers of individuals in each drug treatment

group at the 5-month time point, decreased inhibitory activity against all three vi-

ruses tested was seen in serum from individuals receiving TNFi (Figure S2B). More-

over, at this time point, all other therapy groups generally had less serum neutral-

izing activity against Wash-B.1.351 and B.1.617.2 compared with WA1/2020

D614G (Figure 4; Figure S6). Although only 4 of 24 (17%) immunocompetent volun-

teers had NT50 below 1/50 at the 6-month time point against B.1.617.2, 25 of 43

(58%) of individuals with CID fell below this postulated protective threshold at the

5-month time point (Table 2). Individuals treated with TNFi (100%), antimetabolites

(40%), antimalarial agents (43%), anti-integrin inhibitors (33%), NSAIDs (40%), and
Med 2, 1327–1341, December 10, 2021 1333



Figure 4. Serum NT50 of individuals with CID against SARS-CoV-2 variant viruses 5 months after

the second vaccination

(A–H) Paired analyses of NT50 in serum measured by FRNT against fully infectious SARS-CoV-2

strains from humans 5 months (individuals with CID) or 6 months (immunocompetent volunteers)

after the second vaccination with the BNT162b2 mRNA vaccine; different time points were used

based on variability of the separate study designs and availability of samples. Individuals were

grouped as (A) immunocompetent volunteers (n = 24) or (B) individuals with CID (n = 43) or

subdivided by immunosuppressive drug class: (C) antimetabolites (n = 5), (D) TNFi (n = 7), (E)

antimalarials (n = 7), (F) anti-integrin inhibitors (n = 3), (G) NSAIDs (n = 5), (H) anti-IL-23 inhibitors

(n = 3), or (I) B cell depletion therapy (BCDT) (n = 3). GMT values are shown on the graph. The dotted

line represents the limit of detection of the assay. One-way ANOVA with Dunn’s post-test; *p <

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

(J) Heatmap of GMT values relative to healthy volunteer GMT values for each SARS-CoV-2 spike

protein. Blue, reduction; red, increase.
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anti-IL-23 inhibitors (33%) had higher percentages of individuals than healthy volun-

teers below the 1/50 cutoff against B.1.617.2 (Table 2).

Recently, manufacturers of mRNA and adenovirus-vectored vaccines against SARS-

CoV-2 were granted an expansion of the EUA for providing an additional booster

dose for at-risk and general adult populations because of waning immunity and

breakthrough infections.35,36 We examined the effect of a third BNT162b2 mRNA

vaccine dose in individuals with CID treated with TNFi. In preliminary studies, the
1334 Med 2, 1327–1341, December 10, 2021



Figure 5. Serum NT50 of individuals with CID receiving TNFi 1 month after receiving a third dose

of the BNT162b2 mRNA vaccine

(A–C) Paired analyses of NT50 in serum measured by FRNT against fully infectious SARS-CoV-2

strains (A) WA1/2020, (B) Wash-B.1.351, and (C) B.1.617.2 from humans 5 months after the second

dose or 1 month after the third dose of the BNT162b2 mRNA vaccine. None of the individuals held

TNFi medication at the time of third dose administration. GMT values are shown on the graph. The

dotted line represents the limit of detection of the assay. Paired t test; *p < 0.05, **p < 0.01.
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four individuals who received a booster dose showed 16- to 25-fold increases (p <

0.05) in mean neutralizing titers within 1 month against the WA1/2020, Wash-

B.1.351, and B.1.617.2 strains compared with their pre-boost titers (Figure 5).

Notably, none of the four held their TNFi medication at the time of third dose admin-

istration. Thus, despite their limited serum neutralizing activity 5 months after

completion of the primary mRNA vaccine series, individuals on TNFi show evidence

of a robust anamnestic B cell response.
DISCUSSION

In this study, we evaluated the functional antibody responses after immunizationwith the

Pfizer BNT162b2mRNAvaccine against historical and emerging SARS-CoV-2 strains in a

cohort of adult individuals with CID with a range of diagnoses and treatment interven-

tions. These results were compared with a separate cohort of similarly vaccinated immu-

nocompetent adults24 and showed consistently lower serum antibody neutralizing titers

in most individuals with CID after two doses, with a substantial fraction falling below an

estimated 1/50 cutoff against B.1.617.2 (delta) that has been proposed as a correlate of

protection.26 Subgroup analysis suggested that individuals on TNFi had lower inhibitory

titers than other therapeutic groups. Thus, these individuals might be at greatest risk for

breakthrough infections, especially with VOC. Similarly, in studies that evaluated Fc

effector function of serum antibodies, those receiving TNFi showed a greater decrease

in antibody effector functions, providing a secondpossiblemechanism for risk of vaccine

failure in these populations.

Our results contrast with a recent report of 84 individuals with psoriasis and 17

healthy controls immunized with the Pfizer BNT162b2 mRNA vaccine.37 In that

study, neutralizing activity against SARS-CoV-2 Wuhan-1 was lower in individuals

receiving methotrexate than TNFi. The variation in results could be explained by

the following differences in study design and analysis: (1) we had only one individual

with psoriatic arthritis in our CID cohort; (2) we grouped methotrexate with other
Med 2, 1327–1341, December 10, 2021 1335
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antimetabolites because of small numbers; (3) differences in the specific TNFi used;

and (4) the neutralization assays used were not the same. In comparison, our data

suggesting that TNFi blunts the humoral response to vaccines is consistent with a

meta-analysis of 25 observational studies with 5,360 individuals who received Pfizer

BNT162b2, Moderna mRNA-1273, or other platforms.38

Our findings corroborate studies that report an association between individuals with

CID, including those on TNFi, and reduced antibody responses after vaccina-

tion.18,39–41 Poor seroconversion in these individuals has been described after vaccina-

tion against the hepatitis A,42 hepatitis B,43,44 and influenza45–47 viruses, which may be

potentiated by TNFi and other immunosuppressants.48 Furthermore, a specific effect of

TNFi on dampening antibody responses in individuals with inflammatory bowel disease

has been observed in those who recovered from SARS-CoV-2 infection41,49 or after

vaccination.50 Because TNF-a contributes to secondary lymphoid organ (B cell follicles

or lymph nodes) development and signaling,51–53 TNFimay interfere with germinal cen-

ter reactions and induction of optimal humoral immune responses.

The importance of Fc effector functions for antibody efficacy in vivo against SARS-

CoV-2 has been illustrated with several NTD and RBD mAbs in animal models of

infection.27,28,32,54,55 Consistent with these results, differences in antibody effector

functions in serum also are associated with distinct levels of protection in the upper

and lower respiratory tract of non-human primates immunized with a recombinant

SARS-CoV-2 spike glycoprotein (NVX-CoV2373).56 Moreover, the BNT162b2 and

mRNA1273 mRNA vaccines appear to induce different functional profiles in humans

with higher RBD- and NTD-specific IgA as well as functional antibodies (ADNP and

antibody-dependent natural killer cell activity [ADNK]) seen in mRNA-1273 vaccine

recipients.57 Thus, and independent of the lower neutralizing antibody levels

observed in the sera of individuals with CID treated with TNFi, diminished Fc effector

function profiles could also contribute to a higher frequency of breakthrough infec-

tions in this and other immunosuppressed vaccinated populations.58–60

The lower serological responses to the BNT162b2 vaccine seen in many of the individ-

uals with CID in our cohort appears the be worse against the two viruses with spike

genes of B.1.351 and B.1.617.2. This was not unexpected, given that the evolution of

more transmissible SARS-CoV-2 VOC with substitutions in the spike protein affects

antibody binding. Indeed, neutralization by vaccine-induced sera is diminished against

variants expressing mutations in the spike gene at positions L452 and E484 and else-

where.8,12,19,61–63 Moreover, several vaccines have shown a reduced ability to prevent

symptomatic infection caused by the B.1.351 and B.1.617.2 variants in humans.64–67

The lower functional (neutralizing and Fc effector functions) antibody responses seen

in immunized immunosuppressed individuals with CID combined with inherently less

inhibitory activity against emerging variants is consistent with the recent recommenda-

tion to administer an additional dose of vaccine to these at-risk populations. In prelim-

inary studies of a small number of TNFi-treated individuals, a third dose of mRNA vac-

cine resulted in markedly increased serum neutralizing titers against historical and

variant SARS-CoV-2 strains, likely suggesting a relatively intact memory B cell response.

Longitudinal analysis of these and other boosted individuals receiving TNFi is needed to

determine the durability of this augmented serum antibody response.

Limitations of study

We note several limitations of our study. (1) Because of the diversity of immunosuppres-

sants used, the number in each treatment subgroup is relatively small, limiting the power

of the statistical analysis. (2) The cohortweusedwas a subsetof a largerCID cohort18 that
1336 Med 2, 1327–1341, December 10, 2021
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includedvaccinated individuals receivingmultiple immunosuppressive treatmentmodal-

ities.Only those onmonotherapy regimenswere evaluated in our study toeliminate con-

founding byuse of concomitant immunosuppressive agents. (3)Wegrouped subjects by

treatment interventionbut, becauseof the small numbers, did not account for underlying

disease severity or diagnosis, which independently could affect immune responses. (4)

Our study focused on subjects immunized with the Pfizer BNT162b2 mRNA vaccine.

Separate studies are needed with other vaccine platforms. (5) Our study focused on

the effect of immunosuppression on serum antibody responses after vaccination and

did not account for T cell and anamnestic responses, which also may confer protection.

(6) The small sample size precluded assessment of comorbidities, age, sex, and race as

independent variables on humoral responses. There was some sex-skewing between

the immunocompetent (64% male) and CID (68% female) cohorts.

From a cohort of 77 individuals with CID on different immunosuppressive therapies,

we observed a clear trend toward lower antibody neutralizing and Fc effector func-

tion responses after two doses of Pfizer BNT162b2 mRNA vaccination in those

receiving TNFi. Although numbers of individuals with CID in the subgroup analysis

were small, those few receiving prolonged systemic steroids or BCDT also had

reduced serum binding and neutralizing titers. Similar blunted humoral responses

after mRNA vaccination were seen in cohorts of individuals treated with systemic glu-

cocorticoids or BCDT.18,68–70 Because the responses we observed are even lower

against emerging VOC, boosting and functional monitoring of immunity will be

important in these individuals. Future studies are warranted to understand and

improve SARS-CoV-2 immunity in immunologically vulnerable populations.
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Richardson, S.I., Schäfer, A., Wall, S., Wang, N.,
Janowska, K., Pilewski, K.A., Venkat, R., et al.
(2021). Cross-reactive coronavirus antibodies
with diverse epitope specificities and Fc
effector functions. Cell Rep Med 2, 100313.

31. Chan, C.E.Z., Seah, S.G.K., Chye, H., Massey,
S., Torres, M., Lim, A.P.C., Wong, S.K.K., Neo,
J.J.Y., Wong, P.S., Lim, J.H., et al. (2021). The
Fc-mediated effector functions of a potent
SARS-CoV-2 neutralizing antibody, SC31,
isolated from an early convalescent COVID-19
patient, are essential for the optimal
therapeutic efficacy of the antibody. PLoSONE
16, e0253487.

32. Yamin, R., Jones, A.T., Hoffmann, H.H., Schäfer,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

SARS2-2, SARS2-11, SARS2-16, SARS2-31,
SARS2-38, SARS2-57, and SARS2-71

VanBlargan et al.71; Liu et al.72 N/A

HRP conjugated anti-mouse
IgG (whole molecule)

Millipore; Southern Biotech; Sigma 12-349 and #A0293; Southern
Biotech Cat #4700-04’ RRID:AB_390192

Anti-human CD66-Pac Blue Biolegend Cat# 305112; RRID:AB_2563294

Bacterial and virus strains

SARS-CoV-2 WA1/2020 D614G Plante et al.73 N/A

SARS-CoV-2 WA1/2020 B.1.351 spike Chen et al.12 N/A

SARS-CoV-2 B.1.617.2 Gift from R. Webby (Memphis, TN) N/A

Biological samples

COVaRiPAD patient serum Deepak et al.18 N/A

Immunocompetent serum Turner et al.24 N/A

Chemicals, peptides, and recombinant proteins

SARS-CoV-2 Spike proteins (for ELISA) Amanat et al.74; Stadlbauer et al.75 N/A

SARS-CoV-2 antigens (for Luminex) Gift from EO Saphire (La Jolla
Institute for Immunology)

N/A

o-phenylenediamine
dihydrochloride substrate

Sigma-Aldrich P9187

TrueBlue peroxidase substrate VWR KPLI50-78-02

EDC Thermo Fisher Scientific A35391

EZ-link Sulfo-NHS-LC-LC-Biotin Thermo Fisher Scientific A35358

NeutrAvidin conjugated beads Thermo Fisher Scientific F8777

Lyophilized guinea pig complement Cederlane CL4051

Gelatin Veronal Buffer with
calcium and magnesium

Boston BioProducts IBB-300

Fluorescein-conjugated IgG fraction
to guinea pig complement C3

MP Bio Cat# 0855385; RRID:AB_2334913

Sulfo-NHS Thermo Fisher Scientific A39269

Experimental models: Cell lines

Vero-TMPRSS2 Zang et al.76 N/A

THP-1 ATCC Cat# TIB-202; RRID:CVCL_0006

Software and algorithms

BioSpot Cellular Technology Limited N/A

IntelliCyt ForeCyt Intellicyt V8.1

Python Sievert, 2020 V.3.8.5

FlowJo FlowJo V10.7.1

GraphPad Prism GraphPad V.8.4.3
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to

the Lead Contact, Michael S. Diamond (diamond@wusm.wustl.edu).
Materials vailability

All requests for resources and reagents should be directed to the Lead Contact

author. This includes mice and viruses. All reagents will be made available on

request after completion of a Materials Transfer Agreement.
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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 DETAILS

Patient samples

CID patient samples were obtained from the COVaRiPAD longitudinal observational

study as previously described.18 Immunocompetent volunteer samples were ob-

tained as previously described.24 All individuals were enrolled at Washington Uni-

versity School of Medicine in studies that had received Institutional Review Board

approval [202012081 (WU368) and 202012084 (COVaRiPAD)].

Cells

Vero-TMPRSS2 cells76 were cultured at 37�C in Dulbecco’s Modified Eagle medium

(DMEM) supplemented with 10% fetal bovine serum (FBS), 10 mM HEPES pH 7.3,

1 mM sodium pyruvate, 1 3 non-essential amino acids, and 100 U/ml of

penicillin–streptomycin, and 5 mg/mL of blasticidin.

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.73 The

beta (B.1.351) variant spike gene was introduced into the WA1/2020 backbone as

described previously.12 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 sub-

jected to next-generation sequencing after RNA extraction to confirm the introduc-

tion and stability of substitutions (Table S1). All virus experiments were performed in

an approved Biosafety level 3 (BSL-3) facility.

METHOD DETAILS

Enzyme-linked immunosorbent assay (ELISA)

Serum antibodies against SARS-CoV-2 spike (S) were measured as previously

described.74,75 Briefly, polystyrene 96-well plates (Immulon 4HBX; Thermo Fisher

Scientific) were coated with 50 mL/well of PBS (pH 7.4) (GIBCO) containing recombi-

nant spike proteins (2 mg/mL) and incubated at 4�C overnight. On the next day,

plates were washed with PBS-0.1% Tween 20 (PBS-T) using an automated plate

washer (AquaMax 2000; Molecular Devices). Plates were blocked with 220 mL/well

of PBS-T, 3% nonfat dry milk (AmericanBio) for 1 h. For serum and secondary anti-

body dilutions, a solution of PBS-T, 1% nonfat dry milk (AmericanBio) was used.

Sera were serially diluted (3-fold) starting at a 1:100 dilution. Dilutions were added

to the plates (100 mL/well) for 2 h at room temperature (RT). Plates were washed,

and the secondary antibody IgG (whole molecule)-peroxidase antibody was added

for 1 h at room temperature. Plates were washed, and the substrate o-phenylenedi-

amine dihydrochloride (SigmaFast OPD; Sigma-Aldrich) was added (100 mL/well)

and incubated for 10 min. The reaction was stopped by addition of 50 mL/well of a

3 M HCl solution (Thermo Fisher Scientific). Optical density (OD) was measured

(490 nm) using amicroplate reader (Synergy H1; BioTek). Analysis was performed us-

ing Prism 7 software (GraphPad), and values were reported as area under the curve

(AUC).
Med 2, 1327–1341.e1–e4, December 10, 2021 e2
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Focus reduction neutralization test

Serial dilutions of mAbs or sera were incubated with 102 focus-forming units (FFU) of

different strains or variants 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 harvested 24 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 SARS2-7172,71 anti-

spike antibodies and HRP-conjugated goat anti-mouse IgG (Sigma, 12-349) in PBS

supplemented with 0.1% saponin and 0.1% bovine serum albumin. SARS-CoV-2-in-

fected cell foci were visualized using TrueBlue peroxidase substrate (KPL) and quan-

titated on an ImmunoSpot microanalyzer (Cellular Technologies).

Effector function antigens

Antigens used for Luminex based assays: SARS-CoV-2 D614G, beta B.1.351, and

delta B.1.617.2 spike antigens all were kindly provided by Erica Ollmann Saphire

(La Jolla Institute for Immunology).

Luminex profiling

Serum samples were analyzed by customized Luminex assay to quantify the relative

concentration of antigen-specific antibody isotypes, subclasses, and Fcg-receptor

(FcgR) binding profiles, as previously described.77,78 Briefly, SARS-CoV-2 antigens

were used to profile specific humoral immune responses. Antigens were coupled

to magnetic Luminex beads (Luminex Corp) by carbodiimide-NHS ester-coupling

(Thermo Fisher). Antigen-coupled microspheres were washed and incubated with

plasma or serum samples at an appropriate sample dilution (1:5000 for IgG1 and

all low affinity FcgR, and 1:200 for all other readouts) for 2 h at 37�C in 384-well plates

(Greiner Bio-One). Unbound antibodies were washed away, and antigen-bound an-

tibodies were detected by using a PE-coupled detection antibody for each subclass

and isotype (IgG1, IgG3, IgA1, and IgM; Southern Biotech), and FcgR were fluores-

cently labeled with PE before addition to immune complexes (FcgR2a, FcgR3a; Duke

Protein Production facility). After one hour of incubation, plates were washed, and

flow cytometry was performed with an iQue (Intellicyt) and analyzed using IntelliCyt

ForeCyt (v8.1). PE median fluorescent intensity (MFI) is reported as a readout for an-

tigen-specific antibody titers.

Antibody-dependent complement deposition (ADCD)

Antibody-dependent complement deposition (ADCD) was conducted as previously

described.79 Briefly, SARS-CoV-2 antigens were coupled to magnetic Luminex beads

(Luminex Corp) by carbodiimide-NHS ester-coupling (Thermo Fisher). Coupled beads

were incubated for 2 h at 37�Cwith serum samples (1:10 dilution) to form immune com-

plexes and then washed to remove unbound immunoglobulins. To measure antibody-

dependent deposition of C3, lyophilized guinea pig complement (Cedarlane) was

diluted in gelatin veronal buffer with calcium and magnesium (GBV++) (Boston Bio-

Products) and added to immune complexes. Subsequently, C3 was detected with an

anti-C3 fluorescein-conjugated goat IgG fraction detection antibody (Mpbio). Flow cy-

tometry was performed 5 Laser LSR Fortessa Flow Cytometer and analyzed using

FlowJo V10.7.1. ADCD was reported as the median of C3 deposition.

Antibody-dependent cellular (ADCP) and neutrophil (ADNP) phagocytosis

Antibody-dependent cellular phagocytosis (ADCP) and antibody-dependent

neutrophil phagocytosis (ADNP) were conducted according to the previously
e3 Med 2, 1327–1341.e1–e4, December 10, 2021
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described protocols.80,81 SARS-CoV-2 antigens were biotinylated using EDC

(Thermo Fisher) and Sulfo-NHS-LCLC biotin (Thermo Fisher) and coupled to yel-

low-green (505/515) fluorescent Neutravidinconjugated beads (Thermo Fisher),

respectively. To form immune complexes, antigen-coupled beads were incubated

for 2 h at 37�C with 1:100 diluted serum samples and then washed to remove un-

bound immunoglobulins. For ADCP, the immune complexes were incubated for

16–18 h with THP-1 cells (1.25 3 105 THP-1 cells/mL) and for ADNP for 1 h with

RBC-lyzed whole blood. Following the incubation, cells were fixed with 4% PFA.

For ADNP, RBC-lyzed whole blood was washed, stained for CD66b+ (Biolegend)

to identify neutrophils, and then fixed in 4% PFA. Flow cytometry was performed

to identify the percentage of cells that had phagocytosed beads as well as the num-

ber of beads that had been phagocytosis (phagocytosis score = % positive cells 3

Median Fluorescent Intensity of positive cells/10000). Flow cytometry was per-

formed with 5 Laser LSR Fortessa Flow Cytometer and analyzed using FlowJo

V10.7.1.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was assigned when P values were < 0.05 using Prism Version 8

(GraphPad). Specific tests (one-way ANOVA with Dunn’s or Dunnett’s post-test for

multiple comparisons), number of subjects (n), geometric mean values, and compar-

ison groups are indicated in the Figure legends. All data were graphed and analyzed

in GraphPad Prism v8.4.3. The data used to generate Figure 3E was graphed and

analyzed using Python version 3.8.5 and the ‘plotly’ package.82 For each feature,

data was first standardized by computing the Z-score, scaling values to zero mean

and unit variance. The median resulting values are represented on each polar

plot. All other data were graphed and analyzed in GraphPad Prism v8.4.3. Tobit

linear regression was performed using Stata/MP 13.1, and the effects were refined

to account for left-censoring of data below the limit of detection (LoD).
Med 2, 1327–1341.e1–e4, December 10, 2021 e4
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Figure S1. Serum IgG titers against SARS-CoV-2 variant spike proteins at three months 
after second vaccination, small n, Related to Figure 1. Paired analyses of spike-specific 
endpoint IgG serum titers measured by ELISA from humans at three months after second 
vaccination with BNT162b2 mRNA vaccine. Individuals were grouped by immunosuppressive 
drug class: anti-IL-23 inhibitors, B cell depletion therapy (BCDT), Bruton’s tyrosine kinase 
inhibitor (BTKi), nuclear factor erythroid-2-related factor 2 (Nrf2) activator, sulfasalazine (SSZ), 
systemic steroid, anti-B lymphocyte stimulator (anti-BLyS), and sphingosine 1-phosphate receptor 
modulator (S1PR mod). GMT values are shown on graph. Dotted line represents limit of detection 
of the assay. 
 
  



 

 
 
Figure S2. Serum neutralization titers against SARS-CoV-2 variant viruses at three and five 
months after second vaccination of immunocompetent volunteers, CID patients, and TNFi 
recipients, Related to Figures 2 and 4. Neutralization (NT50) titers in serum measured by FRNT 
from humans at (A) three months or (B) five months after second vaccination with BNT162b2 
mRNA vaccine. Individuals were grouped as immunocompetent (IC) volunteers, CID patients, or 
TNFi recipients for neutralization against indicated SARS-CoV-2 viruses (one way ANOVA with 
Dunn’s post-test; * p < 0.05; ** p < 0.01; *** p < 0.001). Beneath each graph is the percentage of 
data points in a group that were at the limit of detection (dotted line, 1/20 dilution). 
 
  



 
 

 
 
 
Figure S3. Serum neutralization titers against SARS-CoV-2 variant viruses at three months 
after second vaccination, small n, Related to Figure 2. Paired analyses of neutralization (NT50) 
titers in serum measured by FRNT from humans at three months after second vaccination with 
BNT162b2 mRNA vaccine. Individuals were grouped by immunosuppressive drug class: B cell 
depletion therapy (BCDT), Bruton’s tyrosine kinase inhibitor (BTKi), nuclear factor erythroid-2-
related factor 2 (Nrf2) activator, sulfasalazine (SSZ), systemic steroid, anti-B lymphocyte 
stimulator (anti-BLyS), and sphingosine 1-phosphate receptor modulator (S1PR mod). GMT 
values are shown on graph. Dotted line represents limit of detection of the assay.  
 
  



 

 
 
Figure S4. Serum neutralization titers against SARS-CoV-2 variant viruses at three months 
after second vaccination by CID classification, Related to Figure 2. (Left) Paired analyses of 
neutralization (NT50) titers in serum measured by FRNT from humans at three months after second 
vaccination with BNT162b2 mRNA vaccine. Individuals were grouped by CID diagnosis: Crohn’s 
disease, ulcerative colitis, systemic lupus erythematosus, Sjogren’s syndrome, rheumatoid 
arthritis, asthma, and multiple sclerosis. Crohn’s disease patients were further divided by treatment 
with or without anti-TNF-a inhibitors. GMT values are shown on graph. Dotted line represents 
limit of detection of the assay. One way ANOVA with Dunn’s post-test; * p < 0.05; ** p < 0.01; 
*** p < 0.001; **** p < 0.0001. (Right) Table with number (or percentage) of patients with NT50 
values below 1/50 for each group against WA1/2020 D614G, Wash-B.1.351, and B.1.617.2. 
 
  



 

 
 
 
Figure S5. Effector functions against SARS-CoV-2 variant viruses at three months after 
second vaccination against B.1.351, Related to Figure 3. Serum from humans at three months 
after second vaccination with BNT162b2 mRNA vaccine were assayed for Total IgG, IgG 
subclasses (IgG1, IgG2, IgG3, IgG4, IgM), C1q binding, antibody-dependent cellular 
phagocytosis (ADCP), antibody-dependent neutrophil phagocytosis (ADNP), antibody-dependent 
complement deposition (ADCD), or FcgR (FcgR2A, FcgR2B, or FcgR3A) binding as measured by 
Luminex. Reponses were measured against B.1.351. Individuals were grouped as 
immunocompetent volunteers (n = 25) or subdivided by immunosuppressive drug class: TNFi (n 
= 8), antimetabolites (n = 7), antimalarials (n = 6), or anti-integrin inhibitors (n = 5). One-way 
ANOVA with Dunnett’s post- test; * p < 0.05; ** p < 0.01.  
 
  



 

 
 
 
Figure S6. Serum neutralization titers of CID patients against SARS-CoV-2 variant viruses 
at five months after second vaccination, small n, Related to Figure 4. Paired analyses of 
neutralization (NT50) titers in serum measured by FRNT from humans at five months after second 
vaccination with BNT162b2 mRNA vaccine. Individuals were grouped by immunosuppressive 
drug class: nuclear factor erythroid-2-related factor 2 (Nrf2) activator, sulfasalazine (SSZ), anti-B 
lymphocyte stimulator (anti-BLyS), Bruton’s tyrosine kinase inhibitor (BTKi), systemic steroid, 
and sphingosine 1-phosphate receptor modulator (S1PR mod). GMT values are shown on graph. 
Dotted line represents limit of detection of the assay. 
 
  



 
Table S2. Immunocompetent (IC) volunteers and chronic inflammatory disease (CID) 
patient demographic characteristics, Related to Figures 1-5. 
 
 

 
 
  

    
IC 

volunteers 
CID 

patients 
Crohn's 
patients 

TNFi 
recipients 

Variable   Total N=25 Total N=77 Total N=31 Total N=14 
Age (median [range]) 37 (27-55) 49 (22-82) 41 (24-64) 49 (25-68) 
Sex N (%)      

Female  9 (36) 52 (68) 20 (65) 6 (43) 
Male  16 (64) 24 (31) 11 (35) 8 (57) 
N/A  0 (0) 1 (1) 0 (0) 0 (0) 

Race N (%)      
White  18 (72) 69 (90) 29 (94) 13 (93) 
Black  0 (0 5 (6) 0 (0) 0 (0) 

Multiple 
Race  0 (0) 2 (3) 1 (3) 1 (7) 

Asian  5 (20) 1 (1) 1 (3) 0 (0) 
other  2 (8) 0 (0) 0 (0) 0 (0) 



 
 
 
 
Table S3. Regression analysis of effects on serum neutralization titers against B.1.617.2 
infection, Related to Fig 4 and S4. 
 
 Log10 

titer 
95% CI p-value 

TNFi -0.3318 -0.6231 to -0.0406 0.026 
Crohn’s disease -0.0592 -0.3229 to 0.2046 0.657 

 
Multivariate tobit linear regression modeling was performed to examine the strength and 
independence of the association of TNFi and Crohn’s disease with neutralization titers to 
B.1.617.2. 
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