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Previous studies have reported impaired humoral responses after SARS-CoV-2 mRNA vaccination in patients with immune-mediated
inflammatory diseases (IMIDs), particularly those treated with anti-TNF biologics. We previously reported that IMID patients diagnosed
with inflammatory bowel disease, psoriasis, psoriatic arthritis, ankylosing spondylitis, or rheumatoid arthritis exhibited greater waning of
Ab and T cell responses than healthy control subjects after SARS-CoV-2 vaccine dose 2. Fewer data are available on the effects of third
and fourth doses. This observational cohort study collected plasma and PBMCs from healthy control subjects and untreated or treated
patients with IMIDs prevaccination and after one to four doses of SARS-CoV-2 mRNA vaccine (BNT162b2 or mRNA-1273). SARS-CoV-2�
specific Ab levels, neutralization, and T cell cytokine release were measured against wild-type and Omicron BA.1 and BA.5 variants of
concern. Third vaccine doses substantially restored and prolonged Ab and T cell responses in patients with IMIDs and broadened
responses against variants of concern. Fourth-dose effects were subtle but also prolonged Ab responses. However, patients with IMIDs
treated with anti-TNF, especially patients with inflammatory bowel disease, exhibited lower Ab responses even after the fourth dose.
Although T cell IFN-g responses were maximal after one dose, IL-2 and IL-4 production increased with successive doses, and early
production of these cytokines was predictive of neutralization responses at 3�4 mo postvaccination. Our study demonstrates that third and
fourth doses of the SARS-CoV-2 mRNA vaccines sustain and broaden immune responses to SARS-CoV-2, supporting the
recommendation for three- and four-dose vaccination regimens in patients with IMIDs. The Journal of Immunology, 2023, 211: 351�364.

With the frequent emergence of new SARS-CoV-2 variants,
the COVID-19 pandemic remains a pressing global
health concern (1). Patients with immune-mediated

inflammatory diseases (IMIDs) have dysregulated immune systems,
are often treated with immune-modifying medications, and are pre-
disposed to higher risks of SARS-CoV-2 infection and severe
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outcomes following infection, including critical care admission and
death (2, 3).
The initial clinical trials of the SARS-CoV-2 mRNA vaccines

(BNT162b2 [Pfizer/BioNTech] and mRNA-1273 [Moderna])
excluded patients with IMIDs (4, 5), raising concerns about how to
optimally protect these vulnerable patients. There is now substantial
evidence to suggest that certain immunomodulatory therapies, such
as B-cell�depleting therapies, glucocorticoids, TNF inhibitors,
mycophenolate mofetil, JAK inhibitors, and methotrexate (MTX),
can attenuate humoral and cellular responses to the primary series
(two doses) of SARS-CoV-2 mRNA vaccination (6�15). Data are
lacking regarding the immunogenicity of the SARS-CoV-2 mRNA
vaccines in patients with IMIDs after repeated vaccine doses.
Moreover, many studies primarily focused on humoral responses
after vaccination. However, adaptive immunity to SARS-CoV-2
depends not only on Ab and neutralization responses but also on
concomitant T-cell�mediated responses (16�21). To our knowl-
edge, there is a paucity of studies that longitudinally examine both
humoral and cellular immunogenicity of SARS-CoV-2 mRNA
vaccines in patients with IMIDs throughout a primary series of
vaccination and booster (third and fourth) doses. These data are
necessary to inform the optimal vaccination strategy for this vulnera-
ble population.
To further the knowledge of the impact of immunomodulatory

drugs on the quality and magnitude of SARS-CoV-2 vaccine�
induced immunity, we recently investigated the immune response
after COVID-19 vaccination during maintenance therapy in IMIDs
in the IMPACT study by prospectively following a cohort of vacci-
nated patients with IMIDs with inflammatory bowel disease (IBD)
or rheumatic or skin disease who were receiving immunosuppres-
sive therapies compared with healthy control subjects (22, 23). We
demonstrated that patients with IMIDs exhibit greater waning of Ab
and T cell responses to SARS-CoV-2 by 3�4 mo after dose 2 com-
pared with healthy control subjects (22). Notably, anti-TNF�treated
patients showed the greatest reductions in Ab responses in our
cohort, had reduced efficacy of neutralization of variants of concern
(VOCs), and could not neutralize Omicron BA.1 (22). TNF is criti-
cal for proper lymphoid organ architecture and organization of
germinal centers (GCs) (24, 25). The GCs, in turn, are needed
to generate high-affinity Abs, long-lived plasma cells, and memory
B cells. In the context of SARS-CoV-2, we and others have reported
impaired Ab and neutralization responses to a primary series of vac-
cination in anti-TNF�treated patients with IMIDs (8, 9, 12, 22, 26).
This indicated that patients with IMIDs treated with TNF inhibitors
should be closely monitored over time for loss of humoral immunity
to SARS-CoV-2.
There are limited data on whether third and fourth doses of SARS-

CoV-2 vaccines can correct the deficits in immune responses of anti-
TNF�treated patients after two doses of vaccine and on whether
successive boosters will augment themagnitude and durability of immu-
nity to SARS-CoV-2 in healthy and IMID populations. To this end,
here we report an extension of the IMPACT study to investigate the
immunogenicity of third and fourth vaccine doses. We measured
spike (S)- and receptor binding domain (RBD)-specific Ab levels,
neutralization, and T cell cytokine responses at 2�4 wk and 3�4 mo
after each booster dose of vaccine. The primary aim was to evaluate
the effect of booster doses on the magnitude and durability of
immune responses to wild-type (WT) SARS-CoV-2 and Omicron
VOCs as compared with the initial two-dose strategy. As we pre-
viously reported, relative to healthy control subjects, patients with
IMIDs exhibit accelerated waning of SARS-CoV-2�specific Ab,
neutralization, and T cell responses after the second dose. The
third dose restored and maximized responses to WT SARS-CoV-2
and broadened Ab responses against VOCs. Furthermore, the third

and fourth doses enhanced the durability of immune responses after
vaccination compared with the second dose. We additionally demon-
strate that SARS-CoV-2�specific T cell cytokine release increases
with each successive booster vaccine. Finally, we show that anti-
TNF treatment results in greater deficits in Ab responses in patients
with IBD compared with other anti-TNF�treated patients with IMIDs.
These results highlight the importance of third and fourth doses of
mRNA vaccines in patients with IMIDs to prolong and broaden
responses to SARS-CoV-2 vaccination.

Materials and Methods
Study design and participants

In the prospective observational cohort IMPACT study, we investigated
the immune response after COVID-19 vaccination during maintenance therapy
in IMIDs. The methods of the IMPACT study were previously reported (22,
23). In brief, we recruited adult participants, including healthy control subjects
and patients diagnosed with one or more of the following IMIDs: IBD, psoria-
sis, psoriatic arthritis, ankylosing spondylitis, rheumatoid arthritis, or hidradeni-
tis suppurativa. Patients with IMIDs were untreated or treated with anti�IL-
12/IL-23 therapy, anti�IL-17 therapy, anti�IL-23 therapy, anti-TNF ther-
apy, MTX or azathioprine (MTX/AZA) monotherapy, or anti-TNF plus
MTX/AZA combination therapy. Participants received one to four homolo-
gous or heterologous doses of BNT162b2 (Pfizer/BioNTech) or mRNA-
1273 (Moderna) SARS-CoV-2 mRNA vaccines. Participants less than 18 y
of age, those with prior SARS-CoV-2 infection, patients receiving oral ste-
roids or B cell depletion agents, and those receiving non-mRNA SARS-
CoV-2 vaccines were excluded.

Sample collection

Blood samples were collected from each participant at up to eight time
points spanning before and after one to four doses of vaccine, as defined in
Table I: T1, prevaccination; T2, 2�4 wk after dose 2; T3, 2�3 wk after dose
2; T4, 3�4 mo after dose 2; T5, 2�4 wk after dose 3; T6, 3�4 mo after dose
3; T7, 2�4 wk after dose 4; T8, 3�4 mo after dose 4. Plasma and PBMCs
were isolated from blood (via centrifugation and using SepMate PBMC iso-
lation tubes) for immunogenicity assessment.

Immunogenicity assessment

Ab (IgG) responses against coronavirus S protein, RBD, and nucleocap-
sid (NP) were measured by automated ELISA (22). Data were compared
with median convalescent values (anti-S and anti-RBD IgG) for serum
samples from 340 PCR-confirmed COVID-19 cases 21�115 d after symptom
onset (22). S-pseudotyped lentivirus neutralization assays were performed to
assess neutralization capacity against WT SARS-CoV-2 and VOCs, includ-
ing Omicron BA.1 and BA.5 (22). To assess SARS-CoV-2�specific T cell
responses, PBMCs were stimulated for 48 h with WT or Omicron BA.1 or
BA.4/5 S peptide pools (PepMix, JPT Peptide Technologies). The release of
nine cytokines and cytotoxic molecules (IL-2, IL-4, IL-17A, IFN-g, granzyme
A, granzyme B, sFasL, perforin, TNF-a) in cell culture supernatants was
measured using the LEGENDplex CD8/NK multiplex cytokine bead-based
immunoassay (BioLegend) according to the manufacturer’s instructions.
Results are reported after subtracting background values from negative
control (DMSO stimulation) wells. More complete details are provided in
Reference 22.

Statistics

Data from time points T1�T5 were previously reported (22, 23) and reana-
lyzed for the present article using additional statistical approaches as indi-
cated in the figure legends. For analyses at individual time points, multiple
linear regression models controlled for age, body mass index (BMI), sex,
and vaccine type. Mixed-effects multivariate linear regression models con-
trolled for age, BMI, sex, and vaccine type, including an interaction term
between time point and study group. For the longitudinal analyses, eight
time points were available for the patients with IMIDs, but only six time
points were available for the healthy control subjects, because healthy control
subjects were not eligible for a fourth dose at the time the patient groups
were. Mixed-effects models were chosen for this analysis because they are
robust in the context of longitudinal studies with missing data on participants
over time (27). Comparisons were made only between groups with existing
data. Differences in the effect of anti-TNF treatment by disease group were
tested using linear regression models as described above, but with an interac-
tion term between treatment with anti-TNF therapy and diagnosis with IBD
and an additional control for days after vaccination. Associations between
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T cell responses (IL-2 and IL-4) in the 2�4 wk following vaccination and
neutralizing responses 3�4 mo later were tested using regression models that
controlled for age, BMI, sex, and vaccine type, and they included an interac-
tion term between the cytokine level and treatment with anti-TNF therapy.
Samples provided by participants who presented evidence of a SARS-CoV-2
infection (seropositive for NP IgG or self-reported a positive PCR or rapid
test result) or who were missing key covariates were excluded from analyses.
A p value less than 0.05 was considered significant. Regression modeling
was conducted in STATA/BE 17.0. Additional software used in creating
graphics and/or statistical analyses includes the LEGENDplex Data Analysis
Software Suite and R (version 4.2.1) with packages haven, ggpubr, and cus-
tom R scripts.

Study approval

This study was approved by the ethics boards of the University of Toronto
(research ethics board [REB] protocol 27673), Mount Sinai Hospital/Sinai
Health System (MSH REB 21-0022-E), University Health Network�Toronto
Western Hospital division (REB 21-5096), and Women’s College Hospital
(REB approval 2021-0023-E). Written informed consent was obtained from
all participants prior to participation.

Results
Participant characteristics

A total of 161 participants contributed 607 samples over eight time
points beginning in January 2021 (Fig. 1, Table I). Inclusion criteria
were adult patients diagnosed with one or more IMIDs (IBD, rheu-
matoid arthritis, psoriatic arthritis, ankylosing spondylitis, psoriasis,
or hidradenitis suppurativa), untreated or treated with maintenance
immunosuppressive therapy (anti�IL-12/IL-23, anti�IL-17, anti�
IL-23, anti-TNF, MTX/AZA, anti-TNF1MTX/AZA), and vaccinated
with a SARS-CoV-2 mRNA vaccine (BNT162b2 [Pfizer/BioNTech]
or mRNA-1273 [Moderna]). Henceforward, in our analyses,
we denote patients treated with anti-TNF monotherapy or anti-
TNF1MTX/AZA combination therapy as “TNF IMID” and

patients with IMIDs not treated with anti-TNF therapy as “non-TNF
IMID.” The most common diagnosis was IBD (n 5 71 [63.4%] at
T2), and the most common treatments were anti-TNF (n 5 37
[33%] at T2), anti-TNF1MTX/AZA (n 5 16 [14.3%] at T2), and
anti�IL-12/IL-23 therapy (n 5 27 [24.1%] at T2). Healthy control
subjects (n 5 17 at T2) were included only up to 3�4 mo after dose 3.
Most study subjects received the Pfizer vaccine. Age did not have
significant effects on responses to vaccination among patients with
IMIDs (data not shown). There were no significant differences
between vaccine intervals for doses 1 and 2 or doses 2 and 3 among
treatment groups, with anti-TNF�treated patients having slightly
shorter intervals between third and fourth doses than anti�IL-12/
IL-23� and anti�IL-23�treated patients (data not shown). Sample
sizes used at each time point for the analyses of IgG, neutralization,
and T cell cytokine and cytotoxic molecule data are shown in
Supplemental Table I.

Reduced humoral and cellular responses in patients with IMIDs

To compare humoral and cellular responses after vaccination in
untreated and treated patients with IMIDs with those of healthy
control subjects, multiple linear regression models (controlling
for age, BMI, sex, and vaccine type) were generated at each time
point following the first, second, and third vaccine doses (T2�T6, as
defined in Fig. 1 and Table I). The predicted mean difference between
each study group relative to healthy control subjects is plotted in
Fig. 2. Anti-TNF�, anti-TNF1MTX/AZA�, and anti-IL-23�treated
patients displayed reduced S- or RBD-specific Ab levels relative to
healthy control subjects 2�4 wk after the first dose of vaccine (T2);
however, most deficits were corrected by a second dose (T3)
(Fig. 2A). By 3�4 mo after the second dose (T4), anti-TNF�
and anti-TNF1MTX/AZA�treated patients displayed significantly
reduced SARS-CoV-2�specific Ab responses, whereas all other

FIGURE 1. Schematic diagram of the IMPACT study. Blood was sampled from each patient at up to eight time points spanning prevaccination to after
one to four SARS-CoV-2 mRNA vaccine doses for immunogenicity assessment. a-TNF, anti-TNF.
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patients with IMIDs maintained levels comparable to those of
healthy control subjects (Fig. 2A). All patients with IMIDs tended
to have a reduced capacity to neutralize WT SARS-CoV-2 com-
pared with healthy control subjects by 3�4 mo after dose 2 (T4) in
an S-pseudotyped lentiviral assay (Fig. 2A). A third dose of vaccine
(T5) corrected deficits in S- and RBD-specific Ab levels and neu-
tralization responses observed in patients with IMIDs (Fig. 2A). At
3�4 mo after dose 3 (T6), only anti-TNF� and anti-TNF1MTX/
AZA�treated patients displayed reduced Ag-specific Ab and neutral-
ization responses compared with healthy control subjects (Fig. 2A).
With regard to memory T cell responses to SARS-CoV-2, after

one dose of vaccine (T2), IMID untreated, MTX/AZA-, anti-IL-12/
IL-23�, and anti-IL-23�treated patients had reduced IFN-g produc-
tion relative to healthy control subjects, and these deficits were cor-
rected by a second dose (T3) (Fig. 2B). IL-2 and/or IL-4 production
was reduced in several treated IMID groups after dose 2 (T3)
(Fig. 2B). Three to 4 mo later (T4), all patients with IMIDs dis-
played significantly reduced IL-2 and IL-4 production relative to
healthy control subjects (Fig. 2B). Reduced IFN-g production was
also observed in anti-IL-17A� and anti-IL-23�treated patients at T4
(Fig. 2B). No deficits in cytokine responses relative to healthy con-
trol subjects were observed after the third dose (T5, T6) (Fig. 2B).

In sum, patients with IMIDs had significantly reduced SARS-CoV-2�
specific Ab, neutralization, and T cell responses to SARS-CoV-2 at
3�4 mo after dose 2. A third vaccine dose was critical for boosting
these responses close to the levels of healthy control subjects. The
greatest deficits were observed in the SARS-CoV-2�specific Ab
responses of anti-TNF� and anti-TNF1MTX/AZA�treated patients.
Therefore, in subsequent analyses, we included comparisons between
the TNF IMID and non-TNF IMID groups.

Reduced Ab responses in anti-TNF�treated subjects across four
vaccine doses

To parse the effects of the third and fourth vaccine doses on the
magnitude of Ab responses, mixed-effects linear regression models
(controlling for age, BMI, and sex, with an interaction term between
time point and study group) were generated to predict the mean
anti-RBD and anti-S IgG responses at each time point (Fig. 3). First
and second vaccine doses significantly increased anti-RBD and anti-
S IgG levels compared with baseline, with maximal levels achieved
after two vaccine doses in all participants (Fig. 3A�3D). As noted
in the pairwise analysis in Fig. 1, this longitudinal analysis con-
firms that by 3�4 mo after dose 2 (T4), patients with IMIDs exhib-
ited reduced anti-RBD and anti-S levels compared with healthy

Table I. Participant characteristics

T1:PreD1
T2:2�4
WkPD1

T3:2�4
WkPD2

T4:3�4
MoPD2

T5:2�4
WkPD3

T6:3�4
MoPD3

T7:2�4
WkPD4

T8:3�4
MoPD4

Patients with IMIDs
Included in analysis, n 94 112 103 84 53 41 25 20
Recruited 96 119 112 90 57 49 32 25
Excludeda 2 7 9 6 4 8 7 5

Female, n (%) 55 (59) 63 (56) 58 (56) 47 (56) 28 (53) 20 (49) 14 (56) 11 (55)
Age, y, median (IQR) 39 (29�52) 42.5 (30�55) 43 (31�57) 43 (30�56) 44 (35�57) 41 (30�49) 58 (46�64) 56 (36�65)
BMI, kg/m2, median (IQR) 24 (22�27) 24 (22�27) 24 (22�27) 24 (22�27) 26 (23�31) 25 (23�29) 24 (22�29) 24 (21�28)
Diagnosisb, n (%)
Psoriasis 5 (5.3) 16 (14.3) 16 (15.5) 18 (21.4) 10 (18.9) 5 (12.2) 4 (16.0) 4 (20.0)
Rheumatoid arthritis 2 (2.1) 3 (2.7) 4 (3.9) 3 (3.6) 2 (3.8) 1 (2.4) 2 (8.0) 1 (5.0)
Ankylosing spondylitis 11 (11.7) 11 (9.8) 11 (10.7) 3 (3.6) 2 (3.8) 0 (0.0) 0 (0.0) 0 (0.0)
Psoriatic arthritis 15 (16.0) 20 (17.9) 17 (16.5) 13 (15.5) 10 (18.9) 8 (19.5) 8 (32.0) 5 (25.0)
Hidradenitis suppurativa 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (1.9) 1 (2.4) 0 (0.0) 0 (0.0)
IBD 69 (73.4) 71 (63.4) 65 (63.1) 56 (66.7) 35 (66.0) 28 (68.3) 14 (56.0) 12 (60.0)
Other 6 (6.4) 4 (3.6) 2 (1.9) 2 (2.4) 0 (0.0) 0 (0.0) 1 (4.0) 0 (0.0)

Treatment group, n (%)
Untreated 9 (9.6) 9 (8.0) 9 (8.7) 9 (10.7) 5 (9.4) 6 (14.6) 0 (0.0) 0 (0.0)
Anti-TNF 37 (39.4) 37 (33.0) 34 (33.0) 23 (27.4) 16 (30.2) 9 (22.0) 5 (20.0) 4 (20.0)
Anti-IL-17A 3 (3.2) 6 (5.4) 6 (5.8) 6 (7.1) 6 (11.3) 5 (12.2) 4 (16.0) 3 (15.0)
MTX/AZA 3 (3.2) 7 (6.2) 7 (6.8) 4 (4.8) 2 (3.8) 1 (2.4) 1 (4.0) 2 (10.0)
Anti-TNF 1 MTX/AZA 15 (16.0) 16 (14.3) 14 (13.6) 10 (11.9) 8 (15.1) 6 (14.6) 6 (24.0) 5 (25.0)
Anti-IL-12/IL-23 26 (27.7) 27 (24.1) 23 (22.3) 22 (26.2) 11 (20.8) 11 (26.8) 7 (28.0) 5 (25.0)
Anti-IL-23 1 (1.1) 10 (8.9) 10 (9.7) 10 (11.9) 5 (9.4) 3 (7.3) 2 (8.0) 1 (5.0)

Days since vaccination, median
(IQR)

26 (23�31) 16 (14�19) 104 (97 � 116) 24 (18�34) 110 (97 � 124) 23 (19�28) 100 (92 � 130)

Vaccine type, n (%)
Pfizer 97 (86.6) 78 (75.7) 58 (69.0) 32 (60.4) 23 (56.1) 15 (60.0) 15 (75.0)
Moderna 11 (9.8) 7 (6.8) 8 (9.5) 3 (5.7) 3 (7.3) 0 (0.0) 0 (0.0)
Mix of Pfizer and Moderna 4 (3.6) 18 (17.5) 18 (21.4) 18 (34.0) 15 (36.6) 10 (40.0) 5 (25.0)

Healthy control subjects
Included in analysis, n 15 17 21 11 5 6
Recruited 16 18 22 12 6 6
Excludeda 1 1 1 1 1 0

Female, n (%) 7 (47) 7 (41) 8 (38) 4 (36) 3 (60) 3 (50)
Age, y, median (IQR) 33 (25�46) 34 (26�42) 34 (26�46) 27 (25�47) 27 (25�37) 31 (26�37)
BMI, kg/m2, median (IQR) 24 (23�27) 25 (23�27) 25 (22�28) 23 (22�27) 23 (23�28) 24 (22�27)
Days since vaccination, median

(IQR)
23 (21�27) 16 (13�19) 101 (95 � 105) 21 (15�30) 94 (92 � 99)

Vaccine type, n (%)
Pfizer 16 (94.1) 19 (90.5) 9 (81.8) 4 (80.0) 4 (66.7)
Moderna 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Mix of Pfizer and Moderna 1 (5.9) 2 (9.5) 2 (18.2) 1 (20.0) 2 (33.3)

aExcluded from analysis due to evidence of SARS-CoV-2 infection or missing covariates used in analysis (i.e., BMI [n 5 13] or vaccine type [n 5 1]).
bDiagnoses are not mutually exclusive. Participants may have reported multiple diagnoses.
IQR, interquartile range; PD, postdose.
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control subjects (Fig. 3A, 3B). This was largely driven by the TNF
IMID group (Fig. 3C, 3D). The third and fourth vaccine doses
(T5�T8) did not result in significant measurable increases in Ag-
specific Ab levels over the peak dose 2 response, with no overall
differences between healthy control subjects and patients with IMIDs
(Fig. 3A�3D). A limitation to this conclusion is that many healthy
control subjects and patients in the non-TNF IMID group reached
the upper limit of quantification for anti-S IgG levels after the second
dose of vaccine (T3), with the percentage of patients reaching satu-
rating Ab levels increasing with subsequent doses (Supplemental
Table II). This was less of an issue for RBD-specific IgG responses
because levels were generally lower. Although patients with IMIDs

as a whole reached the same peak Ab responses as healthy control
subjects, the TNF IMID group consistently showed reduced RBD-
and S-specific Ab levels compared with healthy control subjects or
the non-TNF IMID group across one to four doses of vaccine
(Fig. 3C, 3D).

Third and fourth doses enhance the durability of IgG responses in
patients with IMIDs

Although the third and fourth vaccine doses had little or no effect on
the overall magnitude of Ab responses, booster doses were critical
for limiting the decay of Ab levels after vaccination. Using mixed-
effects linear regression models, we predicted the mean decrease in

FIGURE 2. Reduced humoral and cellular responses in patients with IMIDs. Patients are stratified by treatment group. The predicted mean difference in
humoral and cellular responses in treated patients with IMIDs relative to healthy control subjects after one to three vaccine doses are shown, with time points
defined above each panel, as described in Table I. (A) Mean difference in neutralization against WT SARS-CoV-2 (triangle) and anti-S and anti-RBD IgG
(diamond and square, respectively). (B) Mean difference in T cell IFN-g (triangle), IL-4 (diamond), and IL-2 (square) responses after vaccination in patients
with IMIDs. (A and B) Multiple linear regression models controlled for age, BMI, sex, and vaccine type. Significant mean differences (p < 0.05) are colored in
pink, and 95% confidence intervals are plotted across each point. (A and B) For neutralization, IgG, and cytokine data, sample sizes are listed in Supplemental
Table I. D, background subtracted; BAU/ml, binding Ab units per milliliter; log10(ID50), serum dilution that inhibits 50% of lentiviral infection; PD, postdose.
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RBD- and S-specific IgG levels between two time points (2�4 wk
and 3�4 mo) after doses 2, 3, and 4 (Fig. 3E, 3F). All groups exhib-
ited significant decreases in anti-RBD and anti-S levels by 3�4 mo
after dose 2, with the greatest decreases observed in the TNF IMID
group (Fig. 3E, 3F). The degree of waning between anti-RBD and
anti-S IgG following the third and fourth vaccine doses showed

distinct kinetics. For anti-RBD IgG, all study groups showed waning
of responses at 3�4 mo after dose 3, albeit of reduced magnitude rel-
ative to that observed after the second dose, whereas there were no
differences in the magnitude of waning between the third and fourth
doses (Fig. 3E). Anti-S IgG levels did not significantly decline in
healthy control subjects by 3�4 mo after dose 3, whereas the anti-S

FIGURE 3. Effect of anti-TNF on levels and durability of Ab responses across four vaccine doses. The figure represents a longitudinal analysis of linked
samples before and after one to four doses of SARS-CoV-2 mRNA vaccine, with time points defined in Table I. Predicted mean anti-RBD IgG (A and C)
and anti-S IgG (B and D) levels log2(BAU/ml) from prevaccination to after one to four doses of vaccine in healthy control subjects and patients with IMIDs.
(A�D) Mixed-effects linear regression models controlled for age, BMI, and sex (thick lines), with an interaction term between time point and study group.
Individual patients are plotted in thin lines. Study groups: healthy control subjects (black), patients with IMIDs pooled (blue), TNF IMID (anti-TNF� or anti-
TNF1MTX/AZA�treated) (red), and patients with IMIDs not treated with anti-TNF (gray). The dashed gray lines represent the IgG seropositivity threshold.
The yellow lines represent the median IgG levels from 340 convalescent cases (PCR-confirmed COVID-19 cases 21�115 d after symptom onset). An addi-
tional control for vaccine type was incorporated into mixed-effects regression models to compare groups: IMID pooled versus healthy control subjects (blue
asterisks) or TNF IMID versus IMID pooled (red asterisks). (E and F) Predicted mean decrease of anti-RBD IgG (E) and anti-S IgG (F) in healthy control
subjects,TNF IMID patients, and patients with IMIDs not treated with anti-TNF (between 2�4 wk and 3�4 mo) after dose 2 (decrease between T3 and T4),
after dose 3 (decrease between T5 and T6), and after dose 4 (decrease between T7 and T8). Mixed-effects linear regression models controlled for age, BMI,
sex, and vaccine type, with an interaction between time point and study group. Values that are significant (p < 0.05) are colored in pink. Significant pairwise
comparisons are indicated by asterisks and brackets. (A�F) Sample sizes are listed in Supplemental Table I. *p < 0.05, **p < 0.01, ***p < 0.001. BAU/ml,
binding Ab units per milliliter; PD, postdose.
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IgG levels of patients with IMIDs still waned after dose 3 (Fig. 3F).
The fourth dose maintained S-specific IgG levels such that decreases
observed in patients with IMIDs in the 3�4 mo following the fourth
vaccine dose were no longer significant (Fig. 3F). In sum, the third
and fourth doses of vaccine in participants with IMIDs enhanced the
duration of Ab responses to SARS-CoV-2.

Effect of third and fourth vaccine doses on neutralization activity
against wild-type SARS-CoV-2 and VOCs

Our previous work demonstrated that after two vaccine doses, patients
with IMIDs had a reduced ability to neutralize WT SARS-CoV-2
compared with healthy control subjects and the TNF IMID group
could not neutralize the Omicron BA.1 VOC (22). Here we used
mixed-effects linear regression models (controlling for age, BMI,
sex, and vaccine type, with an interaction term between time point
and study group) to predict neutralization activity following two to
four vaccine doses (Fig. 4).
At 3�4 mo after dose 2, 10% of patients with IMIDs had no

detectable neutralizing activity (lower limit of detection) against WT
SARS-CoV-2, and the IMID group overall had significantly reduced
neutralization activity compared with healthy control subjects
(Fig. 4A). This difference between healthy control subjects and
patients with IMIDs was corrected by the third dose. Although peak
neutralization levels were reached in healthy donors after two doses
of vaccine, for patients with IMIDs, the third dose increased neutral-
ization levels from dose 2 (p 5 0.019), driven by an increase in the
TNF IMID group (p 5 0.005), with no further enhancement by the
fourth dose (Fig. 4A). In contrast to the ELISA data, the neutraliza-
tion results were not impacted by saturation of the responses (see
Supplemental Table III).
Neutralization activity against BA.1 and BA.5 VOCs was signifi-

cantly weaker than neutralization against WT at all time points for all
study groups where data were available (Fig. 4B; all p < 0.05). The
majority of the TNF IMID group were unable to neutralize either
Omicron BA.1 or Omicron BA.5 at 3�4 mo after dose 2 but devel-
oped neutralization activity after the third dose (Fig. 4B). At each
time point, a significant proportion of the TNF IMID group had neu-
tralization responses to BA.1 and BA.5 that were at the lower limit of
detection (Supplemental Table III); hence, the deficits in their
responses to VOCs relative to the WT may be underestimated.
Although the third and fourth doses minimally affected the magni-

tude of neutralization activity against WT and VOCs, compared with
the peak response after the second dose, the boosters were critical for
prolonging responses. Between 2�4 wk and 3�4 mo after dose 2, all
participants displayed significant decreases in neutralization activity
against WT SARS-CoV-2, with the TNF IMID group displaying the
largest decrease (Fig. 4C). Neutralization levels against WT SARS-
CoV-2 and VOCs did not significantly decline in healthy donors by
3�4 mo after the third dose, whereas patients with IMIDs continued
to show waning in neutralization responses after dose 3 (Fig. 4C).
However, 3�4 mo after dose 4, there was no longer a significant
decay in neutralization responses to WT or VOCs among all patients
with IMIDs (TNF IMID and non-TNF IMID) (Fig. 4C).
Together, these data suggest that third doses are important in

healthy control subjects and patients with IMIDs for reducing the
decay of neutralization responses to variants of SARS-CoV-2,
thereby broadening neutralization activity, with fourth doses show-
ing additional stabilization effects in patients with IMIDs.

The effect of anti-TNF therapy in reducing Ab responses is
significant only in the IBD patient group

Given the observation that anti-TNF therapy had the most profound
effect on Ab responses to the SARS-CoV-2 vaccine, we next inves-
tigated whether the specific disease type impacted these results.

Based on the sample size, this analysis was limited to the stratifica-
tion of patients with IMIDs by IBD diagnosis. Ab responses after
dose 2 (T3 and T4), after dose 3 (T5 and T6), and after dose 4
(T7 and T8) were pooled. Analyses controlled for age, sex, BMI,
days after vaccination, and vaccine type. Regardless of vaccine
dose, anti-S IgG and anti-RBD IgG levels were significantly lower
for patients with IBD treated with anti-TNF therapy than for those
who were not treated with anti-TNF therapy (Fig. 5A�5F). At time
points after doses 2 and 3, neutralization capacity was lower for
patients with IBD receiving anti-TNF therapy than for patients with
IBD not treated with anti-TNF (Fig. 5G, 5H). In contrast, treatment
status had no significant impact on Ab responses among patients
with IMID who did not report an IBD diagnosis (Fig. 5). For each
outcome, at time points after doses 2 and 3, there was a significant
interaction between IBD status and anti-TNF treatment, such that
the effect of anti-TNF therapy was significantly greater for patients
with IBD than for other patients with IMIDs (Fig. 5A, 5B, 5D, 5E,
5G, 5H). For this analysis, anti-TNF monotherapy�treated groups,
as well as patients treated with anti-TNF1MTX/AZA combination
therapy, were pooled into the anti-TNF�treated category (TNF
IMID). However, the removal of the combination therapy groups
did not affect the significance of these results (data not shown).

Third and fourth doses increase the magnitude and durability of
T cell cytokine responses

To elucidate the effects of the third and fourth doses of vaccine on
the magnitude and durability of T cell responses after vaccination,
mixed-effects linear regression models (controlling for age, sex, and
BMI, with an interaction term between time point and study group)
were used to estimate the mean levels of secreted T cell cytokine
IL-2, IL-4, and IFN-g (Fig. 6), as well as IL-17A and cytotoxic mol-
ecule responses (Supplemental Fig. 1), across one to four doses of
vaccine.
Relative to baseline (T1), IL-2 and IL-4 production in healthy con-

trol subjects and patients with IMID was greater after the first and
second doses of vaccine (T2, T3) (Fig. 6A), whereas IFN-g responses
peaked after the first vaccine dose for all participants (Fig. 6A, 6B).
Peak IL-2 responses were observed by the third dose in healthy con-
trol subjects and patients with IMIDs, with no differences evident
between the groups after dose 3 and no further impact of dose 4.
T cell IL-4 responses increased with each successive dose, mea-
sured up to dose 3 in healthy donors and dose 4 in patients with
IMIDs (Fig. 6A). Notably, there was a significant increase in IL-4
between dose 3 and dose 4 for the TNF IMID group (p 5 0.026),
which was not apparent in the non-TNF IMID group (Fig. 6B). This
effect was driven primarily by patients receiving combination therapy
with anti-TNF plus MTX/AZA (data not shown). After dose 2,
patients with IMID exhibited reductions in IFN-g production com-
pared with healthy control subjects, and the third dose restored but
did not further boost IFN-g responses (Fig. 6A, 6B). The fourth dose
did not increase the magnitude of IFN-g responses beyond the maxi-
mum achieved after the first dose. The TNF IMID and non-TNF
IMID groups exhibited similar IL-2, IL-4, and IFN-g responses, with
waning of cytokines after dose 2 of vaccine relative to healthy control
subjects, and restoration of responses with third and fourth doses
(Fig. 6B).
Other molecules assessed included IL-17A and cytotoxic mole-

cules granzyme A, granzyme B, perforin, and sFasL. In all cases,
production peaked after one dose of vaccine. Analogous to the IL-2,
IL-4, and IFN-g responses, patients with IMIDs exhibited reduced
levels of cytotoxic molecules compared with healthy control sub-
jects at 3�4 mo after dose 2 (Supplemental Fig. 1A), with these
lower levels corrected by the third or fourth doses of vaccine.
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FIGURE 4. Effect of third and fourth vaccine doses on neutralization activity against WT SARS-CoV-2 and VOCs. Data are reported as a longitudinal analy-
sis of linked samples for the neutralization responses after two to four doses of SARS-CoV-2 mRNA vaccine. Time points are defined in Table I. (A) Predicted
neutralization [log10(ID50), NT: neutralization] activity against WT SARS-CoV-2 after two to four doses of vaccine, grouped by healthy control subjects (black),
patients with IMIDs pooled (blue), patients with IMID treated with anti-TNF or anti-TNF+MTX/AZA (red), and patients with IMID not treated with anti-TNF
(gray). Comparisons between groups are indicated: IMID pooled versus healthy control subjects (blue asterisks) or TNF IMID versus IMID pooled (red aster-
isks). (B) Predicted neutralization [log10(ID50)] activity against WT, Omicron BA.1, and Omicron BA.5 after two to four doses of vaccine, grouped by healthy
control subjects, patients with IMIDs not treated with anti-TNF, and patients with IMID treated with anti-TNF or anti-TNF+MTX/AZA. Neutralization activity
against WT is depicted in black, against Omicron BA.1 in orange, and against Omicron BA.5 in purple. Paired t tests were conducted to compare responses to
Omicron BA.1 or BA.5 versus WT. (C) Predicted mean decrease of neutralization against WT, Omicron BA.1 and BA.5 in healthy control subjects, TNF IMID,
and patients with IMIDs not treated with anti-TNF (between 2�4 wk and 3�4 mo) after dose 2 (decrease between T3 and T4), after dose 3 (decrease between
T5 and T6), and after dose 4 (decrease between T7 and T8). Mean decrease values that are significant (p < 0.05) are colored in pink. Significant pairwise com-
parisons are indicated by asterisks and brackets. (A, C) Sample sizes are listed in Supplemental Table I. (B) Sample sizes are as follows: [WT versus BA.1] n 5 9
for HC/T4; n 5 5 for HC/T5; n 5 6 for HC/T6; n 5 48 for non-TNF/T4; n 5 24 for non-TNF/T5; n 5 25 for non-TNF/T6; n 5 8 for non-TNF/T7; n 5 11 for
non-TNF/T8; n 5 32 for TNF/T4; n 5 19 for TNF/T5; n 5 15 for TNF/T6; n 5 9 for TNF/T7; n 5 6 for TNF/T8; [WT versus BA.5] n 5 5 for HC/T5;
n 5 6 for HC/T6; n 5 24 for non-TNF/T5; n 5 25 for non-TNF/T6; n 5 8 for non-TNF/T7; n 5 11 for non-TNF/T8; n 5 4 for TNF/T4; n 5 19 for
TNF/T5; n 5 15 for TNF/T6; n 5 9 for TNF/T7; n 5 6 for TNF/T8. (A�C) Mixed-effects linear regression models controlled for age, BMI, sex, and
vaccine type, with an interaction term between time point and study group. *p < 0.05, **p < 0.01, ***p < 0.001. BAU/ml, binding Ab units per milli-
liter; HC, healthy control subjects; LLD, lower limit of detection; log10(ID50), serum dilution that inhibits 50% of lentiviral infection; PD, postdose.
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To assess the effects of the third and fourth doses on prolonging
T cell cytokine and cytotoxic molecule responses after vaccination,
we compared the predicted decrease in responses between two time
points (2�4 wk and 3�4 mo) after the second, third, and fourth
doses of vaccination, respectively (Fig. 6C, Supplemental Fig. 1B).
Although healthy donor T cell responses were stable out to 3�4 mo
after dose 2, both the TNF IMID and non-TNF IMID groups exhib-
ited significant decreases in IL-2 and IL-4 secretion after the second
dose, with IL-4 exhibiting the most substantial decrease (Fig. 6C).
The non-TNF IMID group also exhibited decreases in IFN-g
responses after dose 2 (Fig. 6C). However, after the third or fourth
dose, there was no longer any significant decay in T cell cytokine
responses over the next 3�4 mo (Fig. 6C), highlighting the
enhanced durability of cytokine responses in patients with IMIDs
after booster doses of vaccine. Parallel phenomena were observed
with IL-17A, granzyme A, granzyme B, sFasL, and perforin
responses; all patients with IMID, but not healthy control subjects,

displayed significant decreases in response after dose 2, with no sig-
nificant decreases after booster doses (Supplemental Fig. 1B).
We additionally assessed T cell responses to BA.1 and BA.4/5 VOCs

after the third dose of vaccine (T5, T6). Healthy control subjects and
patients with IMIDs (pooled) did not exhibit significant differences in IL-
2, IL-4, IFN-g, sFasL, and granzyme A responses to Omicron BA.1 or
BA.4/5 compared with WT (data not shown). Reduced IL-17A responses
to BA.1 and BA.4/5 were observed at T6, and minor reductions in gran-
zyme B and perforin responses to BA.1 or BA.4/5 were observed at T5
and T6 (data not shown). Altogether, these data show that after three
vaccine doses, T cell responses of patients with IMIDs to WT and
the BA.1 and BA.4/5 VOCs are largely equivalent.

Association between T cell responses 2�4 wk postvaccination and
neutralizing Ab titers 3�4 mo later

Multivariate linear regression models were used to estimate the asso-
ciation between T cell and neutralization responses, focusing on IL-2

FIGURE 5. The effect of anti-TNF therapy in reducing Ab responses is significant only in the IBD patient group. The effect of anti-TNF therapy on anti-S
IgG (A�C), anti-RBD IgG (D�F), and neutralization of WT SARS-CoV-2 (G�I) was tested for participants with and without IBD using mixed-effects models
with an interaction term between IBD status and treatment with anti-TNF therapy. Models controlled for days after vaccination, sex, age, BMI, and vaccine type
and were repeated for postdose 2 (A, D, G), postdose 3 (B, E, H), and postdose 4 (C, F, I) time points. For IgG data, samples sizes for each subgroup were as fol-
lows: n 5 38 for non-IBD/non-TNF/PD2, n 5 28 for non-IBD/TNF/PD2, n 5 68 for IBD/non-TNF/PD2, n 5 58 for IBD/TNF/PD2, n 5 21 for non-IBD/non-
TNF/PD3, n 5 9 for non-IBD/TNF/PD3, n 5 34 for IBD/non-TNF/PD3, n 5 29 for IBD/TNF/PD3, n 5 10 for non-IBD/non-TNF/PD4, n 5 9 for non-IBD/
TNF/PD4, n 5 44 IBD/non-TNF/PD4, and n 5 11 for IBD/TNF/PD4. For neutralization data, samples sizes for each subgroup were as follows: n 5 36 for
non-IBD/non-TNF/PD2, n 5 28 for non-IBD/TNF/PD2, n 5 67 for IBD/non-TNF/PD2, n 5 51 for IBD/TNF/PD2, n 5 20 for non-IBD/non-TNF/PD3, n 5 9
for non-IBD/TNF/PD3, n 5 29 for IBD/non-TNF/PD3, n 5 25 for IBD/TNF/PD3, n 5 8 for non-IBD/non-TNF/PD4, n 5 8 for non-IBD/TNF/PD4, n 5 11
for IBD/non-TNF/PD4, n 5 6 for IBD/TNF/PD4. PD, postdose.
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and IL-4 responses in patients with IMIDs. Of note, IL-2 responses
after dose 2 significantly predicted neutralization 3�4 mo later in both
the TNF IMID (p 5 0.019) and non-TNF IMID groups (p 5 0.017)
(Fig. 7A). This effect was no longer significant after dose 2, perhaps
suggesting saturation of the T cell IL-2 response with respect to help
for Ab responses (Fig. 7B). There was also a significant correlation
between IL-4 production at 2�4 wk after dose 2 and neutralizing
capacity 3�4 mo later, among non-TNF IMID (p 5 0.001) but not
among TNF IMID (Fig. 7C). Following dose 3, the effect of IL-4
was no longer predictive of neutralizing capacity for the non-TNF IMID
group but became predictive in the TNF IMID group (p 5 0.008;

Fig. 7D). Accordingly, there is a significant difference in the
effect of IL-4 on neutralizing capacity between study groups
( p 5 0.015; Fig. 7D). These data suggest that the early T cell
responses may be important in defining the duration of the Ab
response, with the timing of the impact of T cells related to
when the maximal T cell signal is achieved.

Discussion
In this longitudinal study, we followed a cohort of patients diag-
nosed with one or more IMIDs to assess their responses to SARS-
CoV-2 after one through four vaccine doses. We and others have

FIGURE 6. Third and fourth doses increase the magnitude and durability of T cell cytokine responses. Data are reported as a longitudinal analysis of
linked samples with time points defined in Table I. (A and B) Predicted mean T cell cytokines IL-2, IL-4, IFN-g [log10 (Dpg/ml)] from prevaccination to after
one to four doses of vaccine. Mixed-effects linear regression models controlled for age, BMI, and sex, with an interaction term between time point and group
(thick lines). Individual patients are plotted in thin lines. Groupings: healthy control subjects (black), patients with IMIDs pooled (blue), patients with IMIDs
treated with anti-TNF or anti-TNF+MTX/AZA (red), and patients with IMIDs not treated with anti-TNF (gray). An additional control for vaccine type was
incorporated into mixed-effects regression models to compare groups: IMID pooled versus healthy control subjects (blue asterisks) or TNF IMID versus
healthy control subjects (red asterisks). (C) Predicted mean decrease of T cell cytokines IL-2, IL-4, IFN-g [log10 (Dpg/ml)] in healthy control subjects, TNF
IMID, and non-TNF IMID groups between 2�4 wk and 3�4 mo after dose 2 (decrease between T3 and T4), after dose 3 (decrease between T5 and T6), and
after dose 4 (decrease between T7 and T8). Mixed-effects linear regression models controlled for age, BMI, sex, and vaccine type, with an interaction
between time point and group. Mean decrease values that are significant (p < 0.05) are colored in pink. Significant pairwise comparisons are indicated by
asterisks and brackets. (A�C) Sample sizes are listed in Supplemental Table I. *p < 0.05, **p < 0.01, ***p < 0.001. D, background subtracted; PD,
postdose.
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reported that specific immunosuppressants significantly attenuate the
magnitude and stability of humoral and cellular responses after two
doses of vaccine in patients with IMIDs compared with healthy con-
trol subjects, with the most pronounced deficits in IMID patients
treated with anti-TNF biologics (7, 9, 10, 12, 22, 26).
Although T cell cytokine responses increased with successive vac-

cine doses, we observed no difference in the magnitude of the peak
Ab response following the third or fourth dose in healthy donors and
patients with IMIDs. There is debate in the literature regarding the
effect of a third dose on the serological responses in patients with
IMIDs. In studies in which patients have absent or weak serological
responses after the second dose, a third dose significantly boosted Ab
levels (13, 28, 29), whereas some patients with IMIDs do not respond
even after a third dose (14). It has also been observed that a third
dose does not significantly boost levels compared with the peak
after the second dose, which may be attributed to the stronger
response seen in these individuals after the second dose as com-
pared with weak responders (10). There are less data on the effects
of the fourth vaccine dose; however, one study has reported that
patients with IMIDs show higher anti-RBD Ab concentrations fol-
lowing four vaccine doses than after three doses (30). Although in
our study the third and fourth doses had little or no measurable
effect on the magnitude of Ab responses, the third dose, and to a
lesser extent the fourth dose, was critical in enhancing the durabil-
ity of Ab responses in the ensuing 3�4 mo after vaccination in
healthy control subjects and patients with IMIDs. These data are
consistent with other studies in patients with IMIDs and healthy
patients demonstrating a slower decline in Ab levels after the third
dose of vaccine (13, 31, 32). It is important to note that the immu-
nogenicity of a third and fourth dose may differ on the basis of the
strength of response after the primary series of vaccination and the
degree of immunosuppression, disease indication, type of treatment,
and variability in assay dynamic ranges.
Regardless of one to four doses of vaccine, anti-TNF�treated

patients consistently showed reduced Ab levels compared with
healthy control subjects and patients with IMID not treated with anti-
TNF, suggesting a long-term impact of anti-TNF treatment on the

humoral response to vaccines. These results are consistent with those
of another recent study (33). In contrast, T cell responses in patients
receiving anti-TNF therapy and those not on anti-TNF therapy were
similar. Strikingly, the negative effect of anti-TNF therapy on
humoral responses was observed only in patients with IBD. Removal
of the combination-treated anti-TNF patients from this analysis did not
affect the differences observed. This finding is in line with literature
reporting an effect of anti-TNF therapy on SARS-CoV-2 vaccine
response in patients with IBD (12, 26, 34�37), but not in other patients
with IMIDs without an IBD diagnosis (38, 39). The mechanisms
underlying the differential effect of anti-TNF therapy on vaccine-
induced immunity based on disease indication are unclear but may be
attributed to higher doses or a higher proportion receiving drugs i.v. in
the IBD group compared with patients with IMID who do not have an
IBD diagnosis, although this remains to be determined. Regardless of
the mechanism, patients with IBD receiving anti-TNF therapy have
impaired humoral responses to vaccination and thus may be more sus-
ceptible to SARS-CoV-2 without regard to vaccination status. These
data support early booster vaccination regimens for these patients.
The third dose of vaccine was necessary for patients with IMIDs to

develop robust neutralization activity against BA.1 and BA.5 VOCs,
which was lacking in anti-TNF�treated patients with IMIDs 3�4 mo
after dose 2 (22), thereby broadening immune responses against
SARS-CoV-2. Because recall responses to booster doses are domi-
nated by preexisting memory B cells recognizing WT SARS-CoV-2
(40), the increased breadth of neutralization responses after a booster
may be due to the expansion of and additional rounds of affinity mat-
uration in existing clones, such that cross-reactivity for VOCs now
becomes detectable.
The kinetics of neutralization responses against WT and VOCs

varied between healthy subjects and patients with IMIDs. Although
healthy control subjects had stable neutralization responses to WT
and VOCs out to 3�4 mo after a third dose of vaccine, patients
with IMIDs required a fourth dose to achieve this effect. Regardless
of the study group, neutralization activity against BA.1 and BA.5
VOCs was significantly weaker than neutralization of WT across
two to four doses of vaccine, in line with studies demonstrating

FIGURE 7. Association between T cell responses 2�4 wk
postvaccination and neutralizing Ab titers 3�4 mo later. The
association of IL-2 (A and B) or IL-4 (C and D) shortly after
vaccination (T3: 2�4 wk_PD2 or T5: 2�4 wk_PD3) with neu-
tralization capacity of the SARS-CoV-2 WT strain 3 mo later
(T4: 3�4M_PD3 or T6: 3�4M_PD4) was tested using linear
regression models that controlled for age, BMI, sex, and vac-
cine type. Regression models included an interaction term
between cytokine levels and study group (i.e., non-TNF IMID
and TNF IMID) and were repeated postdose 2 (A and C) and
postdose 3 (B and D). PD, post dose.
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reduced geometric mean titers of neutralization against Omicron
sublineages compared with the original WT strain after three and
four doses of vaccine (33, 41, 42). Regarding T cell responses
to VOCs, we observed that patients with IMIDs retain robust
T-cell�mediated immunity against Omicron variants, consistent
with studies demonstrating that T cells are largely unaffected by
Omicron variants and important for providing potent protection
against emerging variants capable of escaping neutralization responses
(20, 43�45). Future studies should investigate the humoral immunoge-
nicity of the bivalent vaccines targeting BA.4 and BA.5 VOCs in
patients with IMIDs.
Analogously to humoral responses, patients with IMIDs exhibited

accelerated waning of T cell cytokine and cytotoxic molecule
responses after a second dose of vaccine, which was corrected by a
third dose. The decrease in responses by 3�4 mo after vaccination
was no longer significant after three doses. IL-4 is of particular
interest for vaccine-induced immunity because it is produced by
T follicular helper (Tfh) cells and promotes GC B cell proliferation,
class switching, and differentiation (46). We noted that IL-4 levels
increased with each of the first three doses of vaccine in healthy
control subjects and patients with IMIDs, with an additional
increase in patients with the TNF IMID group after the fourth
dose. Although IL-4 levels correlated with the neutralization
responses in non-TNF IMID patients after the second dose, this
effect was only apparent in the TNF IMID group after the third
dose, hinting at the mechanisms underlying the necessity of booster
doses. Because TNF inhibitors are known to disrupt the organiza-
tion of GCs in patients with rheumatoid arthritis (47), it is possible
that the cooperation between Tfh and GC B cells is disrupted in
anti-TNF�treated patients relative to other groups, hence providing
a potential explanation for the lack of correlation of T cell IL-4
and Ab responses after dose 2. It is possible that by increasing the
number of Ag-specific T and B cells and the cumulative magnitude
of their functional responses, dose 3 may overcome this organiza-
tional deficit, allowing Tfh cells to provide help to B cells, leading to
enhanced neutralizing Ab responses, although this remains specula-
tive. A caveat of our study design is that we measured the total cyto-
kine produced after T cell restimulation, but not the number of
SARS-CoV-2�specific IL-4�producing T cells. Regardless, the results
show that booster doses of vaccination are necessary to increase the
magnitude of T cell cytokine production.
This study has several limitations. Each study group (i.e., TNF

IMID and non-TNF IMID) was heterogeneous in terms of disease
type and specific treatment regimen; therefore, our study was under-
powered to evaluate these effects within each group. Sample sizes
declined for time points after the third and fourth doses (T5�T8) of
the vaccine because participants did not receive booster doses, with-
drew from the study, or were excluded because of evidence of natu-
ral infection with SARS-CoV-2. Thus, after the fourth dose, it was
difficult to draw conclusions about specific treatment groups. The
latest time point assessed after each dose of vaccine was at the
3�4-mo mark; we did not track long-term waning beyond that mark.
Additionally, we did not assess hybrid immunity, because we were
limited by the low numbers of vaccinated and infected patients. In
Canada, fourth vaccine doses were offered to immunocompromised
populations several months before they became available to healthy
adults, resulting in a lack of healthy control subjects to compare
with patients with IMIDs for the time points after dose 4.
Another limitation is the narrow dynamic range of the ELISAs,

meaning that saturating IgG levels above the upper limit of quanti-
fication could contribute to an underestimation of the effects of
booster doses on the magnitude of responses and/or an underestima-
tion of the deficits observed in patients with TNF IMID compared
with patients with non-TNF IMID and healthy control subjects.

However, because neutralization data in our study did not reach satu-
ration, we believe the broad conclusions of the article are not
impacted by saturation of some of the readouts. Another limitation is
that our study assessed only systemic immunity and did not examine
mucosal immunity. Finally, the scope of the IMPACT study lies
within investigating the immunogenicity of mRNA vaccines; our
results do not make any inferences regarding vaccine efficacy in
patients with IMIDs.
The mechanism by which anti-TNF therapy impairs humoral

responses to SARS-CoV-2 vaccination is incompletely understood.
Given the negative impact of TNF inhibitors on GC reactions (47), it
is likely that there is less affinity maturation of the B cell responses
of the patients with IBD treated with anti-TNF biologics (37). Fol-
low-up studies to assess the amount of somatic hypermutation and
the avidity of anti-S and anti-RBD Abs from healthy control subjects
compared with anti-TNF�treated patients will be of interest.
Taken together, our study presents comprehensive data on the

longitudinal course of vaccine-induced adaptive immunity in patients
with IMIDs treated with systemic or targeted immune-modifying
drugs. Our study suggests that repeated doses of vaccine prolong
and broaden immune responses to SARS-CoV-2, supporting the rec-
ommendation for three- and four-dose vaccine regimens in immuno-
compromised patients.
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L’Oréal, NAOS, Novartis, Pfizer, Sandoz, and Sanofi in the past 36 months.
V.P. has received research grants from Sanofi, AbbVie, and Novartis. M.S.S.
has received research support, consulting fees, and speaker honoraria from
AbbVie, Janssen, Takeda, Pfizer, Gilead, and Amgen. All other authors have
no financial conflicts of interest.

References
1. World Health Organization. Statement on the fourteenth meeting of the Interna-

tional Health Regulations (2005) Emergency Committee regarding the coronavi-
rus disease (COVID-19) pandemic. Available at: https://www.who.int/news/item/
30-01-2023-statement-on-the-fourteenth-meeting-of-the-international-health-
regulations-(2005)-emergency-committee-regarding-the-coronavirus-disease-(covid-19)-
pandemic. Accessed: January 31, 2023.

2. MacKenna, B., N. A. Kennedy, A. Mehrkar, A. Rowan, J. Galloway, J. Matthewman,
K. E. Mansfield, K. Bechman, M. Yates, J. Brown, et al. 2022. Risk of severe

362 EFFECT OF BIOLOGICS ON SARS-CoV-2 mRNA VACCINE RESPONSES

https://www.who.int/news/item/30-01-2023-statement-on-the-fourteenth-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-coronavirus-disease-(covid-19)-pandemic
https://www.who.int/news/item/30-01-2023-statement-on-the-fourteenth-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-coronavirus-disease-(covid-19)-pandemic
https://www.who.int/news/item/30-01-2023-statement-on-the-fourteenth-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-coronavirus-disease-(covid-19)-pandemic
https://www.who.int/news/item/30-01-2023-statement-on-the-fourteenth-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-coronavirus-disease-(covid-19)-pandemic


COVID-19 outcomes associated with immune-mediated inflammatory diseases and
immune-modifying therapies: a nationwide cohort study in the OpenSAFELY plat-
form. Lancet Rheumatol. 4: e490�e506.

3. Akiyama, S., S. Hamdeh, D. Micic, and A. Sakuraba. 2021. Prevalence and clinical
outcomes of COVID-19 in patients with autoimmune diseases: a systematic review
and meta-analysis. Ann. Rheum. Dis. 80: 384�391.

4. Baden, L. R., H. M. El Sahly, B. Essink, K. Kotloff, S. Frey, R. Novak, D. Diemert,
S. A. Spector, N. Rouphael, C. B. Creech, et al.; COVE Study Group. 2021. Efficacy
and safety of the mRNA-1273 SARS-CoV-2 vaccine. N. Engl. J. Med. 384:
403�416.

5. Polack, F. P., S. J. Thomas, N. Kitchin, J. Absalon, A. Gurtman, S. Lockhart,
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