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Background: Patients with chronic inflammatory disease (CID) treated with immunosuppressive 

medications have increased risk for severe COVID-19. Although mRNA-based SARS-CoV-2 vaccination 

provides protection in immunocompetent persons, immunogenicity in immunosuppressed patients with 

CID is unclear. 

Objective: To determine the immunogenicity of mRNA-based SARS-CoV-2 vaccines in patients with 

CID. 

Design: Prospective observational cohort study. 

Setting: Two U.S. CID referral centers. 

Participants: Volunteer sample of adults with confirmed CID eligible for early COVID-19 vaccination, 

including hospital employees of any age and patients older than 65 years. Immunocompetent participants 

were recruited separately from hospital employees. All participants received 2 doses of mRNA vaccine 

against SARS-CoV-2 between 10 December 2020 and 20 March 2021. Participants were assessed within 

2 weeks before vaccination and 20 days after final vaccination. 

Measurements: Anti–SARS-CoV-2 spike (S) IgG+ binding in all participants, and neutralizing antibody 

titers and circulating S-specific plasmablasts in a subset to assess humoral response after vaccination. 

Results: Most of the 133 participants with CID (88.7%) and all 53 immunocompetent participants 

developed antibodies in response to mRNA-based SARS-CoV-2 vaccination, although some with CID 

developed numerically lower titers of anti-S IgG. Anti-S IgG antibody titers after vaccination were lower 

in participants with CID receiving glucocorticoids (n = 17) than in those not receiving them; the 

geometric mean of anti-S IgG antibodies was 357 (95% CI, 96 to 1324) for participants receiving 

prednisone versus 2190 (CI, 1598 to 3002) for those not receiving it. Anti-S IgG antibody titers were also 

lower in those receiving B-cell depletion therapy (BCDT) (n = 10). Measures of immunogenicity differed 

numerically between those who were and those who were not receiving antimetabolites (n = 48), tumor 

necrosis factor inhibitors (n = 39), and Janus kinase inhibitors (n = 11); however, 95% CIs were wide and 

overlapped. Neutralization titers seemed generally consistent with anti-S IgG results. Results were not 

adjusted for differences in baseline clinical factors, including other immunosuppressant therapies. 

Limitations: Small sample that lacked demographic diversity, and residual confounding. 



Conclusion: Compared with nonusers, patients with CID treated with glucocorticoids and BCDT seem to 

have lower SARS-CoV-2 vaccine-induced antibody responses. These preliminary findings require 

confirmation in a larger study. 

Primary Funding Source: The Leona M. and Harry B. Helmsley Charitable Trust, Marcus Program in 

Precision Medicine Innovation, National Center for Advancing Translational Sciences, and National 

Institute of Arthritis and Musculoskeletal and Skin Diseases. 

* Drs. Deepak, Kim, and Paley contributed equally to this work and share first authorship. 

† Drs. Ellebedy and Kim contributed equally to this work and share senior authorship. 

 

The global COVID-19 pandemic, caused by SARS-CoV-2, has infected an estimated 177 million people 

worldwide, causing 3.8 million deaths and widespread economic devastation (1). Three vaccines against 

SARS-CoV-2 using either a novel liposomal mRNA-based delivery platform or an adenovirus-based 

approach have been authorized for emergency use by the U.S. Food and Drug Administration (2–5). The 

goal of vaccination is to generate long-lasting protection against infection, and most vaccines in clinical 

use achieve this at least in part through generation of pathogen-specific antibody responses. Ending the 

COVID-19 pandemic will depend greatly on vaccine effectiveness. An important clinical question is 

whether vaccine responses are altered in patients with immune disorders who are receiving 

immunomodulatory medications. 

Current management of various chronic inflammatory diseases (CIDs), including inflammatory bowel 

disease (IBD), rheumatoid arthritis (RA), spondyloarthritis, systemic lupus erythematosus, and multiple 

sclerosis (MS), typically requires immunosuppressive medications. These include glucocorticoids, 

antimetabolites, tumor necrosis factor inhibitors (TNFis), B-cell depleting therapy (BCDT), and Janus 

kinase inhibitors (JAKis) to achieve and maintain disease response and remission (6–10). Patients with 

CID receiving immunosuppressive medications can be compromised when encountering infectious 

diseases, and certain medications, such as BCDT, glucocorticoids, and the antimetabolite sulfasalazine, 

have been associated with increased hospitalization and death due to COVID-19 (11–13). Consequently, 

vaccination is recommended for patients with CID. Nevertheless, prior studies have shown that certain 

immunosuppressive medications can blunt influenza and pneumococcal vaccine responses (14), which 



can sow doubt in providers and patients about the effectiveness of SARS-CoV-2 vaccination in this 

population. Guidance from medical organizations, such as the American College of Rheumatology (15), 

provides clinicians critical instructions on vaccinating this vulnerable population, but initial 

recommendations are challenging to implement because of the absence of data specifically on vaccination 

in patients with CID. 

Emerging data show reduced antibody responses in some immunosuppressed persons after mRNA 

vaccination. Organ transplant recipients using antimetabolite therapy and older recipients were less likely 

to develop an antibody response, even after receiving 2 doses of the BNT162b2 or mRNA-1273 vaccine, 

suggesting the need for an additional vaccine dose in this population (16, 17). Furthermore, studies with 

small numbers of patients with CID have found blunted anti–spike (S) IgG levels after mRNA-based 

vaccination, with some showing modestly reduced in vitro viral neutralization compared with 

immunocompetent participants (18–21). Anti–SARS-CoV-2 antibody reactivity after COVID-19 

infection has been reported to be attenuated in TNFi (infliximab)-treated patients with IBD compared 

with those treated with vedolizumab, and it was further blunted in those with concomitant thiopurine or 

methotrexate treatment (15, 19–22). 

These early observations in small groups of patients have heightened suspicions that immunosuppression 

in patients with CID receiving medications may reduce antibody responses after SARS-CoV-2 

vaccination. This led to a recommendation from the Advisory Committee on Immunization Practices that 

persons with moderately to severely compromised immune systems due to immunosuppressive therapies 

should receive an additional dose of SARS-CoV-2 mRNA vaccine at least 28 days after a second dose of 

BNT162b2 or mRNA-1273 vaccine (23). In this article, we report immunogenicity data from a cohort of 

133 patients with CID and 53 immunocompetent participants from 2 U.S. university hospitals after 

completion of the 2-dose mRNA SARS-CoV-2 vaccination series. 

 

Methods 

Study Design 

The COVaRiPAD (COVID-19 Vaccine Responses in Patients with Autoimmune Disease) study is a 

longitudinal observational study seeking to elucidate the magnitude, quality, and evolution of the immune 



response to SARS-CoV-2 vaccines. The initial phase of COVaRiPAD specifically examined the 

magnitude and quality of the acute humoral response. 

Setting and Participants 

We recruited participants with confirmed CID and immunocompetent participants from among hospital 

employees (any age) and clinic patients (aged >65 years) at Washington University School of Medicine 

and the BJC HealthCare system (St. Louis, Missouri, metropolitan area) and at the University of 

California San Francisco (UCSF), UCSF Health, and Zuckerberg San Francisco General Hospital (San 

Francisco, California, metropolitan area) from 10 December 2020 to 20 March 2021. Participants with 

CID and immunocompetent participants were passively recruited using on-campus posters distributed 

across each university and affiliated hospital systems, university newsletters sent as blast e-mails to 

employees of the 2 medical centers, and word of mouth. To actively recruit vaccine-eligible persons with 

CID during the study period, blast messages were sent to select patients with CID through each health 

care system’s patient portal. For this recruitment group, participants with CID were identified via lists 

generated by searches of the electronic medical record for patients seen in university or affiliated hospital 

rheumatology, MS, or IBD clinics regardless of specific CID diagnosis and medication used. This refined 

list of potential participants was then screened for vaccine eligibility by identifying 1) hospital employees, 

based on either membership in the hospital insurance plan or presence of an employee designation in the 

electronic medical record (Washington University); 2) possession of an e-mail domain (@ucsf.edu) to 

confirm university employee status (UCSF); or 3) age over 65 years according to each state’s vaccine 

prioritization. Diagnoses of CID were provided by the participant and were confirmed via chart review by 

study physicians. Immunocompetent participants had their medical history and medication use reviewed 

at the time of screening by study physicians (J.A.O. and R.M.P.) to ensure that those with any acquired or 

inherited immunocompromised condition or use of systemic immunosuppression were excluded. Detailed 

inclusion and exclusion criteria are provided in Appendix 1 (available at Annals.org). 

All participants provided written informed consent. Participants were assessed within 2 weeks before 

initial vaccination and 20 days after final vaccination, with 96% of blood samples collected within 14 

days after vaccination. Medications, including dose and last administration date, were confirmed at each 

study visit using surveys administered on paper or an electronic tablet, and data were stored in the 



Research Electronic Data Capture (REDCap) system (24). Medications classified as antimetabolites and 

BCDT are listed in Appendix 1. Daily audits of the participant-provided data were performed by the study 

coordinators or investigators to ensure accuracy of results. Any discrepancies were reconciled via a 

telephone conversation with the participant. All patients continued use of their immunosuppressive 

medications per their treating physician, except for 3 who held methotrexate within 1 week of 

immunization. 

Sample Collection and Storage 

Serum, plasma, and peripheral blood mononuclear cells (PBMCs) were collected using Vacutainer CPT 

tubes (BD Biosciences), with identical protocols and reagents used at each medical center. Serum and 

plasma were immediately used or frozen at −80 °C; PBMCs were isolated using Ficoll density gradient 

centrifugation and were immediately used or cryopreserved in 10% dimethylsulfoxide in fetal bovine 

serum (FBS). 

Assessment of Humoral Responses 

As previously described (25), anti-S IgG quantification from plasma to assess the magnitude of systemic 

virus-specific antibodies was performed using enzyme-linked immunosorbent assay (ELISA). Optical 

density measurements were taken at 490 nm. The half-maximal binding dilution for each serum or plasma 

sample was calculated using nonlinear regression (GraphPad Prism 9). The limit of detection was defined 

as 1:30. Antibodies were validated by their respective manufacturers per their associated data sheets and 

titrated for ELISA by serial dilution. 

Direct ex vivo enzyme-linked immunosorbent spot (ELISpot) assays were performed to quantify 

recombinant S protein–binding IgG-secreting cells, which provide the source of vaccine-induced 

circulating antibodies. Notably, only certain participants at Washington University had the ELISpot assay 

performed because of the need to use freshly isolated, unfrozen PBMCs (the excluded participants either 

were from UCSF and were unable to provide fresh, unfrozen samples or had insufficient assay plates due 

to manufacturer shortages). 

Neutralization assays on sera to determine the magnitude of functional S-specific antibodies that prevent 

the in vitro infectivity of virus were performed using a fluorescence-based platform, which leveraged a 

chimeric vesicular stomatitis virus (VSV) pseudotyped with the common variant strain (D614G) of the S 



protein of SARS-CoV-2 and was modified for high-throughput processing (26, 27). Assay validation with 

native SARS-CoV-2 was performed as described previously (26, 27). Half-maximal inhibitory 

concentrations (IC50s) were generated after logistic regression enforcing a plateau and baseline. Only 

samples from Washington University were used for neutralization studies because serum was not initially 

collected at UCSF. 

All assays were performed at Washington University School of Medicine by the laboratories of Dr. 

Ellebedy (ELISA and ELISpot) and Dr. Buchser (neutralization). Additional details are provided in 

Appendix 1. 

Data Analysis 

Data analyses were performed using Prism 9.1.0 (GraphPad Software) and R, version 4.0.3 (R Foundation 

for Statistical Computing). UpSet plots were generated using the R package UpSetR v1.4.0. 

Ethics Approval 

This study was approved by the Washington University School of Medicine Institutional Review Board 

(protocol #201105110, approved 1 June 2011; protocol #202012081, approved 21 December 2020; and 

protocol #202012084, approved 23 December 2020) and the UCSF Institutional Review Board (protocol 

#17-21898, approved 22 April 2017, and protocol #20-33078, approved 4 January 2021). 

Role of the Funding Source 

The Leona M. and Harry B. Helmsley Charitable Trust, the Marcus Program in Precision Medicine 

Innovation, the National Institutes of Health (NIH)/National Center for Advancing Translational 

Sciences, and the NIH/National Institute of Arthritis and Musculoskeletal and Skin Diseases (UCSF) had 

no role in the study’s design, conduct, or analysis or the decision to submit the manuscript for publication. 

 

Results 

Between December 2020 and March 2021, 133 patients with CID and 53 immunocompetent participants 

underwent serologic testing at the 2 study sites (Table). The study team screened 577 eligible participants 

with CID; of these, 30 chose not to participate, and 199 did not qualify because they had already been 

vaccinated before enrollment (Appendix Figure 1, available at Annals.org). A total of 348 participants 

with CID consented; however, 17 withdrew and 198 were excluded from the analysis because they lacked 



a baseline blood draw (n = 57) or had not yet reached the postbooster time point (n = 141). The majority 

of the 133 patients with CID were female (74.4%) and White (88.0%) (Table). The most common CID 

diagnoses were IBD (31.6%) and RA (28.6%), and the most common immunosuppressive medications 

were TNFis (28.6%) and methotrexate (21.8%). Most participants with CID were receiving monotherapy 

(42.9%) or dual therapy (31.6%) (Appendix Table, available at Annals.org; Figure 1, C). 

All immunocompetent participants and 88.7% of participants with CID (118 of 133) had seroconversion, 

with an anti–SARS-CoV-2 S IgG half-maximal titer above the limit of detection of 1:30. The geometric 

mean at half-maximal dilution was 5542 (95% CI, 3926 to 7823) among immunocompetent participants 

and 1737 (CI, 1248 to 2418) among those with CID (Figure 1, A); the geometric means at half-maximal 

neutralization were 6261 (CI, 4218 to 9293) and 2312 (CI, 1795 to 2978) (Figure 1, B), respectively. 

Circulating plasmablasts were higher among immunocompetent persons than among those with CID 

(geometric mean of spot-forming units per 106 PBMCs, 179 [CI, 100 to 318] vs. 48 [CI, 24 to 95], 

respectively) (Appendix Figure 2, A, available at Annals.org). 

To examine the association between immunosuppressive medication exposure and the immunogenicity of 

mRNA-based SARS-CoV-2 vaccination in participants with CID, we first stratified the antibody titers in 

participants with CID receiving or not receiving glucocorticoids. The geometric mean of anti-S IgG 

antibodies was 357 (CI, 96 to 1324) in prednisone users and 2190 (CI, 1598 to 3002) in nonusers; 

respective neutralization results were 767 (CI, 196 to 3003) and 2509 (CI, 1947 to 3233), and respective 

circulating plasmablast levels were 5 (CI, 0.02 to 874) and 58 (CI, 28 to 120) (Figure 2; Appendix Figure 

2, B). Within this subgroup, there was no association between prednisone dose and antibody response to 

the vaccine. Only 65% (11 of 17) of participants with CID were seropositive after vaccination (defined as 

any anti-S IgG titer above the limit of detection) compared with 92% (107 of 116) among participants 

with CID who were not using prednisone. 

We next stratified immunogenicity of mRNA-based vaccination in patients with CID receiving 

antimetabolites (methotrexate, mycophenolate, azathioprine, leflunomide, teriflunomide, or 6-

mercaptopurine) and found no clear difference compared with those not using antimetabolites. The 

geometric mean of anti-S antibody titers was 1371 (CI, 809 to 2323) for those using antimetabolites and 

1985 (CI, 1293 to 3047) for those not using them; respective neutralization titers were 2391 (CI, 1537 to 



3719) and 2270 (CI, 1650 to 3121), and respective circulating plasmablast levels were 34 (CI, 5 to 241) 

and 67 (CI, 32 to 142) (Appendix Figure 2, C; Appendix Figure 3, available at Annals.org). 

Given previous reports of targeted therapies impairing vaccine responses (14), we examined the 

immunogenicity of mRNA-based vaccination in patients with CID exposed to 3 additional drug classes 

(BCDT, TNFis, and JAKis). Although measures of immunogenicity were numerically different between 

patients receiving TNFis and JAKis and those who were not, 95% CIs were wide and overlapped. The 

geometric mean of anti-S IgG titers was 2478 (CI, 1360 to 4516) in those receiving any TNFi and 1499 

(CI, 1005 to 2234) in those who were not; respective neutralization titers were 1956 (CI, 1093 to 3500) 

and 2415 (CI, 1811 to 3220) (Figure 3). The geometric means of anti-S IgG titers were 1056 (CI, 413 to 

2705) for participants receiving any JAKi and 1816 (CI, 1277 to 2584) for those who were not; respective 

neutralization titers were 1951 (CI, 956 to 3982) and 2415 (CI, 1811 to 3220) (Figure 4). In contrast, 

immunogenicity seemed substantially lower (60%) in the 10 participants receiving BCDT. The geometric 

mean of anti-S IgG was 152 (CI, 36 to 652) in the 10 patients using BCDT versus 2117 (CI, 1539 to 

2912) in those not using it (n = 123). The neutralization titers were 723 (CI, 233 to 2246) in the 4 

participants using BCDT compared with 2445 (CI, 1890 to 3164) in the 83 who were not (Figure 5), and 

circulating plasmablasts were absent in 1 participant where PBMCs were available (Appendix Figure 2, 

D). The association between BCDT exposure and seroconversion was most striking in participants who 

had more recently (within 6 months) received BCDT (Appendix Figure 4, available at Annals.org). 

Removal of 2 participants with prior SARS-CoV-2 infection based on anti-S seropositivity before 

vaccination had no appreciable effect on the association between biologic therapy and anti-S antibody 

responses (seropositivity in 4 of 8 [50%]). 

 

Discussion 

In a cohort of 133 participants with CID and 53 immunocompetent participants recruited from 2 academic 

medical centers in the United States, we found that 88.7% (118 of 133) of patients with CID had antibody 

responses after 2 doses of the BNT162b2 or mRNA-1273 vaccine; however, in many cases, antibody 

levels were lower than in immunocompetent participants. We observed that some patients with CID 

receiving BCDT and glucocorticoids had absent or numerically lower antibody titers after both 



vaccinations, which correlated with low in vitro neutralization responses. Although overall 

seroconversion after vaccination was 88.7% in patients with CID, only 6 of 10 (60%) patients with CID 

receiving BCDT and 11 of 17 (65%) patients with CID receiving glucocorticoids showed seroconversion 

after mRNA-based SARS-CoV-2 vaccination. In the BCDT-treated patients, the absence of 

seroconversion was seen primarily in those with recent administration of therapy. 

Our results build on data sets confirming that most patients with CID can mount humoral responses after 

SARS-CoV-2 vaccination, with a small proportion generating poor or no response (18, 22, 28). Although 

our study sample is larger than some others, we were nonetheless unable to adjust for other differences 

between the immunocompetent participants and those with CID or across subgroups of participants 

receiving different immunosuppressant therapies. Thus, our findings should be interpreted with caution 

and as hypothesis generating. Nevertheless, other groups have also reported that some patients with CID 

receiving immunosuppressants mounted reduced humoral responses compared with immunocompetent 

participants (18, 19, 29). 

Patients receiving BCDT had numerically low titers of anti-S IgG as well as neutralizing antibodies 

similar to the decrease in observed antibody responses after influenza and pneumococcal vaccination in 

these patients (20, 21, 29–34). In the BCDT-treated patients in our study, the lack of seroconversion was 

seen primarily in those receiving vaccination within 6 months of BCDT administration, with gradual 

recovery of antibody response to vaccination 9 months after treatment with rituximab. All 4 participants 

in our study receiving ocrelizumab every 6 months had undetectable antibodies, and it is unclear whether 

they will have recovery of an antibody response to vaccination with a longer postmedication interval, as 

we observed in a few patients receiving rituximab. Ocrelizumab has improved antibody-dependent 

cellular cytotoxicity compared with rituximab, which may prolong its effect on SARS-CoV-2 

immunization (35). Notably, a prior study of ocrelizumab found that a 3-immunization series did elicit 

antibody responses, albeit with reduced titers (36). Thus, additional studies are needed to determine 

whether vaccine responses can be improved either by a longer interval between BCDT and vaccine 

administration or by adding vaccine booster doses. 

We also found that participants receiving glucocorticoids had lower antibody titers after SARS-CoV-2 

vaccination. Similar observations of reduced antibody responses in glucocorticoid users were previously 



reported (20, 29), and the contribution of potential confounders, including additional immunosuppression 

(BCDT and mycophenolate use), was noted (20). In previous reports of patients with systemic lupus 

erythematosus, high-dose prednisone (>20 mg daily) was associated with a decline in seroconversion 

after influenza vaccination, but a dose-independent effect on seroconversion was observed after 

vaccination against pneumococcus, tetanus toxoid, Haemophilus influenzae type B, or hepatitis B (37–

39). In contrast, glucocorticoids at high doses in the setting of asthma or low doses in patients with RA or 

spondyloarthritis had minimal effect on seroconversion after influenza vaccination (40–42). The 

explanation for the variable effects of glucocorticoids on response to COVID-19 vaccination remains 

unclear, although disease-specific factors or concomitant immunosuppressive medication use, which have 

not yet been adjusted for, may be important contributors. Indeed, most prednisone users were also using 

other immunosuppressants in this study. Thus, future studies are needed to determine whether tapering of 

prednisone, with or without initiation of additional therapies, can promote optimal antibody responses 

from mRNA-based vaccines. 

We were not able to draw conclusions about immunogenicity associated with use of antimetabolites, 

TNFis, or JAKis because CIs around our estimates in these groups were wide and overlapped with 

estimates among participants not using these therapies. In contrast, the SAGA (Serologic Testing and 

Genomic Analysis of Autoimmune, Immune-Mediated and Rheumatic Patients with COVID-19) study 

observed that seropositivity was lower in methotrexate users (28 of 45 [62%]) than in nonusers (including 

some using anticytokine therapies) (34 of 37 [91.9%]) and immunocompetent participants (204 of 208 

[98.1%]) (19). However, an Israeli cohort showed similar seropositivity rates in TNFi monotherapy users 

(n = 121; 98% seropositivity rate) and those taking it with other treatments (n = 172; 97% seropositivity 

rate) (20, 28, 29). In the same study, most participants using JAKis became seropositive (n = 21; 90% 

seropositivity rate), even those with concomitant methotrexate use (n = 24; 92% seropositivity rate) (29). 

These observations highlight the complexities of these patients when examining medication effects due to 

other variables that may further influence antibody responses, such as disease state or concomitant 

immunosuppressive medication use (22). 

Before any evaluation of mRNA-based vaccines in patients with CID, professional societies were pressed 

to provide guidance on use of immunosuppression in these patients. Current guidelines for IBD, psoriasis, 



and MS do not suggest holding biologics, small-molecule drugs, or antimetabolites before vaccination 

against SARS-CoV-2 (43–45). In contrast, the COVID-19 Vaccine Clinical Guidance Summary from the 

American College of Rheumatology has a moderate-level consensus in holding certain 

immunosuppressants, such as methotrexate and JAKis, for 1 week after each vaccine dose for those with 

well-controlled disease (15). It is important to note that our study was done before these recommendations 

were released, and only 3 participants in our cohort held any medications (all methotrexate). 

Because a cutoff titer that is most strongly associated with protection has not been defined, the effect of 

reduced antibody levels on protection from SARS-CoV-2 infection remains unclear. In addition, our data 

did not directly evaluate subsequent SARS-CoV-2 infection or prevention of hospitalization. We note that 

S-specific antibody titers observed in patients with CID (particularly those using TNFis and JAKis) are 

similar to those in patients with rapid recovery from COVID-19 and may, therefore, provide sufficient 

humoral protection (46–48). 

Limitations of this study include the inability to adjust for confounding from concomitant use of multiple 

immunosuppressive therapies due to small sample sizes for many of our subgroups. Use of specific 

medications is also highly associated with CID diagnosis; thus, it is difficult to disentangle whether the 

underlying disease or individual immunosuppressant therapies contribute to diminished vaccine 

immunogenicity. Notably, prior studies suggest that the presence of CID alone (in the absence of 

immunosuppressive medications) may be associated with lower antibody titers than in immunocompetent 

controls (49). In addition, potential unmeasured selection bias due to missing data (neutralization titers 

and ELISpot) limits interpretability. Also, we could not evaluate differences between the 2 mRNA 

vaccines or versus the adenovirus delivery platform. Finally, our cohort had limited racial and ethnic 

diversity due to selection bias (most participants were employees of academic teaching hospitals); we 

continue to recruit from among nonemployee patients with CID to address this. Despite these limitations, 

our findings contribute important data to this nascent field, and we used assays that have been rigorously 

developed and used to generate other critical findings related to SARS-CoV-2 antibody responses (25–27, 

50). 

In summary, this initial analysis of the COVaRiPAD study, focusing on the magnitude and quality of 

antibody responses after 2 doses of the BNT162b2 or mRNA-1273 vaccine, reveals that most patients 



with CID receiving immunosuppressive treatment were able to mount antibody responses, which provides 

justification for current recommendations for this population to be vaccinated. We observed that patients 

with CID receiving glucocorticoids and BCDT developed numerically low or absent anti-S IgG and 

neutralizing antibody titers in contrast to other participants with CID. Further studies are needed to 

determine the importance of contributions of specific medications, exposure to multiple 

immunosuppressive medications, CID diagnosis, disease state, and additional comorbidities to better 

understand the critical factors in SARS-CoV-2 vaccine responses. 
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Figure 1. Immunogenicity among participants with CID and immunocompetent participants. ABA = 

abatacept; BCDT = B-cell depletion therapy; BLyS = B-lymphocyte stimulator; CID = chronic 

inflammatory disease; HCQ = hydroxychloroquine; IL23 = interleukin-23; IVIg = intravenous 

immunoglobulin; JAKi = Janus kinase inhibitor; LoD = limit of detection; NSAID = nonsteroidal anti-

inflammatory drug; S = spike; SSZ = sulfasalazine; TCZ = tocilizumab; TNFi = tumor necrosis factor 

inhibitor. A. Quantification of circulating anti-S IgG for immunocompetent participants and those with 

CID before and after immunization. B. Neutralization of pseudotyped vesicular stomatitis virus with 

SARS-CoV-2 S protein by serum of immunocompetent participants and those with CID after vaccination. 

In panels A and B, the boxes span the 25th to 75th percentiles, lines indicate the median, and whiskers 

denote the 5th and 95th percentiles. Magenta circles are at the geometric means, with error bars showing 

the 95% CIs. Circles represent outliers. C. UpSet plot of immunomodulatory therapy combinations for 

participants with CID. Dots with connecting lines indicate medication combinations. Combinations with 

no participants are omitted. 

 

Figure 2. Immunogenicity among participants with CID receiving glucocorticoids (prednisone). ABA = 

abatacept; BCDT = B-cell depletion therapy; BLyS = B-lymphocyte stimulator; CID = chronic 

inflammatory disease; HCQ = hydroxychloroquine; IL23 = interleukin-23; IVIg = intravenous 

immunoglobulin; JAKi = Janus kinase inhibitor; LoD = limit of detection; NSAID = nonsteroidal anti-

inflammatory drug; S = spike; SSZ = sulfasalazine; TCZ = tocilizumab; TNFi = tumor necrosis factor 

inhibitor. A. Quantification of anti–SARS-CoV-2 antibodies in participants with CID receiving or not 

receiving prednisone. B. Neutralization of pseudotyped vesicular stomatitis virus with SARS-CoV-2 S 

protein by serum for participants with CID receiving or not receiving prednisone. In panels A and B, the 

boxes span the 25th to 75th percentiles, lines indicate the median, and whiskers denote the 5th and 95th 

percentiles. Magenta circles are at the geometric means, with error bars showing the 95% CIs. Circles 

represent outliers. C. UpSet plot of immunomodulatory therapy combinations for participants with CID, 

stratified by prednisone use. Dots with connecting lines indicate medication combinations. Combinations 

with no participants are omitted. 

 



Figure 3. Immunogenicity among participants with CID receiving TNFis. ABA = abatacept; BCDT = B-

cell depletion therapy; BLyS = B-lymphocyte stimulator; CID = chronic inflammatory disease; HCQ = 

hydroxychloroquine; IL23 = interleukin-23; IVIg = intravenous immunoglobulin; JAKi = Janus kinase 

inhibitor; LoD = limit of detection; NSAID = nonsteroidal anti-inflammatory drug; S = spike; SSZ = 

sulfasalazine; TCZ = tocilizumab; TNFi = tumor necrosis factor inhibitor. A. Quantification of circulating 

anti-S IgG for participants with CID receiving or not receiving TNFis. B. Neutralization of pseudotyped 

vesicular stomatitis virus with SARS-CoV-2 S protein by participants with CID receiving or not receiving 

TNFis. In panels A and B, the boxes span the 25th to 75th percentiles, lines indicate the median, and 

whiskers denote the 5th and 95th percentiles. Magenta circles are at the geometric means, with error bars 

showing the 95% CIs. Circles represent outliers. C. UpSet plot of immunomodulatory therapy 

combinations for participants with CID, stratified by TNFi use. Dots with connecting lines indicate 

medication combinations. Combinations with no participants are omitted. 

 

Figure 4. Immunogenicity among participants with CID receiving JAKis. ABA = abatacept; BCDT = B-

cell depletion therapy; BLyS = B-lymphocyte stimulator; CID = chronic inflammatory disease; HCQ = 

hydroxychloroquine; IL23 = interleukin-23; IVIg = intravenous immunoglobulin; JAKi = Janus kinase 

inhibitor; LoD = limit of detection; NSAID = nonsteroidal anti-inflammatory drug; S = spike; SSZ = 

sulfasalazine; TCZ = tocilizumab; TNFi = tumor necrosis factor inhibitor. A. Quantification of circulating 

anti-S IgG for participants with CID receiving JAKis. B. Neutralization of pseudotyped vesicular 

stomatitis virus with SARS-CoV-2 S protein for participants with CID receiving JAKis. In panels A and 

B, the boxes span the 25th to 75th percentiles, lines indicate the median, and whiskers denote the 5th and 

95th percentiles. Magenta circles are at the geometric means, with error bars showing the 95% CIs. 

Circles represent outliers. C. UpSet plot of immunomodulatory therapy combinations for participants 

with CID, stratified by JAKi use. Dots with connecting lines indicate medication combinations. 

Combinations with no participants are omitted. 

 

Figure 5. Immunogenicity among participants with CID receiving BCDT. ABA = abatacept; BCDT = B-

cell depletion therapy; BLyS = B-lymphocyte stimulator; CID = chronic inflammatory disease; HCQ = 



hydroxychloroquine; IL23 = interleukin-23; IVIg = intravenous immunoglobulin; JAKi = Janus kinase 

inhibitor; LoD = limit of detection; NSAID = nonsteroidal anti-inflammatory drug; S = spike; SSZ = 

sulfasalazine; TCZ = tocilizumab; TNFi = tumor necrosis factor inhibitor. A. Quantification of circulating 

anti-S IgG for participants with CID receiving BCDT. B. Neutralization of pseudotyped vesicular 

stomatitis virus with SARS-CoV-2 S protein for participants with CID receiving BCDT. In panels A and 

B, the boxes span the 25th to 75th percentiles, lines indicate the median, and whiskers denote the 5th and 

95th percentiles. Magenta circles are at the geometric means, with error bars showing the 95% CIs. 

Circles represent outliers. C. UpSet plot of immunomodulatory therapy combinations for participants 

with CID receiving BCDT. Dots with connecting lines indicate medication combinations. Combinations 

with no participants are omitted. 

 

Appendix Figure 1. Flow chart of inclusion, exclusion, and selection of participants. ELISpot = enzyme-

linked immunosorbent spot. 

 

Appendix Figure 2. Plasmablast formation among immunocompetent participants and those with CID. 

ABA = abatacept; BCDT = B-cell depletion therapy; BLyS = B-lymphocyte stimulator; CID = chronic 

inflammatory disease; ELISpot = enzyme-linked immunosorbent spot; HCQ = hydroxychloroquine; 

IL23 = interleukin-23; IVIg = intravenous immunoglobulin; JAKi = Janus kinase inhibitor; LoD = limit 

of detection; NSAID = nonsteroidal anti-inflammatory drug; PBMC = peripheral blood mononuclear cell; 

S = spike; SFU = spot-forming unit; SSZ = sulfasalazine; TCZ = tocilizumab; TNFi = tumor necrosis 

factor inhibitor. A. Frequency of circulating plasmablasts for immunocompetent participants and those 

with CID before and after immunization. Total Ig, SARS-CoV-2 S-binding Ig, and influenza virus 

vaccine-binding Ig are shown. B. Frequency of anti-S Ig circulating plasmablasts in participants with CID 

receiving or not receiving glucocorticoids (prednisone). C. Frequency of anti-S Ig circulating 

plasmablasts in participants with CID receiving or not receiving antimetabolites. D. Frequency of anti-S 

Ig circulating plasmablasts in participants with CID receiving or not receiving BCDT. In panels A through 

D, the boxes span the 25th to 75th percentiles, lines indicate the median, and whiskers denote the 5th and 

95th percentiles. Magenta circles are at the geometric means, with error bars showing the 95% CIs. 



Circles represent outliers. Plasmablast frequency was measured as SFUs per 106 PBMCs via ELISpot 

assay. E. UpSet plot of immunomodulatory therapy combinations for participants with CID. Dots with 

connecting lines indicate medication combinations. Combinations with no participants are omitted. 

 

Appendix Figure 3. Immunogenicity among participants with CID receiving antimetabolites. ABA = 

abatacept; BCDT = B-cell depletion therapy; BLyS = B-lymphocyte stimulator; CID = chronic 

inflammatory disease; HCQ = hydroxychloroquine; IL23 = interleukin-23; IVIg = intravenous 

immunoglobulin; JAKi = Janus kinase inhibitor; LoD = limit of detection; NSAID = nonsteroidal anti-

inflammatory drug; S = spike; SSZ = sulfasalazine; TCZ = tocilizumab; TNFi = tumor necrosis factor 

inhibitor. A. Quantification of anti–SARS-CoV-2 antibodies in participants with CID receiving or not 

receiving antimetabolites. B. Neutralization of pseudotyped vesicular stomatitis virus with SARS-CoV-2 

S protein by serum for participants with CID receiving or not receiving antimetabolites. In panels A and 

B, the boxes span the 25th to 75th percentiles, lines indicate the median, and whiskers denote the 5th and 

95th percentiles. Magenta circles are at the geometric means, with error bars showing the 95% CIs. 

Circles represent outliers. C. UpSet plot of immunomodulatory therapy combinations for participants 

with CID, stratified by antimetabolite use. Dots with connecting lines indicate medication combinations. 

Combinations with no participants are omitted. 

 

Appendix Figure 4. Anti-S IgG titers versus time since the last dose of B-cell depletion therapy. Symbols 

represent individual participants. LoD = limit of detection; S = spike. 

 

Supplement. Case Report Form 

 

Appendix 1: Additional Study Details 

Inclusion Criteria 

• Able to understand and give informed consent 

• Capable of attending all mandatory study visits according to the study schedule 

• Males or females older than 18 years 



• Participants in the CID cohort had to have CID documented by a health care provider and be patients 

seen in university or affiliated hospital rheumatology, MS, or IBD clinics, regardless of specific CID 

diagnosis or medication used. Any discrepancies in CID diagnosis or medication use identified by study 

physician chart review and participant-provided data were resolved by conversation between the treating 

provider and the participant. 

• Immunocompetent control participants had to be in good health as determined by medical history and 

physical examination and could not be using any immunomodulatory or immunosuppressive medication. 

• All participants who contributed data reported in this manuscript were faculty, staff, or employees of 

Washington University School of Medicine or BJC HealthCare system in St. Louis, Missouri, or UCSF, 

UCSF Health, or Zuckerberg San Francisco General Hospital in San Francisco, California. 

Exclusion Criteria 

• Prior SARS-CoV-2 vaccination or participation in an investigational study of SARS-CoV-2 vaccines in 

the previous 2 years (history of suspected or confirmed SARS-CoV-2 infection was not exclusionary) 

• History of allergy to vaccination 

• History of Guillain–Barré syndrome after vaccination 

• Acute illness or fever within 72 hours before vaccination 

• History of uncontrolled HIV infection or cancer (particularly leukemia, lymphoma, use of antineoplastic 

drugs, or x-ray treatment). Persons with previous skin cancer or cured nonlymphatic tumors were not 

excluded from the study. HIV infection was considered controlled if there was documentation of a stable 

antiretroviral regimen for the previous 6 months and the current CD4 count was above 0.300 × 109 cells/L 

with undetectable viral load. 

• History of any chronic medical conditions that were considered progressive or uncontrolled and had 

required hospitalization in the previous 3 months (such as diabetes, heart disease, lung disease, liver 

disease, kidney disease, or uncontrolled hypertension) 

• History of excessive alcohol consumption, drug misuse, psychiatric conditions, social conditions, or 

occupational conditions that, in the opinion of the investigator, would have precluded adherence to the 

study 



• Receipt of blood products within 90 days of the vaccination visit, excluding intravenous 

immunoglobulin 

• Receipt of any licensed live vaccine within 30 days or any licensed inactivated vaccine within 14 days 

before SARS-CoV-2 vaccination 

• Planned vaccination with any other vaccine during the first 60 days of study participation 

• Had donated blood or blood products within 30 days before study vaccination, planned to donate blood 

at any time during study participation, or planned to donate blood within 30 days after the last blood draw 

• Any condition that, in the opinion of the investigator, would have interfered with proper conduct of the 

trial 

Detailed Methods 

Setting and Participants 

Any discrepancies in CID diagnosis or medication use identified by study physician chart review and 

participant-provided data were resolved by conversation between the treating provider and the participant. 

Data Collection Instruments 

The case report form containing the data collection instruments is provided in the Supplement (available 

at Annals.org). Data were collected by clinical research coordinators with Collaborative Institutional 

Training Initiative program and Good Clinical Practice training managed by nurses who have Certified 

Clinical Research Coordinator status from the Association of Clinical Research Professionals. 

Classification of Medications 

Methotrexate, leflunomide, azathioprine, mycophenolate mofetil, teriflunomide, and 6-mercaptopurine 

were classified as antimetabolites. Rituximab and ocrelizumab were categorized together as BCDT. 

Sample Collection and Storage 

Serum, plasma, and PBMCs were collected by certified phlebotomists using Vacutainer CPT tubes (BD 

Biosciences). Serum and plasma were used immediately or frozen at −80 °C; PBMCs were isolated using 

Ficoll density gradient centrifugation and were used immediately or cryopreserved in 10% 

dimethylsulfoxide in FBS. 

Enzyme-Linked Immunosorbent Assay 



Ninety-six–well plates (MaxiSorp [Thermo Fisher]) were coated with 100 μL of recombinant S protein 

diluted to 1 μg/mL in phosphate-buffered saline (PBS) and were incubated at 4 °C overnight. Plates were 

then blocked with 10% FBS and 0.05% polysorbate 20 in PBS. Serum or plasma was serially diluted in 

blocking buffer and added to the plates. Plates were incubated for 90 minutes at room temperature and 

then washed 3 times with 0.05% polysorbate 20 in PBS. Goat anti–human IgG-HRP (Jackson 

ImmunoResearch; 1:2500) was diluted in blocking buffer before being added to wells and incubating for 

60 minutes at room temperature. Plates were washed 3 times with 0.05% polysorbate 20 in PBS and then 

washed 3 times with PBS before the addition of peroxidase substrate (SIGMAFAST o-Phenylenediamine 

dihydrochloride [Sigma-Aldrich]). Reactions were stopped by the addition of 1 M hydrochloric acid. 

Optical density measurements were taken at 490 nm. The half-maximal binding dilution for each serum or 

plasma sample was calculated using nonlinear regression (GraphPad Prism 9). The limit of detection was 

defined as 1:30. Antibodies were validated by their respective manufacturers per their associated data 

sheets and titrated for ELISA by serial dilution. 

Enzyme-Linked Immunosorbent Spot 

Direct ex vivo ELISpot was performed to determine the number of total vaccine-binding or recombinant 

S–binding IgG-secreting cells present in PBMC samples using IgG/IgA double-color ELISpot kits 

(Cellular Technology Limited) according to the manufacturer’s instructions. Plates were coated overnight 

at 4 °C with Flucelvax Quadrivalent 2019/2020 seasonal influenza virus vaccine (diluted 1:100) and 5 

μg/mL recombinant S proteins, anti–human Ig. ELISpot plates were analyzed using an ELISpot counter 

(Cellular Technology Limited). 

Antigens 

Recombinant soluble SARS-CoV-2 S protein was expressed as previously described (51). Briefly, 

mammalian cell codon-optimized nucleotide sequence coding for the soluble ectodomain of the S protein 

of SARS-CoV-2 (GenBank: MN908947.3, amino acids 1-1213), including a C-terminal thrombin 

cleavage site, T4 foldon trimerization domain, and hexahistidine tag, was cloned into mammalian 

expression vector pCAGGS. The S protein sequence was modified to remove the poly basic cleavage site 

(RRAR to A), and 2 stabilizing mutations were introduced (K986P and V987P [wild-type numbering]). 

Recombinant proteins were produced in Expi293F cells (Thermo Fisher) by transfection with purified 



DNA using the ExpiFectamine 293 Transfection Kit (Thermo Fisher). Supernatants from transfected cells 

were harvested 3 days after transfection, and recombinant protein was purified using Ni-NTA Agarose 

(Thermo Fisher), then buffer-exchanged into PBS and concentrated using Amino Ultracel centrifugal 

filters (EMD Millipore). 

High-Throughput Assay Using Recombinant VSV-SARS-CoV-2 

Recombinant VSV-SARS-CoV-2 was produced as described previously (26). The neutralization and 

assay validation with native SARS-CoV-2 was done as described previously (27). Briefly, serial dilutions 

of patient sera, beginning with a 1:10 initial dilution, were performed in 384-well plates and were 

incubated with 104 plaque-forming units of VSV-SARS-CoV-2 common variant for 1 hour at 37 °C. 

Vero E6 cells were added to the human serum-virus complexes in 384-well plates at 2.5 × 103 cells per 

well and incubated at 37 °C for 16 hours. Cells were fixed at room temperature in 4% formaldehyde and 

then rinsed with PBS. Cells were stained at room temperature with NucRed Live 647 (Invitrogen) for 30 

minutes. Images were acquired using an IN Cell 6500 confocal imager (Cytiva) to visualize nuclei and 

infected cells and were then segmented using IN Carta (Cytiva). Virus-infected cells were identified by 

comparison with the uninfected threshold in Spotfire (TIBCO). IC50s were generated after logistic 

regression enforcing a plateau and baseline. 
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Table. Demographic and Clinical Characteristics of Study Participants 
 
Characteristics Participants With 

CID (n = 133) 
Immunocompetent 
Participants (n = 53) 

Mean age (SD), y 45.5 (16.0) 43.4 (14.1)   
   
Age, n (%) 

  

<65 y 114 (85.7) 46 (86.8) 
≥65 y 19 (14.3) 7 (13.2) 

   
Gender, n (%)* 

  

Female 99 (74.4) 29 (54.7) 
Male 34 (25.6) 24 (45.3) 

   
Hispanic or Latinx ethnicity, n (%)* 

  

Yes 6 (4.5) 4 (7.5) 
No 127 (95.5) 49 (92.5) 

   
Racial/ethnic group, n (%)*   

White 117 (88.0) 42 (79.2) 
Asian 9 (6.8) 7 (13.2) 
Black or African American 4 (3.0) 1 (1.9) 
Other 3 (2.3) 3 (5.7) 

   
Mean body mass index (SD), kg/m2 26.6 (6.3) 27.9 (7.6) 
   
Mean time after second immunization for blood 
sample (SD), d 

8.5 (2.8) 7.1 (1.8) 

   
Immunologic diagnosis, n (%)†   

IBD 42 (31.6) – 
Crohn disease 22 (16.5) – 
Ulcerative colitis 18 (13.5) – 
Other 2 (1.5) – 

Rheumatoid arthritis 38 (28.6) – 
Spondyloarthritis 20 (15) – 

Axial spondyloarthritis 6 (4.5) – 
Psoriatic arthritis/psoriasis 10 (7.5) – 
IBD-associated arthritis 4 (3.0) – 

Uveitis 5 (3.8) – 
Systemic lupus erythematosus 15 (11.3) – 
Other connective tissue disease‡ 4 (3.0) – 
Sjögren syndrome 8 (6.0) – 
Vasculitis 5 (3.8) – 
Autoinflammatory syndrome 2 (1.5) – 
Multiple sclerosis 9 (6.8) – 
Neuromyelitis optica 1 (0.8) – 



IgG4-related disease 2 (1.5) – 
Hidradenitis suppurativa 1 (0.8) – 
HIV 1 (0.8) – 
Antiphospholipid syndrome 1 (0.8) – 

   
Additional diagnosis, n (%)   

Hypertension 20 (15.0) 9 (17.0) 
Diabetes mellitus 9 (6.8) 0 (0.0) 
Coronary artery disease 1 (0.8) 0 (0.0) 
Asthma 15 (11.3) 3 (5.7) 
Chronic obstructive pulmonary disease 1 (0.8) 1 (1.9) 
Chronic kidney disease 3 (2.3) 0 (0.0) 
Chronic liver disease 4 (3.0) 0 (0.0) 

   
Medication exposure, n (%) 

  

Prednisone 17 (12.8) – 
Mean dose (SD), mg/d 6.5 (5.8) – 
Range of doses, mg/d 1–20 – 

Disease-modifying antirheumatic drugs 
  

Methotrexate 29 (21.8) – 
Mean dose (SD), mg/wk 17.1 (5.4) – 
Range of doses, mg/d 7.5–25 – 

Hydroxychloroquine 30 (22.6) – 
Mycophenolate mofetil 9 (6.8) – 
Azathioprine 4 (3.0) – 
Leflunomide 2 (1.5) – 
Sulfasalazine 7 (5.3) – 
Teriflunomide 1 (0.8) – 
6-Mercaptopurine 2 (1.5) – 

Janus kinase inhibitors 
  

Tofacitinib 10 (7.5) – 
Upadacitinib 1 (0.8) – 

Biologic therapies 
  

Tumor necrosis factor inhibitors§ 38 (28.6) – 
B-cell depleting therapies|| 10 (7.5) – 
Belimumab 3 (2.3) – 
Vedolizumab 12 (9.0) – 
Interleukin-12/23 or interleukin-23 inhibitors¶ 10 (7.5) – 
Abatacept 2 (1.5) – 
Tocilizumab 1 (0.8) – 
Fingolimod 1 (0.8) – 
Ibrutinib 1 (0.8) – 

Nonsteroidal anti-inflammatory drugs 27 (20.3) – 
No immunosuppression 9 (6.8) – 

 
CID = chronic inflammatory disease; IBD = inflammatory bowel disease. 
* Gender, race, and ethnicity were reported by participants. 
† Patients could be diagnosed with >1 condition, so the sum of diagnoses is greater than the number of participants. 
‡ Includes undifferentiated connective tissue disease and mixed connective tissue disease. 



§ Includes adalimumab (n = 13), certolizumab pegol (n = 5), etanercept (n = 13), golimumab (n = 2), and infliximab 
(n = 6). 
|| Includes rituximab (n = 8) and ocrelizumab (n = 4). 
¶ Includes the interleukin-12/23 inhibitor ustekinumab (n = 9) and the interleukin-23 inhibitor guselkumab (n = 1). 
 
  



Article I. Appendix Table. Number of Immunomodulatory Medications Among Participants With CID 

 
Medications, n Participants With CID, n (%) 

0  11 (8.2)  
1  57 (42.9)  
2  42 (31.6)  
3  16 (12.0)  
4  6 (4.5)  
5  1 (0.8)  

 
CID = chronic inflammatory disease. 
 
 




