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A B S T R A C T   

Objective: People with autoimmune disease have worse COVID-19 infection-related outcomes, lower antibody responses to COVID-19 vaccine, and higher rates of 
breakthrough infection. Immunosuppressive medications used to treat rheumatoid arthritis (RA) are associated with lower COVID-19 vaccine responses, though 
independent contributions of comorbidities, T-cell immunity, and age are less clear. We sought to test the hypothesis that RA, immunosuppressive medications used 
to treat RA, and older age, contribute to reduced B and T cell response to COVID-19 vaccine. 
Methods: We evaluated serum samples, taken the day of 1st vaccine dose, the day of 2nd dose, 2–6 weeks after 2nd dose, 7–12 weeks after 2nd dose, 13–24 weeks 
after 2nd dose, and 2–6 weeks after the 3rd dose, for anti-spike IgG and neutralizing antibody levels to Wuhan and Omicron BA.1 and peripheral blood mononuclear 
cells (PBMC) for spike-specific IFN-γ and IL-2 production by ELISPOT assay in 46 RA and 101 non-autoimmune control participants before and after the primary 
series COVID-19 mRNA vaccination. 
Results: RA participants had lower spike-specific IgG and Wuhan-strain neutralizing antibody levels 2–6 weeks compared to controls after the second dose of primary 
vaccine series. Neutralizing antibody levels against Omicron BA.1 were low in both groups. IFN-γ production correlated with Wuhan neutralizing antibody levels, 
while older age negatively correlated with spike-specific IL-2, IFN-γ and IgG. Lower antibody levels were associated with older age, RA status, and medication usage, 
while lower T cell responses were associated primarily with older age. 
Conclusions: These data indicate lower COVID-19 mRNA vaccine-induced antibody levels in persons with RA compared to individuals without RA, likely partially 
attributable to immune suppressive medications. At the same time, older age is associated with lower antibody and cellular immune response to COVID-19 vaccines.   

1. Introduction 

Persons with Rheumatoid Arthritis (RA) have higher rates of severe 
infection and reduced response to pneumococcal and influenza vaccines 
[1]. They also have a 1.2 fold higher incidence of COVID-19 infection 
and are at greater risk of hospitalization and/or death with SARS CoV-2 
infection [2,3]. COVID-19 vaccination, especially the mRNA vaccines, 
stimulate robust antibody response to spike protein in the general 
population and reduces the incidence of infection and severity of disease 
[4,5]. To control infection, it is necessary for the vaccine to induce both 

antibodies and T cells that recognize the virus [6,7]. While Wuhan 
monovalent vaccine induced antibody response may be less effective 
against viral variants, the T cell response remains effective against 
variants of concern that have arisen thus far [8]. People with RA were 
shown to have lower spike-specific antibody responses and higher rates 
of breakthrough infection after COVID-19 vaccine [9–11]. This is 
attributable, in part, to immunosuppressive medications used to treat 
RA, including Rituximab, steroids, Abatacept, and Methotrexate 
[12–14]. Less is known about T cell responses or antibody responses to 
variants in this population. Some studies have indicated a delayed T cell 

* Corresponding author. 

Contents lists available at ScienceDirect 

Vaccine 

journal homepage: www.elsevier.com/locate/vaccine 

https://doi.org/10.1016/j.vaccine.2023.08.033 
Received 20 April 2023; Received in revised form 9 August 2023; Accepted 14 August 2023   

www.sciencedirect.com/science/journal/0264410X
https://www.elsevier.com/locate/vaccine
https://doi.org/10.1016/j.vaccine.2023.08.033
https://doi.org/10.1016/j.vaccine.2023.08.033
https://doi.org/10.1016/j.vaccine.2023.08.033
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vaccine.2023.08.033&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Vaccine 41 (2023) 6112–6119

6113

response after COVID-19 mRNA vaccination [15], though the degree 
and quality of T cell responses have not been well characterized. In re-
gard to the latter, it appears that cellular and humoral immunity wanes 
significantly in healthy adults 6 months post-vaccination [15–17], 
though there is less data analyzing this in people with RA. 

Additional factors that likely impact vaccine response and clinical 
outcome of COVID-19 include age and comorbid conditions (e.g., dia-
betes (DM), hypertension (HTN)). Understanding how these factors 
impact host response to COVID-19 vaccine in the setting of RA will help 
optimize vaccination strategies for RA patients with or without 
comorbidities. 

In this study, we characterized the immune response to COVID-19 
vaccination in participants with RA by analysis of spike-specific IgG, 
Wuhan and Omicron-specific neutralizing antibody levels, and spike- 
specific cellular production of IFN-γ and IL-2. 

2. Materials and methods 

2.1. Study participants 

Study participants, or their legally authorized representative, gave 
informed consent according to protocols approved by the IRB at the 
Cleveland Veterans Affairs Medical Center, MetroHealth Medical Cen-
ter, and under the WCG Institutional Review Board. Subjects were 
recruited February 2021 through January 2022. We recruited non- 
pregnant adult participants with and without RA who were vaccinated 
with a COVID-19 mRNA vaccine. We excluded those known to be pre-
viously infected with SARS-CoV-2 and participants who had a positive 
Spike antibody or nucleocapsid or membrane ELISPOT response at 
baseline. Patients with additional autoimmune diseases, active in-
fections (e.g. HCV, HIV), or active cancer diagnoses, were excluded from 
the study. Participants in the RA group had an RA ICD9/10 diagnosis 
made in Rheumatology clinic. Medical records were reviewed for sup-
porting information including American College of Rheumatology 
diagnostic criteria [18]. RA participants were queried for whether they 
held any dose of their immunosuppressive medication before or after 
vaccine doses (interpreted as windowing medication). Control partici-
pants were recruited from outpatient clinics or from a Health Care 
Worker vaccine clinic. They had no known autoimmune diagnosis and 
were not taking immunosuppressive medications. Peripheral blood 
samples from 46 RA and 101 control participants were collected at 6 
timepoints: the day of 1st vaccine dose, the day of 2nd dose, 2–6 weeks 
after 2nd dose, 7–12 weeks after 2nd dose, 13–24 weeks after 2nd dose, 
and 2–6 weeks after the 3rd dose. While samples were not taken from 
each participant at every time point, most participants provided samples 
at multiple time points. Additionally, the majority of the control cohort 
did not have samples taken on the day of the 2nd dose or weeks 7–12 
after the second dose, as they were enrolled under a separate protocol. 

2.2. ELISPOT 

IFN-γ/IL-2 double-color ELISPOT assays and IFN-γ single color ELI-
SPOT assays were performed with cryopreserved PBMC, thawed and 
plated at 300,000 cells/well in 96 well plates precoated with capture 
antibody for IFN-γ and IL-2 (Cellular Technology Limited, Cleveland 
OH), or anti-IFN-γ capture antibody (TG1, Thermo Fisher Scientific) at 1 
ug/ml, followed by IFN-γ monoclonal biotinylated detection antibody at 
1 ug/ml (Thermo Fisher Scientific) for IFN-γ single cytokine detection 
assay. We used peptide pools of 15-mer length with a 11 amino acid 
overlap representing the Wuhan strain spike (Peptivator_S, Peptiva-
tor_S1, Peptivator_S+), nucleocapsid (Peptavitor_N), and membrane 
(Peptavitor_M)(Miltenyi) proteins. PBMC were stimulated overnight 
with media, overlapping peptide pools spanning Wuhan spike protein 
(described above) (1ug/mL), Cytomegalovirus/Epstein-Barr virus/ 
Influenza CD8 immunodominant epitope pool (CEF 1 ug/ml NIH HIV 
Reagent Program), tetanus toxoid protein (3 ug/ml Wyeth, New York, 

NY), or phytohemagglutinin (PHA) (10 ug/ml, Fisher Scientific). Spots 
(red, blue and double color) were counted on the CTL Immunospot S5 
Analyzer. For IFN-γ and IL-2 double-color assays > 6 spot- forming units 
(sfu)/300,000 PBMC above media response were considered positive. 

2.3. Anti-spike assay 

IgG responses to the vaccine were assessed by bead-multiplex 
immunoassay using the Wuhan strain protein as previously described 
[19]. Stabilized full-length spike protein (aa 16–1230, with furin site 
mutated) were conjugated to magnetic microbeads (Luminex) and 
assessed by the Magpix assay system (BioRad, Inc). The mean fluores-
cent index was recorded after detection of antigen-specific IgG in 
participant serum using phycoerythrin-conjugated donkey F(ab)2 anti- 
human IgG (Jackson Immunological). A secondary standard from the 
Frederick National Laboratory calibrated to the WHO standard 20/136 
was used to quantitate antibodies to the spike protein expressed as 
binding arbitrary units (BAU) per milliliter. A response >5 BAU/ml was 
considered a positive response. 

2.4. SARS-CoV-2 pseudovirus neutralization assay 

To determine the neutralizing activity of vaccine recipients’ sera 
against coronaviruses, we produced lentiviral particles pseudotyped 
with spike protein based on the Wuhan and Omicron BA.1 strains as 
previously described [20]. Briefly, neutralization assays were performed 
using a Fluent 780 liquid handler (Tecan) in 384-well plates (Grenier). 
Three-fold serial dilutions that ranged from 1:12 to 1:8748 were per-
formed and added to 50–250 infectious units of pseudovirus for 1 h. 
pNT50 values were calculated by taking the inverse of the 50 % inhib-
itory concentration value for all samples with a pseudovirus neutrali-
zation value of 80 % or higher at the highest concentration of serum. The 
lower limit of detection (LLD) of this assay is 1:12 dilution. 

2.5. Flow cytometry 

PBMCs were labeled with anti-CD3-PerCP, CD27-BUV805, HLA-DR- 
PE, CD19 -BUV395, CD21-BV711, (BD Biosciences, San Jose, CA) CD4 
-Pac blue, CD8 –APC-Cy7, CD45RA –PECy-7, CD38 – APC, CD14- FITC, 
CD16 -BV786, CD20-BV605, CD28-PE/Dazzle 594, (BioLegend). 
Compensation was performed using CompBeads (BD Biosciences San 
Jose, CA) for cell surface markers. Live/Dead Aqua (Invitrogen) was 
used to define live cells. Live cells were then gated for B cells (CD3- 
CD19+) and T cells (CD3 + CD19-). CD3+ T cells were gated for CD4+
and CD8+ then differentiated further by CD27 and CD45RA into naïve 
(CD27 + CD45RA+), central memory (CD27 + CD45RA-), effector 
memory (CD27-CD45RA-) and terminally differentiated subsets (CD27- 
CD45RA+). These subsets were also analyzed for HLA-DR and CD38 co- 
expression. Naïve CD4+ and CD8+ subsets were additionally analyzed 
as CD28+ or CD28- based on isotype gating [21]. CD19+ B cells were 
defined using CD38+ for plasmablasts and CD21 + CD27- for naïve B 
cells. Live cells were also gated for monocyte subsets using CD16 and 
CD14. Monocytes were divided into classical (CD14++ CD16-), inter-
mediate (CD14++, CD16+), and nonclassical (CD14 + CD16+). Anal-
ysis was performed on a BD Fortessa flow cytometer. Results were 
analyzed using FlowJo.version10.8. 

2.6. Statistical analysis 

Demographic differences between groups were compared using a t- 
test for age and Chi-Squared tests for gender, race, and ethnicity. 
Simulated p-values were used when small cells numbers were present. 
To compare vaccine responses between RA status groups at a single time 
point, while adjusting for age differences between the groups, we esti-
mated ordinary least-squares regression models predicting log- 
transformed assay levels with age, RA status, and their interaction. 
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Gender was included in these models as a covariate. To compare vaccine 
responses between the groups across time, we estimated a mixed-effects 
model to adjust for repeated measures within subjects. In this model, the 
interaction of vaccine time points and group was the effect of interest 
while adjusting for age and gender. Post-hoc contrasts were estimated to 
characterize this interaction, comparing the differences in estimated 
marginal means between RA status groups at each time point.. Spearman 
rank correlations were performed to assess bivariate associations 
combining the vaccine groups in the absence of a detected group effect, 
and for flow cytometry subset data shown in Supplemental Fig. 2. 
Models were estimated using R version 4.2.2 and nlme and emmeans 
packages. Simple univariate analysis comparing RA participants on vs. 
not on particular medications was performed by Independent-Samples 
Mann Whitney U test (GraphPad prism version 9.4.1). 

3. Results 

3.1. Study population characteristics 

Study participants included 46 individuals with RA and 101 adults 
without autoimmune diseases (Table 1). RA medications prescribed 
included the dihydrofolate reductase inhibitor methotrexate (MTX) (n 
= 23), dihydroorotate dehydrogenase inhibitor Leflunomide (LEF) (n =
5), tumor necrosis factor (TNF) blocker (etanercept, infliximab, or 
adalimumab) (n = 14), Janus Kinase (JAK) inhibitor (tofacitinib) (n =
2), B cell depletion agent Rituximab (n = 3), T cell costimulation 
inhibiting agent Abatacept (n = 5), hydroxychloroquine (n = 13), sul-
fasalazine (n = 3), and prednisone (n = 6). None of the controls were on 
immune suppressive medications. Three RA participants were taking no 
immune suppressive medications, 21 on a single medication type, 15 on 
2 different, and 7 on 3 or more different medication types. Rheumatoid 
factor (RF) and cyclic citrullinated peptide antibody (CCP) status within 
the RA group included 28 participants seropositive for both RF and CCP, 
6 positive for only RF, 3 positive for only CCP, and 9 were seronegative. 
RA and control groups differed by age (mean 66.8 vs. 52.2, respectively, 
Welch 2 Sample p < 0.001) and gender (80 % vs. 57 % male, Chi- 
squared p = 0.01), but not race (Table 1). Most participants received 
the Pfizer vaccine, with only 7 receiving the Moderna vaccine. RA par-
ticipants commonly had hypertension (74.5 %), diabetes (31.9 %), 
coronary artery disease (29.8 %), and were with a mean body mass 
index of 29.09). 

3.2. Participants with RA and those with older age have lower SARS-CoV- 
2 spike-specific IgG levels and Wuhan neutralizing antibody levels 2–6 
weeks following COVID-19 mRNA vaccination 

Both RA and control groups had increases in spike-specific IgG levels 
after the second dose of mRNA vaccine (Repeated measures analysis p=
<0.001, Fig. 1a and not shown) and this difference over time remained 
after adjusting for age and gender (p < 0.001 for each). We observed an 
interaction between time and groups and this interaction effect 
remained after adjusting for age and gender. Comparing the groups at 

each timepoint using post hoc model contrasts, we found that this group 
difference was localized to 2–6 weeks post vaccine, where antibody 
levels were lower in the RA group compared to controls (median 143.3 
BAU/mL vs 5598 BAU/mL, p=<0.0001, Fig. 1b). Notably, within the RA 
group there was substantial variability in antibody level, with about 40 
% of individuals having very low (<100 BAU/ml) or undetectable 
antibody levels. At 13–24 weeks the antibody levels were comparable 
between RA and control groups (Fig. 1b). Two to six weeks after the 3rd 
dose of vaccine antibody were similar comparing control and RA groups 
(model contrast p = 0.33). These data indicate that participants with RA 
have significantly lower spike specific IgG 2–6 weeks after vaccination 
compared to controls, even after adjusting for age and gender. At the 
same time 3rd dose boosting appears to bridge this gap. 

Additionally, in this dataset age was negatively correlated with 
antibody level (Fig. 1C). In a regression model predicting log- 
transformed antibody level with age, gender and RA group status, and 
the interaction of age and RA group status variables, both age and RA 
group status, but not gender, were independently associated with anti-
body level (p < 0.001 for each), while there was no detected interaction 
between age and RA group status (p = 0.83). At the post boost time 
point, antibody level varied by age (p = 0.048), but not by group status 
(as discussed above). These data indicate both RA group and older age 
are associated with lower antibody response to the primary series of 
COVID-19 vaccination. 

Neutralizing antibody levels to the Wuhan and Omicron BA.1 strain 
spike proteins were measured at 2–6 weeks and 13–24 weeks after 
receiving the second dose of the COVID-19 vaccine. Similar to total spike 
antibody levels we observed Wuhan neutralizing antibody levels to be 
higher in controls compared to RA at 2–6 weeks post-vaccine (p <
0.0001, Fig. 2a). Additionally, Omicron BA.1 neutralizing antibody 
levels were lower than Wuhan neutralizing antibody levels in controls at 
2–6 weeks post-vaccine (Fig. 2b p < 0.0001) and in RA at 13–24 weeks 
post-vaccine (p = 0.05, Fig. 2c). Furthermore, Wuhan spike neutralizing 
antibody levels correlated with total Wuhan spike IgG levels for the 
control and RA populations combined (r = 0.44, p < 0.001, Fig. 2d). 
Finally, age tended to negatively correlate with Wuhan neutralizing 
antibody level (r = − 0.20, p = 0.09, not shown). These data indicate 
Wuhan neutralizing antibody levels correlate with total antibody levels 
and tend to correlate with age, while Omicron BA.1 variant neutralizing 
antibody levels are low in response to the primary Wuhan mRNA vac-
cine series. 

3.3. Relation between cellular immune response, age, and antibody 
response: older age correlates with lower levels of spike-specific IFN- 
γ, and spike specific IFN-γ correlates with neutralizing antibody 
levels 

IFN-γ and IL-2 SARS-CoV-2 antigen-specific T cell responses were 
measured by ELISpot assay that detects IFN-γ and IL-2 secretion sepa-
rately or simultaneously, using a 2-color marking system, quantified as 
spot forming units/300,000 plated PBMC over the course of COVID-19 
vaccine (Fig. 3a and 3b for RA group). Most spots were either IFN-γ 
(50.8–52.3 %) or IL-2 (42.3–43.8 %) single cytokine producing cells, and 
IFN-γ production was strongly correlated with IL-2 production (r = 0.87, 
p < 0.0001, not shown). PBMCs producing both IFN-γ and IL-2 were at 
lower frequencies (average of 6 % of total spots) but rose and declined in 
proportion to the IFN-γ and IL-2 single producing cell frequencies over 
time (not shown). 

Participants with RA tended to have lower spike-specific IFN-γ sfu 
than the control group at 2–6 weeks post-vaccination (7.8 vs. 39.0 sfu, p 
= 0.05 univariate non-parametric comparison). However, after adjust-
ing for age and gender these differences did not hold in ordinary least- 
squares regression models, while age tended to associate with spike 
specific IFN-γ sfu (p = 0.05), RA group status did not (p = 0.79). 
Moreover, when both groups combined were analyzed, age itself 
correlated with IFN-γ (Fig. 3c, p = 0.02) and nearly IL-2 (Fig. 3d, p =

Table 1 
Study participant clinical characteristics.   

RA n = 46 Control n = 101 p=

Age mean (SD) 66.8 (8.9) 52.2 (13) p < 0.001 
Gender 37 (80 %) Male 58 (57 %) Male p = 0.01 
Race White: 74 % 

African American: 22 % 
Hispanic: 0 % 
Asian: 4 % 

White: 73 % 
African American: 22 % 
Hispanic: 3 % 
Other: 2 % 

p = 0.6 

RF+/CCP- 6 (12.7 %) N/A  
RF-/CCP+ 3 (6.3 %) N/A  
RF+/CCP+ 28 (59.6 %) N/A  
RF-/CCP- 9 (21.3 %) N/A   
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0.09) responses. Finally, IFN-γ levels correlated with neutralizing anti-
body levels for the control and RA populations combined (Fig. 3e, p =
0.001). 

3.4. Relation between immunosuppressive medications, other clinical 
parameters and vaccine response 

The sample size of our RA group overall is limited to directly 
compare medication treatment subgroups and many participants were 
on more than one medication, making it difficult to attribute variation to 
one specific medication (Supplemental Fig. 1). Notable standouts 
included spike-specific IgG levels that were negative in rituximab- 
treated participants (Supplemental Fig. 1d), and lower in those RA 
participants on methotrexate than those not on methotrexate in uni-
variate analysis (Supplemental Fig. 1d, p = 0.03). In the case of TNF- 
blocker, no significant differences in antibody levels were observed 

comparing those on vs. not on TNF-blocker. We observed no significant 
associations between the presence or absence of hypertension, diabetes 
or coronary artery disease and antibody response in the RA group, or 
differences comparing those receiving Pfizer vs. Moderna vaccine. These 
data indicate variation in antibody response is associated with some RA 
medications. 

Similar to findings with antibody response, there was wide vari-
ability in IFN-γ (Supplemental Fig. 1B), IL-2 (Supplemental Fig. 1C) or 
double color (not shown) sfu across RA treatment subgroups. In contrast 
to antibody response, production of IFN-γ and IL-2 showed no observ-
able differences in the rituximab subgroup compared to all other RA 
participants (Supplemental Fig. 1e). Also, when comparing participants 
on all types of medication who windowed their RA treatment (held any 
dose of treatment medication) at time of vaccine vs. those that did not 
window, we observed greater spike-specific IFN-γ sfu at week 2–6 post- 
vaccination in those who windowed medication (n = 4) compared to 

Fig. 1. Participants with RA as well as those with older age have lower SARS-CoV-2 spike specific IgG levels following COVID-19 vaccination. Panel A: 
SARS CoV-2 Wuhan Spike specific IgG levels over course of primary vaccine series in RA participants. Panel B: Comparison of RA and non-RA control spike specific 
IgG levels over the course of vaccine. Panel C: Correlation between spike IgG level and age for all participants. Trend line shown for both RA and control groups. 
Dotted lines on Panels A and B indicate pre-determined spike specific IgG positive response cutoff. 
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those who did not (n = 20) (Supplemental Fig. 1e, p = 0.02). We 
additionally observed variation in cellular immune response across the 
spectrum in persons with hypertension, diabetes and coronary artery 
disease and there were no significant differences in response that asso-
ciated with these comorbidities, or by Pfizer vs. Moderna vaccine type in 
univariate analyses. 

To further understand potential cellular immune factors that may 
contribute to altered immune responses in the RA group, we analyzed 
bulk T cell (CD3+), T cell subset (CD4, CD8, naive, central memory, 
effector memory), B cell (CD19+), and monocyte subset (CD14, CD16) 
distribution and phenotype (activation state assessed by HLA-DR or 
HLA-DR/CD38 co-expression) by flow cytometry. While the subset of 
participants analyzed here was small (n = 18 RA and n = 5 controls), in 
the RA group we observed correlations between greater age and lower 
naïve CD8 T cell frequency (r = − 0.62, p = 0.04, Supplemental Fig. 2a), 
and lower CD28 expression on naïve CD8 cells (r = − 0.83, p < 0.001, 

Supplemental Fig. 2b) and “total” B cell frequency and antibody 
response to vaccine (r = 0.79, p = 0.002)(Supplemental Fig. 2c). While 
comparisons between groups were difficult given the sample size, per-
sons with RA had higher frequencies of plasmablasts (CD38 + CD20- B 
cells) at 6 months post-vaccine compared to controls (12.9 % vs.1.7 % p 
= 0.016, not shown). Total B cells and monocyte subsets (classical 
(CD14++ CD16-), intermediate (CD14++, CD16+), and nonclassical 
(CD14+, CD16+)) frequencies were not found to differ between the 
control and RA groups. 

4. Discussion 

This study aimed to analyze how RA impacts the ability of the im-
mune system to mount antibody and cellular immune response to the 
COVID-19 mRNA vaccine. We found that in addition to lower spike- 
specific IgG levels, there were lower Wuhan spike neutralizing 

Fig. 2. Wuhan neutralizing ab is lower in RA as well as with older age and correlates with total IgG while Omicron is lower in all groups at all timepoints. 
SARS Cov2 Neutralizing capacity. Panel A: Comparison of RA and non-RA control neutralizing titers. Panel B: Control group comparison of Wuhan vs. Omicron BA.1 
neutralizing titers. Panel C: RA group comparison of Wuhan vs. Omicron BA.1 neutralizing titers. Panel D: Correlation between Spike specific IgG level and 
neutralizing antibody level for all participants combined. 
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Fig. 3. Older age correlates with lower levels of spike-specific IFN-γ, and spike specific IFN-γ correlates with neutralizing antibody levels. Panel A: Spike 
specific IFN-γ sfu over the course of COVID-19 vaccine. Panel B: Spike specific IL-2 sfu over the course of COVID-19 vaccine. Panel C: Correlation between age and 
spike specific IFN-γ sfu. Panel D: Correlation between age and spike specific IL-2 sfu. Panel E: higher IFN-γ sfu correlates with higher neutralizing titers in the control 
population. Dotted line in Panels A-B indicate pre-determined spike specific positive response. 
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antibody levels at 2–6 weeks after the second dose of COVID-19 mRNA 
primary 2 dose vaccine series in persons with RA compared to controls. 
While differences between groups in antibody response remained after 
adjusting for age and gender, both cellular and humoral immunity were 
also associated with age, highlighting independent contributions of age 
and RA group status for antibody response and primarily a contribution 
of age for cellular immune response. After the 3rd dose of vaccine, 
antibody levels increased in both groups, and differences between 
control and RA groups no longer remained significantly different after 
adjusting for age. Additionally, while immune response appeared 
generally lower across all RA treatment medication subgroups, cellular 
immune response did tend to be higher in those few participants who 
windowed medication around the time of vaccine, while antibody 
response was greater in those not on methotrexate compared to those on 
methotrexate. Finally, neutralizing antibody levels for Omicron induced 
by this Wuhan primary COVID-19 vaccine series were generally low in 
all participants, while Wuhan strain neutralizing antibody levels 
strongly correlated with total spike antibody levels and also correlated 
with IFN-γ producing cellular immunity. Overall, these data are 
consistent with RA patients having an impaired humoral response to 
COVID-19 mRNA vaccine primary series, while older age and RA 
medication contributes to lower humoral and cellular immune response 
to vaccine. 

Existing literature has indicated impaired antibody response to 
COVID-19 vaccine in the setting of RA, in some cases associated with use 
of immunosuppressive drugs such as rituximab, methotrexate or Aba-
tacept [15,22,23]. Our data is consistent with existing literature indi-
cating lower antibody response in the setting of RA, and lower spike- 
specific IgG levels in those persons receiving rituximab (an anti-CD20 
B cell depleting agent) as well as methotrexate. Of particular interest, 
our data indicates that at more distal timepoints (13–24 weeks and later) 
the vaccine induced antibody response in the control population is 
similar to that in participants with RA. Also, medication associated 
variability in immune response observed at 13–24 weeks (discussed 
above) did not persist after the 3rd dose of the vaccine here. Other 
studies have indicated persistence of lower antibody response after 3rd 
dose with lower levels in persons on MTX, anti- TNFα, and Rituximab 
[24]. It may be that our sample size after 3rd dose is insufficient to 
appreciate such differences, though the overall magnitude of immune 
response after 3rd dose appears comparable to controls in our data set. 
Certainly, more data comparing individuals on immune suppressive 
medications after additional vaccine dosing can help clarify this issue. 

IFN-γ has frequently been studied as a marker of cellular immune 
response. Regarding COVID-19 vaccination, our study suggests older age 
may play a larger role than RA group status. We also found that IL-2 
production was lower than IFN-γ but followed a similar pattern of 
peaking at 2–6 weeks post vaccination then modestly waning after 7–24 
weeks. Additionally, we found that 5.8–6.1 % of the spike-specific 
cellular immune response was in the category of IFN-γ/IL-2 dual pro-
ducing cells, while the majority were either IFN-γ (50.8–52.3 %) or IL2 
(42.3–43.8 %) single cytokine producing cells. Together, these findings 
suggest a coordinated IFN-γ/IL2 cellular immune response that is 
affected by age. Furthermore, the observed correlation between IFN-γ 
sfu and Wuhan spike neutralizing antibody levels also suggests coordi-
nation between cellular and humoral immunity, in agreement with prior 
literature [15]. In an effort to understand cellular compartments 
participating in this coordinated immune response we enumerated B and 
T cell subset frequencies by flow cytometry. While this sample set was 
very small, we observed a correlation between total B cell frequency and 
antibody response, and a higher plasmablast frequency in participants 
with RA. Others have observed lower IgG+ switched memory B cells in 
those with RA [15]. Certainly, B cell subset perturbations may 
contribute to a lower vaccine response in those with RA, and additional 
studies of bulk and antigen specific cell subsets in the context of vaccine 
response may help clarify mechanisms underlying impaired host 
response. 

We find that neutralizing antibody responses to Omicron BA.1 are 
remarkably low in both controls and RA patients, while Wuhan 
neutralizing activity is robust in controls and greater than that in pa-
tients with RA. This is consistent with other literature [25]. While 
antibody response is remarkably low against the variants, T cell recog-
nition of variants is reported to be similar to that of the Wuhan strain in 
individuals with and without immune diseases [8,25]. 

When specifically focusing on age, both cellular and humoral im-
mune responses were observed to be lower in older persons. It has 
recently been shown in one study that older people have a lower 
response to COVID-19 vaccine [26]. In agreement, here we show that 
older age correlated with lower cellular and humoral response to the 
primary series COVID-19 mRNA vaccines. This could be due to lower 
naïve T cell frequency. Notably, we did not evaluate T follicular helper 
cells known to relate to antibody levels. 

Limitations of this data set include the small sample size limiting our 
ability to identify associations between immune responses and the 
various combinations of immunosuppressive medications; a lack of im-
mune function data at all time points for each participant due in part to 
the pandemic-related telehealth visit emphasis during the time period of 
this study; lack of health information on a subset of the controls enrolled 
through a health care worker protocol, and the small sample size of post 
3rd dose booster data. However, these data both confirm other reported 
studies and extend RA host cellular immune function and neutralizing 
antibody findings to lend insight into the intersection between age and 
treated autoimmune host immunity to COVID-19 vaccine. 

In conclusion, our data shows impaired humoral immune response to 
COVID-19 vaccination in persons with RA and impaired humoral and 
cellular immune response to COVID-19 vaccination in older persons. 
Selective medications used to treat RA likely additionally contribute to 
the magnitude of immune impairment. Finally, decline in humoral im-
munity following peak response may be altered in the setting of RA, and 
3rd dose of vaccine may partially mitigate differences between controls 
and RA patients. 
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