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1 Introduction 1 

Rheumatoid arthritis (RA) is a chronic, systemic autoimmune disease characterized by 2 

persistent synovial inflammation, progressive joint destruction and a wide array of extra-3 

articular manifestations. Affecting approximately 0.5–1% of the global population, RA 4 

results from a complex interaction of genetic, environmental and immunologic factors. 5 

Characteristics of RA pathogenesis include abnormal activation of both the innate and 6 

adaptive immune systems, with crucial roles played by pro-inflammatory cytokines such 7 

as tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6) and interleukin-1beta (IL-8 

1β). It is known that RA patients exhibit increased susceptibility to infections due to both 9 

the immune dysregulation associated with the disease and the immunosuppressive effects 10 

of disease-modifying antirheumatic therapies (1). 11 

In December 2019, a number of patients with pneumonia of unknown reason was 12 

identified in Wuhan, China, shortly thereafter the World Health Organization (WHO) had 13 

formally classified the current coronavirus outbreak as Coronavirus disease-19 (COVID-14 

19) (2), which was induced by the newly identified severe acute respiratory syndrome 15 

coronavirus 2 (SARS-CoV-2). The COVID-19 pandemic had serious global health effects 16 

and resulted in millions of deaths worldwide (3, 4). Beyond its respiratory manifestations, 17 

SARS-CoV-2 is now recognized as a systemic virus with significant immunological 18 

consequences, including cytokine release syndrome, lymphocyte dysregulation and 19 

autoimmune phenomena (5). The virus’s complex interactions with host immune 20 

responses have raised questions regarding its impact on individuals with pre-existing 21 

immune-mediated disorders, such as RA. 22 

23 
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1.1 Rheumatoid arthritis (RA) 24 

1.1.1 Epidemiology 25 

The global prevalence of RA is estimated to be approximately 0.5% to 1% of the 26 

European and American adult population and it is more prevalent in women than in men, 27 

with a ratio of two to one. The disease commonly emerges between the ages of 30 and 60 28 

(6). RA is linked to various long-term complications, including other chronic illnesses 29 

such as cardiovascular and respiratory conditions, osteoporosis and malignancies. It can 30 

also lead to physical and occupational impairment, mental health disorders and 31 

diminished quality of life (7-10). 32 

1.1.2 Systemic immune alterations and infection susceptibility in RA 33 

RA is a chronic systemic autoimmune disease characterized by persistent synovial 34 

inflammation, progressive cartilage destruction, bone erosion and extra-articular 35 

manifestations. Its immunopathogenesis is driven by sustained activation of antigen-36 

presenting cells, dysregulated cytokine signaling, expansion of autoreactive CD4+ T 37 

helper cells (Th) - particularly Th1 and Th17 subsets - and impaired regulatory T-cell 38 

(Treg) function, resulting in breakdown of peripheral tolerance and chronic inflammation 39 

(11, 12). B-cell dysregulation further contributes through abnormal antigen presentation, 40 

cytokine production and generation of pathogenic autoantibodies, including rheumatoid 41 

factor (RF) and anti-citrullinated protein antibodies (ACPA), which are closely associated 42 

with disease severity and structural damage (13). In addition to driving autoimmunity, RA 43 

is associated with profound and persistent immune dysfunction that reduces host defense. 44 

Epidemiological studies consistently demonstrate an increased risk of infections in 45 

patients with RA compared with the general population, reflecting the influence of 46 

disease-related immune dysfunction on infection risk (1, 14). 47 

Innate immune dysregulation in RA is characterized by chronic activation of monocytes, 48 

macrophages and neutrophils, with sustained overproduction of pro-inflammatory 49 

cytokines such as TNF-α, IL-6 and IL-1β. Although essential for antimicrobial responses, 50 

prolonged cytokine exposure leads to immune imbalance, impaired leukocyte function 51 

and disrupted pathogen clearance, paradoxically increasing infection risk (15). Adaptive 52 

immune alterations further exacerbate immune insufficiency, including reduced naive T-53 

cell output, decreased T-cell receptor repertoire diversity, accumulation of highly 54 
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differentiated memory T cells and qualitative defects in B-cell mediated antibody 55 

responses that impair effective neutralization of pathogens (12). 56 

Collectively, RA represents a state of chronic immune activation coexisting with impaired 57 

immune competence, resulting in heightened susceptibility to infections. As illustrated in 58 

Figure 1, this vulnerability is amplified by the requirement for immunosuppressive 59 

therapies to control disease activity, while infections can, in turn, exacerbate 60 

inflammatory pathways and trigger disease flares, reinforcing a self-perpetuating cycle. 61 

These interconnected mechanisms provide a critical framework for understanding altered 62 

immune responses to infections such as SARS-CoV-2 in RA. 63 

64 

Figure 1. Conceptual model of the interaction between immunosuppression, infection 65 

risk and RA disease activity. Immunosuppressive therapies used in RA can reduce 66 

immune competence and increase susceptibility to infections, including SARS-CoV-2. 67 

Infections might induce systemic inflammation, exacerbate disease activity and trigger 68 

disease flares, potentially necessitating intensified immunosuppressive therapy to re-69 

establish disease control, thereby sustaining a self-reinforcing cycle. DMARDs: disease-70 

modifying antirheumatic drugs. The figure was created using OpenAI GPT-5.3 based on 71 

the author’s conceptual design. 72 
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1.1.2.1 Infections as triggers of autoimmunity and disease flares 73 

Experimental and clinical evidence supports the role of infections as important 74 

environmental factors capable of initiating autoimmunity and exacerbating established 75 

RA. In genetically susceptible individuals, infectious agents may contribute to RA 76 

development through multiple, non-exclusive mechanisms, including molecular mimicry, 77 

epitope spreading and infection-induced post-translational modification of self-antigens 78 

that enhance their immunogenicity (16). Viral infections are of particular interest because 79 

they can induce strong innate immune activation and sustained type I interferon (IFN) 80 

responses, thereby lowering the activation threshold of autoreactive T-, and B-cells (16). 81 

Several viruses, including Epstein–Barr virus and parvovirus B19, have been implicated 82 

in RA pathogenesis based on the detection of viral components in synovial tissue and 83 

evidence of cross-reactivity with citrullinated self-proteins. These findings suggest a 84 

potential role for viral infections in the transition from preclinical autoimmunity to 85 

clinically manifest RA (17, 18).  86 

In established RA, infections are well-recognized triggers of disease flares. By inducing 87 

systemic inflammation and innate immune activation, they may impair immune 88 

regulatory mechanisms and promote synovial inflammatory responses (12, 15). 89 

1.1.2.2 Impact of antirheumatic therapies on immune responses to infections 90 

RA treatment largely depends on disease-modifying antirheumatic drugs (DMARDs), 91 

which effectively control inflammation and prevent joint damage, but substantially alter 92 

immune competence. Conventional synthetic DMARDs (csDMARDs), particularly 93 

methotrexate (MTX), broadly suppress lymphocyte proliferation, cytokine production 94 

and antigen-specific immune responses, contributing to increased infection susceptibility 95 

and impaired vaccine responses during long-term treatment. Glucocorticoids (GCS) 96 

promote dose-, and duration-dependent immunosuppressive effects on innate and 97 

adaptive immunity and are consistently associated with an elevated risk of serious 98 

infections, even at low chronic doses (12, 19, 20). 99 

Biologic disease-modifying antirheumatic drugs (bDMARDs) and targeted synthetic 100 

disease-modifying antirheumatic drugs (tsDMARDs) provide more selective immune 101 

modulation, but confer distinct infectious risk profiles. TNF-α inhibitors impair 102 

macrophage activation and granuloma maintenance, increasing susceptibility to 103 
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intracellular pathogens and viral reactivation, whereas IL-6 receptor antagonist may 104 

attenuate acute-phase responses and mask early signs of infection (21). Janus kinase 105 

(JAK) inhibitors disrupt cytokine signaling pathways essential for antiviral defense and 106 

are associated with an increased incidence of viral infections, particularly herpes zoster 107 

(22). 108 

Cumulative immunomodulatory therapy in RA can lead to secondary immunodeficiency 109 

arising from chronic inflammation, aging, comorbidities and prolonged or combination 110 

treatment. B-cell-targeted therapies, especially anti-CD20 monoclonal antibodies, can 111 

cause humoral immune defects including hypogammaglobulinemia, impaired vaccine 112 

responses and reduced immunological memory, with infection risk further amplified by 113 

simultaneous csDMARD or GCS use (22, 23). This therapy-induced immunodeficiency 114 

shares features with common variable immunodeficiency (CVID), highlighting the 115 

coexistence of immune suppression and immune activation in RA and supporting 116 

immunoglobulin (Ig) and vaccine-response monitoring in high-risk patients (24, 25). 117 

1.2 SARS-CoV-2 and COVID-19 118 

1.2.1 Epidemiology 119 

SARS-CoV-2 is mainly spread through respiratory droplets during face-to-face 120 

interactions and to a lesser extent, through contact with contaminated surfaces (26). Since 121 

the start of the pandemic, SARS-CoV-2 virus has been marked by a significant number 122 

of genomic variations. These variations have resulted in significant changes across all 123 

structural proteins, driven by natural selection, leading to the emergence of variants with 124 

increased transmissibility and/or virulence with a possible devaluation of vaccine 125 

effectiveness. Since November 2021, the Omicron (B.1.1.529) coronavirus variant 126 

dominated the infection landscape, responsible for the majority of cases (27) and 127 

subsequently undergoing considerable genetic mutations (28). The rapid spread of 128 

variants is partly due to transmission by individuals with mild or asymptomatic infections 129 

(29).  130 

1.2.2 Pathophysiology of SARS-CoV-2 infection and clinical characteristics of 131 

COVID-19 132 

SARS-CoV-2 is a single-stranded ribonucleic acid (RNA) virus of the Betacoronavirus 133 

genus within the Coronaviridae family. The virion consists of four structural proteins: 134 
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spike (S), envelope (E), membrane (M) and nucleocapsid protein (NCP). The M protein 135 

coordinates virus particle formation, the E protein contributes to replication and 136 

infectivity and the NCP binds viral RNA and facilitates genome packaging (30). The S 137 

protein, composed of S1 and S2 subunits, mediates viral entry through interaction of the 138 

S1 receptor binding domain (RBD) with the angiotensin-converting enzyme 2 (ACE2) 139 

receptor expressed on host cells (31). SARS-CoV-2 primarily infects nasal and bronchial 140 

epithelial cells and alveolar pneumocytes, enabling efficient replication in the lower 141 

respiratory tract during early infection (32). Viral infection triggers the release of pro-142 

inflammatory mediators from epithelial cells and alveolar macrophages, promoting 143 

immune cell recruitment, endothelial barrier disruption, impaired gas exchange and 144 

reduced oxygen diffusion - key features of COVID-19 (33). In severe disease, pulmonary 145 

edema and hyaline membrane formation reflect early acute respiratory distress syndrome 146 

(ARDS) (34), while endothelial inflammation and dysfunction can promote 147 

microvascular thrombosis and thromboembolic complications (35). 148 

Clinically, COVID-19 exhibits marked heterogeneity, ranging from asymptomatic 149 

infection to severe pneumonia, ARDS, multiorgan failure and death. Disease severity is 150 

largely determined by host-related risk factors, including advanced age, male sex, obesity, 151 

malignancy, cardiovascular disease, diabetes, chronic lung disease and 152 

immunosuppression, all of which affect antiviral immunity and inflammatory regulation 153 

(36, 37). These observations emphasize that COVID-19 severity reflects the interaction 154 

between viral infection and pre-existing immune and metabolic dysfunction, 155 

underscoring the importance of risk stratification and targeted preventive strategies in 156 

vulnerable populations. 157 

1.2.3 SARS-CoV-2-specific immune responses 158 

As the number of COVID-19 patients increased, it became even more essential to identify, 159 

assess and understand the immune responses induced by SARS-CoV-2 infection or 160 

COVID-19 vaccines (38).  161 

1.2.3.1 Innate and adaptive immune responses to SARS-CoV-2 infection 162 

Following SARS-CoV-2 infection, the innate immune system is activated through pattern 163 

recognition receptors, including Toll-like receptors (TLRs), with TLR2 and TLR3 playing 164 

key roles in sensing viral components and inducing pro-inflammatory cytokines such as 165 
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TNF-α and type I IFNs (39). Adaptive immune responses elicited by natural infection or 166 

vaccination are critical for viral control (40-44). Humoral immunity is mediated by 167 

antibodies targeting viral antigens, primarily the S and NCP, which neutralize infection 168 

by blocking viral entry into ACE2-expressing cells (38). Although neutralizing antibodies 169 

typically develop rapidly and are maintained by long-lived plasma cells and memory B-170 

cells in many viral infections, SARS-CoV-2 induced antibody responses tend to wane 171 

over time (45), with durability influenced by reinfection, booster vaccination and 172 

immunosuppressive therapies (46-49). 173 

Cellular immunity plays a central role in antiviral defense against SARS-CoV-2. SARS-174 

CoV-2-specific CD4+ T-cells are predominantly Th1-polarized and characterized by IFN-175 

γ production, while CD8+ T-cells produce interferon-gamma (IFN-γ) and TNF-α and 176 

display cytotoxic activity (38, 50). During acute infection, SARS-CoV-2-specific T-cells 177 

exhibit an activated phenotype, transitioning to polyfunctional memory T-cells producing 178 

IFN-γ and TNF-α during convalescence (38, 50, 51). Both CD4+ and CD8+ T-cell 179 

responses develop in most patients within one to two weeks of symptom onset and decline 180 

toward baseline thereafter. Severe COVID-19 is associated with greater reductions in 181 

peripheral T-cell counts, whereas preserved T-cell responses correlate with reduced 182 

disease severity. Notably, T-cell immunity may partially compensate for insufficient 183 

neutralizing antibody responses and contribute to protection against severe disease (50, 184 

52). 185 

1.2.3.2 COVID-19 vaccine induced immune responses 186 

Vaccination is a cornerstone of infection prevention in patients with autoimmune diseases, 187 

although vaccine-induced immunity is shaped by underlying immune dysregulation and 188 

immunomodulatory therapy. Autoimmune conditions are associated with impaired 189 

antigen presentation and dysregulated T-, and B-cell function, resulting in heterogeneous 190 

vaccine responses characterized by reduced antibody titers, impaired memory B-cell 191 

formation and variable cellular immunity compared with healthy individuals (53, 54). 192 

Immunosuppressive therapies further modulate vaccine responses: csDMARDs, such as 193 

MTX reduce immunogenicity by inhibiting lymphocyte proliferation, while B-cell-194 

depleting therapies profoundly impair antibody production, although vaccine-induced T-195 

cell responses are often partially preserved (55). In contrast, agents targeting cytokine 196 

signaling pathways, including JAK inhibitors, may also compromise cellular immune 197 
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responses (56). Evidence from COVID-19 vaccination has reinforced these observations, 198 

with reduced seroconversion rates reported in patients receiving B-cell-targeted therapies, 199 

GCS or combination immunosuppression (53), underscoring the importance of assessing 200 

both humoral and cellular immunity when optimizing vaccination strategies. 201 

The rapid development of COVID-19 vaccines in response to the global pandemic 202 

introduced multiple effective platforms. Messenger ribonucleic acid (mRNA) vaccines, 203 

including BNT162b2 (Pfizer-BioNTech) and mRNA-1273 (Moderna), use lipid 204 

nanoparticle-encapsulated mRNA encoding the SARS-CoV-2 spike protein and 205 

demonstrated high efficacy in preventing symptomatic COVID-19 in key clinical trials 206 

(50, 57). Viral vector vaccines, such as ChAdOx1 nCoV-19 (AstraZeneca), Gam-COVID-207 

Vac (Sputnik V) and Ad26.COV2.S (Janssen), deliver spike protein genetic material via 208 

a replication-deficient viral vector, inducing both humoral and cellular immune responses 209 

(51, 58-60). Inactivated vaccines, including BBIBP-CorV (Sinopharm) and CoronaVac, 210 

contain chemically inactivated whole virus and elicit immune responses through 211 

preserved viral antigen structures (60). 212 

1.2.3.3 SARS-CoV-2-specific immune responses in RA patients 213 

RA is driven by immune dysregulation characterized by activation of antigen-presenting 214 

cells, expansion of autoreactive T-, and B-cells and production of autoantibodies such as 215 

RF and ACPAs (60, 61). Disease persistence is sustained by excessive cytokine 216 

production, which promotes chronic joint inflammation and systemic immune alterations 217 

(62, 63). SARS-CoV-2 similarly induces robust innate and adaptive immune responses, 218 

and in severe cases, dysregulated immunity results in a cytokine storm marked by 219 

elevated IL-6, IL-1β and TNF-α - cytokines that also play central roles in RA 220 

pathogenesis, suggesting potential amplification of shared inflammatory pathways (15, 221 

62). 222 

Immunocompromised RA patients exhibit impaired adaptive immune responses and are 223 

at increased risk of SARS-CoV-2 infection and hospitalization, particularly in the 224 

presence of high disease activity, comorbidities or immunosuppressive therapy (12). 225 

csDMARDs, bDMARDs and tsDMARDs differentially modulate antiviral immunity and 226 

may influence both susceptibility to infection and vaccine responsiveness (64). 227 

Consequently, patients with RA are prioritized for primary and booster COVID-19 228 
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vaccination; however, vaccine-induced immunity is often attenuated under ongoing 229 

immunosuppression, necessitating earlier or more frequent booster strategies to achieve 230 

adequate protection (12, 64-67). 231 

Beyond acute infection, SARS-CoV-2 has been implicated in triggering or unmasking 232 

autoimmune phenomena through mechanisms such as molecular mimicry, epitope 233 

spreading. Reports of RA-like inflammatory arthritis following COVID-19 raise the 234 

possibility that SARS-CoV-2 may act as an environmental trigger for RA in genetically 235 

predisposed individuals, although definitive causal relationships remain to be established 236 

(68). 237 

1.3 Healthcare workers (HCWs) and RA patients as high-risk populations during the 238 

COVID-19 pandemic 239 

HCWs have represented a population at increased risk of SARS-CoV-2 exposure since 240 

the beginning of the COVID-19 pandemic due to repeated contact with infected 241 

individuals and sustained viral circulation in healthcare settings. Early reports from 242 

affected regions documented substantial infection rates among HCWs, with occupational 243 

exposure identified as a major risk factor (69-71). Beyond individual morbidity, infections 244 

among HCWs threatened healthcare system capacity and continuity of care. The rapid 245 

development and application of mRNA vaccines marked a critical milestone in pandemic 246 

control. Clinical trials demonstrated the high efficacy of BNT162b2 in preventing 247 

symptomatic COVID-19 (57) and HCWs were prioritized for vaccination in many 248 

countries. Immunological studies have shown that mRNA vaccination induces robust 249 

humoral and cellular immune responses: anti-S and neutralizing antibody titers peak after 250 

the second vaccine dose (72), while SARS-CoV-2-specific CD4⁺ and CD8⁺ T-cell 251 

responses contribute to antiviral protection (73). However, antibody levels decline over 252 

time (74) and the emergence of viral variants with partial immune escape has raised 253 

concerns about post-vaccination infections (75). 254 

While HCWs represent a population at increased occupational risk, their interaction with 255 

immunocompromised patient populations, including RA patients, introduces additional 256 

epidemiological and immunological complexity. RA is characterized by systemic immune 257 

dysregulation, chronic cytokine activation and altered adaptive immune responses (15). 258 

Furthermore, immunomodulatory therapies may attenuate antiviral immunity and reduce 259 
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vaccine immunogenicity, particularly affecting T-cell activation and humoral responses 260 

(20). Within healthcare systems, RA patients and HCWs therefore constitute a 261 

bidirectional transmission interface (Figure 2). Immunocompromised patients may 262 

exhibit prolonged viral shedding, increasing occupational exposure risk for HCWs, while 263 

infected HCWs - particularly during asymptomatic or presymptomatic phases - may 264 

transmit SARS-CoV-2 to vulnerable patients. This reciprocal dynamic represents a state 265 

of heightened epidemiological vulnerability. Consequently, investigating SARS-CoV-2 266 

induced immune responses in both RA patients and HCWs, provides insight into host 267 

immunity under conditions of immune dysregulation and high exposure risk, thereby 268 

informing vaccination strategies and infection-prevention policies within healthcare 269 

settings. 270 

 271 

Figure 2. Interaction between RA patients and healthcare workers (HCWs) during the 272 

COVID-19 pandemic. Immune dysregulation and immunosuppressive therapy increase 273 

susceptibility in RA, while sustained occupational exposure elevates infection risk in 274 

HCWs. Arrows indicate two-way transmission, resulting in heightened epidemiological 275 

vulnerability. The figure was created using OpenAI GPT-5.3 based on the author’s 276 

conceptual design.  277 
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2 Objectives 278 

The primary objectives of this investigation were: 279 

 to characterize the humoral and cellular immune responses to SARS-CoV-2 in RA 280 

patients and healthy individuals, 281 

  to determine the factors that have significant impact on the SARS-CoV-2 induced 282 

immunity, 283 

 to study the dynamic change and the longevity of SARS-CoV-2-specific immune 284 

responses in RA patients and healthy controls over prolonged time, 285 

 to assess the effectiveness and the humoral immunogenicity of primary and 286 

booster BNT162b2 vaccination in HCWs. 287 

  288 
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3 Methods 289 

3.1 RA patients 290 

All patients diagnosed with RA were enrolled from the rheumatology outpatient 291 

department of Semmelweis University (Buda Hospital of the Hospitaller Order of Saint 292 

John of God) in Budapest, Hungary. The research was conducted with the approval 293 

number IV/2021-1/2021/EKU. Patients in the study were adults aged 18 years or older 294 

who received COVID-19 vaccination and/or had previously confirmed SARS-CoV-2 295 

infection and were diagnosed with RA based on the classification criteria established by 296 

the American College of Rheumatology/European League Against Rheumatism in 2010 297 

(76). 109 RA patients were included in the study during the initial period (08.2021-298 

12.2021), while the data of 84 patients were analyzed during the follow-up period 299 

(10.2022-03.2023). A control group consisting of 43 healthy individuals was included 300 

who were vaccinated against COVID-19 and/or had previous SARS-CoV-2 infection. 301 

Peripheral blood samples were collected to assess both the humoral and the cellular 302 

immune responses elicited by SARS-CoV-2. All participants provided written, informed 303 

consent (77, 78).  304 

3.2 HCWs 305 

This prospective observational cohort study included HCWs of the Buda Hospital of the 306 

Hospitaller Order of St. John of God, Budapest, Hungary. Participants were employees 307 

aged ≥18 years who received two doses of the BNT162b2 COVID-19 vaccine between 308 

01.2021 and 03.2021. Of 345 vaccinated individuals, 299 consented to follow-up; 294 309 

were included in the final analysis after excluding those who did not complete primary 310 

immunization or had fewer than three antibody measurements. The cohort comprised 311 

physicians, nurses and other healthcare staff. Participants were stratified by prior SARS-312 

CoV-2 infection status. Confirmed infection required compatible symptoms and positive 313 

polymerase chain reaction (PCR) or antigen testing. Presumed SARS-CoV-2 infection 314 

was defined by anti-NCP antibody positivity. Individuals without clinical history and 315 

persistently negative anti-NCP antibodies were classified as SARS-CoV-2 infection-316 

naive. 317 

A third (booster) dose was administered voluntarily, either homologous or heterologous, 318 

according to national recommendations. Participants were followed from 01.2021 to 319 
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06.2022 for SARS-CoV-2 infection, vaccine-related adverse events and humoral immune 320 

responses. For antibody kinetic analyses, individuals with intercurrent infection were 321 

excluded from the respective time-point analyses. The study was approved by the 322 

Hungarian Medical Research Council Scientific and Research Ethics Committee (ETT-323 

TUKEB; IV-1287-1/2021/EKU) and conducted in accordance with the Declaration of 324 

Helsinki (79, 80). 325 

3.3 Assessment of SARS-CoV-2-specific antibodies (Elecsys® Anti-SARS-CoV-2 S 326 

assay, 95 Roche; Elecsys® Anti-SARS-CoV-2 N assay, 95 Roche; Euroimmun 327 

ELISA test) 328 

The Elecsys Anti-SARS-CoV-2 S immunoassay, developed by Roche, was utilized for 329 

analyzing SARS-CoV-2-specific antibodies. This assay, conducted on the Cobas e6000 330 

instrument, is designed to identify antibodies directed against the RBD of the S protein 331 

of SARS-CoV-2 in human serum and plasma samples. Applying a recombinant protein 332 

representing the RBD of the S antigen, the assay follows a double-antigen sandwich 333 

format, effectively detecting high-affinity immunoglobulin A (IgA), G (IgG), M (IgM) 334 

against SARS-CoV-2 quantitatively. The assay's limit of quantification is 0.4 U/ml, 335 

indicating that results below this threshold are considered negative, while results equal to 336 

or above 0.8 U/ml are considered positive, as announced in the test documentation (81). 337 

The Elecsys Anti-SARS-CoV-2 N immunoassay was used to measure the level of anti-338 

NCP in HCWs. In this group the positivity cut-off index (sample signal/cut-off signal) for 339 

the NCP antibody is ≥ 1.0. 340 

The Euroimmun enzyme-linked immunosorbent assay (ELISA) test was used to measure 341 

the level of specific antibodies (IgG) against the NCP from the SARS-CoV-2 virus in 342 

blood samples. This test offers a semi-quantitative evaluation, providing an approximate 343 

measurement rather than an exact value. Results are expressed as a ratio, comparing the 344 

absorbance of the sample to that of a standard calibrator. A ratio below 0.8 is interpreted 345 

as negative for the presence of antibodies, while ratios equal to or exceeding 1.1 are 346 

considered positive, indicating the presence of antibodies based on the test's guidelines 347 

(77, 78, 82). 348 
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3.4 Evaluation of IFN-γ T-cell responses (QuantiFERON (QIAGEN Group)) 349 

A small volume (1 ml) of heparinized whole blood was exposed to specific antigens (such 350 

as S1, S2 and RBD subdomains) known to trigger immune responses in particular types 351 

of T-cells (CD4+ and CD4+CD8+ T-cells). In one test tube, additional specific peptides 352 

were introduced to target various segments of the SARS-CoV-2 virus (spike, nucleocapsid 353 

and M protein domains), aiming to elicit a more comprehensive immune response from 354 

T-cells (referred to as Ag3). Following an incubation period at 37°C lasting 16-24 hours, 355 

the levels of IFN-γ were quantified using the ELISA QuantiFERON test, following the 356 

manufacturer's instructions (Figure 3) (83). While the manufacturer's data sheet suggested 357 

that an IFN-γ level ranging between 0.15 IU/ml and 0.2 IU/ml should be considered 358 

positive, for our study, we set the positive cut-off threshold at 0.15 IU/ml (77, 78). 359 

Figure 3. Assessment of SARS-CoV-2-specific interferon-γ (IFN-γ) T-cell responses 360 

using the QuantiFERON ELISA. Heparinized whole blood is incubated for 16-24 h at 361 

37°C with SARS-CoV-2 antigen peptide pools (S1, S2, RBD, Ag3) to stimulate antigen-362 

specific CD4⁺ and CD8⁺ T cells. Released IFN-γ in plasma is quantified using a 363 

QuantiFERON enzyme-linked immunosorbent assay (ELISA). Plasma is added to 364 

microplate wells pre-coated with anti-IFN-γ capture antibodies, allowing cytokine 365 

binding. A secondary enzyme-labeled detection antibody is then applied, followed by 366 
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substrate addition to generate a colorimetric reaction proportional to IFN-γ levels. 367 

Absorbance is measured using a microplate reader. The figure was created using OpenAI 368 

GPT-5.3 based on the author’s conceptual design. 369 

3.5 Statistical analysis 370 

3.5.1 Baseline study 371 

Demographic characteristics and immunogenicity outcomes were characterized using 372 

descriptive statistical methods. Categorical variables were descriptively characterized by 373 

counts and proportions, whereas continuous variables - including whole COVID virus-374 

specific CD4+ and CD8+ T-cell response (CW 4-8) and anti-S antibody levels - were 375 

characterized as medians and interquartile ranges (IQR). Differences between healthy 376 

controls and RA patients were assessed using non-parametric statistical tests. The 377 

“Sampling Interval” was defined as the time elapsed between vaccination or documented 378 

SARS-CoV-2 infection and blood sample collection for immunological analyses. For 379 

reporting purposes, this interval was expressed in months (30 days per month); however, 380 

all statistical analyses were performed using the exact dates (in days). Age, sex, Sampling 381 

Interval and COVID-19 vaccine type were considered potential confounding variables. 382 

Primary outcome measures included anti-S antibody concentrations, representing 383 

humoral immune responses and CW 4-8, reflecting cellular immunity. The impact of the 384 

following explanatory variables on immunological outcomes was analyzed: cohort 385 

(healthy control vs. RA patient), MTX treatment, csDMARD therapy (MTX or 386 

leflunomide), systemic GCS treatment and targeted immunomodulatory therapy. To 387 

increase statistical power, targeted therapies were grouped according to shared 388 

mechanisms of action, including TNF-α inhibitors (etanercept, infliximab), CD20-389 

targeting therapy (rituximab) and JAK inhibitors. A reference category was defined for 390 

healthy participants and RA patients not receiving targeted therapy. Vaccine type was 391 

categorized into five levels using commonly applied nomenclature in Hungary: 392 

BNT162b2, mRNA-1273, ChAdOx1-S, Gam-COVID-Vac and BBIBP-CorV. An 393 

additional category (“Infected”) included individuals with prior SARS-CoV-2 infection 394 

who had not received vaccination against COVID-19. Multivariable linear regression 395 

models with logarithmically transformed outcome variables were applied to account for 396 

confounding effects. The initial full model included cohort, age (years), sex 397 

(male/female), Sampling Interval (months), targeted therapy (four levels), vaccine type 398 
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(five levels), MTX use (yes/no) and GCS use (yes/no). Model selection was performed 399 

using best-subset regression implemented via the leaps package in R (84). Exponentiated 400 

regression coefficients were reported and interpreted as geometric mean ratios relative to 401 

the reference category or per unit increase for continuous predictors. Statistical 402 

significance was determined based on the regression coefficients of the explanatory 403 

variables. No adjustment for multiple hypothesis testing was applied. All analyses were 404 

conducted using R (85), tables and figures were generated using the gtsummary (86) and 405 

ggplot2 (87) packages (78). 406 

3.5.2 Follow-up study 407 

Time intervals were defined as follows: the “Sampling 1 interval” was the number of days 408 

between the most recent immunological event (COVID-19 vaccination or confirmed 409 

SARS-CoV-2 infection) and the first sampling; the “Sampling 2 interval” was the time in 410 

days between the first and second sampling; the “COVID interval” was the number of 411 

days between a confirmed SARS-CoV-2 infection (positive NCP IgG test) and the second 412 

sampling; and the “Vaccine interval” was the number of days between an additional 413 

COVID-19 vaccination during the interim period and the second sampling. The “Event 414 

interval” was defined as the number of days between the most recent interim event 415 

(vaccination against COVID-19 or SARS-CoV-2 infection) and the second sampling. In 416 

the absence of an interim event following Sampling 1, the “Event interval” was set equal 417 

to the “Sampling 2 interval”. Interval definitions and median (IQR) values are shown in 418 

Figure 4. Measurements were classified into “Sampling 1”, “Sampling 2”, “Sampling 2+ 419 

Vaccination” or “Sampling 2+Infection” subgroups based on events occurring between 420 

the two sampling points. Classification was determined by the most recent immunological 421 

event prior to the second sampling; participants who were vaccinated and subsequently 422 

infected were therefore assigned to the “Sampling 2+Infection” subgroup (Figure 5). 423 

Stratification was not applied to the first sampling period, as all participants had 424 

experienced at least one prior immunological event. Vaccine exposure differed between 425 

periods, with heterogeneous vaccine types used initially and only RNA-based vaccines 426 

administered during the interim period. Data presented in Figure 5 were analyzed using 427 

stepwise linear regression with non-significant variables (gender, study group, MTX use 428 

and low-dose GCS therapy) excluded from the final model. 429 
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Figure 4. Interval definitions in the control (A) and RA (B) groups. Values are median 430 

(IQR). The “Sampling 1 interval” defines days from the most recent immunological event 431 

(SARS-CoV-2 infection or COVID-19 vaccination) to the first sampling (control: 83 [37–432 

190]; RA: 130 [81–169]). The “Sampling 2 interval” defines days between the first and 433 

second sampling (control: 458 [410–547]; RA: 386 [311–448]). The “COVID interval” 434 

indicates days from confirmed SARS-CoV-2 infection (positive NCP IgG) to the second 435 

sampling (control: 403 [267–543]; RA: 357 [245–448]). The “Vaccine interval” denotes 436 

days from interim COVID-19 vaccination to the second sampling (control: 370 [330–437 

405]; RA: 394 [342–453]). The “Event interval” is the time in days from the most recent 438 

interim event (COVID-19 vaccination or SARS-CoV-2 infection) to the second sampling, 439 

whichever occurred later (control: 194 [67–327]; RA: 321 [201–378]). If no interim event 440 

occurred after Sampling 1, the “Event interval” equaled the “Sampling 2 interval” (77). 441 

Created with BioRender.com. 442 
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 443 

Figure 5. Boxplots of anti-spike (S) antibody levels by study group (healthy controls and 444 

RA patients) and subgroup. Participants were stratified by sampling period and interim 445 

events: “Sampling 1” includes first-period measurements; “Sampling 2” includes second-446 

period measurements without interim COVID-19 vaccination or SARS-CoV-2 infection; 447 

“Sampling 2 + Vaccination” includes participants vaccinated between sampling points; 448 

and “Sampling 2 + Infection” includes participants with confirmed SARS-CoV-2 449 

infection during the same interval. When both events occurred, classification was based 450 

on the most recent event (77). 451 

Continuous variables were summarized as median (IQR) and analyzed using the 452 

Wilcoxon rank-sum or unpaired t test, as appropriate. Categorical variables were 453 

expressed as n (percent) and analyzed using the chi-square test. P-values are nominal and 454 

unadjusted for multiple hypothesis testing. Linear regression was used to assess 455 

associations between anti-S antibody concentrations and explanatory variables. The 456 

initial model included gender, age, study group (healthy control vs. RA), “Event interval”, 457 

type of most recent immunological event (COVID-19 vaccination or SARS-CoV-2 458 

infection) and sampling period (Sampling 1 vs. Sampling 2). Anti-S concentrations were 459 

right-skewed and were therefore log-transformed prior to analysis. Anti-S half-life was 460 

estimated as log (0.5)/ “Event interval”, where “Event interval” refers to the estimated 461 

regression coefficient for the “Event interval” term. Because targeted therapy was 462 
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administered exclusively to RA patients, study group, age and targeted therapy were 463 

treated as interdependent variables and model interpretation focused on overall fit rather 464 

than individual coefficients. Two models were fitted: Model 1 including SARS-CoV-2 465 

infection, COVID-19 vaccination, “Event interval” and “Sampling time point”; and 466 

Model 2, additionally including study group, age and targeted therapy. Models were 467 

compared using the F test, which demonstrated a significant improvement in fit (F = 7.34; 468 

df = 208, 211; p = 0.0001059), providing evidence of marked differences between the 469 

patient cohort and healthy volunteers. Associations between anti-S antibody levels and 470 

CW4–8 T-cell responses were evaluated using Spearman’s rank correlation. Correlation 471 

strength was classified as high (rho > 0.7), moderate (0.5 ≤ rho ≤ 0.7), or low (rho < 0.5). 472 

All analyses were two-sided, with p < 0.05 considered statistically significant. Data 473 

analyses were conducted using R (85) and tables and figures were generated using the 474 

gtsummary (86) and ggplot2 (87) packages (77). 475 

3.5.3 Study among HCWs 476 

Continuous variables (S and NCP antibody levels) were expressed as mean ± standard 477 

deviation, while nonparametric data were summarized by their median values. The 478 

normality of the data distribution was assessed using the Shapiro–Wilk test and 479 

homogeneity of variances was evaluated with Levene’s test. For nonparametric 480 

distributions, group comparisons were performed using the Mann-Whitney test at a 95% 481 

confidence level. Observational data were analyzed using contingency tables, and 482 

independence between variables was examined with the χ² test. Binary logistic regression 483 

analysis was applied to identify variables influencing infection. All analyses were two-484 

sided and the threshold for statistical significance was set at p < 0.05 (α = 0.05). Statistical 485 

analyses were performed using Minitab (State College, PA, United States of America), 486 

IBM® SPSS® 28.0 (IBM Corporation, Armonk, NY, USA), and Statistica 13.5 (TIBCO 487 

Software Inc., Palo Alto, CA, USA) (79, 80).   488 
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4 Results 489 

4.1 Study population 490 

4.1.1 Baseline study 491 

In the baseline study, we examined 109 RA patients and 43 healthy controls, the 492 

demographic information and the clinical characteristics of the participants are outlined 493 

in Table 1. We assessed the RA disease activity by clinical examination through the 494 

disease activity score 28-CRP (DAS28-CRP), with a median score of 2.6. DAS28-CRP 495 

scores above 5.1 indicate high disease activity, while scores between 3.2 and 5.1 indicate 496 

moderate activity, 2.6 to 3.2 suggest low activity and scores below 2.6 indicate remission 497 

(88). During the initial period we analyzed data related to the vaccination schedules of 498 

two COVID-19 vaccines for all participants. The majority of both RA patients and 499 

controls received BNT162b2 vaccine (75 RA patients and 34 controls), while 19 500 

participants received mRNA-1273 vaccine. Additionally, participants who received 501 

vaccines using modified adenovirus technology, such as ChAdOx1s vaccine (6 502 

participants) or Gam-COVID vaccine (5 participants), were included. Five participants 503 

received BBIBP-CorV vaccine. The median interval (IQR) between either the first day of 504 

confirmed SARS-CoV-2 infection or the day of the last vaccination against COVID-19 505 

was 3.80 months for the control group and 3.67 months for the RA group. 75 RA patients 506 

(69%) and 23 controls (53%) were vaccinated against COVID-19 (no previous SARS-507 

CoV-2 infection); 30 RA patients (28%) and 16 controls (37%) were vaccinated against 508 

COVID-19 and had previous SARS-CoV-2 infection 4 RA patients (3.7%) and 4 controls 509 

(9.3%) had previous SARS-CoV-2 infection but remained unvaccinated (Table 1). 33 RA 510 

patients had SARS-CoV-2 infection, all experiencing associated symptoms. Significant 511 

differences were noted in terms of age (p<0.001) and gender (p<0.001) between the two 512 

groups (Table 1). The majority of RA patients were treated with csDMARDs such as 513 

MTX, leflunomide, sulphasalazine, or hydroxychloroquine (N=80, 73%), with or without 514 

low-dose GCS (below 7.5 mg/day prednisone or equivalent), primarily with MTX (N=64, 515 

59%). 25 patients (23%) received low-dose GCS therapy. In the RA group, 51 patients 516 

(47%) received TNF-α inhibitor treatment (adalimumab, etanercept, certolizumab, 517 

infliximab or golimumab), 15 (14%) were treated with IL-6 inhibitor (tocilizumab), 4 518 

(3.7%) with rituximab therapy, and 5 (4.6%) with JAK inhibitors (baricitinib, tofacitinib), 519 

in all cases with or without DMARD/GCS (Table 1). To assess SARS-CoV-2-specific 520 
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immune responses in healthy controls, 36 individuals provided samples for serological 521 

analysis, and 39 provided samples for the analysis of T-cell specific responses (78). 522 

Table 1. Patient characteristics during the baseline study. 1n (%); Median (IQR). 523 

2Pearson’s Chi-squared test; Wilcoxon rank sum test; Fisher’s exact test. “Sampling 524 

Interval” represents the duration in months (1 month = 30 days) between a SARS-CoV-2 525 

infection or the last COVID-19 vaccine dose and laboratory sample collection. 526 

csDMARDs: conventional synthetic disease-modifying antirheumatic drugs. GCS: 527 

glucocorticoids (78). 528 

 529 
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 530 

4.1.2 Follow-up study 531 

In our follow-up study, 84 RA patients and 43 healthy controls were enrolled (Table 2). 532 

RA disease activity was measured by DAS28-CRP, with a median score of 2.6. Among 533 

RA patients, 63 individuals (75%) were treated with MTX, either as monotherapy or in 534 

combination with other medications. Additionally, 20 patients (24%) received low-dose 535 

GCS therapy (below 7.5 mg/day prednisone or its equivalent). The majority of RA 536 

patients (75 out of 84; 89%) received targeted therapy, including TNF-α inhibitors, IL-6 537 

inhibitor, rituximab or JAK inhibitors. In the initial phase of our study, SARS-CoV-2 538 

infection was confirmed through positive PCR test. In the second phase, SARS-CoV-2 539 

infection was affirmed by detecting IgG antibodies against NCP as a marker of response. 540 

Throughout the interim period, only RNA-based vaccines like BNT162b2 vaccine and 541 

mRNA-1273 vaccine were administered. Figure 4 illustrates that during the follow-up 542 

phase, the duration between the events prompting the SARS-CoV-2-specific immune 543 

response and the time of sampling was notably extended compared to the initial period 544 

(77). 545 

 546 
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Table 2. Patient characteristics during the follow-up study.  1TNF-α inhibitors, IL-6-547 

inhibitor, rituximab, JAK inhibitors; 2During the initial phase of the study, SARS-CoV-2 548 

infection was verified by a positive PCR test. 3In the second test part, the infection was 549 

confirmed through a positive NCP IgG antibody test. 4BNT162b2, mRNA-1273, 550 

ChAdOx1s, Gam-COVID, BBIBP-CorV COVID-vaccines were administrated. 551 

Continuous variables are reported as median (IQR) and analyzed with the Wilcoxon rank-552 

sum test, whereas categorical variables are reported as n (%) and analyzed using the chi-553 

square test. RA: rheumatoid arthritis; NCP: nucleocapsid protein; MTX: methotrexate 554 

(77). 555 

 556 
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 557 

4.2 Anti-SARS-CoV-2 antibody response 558 

4.2.1 Baseline study 559 

In patients with RA, 94% (102/109) of them had positive anti-S antibody response, 560 

whereas in the control group, all 36 participants (100%) had positive response (Table 3). 561 

The median (IQR) concentration of anti-S antibodies in the RA group was 724 U/ml (99, 562 

3909), as shown in Table 3 and Figure 6A. Figure 6B shows the levels of anti-S antibodies 563 

concerning different drug treatments, while Figure 6C illustrates the concentration of 564 

SARS-CoV-2-specific antibodies after various vaccine types in the whole study 565 

population. For those who received mRNA-1273 vaccine, their anti-S antibody levels 566 

were significantly higher (71.1 times, p<0.001) compared to unvaccinated individuals 567 

with prior SARS-CoV-2 infection (Table 4). Similarly, BNT162b2 vaccine increased anti-568 

S antibody levels by 36 times (p<0.001) and ChAdOx1s vaccine raised them by 18.1 569 

times (p=0.037) compared to those who were not vaccinated (Table 4). Additionally, 570 

Figure 7A, 7B indicates that individuals who were vaccinated after SARS-CoV-2 571 

infection (red dots) had higher anti-S titers compared to those who were not previously 572 

infected (black dots), consistent with previous observations (89). Our optimized 573 

regression model, as detailed in Table 4, revealed significant effects of age and longer 574 

Sampling Interval on SARS-CoV-2-specific antibody levels in the whole study 575 

population. Specifically, anti-S antibody levels decreased by 25% (p<0.001) each month 576 

following SARS-CoV-2 infection or vaccination against COVID-19 (Figure 7A) and 577 

there was a 4% decrease associated with each year of age (p=0.004) (Figure 7B). 578 

Regarding different therapies, MTX therapy did not significantly impact the anti-S 579 

antibody response (N=64; p=0.087). However, anti-CD20 therapy notably decreased the 580 

SARS-CoV-2-specific antibody levels; rituximab-treated RA patients had 97% lower 581 

levels than expected compared to patients who were not treated with anti-CD20 (N=4; 582 

p=0.002) (Table 4). TNF-α inhibitors and IL-6 inhibitor also significantly decreased anti-583 
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S antibody levels by 80% (N=51; p<0.001) and 74% (N=15; p=0.049), respectively 584 

(Table 4). By contrast, JAK inhibitors showed no significant effect on the SARS-CoV-2-585 

specific antibody response (N=5; p=0.6) (Table 4). The covariate adjusted effects of the 586 

disease itself were 0.42 (i.e. 58% decrease; p=0.3) for anti-S antibody response. The 587 

estimated effect of the immunosuppressant drugs potentially can confound the disease as 588 

a contributing factor itself. However, the estimated negative effect on the anti-SARS CoV-589 

2 responses remained essentially the same regardless whether the Group factor (control, 590 

RA) was included into the regression model or not. Furthermore, these results did not 591 

change when the analysis was narrowed down to the patient group (78).  592 

Finally, the expected anti-S antibody curves following BNT162b2 vaccination for four 593 

hypothetical cases (S1-S4) are illustrated in Figure 8A. Case S4, a 75-year-old patient 594 

treated with TNF-α inhibitor therapy, showed the lowest expected anti-S antibody level 595 

due to older age and TNF-α inhibitor therapy (78). 596 

Figure 9 represents the difference in anti-S immune response between anti–cyclic 597 

citrullinated peptide (anti-CCP) antibody negative and positive patients. It is important to 598 

note that these are observed data, while the statistical conclusion is drawn from covariate-599 

adjusted data. For instance, it can be ruled out that the difference in anti-S antibody levels 600 

between anti-CCP positive and anti-CCP negative patients is due to an imbalance in 601 

treatment between the two groups (78). 602 

Table 3. The humoral and the cellular immune responses elicited by SARS-CoV-2 during 603 

the baseline study. 1n (%); Median (IQR). 2Pearson’s Chi-squared test; Wilcoxon rank 604 

sum test; Fisher’s exact test (78).  605 

 606 
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 607 

 608 

Figure 6. Box plots showing COVID-19 vaccine- or SARS-CoV-2 infection induced anti-609 

spike (S) antibody titers by demographic and clinical characteristics. (A) Comparison of 610 

anti-S antibody titers between study cohorts. (B) Anti-S antibody titers by targeted 611 

treatment categories. The Base group includes healthy controls and RA patients receiving 612 

conventional synthetic disease-modifying antirheumatic drugs (csDMARDs) and/or 613 

glucocorticoids (GCS). (C) Anti-S antibody titers following different COVID-19 vaccines 614 

used in Hungary in RA patients and healthy controls (78). 615 

Table 4. Results of the optimized multivariable regression analysis for anti-S antibody 616 

concentrations. TNF-α antagonist therapy was associated with an approximately 80% 617 

reduction in anti-S antibody levels relative to the reference group (p<0.001), while IL-6 618 

inhibitor treatment was associated with a 74% reduction (p=0.049). CD20-targeted 619 

therapy showed the strongest effect, with antibody levels reduced to approximately 3% 620 
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of control values (p=0.002). Anti-S antibody concentrations declined by an estimated 621 

25% per month after immunization (p<0.001) and by 4% per additional year of age 622 

(p=0.004) (78). 623 

 624 
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 625 

Figure 7. Regression analyses showing associations between anti-spike (S) antibody 626 

titers, time since COVID-19 vaccination (A) and age (B). Unadjusted regression lines 627 

with 95% confidence intervals are shown for the full study population. Adjusted models 628 

revealed a 25% monthly decline in antibody levels post-vaccination and a 4% decrease 629 

per year of age. Data points are color-coded according to subcohort (previously infected, 630 

infected and subsequently vaccinated and vaccinated without documented infection) (78). 631 

 632 
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 633 

Figure 8. Model-predicted anti-spike (S) antibody and T-cell responses based on patient 634 

and treatment characteristics. Linear regression models were used to estimate immune 635 

responses for representative subjects. (A) Predicted anti-S concentrations following 636 

BNT162b2 vaccination by age and TNF-α inhibitor use: S1 patient: 50 years/no TNF-α 637 

inhibitor; S2 patient: 75 years/no TNF-α inhibitor; S3 patient: 50 years/TNF-α inhibitor; 638 

S4 patient: 75 years/TNF-α inhibitor. (B) Predicted SARS-CoV-2–specific CD4⁺ and 639 

CD8⁺ T-cell responses following BNT162b2 vaccination by age and rituximab use: S5 640 

patient: 50 years/no rituximab; S6 patient: 75 years/no rituximab; S7 patient: 50 641 

years/rituximab; S8 patient: 75 years/rituximab. Red dashed lines indicate mean 642 

responses in unvaccinated controls (78). 643 
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 644 

Figure 9. Comparison of anti-spike (S) levels between anti-cyclic citrullinated peptide 645 

(CCP) negative and seropositive RA patients. Observed data indicate a highly 646 

significant difference between the two groups (p = 0.00165) (78). 647 

4.2.2 Follow-up study 648 

Regardless of the sampling time point, RA patients had significantly lower anti-S 649 

antibody levels than healthy controls (Sampling 1: p=0.008; Sampling 2: p<0.001). At 650 

follow-up (Sampling 2), the median (IQR) anti-S antibody concentration was 4548 U/ml 651 

(1567–13949) in RA patients and 12813 U/ml (5632–25000) in healthy controls. 652 

Compared with Sampling 1, a significant increase in the SARS-CoV-2-specific humoral 653 

immune response was observed at Sampling 2 in both study groups (healthy controls: p< 654 

0.05; RA patients: p<0.0001, Wilcoxon signed-rank test) (Figure 10A). Specifically, 63% 655 

(53/84) of RA patients and 82% (14/17) of healthy individuals exhibited an increased 656 

SARS-CoV-2-specific immune response compared to their baseline results (shown in 657 

Figure 11). Table 5 shows that the effect of "Sampling time point," estimated at 9.34 (CI 658 

95%: 4.58-19.00, p<0.001), suggests that anti-S concentrations during the second 659 

sampling period were several times higher than those during the first period after 660 

adjusting for covariates. Additionally, the effect of "Sampling time point" is magnified by 661 

a factor of 2.72 (CI 95%: 1.25-5.95, p < 0.05) if a study subject received a COVID-19 662 
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vaccination during the interim period (Figure 5). Moreover, individuals who had a 663 

confirmed SARS-CoV-2 infection during the interim period exhibited anti-S levels that 664 

were 2.1 times higher (CI 95%: 1.31-3.37) compared to those who did not have a SARS-665 

CoV-2 infection (Figure 5). However, the effects of these two events gradually diminish 666 

over time, with an estimated half-life of 176.8 days (CI 95%: 51.9-301.8 days, p<0.01). 667 

The multiplying factor for targeted therapy is 0.48 (CI 95% 0.25-0.94, p<0.05), indicating 668 

that anti-S levels are 52% lower compared to matched patients. Additionally, anti-S 669 

concentrations decrease with age, with every 20-year difference corresponding to a 670 

decrease of approximately 45.6% (calculated as 100(1-0.9720)) (77). 671 

Figure 12A illustrates the number of weekly deaths caused by SARS-CoV-2 infection in 672 

Hungary between November 29, 2021, and November 28, 2022, versus the median of 673 

anti-S levels over time in each study population. Based on these data, there was an inverse 674 

relationship between the number of weekly deaths caused by SARS-CoV-2 infection in 675 

Hungary and the median of anti-S levels over time. The increased level of anti-S 676 

antibodies might offer an explanation for the decline in the number of weekly deaths 677 

caused by SARS-CoV-2 infection (77). 678 

679 

Figure 10. Comparative analysis of SARS-CoV-2-specific immune responses in healthy 680 

controls and rheumatoid arthritis (RA) patients. Continuous variables are presented as 681 

median (IQR) and compared using the Wilcoxon rank-sum test. (A) SARS-CoV-2-682 

specific humoral immune response, expressed as anti-spike (S) antibody concentration 683 

(U/ml). Anti-S antibody levels were significantly lower in patients with RA than in 684 

healthy controls at both Sampling 1 (Control, n = 34; RA, n = 84; p = 0.008) and Sampling 685 



38 

 

2 (Control, n = 28; RA, n = 84; p < 0.001). (B) SARS-CoV-2-specific cellular immune 686 

response, assessed as the whole COVID virus-stimulated COVID-specific CD4+ and 687 

CD8+ T-cell response (CW4–8). The CW4–8 response was significantly lower in patients 688 

with RA than in healthy controls at Sampling 1 (Control, n = 34; RA, n = 84; p = 0.004) 689 

and Sampling 2 (Control, n = 28; RA, n = 76; p = 0.005). Bars represent median values 690 

and error bars indicate the interquartile range (IQR) (77). The figure was created using 691 

OpenAI GPT-5.3 based on the author’s conceptual design. 692 

 693 

Figure 11. Changes in anti-spike (S) concentrations and whole COVID virus-specific 694 

CD4+ and CD8+ T-cell response (CW 4-8) in both study groups. Results from Sampling 695 

1 and Sampling 2 were compared to assess temporal variation. Only participants with 696 

paired measurements available at both sampling time points were included in this 697 

analysis. A change of ≥10% was considered an increase or decrease, while values within 698 

±10% were classified as unchanged (77). 699 

Table 5.  Key determinants of anti-S antibody levels in each study cohort. Sampling time 700 

point refers to Sampling 1 or Sampling 2. For categorical variables, regression 701 

coefficients are expressed as multiplicative factors indicating the fold change in anti-S 702 

antibody concentration associated with the presence versus absence of the given factor. 703 
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For age, the coefficient represents the percent change per year. CI: Confidence Interval 704 

(77). 705 

 706 

 707 
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 708 

Figure 12. (A) Weekly COVID-19-related mortality in the Hungarian population plotted 709 

against the median anti-spike (S) antibody concentrations over time in each study group 710 

(https://covid19.who.int/region/euro/country/hu). Median values from Sampling 1 and 711 

Sampling 2 are connected by lines. (B) Weekly COVID-19–related mortality in Hungary 712 

plotted against the whole COVID virus-specific CD4+ and CD8+ T-cell response (CW 713 

4–8) over time in each study group (https://covid19.who.int/region/euro/country/hu). 714 

Median values from Sampling 1 and Sampling 2 are connected by lines (77). 715 

4.2.3 Study among HCWs 716 

In the first study, we investigated the short-term immunogenicity and clinical 717 

effectiveness of the BNT162b2 mRNA vaccine in 295 HCWs during the primary 718 

https://covid19.who.int/region/euro/country/hu
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vaccination campaign. Participants were stratified according to prior SARS-CoV-2 719 

infection status. During the three-month follow-up period after completion of the two-720 

dose vaccination series, new SARS-CoV-2 infections were not detected among 721 

vaccinated individuals. Vaccine-related adverse events were mild and self-limiting. We 722 

observed that HCWs with a previous SARS-CoV-2 infection, exhibited significantly 723 

higher anti-NCP antibody levels and a markedly stronger anti-S antibody response 724 

already after the first vaccine dose compared with infection-naive individuals. In contrast, 725 

participants without prior infection demonstrated only modest anti-S antibody production 726 

following the first dose, followed by an approximately 500-fold increase after the second 727 

dose. These findings indicate that previous SARS-CoV-2 infection acts as a strong 728 

immunological primer, whereas two vaccine doses are required to induce robust humoral 729 

immunity in infection-naive individuals (80). 730 

In the second study, we extended the observation period until June 2022 to assess long-731 

term infection incidence, antibody kinetics and the impact of booster vaccination in 294 732 

HCWs. During follow-up, SARS-CoV-2 infection occurred in 41% of participants, 733 

predominantly during epidemic waves dominated by the Omicron variant. The majority 734 

of infections were clinically mild and showed rapid resolution. Peak anti-S antibody 735 

levels were observed one month following the second dose of the primary vaccination 736 

series, followed by a progressive decrease over time. Booster immunization resulted in a 737 

robust amplification of the anti-S humoral response followed by a gradual decline. 738 

Exceptionally high antibody responses were consistently associated with prior SARS-739 

CoV-2 infection. Although the third vaccination dose showed limited effectiveness in 740 

preventing Omicron-associated infections, it was associated with a milder clinical course 741 

of disease (79). 742 

Overall, our findings demonstrate that mRNA-based COVID-19 vaccination is safe and 743 

highly immunogenic among HCWs. Prior SARS-CoV-2 infection substantially enhances 744 

vaccine-induced humoral immune responses. While booster vaccination does not fully 745 

prevent SARS-CoV-2 infection, it significantly augments antibody levels and contributes 746 

to reduced disease severity, supporting its role in protecting high-risk populations. 747 
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4.3 IFN-γ T-cell response 748 

4.3.1 Baseline study 749 

A significant correlation was noted between the level of anti-S antibodies and the COVID-750 

specific T-cell response (r=0.51, p<0.001), as illustrated in Figure 13. By investigating 751 

the T-cell mediated immune response following stimulation of the three specific antigens 752 

(i: spike antigen stimulating COVID-specific CD4+; ii: spike antigen -stimulating 753 

COVID-specific CD4+ and CD8+ and iii: whole COVID virus stimulating COVID 754 

specific CD4+ and CD8+ T-cell responses) facilitated us to consider the overall COVID-755 

induced cellular immune response. T-cell specific response markers- COVID spike-756 

specific CD4+, COVID spike-specific CD4+ and CD8+, whole COVID virus-specific 757 

CD4+ and CD8+ T-cell response - strongly correlated with each other (r = 0.87, 0.95, 0.9 758 

respectively, p<0.001) (Figure 13). Consequently, we further analyzed the whole COVID 759 

virus-specific CD4+ and CD8+ T-cell response, as the other two markers (COVID spike-760 

specific CD4+ and COVID spike-specific CD4+ and CD8+) were deemed less 761 

informative based on these findings (78). 762 

 763 

Figure 13. Assessment of associations between antibody-mediated and T-cell–specific 764 

immune responses. The upper right triangle shows squared correlation coefficients (R²) 765 

between log-transformed antibody and T-cell immune parameters. COVID-19–specific 766 

CD4⁺ T-cell activation was measured by the CS-4 assay; combined CD4⁺/CD8⁺ activation 767 

by CS-4–8; and whole COVID virus-specific CD4+ and CD8+ T-cell response by CW 4-768 
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8. Log anti-spike (S) denotes the logarithm of anti-spike antibody concentrations. **p < 769 

0.001. Strong correlations among T-cell markers justified use of the combined whole 770 

COVID virus-specific CD4+ and CD8+ T-cell response (CW 4-8) in subsequent analyses 771 

(78). 772 

Out of a total of 109 RA patients and 39 controls, 57 RA patients (52%) and 34 controls 773 

(87%) exhibited a positive COVID-specific T-cell response (Table 3). In healthy controls, 774 

the median level of IFN-γ (which reflects to the whole COVID virus-specific CD4+ and 775 

CD8+ T-cell response) was 0.60 IU/ml (0.30, 1.56), whereas RA patients showed a lower 776 

median response of 0.16 IU/ml (0.04, 0.94) (as shown in Table 3) (78). 777 

In the entire study group, we observed that the COVID-specific T-cell mediated immune 778 

response varied with age. Older patients tended to have a diminished response, with an 779 

estimated decline of 2% per year (p<0.001) (Table 6). This initial immune response 780 

decrease occurs gradually, and the rate of decline is slower compared to the decline seen 781 

in anti-S antibodies, with a reduction of 6% each month (p=0.044) (Table 6). In 782 

comparison to natural SARS-CoV-2 infection, none of the vaccines showed significant 783 

effects on the COVID-specific T-cell response. Additionally, TNF-α inhibitors (N=51; 784 

p=0.7), IL-6 inhibitor (N=15; p>0.9), and JAK inhibitors (N=5; p=0.6) did not exhibit 785 

significant effects on the COVID-specific T-cell response (Table 6). However, anti-CD20 786 

therapy was associated with a notable decrease in the COVID-specific T-cell response, 787 

on average by 65% (N=4; p=0.055) compared to patients who had not received anti-CD20 788 

therapy but all other variables remain constant (Table 6) (78). 789 

Table 6. Results of the optimized regression analysis for whole COVID virus-specific 790 

CD4+ and CD8+ T-cell response (CW 4-8). In both cohorts, this parameter also exhibited 791 

a significant age-dependent decline, with an estimated 2% reduction per additional year 792 

of age (p<0.001). The CW 4-8 decreased by approximately 6% per month following 793 

vaccination (p=0.044). Among patients receiving anti-CD20 therapy, the expected T-cell 794 

response was 65% lower compared to the corresponding control group (p=0.055). 1CI = 795 

Confidence Interval (78). 796 
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 797 

Figure 8B shows the expected curves depicting the CW 4-8 in four cases (S5-S8) after 798 

BNT162b2 vaccination. Among these cases, S8 (75-year-old patient receiving rituximab 799 

treatment) exhibited the lowest expected T-cell response curve, due to older age and 800 

rituximab therapy. 801 

Figure 14 illustrates that there was no correlation between CRP levels and IFN-γ levels 802 

(r=-0.110), as well as between CRP levels and anti-S antibody levels (r=0.097). These 803 

findings indicate that moderate systemic inflammation did not have significant impact on 804 

the various immune responses against COVID-19. Furthermore, we studied the 805 

relationship between the presence of anti-CCP, RF IgG, DAS28-CRP and the SARS-CoV-806 

2-specific immune responses. Anti-CCP and RF at baseline were categorized as 807 

seropositive (anti-CCP: ≥20 CU; RF: ≥12 U/ml) or seronegative (anti-CCP: <20 CU; RF: 808 

<12 U/ml). Initially, we individually examined the effects of these variables by adding 809 

them into the established regression model. Notably, data from healthy volunteers were 810 

excluded from this analysis. The regression analysis indicated that in the presence of anti-811 

CCP, the levels of anti-S antibodies increased substantially by 6.28 times (p=0.00165). 812 

Similarly, patients with RF present were expexted to have anti-S levels approximately 813 

3.33 times higher than those without RF (p=0.047). However, when both factors were 814 

included in the regression equation, only the effect of anti-CCP remained significant 815 

(p=0.01515), with the multiplying effect essentially unchanged (6.06). This suggests that 816 
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anti-CCP is more directly associated with the humoral response compared to RF. Neither 817 

CRP nor DAS28-CRP exhibited any significant effect on anti-S antibody levels, and none 818 

of these factors had impact on the markers of T-cell mediated immune response (78). 819 

 820 

Figure 14. Associations between C-reactive protein (CRP), anti-spike (S) antibody levels 821 

and whole COVID virus-specific CD4+ and CD8+ T-cell response (CW 4-8). Lower 822 

panels show pairwise scatter plots, diagonals display variable distributions and upper 823 

panels indicate squared correlation coefficients (R²). Log-transformed CRP levels showed 824 

no correlation with anti-S antibodies or CW 4–8 responses, suggesting that vaccine- or 825 

infection-induced immunity is independent of inflammatory activity in RA patients. **p 826 

< 0.001 (78). 827 

4.3.2 Follow-up study 828 

At both sampling time points, RA patients exhibited significantly lower CW4–8 T-cell 829 

responses than healthy controls (Sampling 1: p = 0.004; Sampling 2: p = 0.005, Wilcoxon 830 

rank-sum test; Figure 10B). At follow-up (Sampling 2), the median (IQR) IFN-γ level 831 

reflecting the CW4–8 T-cell response was 0.72 IU/ml (0.52, 1.25) in healthy controls and 832 

0.25 IU/ml (0.05, 1.28) in RA patients. Additionally, 43% (33 out of 76) of RA patients 833 

and 75% (9 out of 12) of healthy individuals demonstrated an increased CW4-8 T-cell 834 

response compared to baseline results (Figure 11). It is worth noting that a significant low 835 

correlation was noted between the level of anti-S antibodies and the CW4-8 T-cell 836 

response in each study group (r=0.3891, p<0.0001). Markers of SARS-CoV-2–specific T-837 
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cell responses did not reveal a consistent pattern across study groups. However, among 838 

RA patients prior SARS-CoV-2 infection - but not COVID-19 vaccination - was 839 

associated with a significant 2.09-fold increase in the whole COVID virus-specific CD4+ 840 

and CD8+ T-cell response (95% CI: 1.30–3.36; p<0.01) (77). 841 

In Figure 12B, there is a comparison between the weekly deaths due to SARS-CoV-2 842 

infection in Hungary from November 29, 2021, to November 28, 2022, and the median 843 

of CW4-8 T-cell response over time in different study groups. According to these findings, 844 

the number of weekly deaths attributed to SARS-CoV-2 infection decreased gradually 845 

over time in Hungary. However, there was not a significant change observed in the level 846 

of CW4-8 T-cell response within the study populations during this period (77).  847 
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5 Discussion 848 

This study provides a comprehensive evaluation of SARS-CoV-2 induced humoral and 849 

cellular immune responses in RA, integrating observational and longitudinal findings to 850 

characterize both the magnitude and durability of immunity following SARS-CoV-2 851 

infection and/or COVID-19 vaccination. By combining immunological measurements 852 

with clinical and therapeutic variables, these studies offer insight into impaired antiviral 853 

immunity in this immunosuppressed population and extend observations on vaccine 854 

responsiveness (77, 78). 855 

Across both studies, RA patients consistently demonstrated significantly reduced anti-S 856 

antibody levels and diminished SARS-CoV-2-specific T-cell response compared with 857 

healthy controls. These findings are concordant with large cohort studies showing 858 

attenuated vaccine-induced immunity in patients with autoimmune rheumatic diseases, 859 

particularly those receiving bDMARDs or tsDMARDs. Reduced serological responses 860 

after COVID-19 vaccination have been repeatedly documented in RA and related 861 

conditions, supporting the concept that immune dysregulation and immunosuppressive 862 

therapy collectively contribute to impaired vaccine immunogenicity (53, 56, 90). The 863 

baseline study demonstrated that age, time since antigenic exposure, vaccine platform and 864 

targeted RA therapies independently influenced the magnitude of the humoral immune 865 

response. In line with prior reports, TNF-α inhibitors and IL-6 inhibitor significantly 866 

reduced anti-S antibody levels, while anti-CD20 therapy profoundly suppressed both 867 

humoral and cellular immunity. These observations are consistent with studies showing 868 

that TNF-α signaling is required for optimal germinal center formation and long-lived 869 

plasma cell survival, whereas B-cell depletion directly inhibits antibody production and 870 

compromises antigen presentation for T-cell priming (91, 92). The marked effect of anti-871 

CD20 therapy observed in our studies can highlight the importance of tailored vaccination 872 

timing or alternative protective strategies in this patient subgroup. 873 

A major contribution of the longitudinal study is the demonstration that, despite 874 

persistently lower immune responses, RA patients exhibited a significant increase in anti-875 

S antibody levels over time. This finding contrasts with early pandemic studies reporting 876 

rapid antibody waning after vaccination or natural infection (74, 93) and suggests that 877 

repeated antigenic exposure - through booster vaccination, SARS-CoV-2 infection 878 

following vaccination or asymptomatic viral circulation - can partially overcome 879 
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immunosuppression-related deficits. Similar longitudinal increases in antibody titers after 880 

booster doses have been reported in immunocompromised populations (94, 95). 881 

In contrast to humoral immunity, SARS-CoV-2-specific T-cell response remained 882 

relatively stable over time in both RA patients and healthy controls, despite being 883 

quantitatively reduced in the RA group. This observation aligns with evidence that T-884 

cellular immunity is more durable and less sensitive to viral mutations than antibody 885 

responses (96, 97). Preservation of T-cell reactivity across SARS-CoV-2 variants, 886 

including Omicron, has been demonstrated even in individuals with reduced neutralizing 887 

antibody titers, supporting a central role for cellular immunity in protection against severe 888 

COVID-19. The relevance of the  SARS-CoV-2-specific T-cell response was further 889 

supported by our previous study (98), which evaluated the prognostic value of CW 4-8 890 

and SARS-CoV-2–specific humoral immunity in critically ill COVID-19 patients 891 

requiring venovenous extracorporeal membrane oxygenation (VV-ECMO). In that 892 

cohort, CW4–8 T-cell responses were significantly higher in survivors than in non-893 

survivors. The differential sensitivity of humoral and cellular immune responses to 894 

immunomodulatory therapies observed in this work may have clinically relevant 895 

implications. While TNF-α and IL-6 blockade predominantly affected antibody 896 

production, anti-CD20 therapy impaired both immune compartments. These findings 897 

support emerging stratified vaccination strategies and are consistent with real-world 898 

effectiveness data showing higher infection rates but preserved protection against severe 899 

disease in patients with intact T-cell responses (99, 100).  900 

COVID-19 exhibits pronounced clinical heterogeneity, with manifestations ranging from 901 

asymptomatic infection to severe viral pneumonia, ARDS, multiorgan dysfunction and 902 

mortality. Emerging evidence indicates that disease severity is primarily modulated by 903 

host-intrinsic factors, including immune and inflammatory responses (Figure 15). Large-904 

scale epidemiological studies have consistently identified specific host risk factors that 905 

predispose individuals to severe COVID-19 outcomes. Among the most robust risk 906 

factors are malignancy and obesity, both of which are associated with profound immune 907 

dysregulation, chronic inflammation and impaired antiviral defense mechanisms (36, 37). 908 

These observations underscore the central role of host immune competence in shaping 909 

clinical outcomes and provide a broader context for the present findings, in which 910 

immunosuppression and immune modifying therapies in RA similarly contribute to 911 



49 

 

altered SARS-CoV-2-specific immune responses and increased vulnerability to severe 912 

disease. 913 

 914 

Figure 15. Determinants of COVID-19 severity: protective and risk factors. BMI (Body 915 

Mass Index), CCS (Corticosteroids), csDMARDs (conventional synthetic disease-916 

modifying antirheumatic drugs), tsDMARDs (targeted synthetic disease-modifying 917 

antirheumatic drugs) are highlighted as key variables influencing disease outcomes (77). 918 

This figure was generated using BioRender.com. 919 

COVID-19-related mortality in RA patients may be partially linked to dysregulated 920 

inflammatory responses (101). Severe COVID-19 is characterized by hyperinflammation 921 

and excessive cytokine release, including elevated IL-6, TNF-α and IL-1β levels (64, 922 

102). As RA is defined by chronic systemic cytokine activation (15), pre-existing immune 923 

dysregulation may predispose patients to an enhanced inflammatory response following 924 

SARS-CoV-2 infection. The convergence of baseline inflammation and virus-induced 925 

hyperinflammation may therefore contribute to increased disease severity and mortality 926 

in this population, consistent with large-scale epidemiological analyses identifying 927 

inflammatory comorbidities as risk factors for adverse COVID-19 outcomes (36). 928 

RA patients and HCWs each represent high-risk groups during the COVID-19 pandemic, 929 

driven by different but interconnected determinants of vulnerability (70, 101). RA patients 930 

exhibit immune dysregulation and frequently receive immunosuppressive therapies, 931 
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predisposing them to impaired antiviral immunity and increased susceptibility to severe 932 

outcomes (15, 36, 101). In contrast, HCWs experience sustained occupational exposure 933 

to SARS-CoV-2, particularly during periods of high viral circulation (70). Within 934 

healthcare settings, these populations form a bidirectional transmission interface, in 935 

which immunocompromised patients may serve as prolonged viral reservoirs and infected 936 

HCWs may transmit infection during asymptomatic or presymptomatic phases (103). 937 

Moreover, parallel observations in HCWs demonstrating robust vaccine-induced 938 

immunity, waning antibody levels over time and the impact of booster immunization 939 

further emphasize the importance of adaptive vaccination strategies in both 940 

immunosuppressed and highly exposed populations (74). 941 

At a population level, the observed escalation of humoral immunity over time was 942 

associated with a decline in COVID-19-related mortality, suggesting that cumulative 943 

immune exposure contributes to reduced disease severity. This observation is consistent 944 

with epidemiological data indicating that hybrid immunity - arising from vaccination 945 

combined with infection - confers superior and more durable protection than either alone 946 

(104, 105). The coexistence of sustained T-cell immunity, increasing antibody titers and 947 

widespread viral circulation may have contributed to the shift toward milder clinical 948 

outcomes in later phases of the pandemic. 949 

Several limitations should be acknowledged. Neutralizing activity and variant-specific 950 

antibody responses were not directly evaluated and subgroup analyses were limited by 951 

small sample sizes for certain therapies. Furthermore, the potential influence of obesity 952 

and other comorbidities on SARS-CoV-2-specific immune responses was not examined. 953 

As these factors may independently affect immune function and vaccine-induced 954 

antibody responses, their potential confounding effects cannot be excluded. Anti-CD20 955 

therapy was associated with the strongest reduction in SARS-CoV-2-specific antibody 956 

levels. In the four rituximab-treated RA patients, the interval between rituximab treatment 957 

and COVID-19 vaccination was 3.5 ± 0.87 months (mean ± SD), which should be 958 

considered when interpreting the observed reduction in the humoral immune response. 959 

However, given the very small number of patients receiving anti-CD20 therapy (n=4), 960 

this finding should be interpreted with caution and requires confirmation in larger cohorts. 961 

There was also a notable difference in age and gender distribution between the healthy 962 

control and RA groups. In particular, the healthy controls were substantially younger than 963 
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the RA patients, and increasing age was independently associated with lower anti-S 964 

antibody levels. Although age was included as a covariate in the multivariable analyses, 965 

residual confounding related to the substantial age imbalance cannot be excluded. 966 

Therefore, physiological immunosenescence may have contributed to the lower humoral 967 

immune response observed in the RA cohort, and the observed differences cannot be 968 

attributed only to RA or its treatment. Nonetheless, the agreement between cross-sectional 969 

and longitudinal findings, together with consistency with international studies, supports 970 

the overall validity of the conclusions. 971 

In summary, these findings indicate that SARS-CoV-2-specific immune responses in RA 972 

patients are decreased and dynamically modulated over time, with age, 973 

immunosuppressive therapy and repeated antigenic exposure playing important roles. 974 

While humoral immunity is quantitatively reduced, it can increase over time through 975 

COVID-19 vaccination and SARS-CoV-2 infection, whereas cellular immune response 976 

remains relatively stable and may provide sustained protection against severe disease. 977 

Given the shared and bidirectional risk between RA patients and HCWs, these findings 978 

underscore the need for individualized vaccination strategies and long-term, risk-adapted 979 

management in patients with autoimmune inflammatory diseases.  980 
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6 Conclusions 981 

The major conclusions of our study are: 982 

 SARS-CoV-2-specific immune responses are strongly influenced by host-related 983 

factors, prior infection, vaccination status and immunosuppressive therapy. 984 

 RA patients exhibit reduced SARS-CoV-2-specific humoral and cellular immune 985 

responses compared with healthy individuals. 986 

 Diminished SARS-CoV-2-specific immune responses in RA are associated with 987 

increasing age, longer time since antigenic exposure and use of 988 

immunosuppressive treatments. 989 

 TNF-α inhibitors and IL-6 inhibitor predominantly impair SARS-CoV-2-specific 990 

humoral immune responses, whereas anti-CD20 therapy was associated with 991 

reduced humoral and cellular immune responses, although this observation 992 

requires confirmation in larger cohorts. 993 

 Longitudinal analyses indicate that SARS-CoV-2-specific humoral immunity in 994 

RA remains adaptable over time, while SARS-CoV-2-specific T-cell response is 995 

relatively stable. 996 

 Data from HCWs confirm that mRNA-based COVID-19 vaccination is safe and 997 

highly immunogenic. 998 

 Prior SARS-CoV-2 infection enhances COVID-19 vaccine-induced immune 999 

responses and booster vaccination increases antibody levels and is associated with 1000 

milder clinical disease among HCWs. 1001 

 These findings support individualized, therapy-aware COVID-19 vaccination and 1002 

immune monitoring strategies, particularly for patients receiving 1003 

immunosuppressive treatments, to optimize immune protection and reduce the 1004 

risk of severe disease.  1005 
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7 Summary 1006 

COVID-19 shows marked clinical heterogeneity driven by host-related factors, 1007 

highlighting autoimmune patients and HCWs as key populations for immune studies. This 1008 

study evaluated SARS-CoV-2-specific humoral and cell-mediated immune responses, 1009 

along with their host-, and therapy-associated determinants, in RA patients, healthy 1010 

control subjects and HCWs after SARS-CoV-2 infection and COVID-19 immunisation. 1011 

RA patients exhibited reduced anti-S antibody levels and SARS-CoV-2-specific T-cell 1012 

responses compared with healthy individuals, with diminished immunity associated with 1013 

older age, longer time since COVID-19 vaccination or SARS-CoV-2 infection and 1014 

immunosuppressive therapies. TNF-α inhibitors and IL-6 inhibitor primarily reduced 1015 

humoral immunity, while anti-CD20 therapy impaired both humoral and cellular 1016 

responses, whereas MTX and low-dose GCS showed no consistent independent effect. In 1017 

HCWs, mRNA-based COVID-19 vaccination was safe and highly immunogenic; prior 1018 

SARS-CoV-2 infection markedly enhanced antibody responses and booster vaccination 1019 

increased antibody levels and was associated with milder disease despite limited 1020 

protection against Omicron infection. Longitudinal analyses revealed that humoral 1021 

immune responses in RA patients increased over time, whereas SARS-CoV-2-specific T-1022 

cell response remained relatively stable. In parallel, the co-circulation of multiple SARS-1023 

CoV-2 variants, potentially associated with attenuated clinical manifestations, may have 1024 

contributed to the comparatively low incidence of severe COVID-19 in the general 1025 

population. 1026 

In summary, this thesis suggests that SARS-CoV-2-specific immune responses in RA are 1027 

influenced by host-related factors, prior infection, vaccination and immunosuppressive 1028 

therapy and may remain adaptable over time despite evidence of impairment. When 1029 

considered alongside data from HCWs, these findings are consistent with the safety and 1030 

effectiveness of mRNA COVID-19 vaccination and highlight the potential value of 1031 

individualized, risk-adapted vaccination strategies in these subgroups. 1032 

  1033 
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