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Anna Felis-Giemza4, Anna Kornatka2, Magdalena Plebańczyk2,
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Early Arthritis, National Institute of Geriatrics, Rheumatology and Rehabilitation, Warsaw, Poland
The global COVID-19 pandemic has led to significant advancements in vaccine

research, particularly regarding patients with autoimmune inflammatory rheumatic

diseases (AIIRD). However, most studies have assessed the post-vaccination cellular

response only bymeasuring the production of interferon-gamma. This study aimed

to explore the post-vaccination cellular immune response in patients with AIIRD,

with a focus on the effects of immunomodulatory drugs on different proteins

involved in the cellular response and cytotoxicity. We analyzed blood samples from

54 patients - 16 healthy controls (HC) and 38 AIIRD patients - at three time points:

before (T0), 4 weeks after (T1), and more than 6 months after (T2) a COVID-19

booster vaccination. Gene expression and concentration levels of 13 proteins

involved in cellular immunity were assessed. Our study showed significantly

reduced production of TNF at T0, IL-2 at T0 and T2, and perforin at T2 in AIIRD

patients compared to HC. In AIIRD patients the expression of genes involved in

cytotoxicity, including NRF2, TRAIL, cathepsin B, and cathepsin H was impaired.

Both protein concentrations and gene expression were particularly altered in those

treated with glucocorticoids, methotrexate, and biologic/targeted synthetic

disease-modifying antirheumatic drugs (b/tsDMARDs). Among b/tsDMARDs only

IL-17 inhibitors did not affect the cellular response. These findings suggest that

COVID-19 vaccination elicits a weakened cellular response in patients with AIIRD,

particularly those on immunosuppressive therapies, potentially compromising

vaccine efficacy. Further studies are required to determine the clinical impact of

these findings on long-term vaccine effectiveness in this population.
KEYWORDS

COVID-19, autoimmune inflammatory rheumatic diseases, cellular immune response,
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1 Introduction

The widespread use of vaccines and the natural evolution of the

virus towards milder variants have ended the global COVID-19

pandemic. This period has yielded significant advancements in our

understanding of vaccination strategies. Notably, patients with

autoimmune inflammatory rheumatic diseases (AIIRD) have

part icularly benefi ted from the intensified and more

comprehensive research efforts spurred by the pandemic, leading

to improved insights into vaccine efficacy and safety within this

population. Patients with AIIRD exhibit increased susceptibility to

infections, a vulnerability arising both from the underlying

pathology of the disease and the immunomodulatory therapies

commonly employed in treatment. Consequently, the findings

from recent research provide valuable insights. Among the key

advancements is the emerging body of knowledge on the post-

vaccination cellular immune response in this patient population.

Numerous studies have shown that patients with AIIRD achieve a

cellular response after vaccination against COVID-19 (1–24), but in

most studies lower than in healthy people (2, 4, 5, 7, 9–11, 13, 14, 18,

21–23, 25). Studies have shown a reduction in cellular response after

specific immunomodulatory drugs - glucocorticoids (GCs) (2, 7–9, 26),

conventional disease-modifying drugs (cDMARDs) such as

methotrexate (MTX) (4, 6, 9, 13, 14, 16, 22, 23), mycophenolate

mofetil (6, 25, 26), sulfasalazine (SSZ) (9), as well as biological and

targeted synthetic disease-modifying drugs (b/tsDMARDs) such as

JAK inhibitors (9, 25), TNF inhibitors (9, 23), IL-6 inhibitors (9), CD20

inhibitors (18), cytotoxic T lymphocyte-associated antigen 4

immunoglobulin fusion protein (10, 21), IL-17 inhibitors (23), and

IL-12/23 inhibitors (22, 23). To date, most studies have assessed the

cellular response only by measuring the production of interferon

gamma (1–3, 6–11, 18, 26). However, multiple different cytokines,

cytotoxic proteins, and transcription factors contribute to the anti-viral

cellular response, the role of which in the post-vaccination response has

been poorly understood.

In our previous studies on the booster dose of COVID-19

vaccination BNT162b2 in AIIRD patients, we showed that

immunomodulatory drugs affect the cellular response more than

the humoral one (9, 27). For this reason, we decided to look more

closely at the post-vaccination cellular response. In blood samples

collected from the previously described cohort of patients, we

decided to determine the concentrations and gene expression of

13 different proteins involved in the cellular response and

cytotoxicity. We selected proteins involved in the immune

response (IL-2, TNF), apoptotic process/cell death (Fas, FasL,

TNF, TRAIL, LT-a, and cathepsins), and leukocyte-mediated

cytotoxicity (perforin, granzymes).
2 Methods

2.1 Patients

The study of selected proteins involved in the cellular response

was performed on cryobanked biological material from patients
Frontiers in Immunology 02
recruited to a previously conducted study on the kinetics of the

post-vaccination response after a booster dose of vaccination

against COVID-19, BNT162b2, in patients with AIIRD (9). Blood

samples were collected at the following time points: before the

booster COVID-19 vaccination (T0), 4 weeks after the booster

vaccination (T1), and after more than 6 months from the booster

dose (T2). Patient characteristics (including the use of

immunomodulatory drugs during the primary vaccination

schedule and before the booster vaccination) were collected by

qualifying physicians using a structured interview. Data regarding

primary COVID-19 vaccinations and COVID-19 infections (both

before and after booster vaccination) were gathered from both

interviews and the national COVID-19 registry. Additionally, to

detect asymptomatic COVID-19 infections, antibodies against

SARS-CoV-2 nucleocapsid N were measured with a SARS-CoV N

ELISA Kit (TestLine Clinical Diagnostics, Brno, The Czech

Republic). Data regarding patient characteristics were blinded to

the laboratory staff. The study protocol was approved by the

hospital bioethics committee (KBT-3/2/2021). All participants

signed informed consent for participation in the study. The study

was conducted according to the Declaration of Helsinki.
2.2 Assessment of cellular response against
viral antigens

A detailed analysis of the cellular response was performed on 54

patients - 16 patients from the healthy control (HC) group and 38

patients from the study (AIIRD) group at T0 and T1. Due to the

withdrawal of some patients from the study group, the analysis at

T2 included 45 patients - 16 patients from the HC group and 29

patients from the AIIRD group. For gene expression analysis and

Enzyme-Linked Immunosorbent Assays (ELISAs), we used

cryobanked peripheral blood mononuclear cells (PBMCs) and

blood plasma samples previously prepared with the Quan-T-Cell

SARS-CoV-2 test (Euroimmun, Lübeck, Germany). In the initial

phase, freshly collected heparinized whole blood was incubated for

22 to 24 hours with the SARS-CoV-2 S1 antigen, which was coated

at the base of a test tube. Additionally, the blood was incubated in a

second tube as a negative control to evaluate non-specific

background responses, and in a third tube serving as a positive

control upon mitogen stimulation. After an incubation period,

plasma and PBMCs were collected for further analysis. PBMCs

were isolated from blood (only from tubes stimulated with viral

antigens) by density gradient centrifugation with Ficoll-Paque (GE

Healthcare, Uppsala, Sweden).
2.3 Enzyme-Linked Immunosorbent
Assays (ELISAs)

ELISA assays were carried out to quantify the plasma

concentrations of the following proteins associated with the

cellular response: TNF, IL-2, perforin, and granzyme B. Details of

the tests performed are shown in Supplementary Table 1. The
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results in the figures are shown as the ratio of the result from the

sample stimulated with a viral antigen or mitogen to the result from

the control sample (fold change).
2.4 Gene expression analysis

PBMCs were lysed in a Lysis Buffer RA1, and total RNA was

isolated using the NucleoSpin RNA Mini kit (Macherey-Nagel,

Duren, Germany). The concentration and purity of the isolated

RNA were analyzed using a spectrophotometric reader (MultiSkan

Go, Thermo Fisher Scientific, Waltham, MA, USA). A total of 40 ng

of RNA was used for the reverse transcription reaction, which was

performed using the High-Capacity cDNA Reverse Transcription

Kit (Thermo Fisher Scientific, Waltham, MA, USA). The 10 µL PCR

reaction included 2 µL RT product, 5 µL TaqMan Universal Master

Mix, 0.5 µL probe mix of the TaqMan, and 2.5 µL of water

(Genoplast, Rokocin, Poland). Reactions were performed at 50°C

for 2 min, 95°C for 10 min, followed by 50 cycles at 95°C for 15 s

and 60°C for 1 min. Samples were analyzed in triplicate using the

QuantStudio 5 qRT-PCR machines (Thermo Fisher Scientific,

Waltham, MA, USA). Gene expression was evaluated using

DDCT-method. The list of tested genes is presented in

Supplementary Table 2.
2.5 Statistics

The compliance of the data with the normal distribution was

assessed using the Shapiro–Wilk test. The significance of the

observed differences between the two groups was assessed using

the Student’s T test for variables with a normal distribution, the

Mann–Whitney U test for variables without a normal distribution,

and categorical variables the Fisher’s exact test. The significance of
Frontiers in Immunology 03
the results after adjusting for confounding factors (listed in Table 1)

was checked by linear regression. Statistical analysis was performed

using Statistica 13.3 software (StatSoft Polska, Cracow, Poland) and

figures were created using GraphPad Prism software version 7

(GraphPad Software, Boston, MA, USA).
2.6 Functional and pathway analysis

The genes CTSH, CTSB, CTSC, GZMB, GZMA, TNFSF10/

TRAIL, LTA, NFE2L2/NRF2, FASLG/FASL, FAS, IL2, PRF1, TNF,

which form protein-protein interaction (PPI) networks that fulfill

biological processes, were analyzed. The construction of the PPI

networks and Gene Ontology enrichment were studied using the

Search Tool for the Retrieval of Interacting Genes (STRING, v12.0)

(https://www.string-db.org/(accessed on 7 January 2025)).

Confidence scores > 0.8 were set as significant. STRING is a

database that complies known or predicted protein interactions

derived from high-throughput experiments, genomic analysis,

conservative co-expression, and previously known literature (28).
3 Results

Patient characteristics are presented in Table 1. There were no

significant differences between the groups, apart from the older age

of the AIIRD group (p=0.005). Therefore all subsequent analyses

were age-adjusted. In both groups, a similar percentage of subjects

had COVID-19 after the booster dose, based on the presence of

antibodies against SARS-CoV-2 nucleocapsid.

To find the functional effects of 13 selected proteins we used the

STRING database. Indeed, the network, restricted to MCL

stochastic flow clustering, revealed robust interactions between

these 13 proteins within highly interconnected groups
TABLE 1 Patient characteristics.

Inflammatory arthritis (n=38) Healthy control (n=16) difference

Age (mean ± SD) 52.7 ± 13.7 41.8 ± 9.0 p=0.005

Sex – female, n (%) 24 (63.2%) 10 (62.5%) ns

BMI (mean ± SD) 27.7 ± 5.3 27.7 ± 5.6 ns

Smoking, n (%)
- current
- past

4 (10.5%)
11 (28.9%)

1 (6.3%)
1 (6.3%)

ns
ns

Vaccine booster dose, n (%)
- BNT162b2 38 (100%) 16 (100%) ns

Heterologous Booster Vaccine, n (%)
- ChAdOx1-S
- mRNA-1273
- JNJ-78436735

9 (23.7%)
4 (10.5%)
3 (8%)
2 (5.2%)

3 (18,8%)
2 (12.5%)
1 (6.3%)
-

ns

Days after booster vaccination (median, min-max)
- first point
- second point

31 (22–52)
205.6 (167–290)

31 (27–77)
199 (175–234)

ns
ns

COVID-19 infection after booster vaccination, n (%) 5 (13.2%) 3 (18.8%) ns
n, number; ns, nonsignificant.
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(Figure 1A). These strong interactions were quantified by a Protein-

Protein Interaction (PPI) enrichment p-value reaching <1.0e-16

and an average local clustering coefficient reaching 0.807. The

strength of these interactions was further supported by Gene

Ontology (GO) enrichment analysis, which identified 10 genes

involved in immune response (Figure 1B). Additionally, between

5 to 10 genes were linked to apoptosis and other regulated forms of

programmed cell death, 4 genes were associated with leukocyte-

mediated cytotoxicity, and 6 genes participated in positive

regulation of proteolysis.

We then investigated the differences in the concentration of the

cellular response and cytotoxicity proteins between patients with

AIIRD and the control group after viral protein stimulation

(Figure 2). Decreased production of IL-2 at T0 (p=0.03) and T2

(p=0.03), TNF at T0 (p=0.02), and perforin at T2 (p=0.02) were

observed in patients from the study group compared to the control

group. No difference in granzyme B production between groups was

detected. Also, no significant differences after mitogen stimulation

in the production of cytotoxic molecules were observed (data

not shown).

The comparison of gene expression between both groups is

shown in Figure 3. Decreased expression of cathepsin B CTSB

(p=0.049), NRF2 (p=0.004), and TNFSF10/TRAIL (p=0.02) genes

at T2, as well as decreased cathepsin H CTSH gene at T1 (p=0.02)

and T2 (p=0.004), were observed in AIIRD patients compared to

the HC. In contrast, cathepsin C CTSC, granzyme A GZMA, LT-a
LTA, FAS, and FASLG/FASL were not significantly different

between groups.

Next, we examined the effect of each immunomodulatory drug

on the production of cellular response and cytotoxicity proteins

after viral protein stimulation (Figure 4). The greatest impact on the

components of the post-vaccination cellular response was observed
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with biological drugs and GCs (decreased levels of IL-2, TNF, and

perforin), with some effect of MTX (decreased levels of TNF and

perforin). There was also a significant decrease in the production of

granzyme (T0 p=0.008) and TNF (T2 p=0.04) in patients using b/

tsDMARDs in combination with cDMARDs vs. monotherapy (data

not shown).

The effect of each immunomodulatory drug on the difference in

cellular response and cytotoxicity gene expression of both groups is

shown in Figure 5. After b/tsDMARDs decreased levels of NRF2

and cathepsin H CTSH gene expression were observed. GCs

affected FAS, TNFSF10/TRAIL, cathepsin B CTSB, and cathepsin

H CTSH expression, with a similar pattern (excluding FAS)

observed after MTX. Among biological and synthetic targeted

drugs, only IL-17 inhibitors did not affect any cytotoxic gene

expression. Patients who combined DMARDs with GCs had

lower LT-a LTA gene expression at T0 (p=0.04) than patients

treated only with DMARDs (data not shown).
4 Discussion

Our study demonstrated a reduced immunogenic response to

COVID-19 vaccination in patients with AIIRD. This was

characterized by limited production and expression of genes

involved in various components of the cellular immune response

and cytotoxicity. Although we identified robust interactions between

13 proteins involved in cellular cytotoxicity, apoptosis, and immune

regulation through String analysis (Figure 1), only a selected subset of

these molecules was affected by immunosuppressive therapy in

AIIRD patients compared to HC. The comprehensive summary of

our results with comparison to the literature data is presented

in Table 2.
FIGURE 1

Functional enrichment analysis. Protein-protein Interaction based on String analysis (A) and different Biological Process based on Gene Ontology
enrichment analysis (B) of 13 selected proteins. These proteins coding genes include CTSH, CTSB, CTSC, GZMB, GZMA, TNFSF10/TRAIL, LTA,
NFE2L2/NRF2, FASLG/FASL, FAS, IL2, PRF1, TNF. FDR (False Discovery Rate).
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Among others, we investigated the concentration of IL-2 and

TNF – cytokines which are some of the best-studied components of

the cellular response after vaccination against COVID-19. Our

experiments showed that basic cellular response containing IL-2

and TNF production was induced by vaccination, but was lower in

AIIRD patients.

IL-2 polarizes the immune response towards Th1, is a growth

factor for cytotoxic lymphocytes and NK, and affects Treg (29).

After COVID-19 vaccination, IL-2 levels increase (5, 17, 19–23, 30).

In AIIRD patients IL-2 levels also increase after vaccination, but

most studies shown lower levels of IL-2 in patients with AIIRD

compared to HC (5, 21–23, 25). The results of our study support

this observation (Figure 2A), with lower IL-2 levels seen in patients

treated with bDMARDs and GCs (Figure 4).

The role of TNF in the antiviral response includes inducing

apoptosis of infected cells, modulating innate immune responses,

and promoting the infiltration of macrophages, dendritic cells, NK

cells, and neutrophils to the affected area (31). In the case of post-

vaccination response, the studies on TNF are not conclusive, as a

number of studies showed increased TNF response after

vaccination (17, 19, 21, 24, 32, 33), although some didn’t (22, 30,

34, 35). Most studies did not show any differences in TNF levels/
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number of TNF-producing cells between HC and AIIRD (12, 13, 17,

19, 24, 25). Contrary, in our study, similarly to results presented by

Farroni et al. (21), decreased level of TNF production was seen in

AIIRD patients (Figure 2B), which may impact antiviral response,

particularly in patients treated with b/tsDMARDs, TNFi, GCs, and

MTX (Figure 4).

Several cytotoxicity mechanisms can be observed in post-

vaccination response – among them are those connected with

cytoplasmic lytic grains (perforins, granzymes, cathepsins),

oxidative stress, or those inducing apoptosis and connected with

receptors for TNF molecules (Fas/FasL, TRAIL and LT-a). In our

study, the potential of lytic grain production and protection against

oxidative stress was lower in AIIRD patients as compared to HC.

One of the best-studied cytotoxicity protein in the post-

vaccination response is perforin. Perforin plays a key role in the

destruction of virally infected host cells, generating pores in the

target cell membrane allowing entry of effector molecules (such as

granzymes and granulysin) and subsequent cell death. Reduced

perforin and dysregulated NK function were observed in patients

with severe forms of COVID-19 (36). Perforin concentration

increases after COVID-19 vaccination (22, 23, 30, 32, 37–39). In

AIIRD patients, perforin levels after vaccination did not differ from
FIGURE 2

Fold change in protein secretion of IL-2 (A), TNF (B), Perforin (C), Granzyme B (D) involved in cellular response before, 1 month and 6 months
following COVID vaccination in HC and AIIRD patients’ plasma upon full blood simulation with SARS-CoV-2 antigen. AIIRD, autoimmune
inflammatory rheumatic diseases; HC, healthy controls. *P<0.05.
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FIGURE 4

Statistical significance in fold change in cytotoxicity-related proteins before, 1 month and 6 months following COVID vaccination in HC and AIIRD
patients’ plasma upon full blood simulation with SARS-CoV-2 antigen. Blue color – statistically significant decrease compared to healthy
controls (HC).
FIGURE 3

Gene expression of Cathepsin B (A), Cathepsin C (B), Cathepsin H (C), Granzyme A (D), NRF2 (E), TRAIL (F), LT-a (G), Fas (H), FasL (I) involved in
cellular response before, 1 month and 6 months following COVID vaccination in HC and AIIRD patients’ PBMC upon full blood simulation with
SARS-CoV-2 antigen. AIIRD, autoimmune inflammatory rheumatic diseases; HC, healthy controls; *P<0.05 **P<0.01.
Frontiers in Immunology frontiersin.org06
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FIGURE 5

Statistical significance in fold change in cytotoxicity-related genes following COVID vaccination in HC and AIIRD patients’ PBMC upon full blood
simulation with SARS-CoV-2 antigen. Blue color – statistically significant decrease compared to healthy controls (HC).
TABLE 2 Summary of the impact of COVID-19 vaccination on selected molecules related to cellular immunity.

After COVID-19 vaccination Previous studies in AIIRD patients –
difference compared to HC

Our study in AIIRD patients –
difference compared to HC

IL-2 ↑ 5, 17, 19–23, 30 ns17, 19, 20/↓5, 21–23, 25 ↓

TNF ns 22, 30, 34, 35/↑ 17, 19, 21, 24 ,32, 33 ns12, 13, 17, 19, 24, 25/↓21 ↓

Perforin ↑22, 23, 30, 32, 37–39 ns22/↓23 ↓

Granzymes ↑4, 5 ,22, 23, 30, 32, 35, 37–39 ns22/↓4, 5, 23 ns

FasL ↑22, 23 ns22/↓23 ns

Fas ↑39 not studied ns

NRF2 ↑43 not studied ↓

TRAIL ns not studied ↓

LT a ↑48 not studied ns

Cathepsin B not studied not studied ↓

Cathepsin H not studied not studied ↓

Cathepsin C not studied not studied ns
F
rontiers in Immunology
 07
ns, nonsignificant difference.
↑ upregulated, ↓ downregulated.
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HC (22, 23), though in TNFi-treated patients decreased faster

between vaccination doses than in HC (23). This may be due to

the subtlety of the effect of vaccination on perforin production, as,

for example, a study on patients treated with RTX and HC did not

show any perforin response following vaccination (19). In our study

perforin levels were decreased compared to HC after six months

from the vaccination (Figure 2C), with the greatest effect in patients

treated with b/tsDMARDs, GCs, and MTX (Figure 4).

The other key cytotoxicity proteins that play a role in post-

vaccination response are granzymes A and B. Granzymes are

proteases released by cytoplasmic granules within cytotoxic T

cells and NK cells, inducing target-cell lysis and apoptosis in the

infected viruses’ cells. COVID-19 vaccination increases granzymes

concentration/number of granzyme-producing cells – granzyme A

(30), B (4, 35, 38) or both (5, 22, 23, 32, 37, 39). Similarly to perforin

difference in concentration of granzymes after COVID-19

vaccination in AIIRD and HC may be slight – one study showed

a similar increase of granzymes A and B (22), while others indicated

lower post-vaccine production in AIIRD (4, 5, 23). In our study

granzyme B concentration and granzyme A GZMA gene expression

were not statistically different between patients and HC groups

(Figures 2D, 3D respectively).

Other proteases, such as cathepsins, play a different role in viral

infections. On the one hand, they can be used by viruses to enter the

cell (an increased level of cathepsin B promotes entry, including SARS-

CoV-2 infection), on the other hand, they help fight viruses - they are

associated with the presentation of antigens (a higher level of cathepsin

H increases presentation, as also showed in COVID-19) or help limit

viral replication (increased level of cathepsin C) (40, 41). In our study,

patients with AIIRD showed lower expression of both cathepsin B

CTSB (Figure 3A) and H CTSH (Figure 3C) genes, especially among

patients treated with biologics (cathepsin H), GCs, and MTX (both B

and H) (Figure 5). The significance of the observed associations on the

post-vaccination response remains unknown.

Another molecule that we studied was NRF2 which is one of the

key transcription factors in the human body that protects cells

against oxidative stress by inducing the expression of multiple genes

involved in immunity and inflammation, including those with

antiviral action (42). NRF2, among others, regulates innate

immune response, and cytosolic DNA sensing, and inhibits the

replication of viruses through a type I IFN-independent pathway

(43). Only one study assessed NRF2 expression following COVID-

19 vaccination and showed increased NRF2 expression following

vaccination (43). In our study decreased NRF2 gene expression was

detected in AIIRD patients compared to HC (Figure 3E), especially

in b/tsDMARDs treated patients (Figure 5).

Induction of apoptosis in virus-infected cells by cytotoxic T

lymphocytes and NK cells may be based not only on granule

exocytosis but also on other pathways using molecules for TNF

receptors, like TRAIL, LT-a and Fas/FasL pathway (44). Our study

showed a slightly lower apoptosis pathway gene expression after

some immunomodulatory drugs.

TRAIL can induce apoptosis in virally infected cells, and

regulate cytokine production, but also is responsible for the
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clinical course of some viral infections and can be used by viruses

to increase viral replication (45). Only one study assessed TRAIL

levels after COVID-19 vaccination and did not show a post-

vaccination increase in TRAIL (46). In our study, among AIIRD

patients, we noticed lower TNFSF10/TRAIL gene expression

compared to HC (Figure 3F), especially in patients treated with

GCs and MTX (Figure 5).

Another cytotoxic protein that we assessed in our study, was

LT-a. The role of LT-a in viral infections is not directly related to

cytotoxicity but rather results from the regulation of the immune

system by controlling the development and maintenance of

lymphoid organs, lymphoid organ integrity during viral

infections, and activation of production of type I interferons (47).

In patients vaccinated against COVID-19, higher LT-a levels have

been shown to correlate with a better humoral response (48). In our

study, LT-a LTA gene expression was found to be reduced only in

patients using combined DMARDs with GCs therapy (data

not shown).

The Fas (Fas receptor/CD95) is a death receptor on the surface

of cells that leads to apoptosis if it binds its ligand, cytokine FasL

(CD95L). The role of Fas/FasL in the post-vaccination response

against COVID-19 is poorly understood, but it has been shown

vaccination increases soluble FasL (22, 23) or both Fas and FasL

production (39). Previous studies have shown a reduction in FasL

both after TNFi (22) and in AIIRD in general (23). In our study,

only GCs lowered FAS gene expression after vaccination compared

to HC, while FASLG/FASL gene expression was lowered only by

JAK inhibitors (Figure 5).

The strength of our study is the examination of multiple factors

of the cellular response and cytotoxicity, which allows us to expand

current knowledge of the post-vaccination response, not only in

AIIRD patients but in general. These selected molecules are strongly

interconnected as demonstrated by String analysis. Although most

of the components of cellular response and cytotoxicity that we

examined were studied after COVID-19 vaccination in the general

population (NRF2, TRAIL, LT-a, Fas), only some were studied in

people with AIIRD (IL-2, TNF, perforin, granzymes, FasL).

Moreover, the expression of genes encoding cathepsins B and H

is the first study of their level after COVID-19 vaccination in

general. An obvious limitation of the study is the small group of

patients, which most likely allowed us to detect only the strongest

effect of AIIRD themselves and immunomodulatory drugs on the

postvaccination cellular response. Moreover, the small number of

patients and different group sizes at different time points do not

allow for comparison of results over time since vaccination. An

additional limitation of the study is that most of the components of

the cellular response studied were measured only based on protein

production or gene expression, not both at once.
5 Conclusions

Nevertheless, our study confirms the results of previous studies

that although vaccination in AIIRD induces a cellular response, it is
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lower than in HC. The post-vaccination cellular response to

COVID-19 vaccination in AIIRD patients is profoundly impaired

on many different levels, going beyond the standardly assessed

production of interferon-gamma. Our study also indicates groups of

immunomodulatory drugs that limit the cellular response to a

greater extent than others. However, the clinical significance of

the observed results, such as how impaired cellular immunity affects

vaccine effectiveness, remains unclear and requires further research.
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9. Wroński J, Jaszczyk B, Roszkowski L, Felis-Giemza A, Bonek K, Kornatka A, et al.
The kinetics of humoral and cellular responses after the booster dose of COVID-19
vaccine in inflammatory arthritis patients. Viruses. (2023) 15:620. doi: 10.3390/
V15030620

10. Farroni C, Picchianti-Diamanti A, Aiello A, Nicastri E, Laganà B, Agrati C, et al.
Kinetics of the B- and T-cell immune responses after 6 months from SARS-coV-2
mRNA vaccination in patients with rheumatoid arthritis. Front Immunol. (2022)
13:846753. doi: 10.3389/FIMMU.2022.846753

11. Sidler D, Born A, Schietzel S, Horn MP, Aeberli D, Amsler J, et al. Trajectories of
humoral and cellular immunity and responses to a third dose of mRNA vaccines
against SARS-CoV-2 in patients with a history of anti-CD20 therapy. RMD Open.
(2022) 8:e002166. doi: 10.1136/RMDOPEN-2021-002166

12. Furer V, Eviatar T, Zisman D, Peleg H, Paran D, Levartovsky D, et al.
Immunogenicity and safety of the BNT162b2 mRNA COVID-19 vaccine in adult
patients with autoimmune inflammatory rheumatic diseases and in the general
population: a multicenter study. Ann Rheum Dis. (2021) 80:1330–8. doi: 10.1136/
ANNRHEUMDIS-2021-220647

13. Eviatar T, Pappo A, Freund T, Friedlander Y, Elkayam O, Hagin D, et al. Cellular
immune response to the anti-SARS-CoV-2 BNT162b2 mRNA vaccine in pediatric
autoimmune inflammatory rheumatic disease patients and controls. Clin Exp Immunol.
(2024) 217:167–72. doi: 10.1093/CEI/UXAE044

14. Mahil SK, Bechman K, Raharja A, Domingo-Vila C, Baudry D, Brown MA, et al.
Humoral and cellular immunogenicity to a second dose of COVID-19 vaccine
BNT162b2 in people receiving methotrexate or targeted immunosuppression: a
longitudinal cohort study. Lancet Rheumatol. (2022) 4:e42–52. doi: 10.1016/S2665-
9913(21)00333-7

15. Smetanova J, Strizova Z, Sediva A, Milota T, Horvath R. Humoral and cellular
immune responses to mRNA COVID-19 vaccines in patients with axial
spondyloarthritis treated with adalimumab or secukinumab. Lancet Rheumatol.
(2021) 4:e163. doi: 10.1016/S2665-9913(21)00393-3

16. Andreica I, Blazquez-Navarro A, Sokolar J, Anft M, Kiltz U, Pfaender S, et al.
Different humoral but similar cellular responses of patients with autoimmune
inflammatory rheumatic diseases under disease-modifying antirheumatic drugs after
COVID-19 vaccination. RMD Open. (2022) 8:e002293. doi: 10.1136/RMDOPEN-2022-
002293

17. Fabris M, De Marchi G, Domenis R, Caponnetto F, Guella S, Dal Secco C, et al.
High T-cell response rate after COVID-19 vaccination in belimumab and rituximab
recipients. J Autoimmun. (2022) 129:102827. doi: 10.1016/J.JAUT.2022.102827

18. Moor MB, Mani L, Sidler D, Horn MP, Iype JM, et al. Humoral and cellular
responses to mRNA vaccines against SARS-CoV-2 in patients with a history of CD20
B-cell-depleting therapy (RituxiVac): an investigator-initiated, single-center, open-
label study. Lancet Rheumatol. (2021) 3:e789. doi: 10.1016/S2665-9913(21)00251-4

19. Bitoun S, Henry J, Desjardins D, Vauloup-Fellous C, Dib N, Belkhir R, et al.
Rituximab impairs B cell response but not T cell response to COVID-19 vaccine in
autoimmune diseases. Arthritis Rheumatol. (2022) 74:927–33. doi: 10.1002/
ART.42058/ABSTRACT

20. Mahil SK, Bechman K, Raharja A, Domingo-Vila C, Baudry D, Brown MA, et al.
The effect of methotrexate and targeted immunosuppression on humoral and cellular
immune responses to the COVID-19 vaccine BNT162b2: a cohort study. Lancet
Rheumatol. (2021) 3:e627. doi: 10.1016/S2665-9913(21)00212-5

21. Farroni C, Aiello A, Picchianti-Diamanti A, Laganà B, Petruccioli E, Agrati C,
et al. Booster dose of SARS-CoV-2 messenger RNA vaccines strengthens the specific
immune response of patients with rheumatoid arthritis: A prospective multicenter
longitudinal study. Int J Infect Dis. (2022) 125:195. doi: 10.1016/J.IJID.2022.10.035

22. Dayam RM, Law JC, Goetgebuer RL, Chao GYC, Abe KT, Sutton M, et al.
Accelerated waning of immunity to SARS-CoV-2 mRNA vaccines in patients with
immune-mediated inflammatory diseases. JCI Insight. (2022) 7(11):e159721.
doi: 10.1172/JCI.INSIGHT.159721

23. Cheung MW, Dayam RM, Shapiro JR, Law JC, Chao GYC, Pereira D, et al. Third
and fourth vaccine doses broaden and prolong immunity to SARS-coV-2 in adult
patients with immune-mediated inflammatory diseases. J Immunol Author Choice.
(2023) 211:351. doi: 10.4049/JIMMUNOL.2300190
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