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Abstract

Sections

Vaccines are important for protecting individuals at increased risk

of severe infections, including patients undergoing DMARD therapy.
However, DMARD therapy can also compromise the immune system,
leading to impaired responses to vaccination. This Review focuses
ontheimpact of DMARDs on influenza and SARS-CoV-2 vaccinations,
assuch vaccines have been investigated most thoroughly. Various

data suggest that B cell depletion therapy, mycophenolate mofetil,
cyclophosphamide, azathioprine and abatacept substantially reduce
theimmunogenicity of these vaccines. However, the effects of
glucocorticoids, methotrexate, TNF inhibitors and JAK inhibitors on
vaccine responses remain unclear and could depend on the dosage and
type of vaccination. Vaccination is aimed at initiating robust humoral
and cellular vaccine responses, which requires efficient interactions
between antigen-presenting cells, T cells and B cells. DMARDs impair
these cells in different ways and to different degrees, such as the
prevention of antigen-presenting cell maturation, alteration of T cell
differentiation and selective inhibition of B cell subsets, thus inhibiting
processes that are necessary for an effective vaccine response.
Innovative modified vaccination strategies are needed to improve
vaccination responses in patients undergoing DMARD therapy and to

protect these patients from the severe outcomes of infectious diseases.
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Key points

¢ Vaccines should ideally evoke efficient interactions between
antigen-presenting cells and T cells and B cells; certain DMARDs
disturb these interactions, leading to reduced vaccine responses and
protection from infection.

e The immunogenicity of influenza and SARS-CoV-2 vaccines is often
reduced in patients with rheumatic diseases, depending on the type of
DMARD used during vaccination.

o A few DMARDSs substantially inhibit responses to both vaccines
(such as B cell depletion therapy or mycophenolate mofetil), whereas
other DMARDs likely have no effect (including IL-6 inhibitors and
hydroxychloroquine).

o The effect of some DMARDs (including TNF inhibitors, methotrexate
and glucocorticoids) on vaccine responses could depend on the type
of vaccine or DMARD dose used.

o The differential effects of DMARDs on vaccine responses are likely
explained by the varying ways in which these drugs target disease and
the functioning of antigen-presenting cells, T cells and B cells.

o Specific vaccine strategies, such as a drug holiday, should be
considered for patients on each type of DMARD, depending on their
effects on vaccine effectiveness and on controlling disease activity.

Introduction

Infectious diseases have a high global burdenand are one of the leading
causes of mortality worldwide'. In the past decade, outbreaks of infec-
tious diseases have increased, and because of the exponential growth
of the human population and enhanced circulation of pathogens,
the risk of novel infectious diseases is substantial®. Additionally, the
increased contact between humans and wild animals augments
therisk of zoonosis’. All these factors have probably contributed to the
SARS-CoV-2 pandemic. Even though the peak of this pandemic seems to
have passed, resurgence of the virus owing to new variantsis expected
tooccurinthe comingyears. Moreover, the risk of new epidemics and
pandemics in the future remains high.

Vaccines provide the most efficient and safest interventionsin the
prevention and control of infectious diseases. All vaccines are based
on the same basic principle: exposing the immune system to either
an attenuated version or an immunogenic subunit of the pathogen,
thereby generating animmune response that will protect the individual
from becoming severely ill after infection®. Classical vaccines expose
individuals to either whole inactivated or live-attenuated pathogens
that havelost their virulence. More novel vaccine approachesinclude
subunit vaccines, viral-vector vaccines, and, most recently, messenger
RNA (mRNA) vaccines’.

Vaccines are particularly important to protect individuals at
increased risk of developing severe disease frominfections, including
individuals with underlyingimmune deficits. Immunodeficiency canbe
aconsequence of various factors, including the use ofimmunosuppres-
sive drugs®. DMARDs are prescribed for the treatment of various immu-
nopathological conditions, including most autoimmune disorders’.
A wide range of different DMARDs are currently being used, each

targeting different parts of the immunological processes underlying
these diseases®. DMARDs are selected on the basis of the type and sever-
ity of disease and other criteria such as age, the presence of comorbid
conditions and the use of concomitant medication (Supplementary
Boxes 1-3). Generally, DMARDSs can be split into three types: conven-
tional synthetic DMARDs that target a wide range of immunological
processes, biological DMARDs that specifically target one protein (typi-
callyacytokine, its receptor or acell surface marker), and lastly targeted
synthetic DMARDs, which mainly target the Janus kinase (JAK)-signal
transducer and activator of transcription (STAT) pathway. Regardless of
their therapeutic benefits, however, DMARDs are accompanied by the
risk of alonglist of severe adverse effects, including anincreased sus-
ceptibility toinfections such as influenza and SARS-CoV-2 (refs. 9-11).
In addition, patients using certain immunosuppressive drugs (for
example, high-dose glucocorticoids) are thought to have adelayinviral
clearance that leads to prolonged SARS-CoV-2 infections'.

Given the necessity for proper protection of these patients, the
aimof this Review is to assess the effect of DMARDs on vaccine-induced
immune responses. Given thatinfluenzaand SARS-CoV-2 vaccines have
been investigated most rigorously, these vaccines are the main focus
of this Review. In this Review, we first introduce the different vaccine
platforms and the immunological responses after vaccination. Next,
we provide an overview of clinical studies concerning the immuno-
genicity of influenza and SARS-CoV-2 vaccines in patients receiving
DMARD treatment. Finally, we discuss the mechanisms that might
underlie the effects of DMARDs on vaccine responses in patients with
autoimmune disorders.

Vaccine-evoked immunity

Immune responsesto vaccinations are complex and involve the partici-
pation of various immune cell subsets and a wide range of cytokines.
Evenin healthy people these responses can be highly variable; how-
ever,anumber of common denominators are required for an effective
response to vaccination. In this section, we discuss immune responses
tovaccinationasthey occur innon-immunocompromised individuals,
and the different types of vaccine platforms that are used to initiate
these immune responses.

Immune response induction

The induction of immune responses, whether through infection or
through vaccination, relies on an intricate interplay between innate
and adaptive immune mechanisms'. Dendritic cells, the sentinels of
the immune system, take up microbes or vaccine components in the
periphery and transport them to nearby lymph nodes. Recognition
of danger signals, such as pathogen-associated molecular patterns of
the microorganism or adjuvants of the vaccine by patternrecognition
receptors (PRRs), leads to the activation of dendritic cells, which in
turn produce activation markers and cytokines.

The lymph nodes provide the microenvironment for the physi-
ological interaction of dendritic cells and different subsets of lym-
phocytesthatresultsintheinduction of adaptive immune responses.
Dendritic cells process internalized antigens to small peptides.
Presentation of antigenic peptides on major histocompatibility
complex (MHC) molecules of activated dendritic cells stimulates
CD4" and CD8" T cells carrying the cognate T cell receptor (TCR)
and induces their proliferation and differentiation to effector and
memory T cells.

CD4" T cells are important for the activation of CD8" T cells and
for the promotion of B cell maturation thatis necessary for an effective
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antibody response. CD4"T cells are activated through the interaction of
their TCR with antigenic peptides presented by MHC class Il molecules
on the surface of activated dendritic cells. Cytokines are essential
in determining the differentiation of CD4" T cells to certain subsets
specialized in the defence of intracellular pathogens (T helper 1 (T,1)

Fig.1|Immune responses after vaccination. Following vaccination, viral
particles are taken up by antigen-presenting cells (APCs), which, upon activation,
mature and migrate to secondary lymphoid organs to present the antigen. Antigen
recognitionby CD4" T cells occurs through the T cell receptor (TCR) and antigen-
containing MHC class Il complex. Costimulatory molecules, suchas CD28 and
CD80-CD86, initiate further differentiation of CD4" T cellsinto T helper1(T,,1)
cells, T,;2 cells, T,17 cells, regulatory T (T..,) cells and follicular helper T (Tg,,) cells.
Thelineage-specific differentiationis particularly dependent on the cytokine
environment and the costimulatory molecules present. All subsets of CD4" T cells
have their own repertoire of cytokine production, and each subset has specific
effects on viralinfection and vaccine responses. In the context of vaccinations
againstinfluenzaand SARS-CoV-2, CD4" T cell skewing towards T,1and Ty, cells
islikely the preferred response, mediating viral clearance and the initiation of
humoralimmunity, respectively. Naive B cells, after antigen recognition and
stimulation by Ty, cells, differentiate into memory B cells and plasmablasts

and subsequently into plasma cells. These plasma cells produce antibodies
thatare particularly important in providing protection against infection.

cells), extracellular parasites (T helper 2 (T;2) cells), and extracellular
bacteriaand fungi (T helper 17 (T,,17) cells)"**. Inaddition, regulatory T
(T, cells are required to maintain self-tolerance'. Finally, follicular
helper T (T,,) cells are important cells for mediating humoral immu-
nity. Efficient responses to viral pathogens, such as influenza virus
or SARS-CoV-2, most likely require a particularly strong Tyl and Ty,
response, whereas T,;2and particularly T, responses probably inhibit
viral clearance” (Fig. 1). CD8" T cells are activated through dendritic
cells, which present antigenic peptides on MHC class I molecules,
after which these cells gain a cytotoxic function'. Even though CD8"
T cells are important in killing virus-infected cells, only some vaccine
platforms are potent activators of these cells'>".

B cells produce antibodies that are essential for protection against
almost all pathogens”. B cell activation requires the interaction of the
B cellreceptor (BCR) withits cognate antigen, often displayed onthe sur-
face of follicular dendritic cells. Cross-linking of BCRs alone can trigger
the production of antibodies, but T cell helpis needed for the formation
of memory B cells®. Upon interaction of an antigen with the BCR, the
antigenis taken up, processed and presented on MHC class Il molecules
to Ty, cells. Further interaction of B cells with T, cells via CD40-CD40
ligand (CD40L) interactions and cytokines results in the full activation
and proliferation of B cells. Some of the activated B cells differentiate into
plasmablasts, which further developintoshort-lived plasmacells thatare
characterized by a high proliferation rate but only produce antibodies
for a short time span of 3-5 days. Other activated B cells enter the ger-
minal centres, where they differentiate into long-lived plasma cells and
memory B cells.Inaddition, the long-lived plasma cellsundergo aprocess
of maturationthat resultsin the production of high-affinity antibodies.
These plasma cells have a limited proliferative capacity but also have a
very longlifespan, during which they keep secreting antibodies that can
provide protection againstinfection®. The exact role of memory B cells
inrecall responses after vaccination remains unclear.

Vaccines

Vaccinationis aimed atinducing protective immune responses against
pathogens without causing the damage associated with infection.
Upon encounter with the respective pathogen, these immune
responses can prevent infection and/or colonization, thereby avoid-
ing or mitigating the symptoms of the disease. Classical vaccine plat-
forms involve either attenuated or inactivated pathogens or consist
of pathogen-specific antigens, which can be proteins or —in the case
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ofbacterial pathogens — polysaccharides. Inthe past decade, so-called
nucleic acid vaccines, in particular, viral vector-based and mRNA-based
vaccines, have become available. These vaccines do not contain the
antigen ofinterest but rather the geneticinformation for its synthesis by
cells that take up the vaccine’. Upon vaccination, the antigens — either
presentinthe vaccine or produced by recipient cells of the vaccine —are
taken up by dendritic cellsand transported to the draining secondary
lymphoid organ.

Current influenza vaccines for the adult population are typical
examples of classical vaccines. These vaccines are produced from
influenza virus grown in embryonated chicken eggs or cultured cells
and further processed to generate split vaccines, containing all viral
proteins, or subunit vaccines, consisting mainly of the viral surface pro-
teinhaemagglutinin. Splitand subunitinfluenza vaccines do not usually
containan adjuvant, although adjuvanted formulations for the elderly
orimmunocompromised are also available?®. As most (adult) recipients
ofthese vaccines have experienced severalinfluenzainfections during
life, the vaccines evoke recall responses to conserved T cell and B cell
epitopes, as well as primary responses to novel epitopes. Seasonal
influenza vaccines are typically trivalent or quadrivalent, meaning
that these vaccines containantigens fromthree or four influenzavirus
strains, respectively.

Inactivated virus vaccines have alsobeen used onalarge scale for
protection against SARS-CoV-2, mainly in China, Latin America and
some African countries®. Moreover, a subunit vaccine consisting of the
SARS-CoV-2spike protein arranged onananoparticleis available?. Yet,
few studies have assessed the effect of DMARDs onimmune responses
to these vaccines. Most SARS-CoV-2 vaccines used in Europe and the
USA fall into the category of nucleic acid vaccines and consist either
ofviral vectors or mRNA encoding the spike protein of the SARS-CoV-2
(ref. 5). Viral vector vaccines make use of harmless viruses to deliver
genetic information into human cells?°. During the initial phase of
the pandemic, adenovirus-based viral vector vaccines, Ad26.COV2.S
and ChAdOx1, were developed and showed strong effectiveness
against severe SARS-CoV-2 infections?. Even more recently, mRNA
vaccines (thatis, BNT162b2 and mRNA-1273) have been developed. The
mRNA is packaged in lipid nanoparticles that are mainly taken up by
antigen-presenting cells (APCs) such as dendritic cells. To avoid rapid
degradation of the mRNAin the cytoplasm and overstimulation of the
PRRs, both the BNT162b2 and mRNA-1273 contain modified uridine
nucleotides (N1-Methylpseudouridine)?*. mRNA vaccines have been
widely distributed and administered, showing impressive effects on
the prevention of infection and severe disease”.

Before a vaccine is approved for use in the general population,
adequate vaccine performanceinterms of reducing rates of infection
orseverity of disease must be demonstrated in clinical trials. However,
assessing the performance of a vaccine in specific populations, such
as in patients using DMARDs, is difficult, as the recruitment of a suf-
ficiently high number of patients would be both laborious and time
consuming. Accordingly, studies of vaccine performance in these
populations oftenlook at correlates of protection, most importantly
the capacity of the vaccine to induce presumably protective immune
responses. Usually, such studies measure the amount and the neutraliz-
ing capacity of serumantibodies, as antibody responses are considered
particularly important in the early elimination and neutralization of
pathogens®. Generally, antibody concentrations correlate strongly
with their neutralizing capacity, although this correlation depends
onthe extent to which theinfecting pathogen deviates from the origi-
nal. Indeed, the neutralization of novel SARS-CoV-2 variants requires

much higher concentrations of vaccine-evoked antibodies than the
neutralization of the original variant®*?, Additional, non-neutralizing
antibody functions, such as theirinvolvementin antibody-dependent
cell-mediated cytotoxicity or complementactivation, can be assessed
by commercial assays, and should be considered when evaluating
vaccine responsiveness.

Various forms of evidence emphasize the importance of cellular
responses after vaccination®. The golden standard for measuring
T cell responses is the ELISpot assay, which quantifies the frequency
ofantigen-specific T cells producing a certain cytokine, typically IFNy;
however, other robust methods suchasanexvivo IFNyrelease assay, are
alsoinuse?**°, Monitoring cytokine production or activation markers
inspecific T cells after vaccination using flow cytometry could reveal
other aspects of the quality of response®.

Vaccine responses depend on efficient interactions between APCs
andT cellsinthe secondarylymphoid organs, resulting in the formation
of memory T cells, preferably T, 1 cellsand T, cells,and memory B cells
and plasma cells®. These responses could differamongindividuals and
might be compromised for various reasons, including the use of
immunosuppressive therapy. Dysfunctional regulation of T helper
cell skewing is thought to be essential in the development of autoim-
mune diseases, which could also lead to ahampered vaccine response
in these patients'*>*,

DMARD effects on vaccine immunogenicity

DMARD use has been associated with more severe outcomes of influ-
enza and SARS-CoV-2 infection in various large registry studies'****;
hence, patients undergoing DMARD therapy are among those indi-
viduals who would benefit the most from vaccination. However, the
question remains whether vaccines work as effectively in this group
as in the general population. A substantial number of studies have
therefore investigated the immunogenicity and efficacy of influenza
and SARS-CoV-2 vaccines in patients on DMARD therapy (Table. 1).

Influenzavaccines
Several studies have investigated the effect of DMARDs on the induc-
tion of humoralimmunity uponinfluenza vaccination. B celldepletion
therapy (such as rituximab treatment) stands out as the most detri-
mental treatment for developing anadequate antibody response®**°.
For patients on this therapy, the time since the last infusion seems
particularly important in determining whether the influenza vaccine
response is effective®®*°, Ideally, vaccines should be administered at
least 6 months after the last infusion, according to the European Alli-
ance of Associations for Rheumatology (EULAR) recommendations®.
Boththe EULAR recommendations and the American College of Rheu-
matology (ACR) guideline, however, recommend no delay in influ-
enzavaccination, owing to the seasonality of influenza*** If possible,
the next rituximab infusion should be delayed for at least 2-4 weeks
aftervaccination. T cell responses are less affected by rituximab treat-
ment, butresponsesin treated patients still seemto be less robust than
responses in healthy individuals receiving no rituximab treatment*>**,
Moreover, mycophenolate mofetil, azathioprine and abatacept also
seem to affect humoral influenza vaccine responses in patients with
autoimmune diseases*****’, The data on the effect of glucocorticoids,
methotrexate, TNF inhibitors and JAK inhibitors on vaccine responses
are conflicting.

Concerning glucocorticoids, evidence of a negative effect of
these drugs ontheimmunogenicity of influenza vaccines s stillunder
debate’®. Possibly, the negative effect of glucocorticoid therapy on
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Table 1| The effect of DMARDs on the immunogenicity of
influenza and SARS-CoV-2 vaccines

DMARD therapy Impacton
influenza vaccine

immunogenicity*’*?

Impacton
SARS-CoV-2 vaccines
immunogenicity'>**%9?

Conventional synthetic DMARDs

Azathioprine

Yes (humoral and
cellular)®*#47

Yes (humoral)’”’®

Cyclophosphamide Not enough information  Yes (humoral)®®
Glucocorticoids Unclear Yes (humoral and
cellular)®#9902
Hydroxychloroquine No®59% No’>10410%
Methotrexate Unclear Yes (humoral and
cellular)®°29°%
Mycophenolate mofetil  Yes (humoral)*® Yes (humoral)™/"""a
Sulfasalazine No®% No’82910%
Biological DMARDs
Abatacept Yes (humoral and Yes (humoral and

cellular)®>#84%

cellular)’*577

B cell depletion

Yes (humoral and
cellular)®*#044a

Yes (humoral and
cellular)®'6354a

IL-6 inhibitors No**%6 No’>’®

IL-17 inhibitors No?3023! No"

|L-12-1L-23 inhibitors No?% No’69197a

TNF inhibitors Unclear Yes (humoral)’©9%1°©

Targeted synthetic DMARDs

JAK inhibitors Yes (humoral and

cellular)’7>"

Not enough information

2This effect has a high degree of certainty, on the basis of the number of studies showing the
effect, agreeability amongst the studies and sample sizes assessed.

humoral vaccine responses is dose dependent, with more detrimen-
tal effects occurring with daily doses of 7.5-10 mg or more than with
lower doses®**>*¢*°, The studies that did not find reduced humoral
responses in patients on glucocorticoid therapy tended to include
patients receiving lower dosages and/or receiving a wider range of
concomitant medication, which complicates the assessment of immu-
nogenicity. Inasystematic review of influenzaimmunogenicity studies
in patients with RA and patients with systemic lupus erythematosus
(SLE), the effect of glucocorticoids was only observed in patients with
SLE, potentially owing to the typically higher glucocorticoid dosing
used in patients with SLE than in patients with RA**%, Only one study
has investigated the effects of glucocorticoids on the induction of
influenza-specific T cells upon influenza vaccination. The patients with
SLEreceiving treatment with prednisone and/or azathioprine had less
influenza-specific IFNy-producing T cells, as assessed by ELISpot, than
the patients not receiving these drugs®’. Furthermore, the patients
on prednisone and/or azathioprine had fewer influenza-specific
IFNy-producing, TNF-producing and IL-2-producing CD4" T cells, as
assessed by flow cytometry. No influenza-specific CD8" T cell responses
were detected inany of the patients (irrespective of treatment) orinthe
healthy individuals. According to the ACR guideline, glucocorticoids
should be tapered to <20 mg/day for most vaccinations, but not for
influenza vaccination, owing toits seasonal nature*.

Numerous studies have investigated the effect of methotrexate
ontheimmunogenicity of influenza vaccines, with varying results*5,
Two large studies on responses to the 2009 pandemic HIN1 vaccine
found an effect for methotrexate on antibody levels in a multivariate
analysis®**’. However, ameta-analysis of responses in patients with RA
showed that methotrexate had no effect on vaccine immunogenicity*.
Additionally, another systematic review revealed a negative effect for
methotrexate on vaccination responses, but only when assessing res-
ponse rates to at least two influenza strains and not when assessing
individual strains®*. Potentially, these discrepancies could be explained
by the pooling of data from influenza vaccines that invoke mainly
primary immune responses (such as the 2009 HIN1 monovalent vac-
cine) and the seasonal trivalent or quadrivalent influenza vaccines
that mainly induce memory responses. Despite the relatively weak
evidence forimpaired vaccine responses with methotrexate, some data
show that delaying methotrexate therapy right after vaccination for
2weeks canimprove humoral vaccine responses™*°. The ACR guideline
therefore recommends pausing methotrexate treatment for 2 weeks
after vaccination*.

The effects of TNF inhibitors onresponsestotheinfluenzavaccines
also vary in studies, but most studies found no negative effect®%**,
A 2018 meta-analysis of patients with RA concluded that TNF inhibitors
probably do not reduce vaccineimmunogenicity. However, ahead-to-
head comparisonshowed that patients on TNF inhibitor monotherapy
had worse vaccine responses than patients on methotrexate therapy
alone”.

Influenza vaccination responses are probably not affected
by hydroxychloroquine, sulfasalazine, IL-6 inhibitors, IL-12-1L-23
inhibitors or IL-17 inhibitors®**°. Data on the effect of JAK inhibitors
remain limited; possibly these drugs only affect vaccine responses
when used in combination with methotrexate®. Interestingly,
one study found that hydroxychloroquine might counterbalance
the negative effects of immunosuppressives on vaccine immuno-
genicity, although this finding requires further investigation and
confirmation®.

Primary SARS-CoV-2 vaccination

Since the approval of the first SARS-CoV-2 vaccines in late 2020, an
important question has been whether the immunogenicity of the vac-
cinesis similarinimmunosuppressed patients and the general popula-
tion. The effect of DMARDs on the immune response to SARS-CoV-2
vaccination could differ from that oninfluenza vaccination responses,
because of the use of different vaccination platforms or the fact that
aprimaryresponse rather thana memory response is needed for pro-
tection against SARS-CoV-2. The number of studies investigating the
immunogenicity of the SARS-CoV-2 vaccinationin patients undergoing
immunosuppressive therapy (such as DMARD therapy) has steadily
increased, with the majority of studies focusing on the humoralimmune
responses of these patients. Whereas some of these studies have inves-
tigated the effects inrelatively homogeneous populations of patients
with one type of disease, many other studies have assessed amixture of
patients with awide range of diseases. Most studies assessed antibody
concentrations and seroconversion, buta few studies also assessed the
neutralizing capacity of the patients or SARS-CoV-2-specific cellular
responses. The majority of studies investigated effects on mRNA vac-
cineresponses, whereas data on the effects of DMARDs on whole virus
or viral vector vaccine responses are scarcer. Nevertheless, studies of
different vaccine platforms tended to find uniform patterns in terms
of the effects of DMARDs.
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As also observed for influenza vaccination, the use of B cell
depletion therapy stands out as the most impactful medication that
affects not only the absolute SARS-CoV-2 antibody titre post vaccina-
tion, but also often prevents seroconversion, indicating a total lack
of humoral protection'®*°"*_In one study, a positive serological
response after vaccination was associated with a lower total num-
ber of B cell depletion treatments, and an extended interval (more
than 6-10 months) between the last treatment course and the
vaccination®®, In contrast to vaccinated patients, a humoral vaccine
response canoccurinsome B cell-depleted patients after aSARS-CoV-2
infection®. Despite the substantial decrease in humoral responses,
patients on B cell depletion therapy seem to have a relatively intact
T cell response®***”°, Other DMARDs, used in smaller patient popula-
tions, that clearly affect humoral and/or cellular vaccine responses
includeJAKinhibitors, mycophenolate mofetil, abatacept, azathioprine
and cyclophosphamide'®¢%¢*’"81 Humoral responses are generally
weakened but not completely lacking in these patients, indicating an
increased risk of breakthroughinfections.

In addition to the aforementioned therapies, most data suggest
that humoral vaccine responses are also impaired in patients on glu-
cocorticoid therapy'®*¢2757782°87 I these studies, the seroconversion
rates after two doses of vaccine were typically unaffected by glucocor-
ticoid therapy, unlike that seen with B cell-depleting therapy, but the
antibody concentrations were reduced when compared with other
patients or healthy individuals. The effects of glucocorticoid seem to
be dose dependent, with higher doses (>7.5 mg) having more notable
effects than lower dosages®*>%*%° Furthermore, a few studies showed
that glucocorticoids had notable effects on the neutralizing capacity
of the patients®**, Also, treatment with (higher dosages of) gluco-
corticoids was associated with lower frequencies of IFNy-producing
antigen-specific T cells”8*8586%0,

Methotrexate use is also associated with reduced SARS-CoV-2
vaccine immunogenicity. Although a systematic review from 2021
indicated that the evidence for a negative effect of methotrexate was
notyet strong enough, more recent studies have indicated that meth-
otrexate has a moderate effect. These findings were mostly based
on assessments of humoral responses, whereas the effect of metho-
trexate on cellular responses is less clear. A number of studies have
investigated T cell responses by flow cytometry or ELISpot, finding no
evidence ofimpaired immunity with methotrexate therapy®>°°°!, How-
ever, in two studies, methotrexate use was associated with impaired
SARS-CoV-2-specificcytokineresponsesinT cellsandalack ofincreasein
activation markers on CD8" T cells when compared with responses
in healthy individuals’”*?, As seen for influenza vaccination, pausing
methotrexate therapy during vaccination seems to prevent impair-
ment of immune response induction. This positive effect occurred
across the different vaccine platforms, as primary immune responses
tomRNA vaccines, viral vector vaccines and whole virus vaccines were
allimproved in patients who paused methotrexate during or directly
after vaccination compared with those patients who remained on
treatment® °°. However, pausing methotrexate mightincrease the risk
of disease flares or disease activity in patients with rheumatic diseases,
although so far the evidence suggests that this strategy only mildly
increases the incidence and severity of flares”°,

TNF inhibitors might also affect SARS-CoV-2 vaccine responses.
Ininitial studies, including in a meta-analysis, the data suggested that
these drugs had no effect’“°. However, the meta-analysis was only
based on seroconversion rates rather than on antibody concentra-
tions. Furthermore, morerecent studies thatincluded larger groups of

patients found that TNF inhibitors had a moderate effect on humoral
immunity, including effects on both antibody concentrations and
neutralizing capacity®®”*7*?71%_ Interestingly, some data suggest
that TNF inhibitor use is associated with a greater decay over time in
antibody concentrations’°%'”!, as well as an increased occurrence of
breakthrough infections'°°. By contrast, cellularimmunity is likely less
affected by TNF inhibitors'**'%2,

Excluding TNF inhibitors, DMARDs that specifically target
cytokines seem to have no effect on SARS-CoV-2 vaccine immuno-
genicity. Patients on inhibitors of IL-6, IL-17 or IL-12-1L-23 signalling
have typical humoral and/or cellular vaccine responses that are similar
to those of healthy individuals'®*”*””"!_For both hydroxychloroquine
and sulfasalazine, the available evidence suggests that not only is the
vaccine response notimpaired, but these responses are possibly even
improved’®8389921937105 Indeed, vaccine responses were impaired in
patients undergoing immunosuppressive therapy, but notin patients
who used hydroxychloroquine or sulfasalazine in combination with the
immunosuppressive drugs’”'°*, Finally, only one study has assessed
the effect of leflunomide on humoral immunity after SARS-CoV-2
vaccination (in this case, vaccination with an inactivated whole
virus vaccine) in a large group of patients, finding no evidence of a
negative effect®.

SARS-CoV-2booster vaccinations

Data are also emerging on the effect of DMARDs on humoral and/or
cellularimmunity after SARS-CoV-2 booster vaccinations. However, in
some of these studies, whether DMARDs affect the immunogenicity of
thebooster vaccinationis difficult to determine. This difficulty arises
from the cross-sectional design of these studies, in which only immu-
nity after the booster vaccinationis measured, without information on
priorimmunity. Eventhough these studies often report lower humoral
and/or cellularimmunity after booster vaccinationin patients receiving
DMARD therapy, whether this effect is because of a weaker primary
vaccine response or an impaired reaction to the booster vaccine is
difficult to discern'*®'?’,

Other studies did have a longitudinal design, theoretically ena-
bling acomparison between the primary and booster response; how-
ever, not all the studies assessed the fold change increase in booster
response compared with the primary response or the antibody con-
centrations post booster adjusted for concentrations prior to the
booster”.. The findings from these studies exhibit a range of diverse
outcomes. B cell depletion therapy, particularly when given shortly
before booster vaccination, still prevented seroconversion in a sub-
stantial proportion of patients®>**1°¢1° However, some of the patients
still benefited from the booster vaccinations, particularly when there
wasalarge gap between the lastinfusion and vaccination. Methotrex-
ate also dampens the increase in humoral immunity after a booster
vaccination, as assessed by studies of patients randomly assigned
to pausing or not pausing methotrexate treatment during or after a
booster vaccination®*', In two longitudinal studies comparing the
effect of a number of DMARDSs on booster vaccination®'"’, patients
receiving treatment with methotrexate,JAK inhibitors and/or cytokine
inhibitors (including TNF inhibitors) had stronger humoral booster
responses than patients receiving treatment with glucocorticoids,
abatacept or B cell-depleting agents. Other studies, however, have
shownthatafterabooster vaccination, TNF orJAK inhibitor therapy was
associated withlower humoral responses, and lower cellular responses
in the case of JAK inhibitors, compared with the responses in healthy
individuals”"">', Finally, some data suggest that patients on DMARD
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therapy whoreceived the primary vaccination after aSARS-CoV-2infec-
tion have a reduced boost of their humoral immunity compared with
healthy individuals, although the power of these studies was too low
to determine the effects of specific types of DMARDs®'"*,

Effect on primary versus memory vaccine responses

The current literature, as discussed in the previous section, suggests
that some types of DMARDs have a larger effect on the response to
SARS-CoV-2 vaccination than on the response to influenza vaccina-
tion. Glucocorticoids, methotrexate, TNF inhibitors and JAK inhibitors
clearly affect primary SARS-CoV-2 vaccine responses but seemto have
alower effect on influenza vaccine responses. There might be several
explanations for these differences. The vast majority of individuals
have some immunity to influenza virus infection prior to vaccination
(owingto previous infections and/or vaccinations), including long-lived
plasmablasts and memory T cells and B cells™”. Hence, influenza vac-
cination couldbe viewed asabooster of an previously induced immune
response. The extent of overlap between this prior immunity and
the newly initiated immune response might differ each year, owing
to the different compositions of the influenza vaccinein use. Neverthe-
less, these responses probably differ fromthe primary SARS-CoV-2 vac-
cination responses inimmune-naive patients. In such circumstances,
the complete immune response, including APC activation, antigen
presentation, germinal centre formation and the differentiation of
humoral and cellular immunity, has to develop from scratch, which
introduces a wide range of processes open to influence by DMARDs.
Interestingly, evidence showing reduced immunogenicity of the 2009
pandemic monovalent HIN1influenza vaccine in patients using metho-
trexate support theidea that DMARDs affect primary vaccine responses
more than memory vaccine responses®”**. Of course, other factors,
such as the different platforms typically used for influenza vaccina-
tion (subunit or split vaccines) versus SARS-CoV-2 vaccination (viral
vector or mRNA vaccines) might also contribute to these differences.
Additionally, responses to influenza vaccines could be more difficult
to quantify thanresponses to SARS-CoV-2 vaccines, owing to the varia-
tioninprior humoral and cellularimmunity, and the multiple antigens
included in the vaccine.

Influence of DMARDs on immune responses
Thetypicalimmunosuppressive effects of DMARDs probably underlie
the hampered vaccine response observed in patients on these thera-
pies; however, the mechanisms do differ. Whereas some DMARDs have
very specific effects, such as abatacept (CTLA4 co-stimulation blocker)
orlL-6inhibitors, other drugs rely on awide range of mechanisms, such
asglucocorticoids and methotrexate. Differences inthese underlying
mechanisms might also explain why some DMARDs impair vaccine
immunogenicity, whereas others seem to have no effect. In this sec-
tion, we discuss a number of routes in which DMARDs could affect
theinteraction between immune cells and thus interrupt an effective
vaccine response.

Effects on APCinitiation of vaccine responses

Theimportance of APCsin the initiation of vaccine responses is often
overlooked; nevertheless, the number and functionality of these cells
mightunderlie the hampered vaccine responses of patients on DMARD
therapy. DMARDs have variable effects on numbers of APCs, depend-
ingonthetype of celland type of DMARD. High-dose glucocorticoids,
for example, are associated with reduced numbers of myeloid and
plasmacytoid dendritic cells, and non-classical monocytes, but not

with reductions in classical monocytes"*™"*, Enhanced apoptosis of
these cells probably underlies these reduced counts, as observed after
treatment with glucocorticoids, methotrexate or TNF inhibitors"®2071%¢,
By contrast, higher frequencies of classical monocytes are predic-
tive of reduced SARS-CoV-2 vaccine immunogenicity in patients with
haematological malignancies'”, an association also seen for hepatitis B
vaccination'?, This finding implies that higher frequencies of clas-
sical monocytes prevent an effective vaccine response. This higher
frequency of classical monocytes might reflect a chronic state of
immune system activation, as seen in people with an aged immune
system (inflammageing), although this association could potentially
also be explained by other associated factors such as comorbidities
ortreatment.

An essential process for vaccine responses is the detection of
pathogens by PRRs, including Toll-like receptors (TLRs), whichinitiate
the activation and maturation of APCs. Whereas subunit vaccines often
rely on TLR agonists in the form of adjuvants, the activation of these
TLRs typically occurs naturally in the case of mMRNA-based vaccines
(particularly activation of TLR7 and TLR8)'**"*°, Activation of the PRRs
initiates the maturation of APCs, a process resulting in the upregula-
tion of MHC molecules, cytokines and other costimulatory molecules
necessary for antigen presentation™. With aging, responsiveness to
TLR stimulation in myeloid and plasmacytoid dendritic cells (such as
reduced TLR-induced cytokine production) is typically decreased, and
this decreased responsiveness is strongly associated with hampered
humoralinfluenzavaccine responsesinolderindividuals'. Similarly,
reduced TLR responses are also observed in APCs following treat-
ment with DMARDs in vitro"***"**, and various studies have reported
increased numbers of dendritic cells with immature phenotypes in
these patients'>***"138 The impaired maturation of dendritic cells
mightalsoimpair their capacity to migrate to the secondary lymphoid
organsl35,138,139‘

Repression of dendritic cell maturation is a well-known mecha-
nismin cancer andis associated with the formation of tolerogenic-like
dendritic cells. Hence, dendritic cells with this phenotype are also
likely to be less capable of initiating strong immune responses after
vaccination™?. Dendritic cells with a suppressive immune phenotype
have alsobeenassociated directly with reduced vaccinationresponse'.
This suppressive phenotype of APCs in patients on DMARD treatment
is characterized by defects inimportant vaccine response processes,
suchastheexpression of MHC class Iland costimulatory molecules, and
the production of pro-inflammatory cytokines, particularly through
inhibition of NF-kB2%"*%1*48 The changes likely prevent efficient
interaction of APCs with T cells. Indeed, tolerogenic-like dendritic
cells can prevent the formation of T,;1and T, cells, and steer the T cell
response towards a T,., phenotype*'**™"",

Effects on T cell differentiation

DMARDs might also directly affect T cells, thereby disturbing the for-
mation of cellular and humoral vaccine responses. Areduced number
of T cellsis associated with impaired immunity after SARS-CoV-2 vac-
cination in patients with autoimmune conditions®°. T 1 cell responses
after SARS-CoV-2 vaccinationtypically correlate withantibody concen-
trationsin patients with rheumatic diseases®>'°'*!, AsIFNy-producing
T cells are not required to initiate humoral responses (which instead
require a functional T, response), the observed impaired func-
tion in both T1 cell and humoral responses could be explained by
adefect in their initiation by APCs. Nevertheless, APC-independent
defectsin T cells have been documented inin vitro experiments using
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DMARDs. In sorted T cells, TNF inhibitors enhance the production of
the anti-inflammatory cytokine IL-10 and delay their activation and
proliferation'®. Glucocorticoids and JAK inhibitors also have direct
effects on T cells by preventing IL-12-induced and IFNy-induced STAT
phosphorylationas well as the expression of the T,,1 transcription factor
T-bet!*5619316¢ Moreover, the presence of glucocorticoidsin cultured
Tcellsreduces the production of IL-21, animportant Ty, cytokine, which
implies that the cells have areduced capacity for stimulating humoral
vaccine responses'”.

The induction of T, cells by DMARDs could prevent efficient
vaccine responses. A number of DMARDs, including glucocorticoids
and methotrexate but not abatacept, promote T cell skewing towards
a T, cell phenotype>">>1531651 DMARDs might promote T, cell dif-
ferentiationindirectly by affecting APCs, but could also have important
effects onintrinsic T cellmechanisms. Glucocorticoids upregulate the
expression of transforming growth factor-p (TGFf3) receptoron T cells
and methotrexate induces adenosine signalling in T cells'**"*; both
processes enhance T, cell skewing. In congruence with their role in
maintaining peripheral tolerance by suppressing immune responses
directed against self-tissue, T, cells also inhibit the development of
vaccine responses. Inhibition of these processes s likely mediated via
stimulation ofinhibitory checkpoint molecules (such as programmed
cell death1(PD1) and cytotoxic T lymphocyte antigen 4 (CTLA4)) and
the release of anti-inflammatory cytokine, particularly IL-10 but also
TGFB and IL-35 (refs. 167,168). These inhibitory signals affect a wide
range of processes relevant for vaccine responses, such as downregula-
tionof MHC class Iland CD28 expression, interference in the formation

of germinal centres and prevention of Ty, differentiation’®’.

Effects on B cell subsets

Circulating numbers of B cells and/or plasmablasts correlate well
with antibody concentrations after vaccination”>%>°>"7°_ Indeed, the
importance of these cells in mediating antibody responses is clearly
evident fromthe lack of seroconversion after influenza or SARS-CoV-2
vaccination in patients undergoing B cell depletion therapy. In fact,
onlyinthose patients on B cell depletion therapies who stillhad meas-
urable circulating B cells could a humoral vaccine response develop.
Similarly, in patients on therapies that affect B cellnumbersto alesser
extent, numbers of circulating plasmablasts or total B cells correlate
with anti-SARS-CoV-2 antibody titres’>**?°, Similarly, TNF inhibition
is associated with areduced frequency of influenza-specific memory
B cells and plasmablasts, and these frequencies correlate with reduced
humoral vaccine responses”®.

In these studies, whether these reduced counts are caused by
direct effects of DMARDs on B cells, or whether a defectintheimmune
response prior to the formation of plasmablasts and memory B cells is
responsible, remains unclear. Forinstance, glucocorticoids modulate
the interaction between helper T cells and B cells by inhibiting the
expression of CD40L on T cells''. CD40L-mediated co-stimulation of
CD40onB cellsisan essential stepininitiating numerousimmunologi-
cal pathways, including germinal centre formation, immunoglobulin
isotype switching and somatic hypermutation, required for an effective
humoral response and the formation of long-lived memory B cells">.
By contrast,JAK inhibitors can have T cell-independent effects on plas-
mablast formation and antibody secretion viathe impairment of IL-21
signalling'. Furthermore, studies on glucocorticoid and methotrex-
ate treatment showed that these DMARDs caninduce the apoptosis of
naive or transitional B cells, but affect the transcriptional profile, rather
than the apoptosis, of memory B cells'* %, By contrast, TNF inhibitor

and abatacept therapy tend to reduce the number of memory B cells
in particular”7179180,

Mechanisms of action of DMARDs

Various routes and mechanisms can prevent an optimal immune
response to vaccination. DMARDs are a highly heterogeneous group
of drugs that can have either strongimmunosuppressive or relatively
mild effects, can have highly specific targets or abroad range of targets,
and can have long-lasting effects or short-term effects (and hence must
be administered daily). In this section, we discuss the mechanisms by
whicheachtype of DMARD affects theimmune responsesin such away
that vaccine effectiveness is impaired.

B cell depletion therapy

The main B cell depletion therapies employ antibodies that target CD20
(suchasrituximab), although anti-CD19 and anti-BAFF therapies have
also been developed™. Importantly, CD20 is expressed by all major
circulating B cell populations, but not by long-lived plasmablasts'’,
which hasimplications for vaccine responses. Recently administered
anti-CD20 therapy typically prevents the formation of new humoral vac-
cineresponses but does not eradicate prior humoralimmunity, whichis
drivenby the plasma cells. Studies have shown a strong association bet-
ween B cell reconstitutionand humoral vaccineresponse, and hence the
timing of vaccination in these patients is particularly important®®.
The surprising finding that patients on rituximab treatment infected
with SARS-CoV-2 often show humoral responses® indicates that B cell
depletion therapy might spare some B cells that reside in protected
niches, such as the bone marrow. These spared B cells do not seem to
participatein humoral responses to SARS-CoV-2 vaccination but appar-
ently do respond to an infection with SARS-CoV-2. T, 1 cell and CD8"
T cellresponses are not completely abrogated in these patients, stress-
ing the fact that any vaccination is better than no vaccinationin these
patients*>****_ Nevertheless, owing to areductionin B cell-T cell interac-
tionsin B cell-depleted patients, and subsequent processessuchastypel
IFN production, CD8" T cell responses might also beimpairedin these
patients. Indeed, the expansion of influenza-specific and SARS-CoV-
2-specificCD8" T cellsisreduced in B cell-depleted patients compared
with healthy individuals****. However, some data contrast with these
findings, asin another study, some patients on B cell depletion therapy
had higher CD8" T cell responses after SARS-CoV-2 vaccination than
healthy individuals™. T,1 responses might be less sensitive to B cell
depletion than other T cell responses®*™.

Glucocorticoids

Glucocorticoid signalling is mediated by intracellular glucocorticoid
receptors'®, The activation of the glucocorticoid receptor results in
numerous changesin the transcriptome, in particular viabinding of the
receptor to glucocorticoid response elements on the DNA. Addition-
ally, non-genomic glucocorticoid signalling also occurs, viaaccessory
proteins that detach from the activated glucocorticoid receptor'®.
Glucocorticoid signalling predominantly affects transcription factors,
thereby altering the downstream signal transduction of inflammatory
pathways including PRR signalling, suppressing the production and
secretion of inflammatory mediators' (Fig. 2).

Glucocorticoids affect various aspects of the immune system,
including small molecule secretion, immune cell populations and
cell-mediated immunity*. Particularly important in the modulation
of immune responses by glucocorticoids is the prevention of NF-kB
and activator protein 1 (AP1) activation, which are essential for the
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Fig. 2| The effect of DMARDs on immunological processes important for
vaccine responses. Interactions between antigen-presenting cells (APCs),

T cellsand B cells are essential for the development of robust humoral and

cellular vaccine responses. Various data suggest that some DMARDs (including

B cell depletion therapies, glucocorticoids, methotrexate, TNF inhibitors, JAK
inhibitors, rituximab and abatacept) can disturb immunological processes
involved in these responses, as summarized in this figure. For example, in APCs,
some DMARDs can reduce the number of circulating cells, lower their sensitivity
to stimulation, impair their maturation or migration, reduce the expression of
important cell-surface proteins and suppress the production of cytokines.

InT cells, various DMARDs can reduce T cell circulating numbers, inhibit skewing
towards important T cell subsets (such as T helper 1 cells (T,;1) and follicular helper
T (T cells) and promote the skewing towards others (such as regulatory T (T,.g)
cells). Finally, in B cells, numerous DMARDs can reduce circulating B cell numbers,
inhibit B cellinteractions with T cells and subsequent B cell proliferation,
downregulate immunoglobulin synthesis and disturb B cell differentiation into
memory B cells and plasma cells. BCR, B cell receptor; TLR, Toll-like receptor.

maturation of APCs and the release of pro-inflammatory cytokines.
In addition to reducing the number of dendritic cells, glucocorticoid
treatment might also impair the migration of APCs towards second-
ary lymphoid tissues'* ¥, Therefore, antigen presentation could
occurless frequently and efficiently, hampering crosstalk between the
innate and adaptive immune cells. Glucocorticoid-mediated effects
on the APC phenotype and on T cells directly impair the differentia-
tion of T cells towards T,1 and Ty, cells, reducing the expression of
CD40L and increasing T, cell differentiation™*>*">"1>"", B cells, par-
ticularly transitional B cells, are sensitive to glucocorticoid-induced
apoptosis'77+175188189 10 B cell cultures, glucocorticoids can down-
regulate components of the B cell receptoronB cellsand reduce B cell
synthesis ofimmunoglobulins”*"°. The effects of glucocorticoids on
short-lived and long-lived plasma cells have not been studied exten-
sively, although initiation of glucocorticoid treatment reduces the

circulating number of these cells'™.

Methotrexate

The dose of methotrexate used for the treatment of rheumatic diseases
is substantially lower than that used for the treatment of cancer, the
initial indication for this drug'*’. Therefore, mechanisms of action
could differ between these two settings. The main immunomodula-
tory effect of methotrexate at these lower doses likely occurs through
enhancement of adenosine release, which has aneffect onawide range
of immunological processes, including activation of NF-kB in APCs,
Tcellsand B cells””'. Methotrexate stimulates the release of adenosine
in T, cells in particular, but also in B cells"°. Other mechanisms of
action for methotrexate have been postulated, such as the promo-
tion of apoptosis sensitivity in T cells through the uncoupling of nitric
oxide synthase, and the inhibition of pro-inflammatory signalling via
the JAK-STAT pathway'?°.

Methotrexate is typically not associated with a reduced
number of total T cells and B cells, but is associated with a reduc-
tion in APC numbers'**'?>'3 The latter effect is likely the result of
both reduced haematopoiesis and maturation of APCs as well as
enhanced apoptosis'?*?*"°*, Methotrexate also affects the tran-
scriptome of APCs, although this drug seems to favour the sup-
pression of the more pro-inflammatory granulocyte-macrophage
colony-stimulating factor (GM-CSF)-skewed macrophages rather than

macrophage colony-stimulating factor (M-CSF)-skewed macrophages'®”.
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The underlying mechanisms of methotrexate might overlap with that of
TNFinhibitors, as TNF is one of the cytokines most potently suppressed
by methotrexate'”'””, Methotrexate is postulated to inhibit T,1and T,
skewing, but evidence for this effect is mostly lacking™""””. Methotrexate
can also directly affect B cells. For example, methotrexate use is asso-
ciated with areduction in frequency of transitional and naive B cells,
cells of the early stages of B cell development in the blood, but not total
memory B cells”*7"78 vVaccine-specific B cell responses are probably
also impaired with methotrexate therapy, as the expansion of plasma-
blasts following influenza and pneumococcal vaccination is dampened
in patients with RA undergoing methotrexate therapy when compared
with the expansion seen in patients not undergoing DMARD therapy
or healthy individuals™"°. Hence, methotrexate might preferably pre-
vent humoral vaccine responses rather than T cell vaccine responses,
and indeed studies in patients with GCA found that methotrexate use
affected SARS-CoV-2 antibody responses, as assessed by antibody
concentrations, but not T cell responses, as measured by ELISpot®*®°.

TNF inhibitors

Five TNF inhibitors are currently approved for the treatment of vari-
ous autoimmune diseases and all target the cytokine TNF, preventing
pro-inflammatory signalling via TNF receptors. In addition to attach-
ing to and blocking the action of soluble TNF, the therapeutic anti-
body attaches to membrane-bound TNF, leading to recognition by
theimmune system and lysis or apoptosis of cells viathe complement
system or through the activation of Fc receptors on innate immune
cells'®. Two TNF receptors exist — TNFR1and TNFR2 — of which TNFR2
is particularly important for facilitating antiviralimmune responses
through the generation of CD8" T cells'’. As TNF is such a pivotal
cytokine, inhibition of TNF likely affects all the main players of vac-
cine immune responses. TNF signalling is particularly important for
granuloma formation, suggesting that APCs such as macrophages are
predominantly targeted by TNF inhibitors'*%2%,

The important immunomodulatory effect of TNF inhibitors could
be explained by TNF-mediated apoptosis of APCs'>>"'%*, However, some
datasuggestthatthis therapy preventsIL-12and IL-23 productionrather
than instigating apoptosis of APCs'**. Nevertheless, in patients on TNF
inhibition therapy,immuneinteractions at thesite of secondary lymphoid
organsaredisturbed, and the patients have substantially fewer and smaller
germinal centres and follicular dendritic cell networks than healthy
individuals”***, A developmental defect in dendritic cells that leads to
reduced costimulatory molecule expressionand T cell stimulatory capac-
ity mightunderlie these disturbed germinal centre responses'>#320%20%,
Indeed, other studies have shown that T cell activation and subsequent
cytokine productionis reduced and anti-inflammatory T cell activity (such
as IL-10 and TGFp production) is enhanced in patients with RA on TNF
inhibitors compared with patients with active RA or healthy individuals™.
Surprisingly, and in contrast to other DMARDs, paediatric patients with
rheumatic conditions on TNF inhibitors have higher T, cell numbers
than untreated patients*** Total numbers of memory B cells are low
inpatientsbeingtreated with TNF inhibitors, and are lower thaninthose
patients being treated with methotrexate"”’. TNF inhibition is also associ-
ated withareductioninthe number ofinfluenza-specificmemory B cells
following vaccination, particularly 6 months later, resulting in reduced
humoralinfluenza vaccine responses'’®.

JAKinhibitors
Various JAK inhibitors are approved for the treatment of different
autoimmune and rheumatoid diseases, which vary in JAK protein

specificity’®>?°°, These therapies comprehensively block the JAK-STAT
signalling downstream of a wide range of pro-inflammatory cytokines,
including TNF, IFNy, IL-21and IL-6. Consequently, pinpointing the exact
mechanism by which JAK inhibitors impair vaccine responses is dif-
ficult. JAK inhibition reduces the differentiation of plasmablasts and
Tyl cells, possibly by changing the phenotype of APCs, but also has
direct effects on B cells™*%'73296207 JAK inhibitors seem to prevent the
development of mature dendritic cells by steering the precursor cells
towards a M1-like macrophage phenotype**"*®, Germinal centre reac-
tions are consequently also impaired®’®. Potentially, recall immune
responses are lessimpaired than primary responses with JAK inhibition,
astheseinhibitors seemto have less of an effect ontheimmunogenicity
of influenza vaccines than of SARS-CoV-2 vaccines. Indeed, JAK inhi-
bition impairs T,1 cell polarization in vitro and in vivo but does not
impair the differentiation of antigen-experienced T, 1 cells'*. Similarly,
JAK inhibitors have a stronger inhibitory effect on the development
of plasmablasts from naive B cells than on their development from

memory cells'”.

Abatacept

Animportant costimulatory signal for T cells occurs viainteraction of
CD28 on T cells with CD80 or CD86 on APCs. CTLA4 is an inhibitory
molecule, expressed mainly on T cells, that binds to CD80 and CD86
with greater affinity than CD28, thereby preventing CD28 costimu-
latory signalling and suppressing immune responses. Abatacept is
a CTLA4-immunoglobin fusion protein that mimics this inhibitory
process®®. T cells that are stimulated through MHC molecules with-
out proper co-stimulation enter astate of anergy™. Subsequently, the
differentiation of T cells into T,1 cells and Ty, cells, but also T, cells,
is diminished following abatacept treatment’*>'°>?'°, This inhibition
consequently affects germinal centre reactions, B cell processes and
vaccine responses'’. As abatacept directly binds to APCs, these cells
might also be affected. Indeed, abatacept treatment of monocytes
resultsin diminished production of pro-inflammatory cytokines; how-
ever, this treatment is also associated with increased frequencies of
myeloid dendritic cells in patients**2,

Azathioprine, cyclophosphamide and mycophenolate mofetil
Azathioprine, cyclophosphamide and mycophenolate mofetil are used
forthe treatment of various rare and severe autoimmune diseases. All
three drugs have severe, immunosuppressive and cytotoxic effects
that also prevent effective vaccine responses. Azathioprine impedes
DNA and RNA synthesis and is therefore a strong inhibitor of leukocyte
proliferation*>. Prevention of leukocyte proliferation, in addition to
induction of T cell apoptosis, likely explains how this druginhibits the
development of cellular and humoral vaccine responses. Cyclophos-
phamide therapy results inlong-livedimmunosuppression by inhibiting
proliferation and instigating cell death in lymphocytes”*. Patients on
cyclophosphamide treatment have a long-lasting decrease in B cell
numbers (including naive and memory B cell numbers)7%. Mycophe-
nolate mofetil also prevents the proliferation of cells, and in particular
lymphocytes, by inhibiting the formation of guanine nucleotides?”. Fur-
thermore, this drug downregulates the expression of CD40L on T cells.
Compared with patients on azathioprine, patients onmycophenolate
mofetil had relatively high frequencies of circulating transitional and
naive B cells, but much lower frequencies of plasmablasts?. As seen for
other DMARDs, mycophenolate mofetil isalso capable of modulating
the polarization of dendritic cells, resulting in tolerogenic dendritic
cells that inhibit T,,1 differentiation™®.
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Other DMARDs

Various other DMARDs, including IL-6 inhibitors, IL-17 inhibitors,
IL-12-1L-23 inhibitors, hydroxychloroquine and sulfasalazine, are not
associated with reduced immunogenicity of influenzaand SARS-CoV-2
vaccines, despite the fact that these drugs modulateimmune responses
in such a way that they are effective in treating rheumatic and auto-
immune diseases®”. IL-6, IL-23 and IL-17 are all associated with T,;17
responses', which are important in these autoimmune diseases, but
these T cells might not be needed for sufficient vaccineresponses. IL-6,
however, has additional roles, including theinduction of T, cells, and
IL-6 inhibition is associated with reduced plasmablast and memory
Bcellfrequencies”®.IL-6 could be redundant for these processes, orlocal
IL-6 productioningerminal centres could be resistant to systemicIL-6
inhibition. Some studies have evenreported that hydroxychloroquine
and sulfasalazine have positive effects on vaccine responses®**>1%4,
Hydroxychloroquine has awide range of effects ontheimmune system,
one of which is the inhibition of TLR signalling, resulting in impaired
APC maturation®”??, Potentially, this reduction of TLR-driven inflam-
mation and clearance of viral material in the cytosol (that s, viral mate-
rial from the vaccine), provides time for a broad immune response to
develop. However, TLR-driven responses are also required for APC
maturation, essential for the initiation of vaccine responses; therefore,
the mechanisms behind these findings remain unclear.

Implications for patient care
Ingeneral, patients with systemic diseases are at anincreased risk of a
hampered vaccine response owingto the effects of disease activity and
ongoing treatment. As systemic diseases and the available treatment
options are heterogeneous, the disease, the organ manifestations,
the activity of the disease and the intensity of the treatment must be
takenintoaccountinthevaccinationscheme. Active systemic disease
(including new manifestations or relapse of disease), impairment of
vital organs owingtoillness, use of high-dose and multiple immunosup-
pressants, comorbidities, neutropenia and lymphopenia all increase
therisk ofahampered immune response’. In particular, ongoing induc-
tiontherapy, reflecting high disease activity, puts patients at risk of an
impaired immune response. In contrast to variations in disease activity,
the type of rheumatic disease seems to have less of an effect on vac-
cineresponses, whichis also supported by findings that patients with
low disease activity and not receiving DMARD therapy have similar
vaccine responses to healthy individuals®***¢”521%_ Although age is a
well-known risk factor forimpaired vaccine responses>*%, the effect of
age on SARS-CoV-2 vaccinationimmune responsesiis relatively minor?.
Whether age or sex also interferes with the effect (or lack of an effect)
of DMARDs on vaccination is difficult to assess.
Otherimportantaspectsof vaccinationunder DMARD therapy that
require further investigationinclude the optimal timing of a vaccine or
booster during DMARD therapy, the dose and adjuvants used, as well
asthe durability of the primary response to anew vaccine (such as with
initial SARS-Cov-2 vaccinations) and the recall response upona‘booster’
vaccination (such as with influenza vaccines and SARS-CoV-2boosters).
Future studies should also explore the benefit of combining different
SARS-CoV-2vaccines and test additional mitigation strategies to over-
come waningimmunity after primary vaccinationin older patients with
active disease and on induction treatment. The risk of moderate-to-
severe SARS-CoV-2 infection in patients undergoing immunosup-
pressive therapy, such as B cell depletion, cyclophosphamide and
mycophenolate mofetil therapy, should be balanced against the risk
of under-treating patients with severe rheumatic and musculoskeletal

diseases. The ACR recommends pausing methotrexate,JAK inhibitors,
abatacept, mycophenolate mofetil and B cell depletion therapies dur-
ing vaccination in certain patients with controlled disease; however,
datatosupportthisapproachare scarce and more dataare needed**.

Certain DMARDs clearly affect theimmunogenicity of vaccination.
However, the effect of some DMARDs varies among different studies,
particularly for glucocorticoids, methotrexate, TNF inhibitors and JAK
inhibitors. The discrepancy among studies likely has several causes,
such as the use of concomitant medication, the age of the patients,
the different vaccine platforms used, the differences in timing of the
assessment of vaccine responses, variations in outcome measures of
humoralimmunity (for example, seroconversion, antibody concentra-
tions and neutralizing capacity) and variations in the type, duration
and dosages of the DMARD used. Some studies showed only impaired
immunogenicity for acombination of certain DMARDs, such as those
involving TNFinhibitors, glucocorticoids and methotrexate®*0.672785,
The discrepancy between studies seems to be particularly high for
influenza vaccination. In these studies, the degree of prior immunity
probably differs substantially depending on the year and location,
which likely impacts which and how much each DMARD reduces the
vaccine’simmunogenicity.

A few considerations remain concerning certain DMARDs. Evi-
dence from various studies suggest that, unless used at doses >7.5 mg
per day, glucocorticoids do not seem to increase the risk of a worse
vaccine response. Doses above this cut-off of (7.5-10 mg/day) seems to
have more apparent effects, which is biologically notable as this con-
centrationis approximately similar to the daily amount of endogenous
adrenal glucocorticoid produced in healthy adults***. Long-term glu-
cocorticoid treatment can cause adrenal insufficiency, in which endog-
enous glucocorticoid production is reduced and replaced by the oral
glucocorticoids'*? Therefore, doses above the cut-off should lead to
genuinelyincreased glucocorticoid levelsinthe circulation. However,
lowering or temporarily stopping treatment at the time of vaccination,
whichis possible for other drugs such as methotrexate®, is unsafe for
glucocorticoid therapy owing to the risk of adrenal insufficiency and
returnof disease activity. The EULAR guideline, therefore, recommends
against this strategy*'. As discussed in an earlier section, B cell depletion
therapies should be timed carefully with vaccination. Monitoring of
the number of circulating B cell subsets might help to guide treatment
decisions, as these cells are required for the humoral, and potentially
eventhecellular (CD8" T cell), vaccine responses. Finally, some evidence
pointsataccelerated waning of (primary) vaccine responses in patients
oncertain DMARDs such as TNF inhibitors. Potentially, specific defects
indevelopingmemory responses, suchas memory B cells and long-lived
plasma cells, might underlie this defect. If more data confirm these
findings, earlier timepoints might be considered for the administration
of booster vaccinations in patients on these DMARDs.

Although this Review focuses on the effects of DMARDs on
vaccine-induced immune responses, rather than real-life outcomes,
various studies have also assessed the risk of (severe) breakthrough
infectionsin patients on DMARDs. Interpreting the data of these stud-
ies, which mainly looked at SARS-CoV-2 breakthrough infections, is
difficult owing to the possibility that the patients could have been
more risk averse than the control population. Nevertheless, some
DMARDs, particularly B cell depletion therapy, azathioprine and
mycophenolate mofetil, were associated with higher hospitalization
rates’”??®, However, even though the immunosuppressed patients
were at a higher risk of break-through infection and hospitalization,
the results varied in terms of the effect by immunosuppressant type:
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one study found no differences in SARS-CoV-2 infection among the
various types of DMARDs, whereas another found a specific effect for
TNF inhibitors'°>??. Notably, alower humoralimmunity after primary
vaccinationis strongly associated with the risk of breakthrough infec-
tionsin the general population”*??’, Therefore, vaccination strategies
should be aimed atinducing strong humoral responses, as assessed by
high antibody titres, and the effect of specific DMARD therapies on
antibody titres is an important aspect to consider when determining
thebest strategy in particular groups of patients.

New and innovative studies are required to obtain more knowl-
edge on if and how DMARDs affect different aspects of vaccination
responses. Currently, most human studies have investigated DMARD
effectsbyin vitro stimulation of DMARD-naive immune cells with cer-
tain DMARDs to measure changesin cell function. Although this setting
allows for controlled manipulation of immune cells, this approach
potentially overlooks the extensive interactions that occur in vivo
with circulating cytokines and with other cells such as endothelial
cells. Also, these setups typically only allow the study of the short-term
effects of DMARDs, which might be different from the effects in most
patients onsystemic DMARD therapy. The latterissueis likely also prob-
lematic in studies in which healthy participants are given short-term
DMARD:s to evaluate their effects. Finally, the interpretation of data
from cross-sectional studies in patients requiring immunosuppressive
medication could also be challenging. In these studies, associations
between DMARD use and immunological changes might be obscured
by the timing and route of DMARD administration, concomitant
medication, differences in disease activity and other confounders.
Potentially, long-term longitudinal studies in patients using DMARD
monotherapy at different dosages and in treatment-free remission
might provide more reliable data on the effects of each DMARD on
different aspects of theimmune system. However, even these types of
studies have confounding factors such as changes in disease activity
and ageing of theimmune system.

Conclusion

Some, but not all, DMARDs influence immune responses in such a
way that protective features of vaccine responses (such as humoral
and cellular immunity) are impaired. Hence, vaccination, although
still providing a certain level of protection in patients on DMARDs,
is less efficient at preventing serious outcomes of infections in these
patients compared with healthy individuals. Strong evidence points to
impaired vaccine responses in patients on B cell depletion therapies,
cyclophosphamide, azathioprine, mycophenolate mofetil and abata-
cept. Whether glucocorticoids, methotrexate, TNF inhibitors and JAK
inhibitors impair vaccine responses could depend on their dosing,
timing, vaccine platforms and whether the vaccine evokes amemory
response rather than a primary vaccine response. Effective immune
responses after vaccination require efficient interactions between
activated, mature APCs and T cells and B cells, which then respectively
develop into T,1and T, cells and memory B cells and plasma cells.
DMARDs employ a plethoraof mechanisms tointeract withand disturb
these processes, leading to impaired humoral and cellular protection
after vaccination. New vaccination strategies, such as the combination
of different types of vaccination, accelerated booster vaccination and
vaccination during a so-called ‘drug holiday’, have been and will be
developed to improve protection after vaccination in patients with
autoimmune diseases on DMARD treatment.

Published online: 12 July 2023
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