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Abstract: Systemic autoimmune diseases (SAIDs), such as systemic lupus erythematosus (SLE),
systemic sclerosis (SSc) and rheumatoid arthritis (RA), are fully related to the unregulated innate
and adaptive immune systems involved in their pathogenesis. They have similar pathogenic charac-
teristics, including the interferon signature, loss of tolerance to self-nuclear antigens, and enhanced
tissue damage like necrosis and fibrosis. Glucocorticoids and immunosuppressants, which have
limited specificity and are prone to tolerance, are used as the first-line therapy. A plethora of novel
immunotherapies have been developed, including monoclonal and bispecific antibodies, and other
biological agents to target cellular and soluble factors involved in disease pathogenesis, such as
B cells, co-stimulatory molecules, cytokines or their receptors, and signaling molecules. Many of
these have shown encouraging results in clinical trials. CAR-T cell therapy is considered the most
promising technique for curing autoimmune diseases, with recent successes in the treatment of SLE
and SSc. Here, we overview novel therapeutic approaches based on CAR-T cells and antibodies for
targeting systemic autoimmune diseases.

Keywords: immunotherapy; autoimmune diseases; monoclonal antibodies; bispecific antibodies;
CAR-T cells

1. Introduction

Approximately 5–10% of the world’s population suffers from autoimmune diseases [1].
In these patients, a highly complex network of cytokines and their receptors on immune
cells destroys healthy tissues and becomes overactive. Many various physiological systems,
including the skin, joints, kidneys, lungs, heart and blood cells, might be affected by
the symptoms of these disorders. Conventional treatment, mainly glucocorticoids and
immunosuppressants, has long been the mainstay of therapy for both moderate and severe
disease, but has poor results and low specificity [2]. Among patients, there are many who
suffer from the side effects of this type of therapy, as they are forced to take medication for
many years [3]. It was not until 2011 that the US Food and Drug Administration (FDA)
authorized the first biological drug (belimumab) for the treatment of people with active
SLE [4].

Particularly for individuals who do not react to traditional therapies, targeted therapy
has recently become a more promising option [5]. Novel biological agents with different
mechanisms of action, including monoclonal (mAb) and bispecific antibodies (BsAb), can
target B cells, co-stimulatory molecules, and cytokines or their receptors, demonstrating
their clinical efficacy and safety [6,7]. Some agents, such as rituximab, tocilizumab, ani-
frolumab and abatacept, have shown activity in several autoimmune diseases, including
SLE, SSc and RA, and are currently in clinical trials. Furthermore, the main aspects of the
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pathogenesis of SAIDs, including the inhibition of regulatory or cytotoxic T cells and the
activation and proliferation of autoreactive B cells, suggest the possibility of therapeutic
application of chimeric antigen receptor T (CAR-T) cells to treat autoreactive immune cells.

Some researchers also believe that, in addition to environmental and genetic factors,
the gut microbiota is responsible for the pathogenesis of SAIDs [8]. Therefore, in addition
to traditional treatments with immunosuppressants and glucocorticoids, as well as more
effective approaches associated with the use of biological drugs and CAR-T therapy, there
is a view that successful treatment requires measures to correct the intestinal microbiota [9].

At present, CAR-T cell therapy is realizing its potential mainly in oncology, but some
progress has also been made in the treatment of SAIDs. According to recent evidence,
treating SLE using CD19 CAR-T cells is a viable and highly effective process [10]. Similar
data were obtained in patients with severe systemic sclerosis, demonstrating the high
potential of this method in clinical practice [11]. Progress in manufacturing CAR-T and
other cell immunotherapies has allowed the obtainment of more affordable products for
both cancer and autoimmune diseases [12]. Recent developments in CAR-T therapy are
anticipated to usher in a new age of autoimmune disease treatment. This article discusses
current advances in immunotherapy and future research in this field for the successful
treatment of autoimmune diseases, using SLE, SSc and RA as examples.

2. Systemic Lupus Erythematosus (SLE)

SLE is an autoimmune disease associated with damage to body tissues and organs due
to chronic systemic inflammation. Disruption of immune regulation processes, underlying
the pathology, leads to the production of autoantibodies that attack nucleic acids with
associated proteins, resulting in damage to the skin, joints, kidneys, blood vessels and
other organs [13]. SLE, the most severe form of lupus erythematosus, which can be life-
threatening, is accompanied by periods of remission and exacerbations. Another form
of lupus is cutaneous lupus erythematosus (CLE), which is divided into several subsets,
including chronic cutaneous LE (CCLE) and discoid LE (DLE), the most common type of
CCLE with inflamed skin [14,15].

The pathogenesis of SLE remains unclear, and several studies indicate a combination
of hereditary, epigenetic and environmental factors. A characteristic feature of SLE is the
production of antinuclear antibodies caused by abnormal activation of B and T cells [16].
Since first-line therapies, including glucocorticoids and immunosuppressants, are known
to be addictive and cause significant side effects, novel targeted therapies with biological
agents may be a good alternative [17]. Biological agents are mainly represented by mAbs.
BsAbs are also being developed and used for the treatment of SLE. BsAbs are a subclass
of mAbs that can bind two antigens simultaneously. Non-IgG-like BsAbs and IgG-like
BsAbs are the two groups of BsAbs that can be separated based on the presence or absence
of Fc segments [18,19]. The advantage of BsAbs is that they block multiple activation
pathways to disrupt two related or unrelated antigens, providing a broader spectrum of
inhibition [20]. In the case of SLE patients, this may lead to a more comprehensive and
effective treatment where multiple cytokine pathways contribute to disease activity. The
use of bsAbs in clinical practice may be in demand for the management of SLE and other
SAIDs, but significant research efforts should be aimed at reducing the side effects of their
use [7]. BsAbs can have stronger immunogenicity than simple mAbs because they are
mostly fragment-based and not native formats, and the first challenge is to overcome this
immunogenicity. Improving the specificity of key targets is also necessary to successfully
advance the development of BsAbs [15].

B lymphocytes are characterized by the presence on their membranes of special re-
ceptors that recognize foreign proteins—antigens—which contribute to the production
of special antibodies against them [21]. Inflammation and tissue damage occur when
autoantibodies are produced against the body’s own proteins. In addition to producing
autoantibodies, B cells secrete cytokines and promote the activation and differentiation
of autoreactive T cells through their antigen-presenting function [22]. Because of these



Antibodies 2024, 13, 10 3 of 18

properties, the pathophysiology of SLE is largely determined by the activity of B cells.
In this context, the first goal in targeted therapy for SLE is to develop biological agents
that block B-cell-related receptors and prevent the activation of cytokines and signaling
molecules [15]. The maturation, differentiation, antibody production and autoimmunity
of B cells is regulated by the B cell activating factor (BAFF), which belongs to the tumor
necrosis factor (TNF) family. This cytokine binds to three receptors (BAFF-R, TACI and
BCMA) and prevents B cell deletion [23]. BAFF levels have been correlated with SLE
severity [24]. APRIL (a proliferation-inducing ligand), which is homologous to BAFF,
promotes BAFF-like activity after forming heterotrimers with BAFF [25,26]. BAFF/APRIL
inhibition is one of the targeted pathways in SLE therapy [15]. The first biologic approved
by the FDA for SLE is belimumab, a fully humanized mAb that binds to soluble BAFF
and prevents it from attaching to the three receptors (Table S1) [27]. In two large Phase
III trials, this antibody was shown to reduce the severity of SLE and was generally well
tolerated by patients, with no serious or severe adverse events compared to the control
group [28,29]. Other agents targeting the BAFF/APRIL family in development and clinical
trials are shown in Table S2.

Type I interferon (IFN) (IFNα), produced mainly by plasmacytoid dendritic cells
(pDCs), has also been shown to play an important role in the pathogenesis of SLE [30].
IFNα activity is known to be mediated by TLR7 and TLR9 expressed by pDCs [31]. Through
this signaling pathway, secreted IFNα activates the transcription of hundreds of different
genes involved in autoimmunity [32,33]. In a murine model of lupus, TLR7 and TLR9
were found to participate in the accumulation of antibodies to RNA- and DNA-containing
autoantigens [34]. These data suggest that both TLRs and IFNα can be targeted in SLE
therapy [35]. Anifrolumab, an anti-IFN-α MoAb, is approved by the FDA for SLE in 2021
and is currently in Phase III clinical trials (Table S1). In recent years, several new drugs
targeting TLR7/8 have been developed and are in clinical trials, the most promising of
which is the small molecule E6742 [35]. The development of biological therapies targeting
TLR7/8 is quite possible in the future.

CD20, a transmembrane calcium channel, and CD22, a receptor on the surface of the B cell
membrane, were found to promote B cell proliferation, activation and differentiation [36–38].
Blocking the CD20 and CD22 membrane receptors to inhibit B cell proliferation and reduce
the inflammatory response is also one of the targets for biological agents [39,40]. Rituximab,
an anti-CD20 mAb, is now in Phase IV clinical trial (Table S2). Effectiveness of belimumab
after rituximab in SLE was also evaluated in Phase II clinical trial [41].

Another transmembrane protein that promotes the growth, activation, proliferation
and signaling of B lymphocytes and acts as a co-receptor for the B cell antigen receptor
(BCR) is CD19. When CD19 is linked to BCR, it synergistically increases B cell proliferation,
calcium release and mitogen-activated protein kinase activity [42]. There is also a receptor,
Fcγ (FcγR) IIB, on the surface of B cells, which has some affinity for IgG and regulates
humoral immunity by negative feedback. Together with the Fc region of IgG, it reduces
the generation of autoantibodies [43]. Obexelimab, often referred to as XmAb5871, is an
anti-CD19 and FcγRIIb BsAb (Table S2). It has been shown to inhibit B cell proliferation,
calcium transport and co-stimulatory molecule production in SLE patients. This leads to a
reduction in IgM, IgG and IgE levels and suppression of humoral immunity [44]. Results
from a Phase II clinical trial showed that in 104 patients treated with obexilimab, B-cells
were reduced by approximately 50%, suggesting the efficacy and safety of obexilimab [45].

CXCL13, a small chemokine, is known to promote the migration of B lymphocytes
through communication with its receptor, CXCR5, and may be considered part of the
pathogenesis of SLE, as increased serum CXCL13 levels have been demonstrated in SLE
patients [46]. These data indicate that CXCL13 appears to be a potential therapeutic target,
and mAb 5261 has been preliminarily shown to be able to specifically bind and neutralize
the activity of CXCL13 [47].

A significant role in the pathogenesis of SLE is played by T cell abnormalities, espe-
cially those of T helper cells, also known as CD4+ cells [31]. T-follicular helper (Tfh) was
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found to support B cell differentiation and activation through the generation of IL-21 in
SLE patients and mouse models [48]. T helper 1 (Th1) is predominant in SLE, and the
abnormal production of oxidative stress-related inflammatory cytokines, such as IL-12 and
IFN-γ, caused by Th1 in SLE patients has also been identified [49,50]. On the other hand,
peripheral blood from SLE patients was found to have fewer IL-4-producing Th2 cells, indi-
cating their potential protective function and suggesting that SLE severity may be related
to a higher IFNγ/IL-4 ratio [51]. T helper 17 (Th17) cells, the main source of IL-17, are also
involved in the pathogenesis of SLE. These cells have been shown to promote activation of
the innate immune system, neutrophil recruitment and B lymphocyte function, and their
proinflammatory properties can worsen tissue damage [52]. Additionally, SLEDAI scores
in patients with lupus nephritis were shown to correlate with IL-17 levels [53,54]. Immune
tolerance was also influenced by CD4+ Treg cell abnormalities in SLE patients, where an
increased rate of Treg apoptosis was correlated with disease severity [55]. The IL-2/STAT5
signaling pathway and IL-2 level was shown to regulate the number and function of CD4+
Treg cells [56]. In mice and SLE patients, treatment with low-dose recombinant IL-2 was
found to promote Treg cell-mediated beneficial activities in disease manifestations and to
raise the circulating Tfr/Tfh ratio, which was associated with increased renal damage and
reduced anti-dsDNA titers. Recovery of the Tfr/Tfh immune balance in SLE patients by
IL-2 therapy was confirmed by a special study [57,58].

Other pro- and anti-inflammatory cytokines, produced by B and T lymphocytes, such
as IL-6, IL-10, IL-12 and IL-18, are also involved in SLE pathogenesis, and elevated levels
of these cytokines in the serum of SLE patients were found to correlate with the disease
activity [59–61]. Targeting of cytokines is one more approach in addition to the above-
mentioned SLE immunotherapies. Novel biological agents that inhibit cytokines, such as
IL-6, IL-17, IFNα, TNFα and IL21/IL23, have been developed in the last few years and are
objects of clinical trials (Table S2).

Despite significant advances in the treatment of SLE with antibodies, a Phase II/III SLE
trial that evaluated rituximab showed a subgroup of patients (9.5%) that did not achieve B
cell depletion [62]. Also, the survival of B cells in lymph nodes after rituximab treatment
was observed [63]. Additionally, plasmablasts and long-lived plasma cells implicated in
the generation of autoantibodies in SLE cannot be depleted by rituximab because they do
not express CD20 [64]. These results suggest limitations of SLE therapy with rituximab
in certain severe forms of the disease. In this respect, SLE therapy to treat CD19+ B
lymphocytes may be quite a beneficial approach and using anti-CD19 CAR-T cells would
be a proper decision. Genetically engineered redirected T lymphocytes are known as CAR-T
cells and to bind and recognize particular antigens on target cells for which they have
a specialized membrane receptor [65]. To make CAR-T cells, CAR genes are introduced
into the genome of T cells after they have been isolated from a patient’s peripheral blood.
Once produced, the CAR-T cells are grown and reinfused into the patient [66]. Because
they may reach deep tissues, anti-CD19 CAR-T cells provide an additional benefit over
anti-CD20 mAb treatment.

Targeting B cells and their malignant offspring using their highly specific and prevalent
surface antigen CD19 is currently the most advanced method of CAR-T cell therapy, notably
in the treatment of cancer (Figure 1) [65,67]. According to preclinical studies, anti-CD19
CAR-T cells have shown efficacy in the treatment of SLE, initially in a mouse model.
According to these studies, treatment of SLE with anti-CD19 CAR-T cells reduce the number
of B cells, stops the formation of autoantibodies and reverses organ symptoms [68,69]. Also,
the rapid disappearance of dsDNA autoantibodies and clinical remission were achieved in
a single patient with severe and refractory SLE exacerbated by active nephritis, suggesting
the principal feasibility of this type of therapy for the treat of SLE and other autoimmune
diseases [70].

Based on these studies, five SLE patients were recruited into a special CAR-T cell
project [10]. This study revealed a significant reduction in B-cell counts, normalization of
clinical parameters and improvement in laboratory measures, including a reduction in anti-
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dsDNA antibodies. After three months, all five patients had achieved stable remission of
SLE according to the DORIS criteria. This study indicates that SLE therapy with anti-CD19
CAR-T cell is a tolerable, feasible and quite effective approach; however, there is a need
for larger-scale placebo control trials [71]. Two clinical trials are currently registered to
evaluate the safety and efficacy of anti-CD19 CAR-T cells in the treatment of SLE patients:
NCT03030976, using 4-1BB (CD137) as a co-stimulator, and NCT05765006. Both are in
Phase I.
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Figure 1. Four different approaches in CAR-T cell therapy for treatment of SAIDs. Top-left panel
shows a CAR-T which recognizes CD19 on the target B cell and induces a cytotoxic effect. Top-right
panel shows a compound CAR-T (cCAR-T), which is a two-unit CAR consisting of a complete
BCMA-CAR fused to a complete CD19-CAR, allowing independent expression of both CAR receptors
separately on the T cell surface to target two cell types: CD19+ memory B cells and BCMA+ plasma
cells. Bottom-left panel shows a CAAR-T cell that recognizes an autoantibody on the surface of the
target B cell and induces a cytotoxic effect. Bottom-right panel shows a CAR-Treg that recognizes an
antigen on the target cell and induces a regulatory response.

In another study, a patient with a 20-year history of SLE complicated by stage IV
diffuse large B-cell lymphoma was treated with compound CAR-T (cCAR-T) co-expressing
anti-BCMA and anti-CD19, targeting both CD19+ memory B cells and BCMA+ plasma
cells (Figure 1). Long after treatment, plasma cell depletion and stable remission were
still observed, and anti-nuclear antibody titers were undetectable [72]. There are currently
two Phase I clinical trials evaluating the safety and efficacy of CD19/BCMA cCAR-T cells
in the treatment of refractory SLE: NCT05030779 and NCT05474885.
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Two novel therapeutic variants of CAR-T cells have been proposed for autoimmune
diseases that may be useful in the treatment of SLE. One of them is chimeric autoantibody
receptor T cells (CAAR-T cells) which have a high affinity for an autoantibody on the
B cell surface and generate a cytotoxic effect (Figure 1). And another one is chimeric
antigen receptors in regulatory T lymphocytes (CAR-Tregs) that bind to a specific antigen
in a target cell to execute the activation and regulatory function of Tregs (Figure 1) [73].
Targeting autoreactive B cells, CAAR-T comprises a particular antigen and an intracellular
signaling domain. It is a variant of modified CAR (Figure 1). Unlike the scFv domain,
the CAAR determines the selective cytotoxicity of CAAR-T cells solely against immune
cells that carry receptors to certain autoantigens without overall immunosuppression. The
therapeutic effect of CAAR-T cells is that they bind to specific autoantibodies expressed
on the surface of B cells and kill cells [74]. For the first time, CAAR T cells recognizing
the pemphigus vulgaris (PV)-specific autoantigen, desmoglein 3, were successfully tested
to eliminate autoreactive B cells in a mouse model of PV. Successful target cell lysis has
also been observed in the treatment of autoimmune encephalitis patients using CAAR-T
cell therapy [75]. However, there are no data on the use of this cell type for the treatment
of lupus.

Since Tregs are usually suppressed in SAIDs, another effectual approach for the
restoration of immune tolerance implies “switching” T cell phenotypes from cytotoxic to
regulatory. Without causing systemic immunosuppression, CARs drive Tregs to the location
of autoimmune activity, enhancing their suppressive capacity [76]. CAR-Tregs are CAR-T
cells that have been transformed into Tregs by the transduction of FOXP3, which regulates
pathways involved in the formation and operation of regulatory T cells, coupled with
CAR [77]. CAR-T cell proliferation and persistence may be enhanced by FOXP1 deletion,
while autoimmune abnormalities caused by aberrant B-cell responses may be reduced by
lowering FOXP1 levels [78]. Through clonal deletion, immunological ignorance and anergy
induction, CAR-Tregs are thought to identify and control autoimmune T cells [79]. In
addition, CAR-Tregs were found to produce immunomodulatory cytokines, such as TGF-β,
IL-10 and IL-35, and to promote apoptosis of Teff cells via granzyme B/A, Fas ligand
perforin, thus preventing the activity of Teff cells [80]. Strong proinflammatory conditions
can transform Treg cells into cells that produce IL17 or other inflammatory cytokines, and,
as has been suggested, CAR-Treg cells may be effective in the treatment of SLE under the
condition of eliminating the influence of inflammatory cytokines, such as IL6, IL21 and
IFNα, which inhibit Treg activity [81].

3. Systemic Sclerosis (SSc)

SSc has a similar pathogenesis to SLE, with the differences being specifically character-
ized by endothelial cell injury, connective tissue deposition, fibrosis and vasculopathy [82].
In addition to suppressing the immune system with general immunosuppressants, im-
munotherapy for SSc has recently also included targeted therapy aimed at blocking specific
molecules involved in the activation of B and T lymphocytes.

B cells were found to play a significant pathogenic role in SSc, including autoantibody
production, cytokine synthesis and antigen presentation. MAbs and BsAbs, as B cell
activity inhibitors, are currently in clinical trials for the treatment of SSc. CD19, a key
regulator of B cell signaling, was found to be overexpressed in both memory and naive
B cells in SSc and therefore associated with their hyperreactivity [83]. In a mouse model
of SSc, CD19 suppression was shown to reduce skin thickness, collagen production and
autoantibody levels [83]. Inebilizumab, an anti-CD19 mAb, is currently in a Phase III
clinical trial (Table S2). Similar to SLE, B cell targeting with the anti-BAFF mAb belimumab
is another approach in SSc therapy (Table S2). Belimumab was shown in a Phase II clinical
trial to reduce median modified Rodnan skin thickness score (MRSS) and expression of
profibrotic genes [84].

As a high level of soluble CD30 was found to correlate with disease activity in patients
with diffuse cutaneous SSc, CD30 is also considered a marker of activated lymphocytes and
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can be targeted [85]. Brentuximab vedotin anti-CD30 mAb is currently in Phase II clinical
trials (Table S2).

In addition to B cells, the role of T cells in inflammation and fibrosis in SSc has also
been discussed, and their activation in SSc is evidenced by the accumulation of T cell
cytokines IL-4 and IL-13 and the early presence of IgG autoAbs, as well as T cell infiltrates
in the skin prior to fibrosis [86]. Romilkimab BsAb, which targets both IL-4 and IL-13, is
now in Phase II trials (Table S2).

The involvement of T cell mediated cytokines, such as IL-1, IL-4, IL-13, IL-17, IL-23
and IL-31, in the regulation of inflammation and in vascular and fibrotic changes has led
to their being targeted with biological agents [87]. IL-6 is considered an important target
because its elevated levels have been associated with poor prognosis in SSc [88].

Another potential target for the treatment of SSc is transforming growth factor-β
(TGFβ), which consists of three isoforms and has been shown to have profibrotic activity
and promote collagen synthesis [89]. Fresolimumab, an anti-TGFβ mAb, is in Phase I
clinical development (Table S2).

IL-17 has also been shown to contribute to the vasculopathy, inflammation and fibrosis
that occurs in SSc [90]. Brodalumab anti-IL-17 mAb shows efficacy in SSc and reduces
MRSS in patients, and Phase III trials have been initiated (Table S2).

Serum and skin tissue from patients with SSc were shown to have elevated levels of
both isoforms of IL-1, which can stimulate fibroblast proliferation and collagen produc-
tion [91]. Bermekimab, an anti-IL-1a mAb, demonstrated some efficacy in a Phase II study,
suggesting its potential to target the disease (Table S2).

As blocking IL-31/IL-31RA has been shown to reduce cytokine release and fibrosis
in SSc patients and IL-31/IL-31RA is overexpressed in patient dermal fibroblasts, this
mediator may be a therapeutic target [92]. The anti-IL-31 mAb nemolizumab is now
entering Phase II clinical trials (Table S2).

Blocking the IFN signaling pathway was suggested to reduce fibrosis and inflam-
mation in SSc and may therefore be a target [93]. Similar to SLE, the anti-IFN-α mAb
anifrolumab has shown efficacy in the treatment of SSc and is now in a Phase III clinical
trial (Table S2).

IL-23 level has also been shown to be elevated and correlate with lung fibrosis in
patients and animal models [94,95]. The anti-IL-23 mAb guselkumab is currently in a Phase
II trial in patients with SSc (Table S2). As in instances of SLE, CD20+ B cell depletion was
speculated to be insufficient in SSc; moreover, plasmablasts, which may also be responsible
for autoantibody production, are targeted via CD19 [96]. Until now, CAR-T cell therapy
has been used almost exclusively for cancer. However, the recent study in SLE is not only a
potential game changer for the treatment of SLE with anti-CD19-targeted CAR-T cells, but
it is also very pertinent to SSc [10].

The first anti-CD19 CAR-T cell treatment was reported in a patient with severe re-
fractory SSc with fibrosis of the skin, lung and heart [96]. This patient demonstrated
significant improvement in carpal arthritis three months after starting treatment. Skin,
heart and joint fibrosis also showed a tendency of improvement, and less frequent and less
severe attacks of Raynaud’s phenomenon were reported. These findings indicate that B
cell-mediated autoimmunity plays a significant role in severe SSc and support the early
idea that CD19-targeting CAR-T cell therapy may be useful in treating SAIDs. Clinical trials
for the use of CAR-T therapy in the treatment of SSc are expected to follow soon. Currently,
a Phase I clinical trial (NCT05085444) has begun to evaluate the safety and efficacy of
anti-CD19/BCMA CAR-T in the treatment of patients with refractory scleroderma.

4. Rheumatoid Arthritis (RA)

Rheumatoid arthritis (RA) is a chronic systemic inflammatory disease of an autoim-
mune nature with a variable clinical course, characterized by progressive destruction of the
synovial joints, accompanied by cartilage and bone destruction and disability. Although
treatment for RA has long consisted of traditional anti-rheumatic drugs, such as gluco-
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corticoids and nonsteroidal anti-inflammatory drugs, targeted synthetic and biological
drugs are now available. The main focus of our review is on biological agents. The use of
biological agents has now fundamentally changed the clinical options for RA therapy. The
main targets of these agents are inhibitors of B- and T-lymphocyte activity and cytokines,
especially tumor necrosis factor (TNF)-α and IL-6 [97–100].

Along with other autoimmune diseases, the main B cell depletion strategy is anti-CD20
antibody therapy [101]. Rituximab has demonstrated efficacy in patients with RA [102].
This antibody was approved in 2006 for the treatment of RA (Table S1).

IL-6 stimulates neutrophil recruitment to the joints during the early stages of RA, which
facilitates the following infiltration of monocytes into the synovial fluid [103]. Excessive
and persistent joint inflammation damages tissue via bone erosion, activation of osteoclasts
and cartilage damage. Additionally, IL-6 directly promotes osteoclast activity by causing
synovial cells to produce RANKL [104]. Anti-IL-6 mAb tocilizumab was registered for the
treatment of RA in the United States in 2010 (Table S1).

Sarilumab is another anti-IL-6R mAb with improved activity compared to tocilizumab
and was approved for RA in the US, EU and Japan in 2017 (Table S1) [105].

Infliximab is the first anti-TNF-α mAb that was approved for RA therapy by the FDA
in 1998 (Table S1) [106]. Other anti-TNF-α agents already approved for the treatment of RA
include adalimumab, certolizumab pegol, etanercept and golimumab (Table S1).

IL-1β levels in the plasma and synovial fluid of RA patients were found to be strongly
associated with disease severity [107]. Anakinra, which is an IL-1 inhibitor, a modified
version of the human interleukin-1 receptor antagonist protein, has been shown to be
a relatively safe and modestly effective biological therapy for RA [108]. This drug was
approved in 2001 for the treatment of RA (Table S1).

Similar to SLE, an increased CXCL13 serum concentration in RA patients was demon-
strated and therefore it can be regarded as part of the pathogenesis of RA and a promising
target for therapy [46].

Other biological agents that are inhibitors of B- and T-lymphocyte activity and cy-
tokines currently in development and clinical trials are listed in Table S2.

Recently, anti-CD19 CAR-T cells were successfully utilized in treating patients with
SLE and SSc [10,96]. A special CAR-based approach has been proposed to treat RA and has
shown good results when tested in vitro [109].

Since a CAR or CAAR only targets a single cell type, its applicability to RA, which
often exhibits a variety of autoreactive responses, is limited. One idea was to develop a
customized therapeutic strategy using a universal CAR-T cell system that allows targeting
of various types of autoreactive B cell subsets by T cells expressing a single scFv combined
with known autoantigen peptides according to patients’ specific autoantigen profiles [109].
The authors used an approach previously developed for cancer therapy [110]. Anticitrulli-
nated protein antibodies (ACPAs) are some of the most specific serological markers for RA
that are linked to the onset of the illness [111]. Four autoantibody-positive citrullinated pep-
tides, including citrullinated vimentin, citrullinated type II collagen, citrullinated fibrinogen
and tenascin C, were selected as mediators for targeting autoreactive B cells by redirection
of CAR-Ts. For this purpose, mediators were conjugated with fluorescein isothiocyanate
(FITC) and anti-FITC CAR-Ts were prepared as described in an earlier study [112]. In vitro
results showed that the engineered T cells effectively targeted and eliminated autoreactive
B cells expressing autoantibodies to citrullinated vimentin, citrullinated type II collagen,
citrullinated fibrinogen and tenascin C [109]. The specificity of the T cells was confirmed by
their recognition of the FITC-labeled autoantigenic peptide epitopes. This approach holds
promise for the development of targeted therapies for autoimmune diseases characterized
by the presence of autoreactive B cells. By selectively eliminating these pathogenic B cells,
it may be possible to mitigate the immune response and reduce disease severity. Further
studies are warranted to optimize this strategy and evaluate its efficacy in preclinical mod-
els and eventually in clinical trials. Overall, not only RA but other SAIDs may benefit from
this innovative approach.
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5. Common Therapeutics for SLE, SSc and RA

Some biological agents, such as rituximab, abatacept, anifrolumab and tocilizumab,
have been shown to be effective in several SAIDs, including SLE, SSc and RA, discussed
above, and are currently in clinical trials (Figure 2). The first on this list is rituximab
(Table S3). It is a chimeric anti-CD20 mAb that eliminates autoreactive B cells and a subset
of T cells, thereby reducing antibody production [113]. Rituximab has demonstrated efficacy
in patients with RA and was approved by the FDA in 2006 for the treatment of RA [102].
However, its efficacy in SLE has not been clearly demonstrated, and future studies are
needed to clarify its efficacy in this disease [62,63]. Rituximab showed clear promise in SSc
in the first randomized controlled trials, acting on the skin as well as the lungs [114–116].
However, the long-term efficacy of this drug in the treatment of patients with SSc is still
controversial and needs to be clarified [117]. Clinical trials of the drug have already reached
Phase IV in SLE and Phase III in SSc (Table S3). Adding belimumab after rituximab in a
special trial of SLE therapy significantly reduced the risk of severe flares and serum IgG
anti-dsDNA antibody levels, suggesting that combining these drugs could be a promising
therapeutic strategy [41]. The combination of belimumab and rituximab is also being
studied in a Phase II trial in SSc patients (NCT03844061).
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Figure 2. The basic common targets for the treatment of SLE, SSc and RA with biological agents.
Rituximab is chimeric anti-CD20 mAb, which eliminates autoreactive B cells and a subset of T cells.
Abatacept is a fusion protein, a soluble CTLA-4 analog, that inhibits T cell activation by binding
to CD80 and CD86 receptors on APC, selectively blocking the specific interaction of CD80/CD86
receptors to CD28 and, therefore, inhibiting T cell proliferation and B cell immunological response.
Anifrolumab is an immunoglobulin gamma 1 kappa (IgG1κ) mAb that selectively binds to subunit
1 of INFAR1, inhibiting receptor activity and reducing downstream signaling and gene transcription
of inflammatory mediators. Tocilizumab is an anti-IL-6R mAb that binds soluble and membrane-
bound IL-6 receptors, preventing IL-6 mediated inflammation. The use of CAR-T cells targeting CD19
is the most promising approach for treatment of SLE, SSc and RA.
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B cell activation is regulated by the interaction of co-stimulatory signals with T cells
when CD28, which is constitutively expressed on T cells, binds to CD80/CD86 on antigen
presenting cells (APCs). At the same time, cytotoxic T lymphocyte-associated protein 4
(CTLA-4) was found to compete with CD28 for CD80/CD86 binding, and an increase
in CTLA-4 expression on the activated T cell provides negative signals for T cell activa-
tion [118]. This approach is currently being used to target SAIDs, including SLE, SSc and
RA (Figure 2). For example, the fusion protein abatacept, a soluble CTLA-4 analogue, acts
as an antagonist of CD28-mediated co-stimulation to prevent the specific interaction of
CD28 with CD80/CD86, resulting in inhibition of B-cell growth and activation (Table S3).
Abatacept has been shown in long-term studies to be a well-tolerated drug with an ac-
ceptable and consistent safety profile for the treatment of RA. Immunogenicity rates are
low and transient and do not interfere with clinical response or safety [119]. And so, the
FDA approved it for RA in 2005. Abatacept has demonstrated efficacy and an acceptable
safety profile in the treatment of SLE patients [120]. This drug is also being studied for the
therapy of SSc and is currently in clinical trials (Phase II), in which it has showed some
improvement in skin fibrosis and MRSS score [121,122].

Type 1 INF (IFNα) has also been shown to play an important role in the pathogenesis of
SAIDs and is of increasing interest to researchers as a therapeutic target (Figure 2) [30,123,124].
Anifrolumab is an immunoglobulin gamma 1 kappa (IgG1κ) mAb that targets subunit
1 of INFAR1 and therefore blocks IFN-α and IFN-β signaling (Table S3) [124]. A meta-
analysis of four study databases evaluating the safety of anifrolumab versus placebo in SLE
patients clearly demonstrated the tolerability and efficacy of this antibody [125]. As a result,
anifrolumab was approved for clinical use first in the United States in July 2021 and then in
the European Union in February 2022 for the treatment of SLE. Anifrolumab is currently
in Phase III clinical trials for this disease (Table S3). In SSc, blocking the IFN signaling
pathway has been suggested to reduce fibrosis and inflammation and may therefore be a
target [93]. Similar to SLE, anifrolumab has shown efficacy in the treatment of SSc and is
now in a Phase III clinical trial (Table S3). Clinical trials for RA reported that future larger
studies are needed to assess the efficacy of this drug in RA [123,126].

Tocilizumab is an anti-IL-6R mAb that binds soluble and membrane-bound IL-6 re-
ceptors and prevents IL-6-mediated inflammation (Figure 2). This antibody has shown
some efficacy in patients with refractory RA [127]. In addition, tocilizumab monotherapy
has been shown to be more effective in the treatment of RA than treatment with adali-
mumab, a TNF-α antagonist [128]. Based on its efficacy, tocilizumab was approved for
the treatment of RA in Japan in 2008, in the European Union in 2009 and in the United
States in 2010 (Table S3). The efficacy of tocilizumab in SSc was confirmed in Phase III
clinical trials [129,130]. Tocilizumab is currently in Phase I clinical trials for SLE (Table S3).
Preliminary data have shown that tocilizumab may be a good alternative treatment for
patients with SLE who do not respond to high-dose glucocorticoids, but further studies are
needed [131,132].

CAR-T therapy is the most advanced and promising approach for the treatment of SLE,
SSc and RA, and after appropriate research and refinement, any of the described cell types
(anti-CD19 CAR-T, cCAR-T, CAAR-T and CAR-Treg) may be applicable (Figures 1 and 2).

6. Conclusions and Perspective

Despite significant advances in the management of SAIDs, some patients are at high
risk of serious complications and side effects from treatment because they do not respond
to the current standard of care. As a result, new alternatives have emerged, such as
immunotherapy. SAIDs, such as SLE, SSc and RA, share common molecular targets for
antibody treatment, including B cells, T cell or T cell co-stimulator blockers, and pro-
inflammatory cytokines or cytokine receptors. Some biological agents, such as rituximab,
tocilizumab, anifrolumab and abatacept, have been shown to be effective in several SAIDs,
including SLE, SSc and RA, discussed above, and are currently in clinical trials. But
even therapeutics using biological agents have been found to be not entirely efficacious.
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The generation of CAR-T cells offers a novel means to overcome some of the drawbacks
of antibody therapy, such as immunogenicity, side effects from repeated injections and
incomplete autoantibody clearance. Recently, anti-CD19 CAR-T cells were successfully
utilized in treating patients with SLE and SSc, clearing the way for treating RA and other
SAIDs. Advances with this therapy have shown very encouraging results. This approach
holds great potential for improving the lives of patients with autoimmune diseases. In
tissues affected by RA and other SAIDs, CAR-Treg cells may be a viable treatment to
restore immune tolerance. CAR-T cells can also be used to precisely deplete a number of
autoreactive B cells. Furthermore, the use of different targets for these modified T cells
allows for fine-tuning of their function, providing a personalized approach to treatment.
This innovative approach holds great promise for improving outcomes for patients affected
by SAIDs. Further preclinical approaches and clinical studies are needed to fully explore
the potential of cCAR-T, CAR-Treg and CAAR-T cell therapy, but the initial results are
highly encouraging.

The choice of treatment is case-specific. It depends on the severity of the disease
and other associated conditions. By understanding the unique characteristics of each
therapeutic agent, healthcare professionals can optimize therapy outcomes and alleviate
symptoms more effectively. Despite the obvious advantages and successes associated
with the use of biologics and CAR-T cells for the treatment of autoimmune diseases, both
methods have their drawbacks. Biologics offer more selective outcomes with fewer toxic
effects than traditional treatments with glucocorticoids and immunosuppressants [126].
However, despite the significance of currently available therapies, achieving the effective
and permanent restoration of immune homeostasis is still challenging considering that
repeated antibody injection is generally needed, and an insufficient antibody dose leads to
incomplete depletion and treatment failure. In addition, the immunogenicity caused by
long-term administration of antibodies remains a concern [133]. Immunogenicity limits
the use of biological drugs. It has been found that repeated injection of recombinant
homologues of some human proteins, such as IFNs or erythropoietin, especially when
aggregated or partially denatured, leads to the production of an anti-drug antibody (ADA)
response [126]. ADAs can adversely affect the pharmacokinetics, bioavailability and
efficacy of biologics and in some cases may neutralize their activity. ADAs can also
cause immune complex disease, allergic reactions and, in some cases, severe autoimmune
reactions [133]. Assessment of immunogenicity is therefore an important component of
drug safety evaluation. Concomitant therapy with immunosuppressive drugs can also
influence a patient’s immune response to a biopharmaceutical. The duration of treatment
and the route of administration also influence the immune response to a biological drug.
CAR-T cell therapy has serious side effects when used in cancer patients, causing the
potentially fatal cytokine release syndrome (CRS). Because the immune system must be
depleted before CAR-T cells are administered, patients are also at risk of infection. However,
the risk of CRS in SAIDs may be reduced by specific therapies that reduce the number of
circulating B cells, such as the biological agents described above [134].

Therapeutic mAb- and BsAb-based therapy is more flexible and versatile than CAR-T
cell-based immunotherapy, since Abs were not developed to be personalized treatments for
patients and therefore are more accessible at a much lower cost [135]. Antibody therapy also
allows easier dosage control and adjusted treatment regimens depending on the patient’s
response [136]. Also, compared to CAR-T cell-based immunotherapies, antibodies appear
much more widely applicable owing to the simplicity of application, the reproducibility of
results and scalability for mass production [137]. CAR-T cell therapy requires a complex
and time-consuming manufacturing process which significantly limits its broad availability,
whereas Abs, if approved, are expected to be much more affordable. Another complication
of CAR-T cell therapy is the requirement for lymphodepletion prior to the infusion [138].
CAR-T therapies and lymphodepletion are resource-intensive therapies, and more funding,
staffing, expertise and hospital beds and higher manufacturing capacity are needed to
evaluate all the opportunities [139]. On the other hand, CAR-T therapy is a safer and more
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effective method of treatment, and CAR-T therapy seems to hold the greatest promise
for future successful practice and the curing of patients. Thus, improving the safety
and reducing the cost of CAR-T therapy, as well as improving the specificity, safety and
reducing the immunogenicity of antibodies and other biological agents, are important goals
for future research.

The development of new targeted therapies with different modes of action and favor-
able side effect profiles that are effective in SAIDs is expected in the near future. The future
of immunotherapy in precision medicine is indeed promising, offering hope for improved
management of SAIDs and enhanced patient outcomes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antib13010010/s1. Supplementary Table S1: List of biologics
already approved by the FDA for the treatment of SLE, SSc and RA; Table S2: Biologic drugs for
treating SLE, SSc and RA that are currently under clinical trials; Table S3: Common biologic agents
used to treat SLE, SSc, and RA.
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102. Edwards, J.C.W.; Szczepański, L.; Szechiński, J.; Filipowicz-Sosnowska, A.; Emery, P.; Close, D.R.; Stevens, R.M.; Shaw, T. Efficacy
of B-Cell–Targeted Therapy with Rituximab in Patients with Rheumatoid Arthritis. N. Engl. J. Med. 2004, 350, 2572–2581.
[CrossRef]

103. Kaplanski, G. IL-6: A Regulator of the Transition from Neutrophil to Monocyte Recruitment during Inflammation. Trends Immunol.
2003, 24, 25–29. [CrossRef]

104. Hashizume, M.; Hayakawa, N.; Mihara, M. IL-6 Trans-Signalling Directly Induces RANKL on Fibroblast-like Synovial Cells and
Is Involved in RANKL Induction by TNF- and IL-17. Rheumatology 2008, 47, 1635–1640. [CrossRef]

105. Genovese, M.C.; Fleischmann, R.; Kivitz, A.J.; Rell-Bakalarska, M.; Martincova, R.; Fiore, S.; Rohane, P.; van Hoogstraten, H.;
Garg, A.; Fan, C.; et al. Sarilumab Plus Methotrexate in Patients With Active Rheumatoid Arthritis and Inadequate Response to
Methotrexate: Results of a Phase III Study. Arthritis Rheumatol. 2015, 67, 1424–1437. [CrossRef] [PubMed]

106. Schaible, T.F. Long Term Safety of Infliximab. Can. J. Gastroenterol. 2000, 14, 29C–32C. [CrossRef]
107. Rooney, M.; Symons, J.A.; Duff, G.W. Interleukin 1 Beta in Synovial Fluid Is Related to Local Disease Activity in Rheumatoid

Arthritis. Rheumatol. Int. 1990, 10, 217–219. [CrossRef]
108. Mertens, M.; Singh, J.A. Anakinra for Rheumatoid Arthritis: A Systematic Review. J. Rheumatol. 2009, 36, 1118–1125. [CrossRef]

[PubMed]
109. Zhang, B.; Wang, Y.; Yuan, Y.; Sun, J.; Liu, L.; Huang, D.; Hu, J.; Wang, M.; Li, S.; Song, W.; et al. In Vitro Elimination of

Autoreactive B Cells from Rheumatoid Arthritis Patients by Universal Chimeric Antigen Receptor T Cells. Ann. Rheum. Dis. 2021,
80, 176–184. [CrossRef]

110. Minutolo, N.G.; Hollander, E.E.; Powell, D.J. The Emergence of Universal Immune Receptor T Cell Therapy for Cancer. Front.
Oncol. 2019, 9, 176. [CrossRef] [PubMed]

111. Sakkas, L.I.; Bogdanos, D.P.; Katsiari, C.; Platsoucas, C.D. Anti-Citrullinated Peptides as Autoantigens in Rheumatoid
Arthritis—Relevance to Treatment. Autoimmun. Rev. 2014, 13, 1114–1120. [CrossRef] [PubMed]

112. Kim, M.S.; Ma, J.S.Y.; Yun, H.; Cao, Y.; Kim, J.Y.; Chi, V.; Wang, D.; Woods, A.; Sherwood, L.; Caballero, D.; et al. Redirection of
Genetically Engineered CAR-T Cells Using Bifunctional Small Molecules. J. Am. Chem. Soc. 2015, 137, 2832–2835. [CrossRef]

113. Kaegi, C.; Wuest, B.; Schreiner, J.; Steiner, U.C.; Vultaggio, A.; Matucci, A.; Crowley, C.; Boyman, O. Systematic Review of Safety
and Efficacy of Rituximab in Treating Immune-Mediated Disorders. Front. Immunol. 2019, 10, 1990. [CrossRef]

114. Maher, T.M.; Tudor, V.A.; Saunders, P.; Gibbons, M.A.; Fletcher, S.V.; Denton, C.P.; Hoyles, R.K.; Parfrey, H.; Renzoni, E.A.;
Kokosi, M.; et al. Rituximab versus Intravenous Cyclophosphamide in Patients with Connective Tissue Disease-Associated
Interstitial Lung Disease in the UK (RECITAL): A Double-Blind, Double-Dummy, Randomised, Controlled, Phase 2b Trial. Lancet
Respir. Med. 2023, 11, 45–54. [CrossRef] [PubMed]

115. Ebata, S.; Yoshizaki, A.; Oba, K.; Kashiwabara, K.; Ueda, K.; Uemura, Y.; Watadani, T.; Fukasawa, T.; Miura, S.;
Yoshizaki-Ogawa, A.; et al. Safety and Efficacy of Rituximab in Systemic Sclerosis (DESIRES): A Double-Blind, Investigator-
Initiated, Randomised, Placebo-Controlled Trial. Lancet Rheumatol. 2021, 3, e489–e497. [CrossRef] [PubMed]

116. Morgan, K.; Woollard, C.; Beinart, D.; Host, L.V.; Roddy, J. Rituximab Treatment for Systemic Sclerosis-associated Interstitial Lung
Disease: A Case Series of 13 Patients. Intern. Med. J. 2023, 53, 1147–1153. [CrossRef] [PubMed]

117. Yoshifuji, H.; Yomono, K.; Yamano, Y.; Kondoh, Y.; Yasuoka, H. Role of Rituximab in the Treatment of Systemic Sclerosis: A
Literature Review. Mod. Rheumatol. 2023, 33, 1068–1077. [CrossRef] [PubMed]

118. Rowshanravan, B.; Halliday, N.; Sansom, D.M. CTLA-4: A Moving Target in Immunotherapy. Blood 2018, 131, 58–67. [CrossRef]
119. Pombo-Suarez, M.; Gomez-Reino, J.J. Abatacept for the Treatment of Rheumatoid Arthritis. Expert Rev. Clin. Immunol. 2019, 15,

319–326. [CrossRef] [PubMed]
120. Pimentel-Quiroz, V.R.; Ugarte-Gil, M.F.; Alarcón, G.S. Abatacept for the Treatment of Systemic Lupus Erythematosus. Expert

Opin. Investig. Drugs 2016, 25, 493–499. [CrossRef]
121. Chung, L.; Spino, C.; McLain, R.; Johnson, S.R.; Denton, C.P.; Molitor, J.A.; Steen, V.D.; Lafyatis, R.; Simms, R.W.; Kafaja, S.; et al.

Safety and Efficacy of Abatacept in Early Diffuse Cutaneous Systemic Sclerosis (ASSET): Open-Label Extension of a Phase 2,
Double-Blind Randomised Trial. Lancet Rheumatol. 2020, 2, e743–e753. [CrossRef]

122. Khanna, D.; Spino, C.; Johnson, S.; Chung, L.; Whitfield, M.L.; Denton, C.P.; Berrocal, V.; Franks, J.; Mehta, B.; Molitor, J.; et al.
Abatacept in Early Diffuse Cutaneous Systemic Sclerosis: Results of a Phase II Investigator-Initiated, Multicenter, Double-Blind,
Randomized, Placebo-Controlled Trial. Arthritis Rheumatol. 2020, 72, 125–136. [CrossRef]

123. Lin, C.M.A.; Isaacs, J.D.; Cooles, F.A.H. Role of IFN-α in Rheumatoid Arthritis. Curr. Rheumatol. Rep. 2024, 26, 37–52. [CrossRef]
124. Casey, K.A.; Guo, X.; Smith, M.A.; Wang, S.; Sinibaldi, D.; Sanjuan, M.A.; Wang, L.; Illei, G.G.; White, W.I. Type I Interferon

Receptor Blockade with Anifrolumab Corrects Innate and Adaptive Immune Perturbations of SLE. Lupus Sci. Med. 2018,
5, e000286. [CrossRef]

125. Liu, Z.; Cheng, R.; Liu, Y. Evaluation of Anifrolumab Safety in Systemic Lupus Erythematosus: A Meta-Analysis and Systematic
Review. Front. Immunol. 2022, 13, 996662. [CrossRef]

126. Tovey, M.G.; Lallemand, C. Immunogenicity and Other Problems Associated with the Use of Biopharmaceuticals. Ther. Adv. Drug
Saf. 2011, 2, 113–128. [CrossRef] [PubMed]

https://doi.org/10.1056/NEJMoa032534
https://doi.org/10.1016/S1471-4906(02)00013-3
https://doi.org/10.1093/rheumatology/ken363
https://doi.org/10.1002/art.39093
https://www.ncbi.nlm.nih.gov/pubmed/25733246
https://doi.org/10.1155/2000/698523
https://doi.org/10.1007/BF02274836
https://doi.org/10.3899/jrheum.090074
https://www.ncbi.nlm.nih.gov/pubmed/19447938
https://doi.org/10.1136/annrheumdis-2020-217844
https://doi.org/10.3389/fonc.2019.00176
https://www.ncbi.nlm.nih.gov/pubmed/30984613
https://doi.org/10.1016/j.autrev.2014.08.012
https://www.ncbi.nlm.nih.gov/pubmed/25182207
https://doi.org/10.1021/jacs.5b00106
https://doi.org/10.3389/fimmu.2019.01990
https://doi.org/10.1016/S2213-2600(22)00359-9
https://www.ncbi.nlm.nih.gov/pubmed/36375479
https://doi.org/10.1016/S2665-9913(21)00107-7
https://www.ncbi.nlm.nih.gov/pubmed/38279402
https://doi.org/10.1111/imj.15832
https://www.ncbi.nlm.nih.gov/pubmed/35670218
https://doi.org/10.1093/mr/road040
https://www.ncbi.nlm.nih.gov/pubmed/37053127
https://doi.org/10.1182/blood-2017-06-741033
https://doi.org/10.1080/1744666X.2019.1579642
https://www.ncbi.nlm.nih.gov/pubmed/30730220
https://doi.org/10.1517/13543784.2016.1154943
https://doi.org/10.1016/S2665-9913(20)30237-X
https://doi.org/10.1002/art.41055
https://doi.org/10.1007/s11926-023-01125-6
https://doi.org/10.1136/lupus-2018-000286
https://doi.org/10.3389/fimmu.2022.996662
https://doi.org/10.1177/2042098611406318
https://www.ncbi.nlm.nih.gov/pubmed/25083207


Antibodies 2024, 13, 10 18 of 18

127. Maini, R.N.; Taylor, P.C.; Szechinski, J.; Pavelka, K.; Bröll, J.; Balint, G.; Emery, P.; Raemen, F.; Petersen, J.; Smolen, J.; et al.
Double-blind Randomized Controlled Clinical Trial of the Interleukin-6 Receptor Antagonist, Tocilizumab, in European Patients
with Rheumatoid Arthritis Who Had an Incomplete Response to Methotrexate. Arthritis Rheum. 2006, 54, 2817–2829. [CrossRef]
[PubMed]

128. Gabay, C.; Emery, P.; van Vollenhoven, R.; Dikranian, A.; Alten, R.; Pavelka, K.; Klearman, M.; Musselman, D.; Agarwal, S.;
Green, J.; et al. Tocilizumab Monotherapy versus Adalimumab Monotherapy for Treatment of Rheumatoid Arthritis (ADACTA):
A Randomised, Double-Blind, Controlled Phase 4 Trial. Lancet 2013, 381, 1541–1550. [CrossRef] [PubMed]

129. Khanna, D.; Lin, C.J.F.; Furst, D.E.; Wagner, B.; Zucchetto, M.; Raghu, G.; Martinez, F.J.; Goldin, J.; Siegel, J.; Denton, C.P.
Long-Term Safety and Efficacy of Tocilizumab in Early Systemic Sclerosis–Interstitial Lung Disease: Open-Label Extension of a
Phase 3 Randomized Controlled Trial. Am. J. Respir. Crit. Care Med. 2022, 205, 674–684. [CrossRef] [PubMed]

130. Roofeh, D.; Lin, C.J.F.; Goldin, J.; Kim, G.H.; Furst, D.E.; Denton, C.P.; Huang, S.; Khanna, D. Tocilizumab Prevents Progression of
Early Systemic Sclerosis–Associated Interstitial Lung Disease. Arthritis Rheumatol. 2021, 73, 1301–1310. [CrossRef]

131. Chaoyi, M.; Shrestha, B.; Hui, L.; Qiujin, D.; Ping, F. Tocilizumab Therapy for Persistent High-Grade Fever in Systemic Lupus
Erythematosus: Two Cases and a Literature Review. J. Int. Med. Res. 2022, 50, 030006052210885. [CrossRef]

132. Yadav, S.; Sharma, V.; Balakrishnan, C. Tocilizumab Therapy for Treatment-Resistant Systemic Lupus Erythematosus with
Elevated IL-6 and CRP Levels: A Case Report. SN Compr. Clin. Med. 2023, 5, 199. [CrossRef]

133. Kuriakose, A.; Chirmule, N.; Nair, P. Immunogenicity of Biotherapeutics: Causes and Association with Posttranslational
Modifications. J. Immunol. Res. 2016, 2016, 1–18. [CrossRef]

134. Mullard, A. CAR T Cell Therapies Raise Hopes—And Questions—For Lupus and Autoimmune Disease. Nat. Rev. Drug Discov.
2023, 22, 859–861. [CrossRef] [PubMed]

135. Chasov, V.; Zaripov, M.; Mirgayazova, R.; Khadiullina, R.; Zmievskaya, E.; Ganeeva, I.; Valiullina, A.; Rizvanov, A.; Bulatov,
E. Promising New Tools for Targeting P53 Mutant Cancers: Humoral and Cell-Based Immunotherapies. Front. Immunol. 2021,
12, 707734. [CrossRef] [PubMed]

136. Chames, P.; Van Regenmortel, M.; Weiss, E.; Baty, D. Therapeutic Antibodies: Successes, Limitations and Hopes for the Future. Br.
J. Pharmacol. 2009, 157, 220–233. [CrossRef] [PubMed]

137. Almagro, J.C.; Daniels-Wells, T.R.; Perez-Tapia, S.M.; Penichet, M.L. Progress and Challenges in the Design and Clinical
Development of Antibodies for Cancer Therapy. Front. Immunol. 2018, 8, 1751. [CrossRef] [PubMed]

138. Neelapu, S.S. CAR-T Efficacy: Is Conditioning the Key? Blood 2019, 133, 1799–1800. [CrossRef]
139. Sun, Y.; Yuan, Y.; Zhang, B.; Zhang, X. CARs: A New Approach for the Treatment of Autoimmune Diseases. Sci. China Life Sci.

2023, 66, 711–728. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/art.22033
https://www.ncbi.nlm.nih.gov/pubmed/16947782
https://doi.org/10.1016/S0140-6736(13)60250-0
https://www.ncbi.nlm.nih.gov/pubmed/23515142
https://doi.org/10.1164/rccm.202103-0714OC
https://www.ncbi.nlm.nih.gov/pubmed/34851799
https://doi.org/10.1002/art.41668
https://doi.org/10.1177/03000605221088558
https://doi.org/10.1007/s42399-023-01543-8
https://doi.org/10.1155/2016/1298473
https://doi.org/10.1038/d41573-023-00166-x
https://www.ncbi.nlm.nih.gov/pubmed/37833555
https://doi.org/10.3389/fimmu.2021.707734
https://www.ncbi.nlm.nih.gov/pubmed/34484205
https://doi.org/10.1111/j.1476-5381.2009.00190.x
https://www.ncbi.nlm.nih.gov/pubmed/19459844
https://doi.org/10.3389/fimmu.2017.01751
https://www.ncbi.nlm.nih.gov/pubmed/29379493
https://doi.org/10.1182/blood-2019-03-900928
https://doi.org/10.1007/s11427-022-2212-5

	Introduction 
	Systemic Lupus Erythematosus (SLE) 
	Systemic Sclerosis (SSc) 
	Rheumatoid Arthritis (RA) 
	Common Therapeutics for SLE, SSc and RA 
	Conclusions and Perspective 
	References

