
Vol.:(0123456789)

Molecular Diagnosis & Therapy (2024) 28:593–600 
https://doi.org/10.1007/s40291-024-00730-0

REVIEW ARTICLE

The Future of CAR T Therapeutics to Treat Autoimmune Disorders

Ann‑Christin Pecher1  · Luca Hensen1  · Claudia Lengerke1  · Jörg Henes1 

Accepted: 8 July 2024 / Published online: 30 July 2024 
© The Author(s) 2024

Abstract
The concept of chimeric antigen receptor (CAR) T cell therapy emerged from cancer immunotherapy and has been rapidly 
adapted and developed for the treatment of autoimmune, especially B-cell-driven, diseases since the first publication of an 
article featuring a patient with systemic lupus erythematosus in 2021. Phase II studies are about to start, but up to now, only 
case reports and small series have been published. In contrast to hemato-oncological diseases, where an aggressive response 
to malignant cells and long-lasting persistence of CAR T cells has been aimed at and observed in many patients, this is not 
the case with autoimmune diseases but might not be necessary to control disease. Future studies will focus on the optimal 
target but also on the optimal level of immunogenicity. The latter can be influenced by numerous modulations that affect 
not only cytokine release but also regulation. In addition, there are potential applications in regulatory cells such as CAR 
regulatory T cells (Treg). The question of toxicity reduction must also be addressed, as long-term complications such as the 
potential development of malignant diseases, infections, or cytopenia must be considered even more critically in the area of 
autoimmune diseases than is the case for patients with oncologic diseases. Alternative antibody-based therapies using the 
same target (e.g., CD3/CD19 bispecific targeting antibodies) have not been used in these patients and might also be consid-
ered in the future. In conclusion, CAR T cell therapy represents a promising therapeutic approach for autoimmune diseases, 
offering a targeted strategy to modulate immune responses and restore immune tolerance.

Key Points 

CAR T cell therapy offers a promising therapy option in 
various autoimmune disease. However, the risk−benefit 
evaluation in the context of autoimmune disorders has 
not been established yet and must be reconsidered, as 
certain complications are not tolerable in patients with 
autoimmune diseases.

As in most autoimmune disorders there is no well 
described antigen, the broad B-cell targeting procedure 
seems to be the most sensible approach at this timepoint. 
However, it is probably worth pursuing other options, 
such as CAR regulatory T cells (Treg), or allogenous 
CAR T cells.

1  History

The concept of CAR (chimeric antigen receptor) T cell 
therapy emerged from early research in cancer immuno-
therapy in the late 1980s [1, 2]. The idea was to engineer 
T cells to express synthetic receptors that could recog-
nize and eliminate cancer cells expressing this antigen. 
However, it was not until the early 2000s that the first 
successful CAR T cell therapies for cancer were devel-
oped and tested in clinical trials, and anti-CD19 CAR T 
cells were approved for acute lymphoblastic leukaemia 
only in 2017 by the Food and Drug Administration [FDA; 
European Medicines Agency (EMA) approval in 2018]. 
Later on, the potential for the treatment of autoimmune 
disorders (AID) was recognized, and since 2021 when the 
first case of a patient with systemic lupus erythematosus 
(SLE) was published, the therapy has also spread quickly 
within the autoimmune field. However, knowledge is still 
limited, as cases with only around 20 patients with rheu-
matic diseases (treated with anti-CD19, and in one case 
with anti-CD19+ anti-BCMA), 2 patients with multiple 
sclerosis (anti-CD19), and 15 patients with myasthenia 
gravis (anti- B-cell maturation antigen [BCMA]) have 
been published so far [3–13]. This review focuses mainly 
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on anti-CD19 CAR T cell therapy. However, other targets 
have been uses, i.e., in 14 patients with myasthenia gravis 
(MG) RNA-transfected CD8+ CAR T cells that express 
the CAR molecule over days (Descartes-08) and have to 
be applied repeatedly [8]. There are also published data 
for 12 patients with anti-aquaporin 4 (AQP4)-associated 
neuromyelitis optica spectrum disorders (NMOSD) who 
received anti-BCMA CAR T cell therapy [14].

2  Technology and Production

2.1  CAR  T Cell Technology

CAR T cell technology involves the genetic modification 
of T cells to express chimeric antigen receptors, which are 
synthetic receptors that combine an extracellular antigen-
binding domain with co-stimulatory molecule domains to 
stimulate T cell activation and proliferation. This enables 
T cell stimulation through antigen contact without the 
involvement of antigen-presenting cells and, theoretically, 
without the passing of other checkpoints. CAR molecules 
contain an extracellular region, transmembrane region, 
and intracellular region. The extracellular domain of the 
CAR typically consists of a single-chain variable fragment 
(scFv) derived from an antibody that recognizes the target 
antigen (surface peptide, but also carbohydrate and gly-
colipid recognition has been developed), the antigen rec-
ognition domain, and the hinge or spacer domain, which 
optimizes distance between the antigen-binding domain 
and cell surface to facilitate binding. Various B cell targets 
such as CD19, BMCA or CD22 are in therapeutic use or 
in trials. In the case of AID, mostly the scFv molecule 
derived from anti-human CD19 antibodies has been used. 
The receptor is anchored by the transmembrane domain, 
which derives from various surface proteins. Upon antigen 
binding, the intracellular signaling transduction domain 
(STD) of the CAR activates T cell effector functions, such 
as cytokine secretion and cytotoxicity, leading to targeted 
destruction of cells expressing the antigen. Different STDs 
are in use and can have an impact on CAR T reactivity, 
expansion, and memory formation.

2.2  Production of CAR  T Cells

The production of CAR T cells for AID follows a similar 
process to that used for cancer therapy. So far, only autolo-
gous CAR T cells have been used for AIDs. For manufac-
turing autologous T cells, leukapheresis is the first step in 
therapy, and the discontinuation of (T cell-toxic) immu-
nosuppression before apheresis has to be considered. A 
minimum of > 1–4 ×  109 T cells should be harvested [15]. 

Peripheral blood mononuclear cells (PBMCs) are isolated 
from the patient’s blood and activated ex vivo using spe-
cific cytokines such as interleukin-2 (IL-2), IL-7, and IL-15. 
These activated T cells are then genetically transduced with 
a lentiviral or retroviral vector. This can be done either by 
commercially used products or in some hospitals inside 
good manufacturing practice (GMP) facilities using semi-
automated production. The engineered T cells are expanded 
in culture before being re-infused back into the patient. The 
optimal number of re-infused CAR T cells has yet to be 
determined, mostly about 1 ×  106 anti-CD19 CAR T cells 
per kg bodyweight were applied. Conditioning chemother-
apy [fludarabine and cyclophosphamide(Flu/Cy)], which is 
administered shortly before re-infusion, enables those few 
CAR T cells to expand in the patient.

2.3  Different Generations of CAR 

Different generations of CAR molecules are available, with 
the main difference concerning the STD, mostly the co-
stimulatory domain; however, the second-generation CAR, 
which uses the co-stimulatory domain either from CD28 
or 4-1BB, was primarily used in the published cases of 
AID so far. In one patient with systemic sclerosis (SSc), a 
third-generation CAR (which combines both, i.e., CD28 and 
4-1BB, co-stimulatory domains) was used. Nevertheless, the 
field is constantly evolving to further improve the CAR T 
construct or development of “armoured” CAR T cells, i.e., 
co-targeting of several antigens, improved expansion and 
survival, combination with immunomodulators, improve-
ment of tumor microenvironment, and so on [16, 17].

3  Complications

The currently used conditioning treatment in AID is Flu/
Cy, which involves Flu 25 mg/m2 for three doses (days − 5 
to − 3) and one dose of Cy 500 or 1000 mg/m2 (day − 3). 
It can cause cytopenia and other typical side effects of a 
classical chemotherapy but is usually well tolerated in these 
patients. So far, no serious infections or cytopenia regard-
ing conditioning chemotherapy have been reported in the 
field of AID. However, Merkt et al. [12] brought the pos-
sibility of fludarabine-associated pneumonitis to attention, 
which might be a point to be considered in the treatment of 
patients with interstitial lung disease (ILD). The role of the 
conditioning chemotherapy is still a matter of debate, but 
has been deemed beneficial in increasing the proliferation 
and persistence of CAR T cells, and especially Flu seems 
essential [18].

The immune suppression after CAR T cell treatment, 
however, goes beyond the initial cytopenia after condition-
ing chemotherapy: hypogammaglobulinemia associated with 
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CD19+ B cell depletion has been observed in patients with 
AID and might predispose patients to various infectious 
complications. The incidence of hypogammaglobulinemia 
in patients with AID has to be determined, but it varies 
between 20 and 90% for patients with malignant diseases 
who have received anti-CD/anti-BCMA CAR T cell treat-
ment [19]. So far, no long lasting hypogammaglobulinemia 
or severe infections have been reported for the field of AID, 
but we probably can expect similar complications for all B 
cell-depleting strategies as kind of a class effect: serious 
infectious events after rituximab (RTX) have been observed 
with an incidence about 5–10 per 100 person-years, and 
RTX-associated hypogammaglobulinemia affects about 15% 
of patients with AID [20–23]. However, risk factors such as 
low baseline immunoglobulin levels, vasculitis, and repeti-
tive RTX cycles cannot be extrapolated, and further clinical 
trials are necessary to determine the amount of hypogam-
maglobulinemia in this patient group.

Furthermore, long-lasting cytopenia that goes beyond the 
effect of chemotherapy is described. Clinicians observe a 
typical biphasic course, showing a renewed decline after 
the initial regeneration. The mechanism, however, has not 
been elucidated so far. Certain patient-related factors are 
associated with prolonged cytopenia, occurring in hema-
tologic patients and generally not applying to patients with 
AID: severe cytokine release syndrome (CRS) and immune-
effector-cell-associated neurotoxicity syndrome (ICANS), or 
intensive (antineoplastic) pre-treatment.

One of the primary concerns is the risk of cytokine 
release syndrome (CRS) and immune-effector-cell-asso-
ciated neurotoxicity syndrome (ICANS), which can occur 
due to the rapid proliferation and activation of CAR T cells 
in response to antigen stimulation [24]. CRS is character-
ized by systemic inflammation and can manifest as fever, 
hypotension, and organ dysfunction, while ICANS presents 
as neurological symptoms ranging from mild confusion to 
severe encephalopathy. Management of CRS and ICANS 
typically involves supportive care and the administration of 
immunosuppressive agents, such as corticosteroids or IL-6 
receptor antagonists, i.e., tocilizumab. So far, only low-grade 
CRS and only one case of ICANS have been described in the 
treatment of AID. The low frequency and intensity of CRS 
and ICANS are probably associated with the much lower 
numbers of targeted cells (i.e., CD19-positive B cells) com-
pared with B malignancies.

Additionally, the long-term persistence of CAR T cells 
raises concerns regarding the development of malignant 
complications. But again, these data derive from patients 
with malignant diseases, and other risk factors might apply: 
recently, the development of (CAR) T cell lymphoma in 
the context of CAR T cell therapy has been described [25]. 
Also, subsequent malignancies such as non-melanoma skin 
cancer and myelodysplastic syndrome have been reported 

[26]. Strategies to mitigate these risks include the use of 
transiently active CAR T cells or the incorporation of regu-
latory mechanisms to limit CAR T cell function once the 
autoimmune response has been suppressed. In AID, how-
ever, the evidence of CAR T cells in the peripheral blood is 
mostly limited, and in most cases (Merkt et al. [12] reported 
a long-lasting CAR T persistence in one patient with SSc), 
CAR T positive cells are no longer detectable after about 
100 days after infusion.

Another complication associated with CAR T cell therapy 
is the potential for off-target toxicity, where CAR T cells 
recognize and attack healthy tissues expressing low levels 
of the target antigen, leading to unintended tissue damage 
and adverse events. This risk highlights the importance of 
selecting target antigens with restricted expression patterns 
or employing strategies to enhance the specificity of CAR T 
cells, such as the use of dual-targeting CARs or combinato-
rial antigen recognition.

Taken together, the risk–benefit evaluation in the context 
of autoimmune disorders has not been establishes yet and 
must be reconsidered, as certain complications are not tol-
erable in patients with mortality and morbidity even higher 
than the general population, but have a considerably better 
prognosis than patients with (relapsed) malignant diseases. 
Therefore, the European Society for Blood and Marrow 
Transplantation (EBMT) Autoimmune Diseases Working 
Party has recently published recommendations on how to 
proceed with this treatment option in AID [27].

4  Therapeutic Effect

AID arise from dysregulated immune responses against 
self-antigens, leading to tissue damage and dysfunction. 
Traditional treatments for autoimmune diseases often 
involve immunosuppressive drugs that broadly dampen 
immune activity. Thus, immunotherapy, particularly anti-
CD19 CAR T cell therapy, might minimize some off-target 
effects by focusing their target on one pillar of the immune 
system, in this case CD19+ B cells. It has been hypoth-
esized that, by targeting a broad range of B cells via CD19, 
the self-sustaining circle of autoimmunity might be dis-
rupted, thereby achieving a reset of the immune system. 
This might explain why, even though B cells reoccur, the 
remission sustains. It will be interesting to see whether 
these individuals experience a flare up due to their genetic 
background, which might support the development of 
autoimmunity. Furthermore, their ability to migrate into 
tissue and bind to target structures might enable a deep B 
cell depletion beyond the reach of therapeutic monoclonal 
antibodies such as RTX and other B-cell targeting biologi-
cal disease-modifying drugs. Notably, only RTX has been 
adequately examined in different AID and is approved for, 
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e.g., rheumatoid arthritis (RA) and antineutrophil cyto-
plasmic antibodies (ANCA)-associated vasculitis (AAV) 
[28, 29]. Newer and maybe more effective anti-CD20 anti-
bodies are just under clinical examination (e.g., obinutu-
zumab for the treatment of lupus nephritis [30]).

The following cases and case series have been pub-
lished, illustrating the beneficial effect of anti-CD19/anti-
BCMA targeting CAR T cell therapy in AID. Reported 
cases of CRS were common, however mild (all grade < 
2). The medians were calculated using the available data.

Muller et al. [9] summarized the cases of 15 patients, 
of which five with SLE, two with idiopathic inflammatory 
myositis (IIM), and one with SSc had been already pub-
lished before [3–5, 7, 11] and are therefore only mentioned 
once in this summary. Of the 15 patients, 8 were diagnosed 
with SLE, 4 with SSc, and 3 with IIM. All demonstrated 
active disease despite prior therapy with at least two stand-
ard treatments. Anti-CD19 CAR T cells were used with a 
second generation CAR. The eight SLE patients (median 
age, 24 years; median disease duration, 5 years; median 
follow-up, 17 months) showed signs of active disease with 
high activity in disease-specific scores [median Systemic 
Lupus Erythematosus Disease Activity Index 2000 (SLE-
DAI-2K) score 13 of (score ranges 0–150) and at least one 
category A case per the British Isles Lupus Assessment 
Group (BILAG) Index, i.e., “severe flare”], and all of them 
had proven renal involvement at baseline. After anti-CD19 
CAR T cell therapy, all of them reached treatment-free 
remission after 6 months (for one patient only 3-month 
follow-up has been shown), and the disease-associated 
antibodies against double-stranded DNA (dsDNA) were 
no longer detectable, suggesting a profound elimination 
of autoreactive clones.

From the published cases, four patients with IIM [6, 9] 
(median age, 42 years; median disease duration, 2 years; 
median follow-up, 12 months) also showed normalization 
of their creatine kinase (CK) levels and muscle strength 
[normalization on manual muscle test (MMT-8)]. Autoan-
tibodies declined but never normalized, and one patient 
[6] achieved remission only after adding mycophenolate 
mofetil (MMF), potentially due to an induced cytokine 
storm that might have further stimulated autoreactive cyto-
toxic T cells.

All of the five SSc patients [9, 12] (median age, 38 
years; median disease duration, 2 years; median follow-up, 
10 months) had severe skin involvement, demonstrated by 
modified Rodnan skin score (mRSS; median, 24). Also, all 
of them were diagnosed with lung involvement (data on 
lung function during follow up were not published in all 
cases), three were diagnosed with heart involvement, and 
one was diagnosed with renal involvement. After anti-CD19 
CAR T cell therapy, mRSS decreased in all patients (median 
decrease, 9 points). In one of the two separately published 

patients with SSc, lung involvement remained stable [7], 
whereas in the other patient an improvement of lung func-
tion and fibroblast activation confirmed by 68Ga-fibroblast 
activation protein-inhibitor positron emission tomography 
was reported [12]. This last patient received the third-gen-
eration anti-CD19 CAR and was additionally treated with 
mycophenolate/nintedanib after CAR T cell therapy. In all 
published SSc patients, autoantibodies declined but only dis-
appeared in the one patient treated with the third-generation 
CAR [31].

In the two, very recently published cases of multiple 
sclerosis (MS [13]), the authors described CAR-T cell pres-
ence and expansion in the cerebrospinal fluid (CSF) without 
clinical signs of neurotoxicity and, in particular, no case of 
ICANS. In the one patient with a longer observational period 
(patient 1, approximately 100 days; patient 2, approximately 
20 days), a decrease of antibody production in the CFS was 
reported as a possible sign of response to treatment, clini-
cal parameters were improved or stable, and one new T2 
lesion without contrast enhancement was detected; however, 
it remained stable on subsequent magnetic resonance imag-
ing (MRI).

For MG, the treatment with anti-BMA rCAR-T (14 
patients [8]) and anti-CD19 CAR T (1 patient [10]) cell 
therapy showed promising results with clinically mean-
ingful improvement at up to 9 months of follow-up [mean 
improvement of −7 on the Quantitative Myasthenia Gravis 
score (QMG)] in the anti-BCMA and 70% decrease of the 
autoantibody, decrease of QMG, and improvement of mus-
cle strength in the 1 patient who received anti-CD19 CAR 
T cells.

Similar results were obtained for the 12 patients with 
AQP4 neuromyelitis optica spectrum disorders (NMSOD), 
who were treated with second-generation anti-BCMA CAR 
T cells: during the follow-up of a median 6 months, 11 
patients had no relapse, and also 11 patients’ AQP-4 anti-
bodies decreased [14].

5  Future Perspectives

Several factors need to be considered in the design of CAR T 
cells for autoimmune diseases (Fig. 1), including the choice 
of target antigen, the specificity and affinity of the CAR, 
and strategies to minimize off-target effects and promote 
regulatory T cell function. Additionally, the use of inducible 
CARs or suicide genes can provide an added layer of con-
trol over CAR T cell activity, allowing for the modulation 
or elimination of CAR T cells if adverse events occur, thus 
increasing safety.
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5.1  What Defines a Good Target?

Previous experience of CAR T cell therapy in humans 
mainly focuses on the effector immune cells, i.e., CD19+ 
B cells. By targeting CD19, the idea is to reach profound B 
cell depletion, as this surface marker is present on a broad 
spectrum of B cells, including plasmablasts. In theory, 
the self-sustaining system of autoimmunity that leads to 
further organ damage and antigen exposure is interrupted, 
therefore resulting in a “reset” of the immune system and 
a sustained remission without therapy even when CAR T 
cells are no longer detectable in the patient. On the down-
side, immunosuppression and a consecutive higher risk of 
infections have been observed. Targeting BCMA, a marker 
primarily expressed on plasma cells and mature B cells, 
with CAR T cells showed similar complications. In the 
context of autoimmune diseases, another more specific 
approach might be available, if the autoantigen is well 
described: CAR T cells can be designed to target either 
autoantigens directly or immune cells involved in the auto-
immune response, such as autoreactive T cells or B cells. 
For example, in type 1 diabetes, CAR T cells targeting 
the antigen insulin peptide presented by major histocom-
patibility complex (MHC) II could be used to selectively 
eliminate these “responsible” autoimmune cells to prevent 
further destruction of pancreatic tissue [32, 33]. In myas-
thenia gravis, chimeric autoantibody receptor (CAAR) 
T cells showed promising in vitro results [34]. Similar 
results were shown for N-methyl-d-aspartate receptor 
(NMDAR) encephalitis [35]. Other authors could dem-
onstrate in a murine model of cardiac disease that CAR T 
cells targeting fibroblast activation protein (FAP) resulted 
in a reduction of the development of fibrosis [36–38]. This 
approach is fascinating not only because of the possibility 
to directly target fibrosis, which is of major importance in 

various connective tissue diseases such as SSc, but also 
because the authors were able to generate CAR T cells 
in vivo using nanoparticles to deliver the mRNA into T 
cells. Unfortunately, although typical autoantibodies in 
various rheumatic diseases are known, there is not one 
specific antigen for many AID. Therefore, the general tar-
geting of B cells seems to be the right approach for most 
autoimmune diseases for now, but a better understanding 
of the pathogenesis of various autoimmune diseases in 
the future may help to design more specific concepts in 
the long term.

5.2  Beyond Antigen Targeting

Alternatively, CAR T cells targeting autoreactive T cells 
or B cells could be employed to suppress aberrant immune 
responses and restore immune tolerance. One approach 
to re-establish tolerance is via regulatory T cells (Tregs). 
Tregs have demonstrated a therapeutic suppressive potential 
in autoimmune diseases; however, the nonspecific antigen 
recognition results in a general immunosuppression, thereby 
limiting their feasibility. CAR Treg might either derive from 
autologous Tregs or FoxP3-transduced CAR T cells and can 
be engineered for specific antigens through immune sup-
pressive cytokines or direct cellular crosstalk [39, 40]. Pub-
lications so far describe preclinical data in mural models of 
multiple sclerosis, type 1 diabetes, and autoimmune colitis 
[41–44], thereby demonstrating the feasibility of the concept 
and also reduction of inflammation.

5.3  Allogenic CAR  T Cells

Even though in most cases patients with AID are not as 
heavily pre-treated as patients with cancer, severe cases 
potentially require frequent changes in therapy, and it is not 

Fig. 1  Different concepts using chimeric antigen receptors (CAR) or chimeric autoantibody receptors (CAAR) for the treatment of autoimmune 
diseases
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surprising that, in the examples mentioned above, in the field 
of rheumatic diseases there was an average of six previous 
immunosuppressive therapies. RTX and Cy are commonly 
used to treat refractory cases and might influence the “qual-
ity” of immune effector cells [45]. Another point that needs 
consideration is the problem of time from the decision on 
therapy to the subsequent application, as an organizational 
effort is necessary (leukapheresis, transduction, expansion, 
and lymphodepletion). Allogeneic “off-the-shelf” CAR T 
cells offer certain advantages: standardization, immediate 
availability, and potential cost reduction [46, 47]. However, 
the potential allogenic effects, i.e., graft-versus-host disease 
(GvHD) and fratricide, have to be considered. Hu et al. [48] 
successfully used genetic engineering to generate CD7-tar-
geting CAR-T cells (CAR-NKi-tKO) that resist fratricide 
(CD7-KO), GvHD (TCR-KO), and allo-rejections from both 
CD4+ T cells (HLA-II-KO) and NK cells (NKi).

6  Conclusion

In summary, CAR T cell therapy represents a promising 
approach for the treatment of autoimmune diseases from 
various origins by selectively targeting pathogenic immune 
cells or autoantigens involved in the autoimmune process. 
However, other B cell targeting strategies offer advantageous 
in terms of availability and controllability [49, 50]. Further 
research is needed to optimize CAR T cell design, improve 
safety profiles, and assess long-term outcomes in clinical 
trials. By addressing these challenges, CAR T cell therapy 
has the potential to revolutionize the management of autoim-
mune diseases and provide patients with safe, long-lasting, 
and effective treatment. Nevertheless, at this point clinical 
trials are mandatory for the confirmation of the efficacy and 
safety of the available anti-CD19 CAR T cell in prospective 
trials.
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