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Safety and clinical activity of autologous RNA chimeric 
antigen receptor T-cell therapy in myasthenia gravis 
(MG-001): a prospective, multicentre, open-label, 
non-randomised phase 1b/2a study
Volkan Granit*, Michael Benatar*, Metin Kurtoglu, Miloš D Miljković, Nizar Chahin, Gregory Sahagian, Marc H Feinberg, Adam Slansky, Tuan Vu, 
Christopher M Jewell, Michael S Singer, Murat V Kalayoglu, James F Howard Jr†, Tahseen Mozaffar† on behalf of the MG-001 Study Team‡

Summary
Background Chimeric antigen receptor (CAR) T cells are highly effective in treating haematological malignancies, but 
associated toxicities and the need for lymphodepletion limit their use in people with autoimmune disease. To explore 
the use of CAR T cells for the treatment of people with autoimmune disease, and to improve their safety, we 
engineered them with RNA (rCAR-T)—rather than the conventional DNA approach—to target B-cell maturation 
antigen (BCMA) expressed on plasma cells. To test the suitability of our approach, we used rCAR-T to treat individuals 
with myasthenia gravis, a prototypical autoantibody disease mediated partly by pathogenic plasma cells.

Methods MG-001 was a prospective, multicentre, open-label, phase 1b/2a study of Descartes-08, an autologous anti-
BCMA rCAR-T therapy, in adults (ie, aged ≥18 years) with generalised myasthenia gravis and a Myasthenia Gravis 
Activities of Daily Living (MG-ADL) score of 6 or higher. The study was done at eight sites (ie, academic medical 
centres or community neurology clinics) in the USA. Lymphodepletion chemotherapy was not used. In part 1 
(phase 1b), participants with Myasthenia Gravis Foundation of America (MGFA) disease class III–IV generalised 
myasthenia gravis received three ascending doses of Descartes-08 to determine a maximum tolerated dose. In part 2 
(phase 2a), participants with generalised myasthenia gravis with MGFA disease class II–IV received six doses at the 
maximum tolerated dose in an outpatient setting. The primary objective was to establish safety and tolerability of 
Descartes-08; secondary objectives were to assess myasthenia gravis disease severity and biomarkers in participants 
who received Descartes-08. This trial is registered with clinicaltrials.gov, NCT04146051.

Findings We recruited 16 individuals for screening between Jan 7, 2020 and Aug 3, 2022. 14 participants were enrolled 
(n=3 in part 1, n=11 in part 2). Ten participants were women and four were men. Two individuals did not qualify due 
to low baseline MG-ADL score (n=1) or lack of generalised disease (n=1). Median follow-up in part 2 was 5 months 
(range 3–9 months). There was no dose-limiting toxicity, cytokine release syndrome, or neurotoxicity. Common 
adverse events were headache (six of 14 participants), nausea (five of 14), vomiting (three of 14), and fever (four of 14), 
which resolved within 24 h of infusion. Fevers were not associated with increased markers of cytokine release 
syndrome (IL-6, IL-2, and TNF). Mean improvements from baseline to week 12 were –6 (95% CI –9 to –3) for MG-ADL 
score, –7 (–11 to –3) for Quantitative Myasthenia Gravis score, –14 (–19 to –9) for Myasthenia Gravis Composite score, 
and –9 (–15 to –3) for Myasthenia Gravis Quality of Life 15-revised score.

Interpretation In this first study of an rCAR-T therapy in individuals with an autoimmune disease, Descartes-08 
appeared to be safe and was well tolerated. Descartes-08 infusions were followed by clinically meaningful decreases 
on myasthenia gravis severity scales at up to 9 months of follow-up. rCAR-T therapy warrants further investigation as 
a potential new treatment approach for individuals with myasthenia gravis and other autoimmune diseases.

Funding Cartesian Therapeutics and National Institute of Neurological Disorders and Stroke of the National Institutes 
of Health.

Copyright © 2023 Elsevier Ltd. All rights reserved.

Introduction
Chimeric antigen receptor (CAR) T cells have been hailed 
as a versatile new class of effective, molecularly precise 
therapy. The CAR molecule combines the extracellular 
target binding domain of an antibody directed toward the 
desired target with the intracellular T-cell activation 
protein domains.1 This combination enables T-cell 

activation on contact with the target cell antigen, 
bypassing antigen presenting cells and many regulatory 
checkpoints.2 However, due to their dependence on 
preconditioning lymphodepletion chemotherapy and 
association with severe toxicities, conventional CAR 
T cells have been reserved mainly for the treatment of 
individuals with advanced cancers.3
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Conventional CAR T-cell engineering relies on DNA to 
express the CAR, and gene transfer underlies much of 
the observed toxicities of these cells.4 The DNA is 
integrated permanently into the T-cell genome and 
replicates with each cell division.5 Lymphodepletion, 
usually with fludarabine and cyclophosphamide, is 
necessary before administration to create the appropriate 
cytokine environment for the infused DNA CAR T cells 
to proliferate in vivo and reach their therapeutic 
concentration.4 However, as the activated cells proliferate, 
the CAR signal is also amplified. This amplification leads 
to unpredictable pharmacokinetics and characteristic 
severe adverse events, such as cytokine release syndrome 
and immune effector cell-associated neurotoxicity 
syndrome, that extend hospitalisation after treatment.6 
These aspects of DNA CAR T cells limit their suitability 
for use beyond advanced cancers. To date, within auto-
immune disease indications, only patients with severe 
forms of systemic lupus erythematosus and neuro-
myelitis optica have received CAR T-cell therapies. These 
therapies have been restricted to DNA-based approaches 
and only in the context of expanded use and under 
extended hospital monitoring.7,8

To expand the range of disorders that are treatable with 
CAR T cells beyond cancer, we engineered these cells with 
RNA (rCAR-T), rather than DNA, on the premise that the 
temporary, non-replicable influence of mRNA would 
confer predictable pharmacokinetics and consequently a 
more favourable safety profile. rCAR-T uses the same 
advances in RNA engineering that enabled the widespread 
use of mRNA vaccines—ie, optimal 3ʹ and 5ʹ 
untranslated regions, poly(A) tail length, and 5ʹ capping 

to increase mRNA stability and enhance translational 
efficiency.9 Since the CAR-encoding mRNA does not 
replicate together with the activated and proliferating 
rCAR T cells, the load of CAR+ cells is determined and 
limited by the administered dose and declines over time, 
potentially enabling more precise pharmacokinetic 
control over the therapy than for CAR T cells engineered 
with DNA. Because our approach uses ex vivo T-cell 
proliferation, it does not require the specific cytokine 
environment that is induced by lymphodepletion. 
Although the therapeutic effects achieved with these 
approaches might be lasting, reaching the full therapeutic 
effect requires repeat dosing; thus, a robust manu-
facturing platform is required to generate enough 
autologous rCAR T cells.

To test the suitability of our approach in autoimmunity, 
we engineered rCAR-T to treat individuals with generalised 
myasthenia gravis, a prototypical autoimmune disease in 
which autoantibodies target the neuromuscular junction, 
causing chronic, fluctuating, and potentially debilitating 
weakness and muscle fatigue. A substantial unmet 
medical need exists for people with myasthenia gravis 
whose disease does not respond to current (typically 
immunosuppressive) therapies or who have serious side-
effects.10–14 Autoantibody-producing plasma cells are a 
key cellular component of myasthenia gravis patho-
physiology.15,16 Existing myasthenia gravis therapies do not 
adequately or specifically target plasma cells.17 The specific 
expression of B-cell maturation antigen (BCMA, also 
known as TNFRSF17) on the surface of mature plasma 
cells provides an opportunity to do so.

Here, we report the results of a prospective, multicentre, 

Research in context

Evidence before this study
We searched MEDLINE, Embase, and PubMed databases from 
inception to Feb 5, 2023, for relevant clinical studies in 
myasthenia gravis on the use of cell therapy, with no date or 
language restrictions. The search terms used were “cell 
therapy” (or “chimeric antigen receptor”), and “myasthenia 
gravis.” We did not identify any reports on the use of cell 
therapy, whether autologous or allogeneic, unmodified or 
engineered to express chimeric antigen receptors, in clinical 
studies of any phase. There was a single report on the use of 
engineered T cells in an experimental autoimmune myasthenia 
gravis mouse model.

Added value of this study
MG-001 shows the feasibility of producing autologous RNA 
chimeric antigen receptor T cells (rCAR-T) from individuals with 
generalised myasthenia gravis receiving a background therapy 
of prednisone or steroid-sparing immunosuppressants, or both. 
The method of CAR expression through RNA engineering 
obviated the need for lymphodepletion chemotherapy, which is 
required for conventional, DNA-engineered CAR T cells. 

Repeated rCAR-T infusions were not associated with cytokine 
release syndrome, neurotoxicity, or haematological adverse 
events typical of DNA CAR T cells. Treatment of participants 
with weekly or twice weekly infusions for six doses was 
associated with clinically meaningful decreases in all measures 
of myasthenia gravis severity, including induction of minimal 
symptom expression and elimination of dependence on 
intravenous immunoglobulin infusions in some participants. 
These effects were persistent at up to 9 months of follow-up.

Implications of all the available evidence
This study shows the feasibility of rCAR-T as a novel treatment for 
generalised myasthenia gravis. rCAR-T might offer an improved 
safety profile compared with other forms of CAR-T therapy. 
Furthermore, this therapeutic approach could result in a 
numerical decrease on myasthenia gravis severity scales equal to 
or above what is considered clinically meaningful for months 
after treatment. Our findings require corroboration in an ongoing 
randomised, double-masked, placebo-controlled trial. More 
broadly, these results might support a new strategy that uses 
rCAR-T to combat autoimmunity beyond myasthenia gravis.
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open-label clinical trial to test the safety and preliminary 
clinical efficacy of Descartes-08, an anti-BCMA 
rCAR-T therapy,18 in individuals with generalised myas-
thenia gravis.

Methods 
Study design 
MG-001 was a prospective, open-label, multicentre, non-
randomised, phase 1b/2a trial evaluating the safety 
and clinical activity of Descartes-08, an anti-BCMA 
rCAR-T therapy, in adults with generalised myasthenia 
gravis who required immunosuppression. We conducted 
the trial across eight study sites in the US states of 
Florida, California, North Carolina, and Oregon; 
five study sites were academic medical centres and three 
were community neurology clinics.

The study was conducted in accordance with the 
principles of the Declaration of Helsinki, the Good 
Clinical Practice guidelines, and applicable US regulatory 
standards. Independent institutional review boards 
provided written approval of the protocol and amend-
ments. All participants provided written informed 
consent. The protocol is included in the appendix 
(pp 10–81).

Participants 
Study participants were recruited from the existing 
patient population at each site and from outside referrals. 
Key inclusion criteria were: age 18 years or older; 
diagnosis of myasthenia gravis (Myasthenia Gravis 
Foundation of America disease class III–IV in part 1, 
class II–IV in part 2) with presence of a myasthenia 
gravis-associated autoantibody (anti-acetylcholine recep-
tor [AChR], MuSK, or LRP4). If seronegative, unequivocal 
response to cholinesterase inhibitors and abnormal 
repetitive nerve stimulation or increased jitter on single-
fibre electromyogram were required. Participants had to 
have a Myasthenia Gravis Activities of Daily Living 
(MG-ADL) score of at least 6 at both screening and 
baseline and require immuno suppression. Key exclusion 
criteria were the presence of a major chronic illness that 
was not well managed; intravenous immunoglobulin or 
plasma exchange within 4 weeks of baseline (ie, first 
infusion) visit; and the use of non-permitted immune 
modulators. The full eligibility criteria are shown in the 
appendix (pp 43–45). Sex was self-reported by participants 
from the options of male or female.

Procedures 
Eligible participants underwent leukapheresis to obtain 
peripheral blood mononuclear cells (PBMCs), from 
which Descartes-08 was prepared following Good 
Manufacturing Practices. Immunosuppression was not 
withheld before the collection of PBMCs. Descartes-08 is 
an autologous CD8+ T-cell-only product that is transfected 
with RNA to express anti-BCMA targeting CAR protein 
over the course of a week. Only CD8+ T cells are used for 

manufacturing, since CD4+ T cells are known for their 
memory function rather than direct killing function, 
which is not relevant to RNA-transfected CAR T cells that 
express the CAR molecule over days. Following leuka-
pheresis, CD8 selection and manufacturing of autologous 
Descartes-08 cells, including their ex vivo proliferation 
and mRNA transfection, was performed. The autologous 
product was divided into several samples, frozen, and 
tested for sterility, cell quality, CAR expression, and 
potency. Samples of cells were thawed at each infusion 
visit and infused by a peripheral intravenous line.

For part 1, participants were admitted to the hospital for 
their first infusion and observed as inpatients for 3 days 
and thereafter daily as an outpatient until day 7. In part 1 
of the study, each participant received three ascending 
once-weekly doses of Descartes-08 as a 15–30 min 
intravenous infusion of 3·5 × 10⁶ CAR+ cells per kg (dose 
level 1), 17·5 × 10⁶ CAR+ cells per kg (dose level 2), and 
52·5 × 10⁶ CAR+ cells per kg (dose level 3) to establish the 
maximum tolerated dose (MTD) at the safety interim 
analysis, before the study proceeded to part 2 (appendix 
p 42). The allowed dose margin was ±45% for all dose 
levels. Participants in part 2 were assigned to a treatment 
group, as described later, at the investigator’s discretion, 
taking into consideration each participant’s preferences 
(pre dominantly decided by the time burden of each 
infusion schedule) and enrolment to date. Part 2 tested 
three dosing schedules of 15–30 min intravenous infusion 
at the MTD: twice weekly for 3 weeks (group 1), once 
weekly for 6 weeks (group 2), and once monthly for 6 
months (group 3). Participants were to be evaluated at 
screening; infusion visits; weeks 8, 12, 16, and 20; and 
months 6, 9, and 12. Enrolment into part 2 would stop 
when sufficient data on safety, feasibility, and clinical 
activity had been gathered to permit the selection of the 
dosing schedule to be tested in later-stage trials. 
Participants who received Descartes-08 as outpatients 
were observed for an hour after infusion. Any participant 
with a fever of 38°C or higher (ie, ≥100·4°F) within 7 days 
of infusion was admitted for 24 h of observation and 
evaluated for an infectious cause with blood and urine 
cultures. These admissions were not considered to be 
serious adverse events.

Permitted myasthenia gravis concomitant medications 
were corticosteroids (ie, equivalent to ≤40 mg prednisone 
per day), azathioprine, mycophenolate mofetil, pyrid-
ostigmine, and complement inhibitors, provided the 
dose was stable for at least 8 weeks before the first 
infusion. No dosing change was allowed for concomitant 
myasthenia gravis-specific medications during the study, 
other than corticosteroids. The dose of corticosteroids 
was not allowed to be increased, but it could be tapered at 
the site investigator’s discretion after week 4. Intravenous 
immunoglobulin and plasma exchange were prohibited 
within 4 weeks of baseline and during the study. Other 
biological agents, including rituximab and efgartigimod, 
were prohibited within 8 weeks of baseline and during 
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the study.

Outcomes 
The primary objective of part 1 was to establish tolerability, 
with the primary endpoints being the MTD and the type 
and frequency of adverse events in all eligible participants. 
The primary endpoint of part 2 was safety (ie, frequency 
and severity of adverse events) to final follow-up in all 
eligible participants. Secondary endpoints, which were 
evaluated in all participants who had at least one disease 
evaluation after day 1 (baseline) visit, were mean changes 
from baseline at each follow-up visit for up to 12 months 
in four validated scales of myasthenia gravis severity: 
MG-ADL, Quantitative Myasthenia Gravis (QMG), 
Myasthenia Gravis Composite (MGC), and Myasthenia 
Gravis Quality of Life 15-revised (MG-QoL-15r), as well as 
the Myasthenia Gravis Post-Intervention Status. MG-ADL 
is an eight-item, 24-point, patient-reported scale that 
assesses the effects of myasthenic symptoms on daily 
functioning. By convention, a 2-point change is 
considered clinically meaningful.19 Minimal symptom 
expression is defined as MG-ADL of 0 or 1.20 QMG is a 
standardised, quantitative, 39-point scoring system 
consisting of 13 provider-assessed items, which include 
hand grip strength and forced vital capacity. MGC is a 
ten-item, 60-point weighted instrument composed of 
selected components of the MG-ADL and QMG scores. A 
3-point change in QMG and MGC is considered clinically 
meaningful.21,22 MG-QoL-15r is a 15-item, 30-point quality-
of-life, patient-reported instrument.23 Currently, there is 
no consensus as to what is considered a clinically 
meaningful change in MG-QoL-15r. Anti-AChR antibody 
titres were measured by radioimmunoassay in a Clinical 
Laboratory Improvement Amendments (CLIA)-certified 
laboratory (Quest Diagnostics, Secaucus, NJ, USA). Anti-
MuSK and anti-LRP4 antibodies were measured by 
semiquantitative cell-based cluster assay (University of 
Oxford, Oxford, UK).24

In a prespecified exploratory analysis, we evaluated 
pharmacokinetics using quantitative RT-PCR for CAR 
mRNA in all participants who received at least one dose 
of Descartes-08. ELISA was used to measure the concen-
tration of soluble BCMA (R&D Systems, Minneapolis, 
MN, USA) in a prespecified analysis, and amounts of 
BAFF (TNFSF13B; R&D Systems, Minneapolis, MN, 
USA) and APRIL (TNFSF13; Invitrogen, Washington, 
DC, USA) were measured in a post-hoc analysis. Soluble 
BCMA is a surrogate measure of total plasma cells; BAFF 
and APRIL are markers of B-cell survival. Tetanus, 
diphtheria, pertussis, meningo coccus, and SARS-CoV-2 
antibody titres and immuno globulin concentrations 
were measured in a CLIA-certified laboratory (Quest 
Diagnostics) to evaluate plasma cell function and 
humoral immunity after Descartes-08 in a prespecified 
analysis. Immuno phenotyping of B cells, T cells, and 
dendritic cells was performed by flow cytometry. Serum 
cytokine concentrations were measured using a multiplex 

bead-based assay (BioLegend, San Diego, CA, USA) in a 
prespecified analysis. Post-hoc, high-throughput, 
next-generation sequencing of comple mentarity-
determining region 3 from cDNA was conducted to 
follow distinct T-cell receptor clonotypes (Adaptive 
Biotechnologies, Seattle, WA, USA).

Statistical analysis 
As this was an early-phase, open-label study with a dose-
escalation regimen, no formal power analysis was 
performed. Baseline demographics and primary 
endpoints (ie, type and frequency of adverse events) were 
analysed in all enrolled participants using descriptive 
statistics. Categorical variables were expressed as 
percentages, and continuous variables were expressed as 
mean and SD, or median and range for variables with 
skewed distribution (including those with mean:SD 
ratio <2). Secondary and exploratory endpoints in all 
participants who received at least one dose of Descartes-08 
were expressed as mean change with a 95% CI, or 
proportion with SE. SE of proportion was calculated as  
√ p̂ (1 – p̂) / n, where p̂ is the sample proportion and n is 
the sample size. We calculated critical values for the 
95% CI on the basis of the t distribution using a two-tailed 
test with significance level 0·05 and n – 1 degrees of 
freedom since the sample size was less than 30 in all 
analyses. To assess normality, we first used a quantile–
quantile plot to compare quantiles of our data to quantiles 

Figure 1: Trial profile
MG-ADL=Myasthenia Gravis Activities of Daily Living. All 14 eligible participants were included in the primary 
analysis of the endpoint.

16 individuals screened

14 individuals underwent
 apheresis

2 individuals excluded
   1 had low baseline MG-ADL
   1 did not have generalised disease

3 participants included
 in part 1

11 participants included
      in part 2

3 participants in group 1  7 participants in group 2 1 participant in group 3

 7 participants completed
  treatment

2 participants completed
 treatment

1 early discontinuation
    due to intravenous
   steroid use for urticaria

0 participants completed
 treatment

1 early discontinuation
    due to personal 
   reasons
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of normal distribution. When n was 4 or more, we used a 
Shapiro-Wilk test, with p>0·05 considered to be normal 
distribution,25,26 and presented individual data points 
when n was 3 or fewer. When absolute change in 
exploratory biomarkers from baseline showed skewed 

distribution, relative change was used instead. All 
analyses were performed using Mathematica 
version 13.1.0.0 (Wolfram Research, Champaign, IL, 
USA).

Safety monitoring was performed by the site investigator, 

Part 1 participants 
(n=3)

Part 2 participants (n=11) All participants 
(n=14)

Group 1 (n=3) Group 2 (n=7) Group 3 (n=1)

Age, years 57 (16) 43 (26) 52 (17) 70 52 (18)

Sex

Female 2 (67%) 2 (67%) 5 (71%) 1 (100%) 10 (71%)

Male 1 (33%) 1 (33%) 2 (29%) 0 4 (29%)

Weight, kg 83 (26) 80 (23) 88 (20) 71 84 (21)

BMI, kg/m² 31 (5·8) 26 (0·9) 34·5 (8·4) 28·5 31·6 (8·1)

Race and ethnicity

White, non-Hispanic 1 (33%) 2 (67%) 7 (100%) 1 (100%) 11 (79%)

White, Hispanic 1 (33%) 0 0 0 1 (7%)

Asian 1 (33%) 1 (33%) 0 0 2 (14%)

MGFA class at screening

II 0 0 3 (43%) 0 3 (21%)

III 3 (100%) 2 (67%) 4 (57%) 1 (100%) 10 (71%)

IV 0 1 (33%) 0 0 1 (7%)

Age at disease onset, years 44 (25–58) 25 (15–54) 26 (14–79) 44 40 (14–79)

Duration of disease, years 13 (5–25) 14 (4–15) 16 (3–27) 26 14 (3–27)

Myasthenia gravis antibody status

Anti-AChR antibody 3 (100%) 3 (100%) 4 (57%) 1 (100%) 11 (79%)

Anti-MuSK antibody 0 0 2 (29%) 0 2 (14%)

Seronegative (for AChR, MuSK, and LRP4 antibodies) 0 0 1 (14%) 0 1 (7%)

Baseline score

QMG 14·3 (3·5) 17·3 (1·5) 15·9 (4·5) 8·0 15·3 (4·1)

MG-ADL 8·7 (3·8) 10·7 (3·5) 10·7 (3) 6·0 10·0 (3·2)

MGC 19·3 (6·7) 24·7 (4·7) 23·0 (5·2) 13·0 21·9 (5·7)

MG-QoL-15r 23·3 (3·1) 19·1 (9) 19·7 (5·1) 12·0 19·9 (5·8)

Previous myasthenia gravis therapies (standard of care)

Pyridostigmine 3 (100%) 3 (100%) 7 (100%) 1 (100%) 14 (100%)

Prednisone 3 (100%) 3 (100%) 7 (100%) 1 (100%) 14 (100%)

Other immunosuppressants 3 (100%) 3 (100%) 7 (100%) 1 (100%) 14 (100%)

Eculizumab 0 0 2 (29%) 0 2 (14%)

Rituximab 0 0 2 (29%) 0 2 (14%)

Previous intravenous immunoglobulin 1 (33%) 3 (100%) 7 (100%) 1 (100%) 12 (86%)

Previous plasma exchange 0 3 (100%) 5 (71%) 0 8 (57%)

Diagnosis of thymoma 0 3 (100%) 0 0 0

Previous thymectomy 1 (33%) 2 (67%) 3 (43%) 0 6 (43%)

Previous myasthenia gravis crisis requiring intubation 1 (33%) 1 (33%) 2 (19%) 0 4 (29%)

Myasthenia gravis ongoing therapy

Pyridostigmine 2 (67%) 3 (100%) 6 (86%) 0 11 (79%)

Prednisone 3 (100%) 2 (67%) 5 (71%) 0 10 (71%)

Azathioprine 0 0 1 (14%) 0 1 (7%)

Mycophenolate mofetil 1 (33%) 0 0 0 1 (7%)

Data are mean (SD), n (%), or median (range). Part 1 involved intrapatient dose escalation. For part 2, group 1 received twice weekly dosing, group 2 received weekly dosing, 
and group 3 received monthly dosing. Baseline characteristics of individual participants are shown in the appendix (p 5). AChR=acetylcholine receptor. MG-ADL=Myasthenia 
Gravis Activities of Daily Living. MGC=Myasthenia Gravis Composite. MGFA=Myasthenia Gravis Foundation of America. MG-QoL-15r=Myasthenia Gravis Quality of Life 
15-revised. QMG=Quantitative Myasthenia Gravis.

Table 1: Demographics and baseline characteristics
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the sponsor (Cartesian Therapeutics) medical monitor, 
and an external monitoring committee. Data were entered 
by research staff at each site into a 21 Code of Federal 
Regulations Part 11 compliant electronic database, which 
was analysed by the study sponsor. In part 1, safety was 
evaluated after each infusion by the site investigator and 
sponsor medical monitor. Throughout the study, the 
clinical data were reviewed periodically by a sponsor-
funded safety monitoring committee comprising experts 
with no other relationship with the sponsor or trial.

This trial is registered with clinicaltrials.gov, 
NCT04146051.

Role of the funding source
Cartesian Therapeutics had a role in the design of the 
study, data collection, interpretation, analysis, writing of 
the manuscript, and the decision to submit.

Results 
Site investigators recruited 16 individuals for screening 
between Jan 7, 2020 and Aug 3, 2022. Two individuals did 
not qualify due to low baseline MG-ADL score (n=1) or 
lack of generalised disease (n=1; figure 1). Of the 
14 participants included (ten women and four men), 
three participants were assigned to part 1 of the study, 
and 11 participants were assigned to part 2 (n=3 to receive 
MTD twice weekly for 3 weeks [group 1], n=7 to receive 
MTD once weekly for 6 weeks [group 2], and n=1 to 
receive MTD once monthly for 6 months [group 3]). 
14 patients, aged 18–83 years, meeting all eligibility 
criteria, received at least one dose of Descartes-08, and 
were included in the safety analysis. Most participants 
had Myasthenia Gravis Foundation of America class III 
disease (table 1). Most participants continued use of 
pyridostigmine, and most continued receiving 
corticosteroids throughout the study (mean dose 
19·5 mg/day [SD 12·1]). All participants had previously 
received at least one of intravenous immunoglobulin, 
corticosteroids, non-steroidal immune suppressants, or 
plasma exchange.

We successfully produced Descartes-08 from all 
participants despite their use of immunosuppressants, 
with a potency similar to that from a healthy volunteer 
(appendix p 3). Overall, final cell products were 
median 99·1% CD8+ (range 99·1–99·7), 77·0% 
CD3+CD56(NCAM1)– (95% CI 69·2–76·7), and 92·0% P1+ 

(95% CI 89·1–95), with low exhaustion markers CD57 
(B3GAT1) and PD1, and downregulation of IKZF2 
compared with original PBMCs (appendix p 6). Three 
participants in part 1 received a median of 6·4 × 10⁹ CAR+ 
cells (range 6·3–7·2) over three infusions. In part 2, 
11 participants received a median of 17·3 × 10⁹ CAR+ cells 
(range 9·65–33·12) divided across a median of 
six infusions (range three to six). Two (18%) of 
11 participants in part 2 withdrew and did not complete all 
planned infusions: one due to urticaria (group 1) and 
another for personal reasons unrelated to safety (group 3).

There were no dose-limiting toxicities, treatment-
related serious adverse events, or adverse events of 
grade 3 or higher in part 1 (table 2), making dose level 3 
(ie, 52·5 × 10⁶ CAR+ cells per kg) the MTD. One serious 
adverse event unrelated to Descartes-08 (ie, grade 2 
influenza requiring admission to hospital, which 
occurred after apheresis but before treatment initiation) 
was reported in part 1. Two serious adverse events were 
reported in part 2. The first was grade 3 urticaria 24 h 
after the third infusion in a participant with a previous 
history of drug-induced urticaria; skin biopsy was 
consistent with a typical drug reaction, and serum 
tryptase and cytokine levels were normal (appendix p 7). 
The urticaria was deemed possibly related to Descartes-08 
and resolved completely after the administration of 
intravenous steroids. Per protocol, the participant was 
taken off-study due to steroid administration, and no 
myasthenia gravis severity assessments were performed 
after treatment. The second serious adverse event was a 
non-ST segment elevation myocardial infarction 
occurring 72 h after the sixth infusion in an 83-year-old 
man with a history of hypertension and hyperlipidaemia. 
Coronary angiography showed multivessel disease 
requiring revascularisation, and the patient fully recovered. 
The investigator deemed the event to be unrelated to 
Descartes-08.

No patient had evidence of functional immuno sup-
pression (ie, new hypogammaglobulinaemia or disap-
pear ance of previously therapeutic concentrations of 

Grade* Part 1 
(n=3)

Part 2: all 
groups 
(n=11)

Part 2: 
group 1 
(n=3)

Part 2: 
group 2 
(n=7)

Part 2: 
group 3 
(n=1)

Hand numbness 2 1 (33%) 0 0 0 0

Headache 1 1 (33%) 5 (45%) 1 (33%) 3 (43%) 1 (100%)

Muscle soreness 1 1 (33%) 1 (9%) 0 1 (14%) 0

Nausea 1 1 (33%) 4 (36%) 2 (67%) 2 (29%) 0

Rash 3 0 1 (9%) 1 (33%) 0 0

Itchy throat 1 0 2 (18%) 0 1 (14%) 1 (100%)

Vomiting 1 0 3 (27%) 2 (67%) 1 (14%) 0

Weakness 1 0 2 (18%) 2 (67%) 0 0

Line infiltration 1 0 1 (9%) 1 (33%) 0 0

Fever 1 0 4 (36%) 1 (33%) 3 (43%) 0

Shortness of breath† 1 0 2 (18%) 1 (33%) 1 (14%) 0

Chills 1 0 2 (18%) 1 (33%) 1 (14%) 0

Diarrhoea 1 0 1 (9%) 1 (33%) 1 (14%) 0

Gum inflammation 1 0 1 (9%) 0 1 (14%) 0

Teeth sensitivity 1 0 1 (9%) 0 1 (14%) 0

Night sweats 1 0 1 (9%) 0 1 (14%) 0

Restless leg 1 0 1 (9%) 0 1 (14%) 0

Light-headedness 1 0 1 (9%) 0 1 (14%) 0

Data are n (%). Each adverse event was counted once per patient, at the highest grade reported. Relatedness includes 
possibly, probably, or likely. *There were no adverse events of grade 3 or higher reported in part 1, and no grade 2 or 
grade 4 events reported in part 2, where grade 1 is mild, grade 2 is moderate, grade 3 is severe, and grade 4 is 
life-threatening. †Not associated with hypoxia.

Table 2: Adverse events related to Descartes-08 per investigators’ assessment 
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Figure 2: Change from 
baseline in disease severity 

scores for participants 
enrolled in part 2

Individual changes from 
baseline are shown for 

participants in groups 1 and 3, 
and mean changes from 

baseline are shown for 
participants in group 2. 

Change from baseline in 
MG-ADL score (A), 

MGC score (B), QMG score (C), 
and MG-QoL-15r score (D). 

Group 1 received twice weekly 
infusions (n=2, first post-

treatment follow-up at 
week 5). Group 2 received once 

weekly infusions (n=7 up to 
week 16, n=6 up to week 20, 
and n=5 up to week 24; first 

post-treatment follow-up at 
week 8). Group 3 received 

monthly infusions (n=1; first 
follow-up after treatment was 

at week 36 but was not 
reached due to withdrawal 

from the study). One of 
three participants in group 1 

withdrew from the study 
before the first assessment 
after treatment and is not 
presented here. The single 

group 3 participant withdrew 
from the study after receiving 
three of six planned monthly 
infusions. The shaded bands 

represent 95% CI. Dashed red 
lines indicate clinically 

meaningful decrease. Currently, 
there is no consensus as to 

what is considered a clinically 
meaningful change 

in MG-QoL-15r. 
MG-ADL=Myasthenia Gravis 

Activities of Daily Living. 
QMG=Quantitative Myasthenia 
Gravis. MGC=Myasthenia Gravis 

Composite. MG-QoL-15r= 
Myasthenia Gravis Quality-of-

Life 15-revised.
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vaccine titres) or opportunistic infection. Headache, 
fever, and nau sea were the most frequently reported 
treatment-related adverse events in part 2. All fevers 
occurred 4–6 h after infusion and resolved within 24 h. 
None of these participants had positive urine or blood 
cultures or received empirical antibiotics. Serum cytokine 
concentrations from febrile participants showed increases 
in IFNγ and its downstream chemokines, CXCL10 and 
CCL2, but not in IL-2, IL-6, or TNF (appendix p 7). There 
were no episodes of hypotension, hypoxia, or requirement 
for the use of tocilizumab or steroids for treatment or 
prevention of cytokine release syndrome.

Participants in part 1 showed variable reductions in 
mean MG-ADL, QMG, MGC, and QoL-15r scores at 
weeks 3–24 (appendix p 3). One participant tapered their 
dose of prednisone from 40 mg daily before treatment to 
25 mg daily at final (ie, 12-month) follow-up.

Participants in part 2 who were enrolled in groups 1 
and 2 and had at least one disease evaluation after day 1 
(baseline) had decreases compared with baseline in 
all disease severity scores by week 5; in group 2, 
these reductions increased further by week 8 and 
subsequently plateaued (figure 2). Persistent numerical 
improvement in myasthenia gravis scales pointing 
towards clinical symptom improvement were observed in 
all nine participants who reached week 8, and most 
participants at week 12 (table 3). Myasthenia Gravis Post-
Intervention Status results are shown in the appendix 
(p 5). By week 16, all group 1 participants had withdrawn 
from the study due to adverse events (n=1) or worsening 
symptoms requiring additional treatment (n=2); all 
seven participants in group 2 continued to have 
myasthenia gravis scale scores below those at baseline 
during a median of 6 months’ follow-up (range 
4–9 months). Three (43%) of seven participants in group 2 

had minimal symptom expression during at least one 
follow-up visit; two of three maintained minimal 
symptom expression at the most recent (ie, 6-month) 
follow-up. In group 2, one participant who required 
weekly intravenous immunoglobulin infusions before 
enrolment did not require further intravenous immuno-
globulin during follow-up at 4 months, and another 
participant who had required biweekly infusions did not 
require intravenous immunoglobulin at 6 months. There 
were no changes in concomitant myasthenia gravis-
specific medications reported in any participants included 
in part 2 during the study period. Planned final follow-up 
was at month 12; however, not all participants had reached 
final follow-up at the time of data collection for the 
primary endpoint.

Eight (73%) of 11 participants in part 2 had anti-AChR 
antibody titres noted in their medical records. In five (63%) 
of eight participants, these autoantibodies were present at 
baseline (median 50·90 nmol/L [range 0·86–571·57]) and 
decreased by 22% [95% CI 1–43] at week 8 (figure 3E). One 
of two participants with documented anti-MuSK disease 
had antibodies at screening; no change was observed 
during treatment (appendix p 7). Results for the semi-
quantitative cell-based cluster assay for anti-MuSK and 
anti-LRP4 antibodies are shown in the appendix (p 8).

CAR RNA was detected in peripheral blood 1–2 h after 
infusion and at no other timepoint (appendix p 4). Bone 
marrow biopsies are not usually done on people with 
myasthenia gravis, so bone marrow was not assessed for 
the presence of CAR T cells or CAR RNA.

Soluble BCMA, a surrogate marker of total plasma cells, 
was measured in all participants in group 1 and group 2 
and showed a highly skewed between-participant dis-
tribution at all assessed timepoints (median 42·08 ng/mL 
[range 11·90–154·59] at day 1, 27·92 ng/mL [17·69–110·72] 

All participants 
who completed 
treatment in 
part 2 (n=9)

By treatment group By myasthenia gravis type

Group 1 (n=2) Group 2 (n=7) AChR antibody-
positive (n=6)

MuSK antibody-
positive (n=2)

Seronegative (n=1)

Mean score change (95% CI)*

MG-ADL –5·9 (–9 to –2·8) –6, –8 –6 (–15 to 3) –6 (–11 to –1) –3, –4 –8

QMG –7 (–11 to –3) –5, –3 –8 (–20 to 4) –5 (–10 to 0) –9, –5 –17

MGC –14 (–19 to –9) –7, –11 –15 (–29 to –1) –14 (–21 to –7) –14, –7 –22

MG-QoL-15r –9 (–15 to –3) –8, 4 –11 (–23 to 1) –8 (–17 to 1) –10, –6 –14

Number of participants with improvement (%)

MG-ADL decrease ≥2 points 8 (89%) 2 (100%) 6 (86%) 5 (83%) 2 (100%) 1 (100%)

MGC decrease ≥3 points 9 (100%) 2 (100%) 7 (100%) 6 (100%) 2 (100%) 1 (100%)

QMG decrease ≥3 points† 8 (89%) 2 (100%) 6 (86%) 5 (83%) 2 (100%) 1 (100%)

MG-ADL decrease ≥6 points‡ 5 (56%) 2 (100%) 3 (43%) 4 (67%) 0 1 (100%)

Data are for participants in groups 1 and 2 of part 2 who completed all six infusions and 12-week follow-up. One group 1 participant withdrew from the study before the first 
assessment after treatment. Clinical efficacy outcomes for the single group 3 participant are shown in figure 1. AChR=acetylcholine receptor. *Individual values are presented for 
groups of ≤2 participants. †All participants who had the prespecified ≥2-point improvement in QMG also had a ≥3-point improvement. ‡Post-hoc analysis of depth of response.

Table 3: Measures of disease severity at week 12
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at week 5, 26·27 ng/mL [16·06–104·40] at week 8, and 
30·49 ng/mL [20·97–112·88] at week 12) with no 
appreciable change over time following Descartes-08 

administration (figure 3B). Circulating concentrations of 
BAFF and APRIL were also assessed (figure 3C, D). The 
mean concentration of BAFF was 1050·3 pg/mL (95% CI 
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770·8–1329·8) at baseline and decreased after treatment 
by up to 148·0 pg/mL (18·0–278·0) at week 12. APRIL, 
which had a highly skewed distribution, (median at 
50·90 pg/mL [range 0·86–571·57] at day 1) also decreased 
by up to 46% [95% CI 23–85] at week 8 and 40% [0–90] at 
week 12.

To evaluate plasma cell function and humoral immunity 
after Descartes-08, immunoglobulin concentrations and 
titres of anti-meningococcal and anti-tetanus antibodies 
were measured in all participants included in part 2 at 
screening and follow-up. Anti-meningococcal IgG anti-
body titres were measurable in six participants 
(mean 4·4 μg/mL [95% CI 2·1–6·7]) and decreased by 
2·5 μg/mL [1·2–3·8] at week 5, 1·5 μg/mL [0–3] at week 8, 
and 1·9 μg/mL [0·7–3·1] at week 12 (figure 3F). 
Anti-tetanus IgG antibodies were detected in all 
nine participants (median 93·7 units per mL 
[range 8·5–850·9] at day 1) and did not change (figure 3G). 
The median total IgG among the nine participants was 
1325 mg/dL [range 383–2862] and decreased by up to 18% 
[95% CI –6 to 42] by week 12, whereas IgA and IgM 
concentrations were unchanged during treatment 
(figures 3H–I). IgE was undetectable in all participants.

Comparison of T-cell receptor clonotypes by use of 
T-cell receptor sequencing on PBMCs before and 
57–85 days after infusion showed newly expanded clones 
dominating the overall T-cell repertoire (figure 3A). 
Clonotypes that expanded from screening to day 1 did 
not show similar dominance, suggesting that the 
expansion was an effect of Descartes-08 (appendix p 4). 
Other than transient increases of IFNγ, there were no 
consistent changes during or after treatment in any of 
the 13 cytokines measured (appendix p 6).

Discussion 
In our prospective, open-label, multicentre trial in 
14 patients with generalised myasthenia gravis, 
Descartes-08 appeared to be safe and was associated with 
changes on a range of myasthenia gravis outcome 
measures that directionally suggest potential clinical 
improvement; most notably, there was resolution of 
dependence on intravenous immunoglobulin infusion in 
two participants and induction of minimal symptom 
expression in three other participants. These improve-

ments were maintained in all participants who received 
weekly infusions for 6 weeks at 6–12 months of follow-up.

This study showed the feasibility of preparing autologous 
rCAR-T for individuals on immuno suppressive therapy, of 
using the cells without lymphodepletion chemotherapy, 
and of administering rCAR-T in the outpatient setting 
with minimal monitoring needed after infusion due to the 
notable safety profile of the product. Although DNA-based 
CAR T-cell therapies are also moving to the outpatient 
setting, they still require close monitoring after infusion, 
with daily clinic visits and reservation of hospital beds in 
case severe toxicities develop. In accordance with time-
restricted expression of RNA-based CAR molecules in 
vitro,18 mRNA detection in our study was transient.

Consistent with the hypothesised mechanism of 
targeting plasma cells, we observed decreases in BAFF 
and APRIL, B-cell survival factors, and ligands of BCMA 
that have previously been shown to correlate with 
myasthenia gravis severity.27 There were only small 
numerical decreases in vaccine antibody titres and IgG 
concentrations, with a negligible decrease in soluble 
BCMA and no evidence of immunosuppression (ie, 
increased occurrence of infections or complete depletion 
of protective vaccine titres). These observations suggest 
that, as expected, few plasma cells were affected by 
rCAR-T.

In theory, Descartes-08 could have inhibited all humoral 
immunity, and fear of immune suppression has prompted 
preclinical work on targeting specific plasma cell subsets.28 
In practice, however, we did not observe hypogamma-
globulinaemia, susceptibility to infection, or other 
evidence of broader plasma cell destruction. The 
measurable effect of Descartes-08 on the plasma cell niche 
was, therefore, modest compared with the magnitude of 
numerical myasthenia gravis scale improvement 
observed. A possible explanation for this discordance is 
the propensity for pathogenic plasma cell clones to reside 
in primary and secondary lymphoid organs, such as the 
thymus and bone marrow,15,29 a compartment that is more 
accessible to CAR T cells than the loose connective tissue 
of the gastrointestinal tract, in which most non-pathogenic 
plasma cells reside.30,31 BCMA is also expressed on 
plasmacytoid dendritic cells when they are activated 
through Toll-like receptors32 and might be an additional 
target for Descartes-08 cells. Chronic innate activation 
of plasmacytoid dendritic cells drives their secretion of 
type I interferons, promoting autoimmunity.33 Other 
mechanisms, such as suppression of autoreactive T-helper 
cell clones by KIR+CD8+ T cells, cannot be excluded.34 
Notably, we observed large and persistent changes in the 
T-cell receptor clonotype repertoire, the mechanism of 
which we have yet to elucidate.

Two studies of conventional CAR T-cell treatments in 
people with autoimmune disorders emphasise how 
toxicity might limit the broader use of DNA-engineered 
cells despite their therapeutic potential. In one study, five 
individuals with refractory systemic lupus erythematosus 

Figure 3: Exploratory biomarkers of participants enrolled to part 2
(A) Relative frequency of T-cell receptor clonotypes that expanded from 
screening to day 1 (apheresis) and from day 1 to day 57–85 (Descartes-08 
treatment), shown as a proportion (0–1) of all clonotypes detected at that 
timepoint. Data were available for three participants, one each with AChR 
antibody-positive, MuSK antibody-positive, and seronegative myasthenia 
gravis. Individual clonotypes are shown in the appendix (p 4). Mean change 
from baseline in serum soluble BCMA (B), BAFF (C), APRIL (D), anti-AChR 
antibody (E), anti-meningococcal antibodies (all serogroups; F), anti-tetanus 
antibodies (G), total IgG (H), and total IgM levels (I) in group 1 (n=2) and group 2 
(n=7) participants in part 2. Only participants with detectable anti-AChR 
antibodies at baseline were included in (E), n=5. All error bars represent 95% CI. 
AChR=acetylcholine receptor.
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received a single infusion of 1 × 10⁶ DNA-modified anti-
CD19 CAR T cells per kg under an expanded access 
protocol.7 Although drug-free remission was maintained 
for a median of 8 months of follow-up, all participants 
required inpatient admission and preconditioning 
chemotherapy, and all developed haematological toxicity 
and cytokine release syndrome. In the other study, 
12 patients with relapsed–refractory neuromyelitis optica 
received 0·5 – 1 × 10⁶ DNA-modified anti-BCMA CAR T 
cells per kg in a phase 1 trial.8 Most participants (11 [92%] 
of 12) had remission; however, all had grade 1–2 cytokine 
release syndrome and grade 3 or higher adverse events, 
including neutropenia (12 [100%]), anaemia (six [50%]), 
and thrombocytopenia (three [25%]). More than half 
(seven [58%]) developed infections, including three (25%) 
of 12 with serious cytomegalovirus infections and 
one (8%) with serious pneumonia. Other plasma cell-
targeting therapies are also associated with severe 
toxicities. Administration of daratumumab, an anti-
CD38 mono clonal antibody, in seven patients with 
autoantibody-associated neurological disorders resulted 
in five grade 3 or higher toxicities, including one 
treatment-related death.35 Consistent with our initial 
hypothesis that rCAR-T has less potential for toxicity 
than does conventional CAR T-cell therapy, because it 
obviates the need for lymphodepletion chemotherapy 
and has predictable pharma cokinetics, we observed no 
cytokine release syndrome, neurotoxicity, or haemato-
logical toxicities in any of the participants treated with 
Descartes-08. Although some cytokine release syndrome 
grading systems do classify any occurrence of fever as 
grade 1 cytokine release syndrome, unchanged IL-2, IL-6, 
and TNF concentrations during the fever episodes 
(appendix p 7), the timing of the fevers, and the absence 
of associated symptoms that are typical for cytokine 
release syndrome36,37 contravene this classification. The 
safety profile of Descartes-08 allowed for repeat dosing 
and outpatient infusions for all 11 participants who were 
included in part 2. Only one participant required 
admission to hospital due to urticarial rash, which 
resolved within 24 h of steroid treatment. Notably, allergic 
reactions have been reported with repeated infusions of 
rCAR-T.38

Currently, myasthenia gravis is treated with broad 
immunosuppression, intravenous immunoglobulin, and 
plasma exchange, or with approved disease-modifying 
drugs that target specific elements of the pathogenic 
pathway. With the exception of the non-selective B-cell 
inhibitor rituximab, all of these treatments target mecha-
nisms that are downstream of antibody production, and 
even rituximab was not associated with a meaningful 
decrease in anti-AChR antibody titres.39 Complement 
inhibitors work at the level of the neuromuscular 
junction, require chronic administration (eg, eculizumab 
every 2 weeks or ravulizumab every 8 weeks), and carry a 
black box warning for meningococcal infections and 
sepsis.12,13 Efgartigimod, a ligand of the neonatal Fc 

receptor, is not associated with meningococcal infections 
and is administered as four once-weekly infusions; 
however, this treatment is intended for cyclic 
administration with median duration of the first cycle 
of 10 weeks.11 By contrast, the numerical decreases in 
myasthenia gravis severity scales associated with 
Descartes-08 appear to persist for many months after all 
infusions were completed at week 6. Therefore, 
Descartes-08 might be useful as an infrequent, 
as-needed treatment, avoiding side-effects from contin-
uous exposure to immunomodulators or immuno dy 
has the inherent limitations of a small, open-label trial, 
including the potential for placebo effect, and little ability 
to draw inferences from secondary, exploratory, and 
subgroup analyses. First, the soluble BCMA assay used 
in the study was developed for evaluation of participants 
with multiple myeloma, who have significantly higher 
serum soluble BCMA concentrations than the ones we 
observed in myasthenia gravis.40 Therefore, the assay 
might not have been suitable for detecting small changes 
from already low baseline values. Second, three 
participants had Myasthenia Gravis Foundation of 
America class II myasthenia gravis, which can improve 
to minimal symptom expression even with conventional 
treatments. However, our inclusion criteria required that 
participants had substantial disease symptoms 
(MG-ADL ≥6), despite being on longstanding 
conventional regimens that were stable for at least 
8 weeks before Descartes-08 treatment. Although it is 
unlikely that the observed magnitude of symptom 
improvement could be attributed solely to this 
unchanged maintenance dose, or to the placebo effect, 
in the absence of a control group, such a possibility 
cannot be excluded. The consistent temporal 
relationship between Descartes-08 initiation and 
measured myasthenia gravis scale improvements, with a 
latency of about 5–8 weeks and persistence for up to 
12 months, also supports the notion that those improve-
ments were not spontaneous or due solely to concomitant 
medications. Third, only two participants had MuSK 
antibody-positive myasthenia gravis, and only one 
participant had seronegative myasthenia gravis. Analyses 
of PBMCs obtained from patients with MuSK antibody-
positive myasthenia gravis suggest that plasmablasts 
contribute to the production of MuSK-specific auto-
antibodies in individuals with relapse, and that BCMA 
density on plasmablasts might be lower than on plasma 
cells.41,42 Although it appears that the two participants 
with MuSK antibody-positive mya s thenia gravis had a 
different magnitude of response than others (table 3), a 
larger sample size is required to confirm this hypothesis.

In addition to Descartes-08 appearing to be safe and 
well tolerated in our study, the magnitude of measured 
responses is promising, as the proportion of participants 
in our study who had a decrease in myasthenia gravis 
scales equal to or greater than what is considered to be 
clinically meaningful appeared to be greater than the 
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reported placebo effects in other myasthenia gravis 
trials.11–14 Comparison to historical controls is not 
conclusive, and therefore a more complete assessment of 
efficacy is underway in a randomised, placebo-controlled 
study, using six once-weekly doses of Descartes-08 for 
myasthenia gravis (NCT04146051).
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