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Abstract: Muscular dystrophies are a heterogeneous group of genetically inherited degenerative disorders defined by dystrophic
features on pathological assessment of muscle biopsy specimens. Muscular dystrophies and lymphoma are not common concomitant
diseases. Chimeric antigen receptor (CAR) T-cell immunotherapy for lymphoma patients with inherited degenerative diseases, such as
muscular dystrophies, has not been previously reported. We report a relapsed/refractory diffuse large B-cell lymphoma (DLBCL)
patient with progressive muscular dystrophy (PMD) characterized by progressive muscle weakness that affected the limb, axial and
facial muscles. He was identified to be a germline DYSF p.R204* homozygous mutation carrier. The patient received a murine
monoclonal anti-CD19 and anti-CD22 CAR T-cell “cocktail” and suffered from a mild case of grade 1 cytokine release syndrome
(CRS). One month after the CAR T-cell infusion, he achieved complete remission of his lymphoma without minimal residual disease
(MRD), as assessed by radiography. One year after the infusion, the Deauville score was stable at 1. Currently, patient has been in
remission for over three years after receiving anti-CD19 and anti-CD22 CAR T-cell therapy. This case provides evidence for the use of
CAR T-cell therapy in lymphoma patients with inherited degenerative disorders. Achieving remission of the lymphoma and subsequent
administration of y-globulin as well as zoledronic acid reduced the muscular dystrophy symptoms.
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Introduction
Muscular dystrophies are a heterogeneous group of disorders characterized by clinical features of progressive muscle weakness
and dystrophic features on pathological assessments of muscle biopsy specimens.'™ The heterogeneity of muscular dystrophies
is mainly reflected in the distribution of the affected musculature, degree of respiratory and cardiac compromise, and involvement
of other organ systems, such as the eyes and central nervous system. The genetic basis is an important factor in the pathogenesis
underlying these disorders. Mutations of more than 40 genes, including LAMA?2, ITGA7, POMT1, SEPN1, and SYNEI, have
been reported to be related to muscular dystrophies.>>*'* These genes encode laminin, collagen, integrin and other skeletal
muscle-related proteins. Duchenne muscular dystrophy represents the most common muscular dystrophy in children, with an
annual incidence of approximately one in 5000 males and an estimated point prevalence of 8.29 per 100,000 males.’ Becker
muscular dystrophy has a prevalence of 7.29 per 100,000 males.>'" Therapeutic approaches focus on improving the structural
integrity of muscle fibers by restoring dystrophin production or on the secondary consequences of dystrophin deficiency, such as
inflammatory processes, fibrosis, muscle degeneration, or decreased muscle mass.

Non-Hodgkin’s lymphoma accompanied by muscular dystrophy was reported in a previous study twenty years ago. In
that case, the tumor caused intussusception as well as intestinal bleeding. Emergency surgery was thus performed, and
the patient was doing well without any signs of recurrence 13 months after surgery.'> Diffuse large B-cell lymphoma
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(DLBCL) is the most common lymphoma worldwide. Standard second-line treatment for relapsed or refractory large
B-cell lymphoma is high-dose chemotherapy with autologous stem-cell transplantation (ASCT). In recent years, chimeric
antigen receptor (CAR) T cell therapy has emerged as a promising therapeutic strategy for relapsed/refractory DLBCL
patients.'>'* Two large CAR-T clinical trials compared the safety and efficacy of CAR T-cell therapy with ASCT
as second-line treatment for large B-cell lymphoma and reach seemingly discordant conclusions. The ZUMA-7 trial
supported that CAR T-cell product axicabtagene ciloleucel was superior to ASCT."> While in the BELINDA trial, CAR
T-cell product tisagenlecleucel did not show a benefit over ASCT.'® Thus, CAR T-cell therapy would be an alternative
treatment for patients who were considered high risk for ASCT. However, DLBCL patients with other congenital
diseases treated with CAR T-cell therapy have not been widely studied.

Here, we report a DLBCL patient with congenital muscular dystrophy who received a murine monoclonal anti-CD19 and
anti-CD22 CAR T-cell “cocktail” and achieved complete remission without minimal residual disease (MRD)."” To date, this
patient has been in complete remission for 38 months. Furthermore, his muscular dystrophy has greatly improved.

Case Description

In March 2009, a 24-year-old man was diagnosed with progressive muscular dystrophy, which was confirmed by muscle
and neural biopsies. Eight years later, this patient presented to a local hospital in May 2017 with pain in his left hip joint.
Magnetic resonance imaging (MRI) showed infection in the left hip bone marrow. Immunohistochemical (IHC) staining
of the bone biopsy samples revealed stage IV DLBCL with an international prognostic index (IPI) of 2 (Figure 1A) and
the following results: CD30 (+), CD21 (+), CD20 (+), CD10 (+), CK (-), Bcl-6 (+), CD43 (+), MPO (+), Syn (-) and
MUM-1 (-). The fraction of Ki-67-positive tumor cells was over 70%. However, no obvious abnormalities were found
during further cytology and flow cytometry analyses using bone marrow aspirates (Figure 1B). Moreover, positron
emission tomography-computed tomography (PET/CT) revealed varying degrees of bone damage accompanied by
abnormal radioactive uptake in the bilateral tibia, left scapula, chest bone, ribs, multiple vertebrae, pelvis and humerus
(Figure 1C). The maximum standardized uptake value (SUVmax) was between 6.9 and 20.6.

The patient was started on induction chemotherapy with six courses of rituximab, etoposide, prednisone, vincristine,
cyclophosphamide and doxorubicin (R-EPOCH) from August to December 2017. Then, he underwent four courses of
high-dose methotrexate (HDMTX), each at a dose of 3.5 g/m”. Unfortunately, PET/CT revealed radioactive uptake at the
primary tumor location, indicating that the patient did not achieve complete remission.

The patient was referred to our hospital in March 2018 for CAR T-cell therapy. Whole-exome sequencing of the bone marrow
cells was performed, and a DYSF ¢.610 C>T p.R204* homozygous mutation was found with a mutant allele fraction of nearly
100%. The DY SF-coded protein dysferlin is a skeletal muscle protein that is involved in muscle contraction and the process of
the sarcolemma.'® %! DYSF dysfunction has been reported to be associated with type 2B limb girdle muscular dystrophy.*>*
The nonsense substitution in R204 led to a depletion of almost the whole protein, whose full-length is 2081 amino acids. Family
pedigree studies showed that both the patient’s father and mother were DYSF p.R204* heterozygosis mutation carriers
(Figure 1D). Moreover, family history studies revealed that the patient’s parents were cousins.

To stop tumor progression, the patient was given decitabine (25 mg/m?) for four days, etoposide (100 mg per day,
one day) and liposomal doxorubicin (40 mg per day, one day) before CAR T-cell therapy. Then, he received lymphodepleting
chemotherapy with fludarabine (30 mg/m?) and cyclophosphamide (20 mg/kg) for 3 days (days —5 to —3). Subsequently, he
received a murine monoclonal anti-CD19 and anti-CD22 CAR T-cell “cocktail” (Figure 2A). Preparation of CAR T-cells was
described in Supplementary Methods. Autologous CD22-targeted CAR T-cells (CAR22) (2*1076 cells/kg) were infused
on day 0, and 4*10"6 CAR22 cells/kg were infused on day +1, followed by CD19-targeted CAR T-cells (CAR19) (1*¥10"6
cells’kg) on days +3, +4 and +6 (Figure 2B). From day +1 to day +3, the patient suffered from a mild fever of 38.5°C,
without respiratory or gastrointestinal symptoms. After receiving 30 mg oral rifampicin, the patient’s body temperature

dropped to normal. This cytokine release syndrome (CRS) symptom was determined to be grade 1 according to the grading
system published by Lee et al.> No immune effector cell-associated neurotoxicity (ICAN) symptoms were observed after the
infusion. Both murine CAR19 and CAR22 transgene copy numbers as well as the levels of sIL6 and ferritin were tracked
(Figure 2C and D). Calculation of CAR copies number was described in Supplementary Methods. The probe-primer sets for
CARI19/CAR22 detection were listed in Supplementary Table S1.
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Figure | Hematopathology results of a progressive muscular dystrophy patient with diffuse large B-cell lymphoma. (A) Hematoxylin and eosin (H&E) and immunohis-
tochemistry staining of bone biopsy samples. (B) Flow cytometry analysis of bone marrow aspirates at diagnosis. (C) Computed tomography and positron emission
tomography images at diagnosis. (D) Confirmation of the peripheral blood DYSF c.610 C>T mutation in this patient and his parents using Sanger sequencing.
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One month after the infusion, the PET-CT results suggested an obvious improvement in this patient compared to the
PET-CT results from March 2018. The patient achieved complete remission (CR) with a Deauville score of 3. Only
a limited portion of the manubrium sternum and ischial tuberosity showed mildly increased radioactive uptake. The SUV
max was between 2.9 and 3.7 (Figure 3A). One year after the CAR T-cell infusion, the patient’s Deauville score was
stable at 1 according to the PET-CT results (Figure 3B).
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Figure 2 The protocol for the murine monoclonal anti-CD 19 and anti-CD22 CAR T-cell “cocktail” and therapeutic response. (A) Schematic diagram of murine CAR19 and
CAR22 CAR vectors. SP, signal peptide; VH, variable H chain; L, linker; VL, variable L chain. (B) The protocol for CAR T infusion in combination with chemotherapy
including fludarabine and cyclophosphamide. (C) Timeline of murine CAR22 and CARI9 transgene copy numbers. (D) Dynamic changes in sIL-6 and ferritin after CAR T-cell
infusion.
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Figure 3 Computed tomography and positron emission tomography images one month (A) and one year after murine monoclonal anti-CD 19 and anti-CD22 CAR T-cell
“cocktail” infusion (B).

After the CAR T-cell infusion, the patient received 10 g y-globulin injections every month for 12 months and 4 mg
zoledronic acid every month for 24 months. To date, this patient has been in CR for 38 months. Moreover, his muscular
dystrophy has greatly improved.

Discussion

This study reported a DLBCL patient with congenital muscular dystrophy who received CAR T-cell therapy and achieved
long-term CR. The patient’s parents were cousins and were both DYSF p.R204* heterozygosis mutation carriers. DYSF
dysfunction has been reported to be associated with type 2B limb girdle muscular dystrophy. The DYSF p.R204*
homozygous mutation could be the genetic basis of the patient’s muscular dystrophy. There was no evidence of whether
lymphoma was associated with the patient’s genetic factors. However, the incidence of tumors is elevated in people

whose parents are close relatives.
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The clinical onset of muscular dystrophies varies, ranging from birth to childhood or adulthood. Generally, obvious
clinical signs manifest at birth or in the first few months of life for congenital muscular dystrophy patients. However,
many other forms, such as Duchenne muscular dystrophy or some limb girdle muscular dystrophies, manifest in
childhood or adolescence; milder, later-onset limb girdle muscular dystrophies and most cases of myotonic dystrophy
and facioscapulohumeral muscular dystrophy do not manifest until adulthood. In this case, the patient’s muscular
dystrophy manifested in adulthood.

After receiving rescue chemotherapy, this relapsed/refractory DLBCL patient should have undergone ASCT accord-
ing to traditional standards. This relapsed/refractory DLBCL patient combined with myopathy, showed decreased
mobility and a high Eastern Cooperative Oncology Group (ECOG) score greater than 2 points. Autologous hematopoietic
stem cell transplantation, pretreated with high-dose chemotherapy may increase mortality at this condition. Therefore,
CAR T-cell therapy was chosen as a better alternative strategy. Based on the occurrence of mild CRS during CAR T-cell
therapy and the absence of exacerbated muscular dystrophy symptoms, this approach is considered to be safe in patients
with B-cell lymphomas combined with genetic diseases. Antigen escape-related relapse is a major challenge for long-
term disease control in CAR T- cell therapy. For this reason, we administered sequential CAR T- cell infusions targeting
CD19 and CD22 to prevent antigen escape.'’*°

In this patient, recovery from relapsed/refractory DLBCL after CAR T-cell therapy may contribute to the
improvement of his basic physical condition, which has led to increases in both his physical strength and muscle
strength. This case provides evidence for the use of CAR T-cell therapy in lymphoma patients with inherited
degenerative disorders.
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