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Abstract 

Engineering CXCL13 Secreting CAR T Cells for Ovarian Cancer 

By Fan Fei 

As one of the leading causes of death in gynecological malignancies, ovarian cancers is mostly 
diagnosed in the late stage due to the lack of early detection tests and early symptoms1,2. By 
the time of diagnosis, majority of patients with ovarian cancer have developed metastasis in 
peritoneal cavity3. And even after standard surgery and chemotherapy, drug resistance and 
relapse are still very common4. Hence, developing new treatments, such as immune 
checkpoint inhibitors and cellular therapy, are urgently needed. In this study, we developed 
a novel CAR T cell therapy for ovarian cancer. High-grade serous ovarian cancer cells express 
elevated levels of tumor-associated antigen, Muc16CD5. We used anti-Muc16CD CAR to 
target the ectodomain of Muc16 for antigen recognition and tumor clearance. To engage the 
endogenous immune system and create a pro-inflammatory tumor microenvironment in 
ovarian cancers, we co-modified CAR T cells to express the B cell chemoattractant CXCL13 
as armor on anti-Muc16CD CAR hoping to induce tertiary lymphoid structure formation at 
local tumor site. We propose that tertiary lymphoid structures help to select and activate 
tumor antigen-specific antibody-secreting cells and potentially attract other CXCR5+ 
endogenous immune cells. In this study, we engineered, validated, and tested the function of 
a novel CXCL13 expressing armored CAR T cells in vitro and have begun in vivo study to 
investigate the potential anti-tumor roles of CXCL13 and to compare CAR T cell functions 
between armored-CAR and CAR in a syngeneic mouse ovarian cancer model. 
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1 Introduction 

1.1 CAR T Cell Therapy 

Chimeric antigen receptor (CAR) T cell therapy is currently one of the most studied 

immunotherapy treatments for cancers. Its antigen-specific targeting mechanism provides 

enhanced antitumor function while minimizing the common side effects, such as oxidative 

stress, genotoxicity, and carcinogenicity etc., resulting from chemotherapy and radiation 

therapies.6 A T-cell receptor (TCR) will target a specific antigen through TCR-peptide/MHC 

interactions7. Unlike the TCR complex, a CAR can recognize an antigen due to a synthetic 

antigen recognition domain, which allows for MHC-independent activation (Fig. 1). One of 

the most common antigen binding domains on a CAR is a single-chain variable fragment 

(scFv), which composes of the variable heavy and variable light chains on a monoclonal 

antibody8,9. This advantage of an scFv provides a lot of opportunities for tumor-associated 

antigen (TAA) selection. Alternative antigen binding domain like cytokines and nanobodies 

have also been investigated previously.  

 
Fig.1 | Current Engineering Strategies to Design a CAR.9  
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CAR mainly composes of antigen binding domain, hinge, transmembrane domain, co-
stimulatory domain, activation domain, and sometimes an armor. Different molecules being 
used on CAR contribute to different function and differentiation fate of the CAR T cells. 

 
In addition to the antigen binding domain, a CAR T cell needs two other signals to be 

completely activated: a co-stimulatory signal and an activation signal. An endogenous TCR  

requires 3 signals to be fully activated: TCR-peptide/MHC signal, costimulatory signal, and 

cytokines10. Much like traditional T cell signaling, CD3Ƀ domain is required for CAR T cells to 

recruit intracellular signaling proteins to sustain T cell activation 11,12. Co-stimulatory signal 

is also required to direct the functional outcome of T cell activation through different 

biochemical signalings13. Previous study has shown that CD28 costimulation domain 

amplifies the TCR signaling and induce T cells proliferation14. Another FDA-approved 

costimulation domain is 4-1BB. Both costimulatory domains confer different downstream 

signaling yet achieve similar clinical outsomes15,16. One of the few differences between CD28 

and 4-1BB CAR is their difference in expansion kinetics. Zhao et al. reported that 1928z CAR 

T cells initially expand faster and eliminate more tumors in a Nalm6 leukemia mouse model, 

and 19BBz CAR T cells expand slower but outgrow the 1928z CAR T cells by day 14 and 

eventually achieve comparable tumor cells elimination17. Thus, CD28 costimulation domain 

confer greater functionality in terms of expansion, and 4-1BB constimulation domain confer 

greater persistence at a slower expansion rate, both of which achieve similar tumor 

elimination17. Additionally, CAR T cells with a CD28 costimulation domain are more likely to 

differentiate into effector memory T cells, while CAR T cells with a 4-1BB costimulation 

domain skew towards central memory T cells18. Lastly, to enhance the anti-tumor function 

of CAR T cells, CAR T cells can be engineered with an armor domain to help overcoming the 
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immunosuppressive signals in TME. In this study, we studied anti-Muc16CD CAR T cells with 

a CD28 costimulation domain, CD3Ƀ activation domain and chemokine CXCL13 armor. 

 

Because of the unique design of incorporating all required T cell activation signals on one 

molecule, FDA-approved CAR T cell therapies have proven to be effective in controlling and 

even eradicating hematological malignancies. The novelty of CAR T cell therapy is within 

with the antigen recognition mechanism. yet the therapy has encountered impediments 

when targeting solid tumors9,19. Several reasons contribute to ineffective solid tumor 

clearance, including the presence of physical barrier that prevents CAR T cells infiltration, T 

cell inhibitory ligands presented on tumor cells, and the immunosuppressive cytokines and 

metabolites that are commonly overexpressed in the tumor microenvironment (TME)20-23. 

In the context of ovarian cancer, the immunosuppressive TME is contributed by 

immunoregulatory cells, such as cancer-associated fibroblast, myeloid-derived suppressor 

cell (MDSC), Treg, and M2 tumor-associated macrophage (TAM)24. This study specifically 

aims to reprogram the immunosuppressive TME in ovarian cancer by attracting CXCR5+ 

endogenous immune cells, such as CD4 and CD8 T cells, B cells. Attracted B cells and CD4 T 

cells could potentially induce tertiary lymphoid structures and positively select tumor 

antigen-specific B cells.  

 
1.2 αMuc16CD CAR T Cell Therapy in Ovarian Cancer 
 
Among various gynecological tumors, ovarian cancer has the highest mortality rate, and 

most patients have peritoneal metastasis at the time of diagnosis25. Different from other solid 

tumors that metastasize hematologically, ovarian cancer is more likely to metastasize to the 

peritoneum because ovary is in direct contact with the peritoneal cavity26. Ovarian cancer 



 4 

often metastasizes to the peritoneum and omentum, which is why it is challenging to 

completely remove the tumor by surgery, and the treatment effect is usually limited27,28. In 

addition to surgery, treatment of ovarian cancer at present mainly relies on chemotherapy 

drugs, including cisplatin and paclitaxel, to achieve complete remission in patients. Although 

the recently developed therapy, such as targeted therapy, has prolonged the progression-

free survival of patients, these drugs still have limited effect on prolonging the overall 

survival of patients29,30. Therefore, it is urgent to develop new therapy that can target the 

peritoneal metastasis of ovarian cancer. CAR T cell therapy has the potential to treat ovarian 

cancer because CAR T cells can directly recognize and kill the tumor cells in peritoneal cavity 

that are usually hard to be removed in surgery.  

 

 
Fig.2 | Clinical Relevance of Antigen Muc16 in Ovarian Cancer 

 
The TAA we are targeting in this study is Muc16 from the mucin family glycoproteins. It is 

commonly overexpressed on ovarian and pancreatic tumor cells5,31. Because of the 

overexpression of Muc16 in ovarian cancer, the cleaved portion of Muc16 or CA-125 is a 

clinical marker for disease progression and relapse (Fig. 2)32. A novel scFv (4H11) was 
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previously developed to target against the retained ectodomain of Muc16 (Muc16CD) and 

has been previously validated in mouse ID8 ovarian cancer model33-35.  

 
 
1.3 CXCL13 Chemokine and Its Cognate Chemokine Receptor CXCR5 
 
The chemokines are a family of proteins that signal through cell surface G protein-coupled 

heptahelical chemokine receptors and promote the migration of cells, specifically the 

leukocytes of immune system36. Chemokines’ function of attracting various immune cells is 

important in regulating the development and homeostasis of the immune system36. For this 

reason, chemokines, in conjunction with cytokines and growth factors, are key regulators of 

immune response in the context of infection and cancer37. Chemokines can be structurally 

classified into four subfamilies (e.g., CXC, CC, C, and CX3C) by their positional arrangements 

of amino acid residue, cysteine38. Cysteine is structurally important for the chemokine 

families because the disulfide bonds formed by the cysteine residues stabilize the overall 

structure of the chemokine monomer36,38. In this study, we co-modified CAR T cells to 

express chemokine C-X-C motif ligand 13 (CXCL13), commonly known as B-cell 

chemoattractant. However, CXCL13 can also attract subsets of CD4 and CD8 T cells in the 

immune system via its cognate chemokine receptor CXCR5. Specific to CXCL13, CXCR5 can 

be activated and then transduce various downstream signaling pathways, including 

PI3K/Akt, MEK/ERK, and Rac pathways, to induce cellular chemotaxis39,40. Because CXCL13-

CXCR5 axis can induce multiple pathways that are responsible for cell survival, proliferation, 

and migration, we hypothesize that CXCL13 can enhance CAR T cells’ functionality by 

promoting survival and proliferation. Additionally, CXCL13 expressed by CAR T cells can 
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potentially interact with the endogenous immune system to create a pro-inflammatory 

tumor microenvironment (Fig. 3).  

 

 
Fig.3 | CXCL13 has Potential Anti-tumor Function by Modulating T and B Cells 
Response and is Involved in Tertiary Lymphoid Structure Formation in Cancer40. 

In addition to CXCL13’s physiological function of lymphoid neogenesis and B cell 
chemoattraction and pathological function in autoimmune disease, recent research have 
identified CXCL13 as a prognostic marker in immunotherapy and a molecule involved in 
tertiary lymphoid structure formation in cancer. 

 
1.4 Tertiary Lymphoid Structure in Cancer 
 
Tertiary lymphoid structure (TLS) is an organized structure composed of various immune 

cells that forms under chronic inflammation, such as chronic viral infection and cancer, 

inside the tissues41. Similar to the function of secondary lymphoid organ, B cells are selected 
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and activated within the TLS where they undergo somatic hypermutation and antibody class 

switching. Selected B cells can then differentiate into plasma cells that are capable of 

secreting TAA-specific antibodies and contribute to favorable clinical outcomes, including 

ovarian cancer42,43. Macrophages and natural killer (NK) cells can bind to the constant region 

of anti-tumor antibodies and cause antibody-dependent cellular cytotoxicity (ADCC) of 

tumor cells44,45.  

 
Fig.4 | Tumor-infiltrating CD8 T and CD20 B Cells Contribute to Better Prognosis in 
Solid Tumor, Melanoma46 

 

Fig.5 | CD8+ CD20+ TILs Group has Higher Level of TLS Gene Signatures, and CXCL13 
is One of the TLS Gene Signatures46 

 
In solid tumors, B cells play a key role in immunotherapy involved with immune checkpoint 

blockade (ICB). When studying the role of TLS in patients with melanoma, researchers first 
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ran immunohistochemistry analysis on patient samples and found that patients who have 

both CD20+ and CD8+ tumor infiltrating lymphocytes (TILs) achieve longer survival than 

patients who only have CD8+ TILs alone (Fig. 4)46. More importantly, the study also 

concludes that higher level of TLS gene signatures correctly predicts higher response to ICB 

in melanoma (Fig. 5)46. Additionally, Sorin et al. reported that CXCL13 can potentiate anti-

PD-1 therapy by reducing the tumor volume in both HKP1 lung cancer model and MC38 

colon cancer model47.  

 

In the context of ovarian cancer, tumor-infiltrating plasma cells are associated with presence 

of organized lymphoid aggregates (immature TLS) and a more robust cytolysis of CD8+ T 

cells and cytolysis-associated genes48. While this study did not further investigate the exact 

mechanism of how plasma cells work in concert with CD8+ T cells, the study did report that 

CD8+ T cells can exhibit more robust cytolysis when in the presence of plasma cells. 

Additionally, the study also characterized TLS into 4 different types from type I to type IV 

aggregates based on size, cellular composition, and degree organization. While type I 

aggregates (20-50 cells) is small and includes CD4+ and CD8+ T cells, B cells, and occasionally 

DC cells, type IV aggregates (100-300 cells) is large and includes clear organization of T and 

B cell zones and follicular DCs48.  
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Fig.6 | Engineering Strategies to Induce TLS in Mouse Models and Cancer Patients43 

In mouse cancer models, various immunostimulatory agents, such as TLR4 agonists, STING 
agonists, and CD40 agonists, and cytokine CXCL13 can induce TLS within the tumor tissue. In 
cancer patients, systemic treatment of immune checkpoint inhibitors, immunostimulatory agents, 
and chemokine can similarly induce TLS. In addition, radiotherapy and 3D biomaterial implants 
have also shown to induce TLS inside the tumor. In this study, we included CXCL13 as an armor 
on the CAR and to test the anti-tumor function of it hoping to see if CXCL13 from CAR T cells 
can similarly induce TLS. 

In the TME, CXCL13 binds to chemokine receptor, CXCR5, and acts as a chemoattractant for 

both a subset of T cells and B cells, and colocalizes with the presence of tertiary lymphoid 

structures (TLS). CXCL13 and CD20 are two main markers for the detection of TLS in 

immunohistochemistry (IHC)41. Luther et al. have previously shown that ectopic expression 

of CXCL13 alone in pancreatic islets of transgenic mice can induce TLS that contains distinct 

structures comparable to a secondary lymph node49. Since presence of TLS oftentimes 

correlates with better clinical outcome in solid tumors, we hypothesized that CXCL13 

chemoattractant will induce TLS formation in the context of CAR T cell therapy treating 

ovarian cancers (Fig. 6).  

 
1.5 Engineered CXCL13-secreting CAR in Ovarian Cancer 
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Because CXCL13 and B cells play an important and favorable role in ovarian cancer, we 

decided to use 4H11 scFv as our CAR model to design and engineer CXCL13-secreting 4H11 

CAR to test the anti-tumor function of CXCL1342. As CXCL13 alone can induce TLS in 

transgenic mouse model and has anti-tumor functions in both human and mouse studies, 

this work aims to construct and validate the function of CXCL13-secreting CAR T cells in vitro 

and in vivo. We hypothesize that CXCL13 expressed by CAR T cells will bind to CXCR5 on CAR 

T cells and lead to improved CAR T cell function by inducing more IFN-g secretion, greater 

stimulation and proliferation capacity defined by expression levels of CD69 and Ki-67. 

 
 
 
 
 
2 Materials and Methods 

2.1 Molecular Cloning 
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Fig. 7 | Schematic of Molecular Cloning for Constructing SFG Retroviral Backbone  

Backbone was first chosen to design strategy of molecular cloning with compatible restriction 
enzymes and insert encoding for the gene of interest. For ligation, this study used Gibson assembly 
method which includes overlapping regions at both end of the inserts. PCR-validated construct 
will be transformed into E. coli for colony screening. Transformed colony was grown and collected 
using plasmid extraction. Extracted plasmid was again sequenced and validated prior to stable 
packaging cell manufacture. 

 

 
2.2 H29 Transfection and Phoenix-ECO transduction in mouse T cells 
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We first chemically transfected the H29 cell with the vectors by using calcium chloride 

(CaCl2). After four days, we collected the viral supernatant from the H29 cell and removed 

the cells using a 0.45µm filter to transduce Phoenix-ECO packaging cells. Phoenix-ECO 

packaging cells contain gag-pol and envelope protein for ecotropic viruses50. The transduced 

Phoenix-ECO retroviral packaging cells were single-cell cloned by limiting dilution method. 

Flow cytometry was used to screen for a clone with 100% transduction efficiency. This clone 

was then used to transduce mouse T cells for CAR T cell manufacturing. H29 transfection is 

transient. H29s include the envelop and packaging elements for producing retrovirus. 

Transfected H29s will eventually lose the plasmid with gene of interest. Therefore, the gene 

of interest still need to be integrated to the genome for packaging cells to stably produce 

retrovirus. We collected retroviral supernatant from H29s cells and used it to transduce 

Phoenix-ECO that has built-in ecotropic envelop for infecting mouse T cells.  

 
2.3 Flow Cytometry Analysis 

We used APC- or FITC-conjugated primary antibody targeting against the scFv domain of the 

CAR. The conjugated primary antibody was titrated for optimal concentration per FACS tube 

before flow cytometry experiment. Sections 2.3, 2.6, 2.7, 2.8 can be combined. Remove 

redundant phrasing.  

2.4 Mouse Splenocyte Isolation and T Cell Expansion and Transduction 

Mouse spleen was isolated from female C57BL/6 mouse. Spleen was manually dissociated 

and filtered through cell strainer to obtain single cell suspension. Bulk splenocytes were 

treated with RBC lysis buffer (5mL) to deplete red blood cells. Splenocytes were washed in 

PBS and resuspended in RPMI media supplemented with 10% FBS and 3% ATOS. Con A (4 
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ug/uL) and rIL-2 (1.0U/mL) were added in resuspended splenocytes for mouse T cell 

expansion. Stimulated and expanded mouse T cells were transduced twice with filtered viral 

supernatant from Phoenix-ECO packaging cells for two consecutive days. Mouse T cells were 

supplemented with rIL-2 (1.0U/mL) on the day 4. Mouse T cell transduction was checked on 

the day 5 on flow cytometer. Only transduced T cells with higher than 20% transduction 

efficiency was used for downstream in vitro assays.  

 

2.5 Luciferase-based Cytotoxicity Assay 

Muc16CD+ and eGFP+ tumor cell lines were used for this experiment. CAR T cells and tumor 

cells were stained with trypan blue and counted on Bio-Rad automated cell counter. CAR T 

cells and tumor cells were co-cultured in a black-walled, clear bottom 96-well plate at an E:T 

ratio of 1:1, 1:3, 1:10, 1:20, and 1:30. Each condition has three replicates. At 48-hour or 72-

hour timepoint, luciferin (2mM/well) was added into each well. Luminescence was read on 

BioTek Synergy Microplate Reader. The following formula was used to calculate % lysis: 

% Lysis = �1 − � sample
tumor alone average

�� ∗ 100. 

2.6 Intracellular Staining Flow Cytometry 

Cells were collected from plate at 24 hours post coculture. Cells were washed in pure PBS 

and stained with Live/Dead Violet fixable viability dye for 30 minutes. BD Cytofix/Cytoperm 

Fixation/Permeabilization Solution kit was used to fix and permeabilize collected cells, 

according to manufacturer instructions. Fixed/permeabilized cells were incubated 

overnight with previously titrated antibodies  and then washed twice with FACS buffer (PBS 

solution with 2.5% FBS) prior to flow cytometry analysis.  
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2.7 Cytokine Assay (IFN-g and IL-2) 

CAR T cells and Muc16CD+ tumor cells were co-cultured at a 1:1 E:T ratio for 24 hours. At 

20 hours, GolgiStop (0.5ul/ml) was added for optimal cytokine intracellular staining. 

Collected cells were fixed and permeabilized following the above-mentioned method prior 

to antibody staining. PE anti-mIFN-g and BV605 anti-mIL-2 were used to stain IFN-g and IL-

2 in CD3+ CAR+ T cells. Cytokine levels were quantified in both median fluorescence 

intensity (MFI) and % of cells from intracellular staining flow cytometry. 

 
2.8 Activation and Proliferation Assay (CD69 and Ki-67) 
 
CAR T cells and Muc16CD+ tumor were co-cultured at a 1:1 E:T ratio for 24 hours. Cells for 

CD69 surface staining were washed twice, stained with PE anti-mCD69 for 30 minutes, and 

washed twice prior to flow cytometry analysis. The cells for Ki-67 intracellular staining were 

stained with fixable viability dye and fixed and permeabilized following the above-

mentioned method. The cells were fixed and permeabilized and then stained with PerCP-

Cyanine5.5 anti-mKi-67 overnight and washed twice in FACS buffer prior to flow cytometry 

analysis. Proliferation marker levels were quantified in median fluorescence intensity (MFI) 

and % of cells from intracellular staining flow cytometry. 

 
2.9 B Cell Migration Assay  
 
Bulk splenocytes were isolated following the mouse T cell transduction protocol. Phoenix-

ECO stable packaging cells (5e5) in 600μl were seeded in the bottom chamber and waited 2 

hours for cells to attach and CXCL13concentration to build up. Pore size of 5μm inserts were 

placed during the 2 hours waiting time to allow for better cell attachment and spreading. 

5μm pore size is typical for B cell migration assay51. 5μm is smaller than the diameter of a 
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typical B cell (7-14μm). This allows for the attracted B cells to extravasate to the bottom 

chamber52. Bulk splenocytes (2e5) splenocytes in 100μl were seeded in the permeable 

inserts. Waited for 4 hours for attracted CXCR5+ B cells to migrate to the bottom chamber. 

600μl media in the bottom chamber were carefully collected without disturbing the attached 

stable packaging cells. The collected cells were spun and washed with FACS buffer twice. 

Cells were stained with PE anti-mCD19 for 30 minutes in 4°C then washed twice with FACS 

buffer prior to flow cytometry analysis.  

 
2.10 Tumor Injection and Imaging 
 
All animal study protocols in this study were previously approved by IACUC. We engrafted 

10e6 ID8 tumor in 200μl PBS into each mouse through intraperitoneal (IP) injection one 

week prior to CAR T cells treatment (2e6)34. To image mice weekly, D-luciferin 

(98mM/mouse) was administered by IP injection. Mice were imaged on IVIS imaging system 

7 minutes after luciferin injection. We randomized the mice prior to CAR T cell treatment to 

achieve similar average luminescence between each group.  

 
 

 

 

3 Results 

3.1 Construct Design and Molecular Cloning     

 

Fig. 8 | Human and Mouse CXCL13 are Homologous. 
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Both human and mouse CXCl13 have highly similar amino acid sequence from NCBI ortholog 
protein alignment tool. And both have similar functions: attracting B cells via CXCR5 receptor. 
Showing human and mouse CXCL13 have similar structure and functions is important for 
translational research.  

To begin, we first confirmed the similar function of CXCL13 between human and mouse. And 

the NCBI Ortholog Protein Alignment Tool confirmed the similarity in amino acid sequences 

of the two proteins (Fig. 8). Human and mouse CXCL13 both attract B cells via CXCR5 

receptor42,49,53.  

 
Fig.9 | CAR Structures in This Study 

 

In this study, 3 CARs were included: experimental group, negative control group, and 

reference group (Fig. 9).  CXCL13-armored CAR will be the experimental group. CXCL13-

armored DEL CAR will serve as local delivery of CXCL13 and be the negative control group 

as it does not have CD28 and CD3Ƀ domains. 2nd generation CAR will be the reference group 

because this was previously validated in mouse ovarian cancer model. P2A is a ribosomal 

skipping sequence originally from Porcine Teschovirus54. P2A will direct the ribosome to 

cleave the current reading peptide and synthesize a separate peptide. P2A sequence allows 

for efficiency expression of multiple proteins on the same vector. For the two CXCL13-
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secreting vectors, an endogenous CXCL13 signal sequence was added to ensure the proper 

secretory trafficking of CXCL13. 

We then designed the cloning strategies for constructing CXCL13-secreting CAR and 

CXCL13-secreting DEL CAR plasmids (Fig. 10 and 11). CXCL13-secreting CAR vector was 

synthesized first and subsequently used as backbone for constructing CXCL13-secreting DEL 

CAR. We utilized SFG_4H1128z_P2A_CD40L construct as the backbone55. To replace the 

CD40L with CXCL13, we use two restriction enzymes, BstZ17I-HF and XhoI, to digest the 

backbone. For designing the gblock, we added 20-nucleotide overlaps covering the backbone 

at both ends for successful Gibson assembly. Gibson assembly was used to insert P2A 

ribosomal skipping sequence, endogenous CXCL13 signal sequence, and mature chain of 

CXCL13. After, PCR and gel electrophoresis were performed to validate that the insert had 

been incorporated into the vector. We then transformed the vector into competent E. coli 

and plated the transformed E. coli on agarose plate with ampicillin. Two colonies were 

collected, and PCR was performed to screen for the desired vector. We cultured the colony 

and purified the DNA using Promega plasmid midiprep system for subsequent Sanger 

sequencing. We then constructed the CXCL13-secreting DEL CAR vector following the same 

methods as described above. We developed the cloning strategy for CXCL13-secreting DEL 

CAR vector based on CXCL13-secreting CAR vector.  
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SFG_ αMuc16CD_P2A_CXCL13 

 

Fig. 10| Successfully Constructed SFG_ αMuc16CD_P2A_CXCL13 Plasmid. 

a, The Cloning Strategy for SFG_ Ƚ���ͳ��_P2A_CXCL13. b, PCR confirmation test after 
gibson assemly. c, Colony PCR. d, Sanger sequencing alignments on Snapgene 



 19 

We used one primer set to confirm successful integration of the insert to the digested 

backbone (Fig. 10b). Lane 2 is the construct, SFG_ Ƚ���ͳ��_P2A_CXCL13. After confirmed 

the band has correct size shown by the simulated gel picture, we transform the construct 

into E. coli and picked 3 colonies to run a colony PCR with two primer sets (Fig. 10c). All 

three colonies have the expected band sizes (586bp and 1095bp).  

SFG_ αMuc16CD _DEL_CXCL13 
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Fig. 11 | Successfully Constructed SFG_ αMuc16CD_P2A_CXCL13 Plasmid. 

a, The Cloning Strategy for SFG_ Ƚ���ͳ��̴���_P2A_CXCL13. b, PCR confirmation test after 
gibson assemly. c, Sanger sequencing alignments on Snapgene. 

After successfully making the construct, SFG_ Ƚ���ͳ��_P2A_CXCL13, we followed the 

same protocol to design the cloning strategy of SFG_ Ƚ���ͳ��_DEL_P2A_CXCL13 (Fig. 

11a). After restriction enzyme digestion and gibson assemly, we run a PCR confirmation test. 

The gel picture shows two bands due to uncomplet digestion (Fig. 11b). The undigested 

backbone has a bigger band size because of the remaining CD28 and CD3Ƀ domains. We 

picked four colonies and ran a colony PCR.  

 

3.2 DNA Sequencing 

After growing up colony, we extracted and purified the plasmid and send it off to AstraZeneca 

for sanger sequencing. Multiple primers were chosen to ensure that the open reading frame 

of the CAR can be amplified for Sanger sequencing. The sequence from the plasmid was 

shown to align the theoretical goal map we designed (Fig, 10d and 11c). For CXCL13-

secreting CAR, we used with 5 different primers covering the CAR sequence of the SFG 

retroviral backbone. The red bar alignments match up with the backbone we initially 

designed on Snapgene. Similarly, we used 5 different primers for Sanger sequencing. And red 

bar alignments match up with what we designed on Snapgene. 

 

3.3 Transduction of Phoenix-ECO cells 

Phoenix-ECO cells are stable retroviral packaging cells used for mouse CAR T cell 

manufacturing. A detailed schematic of establishing stable packaging cell lines was shown 

(Fig. 12a). We confirmed the successful transduction and single cell clone collection, and 
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both stable packaging cell lines have more than 99% transduction efficiency (Fig. 12b). An 

example of the gating strategy for transduction check was shown (Fig. 12c).  

 

Fig. 12| Successfully Transduced and Manufactured Phoenix-ECO Stable Packaging 
Cell Lines for CXCL13-secreting CAR and CXCL13-secreting DEL CAR. 
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a, The workflow of manufacturing stable packaing cell lines. b, Transduction efficiency of the 
two stable packaging cell lines shown in histogram. c, Gating strategy. 

 

3.4 Validating the CAR T Cells 

After constructing the stable packaging cells needed for CAR T cell manufacturing, we went 

ahead and transduce mouse T cells for downstream in vitro assays. We determined the 

transduction efficiency on flow cytometer. An example of gating strategy is shown in Fig. 

13a. The transduction efficiency of the mouse T cells was assessed using anti-CAR antibody, 

and transduction were all above 80% (Fig. 13b). Detecting transduction with anti-CAR 

antibody also verifies that CAR is trafficked to cell surface and is being expressed. 

Ƚ���ͳ��_DEL_CXCL13 in Fig. 13b was only performed once and more biological replicates 

are needed for this CAR.  

 

Fig. 13| Transduction efficiency and viability of mouse CAR T cells were consistent. 

a, Gating strategy for checking CAR T cell transduction. b, CAR T cell viability and transduction 
efficiency. Transduction efficiency and viability of mouse CAR T cells were consistent. 

3.5 Luciferase-based Cytotoxicity Assay 

Cytotoxicity assay aims to validate the function of the ��͵Ƀ domain on the CAR. In Fig. 14a, 

we included three biological replicates at 48-hour timepoint. Ƚ���ͳ�� CAR and Ƚ���ͳ�� 



 23 

_CXCL13 CAR were tested either with or without antigen stimulation. Ƚ���ͳ�� _CXCL13 

CAR performs similar cytotoxicity function compared with Ƚ���ͳ�� CAR, which is the 

reference group in this study. In Fig. 14b, the cytotoxicity level continues to confirm the 

similar cytotoxicity function between the two CARs, and the negative control seems to have 

less background noise.  

Both ȽMuc16CD and ȽMuc16CD_CXCL13 CARs have similar antigen-specific cytotoxic 

function, which is expected since two CARs have the same costimulation domain and 

activation domain. This experiment shows that ȽMuc16CD_CXCL13 CAR has a functional 

��͵Ƀ domain to recognize and kill the antigen-expressing target cells. 

 

Fig. 14 | αMuc16CD�C�������αMuc16CD_CXCL13 CAR have Similar Antigen-specific 
Cytotoxicity. 

a, 48-hour cytotoxicity assay (n=3). b, 72-hour cytotoxicity assay (n=1). 
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3.6 Cytokine Assay 

After validating the ��͵Ƀ domain on the CAR, we went ahead to validate the cytokine 

expression.  For this experiment, we used intracellular staining flow cytometry to detect the 

abundance of synthesized cytokines. Fig.13 includes three replicates of the IFN-g level shown 

either as percent IFN-g+ cells or MFI.  

 

A. % IFNg+ CAR+ Cells                                           B. IFNg MFI of CAR+ Cells 

Fig.15 | Cytokine Level inside CAR T Cells with or without Relevant Antigen 

Levels of IFNg are shown in two different parameters: the percentage of IFNg+ CAR T cells 

and MFI of IFNg based off CAR gate (Fig. 15). Overall, current data does show that CAR T 

cells are activated upon antigen stimulation and ȽMuc16CD_CXCL13 may secrete more IFNg.  

MFI data also shows that ȽMuc16CD_CXCL13 has more IFNg signal yet statistically 

insignificant. More replicates are needed to make conclusive judgement of the cytokine 

levels of the two CARs.  
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3.7 CD6ͻ�Stimulation Assays 

After validating the CAR using cytotoxicity assay and cytokine assay, we functionally 

analyzed the CAR T cells by looking at the activation capacity by CD69 expression, a marker 

for T cell stimulation. Both percentage of CD69+ cells and MFI based on CAR gate are 

reported in Fig. 16b.  

 

Fig. 16| Both CARs are Stimulated upon Antigen Stimulation. 
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a, Surface staining: scatterplot of CD69 expression stratified by CAR and CD3 gates. b, CD69 
surface expression at 24 hours 

Fig. 16a shows CAR internalization upon antigen stimulation for 24 hours in surface 

staining. CARs recycling is a known phenomenon56. When CAR T cells are stimulated with 

antigen, their CARs are being internalized and will eventually recycle back to the cell surface 

at 48 hours after stimulation. Approximately half of the CAR+ cells internalized their CARs 

at 24-hour timepoint if we assume CD69+ cells are CAR+ (Fig. 16a).  We hypothesized that 

our CAR T cells have internalized their receptors affecting the accuracy of the CAR+ gate. 

Even though CAR+ gate might not capture all of the CAR T cells at the timepoint when we 

analyzed the cells on flow cytometer, we found out that both MFI and percentage based off 

the CAR+ gate rather than CD3+ gate provide a more robust signal. CAR T cells stimulated 

with antigen have increased expression level of CD69 (Fig. 16b). Both the MFI and 

percentage data show that CXCL13-secreting CAR T cells seem to have a higher stimulation 

level (Fig. 16b). However, to make conclusive judgement, more biological replicates are 

needed to interpret statistical significance. 

3.8 Ki-67 Proliferation Assay 

Besides testing the stimulation capacity of mouse CAR T cells, we also tested the proliferative 

capacity of the mouse CAR T cells upon antigen stimulation. Ki-67 is a nuclear protein which 

indirectly shows the proliferative state of cells. Both the percentage of Ki-67+ cells and MFI 

based on CAR gate are reported in Fig.17b.  
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Fig. 17 | Both CARs are Proliferating upon Antigen Stimulation. 

a, Intracellular staining: scatterplot of Ki-67 expression stratified by CAR and CD3 gates. b, 
Ki-67 intracellular expression at 24 hours 

Since Ki-67 is an intracellular protein inside the nucleus, we performed intracellular staining 

by first fixing and permeabilizing the cells before antibody staining. Because anti-CAR 

antibody can easily enter the fixed and permeabilized cells, unlike stimulation assay which 
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used surface staining, CAR recycling is not a problem in this case for proliferation assay. We 

therefore reported the MFI and percentage based off CAR+ gate.  

We found that ȽMuc16CD_CXCL13 CAR has a higher signal of Ki-67 compared to that in 

ȽMuc16CD CAR in both MFI and percentage parameters (Fig. 17b). This experiment 

confirmed that ȽMuc16CD_CXCL13 CAR is functional and seem to have a superior 

proliferative capacity. Yet, more biological replicates are needed to validate this observation.  

 

3.9 Validation of CXCL13 Expression and Function by Stable Packaging Cells and CAR 
T cells 

We have shown that the CD28 costimulation and ��͵Ƀ domain of the CXCL13-secreting CAR 

is functional by validating cytotoxicity, cytokine levels, stimulation capacity, and 

proliferative capacity. It is important to also first validate the secretion and then function of 

CXCL13.  

To validate that CXCL13 is being produced and secreted extracellularly to the media, we 

collected the supernatant of stable packaging cells and run a mouse CXCL13 ELISA following 

manufacturer’s protocol. The standard curve is reported in Fig. 18a. We included two 

biological replicates for the standard curve and tested three stable packaging cells: 

ȽMuc16CD CAR, ȽMuc16CD_CXCL13 CAR, and ȽMuc16CD_DEL_CXCL13 CAR (Fig. 18b). We 

found out that both CXCL13-secreting stable packaging cells are able to secrete significant 

amount of CXCL13 to the media (Fig. 18c). We noticed that the signal being emitted by 

conjugated-detection antibody is stronger than the maximal signal the standard curve 

provides (Fig. 18c). Therefore, an exact amount of CXCL13 in the supernatants cannot be 
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interpolated. However, ELISA confirms the proper secretion of CXCL13 to the surrounding 

environment.   

 

 

Fig. 18 | CXCL13 Secreted by Stable Packaging Cells is Detectable using ELISA. 

a, Standard curve of ELISA. b, Plate setup. c, Actual plate picture showing standard curve 
(n=2) and supernatants of stable packaing cells (n=1). 

We then used a transwell assay to validate the chemoattraction of chemokine CXCL13 from 

stable packaging cells. Fig. 19a details the schematic of a transwell assay. Rather than first 

isolating CD19+ B cells from the bulk splenocytes, we put bulk splenocytes on the top 

chamber and use an anti-CD19 antibody to gate out migrated B cells in the bottom chamber 

on flow cytometer. In Fig. 19c, we found that bulk splenocytes treated with ConA and IL-2 

expand CXCR5+ CD19+ B cells. Previous research has shown that supernatants of ConA-

treated T cells can expand B cells57. Therefore, stimulated splenocytes were used for B cell 

transwell assay. CD19- CXCR5+ cells could potentially be follicular helper T cells (Fig. 19c).  
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To collect more B cells for downstream assays, we treated the bulk splenocytes following T 

cell expansion protocol. After waiting for 4 hours allowing for the attracted B cells to migrate, 

we analyzed percent migrated B cells in bottom chamber and reported the data in Fig. 19d.  

 

Fig. 19 | CXCL13 Secreted by Stable Packaging Cells is Functional. 

a, Schematic of B cell migration assay. b, Gating strategy of B cells. c, Bulk splenocytes 
stimulated with ConA and IL-2 have more CXCR5+ CD19+ B cells. d, Percent migrated B cells 
in bottom chamber 
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In Fig. 19d, ȽMuc16CD CAR is the negative control as it does not secrete CXCL13. Therefore, 

the migrated B cells in this group is the baseline for B cell migration counts. Both 

ȽMuc16CD_CXCL13 and ȽMuc16CD_DEL_CXCL13 CARs show better B cell chemoattraction. 

The difference in percentages confirm that the CXCL13 secreted by stable packaging cell lines 

are capable of attracting CXCR5+ CD19+ B cells.  

We have shown that CXCL13 from the stable packaging cells is functional and present. Yet, 

we also need to prove that CXCL13 can be transduced to the mouse T cells. We confirmed the 

presence of CXCL13 in transduced mouse CAR T cells on flow cytometer (Fig. 20). Red peak 

is the ȽMuc16CD CAR T cells, and blue peak is the ȽMuc16CD_CXCL13 CAR T cells.  
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Fig. 20 | CXCL13 is Present in Transduced Mouse CAR T Cells Confirmed by 
Intracellular Staining Flow Cytometry. 

Mouse T cells were collected and fixed/permeabilized for intracellular staining of CXCL13 after 
T cell transduction. Histogram shows a clear shift in αMuc16CD_CXCL13 population in the 
channel of APC, which is the fluorophore of the anti-CXCL13 antibody. The armor is expressed 
inside the T cells. 

 

 

3.10 In vivo Study 
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After validating the functionality of CAR and CXCL13, we decided to test the anti-tumor 

function of CXCL13 in vivo using an ovarian cancer mouse model. We first injected 10 million 

ID8 tumor and confirmed successful tumor engraftment by measuring luminescence 1 week 

after tumor injection (Fig. 21). We then randomized the mice in four groups: untreated 

group, ȽMuc16CD CAR group, ȽMuc16CD_CXCL13 CAR group, and ȽMuc16CD_DEL_CXCL13 

CAR group. We treated the mice with 2 million CAR T cells.  

 

Fig. 21 | Tumor Successfully Engrafted in C57BL/6 Mice. 

We randomized the 12mice based on luminescence in 4 conditions: untreated (n=4), αMuc16CD 
CAR (n=3), αMuc16CD_CXCL13 CAR (n=3), αMuc16CD_DEL_CXCL13 CAR (n=1). 

We monitored tumor burden in luminescence weekly until the humane endpoint of this 

experiment. On day 21 after CAR T cell treatment, we didn’t observe any obvious difference 

in tumor burden across the four groups (Fig. 22a). Currently, nine mice were sacrificed as 

ascites were developed and affected mice’s mobility. Two mice, in total, are still alive: one in 

ȽMuc16CD CAR group and the other one in ȽMuc16CD_CXCL13 CAR group (Fig. 22b).  
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Fig. 22 | Tumor Burden (Luminescence) Remain Similar Across Groups 

a, Tumor burden measured in luminescence. b, Kaplan-Meier survival analysis. 

In addition to monitoring tumor burden and survival, we were also curious to see if CXCL13 

secreted by CAR T cells changes the levels of circulating CXCR5+ B and T cells. We, therefore, 

collected blood of facial vein from the mice on day 23 (Fig. 23a). We analyzed the percentage 

of circulating CXCR5+ B and T cells in the periphery. Interesting, we found out that the two 

groups that secrete CXCL13 in the peritoneal cavity have slightly more CD19+ CXCR5+ live 

cells in the periphery (Fig. 23b). We also noticed that the percentages of circulating CD3+   

live cells remain constant across the four groups (Fig. 23c). However, when we analyzed the 

percentage of CXCR5+ CD3+ live cells, we found out that ȽMuc16CD_CXCL13 CAR group has 

approximately two-fold increase of CXCR5+ CD3+ live cells in the circulating periphery. We 

hypothesized that CXCL13 in the peritoneal cavity seem to attract CXCR5+ T cells to the 

periphery. Even though more biological replicates and investigations are required to confirm 

this hypothesis, this preliminary data shows that CXCL13 could be functional and mobilizing 

CXCR5+ B and T cells to the periphery and possibly peritoneal cavity.  
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Fig. 23 | CXCL13 from CAR T Cells Seems to Attract CXCR5+ B and T cells to Periphery. 

a, Schematic of facial vein blood collection58. b, Percent CXCR5+ CD19+ live cells in periphery. 
c, Percent CD3+ live cells in periphery. d, Percent CXCR5+ CD3+ live cells in periphery. 

 

4 Discussion 

This study aims to test the anti-tumor function of CXCL13 on CAR T cells. We investigated 

CAR T cells’ functionality by looking at the cytotoxic function, cytokine level, proliferation 

and stimulation capacity. We have so far constructed the needed retroviral plasmid for CAR 

manufacturing, validated the cytotoxicity of transduced mouse T cells (CD3Ƀ), confirmed 
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cytokine production (CD28), stimulation (CD69) and proliferation (Ki-67) capacity. While 

more replicates are required for rigorous statistical analysis, preliminary data has proven 

that the ȽMuc16CD_CXCL13 CAR has proper function comparable to the ȽMuc16CD CAR. 

And due to the limited time availability of the project, we decided to move onto a pilot in vivo 

study, which can test the anti-tumor function of CXCL13 in CAR T cells.  

 

Data from cytotoxicity assay shows that ȽMuc16CD _CXCL13 CAR can be equally as cytotoxic 

as ȽMuc16CD CAR (Fig. 14). Having a similar cytotoxic function could mean that CXCL13 is 

not improving CAR T cell functionality directly by enhancing killing. Data from cytokine 

assay shows that ȽMuc16CD _CXCL13 CAR can secrete slightly more IFNg than ȽMuc16CD 

CAR when co-culturing with antigen-expressing tumor cells at a 1:1 E:T ratio for 24 hours 

(Fig. 15). Previous study has shown that a subpopulation of Tfh is capable of secreting IFNg 

upon antigen stimulation59. Another cytokine, IL-2, is a direct indication of the CD28 

costimulation domain being stimulated. However, we couldn’t find IL-2 using intracellular 

staining flow cytometry. Thus, secreted IL-2 level in the previously saved supernatant should 

be quantified either using ELISA or bead-based immunoassay. We plan to run bead-based 

immunoassay, Luminex, on the supernatants to detect and quantify levels of secreted IL-2. 

Three replicates of the supernatants were saved from past cytotoxicity experiments.  

 

CXCL13 can not only interact with germinal center B cells in the follicles, it can also interact 

with both subsets of CD4 and CD8 T cells can express its cognate chemokine receptor, CXCR5. 

For example, follicular helper T (Tfh) and follicular cytotoxic T cells (Tfc) express CXCR5, 

importantly, both of which contribute to improved anti-tumor immunity in ovarian cancer 
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through different mechanisms60. Tfh contribute to favorable outcome by activating B cells 

and inducing TLS in a mouse ovarian cancer model53. Tfc is retained in the intratumoral TLS 

by CXCL13 in high-grade serous ovarian cancer (HGSC) patient samples and contributes to 

tumor regression in a CD8 T cell-dependent manner in anti-PD-1 therapy61. Because both 

Tfh and Tfc expressing CXCR5 are prognostic markers in ovarian cancer, we hypothesize that 

CXCL13 might enhance the efficacy of CAR T cells specifically by interacting with the CAR+ 

Tfh and Tfc. In future studies, it would be interesting to look at the CD4:CD8 ratio and more 

specifically the percentage of CD4+ CXCR5+ Tfh population. 

 

We reported that ȽMuc16CD_CXCL13 CAR have slightly enhanced stimulation and 

proliferative capacity that ȽMuc16CD CAR (Fig. 16 and 17). The enhanced functionality of 

ȽMuc16CD_CXCL13 CAR could be resulted from the CXCR5 signaling. Previous research has 

shown that CXCR5 can promote the survival and proliferation of cells by activating the PI3K-

AKT signaling pathway and MEK-ERK signaling pathway respectively40. Our data does 

indirectly corroborate this concept. However, western blotting experiments are required to 

confirm the activation of the above-mentioned signaling pathways. To actually confirm that 

there is a significant difference in the proliferative capacity between the two CARs, more 

replicates are required.  

 

Furthermore, CXCL13 might also potentially impact the differentiation state of CAR T cells. 

While the replicative capacity indicated by Ki-67 does not directly link to the stages of T cell 

differentiation, terminally differentiated T cells that have been expanded more ex vivo 

correlates with poorer persistence and tumor control in vivo62. It is likely that CXCL13 plays 
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a role on CAR T cells in an autocrine manner that induces a stem cell phenotype. In another 

study, IL-2 signaling prevents Bcl-6, a key transcription factor for Tfh differentiation, from 

expressing63. And IL-2 also promote T cell exhaustion and Treg differentiation, which 

impairs the anti-tumor function in CAR T cell therapy64. Maybe due to the presence of 

CXCL13, more Tfhs are differentiated and attracted. This might result in less exhausted CAR 

T cells and Treg differentiation. Thus, it would be interesting to look at the 

immunophenotype differences between the two CARs, including the exhaustion markers 

before and after antigen stimulation.  

 

The ELISA experiment confirmed the proper secretion of CXCL13 (Fig. 18). Transwell 

experiment data also confirms the proper function of CXCL13 secreted by stable packaging 

cells (Fig. 19). Stabled packaging cells transduced with CXCL13 transgene can attract more 

B cells down to the bottom chamber compared to the negative control. Both of these 

experiments validate the function and secretion of CXCL13, which are pivotal for this project. 

This, in theory, could also attract more B cells into the local tumor tissue in in vivo study. 

Additionally, the intracellular flow cytometry also confirmed the presence of CXCL13 inside 

transduced mouse T cells. However, more replicates are needed for calculating statistical 

significance. 

 

In vivo mouse experiment is currently still ongoing. We injected the tumor and treated the 

mice with CAR T cells. Tumor burden and survival are monitored weekly until the end of the 

experiment. While 9 out of 11 mice were sacrificed, and tumor burden is similar across the 

four groups (Fig. 22a). There are 2 mice that are still alive, and we are hoping to see the 
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mouse treated with CXCL13-secreting CAR T cells will achieve a longer survival than the 

mouse treated with conventional CAR T cells (Fig. 22b). Because we could not observe 

meaning differences for the tumor burden across groups, including not only our 

experimental group, CXCL13-secreting CAR, but also the 2nd generation CAR, which has been 

previously validated and successfully tested in vivo, this could mean that we injected too 

much tumor to the extent that the amount of CAR T cells could not successfully control the 

tumor at a stable level. To further validate the CXCL13-secreting CAR, we should optimize 

the ID8 model either by engrafting less tumor or treating the mice with more CAR T cells.  

 

While tumor burden and survival analysis do not support CXCL13-secreting CAR T cells have 

enhanced anti-tumor efficacy yet, interestingly, the blood samples from the mice do indicate 

that there are slightly more CXCR5+ B and T cells in the periphery (Fig. 23). Since CXCR5+ T 

cells are prognostic markers in ovarian cancer, increased level of CXCR5+ T cells in the 

periphery is promising in this pilot study. However, in order to actually validate the presence 

of attracted CXCR5+ immune cells, solid evidence is required. In the future, we could perform 

peritoneal wash in treated mice at certain time points. By collecting the peritoneal fluid, we 

can actually test if there are CXCR5+ immune cells and if CXCL13-secreting CAR T cells 

correlates with a higher percentage of this types of cells.  

 
 
5 Future Directions 
 
Future directions of this work are to discern whether CXCL13 can similarly induce TLS and 

exert similar anti-tumor function in CAR T cell therapy and if CAR T cells armored with 

CXCL13 can reprogram the immunosuppressive TME in ovarian cancer. However, due to the 



 40 

limited time span of this study, our current data cannot prove that CXCL13-secreting CAR T 

cells are able to attract B cells and induce TLS in the peritoneal cavity of mice. To prove that 

the CXCL13-secreting CAR T cells can induce TLS in mice, IHC analysis staining for CD20+ B 

cells, CD3+ T cells, and CXCL13 in tumor samples is required to confirm the presence of 

CXCL13-induced TLS. Even though CXCL13-secreting CAR T cells can likely induce TLS and 

promote the anti-tumor response, our data does not prove this concept yet.   

 

One of the most important experiments that need to be addressed in future studies is the 

detection and quantification of anti-tumor antibodies. It remains unknown if CXCL13 

improves anti-tumor function only by attracting B cells or also by modulating the functions 

of CD4 and CD8 T cells. A recent study reported that tumor-specific B cells can promote 

differentiation of tumor-specific CD4 T follicular helper T cells, which in turn improve the 

anti-tumor function of CD8 T cells by producing IL-2165. Another recent study founded out 

that a subset of intratumoral PD-1+ CD8+ T cells in patients with non-small-cell lung cancer 

express significantly more CXCL13 than other CD8 T cells and is a reliable marker to predict 

response rate of PD-1/PD-L1 treatment66. This study reported that CXCL13+ CD8 T cells are 

usually exhausted and antigen-specific, therefore patients with this group of cell population 

would benefit the most from checkpoint inhibitors. Yet why exhausted CD8 T cells express 

more CXCL13 remains unknown. Therefore, CXCL13 might modulate anti-tumor immunity 

in various ways, and it would be important to elucidate the anti-tumor mechanism of CXCL13 

in the context of this study.  
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To determine if anti-tumor antibodies are being produced by B cells, multiple experiments 

can be performed: ELISA, flow cytometry, and serum transfer from treated to untreated mice. 

Because antibodies will have unspecific bindings to tumor cells, a negative control of healthy 

mice is also required. Asides from detecting anti-tumor antibodies, TLS presence should also 

be confirmed with IHC. If the anti-tumor function of CXCL13 is contributed by CXCR5+ B cells 

and their antibodies, we could try anti-CD19 depleting antibody to deplete B cells to see if 

CXCL13 still play an anti-tumor role. Other immune cell types like macrophage and dendritic 

cells could also be depleted to see if the anti-tumor function of CXCL13 is contributed by the 

innate immune system.   

 

Lastly, it would be interesting to combine CXCL13-armored CAR and CD40L-armored CAR 

together for combined therapy55. It is known that CD40L on T cells help to activate B cells67. 

If current study confirms that CXCL13 can attract B cells and induce TLS. An additional 

CD40L signal given by CAR T cells might further enhance the anti-tumor functions. Yet 

immunological toxicity might need to be considered because self-reactive B cells might also 

be attracted and activated by CXCL13 and CD40L signals. The second proposal is to combine 

checkpoint inhibitors and CXCL13-armored CAR T cell therapy. Because exhausted CD8 T 

cells express more CXCL13 and can be a reliable marker to predict response of PD-1/PD-L1 

therapy, it would be of a great interest to see what will happened if combining both CXCl13-

armored CAR and checkpoint inhibitors together.  

 

We have engineered and proven the proper functionality of CXCL13-secreting CAR T cells in 

vitro. Further investigation and optimization of the in vivo study is needed to confirm the 
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anti-tumor function of CXCL13 in ovarian cancer. The concept of engineering CXCL13-

secreting is novel. This study could possibly provide a new perspective for immunotherapy 

in ovarian cancer.  
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