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ABSTRACT.	 Chimeric antigen receptor (CAR) CAR-T cell therapy targeting CD20 can be a novel 
adoptive cell therapy for canine patients with B-cell malignancy. After injection of the CAR-T 
cells in vivo, monitoring circulating CAR-T cells is essential to prove in vivo persistence of CAR-T 
cells. In this study, we developed a novel monoclonal antibody against canine CD20 CAR, 
whose single-chain variable fragment was derived from the our previously reported anti-canine 
CD20 therapeutic antibody. Furthermore, we proved that this monoclonal antibody can detect 
therapeutic anti-canine CD20 chimeric antibody in the serum from healthy beagle dogs injected 
with the therapeutic antibody for safety study. This monoclonal antibody is a useful tool for 
monitoring both canine CD20-CAR-T cells and anti-canine CD20 therapeutic antibody for canine 
lymphoma.
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In veterinary medicine, canine B cell lymphoma is the most common hematopoietic neoplasm and is considered as a relevant 
model for human non-Hodgkin lymphoma [5, 21]. Many cases show a good response to standard multidrug chemotherapy; 
however, the onset of relapsed or refractory disease impedes the long-term control of the disease. Moreover, drug resistance is very 
common and makes the treatment even more difficult. Therefore, it is necessary to develop further treatment options.

The novel cancer immunotherapy targeting CD19 and CD20, including chimeric antigen receptor (CAR) T cell therapy and 
monoclonal antibody therapy, has been developed, and proved to be effective for human B cell hematologic malignancies [2, 18]. 
As with human medicine, these novel immunotherapies have been developed in veterinary medicine. In the literature, there are 
a few studies on canine CAR-T cell therapy [10, 11, 14, 19]. For establishing the CAR-T cell therapy for canine lymphoma, we 
developed the strategy of preparing canine CD20-CAR-T cells in the previous report [16]. It has been suggested that many factors 
were influencing the clinical efficacy in CAR-T cell therapy. They were not fully elucidated; however, in vivo expansion and 
persistence of CAR-T cells are considered critical predictive factors of clinical responses [3, 15]. Thus, to assess the therapeutic 
potential of CAR-T cells, investigators essentially measure the persistence of adoptively infused T cells. However, we have no 
method to monitor the canine CD20-CAR-T cells in vivo.

In addition to CAR-T cell therapy, human studies have reported the effectiveness of anti-CD20 monoclonal antibody therapy 
for treating B cell malignancies [18]. Although there is no commercially available therapeutic antibody therapy against canine 
CD20, several studies have reported the development of the novel anti-canine CD20 monoclonal antibodies showing anti-tumor 
efficacy in vitro [4, 7]. However, the clinical efficacy of these antibodies in patient dogs remain unknown. Our laboratory recently 
developed the novel rat anti-canine CD20 antibody, 4E1-7 [12]. Based on 4E1-7 antibody, the chimeric anti-canine CD20 antibody, 
4E1-7-B, and the chimeric defucosylated anti-canine CD20 antibody, 4E1-7-B_f, were generated, and the latter was found to have 
dramatically high in vitro antitumor activity [12], and clinical trials for dogs with B cell lymphoma are under preparation. In this 
therapy, pharmacokinetic studies are essential to determine individual variability and understand the relationships between antibody 
concentration and clinical efficacy.

In this study, we established a new monoclonal antibody that can detect the single-chain variable fragment (scFv) region 
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of canine CD20 CAR. We demonstrated that this antibody can be used to detect CD20-CAR-expressing cells. Moreover, we 
developed ELISA using this established antibody to detect therapeutic anti-canine CD20 antibody, and then the blood concentration 
of therapeutic anti-canine CD20 antibody was measured in healthy dogs.

This study firstly aims to establish a method for monitoring the CD20 CAR-T cells in vivo. For that, we examined whether 
the commercially available anti-rat IgG secondary antibody could detect the scFV region of CD20 CAR, since the scFv region 
of CD20 CAR construct was derived from rat monoclonal antibody (Fig. 1A). For this purpose, canine T cell lymphoma cell 
line (CLC) cultured in R10 complete medium (RPMI1640 supplemented with 10% FBS, 100 units/ml penicillin, 100 μg/ml 
streptomycin, and 55 μM 2-mercaptoethanol) was transduced with CD20 CAR construct to obtain the cell lines stably expressing 
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Fig. 1.	 Generation of anti-CD20-chimeric antigen receptor (CAR) monoclonal antibody. (A) Schematic diagram of the canine CD20-CAR-
expressing construct and ritCAR-expressing construct used as a control. (B) Establishment of CD20 CAR-expressing murine cells for im-
munization. NIH3T3 cells were retrovirally transduced with the CAR-expressing vector (NIH3T3/CAR). Wild-type NIH3T3 (red) and NIH3T3/
CAR (blue) cells were assessed by Venus expression. (C) CD20 CAR detection using the established antibody, 1F6-11D-1F. NIH3T3/CAR and 
NIH3T3/ritCAR cells were stained with 1F6-11D-1F and anti-canine CD8α antibodies. Both cells expressed canine CD8α, but CD20 -CAR was 
expressed only in NIH3T3/CAR, indicating 1F6-11D-1F is specific to CD20-CAR. (D) CAR-T cells were stained with 1F6-11D-1F. Peripheral 
Blood Mononuclear Cells were isolated from a healthy beagle, and stimulated by Iinterleukin-2 and phytohemagglutinin, followed by the trans-
duction of CD20 CAR, as described in the text. CD20 CAR-T cells were stained with the established anti-CD20-CAR antibody (1F6-11D-1F). 
The dot plot shows Venus expression versus 1F6-11D-1F staining.
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CAR, as described previously [16]. The CAR construct consisted of the scFv of anti-CD20 antibody, 4E1-7 [12] linked to the 
canine CD8α hinge and transmembrane domain, followed by the canine CD28 and 4-1BB costimulatory domain, and human CD3ζ 
signaling domain (Fig. 1A), followed by a P2A peptide fused to Venus fragments for the coexpresion of CARs with a fluorescent 
protein. This CAR-P2A-Venus construct was ligated into the MSGV vector (Addgene, Cambridge, MA, USA). Retrovirus 
particles were collected from the PG-13 producer cell line, cultured in D10 complete medium (Dulbecco’s modified Eagle’s 
medium supplemented with high glucose, 10% fetal bovine serum (FBS), 100 units/ml penicillin, 100 μg/ml streptomycin, and 
55 μM 2-mercaptoethanol), transfected with the construct above, and used to transduce the CLC cells. After viral transduction, 
CD20-CAR-expressing cells (CLC/CAR) were sorted by Venus expression (data not shown). For flow cytometrc analysis, the 
CLC/CAR cells were incubated with Fixable Viability Dye eFluor 780 (eBioscience, Inc., Vienna, Austria), followed by the 
staining with anti-rat IgG secondary antibodies; goat anti-rat IgG-PE (sc-3740; dilution 1:100; Santa Cruz Biotechnology, Inc., 
Dallas, TX, USA), rabbit F (ab’) 2 anti-rat IgG-RPE (STAR20A; dilution 1:10; Serotec, Oxford, UK), goat anti-rat IgG (H+L)-PE 
(3050; dilution 1:250; Southern Biotech, Birmingham, AL, USA), goat anti-rat IgG-Biotin (sc-2041; dilution 1:1,000; Santa Cruz 
Biotechnology, Inc.) or DyLight 649 goat anti-rat IgG (405411; dilution 1:500; BioLegend, San Diego, CA, USA). Incubation with 
biotin-conjugated antibody was followed by incubation with streptavidin-PE (dilution 1:1,000, eBioscience, Inc.). Accuri C6 (BD 
Biosciences, San Diego, CA, USA) was used to analyze the samples, and FlowJo software (BD Biosciences) was used to analyze 
the results. However, none of these five kinds of anti-rat IgG antibodies bound CD20 CAR (data not shown), probably because 
these polyclonal antibodies mainly recognized Fc region of rat IgG antibody instead of variable region. Therefore, we decided to 
develop the monoclonal antibody against CD20 CAR.

The CAR-P2A-Venus construct (Fig. 1A) was ligated into the pMXs-IP retroviral vector to obtain the NIH3T3 cells expressing 
CD20 CAR used for immunization. By transient transfection of Plat-E cells with the CD20 CAR-encoding retrovirus vector, 
retrovirus particles were generated. Supernatants containing the retrovirus were collected and used to transduce the NIH3T3 cells. 
To select the stably transduced cells, the cells were cultured in the presence of puromycin (1 μg/ml), resulting in NIH3T3/CAR 
cells (Fig. 1B). For comparison, ritCAR-P2A-Venus construct in the pMXs-IP was also transduced into NIH3T3, resulting in 
NIH3T3/ritCAR cells. The ritCAR-P2A-Venus was same construct as the CAR-P2A-Venus except that this had the scFv of anti-
human CD20 therapeutic antibody, rituximab.

We immunized mice with NIH3T3/CAR cells to establish the monoclonal antibody against CD20 CAR. All animal studies 
were conducted in accordance with the Yamaguchi University Animal Care and Use Committee Regulations (Approval number 
419). By immunization with NIH3T3/CAR cells, a panel of antibodies against CD20-CAR was obtained, as previously described 
[20]. While a total of 384 clones were screened by ELISA and flow cytometry, hybridoma cells that produced antibodies against 
scFv-CD20 were selected by reactivity with both cell surface CAR on NIH3T3/CAR cells and anti-canine CD20 antibody. For flow 
cytometric screening, NIH3T3/CAR cells were stained with hybridoma supernatant, followed by staining with DyLight 649-labeled 
anti-mouse IgG antibody (dilution 1:200, BioLegend, San Diego, CA, USA) as a secondary antibody. For ELISA screening assay, 
ninety-six-well plates (Maxisorp; Nunc, Roskilde, Denmark) were coated with anti-CD20 antibody (4E1-7-B) in immobilization 
buffer (100 μl/well, 0.05 M sodium carbonate solution, pH 9.6) and incubated for 15–18 hr at 4°C. After incubation, the wells 
were washed three times with the washing buffer (0.05% Tween 20 in PBS), and the nonspecific binding in the wells were blocked 
with the blocking buffer (200 μl/well, 3% BSA in PBS) for 1 hr at 37°C. After an additional washing step, 100 μl of hybridoma 
supernatant for screening was added to each well, and the plates were incubated for 1 hr at 37°C. After washing the plates five 
times, 100 μl of detection antibody solution was added to each well, and then the plates were incubated for 1 hr at 37°C. Mouse 
anti-canine Ig mix secondary antibody (Thermo Fisher Scientific, Tokyo, Japan), labeled with HRP using Peroxidase Labeling Kit-
NH2 (Dojindo, Kumamoto, Japan), was used as a detection antibody. After another washing step, 100 μl of KPL ABTS Peroxidase 
Substrate Solution (SeraCare, Milford, MA, USA) was added to each well, and plates were incubated to react for 10 min at 37°C 
in the dark. With a microplate reader, the absorbance was measured at 405 nm. Hybridoma cells that produced antibodies positive 
for CD20 CAR on NIH3T3/CAR and anti-canine CD20 antibody, were identified by cell enzyme-linked immunosorbent assay 
and flow cytometry, and the resulting hybridoma cells were cloned by limiting dilution. After hybridoma selection and cloning, we 
obtained a single hybridoma clone, 1F6-11D-1F. Protein G Sepharose 4 Fast Flow (GE Healthcare Japan, Tokyo, Japan) was used 
to purify the monoclonal antibody after the replacement of the culture media with serum-free media. The subclass of 1F6-11D-1F 
was determined to be mouse IgG2b kappa by Mouse Immunoglobulin Isotyping kit (Antagen Biosciences, Inc., MA, USA).

Firstly, we verified if this antibody bound to the cCD20 scFv in CAR, not other extracellular part of CAR-construct. We used 
NIH3T3/rit-CAR cells, which expressed the same construct except the scFv part. As shown in Fig. 1C, both cells were stained 
with anti-CD8α antibody (F3B2) [17], but 1F6-11D-1F bound to NIH3T3/CAR, but not to NIH3T3/rit-CAR. This means that 
1F6-11D-1F are specific to cCD20 scFV. Next, we confirmed whether this antibody detects the CAR-expression in CD20-CAR 
transduced T cells. Canine CD20 CAR-T cells were obtained, as previously described [16]. In brief, Peripheral blood mononuclear 
cells (PBMCs) were isolated using Lymphoprep (Axis-Shield, Oslo, Norway) gradient centrifugation and then stimulated in 
R10 complete medium in the presence of 200 U/ml of recombinant human IL-2 (Proleukin; Novartis, Basel, Switzerland) and 
5 μg/ml of phytohemagglutinin (PHA) for 72 hr. After initial stimulation, the retrovirus-containing supernatants, collected from 
PG-13 packaging cells transfected with CD20-CAR construct (Fig. 1A), were added to the RetroNectin (TaKaRa Bio, Kusatsu, 
Japan) -coated plate, and this plate was centrifuged at 2,000 × g for 2 hr at 4°C to prepare the virus-bound plate. After retroviral 
transduction, CD20-CAR-T cells were subsequently expanded with 200 U/ml IL-2, and used in the following experiments.

It was confirmed that 1F6-11D-1F detected only CAR-expressing PBMCs shown as the population of Venus fluorescent protein 
by flow cytometry, whereas 1F6-11D-1F did not bind to nontransduced PBMCs that were similarly prepared as CAR- expressing 
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PBMCs except using supernatants containing no virus (Fig. 1D). Among the technical approaches to assessing survival of infused 
CAR-T cells after in vivo injection, quantitative PCR using CAR-specific primers in the most common method [8, 13]. However, 
flow cytometric analysis using CAR-specific antibody is favorable because it allows additional evaluation such as multiparameter 
analysis and cell sorting [9]. Flow cytometric analysis of CAR-T cells has another advantage; it enables the detection of living 
cells. Our results indicate that 1F6-11D-1F can be a useful tool to detect and monitor the infused CD20 CAR-T cells from blood 
samples of the infused dogs.

Since 1F6-11D-1F was raised against scFv region derived from anti-canine CD20 antibody, 4E1-7, we assessed 1F6-11D-1F to 
determine whether it could be used to detect chimeric anti-canine CD20 therapeutic antibody [12], 4E1-7-B, by ELISA. ELISA was 
performed as described above, where ninety-six-well plates were coated with 1F6-11D-1F, and serially diluted 4E1-7-B antibody 
was added, followed by the addition of detection antibody, mouse anti-canine Ig mix secondary antibody (Thermo Fisher Scientific, 
Tokyo, Japan) labeled with HRP using Peroxidase Labeling Kit-NH2 (Dojindo, Kumamoto, Japan) at serial dilution (1:500, 1,000 
and 2,500). Plate-coated 1F6-11D-1F was found to bind to serially diluted 4E1-7-B as shown in Fig. 2A. This result indicates that 
the blood concentration of 4E1-7-B in the anti-CD20 antibody therapy can be measured using 1F6-11D-1F.

We next conducted a pharmacokinetic study of anti-canine CD20 therapeutic antibodies, fucosylated antibody, 4E1-7-B and 
defucosylated antibody, 4E1-7-B_f, injected into the healthy dogs, using the ELISA developed in this study. Defucosylated 
antibody, 4E1-7-B_f, was developed based on 4E1-7-B chimeric antibody to enhance the function of antibody dependent cellular 
cytotoxicity in our previous study [12]. Serum samples for this study were derived from the healthy beagle dogs used in our 
previous study [12]. In that study, 15 healthy beagles (of three dogs in each group) were injected with either rat-dog chimeric 
anti-canine CD20 antibody (4E1-7-B) or the defucosylated antibody (4E1-7-B_f). One of two doses (either 0.5 mg/kg or 5.0 mg/
kg) of 4E1-7-B was intravenously injected once on day 0. As for 4E1-7-B_f, in addition to the two doses (either 0.5 mg/kg or 5.0 
mg/kg), much higher doses (25 mg/kg) was also injected in anticipation of clinical use. For measurement of administered antibody 
concentration by ELISA assay, serum was collected from each dog at the indicated time point. The pharmacokinetic study revealed 
a dose-dependent increase in the concentration and duration of infused therapeutic antibodies (Fig. 2B). In all dose settings, the 
blood levels of the administered antibodies peaked the next day and gradually decreased over 2 to 3 weeks. Even a dose of 0.5 
mg/kg produce very low blood levels as compared with other two doses, though this dose still induced the B cell depletion in our 
previous study [12]. No significant difference was observed between fucosylated and defucosylated antibodies. Pharmacokinetic 
study on antibody therapy is essential to determine the basis of individual variability. The pharmacokinetic studies of anti-human 
CD20 therapeutic antibody, rituximab, have revealed that there exists wide interindividual variability, and high serum drug 
concentrations appear to correlate with good clinical response [1, 6]. Though there was no wide interindividual variability in this 
study, further pharmacokinetics studies on patients with various tumor burdens are needed to understand the factors correlating 
with clinical efficacy.

In summary, we established a novel monoclonal antibody, 1F6-11D-1F, against the scFv region of the anti-canine CD20 
antibody, 4E1-7, and demonstrated that this antibody can detect CD20 CAR-expressing cells in flow cytometry. This antibody has 
also potential to be applied for detecting anti-canine CD20 therapeutic antibody. This study will be helpful for further investigation 
of canine CAR-T cell therapy and antibody therapy.
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Fig. 2.	 The measurement of chimeric anti-canine CD20 antibody. (A) Plates were coated with 1F6-11D-1F (1 μg/ml), followed by incubation with 
serially diluted chimeric anti-canine CD20 antibody (4E1-7-B). Antibody binding was detected by HRP-conjugated anti-dog IgG antibody at 
indicated dilutions (1:500, 1:1,000 and 1:2,500). Substrate solution was added and absorbance at 405 nm was measured. (B) Pharmacokinetic 
profile of chimeric anti-canine CD20 antibody in the serum from healthy beagle dogs. Fifteen healthy beagles (of three dogs in each group) 
were injected with either of rat-dog chimeric anti-canine CD20 antibody (4E1-7-B) or the defucosylated antibody (4E1-7-B_f) at the indicated 
dose. The concentration of anti-canine CD20 antibody in dog sera was measured by ELISA using plate-coated 1F6-11D-1F. Error bars indicate 
standard deviation.
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