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Abstract
Background: Some clinical trials have reported that CD19-negative B-cell lymphoma patients responded
to CD19 CART therapy. The mechanism of CD19 CART activating in patients with B-cell lymphoma that
do not express CD19 by immunohistochemistry (IHC) remains unknown.

Methods: 8 CART treated diffuse large B-cell lymphoma (DLBCL) patients and other 90 DLBCL tissues
were tested by IHC using 7 anti-CD19 antibodies. Besides, CD19 mRNA and protein of 6 human DLBCL
cell lines were assessed using Reverse Transcription Polymerase Chain Reaction (RT-PCR) and Western
blotting analysis, and CD19 expression was evaluated by IHC as well as �ow cytometry (FCM).

Results: 6 out of 8 (75%) DLBCL patients who received CD19 CART therapy were identi�ed as CD19-
negative by at least one antibody. In the 6 patients, 5 objective responses were seen (response rate,
83.3%). For the 90 DLBCL samples, 68 samples were involved in analysis, and 57 out of 68 (83.8%)
samples were assessed as CD19 negative by at least one antibody. IHC assay for 6 DLBCL cell lines
showed that 3 cell lines CD19 expression by IHC had inconsistent results with CD19 mRNA and Western
blotting assays, while FCM assay for the 6 DLBCL cell lines showed high sensitivity and good
concordance to CD19 expression. Antibody HIB19 mean �uorescence intensity showed a positive
correlation with CD19 expression (R2=0.8125, P=0.0137).

Conclusion: These results demonstrate the mechanism that CD19-negaive B-cell lymphoma patients
respond to CD19 CART therapy, suggesting that inclusion or exclusion of lymphoma patients for CD19
CART therapy based on current CD19 IHC seems unwarranted. FCM assay is recommended as a
complementary diagnostic method to CD19 IHC.

Introduction
Diffuse large B-cell lymphoma (DLBCL) is the most common subtype of non-Hodgkin lymphoma (NHL),
accounting for 30% of newly diagnosed NHL1. Diagnosis of DLBCL mainly relies on
immunohistochemistry (IHC) assay for CD20, CD3, CD5, CD10, CD45, BCL2, Ki-67, IRF4/MUM1 and
MYC2. Rituximab combined with CHOP immunochemotherapy (R-CHOP) is the standard-of-care
treatment for DLBCL, with remission rates of 58–75% 3–6. However, 20–50% of the patients are primary
refractory to or relapsed after R-CHOP immunochemotherapy7. For refractory or relapsed DLBCL (r/r
DLBCL), the outcomes are very poor even with salvage therapy.

Chimeric antigen receptor (CAR) T-cell immunotherapy has achieved remarkable success in relapsed or
refractory B-cell acute lymphoblastic leukemia (B-ALL)8–13 and B-cell NHL14–17. Three CART products
have been approved by Food and Drug Administration, including Tisagenlecleucel (Kymariah) for r/r
DLBCL and B-ALL, Axicabtagene Ciloleucel (Yescarta) for relapsed or refractory large B-cell lymphoma
and KTE-X19 (Tecartus) for relapsed or refractory mantle cell lymphoma 18–20. Interestingly, recent
studies have reported that CD19 CART is active in B-cell lymphoma that do not express CD19 by IHC. In a
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clinical trial of Axicabtagene Ciloleucel, 8 CD19-negative DLBCL patients were observed to have similar
response rates as CD19-positive patients15. In a recent reported clinical trial results of KTE-X19, 3 CD19-
negative mantle cell lymphoma patients were shown to have a 100% response rate to CD19 CAR-T cell
therapy21. By far, IHC has been the most commonly used method in lymphoma diagnosis and CD19
analysis before CART therapy. The observations in above studies seem to support the hypothesis that
CD19 IHC negative lymphoma patients would be able to respond to CD19 CART. CD19 IHC positivity as
an indicator for CD19 CART therapy is limited, however, how to determine B-cell lymphoma patients
whether to use CD19 CART therapy is not well de�ned.

Here, we reviewed 8 DLBCL patients treated with CD19 CART and 90 DLBCL samples by IHC with 7
different CD19 antibodies. Both mRNA and protein CD19 expression were evaluated in 6 human DLBCL
cell lines, followed by IHC with 7 different CD19 antibodies and Flow cytometry (FCM) with 3 different
CD19 antibodies to determine heterogeneity between CD19 detection methods and develop a reliable
method for CD19 assessment before CART therapy.

Methods And Materials

Patients and lymphoma samples
A total of 98 pretreatment tumor biopsy samples were collected from newly diagnosed with DLBCL in the
Naval Military Medical University a�liated Changhai Hospital from January 2012 to January 2019.
Among them, 8 patients have received CD19 CART therapy. Histologic specimens were examined by two
pathologists in line with the 2016 updated World Health Organization Classi�cation of lymphoid
neoplasias 2. Informed consents were obtained from all patients in accordance with requirements of the
Declaration of Helsinki.

Micro-immunohistochemistry (uIHC)
The sample were transferred into IHC tissue chip (9×10 array) using a sample needle and then cut into 4–
6 µm sections. To conduct the uIHC test, antibody solutions were localized on surfaces of micrometre-
sized tissue sections using a vertical micro�uidic probe for primary antibodies incubation. Secondary
antibody incubation was performed following conventional IHC procedure as described in detail
previously22. Seven commercially available CD19 antibodies were used which were extracellular-epitope
monoclonal antibodies including LE-CD19 (Novus Biologicals, USA, NB100-65672), OTI1F2 (LifeSpan
BioSciences, USA, LS-C338081), D4V4B (Cell signaling technology, USA, 90176), OTI1F9 (LifeSpan
BioSciences, USA, LS-C338089), OTI3B10 (LifeSpan BioSciences, USA, LSC174739), EPR5906 (Abcam,
USA, ab134114) and SP291 (Abcam, USA, ab227688). The results of CD19 were scored using a semi-
quantitative scoring system (Allred score)22. The �nal immunostaining scores were de�ned as 0, 1, 2, 3, 4.
0 represents tissue loss during manufacture, 1 stands for CD19 negative, 2 and 3 represent CD19 < 30%
but > 0 (low positive) and > 30% but < 100% (high positive), respectively. Samples were excluded for IHC
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score analysis if tissues lost more than 2 out of the 7 antibodies assays and the data of percentage of
positive cells included only samples without tissue loss.

Cell lines and cell culture
The human DLBCL cell lines TMD-8, OCI-LY1, HBL-1 and SUDHL-2 were donated by Department of
Urology, Changhai Hospital, Naval Medical University, Shanghai, China. The human lymphoma cell lines
SUDHL-4 and DB were donated by School of life sciences and technology, Tongji University, Shanghai,
China. TMD-8, HBL-1, SUDHL-2, SUDHL-4 and DB cell line were cultured in RPMI-1640 Medium containing
20% fetal bovine serum (Gibco, USA) and OCI-LY1 was cultured in IMDM medium containing 20% fetal
bovine serum. All of the cell lines were cultured in incubator containing 5% CO2 at 37℃. Fresh medium
was supplied every 3 days.

FCM assay
A patient’s pleural effusion and 6 DLBCL cell lines including TMD8, OCI-LY1, HBL-1, SU-DHL-4, SU-DHL-2
and DB were analyzed by FCM. Cell density was adjusted to 5×105/ml before staining. 3 CD19-APC
antibodies applied were used including SJ25-C1 (clone Invitrogen, USA, MHCD1905), HIB19 (BD
Pharmingen, USA, 555415) and 4G7 (Novus Biologicals, USA, NBP2-52664). FCM was performed using
Beckman Coulter Flow Cytometer (Navios, California, USA) and the results were analyzed using Flowjo
v10 software.

Western Blotting
Cells were collected and washed twice with PBS. Cell pellets were lysed in RIPA and PMSF (1:100) buffer
(Thermo Scienti�c 89900, 36978), and protein quanti�cation by BCA assay (Thermo Scienti�c, 23227).
Proteins were separated by 4–20% SDSPAGE at 180V for 30 minutes and transferred to PVDF
membranes for 1.5 hours. PVDF membranes were blocked with 5% BSA for 1 hour and washed with
TBST. The membranes were incubated with primary antibodies D4V4B (Cell signaling technology, USA,
90176) and β-Actin (Cell signaling technology, USA, 4970T) overnight at 4˚C, and further with a secondary
antibody (Cell signaling technology, USA, 7074S) for 1 hour at room temperature. The membranes were
washed three times and visualized with a chemiluminescence system. Proteins were quanti�ed using
Image J software.

Reverse Transcription Polymerase Chain Reaction (RT-PCR)
5×106 cells were collected and washed twice with PBS. RNA was extracted using TRIzol reagent
(Introvigen, 15596-026) and eluted in 50ul nuclease-free water. Reverse-transcription reaction was
performed with PrimeScript™ RT Master Mix (Takara, RR036A), following the manufacturer’s instructions.
The primers sequences of CD19 were: Forward: GATAACGCTGTGCTGCAGTG and Reverse:
ACACATACAGCTTGGGGCTC. The assay was carried out in a 20 µl reaction mixture containing 10 µl of 2×
TB Green Premix Ex Taq (Takara, RR820A), 1ul of 10 µM of each primer, 0.4 µl of 50×ROX Reference
Dye , 2 µl of Template and 5.6 ul sterile puri�ed water. The optimized thermal cycling conditions were as
follows: 1 cycle of 95°C for 30 sec and 40 cycles of PCR ampli�cation at 95°C for 3 sec and 60°C for 30
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sec, followed by a melt curve stage. Real-time RT-PCR reactions were performed on the Biosystems 7500
real-time PCR System (Biosystems, CA, USA).

Statistical analysis
Continuous data were expressed as median and standard deviation. For analysis of DLBCL, IHC
percentage of positive cells among different antibodies and comparisons among cell lines RNA, protein
levels, MFIs and IHC intensity, the general linear model and Student-Newman-Keuls test were used. To
determine the associations between the protein level in different cell lines and MFIs or IHC intensity,
Spearman’s rank correlation coe�cients were calculated. All statistical analyses were performed using
SPSS (version 23.00) software. P value < 0.05 was considered to be statistically signi�cant.

Results
1. CD19 expression in DLBCL patients treated with CART.

In this study, one DLBCL patient who received CD19 CART therapy and obtained CR, was observed to be
CD19 negative in her pleural effusion lymphoma cells at initial diagnostic IHC assay (Fig. 1A). To further
investigate these results, the sample was evaluated using 7 IHC antibodies targeting different clones, and
found that the sample was positive in antibodies OTI1F9 and 3B10 detection, low positive in antibodies
LE-CD19 and D4V4B detection, and negative in antibodies OTI1F2, EPR5906 and SP291 detection
(Fig. 1B). To determine the results, we evaluated CD19 expression in the pleural effusion cells by FCM,
which identi�ed that CD19 expression in the lymphoma cells was positive (Fig. 1C). To further investigate
the relevance of CD19 expression and patients’ response to CART therapy, IHC assays of CD19
expression in other 7 DLBCL patients treated with CD19 CART therapy were performed. The patients’
characteristics were showed in Table 1. 6 out of 8 DLBCL patients who received CD19 CART therapy
obtained complete or partial remission (response rate, 75%). It is observed that 6 DLBCL tumors were
identi�ed as CD19-negative by at least one antibody. Among the 6 patients, 5 objective responses were
seen (response rate, 83.3%). 2-year progression-free survival rate 38% (95% CI 4.68%-71.32%), 2-year
overall survival 50% (95% CI 4.68%-71.325). As the data were too small to analyze IHC staining bias,
additional 90 DLBCL sample were reviewed by IHC with 7 antibodies.

2. CD19 expression in DLBCL tissues varies with different IHC antibodies.

To compare the performance of different CD19 IHC antibodies, we tested 90 formalin-�xed and para�n-
embedded (FFPE) DLBCL samples with 7 CD19 IHC antibodies by uIHC (Fig. 2A). 68 DLBCL quali�ed
samples were involved in the analysis, samples showed different CD19 expression status among
different antibodies. 57 out of 68 (83.8%) samples were assessed as CD19 negative by at least one
antibody. The results are displayed by a heat map (Fig. 2B) The percentage of positive cells were found to
differ when detected by different antibodies. Antibody LE-CD19 had highest percent of CD19 positive
cells, 1F2, D4V4B, 1F9 and 3B10 had moderate percent of CD19 positive cells, and EPR5906 and SP291
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had the lowest percent of CD19 positive cells (P < 0.05) (Fig. 2C). CD19 IHC showed a poor consistency
among different antibodies. 

3. RT-PCR, Western blotting and IHC analysis of CD19 mRNA and CD19 protein expression in human
DLBCL cell lines.

As CD19 IHC showed low concordance among antibodies, to �nd out a method with good consistency,
we compared IHC and FCM in 6 DLBCL cell lines, including TMD-8, OCI-LY1, HBL-1, SUDHL-2, SUDHL-4
and DB. CD19 mRNA levels in the 6 cell lines was determined by RT-PCR, and all of these cell lines were
detected CD19 mRNA. TMD-8 (0.201%±0.019%) and SUDHL-4 (0.246%±0.016%) showed high levels of
CD19 mRNA, OCI-LY1(0.142%±0.012%), HBL-1(0.0605 ± 0.004%) and SUDHL-2 (0.121%±0.002%) showed
moderate levels of CD19 mRNA, while DB (3.65×10− 5%±1.195×10− 5%) cell line showed the lowest level
of CD19 mRNA (Fig. 3A). As the protein level, CD19 expression was detected by Western Blotting
analysis(Fig. 3B). TMD-8 (41.6235%±2.2582%), OCI-LY1 (42.1468%±0.0683%) and SUDHL-2 (38.1858%
±2.4609%) showed high CD19 protein expression, HBL-1 (30.2584%±3.4691%) and SUDHL-4 (28.6253%
±2.5132%) showed moderate CD19 protein expression, and DB cell line showed undetectable CD19
expression Fig. 3C . IHC assay with 7 different CD19 antibodies was performed in the 6 cell lines and
results were displayed by a heat map (Fig. 3D). CD19 expression in cell lines TMD-8, SUDHL-2 and
SUDHL-4 were identically strong positive (Fig. 3E,H-I). Cell line OCI-LY1 showed CD19 positive in
antibodies OTI1F9, 3B10, EPR5906 and SP291, while showed CD19-negative in antibodies LE-CD19 and
D4V4B (Fig. 3F). Cell line HBL-1 showed low positive in antibodies LE-CD19 and OTI1F2, and strong
positive in remain antibodies (Fig. 3G). Cell line DB showed strong positive in antibodies 3B10 and low
positive in antibodies LE-CD19 while negative in the remaining antibodies (Fig. 3J). The discrepancy of
CD19 expression in cell lines OCI-LY1, HBL-1 and DB indicated that CD19 expression could be false
negative due to single assay with one antibody, emphasizing the importance of developing a
complementary method to assess the CD19 expression level following CART therapy.

4. FCM had high sensitivity and good concordance for CD19 detection.

Unlike IHC assay which was used FFPE samples, FCM was applied in living cells. CD19 expression was
detected using FCM with 3 antibodies targeting different CD19 epitopes of SJ25-C1, HIB19 and 4G7. All
the 6 cell lines tested CD19 positive expression. For the SJ25-C1 and HIB19 antibodies, the TMD-8,
SUDHL-2 and SUDHL-4 cell lines were observed high CD19-Mean �uorescence intensity (MFI), OCI-LY1
and HBL-1 cell lines showed moderate CD19-MFI and cell line DB showed low CD19-MFI (Fig. 4A-B). For
the 4G7 antibody, TMD-8 cell line was observed high CD19-MFI, while OCI-LY1 and HBL-1, SUDHL-2 and
SUDHL-4 cell lines showed moderate CD19-MFI and DB cell line showed low CD19-MFI (Fig. 4C). A
positive correlation was observed between CD19 expression level determined by Western blotting assay
and that of CD19-MFI measured by FCM with the HIB19 antibody (R2 = 0.8125, P = 0.0137) (Fig. 4D). FCM
and Western blotting showed good concordance in measuring the expression of CD19 expression.

Discussion
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To explore the reason of CD19 CART actives in CD19 negative lymphoma patients, 98 DLBCL samples
were retested for CD19 expression with 7 different antibodies. 6 DLBCL cell lines was detected by RT-PCR
and Western blotting followed by IHC and FCM. This study revealed the potential mechanism of the
presumably CD19-negative lymphoma patients responding to CD19 CART therapy, since these patients
were actually false CD19-negative due to current IHC limitation. FCM with sensitivity and good
concordance to CD19 expression was recommended as a complementary method for IHC.

False CD19 negative in IHC detection may be attributed to two mechanisms: First, formalin �xation and
para�n embedding altered the three-dimensional structure of antigen protein23. The reaction between
antibodies and antigens depends on the antigen conformation. Mason and O’Leary reported that the
secondary structure of proteins was locked in the process of formalin �xation24, while the tertiary and
quaternary antigen conformation decreased the �nal antigen-antibody reaction intensity, and
consequently, leading to a false-negative result25. Second, single CD19 antibody cannot cover all kinds of
CD19 isoforms. A gene can generate various protein isoforms due to alternative splicing of the primary
mRNA and posttranslational modi�cation26. Different CD19 antibodies have distinct epitopes, so one
CD19 antibody cannot identify all the epitopes in the CD19 isoforms repertoire27. Most pathological
laboratory performing IHC use only one CD19 antibody, and samples are likely to be judge as “negative” if
the CD19 molecule dose not express the isoforms that the CD19 antibody can identify.

To our knowledge, no theoretical basis and data support the mechanism of CD19 CART mediating CD19-
negative killing. In preclinical research, there are reports that CART could mediate non-target cell lysis via
bystander killing effect, a mechanism which is cytokine-dependent that CART were activated by target
antigen-positive cells and release cytokines such as interferon-γ and tumor necrosis factor α28. Bystander
killing effect occurs only when CART are co-cultured with target antigen positive and negative cell lines,
and target antigen negative cell lines are not killed by CART without target antigen positive cell lines29,30.
The antigen recognition domain of CAR-T cells is single-chain variable Fragment (scFv), a molecule from
both the heavy and light chain of the antigen-binding domain of a monoclonal antibody31. Based on the
antigen-antibody reaction (Ag-Ab reaction) mechanism, the ScFv-based CART recognizes protein structure
other than epitopes. Therefore, the test for both the target antigen structure and epitopes are equally
important in prior treatment evaluations.

Since IHC preserves the tissue architecture, it is used for routine clinical practice in lymphoma diagnosis
while FCM is restricted to NHL with peripheral blood or bone marrow involvement or in chronic
lymphocytic leukemia32.Over the years, multiple analytical techniques have been developed for clinical
diagnosis, classi�cation and monitoring of hematopoietic disease. FCM is a sensitive, accurate and real-
time detection that was widely used in the evaluation of hematopoietic diseases 33. FCM is a laser-based
technology, which measures living cells immunophenotype based on Ag-Ab reaction without structural
alteration. FCM has some advantages compared with IHC: (1) FCM provides faster and accurate
quantitative results; (2) FCM evaluates millions of cells labeled with different markers simultaneously
and can easily de�ne clonal populations; (3) FCM directly examines living cells and immunophenotypes
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in physiological state32,34. What’s more, CART immunotherapy is effective for CD19-dim B-cell ALL,
according to research in vitro, CART was able to recognize and lyse cells with CD19 expression in very low
levels 35. It is important to evaluate CD19 expression in patients by a method with high sensitivity. FCM
can give timely and reliable information, with detection limit of 10− 536. These suggest that FCM be a
reliable method in the assessment of CD19 expression in DLBCL. Therefore, for prior CD19 CART infusion
evaluation, FCM can be used as a complimentary detection method.

Collectively, these fundamental insight of “CD19-negative” enhance the understating of CD19-negative
DLBCL patients responding to CD19 CART therapy. Based on the �ndings, we suggest that lymphoma
patients perform both IHC and FCM for accurate CD19 expression measurement before CD19 CART
therapy.

Abbreviations
DLBCL: Diffuse large B-cell lymphoma; NHL: non-Hodgkin lymphoma; IHC: immunohistochemistry; r/r
DLBCL: refractory or relapsed DLBCL; CAR: Chimeric antigen receptor; FCM: Flow cytometry; RT-PCR:
Reverse Transcription Polymerase Chain Reaction; uIHC: Micro-immunohistochemistry; FFPE: formalin-
�xed and para�n-embedded; scFv: single-chain variable Fragment.
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Table 1. DLBCL Patients CD19 IHC and response to CART therapy.
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Abbreviations: PD, progressive disease; R, relapse; SD, stable disease; CR, complete remission.

Figures
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Figure 1

CD19 expression and CART response in diffuse large B-cell lymphoma (DLBCL) sample. A. One DLBCL
patient showed CD19 negative at initial diagnosis by immunohistochemistry (IHC) but obtained complete
remission in CART treatment. B. IHC with antibodies targeting different clones in the DLBCL sample. C.
Flow cytometry (FCM) assay presented this patient was CD19 positive.
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Figure 2

Evaluation of CD19 expression by micro-IHC (uIHC) using 7 different antibodies in DLBCL samples. A.
Tissue microarray stained by uIHC. B. Heat map of CD19 expression was detected by uIHC (n=68). Score
0 represents tissue loss, 1 represented CD19 negative, 2 and 3represeted CD19 low and high positive
CD19 expression, respectively. C. Percentage of positive cells in each sample. The percentages of positive
cells samples were detected by different antibodies (P<0.0001). Antibody LE-CD19 showed the highest
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percent of CD19 positive cells, OTI1F2, D4V4B, OTI1F9 and 3B10 showed the moderate percent of CD19
positive cells and antibodies EPR5906 and SP291 presented the lowest percent of CD19 positive cells
(P<0.05). The data was tested by the general linear model and Student-Newman-Keuls test.

Figure 3

CD19 mRNA and CD19 expression level by RT-PCR, Western blotting and IHC analysis in cell lines of
TMD-8, OCI-LY1, HBL-1, SUDHL-2, SUDHL-4 and DB. A. CD19 mRNA levels in TMD-8 (0.201%±0.019%),
OCI-LY1 (0.142%±0.012%), HBL-1 (0.0605±0.004%), SUDHL-2 (0.121%±0.002%), SUDHL-4 (0.246%
±0.016%) and DB (3.65×10-5%±1.195×10-5%). Data were normalized to GAPDH mRNA levels. B. The
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CD19 protein band was revealed by Western Blotting analysis. C. Quanti�cation of CD19 protein level in
TMD-8 (41.6235%±2.2582%), OCI-LY1 (42.1468%±0.0683%), HBL-1 (30.2584%±3.4691%), SUDHL-2
(38.1858%±2.4609%), SUDHL-4 (28.6253%±2.5132%) and DB (0). D. Heat map of CD19 expression in 6
cell lines using IHC with 7 antibodies targeting different clones. Score 0 represents tissue losing, 1
represents CD19 negative, 2 and 3 implied CD19 low-and high-positive CD19 expression. D. TMD-8 shows
high-positive CD19 expression with 7 different antibodies. This image was stained by antibody 3B10. E.
OCI-LY1 shows CD19 negative expression when detected by antibody LE-CD19 (up panel) and D4V4B, but
showed a high-positive CD19 expression with detection of 3B10 (down panel) and OTI1F9, EPR5906 and
SP291. F. HBL-1 shows CD19 low-positive expression of CD19 detected by antibodies OTI1F2 and LE-
CD19 (up panel), high-positive expression of CD19 detected by antibodies OTI1F9, EPR5906, SP291 and
D4V4B, 3B10 (down panel). G. SUDHL-2 shows high-positive CD19 expression with 7 different antibodies.
The image was stained by antibody 3B10. H. SUDHL-4 displays high-positive CD19 expression with 7
different antibodies. The image was stained by antibody 3B10. I. DB shows negative CD19 expression
detected by antibodies OTI1F2 D4V4B, EPR5906 and SP291, OTI1F9 (left up panel), a low-positive CD19
expression detected by antibodies LE-CD19 (left down panel) and a high-positive CD19 expression
detected by antibodies 3B10 (right panel).
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Figure 4

Flow cytometry analysis of 6 cell lines CD19 expression. A. CD19 mean �uorescence intensity of 6 cell
lines detected by antibody Sj25-C1 (left panel) and a histogram of the 6 cell lines detected by Flow
cytometry (right panel). B. CD19 mean �uorescence intensity of 6 cell lines detected by antibody HIB19
(left panel) and a histogram of 6 cell lines detected by Flow cytometry (right panel). C. CD19 mean
�uorescence intensity of 6 cell lines detected by antibody 4G7 (left panel) and a histogram of 6 cell lines
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detected by Flow cytometry (right panel). D. Correlations between the CD19-MFI of 3 antibodies and CD19
protein level of 6 cell lines. Antibody HIB shows a strong correlation with the CD19 protein level
(P=0.0137).Spearman’s rank correlation coe�cients were used in the data analysis.


