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Abstract

CD19-targeted chimeric antigen receptor T (CAR-T) cell therapy has shown unprece-

dented results in patients with B cell relapsed/refractory acute lymphoblastic leuke-

mia (R/R-ALL) and B cell non-Hodgkin lymphomas where no other curative options

are available. In vivo monitoring of CAR-T cell kinetics is fundamental to understand

the correlation between CAR-T cells expansion and persistence with treatment

response and toxicity development. The aim of this study was to define a robust, sen-

sitive, and universal method for CAR-T cell detection using flow cytometry. We set

up and compared with each other three assays for CD19 CAR-T cell detection, all

based on commercially available reagents. All methods used a recombinant human

CD19 protein fragment recognized by the single-chain variable fragment of the CAR

construct. The two indirect staining assays (CD19his + APC-conjugated antihistidine

antibody and CD19bio + APC-conjugated antibiotin antibody) showed better sensi-

tivity and specificity compared with the direct staining with CD19-FITC, and

CD19his had a better cost-effective profile. We validated CAR detection with

CD19his with parallel quantitative real-time polymerase chain reaction data and we

could demonstrate a strong positive correlation. We also showed that CD19his stain-

ing can be easily included in a multicolor flow cytometry panel to achieve additional

information about the cell phenotype of CAR-T cell positive subpopulations. Finally,

this method can be used for different anti-CD19 CAR-T cell products and for differ-

ent sample sources. These data demonstrate that detection of CAR-T cells by

CD19his flow cytometry staining is a reliable, robust, and broadly applicable tool for

in vivo monitoring of CAR-T cells.
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1 | INTRODUCTION

Chimeric antigen receptor T-cell (CAR-T) therapy targeting CD19 has

revolutionized the treatment of hematological neoplasms, in particular

for B cell relapsed/refractory acute lymphoblastic leukemia (R/R-ALL)

[1, 2]. In this regard, CD19-directed CAR-T cell treatment resulted in

persistence of immunological memory, trafficking to the tumor sites,

and antitumor activity, which led to tumor regression and, in most of

the patients, complete remission [3–5]. Since 2017, six CAR-T cell

therapies have been approved by the Food and Drug Administration

(FDA) and by European Medicines Agency (EMA), among which four

anti-CD19 CAR-T cells [6]. All have been approved for the treatment

of hematologic malignancies, including relapsed or refractory B-ALL,

diffuse large B-cell non-Hodgkin lymphoma (B-NHL), follicular lym-

phoma (FL), mantle cell lymphoma, and multiple myeloma. Despite this

rapid success, major challenges remain to be addressed such as

extending the initial application to other cancer types, minimizing

treatment-associated toxicities and preventing cancer relapse [7, 8].

Several studies have now defined different factors associated to

treatment response, such as the importance of the T-cell intrinsic fit-

ness, the expansion level in peripheral blood (PB), the disease status

at the time of CAR-T cell infusion, and the type and number of previ-

ous treatment lines [9–15]. In the setting of chronic lymphocyte leu-

kemia, CD19-targeted CAR-T cell products differed at transcriptional,

phenotypic, and functional level in responding compared with nonre-

sponding patients. Indeed, in patients achieving complete remission,

the CAR-T cells of the infusion bag were enriched in the expression of

memory-related genes, showed memory-like phenotypic characteris-

tics, and increased ability to release interleukin 6 (IL-6) [16]. In ALL

patients treated with tisagenlecleucel, the level of CAR-T cell peak

expansion, measured either by quantitative polymerase chain reaction

(qPCR) or by flow cytometry, was higher in responding than in nonre-

sponding patients. Moreover, the extent of CAR-T expansion was cor-

related with severity of cytokine release syndrome (CRS), one of the

most common side effects of immunotherapy [17]. These studies sug-

gest that the deep characterization of the CAR-T cell product compo-

sition and the monitoring of CAR-T cell expansion can help to identify

biomarkers of response and toxicity. For these reasons, European

Society for Blood and Marrow Transplantation (EBMT) and Joint

Accreditation Committee of ISCT and EBMT (JACIE) recommenda-

tions suggest to monitor CAR-T cell persistence at medium and long

term after the infusion, however without recommending a specific

method of detection [18]. The achievement of a universal and stan-

dardized assay, that could be easily applied to different laboratories

and to different CAR constructs, would be desirable to amplify the

knowledge on CAR-T cell treatment [19]. To detect and quantify

CAR-T cell, current approaches are represented by the quantification

of the CAR transgene sequence using qPCR [20] or flow cytometry

[17, 21]. Different efforts were made to propose flow

cytometry assays for CAR-T cell detection, not only for the anti-CD19

CAR but also for the anti-BCMA CAR [22–27].

The aims of this study were to compare three different methods

to detect CAR-T cells by flow cytometry using two indirect and one

direct staining approach based on the use of a CD19 recombinant

protein, to validate the best performing one toward vector copy num-

ber (VCN) qPCR-based analysis and to explore new possible

applications.

2 | MATERIALS AND METHODS

2.1 | Patients and samples

Samples used in this study were obtained from the first four patients

treated with the highest dose of CARCIK-CD19 cells for R/R-ALL and

enrolled in the Phase I/IIa clinical trial FT01CARCIK (EudraCT

2017-000900-38) [28]. Samples were collected at fixed time points as

per study protocol. Additional samples were obtained from patients

treated with commercial CAR-T products such as tisagenlecleucel

(Kymriah®), axicabtagene ciloleucel (Yescarta®), brexucabtagene auto-

leucel (Tecartus®), and lisocabtagene maraleucel (Breyanzi®) as a part

of routine follow up for patients treated in our center (N = 4). CAR-

CIK and CAR-T cell monitoring collected from other human liquid

fluids such as cerebrospinal fluid and pleural effusion, when clinically

indicated. Additional flow cytometry tests for analytical validation

were performed on leftovers. The sensitivity, specificity, and cytotox-

icity assays were performed on PB samples from anonymous healthy

donors (HDs; N = 8). Written informed consent was obtained from all

participants prior to sample collection, in accordance with the Decla-

ration of Helsinki. Protocol approval was obtained from the ethical

committee of the ASST Papa Giovanni XXIII hospital.

2.2 | CARCIK-CD19 cells for in vitro assays

The sensitivity assay and the CAR+/CAR� populations sorting were

assessed on CARCIK-CD19 cells produced according to the already

described protocol [29]. Briefly, PB mononuclear cells (PBMCs) from

HD buffy coat or PB, obtained after informed consent, were electro-

porated in the presence of two plasmids, one encoding the anti-CD19

CAR and the other for the SB11 transposase. Cells were cultured for

21 days in advanced RPMI-1640 Medium (Gibco, Thermo Fisher Sci-

entific, Waltham, MA) supplemented with 10% heat-inactivated fetal

bovine serum (FBS; Hyclone, GE Healthcare, Chicago, IL) in the pres-

ence of IL-2. At the end of the culture CAR+ cells were purified on a

magnetic column (see Supporting information S1). For the sensitivity

assay, CAR+ cells were serially diluted in untransduced CIK cells.

2.3 | Reagents for flow cytometry CAR detection

Cells were stained using the APC-conjugated AffiniPure F(ab')2 frag-

ment goat antihuman Immunoglobulin G (IgG), Fcγ Fragment Specific,

also called anti-Fc (Jackson Immunoresearch, West Grove, PA). Subse-

quently, three CAR detection methods were compared: (1) the human

CD19 protein fused to a histidine tag (Acro biosystems, Newark, DE)
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together with APC-conjugated antihistidine antibody (Miltenyi Biotec,

Bergisch, Gladbach, Germany); (2) the CD19 CAR detection reagent, a

biotinylated human CD19 protein, together with APC-conjugated

antibiotin antibody (Miltenyi Biotec); (3) the FITC-labeled human

CD19 protein (Acro biosystems). A three-color panel was designed to

perform the comparison between the three CAR detection reagents.

Cells were characterized with the CD45-V500 (2D1 clone) and the

CD3 monoclonal antibody conjugated to FITC or APC fluorochrome

(SK7 clone), the first when the CAR was stained with the APC fluoro-

chrome and the second when it was stained with the FITC

fluorochrome (all from BD biosciences, San José, CA).

CARCIK-CD19 cells were characterized with the following mono-

clonal antibodies in the 12-color panel: CD19-his and anti-his APC,

anti-CD3-FITC (SK7 clone), anti-CD4-BV605 (RPA-T4 clone),

anti-CD8-APC-H7 (SK1 clone), anti-CD45RA-PE-Cy7 (L48 clone), anti-

CD62L-BV711 (SK11 clone), CD45-V500 (2D1 clone), CD279(PD-1)-

PE (EH 12.1 clone), CD223(LAG-3)-APC-R700 (T47-530 clone), CD272

(BTLA)-BB700 (J168-540 clone), CD25-BV421 (M-A251 clone), and

CD127-BV786 (HIL-7R-M21 clone).

2.4 | Flow cytometry staining protocol and
analysis

For flow cytometry CAR detection, 200 μL of whole PB or BM were

incubated with 0.25 μg of the CD19 recombinant proteinconjugated

with histidine (cat. CD9-H52H2) or 2 μL of the protein conjugated

with biotin (cat. 130-115-965), as suggested by manufacturer's

instructions, for 15 min at room temperature. Following the incuba-

tion, the cells were washed with the buffer containing phosphate-

buffered saline (PBS, Euroclone, Milan, Italy) and 1% human serum

albumin (HSA, Kedrion, Barga, Italy), and then incubated with 2 μL of

the antitag antibody, respectively antihistidine or antibiotin. After

15 min, cells were washed again and incubated with all the other sur-

face markers of choice based on the panel as already reported. For

the last wash, cells were incubated 5 min in 2 mL of ammonium chlo-

ride lysing solution (BD Biosciences), centrifuged and resuspended in

PBS + 1%HSA buffer for the acquisition.

For the CD19 recombinant protein directly bound to FITC fluoro-

chrome, the whole blood was first incubated with 0.25 μg of

the CD19 protein (cat. CD9HF2H2), then washed and incubated with

the surface markers following the same procedure as before.

For multicolor-flow cytometry panel we started form 1 mL of

blood incubated with 9 mL of ammonium chloride lysing solution

(BD Biosciences) for 5 min and then centrifuged before starting the

staining protocol. The absolute number of CD3+ cells was obtained

using lyse/no-wash tube with beads, validated for clinical use

(BD Trucount™ Absolute Counting Tubes, BD Biosciences).

The stain index was calculated as the difference between the

mean fluorescent intensity (MFI) of the positive and negative popula-

tion divided by two times the standard deviation of the negative pop-

ulation. The stain index allows the normalization of the fluorochrome

brightness to the background signal.

The limit of detection (LOD) was calculated as the mean of the

unspecific binding plus three times the standard deviation and the

lower limit of quantification (LLOQ) as the lowest dilution with a coef-

ficient of variation between replicates <30% [30].

Stained cells were acquired on a BD FACSLyric™ platform

(BD Biosciences). For data analysis, including viSNE map, BD FAC-

Suite™ software (BD Biosciences) as well as Cytobank software

(Beckman Coulter, Brea, CA) were used as appropriate.

2.5 | Quantitative real-time PCR

DNA was extracted from PBMCs, untransduced CIK, CAR+, and CAR�

cells using the Wizard Genomic DNA purification kit (Promega Corpo-

ration, Madison, WI) according to the manufacturer's instructions.

Quantitative real-time PCR to detect the integrated copy number was

performed as previously described [31]. Briefly, 100 ng of genomic

DNA were analyzed using TaqMan Gene Expression Master Mix

(Applied Biosystems, Waltham, MA) and TaqMan qPCR (RT-PCR Sys-

tem QuantStudio 3, Applied Biosystems) by comparing hRNaseP

qPCR results with VCN qPCR.

RNA was extracted from untransduced CIK, CAR+, and CAR�

purified cells using the RNeasy mini kit (QIAGEN, Hilden, Germany)

according to the manufacturer's instructions. Quantitative real-time

PCR was set up to detect the number of CAR mRNA copies, normal-

ized on the housekeeping gene GUS. For the primer sequences see

Supporting information S1.

2.6 | Cytotoxicity assay

CIK cells, CAR+, and CAR� purified cells were cocultured with

the CD19+ REH cell line at a 1:1 effector:target (E:T) ratio for 72 h. At

the end of the culture, cells were stained with 7-AAD for viability,

CD3 for the identification of the effector cells and CD10 for the tar-

get cells. After 15 min, CountBright™ absolute counting beads

(Thermo Fisher, Waltham, MA) were added to the tube and cells were

analyzed by flow cytometry. Absolute numbers of live target cells at

the end of the assay were calculated by comparing the ratio of bead

events to cell events. The percentage of cytotoxic activity was deter-

mined by dividing the absolute number of target cells at the end of

the culture with the absolute number of target cells at the beginning

of the experiment.

2.7 | Statistical analysis

Statistical analysis was performed using Microsoft Excel®, GraphPad

Prism (GraphPad Software, San Diego, CA) and R software (version

4.3.0). Significance was determined by a two-tailed paired t-test and

p-values were considered statistically significant below 0.05. Pearson

correlation analysis was carried out between flow cytometry and real-

time PCR test results.
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3 | RESULTS

3.1 | Comparison of different CAR-T cell detection
methods

The different detection methods compared in this work are schemati-

cally represented in Figure 1.

The CAR molecule expressed by CARCIK-CD19 cells is composed

of an anti-CD19 single-chain fragment variable (scFv) followed by the

hinge and CH2-CH3 domains derived from the human IgG1. In pre-

clinical studies, the expression of the anti-CD19 CAR on CIK cells was

successfully assessed using the APC-conjugated antihuman IgG anti-

body, specific for the Fcγ fragment [29]. While this antibody perfectly

identifies CAR+ cells resuspended in complete medium (RPMI supple-

mented with FBS), it failed to recognize the same cells in whole blood

due to a strong inhibition of the antibody binding by human serum

IgG (Figure 2A).

In order to detect CAR+ cells in whole blood patient's samples,

we compared three alternative CAR staining strategies. Two were

based on recombinant CD19 protein conjugated respectively with a

histidine (CD19his) or biotin (CD19bio) tag, followed by an appropri-

ate APC-conjugated second-step antibody, whereas the third used a

recombinant CD19 directly conjugated with FITC (CD19-FITC).

While the CD19bio staining was assessed using a commercial kit by

Miltenyi biotec, the CD19his staining protocol was developed in our

laboratory, using commercial reagents. Different infusion bag prod-

ucts and PB samples, from patients infused with CARCIK-CD19 cells,

were stained with the three methods in parallel. All methods could

detect CAR+ cells in infusion bags as well as in PB, with a good

discrimination between the positive and negative cell population

(Figure 2B).

We compared the stain index of each method and the best per-

forming one was CD19bio + antibiotin-APC, with a mean stain index

of 200.1, followed by the CD19his + antihistidine-APC (mean stain

index 71.1) and the CD19-FITC (mean stain index 6.8; Figure 2C).

Indeed, both the indirect staining methods were characterized by a

better separation between the positive and negative populations. In

terms of percentage of CAR+ cells, the two indirect staining methods

always identified comparable numbers of CAR+ cells on different PB

samples, while the direct CD19-FITC always underestimated the

CAR+ population (Figure 2D).

3.2 | CAR-T cell detection methods specificity and
sensitivity

The specificity of the three methods was evaluated by assessing the

nonspecific binding in PB samples from HDs. The CD19his and

CD19bio indirect staining methods showed very low level of unspeci-

fic binding, being 0.06% and 0.07% CAR+ cells, respectively, while the

direct CD19-FITC staining method detected a mean of 0.53% of posi-

tive events, significantly higher compared with the other two methods

(p < 0.05; Figure 3A). We were able to calculate the LOD for each

studied method: 0.08% CAR+ cells with CD19his, 0.14% with

CD19bio and 0.88% with CD19-FITC.

To test the sensitivity of these methods, CARCIK-CD19 cells

were expanded in vitro and purified to obtain a 100% CAR+ popula-

tion. Purified CAR+ cells were serially diluted into untransduced CIK

F IGURE 1 Chimeric antigen receptor
(CAR) detection methods. Binding
mechanisms of the different CAR
detection reagents. (1) The APC-
conjugated AffiniPure F(ab')2 fragment
goat antihuman IgG, Fcγ fragment
specific, also called anti-Fc, binds the
human IgG1 derived hinge domain. (2–4)
These three methods use a recombinant
human CD19 protein fragment able to
bind the anti-CD19 single-chain fragment
variable (scFv). The CD19his (2) is fused
to a histidine tag that is recognized by an
APC-conjugated antihistidine antibody.
The CD19bio (3) is fused to a biotin tag
that is recognized by an APC-conjugated
antibiotin antibody. The CD19-FITC (4) is
directly conjugated to the FITC
fluorochrome. [Color figure can be
viewed at wileyonlinelibrary.com]
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cells, obtained from three different donors, in the presence of com-

plete medium. Six different 10-fold dilutions were considered, from

100% to 0% CAR+ cells. All three methods showed a similar staining

pattern down to the 0.1% CAR+ cells dilution. However, at 0.01% and

0% dilution the CD19bio displayed a lower background (Figure 3B).

The dilutions were accurate as demonstrated by the R2 for linear

regression of 0.9989, 0.9990, and 0.9946 for CD19his, CD19bio, and

CD19-FITC, respectively. The LLOQ of CD19his was set at 0.1%,

since at this dilution the coefficient of variation between replicates

was acceptable (28.23%, desired <30%) [30]. On the other hand, the

coefficient of variation at 0.1% was not acceptable for CD19bio and

CD19-FITC (36.42% and 40.27%, respectively) due to a higher stan-

dard deviation, requiring the definition of an higher LLOQ for these

two staining methods.

3.3 | Validation of the CD19his flow cytometry
staining method with VCN analysis using qPCR

Once assessed that the best performing CAR detection methods were

the indirect staining methods (CD19his and CD19bio) and that there

were no significant differences between them, we decided to apply

the CD19his method, which had the best cost-effective profile.

In our center, CARCIK-CD19 cells were monitored on PB samples

by flow cytometry and by VCN analysis at fixed time points after the

infusion. We calculated the absolute number of CARCIK-CD19+ cells

per μL from the percentage of CARCIK-CD19+ cells in the CD3+ cell

population, the latter being measured using absolute counting beads.

Moreover, at the scheduled time points, the DNA from PBMCs was

analyzed by qPCR to assess the number of anti-CD19 CAR gene

F IGURE 2 Comparison between different chimeric antigen receptor (CAR) staining methods. (A) Histograms of CARCIK-CD19 cells staining
with the anti-Fc antibody in presence of complete medium (RPMI + 10% fetal bovine serum) or after 1 h incubation in human serum at 100%.
Negative controls are shown in the first row and represent the unstained samples. (B) Dot plot of CARCIK-CD19 cells detection on the infusion
bag product and in the peripheral blood (PB) patient sample with the three CAR detection methods. Negative controls are shown in the first row
and represent the samples stained with only the secondary antibody for the indirect methods (CD19his and CD19bio), while the unstained
sample for the direct method (CD19-FITC). (C) Stain index for six independent PB samples stained with the three CAR detection methods. Stain
index = ((MFI CAR+ population) – (MFI CAR� population))/(2 � standard deviation of the CAR� population). Bars indicate the mean of each
group of samples. (D) Comparison of CD19his, CD19bio, CD19-FITC CAR staining methods in six different PB samples from patients treated with
CARCIK-CD19 cells. Statistically significant differences are noted in each figure (*p < 0.05; two-tailed paired t-test). [Color figure can be viewed
at wileyonlinelibrary.com]
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copies per μg of DNA (VCN). To validate our flow cytometry staining

method toward qPCR based VCN method, we compared the results

obtained in 56 samples contemporary analyzed with both platforms.

We observed a positive correlation between the two approaches,

(R = 0.51, p = 0.0008) that was maintained throughout the detection

range, also at low frequencies (Figure 4A–C). These results suggest

that flow cytometry represents a suitable approach for CAR detection

and quantification, comparable to VCN measurement using qPCR.

3.4 | Comparison of CAR expression measured
with flow cytometry and qPCR

To analyze the correlation between the CAR protein expression on

the cell surface, detected by flow cytometry, and the CAR VCN mea-

sured by qPCR, CARCIK-CD19 cells were purified for CAR expression

on a magnetic column and the positive and negative populations ana-

lyzed by qPCR. After the selection, we obtained a mean of 99.8% and

98.5% purity in the CAR� and CAR+ samples, respectively, an exam-

ple of separation is shown in Figure S1. Protocol details are shown in

Supporting information S1. Untransduced CIK cells were used as neg-

ative control. The CAR gene integrated in the genomic DNA was sig-

nificantly higher in CAR+ compared with CAR� cells, with a mean of

985.5 and 254.2 copies/μg of DNA (p = 0.03), respectively

(Figure 4D). Of note, CAR� population still showed some level of CAR

gene integration, compared with untransduced CIK cells; however,

not statistically significant. To determine the CAR gene expression,

we measured the CAR mRNA by qPCR. CAR+ cells had a significantly

higher number of CAR mRNA copies, normalized on the reference

gene GUS, compared wth the CAR� cells (p = 0.003). CAR� cells still

had some level of CAR expression, while no expression was observed

in the untransduced CIK cells (Figure 4E). To address if the functional

activity of CARCIK-CD19 cells was dependent on the CAR expression

on the surface of the cells, we assessed the cytotoxic activity of CAR+

and CAR� purified cells cocultured with a CD19+ cell line. At the end

of the coculture, the CAR+ cells reported a high cytotoxic activity,

while the CAR� cells did not show any killing activity (p = 0.003,

Figure 4F). Finally, to test the ability of the target antigen to restimu-

late CAR protein expression on the cell surface in the CAR� popula-

tion we measured, by flow cytometry, the CAR expression after the

coculture with CD19+ cells, and we observed that CAR� cells

remained negative for CAR expression (Figure S2).

3.5 | CARCIK-CD19 cells monitoring:
12-color panel

Our flow cytometry-based CAR detection panel, initially assessed as a

3-color panel, was implemented as a 12-color panel, allowing a deeper

characterization of the circulating CAR+ cells in term of CD4/CD8,

maturation subset (naïve/memory, using CD45RA and CD62L) and

activation/exhaustion markers (CD25, BTLA, PD1, and LAG3). To

interpret high-dimensional single-cell data produced by this multicolor

flow cytometry 12-color panel, we used a tool based on the viSNE

algorithm [32], which allows visualization of high-dimensional cytome-

try data on a two-dimensional map at single-cell resolution and pre-

serve the nonlinearity [33], In the viSNE map, cell position reflects

their proximity in high-dimensional space based on the similarity of

marker expression. Figure 5 shows the evolution of CD3+ CAR+ and

CD3+ CAR� cells in a patient treated with CARCIK-CD19 cells at

F IGURE 3 Specificity and sensitivity of the three chimeric antigen receptor (CAR) staining methods using a recombinant human CD19
protein fragment. (A) The specificity was evaluated by staining healthy donor peripheral blood mononuclear cells with the three CAR detection
staining reagents to assess background staining. Data are representative of three different donors acquired in one experiment and bars indicate
the mean. (B) The sensitivity was evaluated serially diluting CARCIK-CD19+ cells into untransduced CIK cells at six different dilutions (from 100%
to 0%). The graph shows mean values and the standard deviation of three independent experiments for each staining method (CD19his,
CD19bio, CD19-FITC). The dotted line represents, in both graphs, the lower limit of quantification (LLOQ) for CD19his, identified at 0.1% CAR+

cells. LLOQ was calculated as the last dilution above the limit of detection (LOD) in which the coefficient of variation between each measurement
was less than 30%. The LOD was identified as the mean of the background staining plus three times the standard deviation, the LOD for CD19his
was 0.08%. Statistically significant differences are noted in each figure (*p < 0.05; two-tailed paired t-test and simple linear regression). [Color

figure can be viewed at wileyonlinelibrary.com]
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different time points after infusion, using viSNE map. Interestingly, in

this representative patient, we were able to observe a re-expansion at

month three, concurrently with the disease relapse (see increasing of

CD8+ CAR+ cells, green dots, in the first column at Months 3 and 5).

In this example, it is possible not only to appreciate the expansion of

the CAR+ population but also their differentiation over time and their

expression of activation/exhaustion markers. In conclusion, our flow

cytometry CAR detection method can be easily incorporated in a mul-

ticolor flow cytometry panel and used for single-cell data analysis.

3.6 | Broad applicability of the CAR detection
method

Using the CD19 recombinant protein to bind the anti-CD19 CAR

expressed on the T-cell surface makes this CAR detection method

related not to the exact CAR structure but on its antigen specificity.

For this reason, it is possible to define this detection method “univer-
sal” since, in theory, can bind any anti-CD19 CAR and can be easily

translated for different targets, by changing the protein used, for

example with BCMA. To test its broad applicability, CD19his staining

was used to monitor circulating CAR+ cells in patients infused with

different commercial anti-CD19 products, such as tisagenlecleucel

(Kymriah®), axicabtagene ciloleucel (Yescarta®),brexucabtagene auto-

leucel (Tecartus®), and lisocabtagene maraleucel (Breyanzi®;

Figure 6A). Of note, all these CAR structures are made from the same

clone (FMC63) as well as our CARCIK-CD19 cells. The CD19his CAR

detection method identified in both sets of patients circulating CAR-T

cells with a good discrimination between the positive and negative

population. The studied structures are made from the same clone but

display some differences, such as the type of linker and the distance

from the target. These data suggest that the CAR detection is inde-

pendent from the specific CAR structure.

Moreover, the CD19his CAR detection method was successfully

applied on samples collected from different human liquid fluids other

than PB samples such as BM, cerebrospinal fluid, and pleural effusion

(Figure 6B).

4 | DISCUSSION

The objective of this study was to optimize a flow cytometry-based

method for monitoring circulating CAR-T cells in patients. To do so,

we compared three different staining methods, using a recombinant

F IGURE 4 Comparison between chimeric antigen receptor (CAR) expression measured with CD19his flow cytometry and real-time
polymerase chain reaction (PCR) data. (A) CAR detection was concurrently assessed in 56 postinfusion peripheral blood samples from 4 patients
treated with CARCIK-CD19 cells by flow cytometry using the CD19his method (CD3+CAR+ cell/μL) and qPCR (VCN/μg of DNA). The results
show clear inter-method concordance by Pearson correlation test (R = 0.51, p = 0.0008). Data are displayed in a logarithmic scale to better
represent values <1 cell/μL. (B,C) Monitoring of CARCIK-CD19 expansion, using CD19his flow cytometry staining and qPCR, in two
representative patients. (D–F) CARCIK-CD19 cells were expanded in vitro and purified on a magnetic column for CAR expression. Data are
representative of five independent experiments. Untransduced CIK cells, CAR+ and CAR� purified cells were then analyzed by qPCR and for their
cytotoxic activity. In each histograms columns represent the mean and bars the standard deviation. (D) CAR gene integration measured with
quantitative PCR and expressed as vector copy number/μg of DNA. (E) CAR mRNA expression measured with qPCR and expressed as CAR
mRNA copies normalized on the reference gene GUS. (F) Cytotoxic activity against a CD19+ REH cell line at a 1:1 effector to target ratio, after
72 h coculture. Statistically significant differences are noted in each figure (*p < 0.05; **p < 0.01; two-tailed paired t-test). [Color figure can be
viewed at wileyonlinelibrary.com]
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human CD19 protein fragment recognized by the anti-CD19 recogni-

tion domain of the CAR construct. All three methods were able to

identify the CAR-T cells in the product bags and in the PB samples of

patients infused with CARCIK-CD19 cells. The two indirect staining

methods using CD19his and CD19bio gave similar results and demon-

strated to have higher specificity and sensitivity compared with

CD19-FITC direct staining. We were able to set up the LOD at 0.08%

and the LLOQ at 0.1% with CD19his, significantly lower than using

the direct staining method. Moreover, CD19his is more cost-effective

compared with CD19bio. For these reasons, in our center, we decided

to monitor CAR-T and CARCIK-CD19 patients using CD19his as

staining method.

Our flow cytometry CD19his CAR detection method was vali-

dated with parallel qPCR data. The comparison demonstrated that

CD19his flow cytometry CAR detection represents a reliable and

robust method to monitor CAR-T cells in patients. Indeed, also at low

level of CAR positive cells per microliter, we were able to observe a

correlation with the VCN data. Furthermore, in our study, we showed

the correlation between VCN and absolute CAR-T cell count, and not

percentage of positive cells. Indeed, absolute quantification of CAR-T

cells using counting beads can directly reflect the concentration of

CAR-T cells in circulation independent of the total amount of endoge-

nous immune cells. Notably, we observed that the purified CAR� cells

showed low levels of CAR gene integration in the genomic DNA and

CAR mRNA expression, that were higher compared with untrans-

duced CIK cells. Indeed, the detection of VCN reflects only the CAR

gene integration and not the actual CAR expression. mRNA transcrip-

tion data in purified CAR� cells suggest that CAR gene was partially

expressed in these cells. However, functional study showed no killing

activity for the CAR� cells, suggesting that flow cytometry is a better

tool to identify functionally active CAR+ cells, expressing CAR pro-

teins on the T-cell membrane. In addition, flow cytometry has other

advantages, such as the ability to monitor not only CAR-T cell number

in a rapid and cost-effective way but also the CAR-T cell phenotype

and markers of homing and fitness [34].

However, qPCR is more sensitive than flow cytometry in detect-

ing samples with a very low abundance of CAR-T cells. Also, different

groups are now implementing VCN measurement with digital droplet

PCR (ddPCR), showing a greater precision and sensitivity compared

with qPCR in the detection of rare events with a small sample size

[35–37]. Finally, studies are needed to address the prognostic impact

of CAR-T cell persistence using qPCR or ddPCR compared with flow

cytometry.

Different reports have shown the importance of flow cytometry

for a comprehensive profiling of CAR-T cells at different stages, from

product characterization during manufacturing to longitudinal evalua-

tion of the infused product in patients [11, 15]. A deep understanding

of the biological factors that affect the antitumor efficacy of CAR-T cell

is crucial to improve the therapeutic responses, minimize toxicities, and

maximize the clinical benefit. Therefore, the assessment of a robust

CAR detection method is of crucial importance [38]. CAR-T cell expan-

sion, either measured by flow cytometry or qPCR, commensurate with

pretreatment tumor burden was the most significant determining factor

for durable response [11] and CAR-T memory phenotype seems to be

directly correlated to activity and persistence in patients [39–44]. In FL

and diffuse large B-cell lymphoma, higher remission rates were

F IGURE 6 Application of the CD19his staining method on different commercial chimeric antigen receptor (CAR)-T products and within
different sample sources. (A) Representative dot plots of three peripheral blood (PB) samples from patients previously infused with
tisagenlecleucel (Kymriah®), axicabtagene ciloleucel (Yescarta®),brexucabtagene autoleucel (Tecartus®) and lisocabtagene maraleucel (Breyanzi®).
(B) Representative dot plots of CAR detection on different sample sources: bone marrow (BM), pleural effusion and cerebrospinal fluid (CSF) in
patients infused with CARCIK-CD19 cells. [Color figure can be viewed at wileyonlinelibrary.com]
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observed in patients with a higher in vivo CAR-T cell expansion peak

and lower expression of exhaustion markers [45, 46].

Efforts were also made to correlate common hematology labora-

tory parameters, such as absolute lymphocyte count, to CAR-T cell

expansion and related toxicities to simplify treatment monitoring.

Peak expansion in lymphocyte count was concordant with CAR-T cell

expansion and the absolute count was greater in responding patients.

These information can help in the patient management, but are only

an approximation with respect to specific CAR-T cell detection [47].

Additional tools can be used to have a more comprehensive

understanding of the biological parameters influencing CAR-T cell

therapy. In this regard, PB samples of patients with relapsed aggres-

sive B-NHL and treated with Axicabtagene ciloleucel (axi-cel), were

analyzed using single-cell mass cytometry (CyTOF). In this cohort,

markers of T-cell activation, including Ki67 and inducible T-cell costi-

mulator (ICOS), were significantly higher in CAR+ and CAR� T cells

among responders [48]. Other groups are working on multiomics

techniques to deeply characterize CAR-T cells. In particular, it was

demonstrated that apheresis with higher proportion of naive and early

memory T cells, especially in the CD8+ compartment, was associated

with longer CAR-T cell persistence and greater efficacy [49–52].

Single-cell sequencing studies demonstrated that CAR-T cell infusion

products enriched for exhausted CD8+ T cells, with low levels of TCR

clonotypic diversity and deficient of T-helper 2 cells, were associated

with worse responses [52–54]. However, although multiomics tech-

niques offer a great amount of data and precisely characterize CAR-T

cells, they are very expensive and time-consuming techniques that

cannot be applied to daily practice.

Another advantage of the CD19his indirect staining is that it

allows to easily change the detecting fluorochrome, simplifying the

insertion of the CAR detection into different multicolor flow cytome-

try panels. Using our panel, we were able to track CAR-positive cells

in the frame of 11 additional markers. Moreover, we were able to

detect CARCIK-CD19 cells up to 12 months after infusion or after re-

expansion at relapse [55]. On the other hand, a directly conjugated

CD19 protein could further simplify the staining method and simplify

its implementation. In our study, the CD19-FITC staining method

demonstrated a high background and the worst separation between

the negative and positive populations. Our results were concordant to

the ones obtained by other groups, demonstrating the inferiority of

direct methods for CAR detection [22, 25].

Finally, the CD19his staining demonstrated broad applicability,

with the possibility to detect different anti-CD19 CAR-T cell con-

structs and within different sample sources. This peculiar characteris-

tic has an important clinical relevance. As suggested by the EBMT and

JACIE recommendations, it is crucial to monitor CAR-T cell expansion

and persistence at medium and long term after the infusion [18]. One

limit of our analysis is that the different anti-CD19 CAR constructs

studied were all based on the same scFv clone (FMC63). Indeed, it is

possible that other scFv clones might have different binding proper-

ties. Future studies are needed to test the possibility to detect differ-

ent clones with the same approach. One of the greatest advantage to

use flow cytometry for CAR detection is the rapidity of this test,

which allows the clinicians to be aware of the results the same day of

the sample collection. Moreover, it is crucial for the management

of these patients to better understand the dynamic of the severe

complications after the infusion. Indeed, this test can help to perform

the differential diagnosis between tumor progression, infections, and

direct CAR-T toxicity, such as CRS and neurotoxicity.

In conclusion, in this study, we demonstrated that the indirect

CAR staining method using CD19his represent a reliable and robust

tool to monitor CAR-T cells in different therapy settings. Impor-

tantly, CD19his staining method is cheap and quick, providing criti-

cal information for the clinicians in a daily manner. Also, it provides

crucial data needed to improve the knowledge on this innovative

immunotherapy approach. Finally, this technique might be easily

translated for different CAR targets, such as BCMA or CD33 and

CD123.
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