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Abstract: Chimeric-antigen-receptor (CAR) T-cell therapy for CD19-expressing B-cell malignancies
is already widely adopted in clinical practice. On the other hand, the development of CAR-T-cell
therapy for T-cell malignancies is in its nascent stage. One of the potential targets is CD26, to which
we have developed and evaluated the efficacy and safety of the humanized monoclonal antibody
YS110. We generated second (CD28) and third (CD28/4-1BB) generation CD26-targeted CAR-T-cells
(CD26-2G/3G) using YS110 as the single-chain variable fragment. When co-cultured with CD26-
overexpressing target cells, CD26-2G/3G strongly expressed the activation marker CD69 and secreted
IFNgamma. In vitro studies targeting the T-cell leukemia cell line HSB2 showed that CD26-2G/3G
exhibited significant anti-leukemia effects with the secretion of granzymeB, TNF«, and IL-8, with
3G being superior to 2G. CD26-2G/3G was also highly effective against T-cell lymphoma cells
derived from patients. In an in vivo mouse model in which a T-cell lymphoma cell line, KARPAS299,
was transplanted subcutaneously, CD26-3G inhibited tumor growth, whereas 2G had no effect.
Furthermore, in a systemic dissemination model in which HSB2 was administered intravenously,
CD26-3G inhibited tumor growth more potently than 2G, resulting in greater survival benefit. The
third-generation CD26-targeted CAR-T-cell therapy may be a promising treatment modality for
T-cell malignancies.

Keywords: CD26; CAR-T; T-cell malignancies; third-generation; fratricide
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1. Introduction

CD26 is a 110-kDa surface glycoprotein with intrinsic dipeptidyl peptidase IV (DPPIV)
activity that is expressed on various cell types and has many biological functions [1]. An
important aspect of CD26 biology is its peptidase activity and its functional and physical
association with molecules with key roles in various cellular pathways and biological
programs [2]. Immune system CD4 T-cells, especially Th1l, Th2, Th17, and Tgy (effector
memory) cells with high cell-surface CD26 expression, demonstrate anti-tumoral proper-
ties [3]. Recent work also suggests that CD26 has significant roles in tumor biology, being
both a marker of disease behavior clinically as well as playing an important role in tumor
pathogenesis and development [2]. Moreover, we have had a long-standing interest in the
role of CD26 in cancer biology and its suitability as a novel therapeutic target in selected
neoplasms [4], particularly in view of its expression in such tumors such as malignant
pleural mesothelioma (MPM), renal cell carcinoma (RCC), and T-cell malignancies [5].

Regarding MPM and RCC, our previous work showed that cell lines of both tissue
types were suitable targets for our mouse anti-CD26 monoclonal antibody 14D10 [6,7].
Based on the amino-acid sequence of 14D10, we produced the recombinant DNA-derived
humanized anti-CD26 monoclonal antibody YS110, which is effective against MPM cell
lines [7]. Importantly, YS110 exhibited anti-tumor activity in patients with MPM and RCC,
as demonstrated in two Phase 1 clinical trials and one Phase 2 trial conducted by our
group [8-10]. Furthermore, we have shown that CD26 expressed on T-anaplastic large cell
lymphoma KARPAS299 cells was involved in cell adhesion and tumorigenicity [11] and
that KARPAS299 tumor growth was efficiently suppressed by our anti-CD26 monoclonal
antibody 1F7 [12], indicating that CD26 is also a suitable therapeutic target for T-cell
malignancies. Given the aggressive nature of T-cell malignancies, the lack of effective
treatment and the poor prognosis associated with these cancers [13], there is an urgent
need to develop effective therapy for use in the clinical setting. We, therefore, decided
to develop a chimeric antigen receptor (CAR)-T-cell therapy based on YS110 given the
established efficacy of this treatment modality against B-cell malignancies, even in the
refractory setting, to the treatment with tumor-targeting monoclonal antibodies [14].

T-cell aplasia may be a possible on-target, off-tumor toxicity (OTOT) with CAR-T-cell
therapy for T-cell malignancies [15-17], with acceptance of this side effect likely dependent
on severity and treatment efficacy. This scenario may be analogous to how the effectiveness
of CAR-T-cell therapy for B-cell malignancies led to acceptance of B-cell aplasia as an
OTOT [18].

To establish CAR-T-cells, patient-derived or donor-derived T-cells are transduced with
the genetic construct of the CAR to express the single-chain variable fragment (scFv). The
scFv is usually designed from efficient antibodies by connecting their variable light (VL)
and variable heavy (VH) chain domains with a peptide flexible linker in order to capture a
specific antigen expressed on the surface of malignant cells.

CAR-T-cell therapy targeting CD19 or B-cell maturation antigen (BCMA) on B-cell
malignancies is already established as a successful treatment modality in the clinical
setting [19,20]. Thus far, only the second-generation of CAR-T-cell therapy targeting these
two molecules have been approved, with either CD28 or 4-1BB as costimulatory signals [21].
However, the potential benefits of the third-generation of CD19 CAR-T-cell therapy over
the second-generation have been suggested in the setting of clinical trials [22].

Building on the success of this novel approach, we used our well-established anti-
CD26 antibody YS110 to develop CD26-targeted CAR-T-cell therapy for T-cell malignancies,
demonstrating a greater anti-tumor effect of the third generation compared to the second
generation of CAR.

2. Materials and Methods
2.1. Cell Culture

The T-cell non-Hodgkin’s lymphoma (CD30+ anaplastic large cell lymphoma) cell
line KARPAS299 was supplied by the European Collection of Authenticated Cell Cultures
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(ECACC, Salisbury, UK). The T-lymphoblastic leukemia cell line HSB2, - cell acute lympho-
cytic leukemia cell line PEER, and T-cell lymphoma cell line (CD30+) Ki-JK were supplied
by the Japanese Collection of Research Bioresources Cell Bank (JCRB, Tokyo, Japan). Cu-
taneous T-cell lymphoma (mycosis fungoides) cell line H9 and T-cell acute lymphocytic
leukemia cell line Jurkat were supplied by the American Type Culture Collection (ATCC,
Manassas, VA). All cell lines were authenticated by short tandem repeat (STR) profiling
and were tested for mycoplasma to be free from contamination at each company. The stable
transfectant of Jurkat cells which overexpress CD26 (CD26-Jurkat) has been established
as described previously [23,24]. All these cell lines were maintained in RPMI 1640 (Gibco
BRL, Tokyo, Japan) supplemented with 10% heat-inactivated fetal bovine serum (Sigma, St.
Louis, MO), 100 pg/mL streptomycin, and 100 U/mL penicillin.

2.2. Patient Samples

Among the patients diagnosed with T-cell malignancies between January 2010 and
December 2019 at the Division of Hematology, Toyama University Hospital, we randomly
picked up biopsy specimens of twenty-one patients which were examined to evaluate the
expression of CD26 by immunohistochemistry. The patients” diagnoses were as follows:
anaplastic large cell lymphoma (ALCL) (n = 2), angioimmunoblastic T-cell lymphoma
(AITL) (n = 4), extranodal NK/T-cell lymphoma (NK/T) (n = 5), and peripheral T-cell
lymphoma (PTCL) (n = 10). Lymphoma cells from one PTCL and one AITL patient among
the twenty-one patients mentioned above were employed as target cells to evaluate the
killing effects of CD26-targeted CAR-T-cells. The PTCL patient exhibited a leukemic
phase with 82% lymphoma cell involvement in total white blood cell counts of peripheral
blood. The AITL patient had massive infiltration of lymphoma cells in the bone marrow.
These lymphoma cells in peripheral blood or bone marrow were separated byi a standard
Ficoll-Hypaque technique.

2.3. Ethics Approval and Consent to Participate

This study was conducted according to the Declaration of Helsinki and was approved
by the ethics committees of Toyama University Hospital (reference number R2019161).
Written informed consent was obtained from all patients prior to study participation.

2.4. Luciferase-Expression Vector

The luciferase-expression vector was constructed by the insertion of luciferase gene
from the pGL3 Luciferase Reporter Vector Basic (Promega, Madison, WI) into the pMXs-
internal ribosomal entry site (IRES)-Kusabira-Orange 2 (KO2), which was prepared by the
exchange of green fluorescent protein (GFP) gene in the pMXs-IRES-GFP for the CoralHue®
humanized monomeric KO2 gene in the phmKO2-MNL (MBL, Nagoya, Japan).

2.5. Flow Cytometry

For flow cytometric analyses, samples were collected using a FACSCanto II flow
cytometer (BD Biosciences, San Jose, CA) and analyzed with Flow]Jo software (Treestar,
Ashland, OR). Expression of YS110 scFv was analyzed by its binding with the recombinant
human CD26 protein (Fc chimera) (Abcam, Cambridge, MA), which was detected using an
APC anti-human IgG F(c) antibody, goat polyclonal (Rockland immunochemicals, Limerick,
PA) (Figure S1). Expression of CD8, CD26, human CD45, or mouse CD45 was analyzed
using an APC anti-human CDS8, clone 3B5, antibody (Invitrogen, Carlsbad, CA), an APC
anti-human CD26 antibody, clone BA5b (BioLegend, San Diego, CA), a PE-Cy7 anti-human
CD45 antibody, clone 2D1 (BioLegend), or an APC anti-mouse CD45 antibody, clone 30-F11
(Biolegend), respectively.

2.6. Immunohistochemical Staining

Expression of CD26 on lymphoma cells in biopsy specimens was assessed by im-
munohistochemistry using the standard protocol. In brief, following deparaffinization and
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rehydration, biopsy specimens were incubated with anti-human CD26 mouse monoclonal
antibody U16-3 as we previously described [25]. The CD26/anti-CD26 antibody immune
complex on the tissue section was detected with the use of the second antibody conjugated
with biotin, which was visualized with the 3,3'-diaminobenzidine peroxidase substrate kit
(Vector Labs, Burlington, ON). Among the many methods of evaluating and interpreting
the immunohistochemical data, we selected the immunoreactive score (IRS) [26], which
gives a range of 0-12 as a product of multiplication between (A) positive cells proportion
score (0—4) and (B) staining intensity score (0-3). The final IRS score will be a value between
0 and 12; 0-1 = negative, 2-3 = mild, 4-8 = moderate, and 9-12 = strong.

2.7. Construction of CD26 CAR

The basic structures of CD26 CAR-expression vectors were the same as those of
TR1 CAR-expression vectors as we previously described [27]. For the anti-CD26 scFv
region, we used the VH and VL of our well-established anti-CD26 antibody YS110 [8].
The nucleotide sequences encoding VH (SEQ ID NO: 215, page 85) or VL (SEQ ID NO:
216, page 86) and the amino acid sequences of VH (SEQ ID NO:22; X384) or VL (SEQ ID
NO:18; X379) of Y5110 (X392 Fab, thuMADb411) are provided in our patent (US8030469B2;
https:/ /patents.google.com /patent/US8030469B2 /en accessed on 13 August 2023). The
nucleotide fragments of CD26 2/3G and control CD8 2/3G were synthesized (GenScript,
Piscataway, NJ) and inserted into the pMXs-IRES-GFP retroviral expression vector RTV-013
(Cell Biolabs, San Diego, CA). As shown in Figure 1A, the second-generation CD26 CAR
(CD26 2G/YS110-CD28) contains the leader sequence of the human « chain (hk-signal
peptide), the Y5110 scFv region, the CD8 hinge and transmembrane regions (CD8 hinge-
TM), the CD28 intracellular signaling domain (CD28 cyto), and the CD3(, signaling domain
(CD3C( cyto), in this order. The third -generation CD26 CAR (CD26 3G/YS110-CD28-4-1BB)
additionally has the 4-1BB signaling domain (4-1BB cyto) between CD28 cyto and CD3(
cyto. CD8 controls (CD8 2G/CD8-CD28 and CD8 3G/CD8-CD28-4-1BB) contain the CD8-
signal peptide followed by the extracellular domain of human CD8 (CD8) in place of the
hk-signal peptide followed by YS110 scFv of CD26 CAR. The IRES and the GFP genes are
linked to the CD26 2/3G and CD8 2/3G as the transduction marker.

2.8. Transduction and Expression of CD26 CAR

Retroviral transduction was performed as we previously described [27]. Briefly, ex-
pression vectors of CD26 2/3G and control CD8 2/3G were transfected into Phoenix-A
cells (kindly provided by Dr. G. Nolan, Stanford University) using FuGENE®6 (Promega).
Culture supernatants were collected 72 h following transfection. For retroviral infection
into peripheral blood mononuclear cells (PBMCs), retrovirus in the culture supernatants
were spin-loaded into 24-well culture plate coated with 20 pg/mL retronectin (TaKaRa,
Kyoto, Japan) by centrifugation for 2 h at 2000x g at 32 °C according to the manufacturer’s
instructions. PBMCs (5 x 10° cells) in 1 mL of medium, which have been stimulated
with Dynabeads CD3/CD28 T-Cell Expander (Invitrogen Dynal AS, Oslo, Norway) at a
concentration of 25 uL/1 x 10° cells and 30 U/mL of recombinant human intreleukin-2
(rhIL-2) (PeproTech Rocky Hill, NJ) for two days, were added to the retrovirus-loaded
24-well culture plate and spun down at 500 x g at 22 °C for 10 min, followed by incubation
at 37 °C. Following three days of incubation, the cells were transferred into a 25 cm? cell
culture flask, and medium containing 30 U/mL of rhIL-2 was added. At day 5 following
retroviral transfection, 25 pL of Dynabeads CD3/CD28 T-Cell Expander was added to each
cell culture flask.
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Figure 1. Transduction and expression of CD26 CAR. Gene transduction of CD26 2/3G and control
CD8 2/3G into PBMCs was confirmed by GFP marker fluorescence three days following retroviral
infection. (A) Schematic diagram of CD26 CAR and CD8 control. (B) Expression of Y5110 scFv on
CD26 2/3G-transfected PBMCs was confirmed by binding to Fe-tagged recombinant CD26, which
was detected by the anti-Fc antibody conjugated with PE. (C) Expression of CD8 on control CD8 2/3G-
transfected PBMCs was confirmed with the anti-CD8 antibody conjugated with PE. (D) Construct
schema for rh-CD26 FC-chimera. Data are representative of three independent experiments (1 = 3).
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2.9. Activation of CD26 CAR-T-Cells

CD26 2/3G CAR-T-cells and CD8 2/3G control cells were placed onto a 96-well
culture plate (1 x 10° cells/well) as the effector cells and were co-cultured overnight
with CD26-Jurkat or HSB2 cells as the target cells. For positive controls of the activated
effector cells, effector cells were incubated with both 10 ng/mL of phorbol-12-myristate
13-acetate (PMA) (FUJIFILM Wako, Osaka, Japan) and 500 ng/mL of ionomycin (Merck,
Darmstadt, Germany) for the same period without the target cells. CD69 expression on
effector cells, which were selected from the target cells by gating on marker fluorescence
GFP, was then analyzed by flow cytometry using an APC anti-human CD69 antibody,
clone FN50 (BioLegend). Furthermore, concentrations of interferon gamma (IFN-y) and
granzyme B in the culture supernatants secreted by the effector cells were measured by
the Enzyme-Linked Immuno Sorbent Assay (ELISA) method using a Human IFN-gamma
DuoSet ELISA (R&D Systems, Minneapolis, MN) and a Human Granzyme B DuoSet ELISA
(R&D Systems). The concentrations of tumor necrosis factor-alpha (TNF«) and inerleukin-8
(IL-8) were also measured by flow cytometry using a BD™ Cytometric Bead Array (CBA)
Kit (BD Biosciences) according to the manufacturer’s instructions.

2.10. In Vitro Anti-Tumor Activity of CD26 CAR-T-Cells

HSB2, H9, and KARPAS299 target cells were retrovirally transduced with the luciferase
gene by the same method as described above to transduce CD26 2/3G into PBMCs. These
target cells were placed onto a 96-well culture plate (1 x 10* cells/well). CD26 2/3G
CAR-T-cells or CD8 2/3G control cells were then co-cultured as the effector cells with the
target cells for 24 h. The luciferase from the target cells was measured using a Steady-Glo
Luciferase Assay System (Promega). For blocking experiments, KARPAS299 target cells
were treated with 1 ug/mL of control IgG or YS110 2 h prior to co-culturing. KARPAS299
cells were then co-cultured with CD26 3G CAR-T-cells or CD8 3G control cells for 6 h.

2.11. In Vivo Anti-Tumor Activity of CD26 CAR-T-Cells

In vivo experiments were performed as we previously described [28,29]. NOD.Cg-
Prkdc:SCidIl2rgtmlv"j1 /Sz] (NSG) female mice of age (6—7 weeks) and weight (19-21 g) were
obtained from Charles River Japan Inc. (Kanagawa, Japan). The mice were kept under
specific pathogen-free conditions with a 12 h day and night cycle with free access to food
and water, and received humane care in compliance with Institutional Guidelines. All
experiments were approved by the animal care and use committee of Toyama University
(reference number A2022MED-14). In order to examine the anti-lymphoma activity of
CD26 CAR-T-cells, KARPAS299 and HSB2 cells were retrovirally transduced with pMXs
luciferase-IRES-KO2 vector mentioned above. Subsequently, 1 x 10° of KARPAS299 cells
were transplanted subcutaneously into NSG mice at day 0. 1 x 107 of CD26 2/3G CAR-
T-cells or CD8 2/3G control cells were then injected intravenously through the lateral tail
veins twice at day 6 and day 13. Tumor volume (mm?) was calculated by the formula: %
(length x width?). Luciferase luminescence was estimated using the IVIS Imaging System
(PerkinElmer, Waltham, MA) to monitor tumor growth. Signal intensity of the tumor
burdens was expressed in Luminescence (photon/sec). To model systemic dissemination,
1 x 10° of HSB2 cells were transplanted intravenously into NSG mice at day 0. 1 x 107 of
CD26 2/3G CAR-T-cells or CD8 2/3G control cells were then injected intravenously once
at day 1. To monitor tumor growth, bioluminescence imaging using IVIS was performed.
Survival of mice was also monitored. In order to identify CD26 3G CAR-T-cells injected
into mice, peripheral blood of mice was collected at day 15. Human cells such as CD26
3G CAR-T-cells and HSB2 cells were selected by flow cytometry from live lymphocytes
as both human CD45-positive and mouse CD45-negative cells. In human cells, HSB2 cells
were identified as the KO2-positive cells and CD26 3G CAR-T-cells were identified as the
GFP-positive cells.
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2.12. In Vitro Anti-Tumor Activity of CD26 CAR-T-Cells against Patient Samples

Lymphoma cells from the patients (1 x 10°) mentioned above were co-cultured with
CD26 2/3G CAR-T-cells or CD8 2/3G control cells (1 x 10°) for 24 h. CD26 2/3G CAR-T-
cells and CD8 2/3G control cells were pre-stained with CellTraceTM Oregon Green® 488
Carboxylic Acid Diacetate Succinimidyl Ester (CTOG) (Thermo Fisher Scientific, Ogden, UT,
USA) to distinguish these cells from the lymphoma cells by flow cytometry as Alexa Fluor
488-positive cells. The percentage of CD26-positive cells in the Alexa Fluor 488-negative
lymphoma cells was a measurement of the anti-tumor effect of CD26 CAR-T-cells. Dead
cells were excluded with the staining of Fixable Viability Dye-eFluorTM 780 (eBioscience,
Waltham, MA, USA).

2.13. Statistical Analysis

All statistical analyses were performed using GraphPad Prism 9 (GraphPad Software,
La Jolla, CA, USA). Statistical significance was determined using Student’s t-test. To
analyze the statistical significance of differences in survival curves constructed using the
Kaplan-Meier method, the log-rank test was used. Statistical significance was defined as p
< 0.05.

3. Results
3.1. Transduction and Expression of CD26 CAR

The basic structures of CD26 CAR-expression vectors were the same as those of TR1
CAR-expression vectors as we previously described [27]. For the anti-CD26 scFv region,
we used VH and VL of our well-established anti-CD26 antibody YS110 [8] as shown in
Figure 1A. Evaluation of GFP fluorescence of PBMCs as the marker of transduction three
days following retroviral infection showed a transduction efficacy of approximately 50%
for CD26 2/3G and control CD8 2/3G (Figure 1B,C). For these studies, we employed T-cells
expressing CD8-signal peptide on the cell surface (CD8 2/3G control cells) as a control
for CD26 2/3G CAR-T-cells expressing YS110 scFv. The appropriateness of this control
was shown in our previous report [27]. We also examined the expression of Y5110 scFv on
PBMCs transduced with CD26 2/3G by its binding with the recombinant human CD26
protein (Fc chimera) (Figure 1D). As shown in Figure 1B, almost all of the GFP-positive cells
bound to recombinant CD26, as detected by an anti-Fc antibody. CD8 expression on PBMCs
transduced with control CD8 2/3G was also confirmed since no CD8-negative cells were
detected in the GFP-positive cell population (Figure 1C). As a side note, approximately 30%
of cells were CD8-positive in the “no transduction (NT)” PBMCs.

3.2. Expansion of CD26 CAR-T-Cells

As shown in Figure 2A, PBMC cell numbers gradually increased following retroviral
infection of CD26 2/3G and control CD8 2/3G from day 0 (0.5 x 10° cells) until day 9
(10-20 x 10° cells). We did observe that the number of cells transduced with CD26 2/3G
was lower than that of control CD8 2/3G at day 6, likely due to the phenomenon of
“fratricide” in the CD26 2/3G CAR-T-cell population [30,31]. Nevertheless, CD26 3G CAR-
T-cell level was similar to CD8 3G control cell level by day 9. On the other hand, the CD26
2G CAR-T-cell number was higher than the CD8 2G control cell number at day 9, but then
rapidly decreased over the following days. Cells were, therefore, stored on day 9 or 10 and
used for subsequent experiments. In order to further analyze the fratricide phenomenon,
we assessed CD26 expression at day 3, 6, 9, and 12 (Figure 2B). In contrast to the high level
of CD26 expression in the CD8 2/3 control cell population, there was no CD26 expression
on CD26 2/3G CAR-T-cells. Our findings were similar to previous work showing loss of
CD5 on CD5 2G CAR-T-cells due to fratricide during the expansion process [32].
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Figure 2. Expansion of CD26 CAR-T-cells. (A) Cell numbers of CD26 2/3G CAR-T-cells and CD8
2/3G control cells were determined at day 3, 6, 9 and 12 following retroviral infection. (B) CD26
expression on CD26 2/3G CAR-T-cells and CD8 2/3G control cells was analyzed at day 3, 6, 9, and

12 by flow cytometry. Data are representative of three independent experiments (1 = 1).

3.3. Activation of CD26 CAR-T-Cells

CD26 2/3G CAR-T-cells and CD8 2/3G control cells were fully stimulated by PMA
and ionomycin (P/I), as demonstrated by the high level of CD69 expression and IFN-y
secretion (Figure S2). Meanwhile, co-culture with CD26-Jurkat cells overexpressing CD26
artificially as the target cells (Figure S3A) resulted in activation of the CD26 2/3G CAR-
T-cell population, as demonstrated by CD69 expression (Figure S2A) and IFN-y secretion
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(Figure S2B). However, such effects were not observed on the CD8 2/3G control cells.
Furthermore, the secretion of granzyme B, TNF«, and IL-8 of CD26 3G CAR-T-cells was
much higher than that of CD26 2G CAR-T-cells with the statistical significance (Figure 3)
when we used a malignant T-cell line, HSB2 cells expressing CD26 originally (Figure S3B)
as the target cells.
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Figure 3. Activation of CD26 CAR-T-cells. Effector cells (CD26 2/3G CAR-T-cells and CD8 2/3G
control cells) were cultured with HSB2 cells as target cells at an effector:target ratio of 1:1, 2:1, and 4:1.
(A) Secretion of granzyme B was evaluated by ELISA assay. (B,C) Secretion of TNFo (B) and IL-8 (C)
were evaluated by flow cytometry. Data are representative of three independent experiments (1 = 3).

3.4. In Vitro Anti-Tumor Activity of CD26 CAR-T-Cells

Then, we examined the anti-tumor effect of CD26 CAR-T-cells on HSB2 cells. CD26 3G
CAR-T-cells demonstrated greater anti-tumor activity than CD26 2G CAR-T-cells at both
1: 1 and 5: 1 effector: target cells ratios (p < 0.001 and 0.004, respectively) (Figure 4A). As
shown in Figure 4B, the anti-tumor activity of CD26 3G CAR-T-cells was further confirmed
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with the other CD26-expressing T-cell lines (Figure S3B), H9 and KARPA299. The anti-
tumor effect of CD26 3G CAR-T-cells was completely abrogated by pretreatment of the
target KARPAS299 cells with anti-CD26 antibody YS110 prior to co-culture (Figure S4).
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Figure 4. In vitro anti-tumor activity of CD26 CAR-T-cells. (A) Target cells (HSB2 cells) were co-
cultured with effector cells (CD26 2/3G CAR-T-cells or CD8 2/3G control cells) at an effector:target
ratio of 0:1, 1:1, 5:1, and 10:1. (B) Target cells (H9 and KARPAS299 cells) were co-cultured with effector
cells (CD26 3G CAR-T-cells or CD8 3G control cells) at an effector:target ratio of 1:1, 5:1, and 10:1.
Anti-tumor activity of effector cells was evaluated by measurement of luciferase activity from the
target cells. Data are representative of three independent experiments (1 = 3).
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3.5. In Vivo Anti-Tumor Activity of CD26 CAR-T-Cells

Using a subcutaneous tumor model with the T-lymphoma cell line KARPAS299
(Figure 5A,B), our studies showed that there was no difference in the effect of CD26 2G
CAR-T-cells and CD8 2G control cells on tumor growth. In contrast, CD26 3G CAR-T-cells
displayed statistically significant anti-lymphoma activity compared with CD8 3G control
cells (p = 0.019 in Figure 5A and p = 0.029 in Figure 5B). We then employed a systemic
dissemination model with the T-leukemia cell line HSB2, as described previously [33], with
the tumor cells being administered through the tail vein (Figure 5C-E). CD26 2/3G CAR-
T-cells significantly inhibited leukemic dissemination compared with CD8 2/3G control
cells at day 7 (p = 0.000 and p = 0.002, respectively) (Figure 5C and Figure S5). The presence
of circulating live CD26 3G CAR-T-cells in the mouse peripheral blood was confirmed at
day 15 (Figure S6). At day 21, the relative leukemic burden in mice treated with CD26 3G
CAR-T-cells was significantly less than mice treated with CD26 2G CAR-T-cells (p = 0.026)
(Figure 5D). The median survival period of mice treated with CD26 3G CAR-T-cells was
37 days, which was significantly longer than the median of 32 days for mice treated with
CD26 2G CAR-T=cells (p = 0.002) (Figure 5E).

3.6. Anti-Tumor Activity of CD26 CAR-T-Cells against Patient Samples

CD26 expression was detected through immunohistochemical staining on all the
biopsy specimens of patients with T-cell malignancies (n = 21), which were randomly
selected (Table 1). The intensity of staining was mild in five, moderate in nine, and strong
in seven samples (typical staining results are demonstrated in Figure S57). Furthermore,
lymphoma cells from the peripheral blood of one CD26-positive (moderate) PTCL pa-
tient with leukemic phase involvement and from the bone marrow of one CD26-positive
(moderate) AITL patient with massive bone marrow involvement were co-cultured as the
target cells with CD26 2/3G CAR-T-cells or CD8 2/3G control cells (Figure 6). The level
of CD26-positive cells from the PTCL sample were 50-70% following co-culturing with
CD8 2/3G control cells while co-culturing with CD26 2/3G CAR-T-cells reduced the level
of CD26-positive cells to 1-2% (Figure 6A). Similar results were obtained with the AITL
sample (Figure 6B). As supplemental data, CD26 expression across various immature and
mature T-cell malignancies are presented in Table S1.

Table 1. The immunoreactive score (IRS) of CD26 in mature T- and NK-cell neoplasms.

Positive
Negative 3
Mild Moderate Strong
ALCL (n=2) 0 0 2 0
AITL (n = 4) 0 0 4 0
NK/T (n =5) 0 3 0 2
PTCL (n =10) 0 2 3 5

ALCL, anaplastic large cell lymphoma; AITL, angioimmunoblastic T-cell lymphoma; NK/T, extradodal NK/T-cell
lymphoma; and PTCL, peripheral T-cell lymphoma.
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Figure 5. In vivo anti-tumor activity of CD26 CAR-T-cells. (A,B) KARPAS299 cells transduced with
luciferase gene were transplanted subcutaneously into NSG mice at day 0. CD26 2/3G CAR-T-cells
or CD8 2/3G control cells were then injected intravenously twice at day 6 and day 13. Tumor volume
(mm?3) (A) and luminescence (photon/sec) (B) at day 20 are presented (n = 6). (C-E) HSB2 cells
transduced with the luciferase gene were transplanted intravenously into NSG mice at day 0 as a
murine model of systemic dissemination. CD26 2/3G CAR-T-cells or CD8 2/3G control cells were
then injected intravenously once at day 1. Luminescence (photon/sec) at day 7 (C) and day 21
(D) are presented (1 = 6). For the same model of systemic dissemination, CD26 2/3G CAR-T-cells
were injected intravenously once at day 1 and survival of mice was monitored (n = 5) (E).
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Figure 6. In vitro anti-tumor activity of CD26 CAR-T-cells against patient ymphoma samples. CD26-
expressing lymphoma cells from patients with PTCL (A) (n = 1) or AITL (B) (n = 1) were co-cultured
with CD26 2/3G CAR-T-cells or CD8 2/3G control cells. CD26 2/3G CAR-T-cells or CD8 2 /3G control
cells were pre-stained with CTOG and were distinguished from lymphoma cells by flow cytometry
as the Alexa Fluor 488-positive cells. CD26 expression was evaluated in the Alexa Fluor 488-negative
lymphoma cells. Data are representative of three independent experiments (1 = 3).

4. Discussion

In the present study, we have demonstrated that the novel CD26-targeted CAR-T
therapy based on our previously developed YS110 antibody may be a promising treatment
modality for CD26-expressing T-cell malignancies, particularly third-generation CAR-T-
cells containing both CD28 and 4-1BB as co-stimulatory domains.

The CD28 co-stimulatory domain in CD19 2G CAR-T-cells results in the rapid ex-
pansion and immediate differentiation into short-lived T effector cells, whereas 4-1BB in
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CD19 2G CAR-T-cells induces limited T-cell differentiation with the development of central
memory T-cells and longer immune control. Despite these differences in biological activ-
ity, it is heretofore unclear as to which co-stimulatory domain produces superior clinical
outcomes [30]. Of course, the functionality of CAR depends not only on co-stimulation
molecules but also the combination of these with scFv, the linker, and the hinge-final 3D
configuration. The CD19 CAR-T-cells currently used in the clinical setting are the second-
generation products, which have as their co-stimulatory domain either CD28 (axicabtagene
ciloleucel; axi-cel) or 4-1BB (tisagenlecleucel; tisa-cel and lisocabtagene maraleucel; liso-cel).
However, CD28 and 4-1BB signal through different pathways and may have complemen-
tary functions. Indeed, previous studies have demonstrated that CD20 3G (CD28 and 4-1BB)
CAR-T-cells exhibited greater activation of intracellular signaling pathways, more potent
antitumor activity, and longer in vivo persistence than CD20 2G (CD28) CAR-T-cells [34,35].
The potential superiority of CD19 3G has been suggested in a clinical trial, in which CD19
2G CAR-T-cells (CD28) and CD19 3G CAR-T-cells (CD28 and 4-1BB) were infused simul-
taneously in 16 patients with relapsed or refractory non-Hodgkin’s lymphoma. This trial
demonstrated that CD19 3G CAR-T-cells had superior expansion and greater persistence
than CD19 2G CAR-T-cells [22]. However, more work still needs to be done to determine
whether CD19 3G is clinically superior to CD19 2G.

The nature of the co-stimulatory domain of CAR is an important issue in the usage of
CAR-T-cell therapy in T-cell malignancies, since normal T-cells share most targetable surface
antigens with T-cell malignancies. Therefore, CAR-T-cells targeting T-cell malignancies
also target each other, resulting in the phenomenon of “fratricide”. This problem was well-
described in previous work involving CD5 CAR-T-cells [30]. CD5 2G (4-1BB) CAR-T-cells
failed to expand due to fratricide since the TRAF signaling from 4-1BB upregulated the
level of intercellular adhesion molecule 1, which stabilized the fratricidal immunologic
synapse between CD5 CAR-T-cells [30]. In contrast, the limited fratricide associated with
CD5 2G (CD28) CAR-T-cells allowed for sufficient cellular expansion to exert antitumor
activity toward T-cell malignancies [32]. Interestingly, the expansion of CD5 CAR-T-cells
was accompanied by the downregulation of CD5, possibly facilitating the expansion of CD5
CAR-T-cells and limiting fratricide. Of note is that CD5 downregulation possibly occurred
at the translational and/or post-translational level since overall transcription of the CD5
gene was unaltered [32]. This point is particularly important because downregulation of
the cognate antigen on tumor cells is a mechanism of escape, and may partly explain the
decreased level of target-bearing cells, in addition to direct cell killing effect of CAR-T.

Similar results have been described with YS110-based CD26 2G CAR-T-cells by other
researchers [31,36]. Their work showed that CD26 2G (4-1BB) CAR-T-cells exhibited
poor viability, multiple cytokine secretion, and direct cytotoxicity against themselves,
resulting in fratricide [31]. In contrast, the initial expansion of CD26 2G (CD28) CAR-T-
cells were delayed due to transient fratricide, but subsequent expansion of CAR-T-cells
was accelerated with the downregulation of CD26. These CD26 2G (CD28) CAR-T-cells
displayed cytotoxicity against CD26-positive malignant cells, activated multiple effector
functions in co-culture assays, and limited tumor progression in a mouse model [36].

Expansion of both CD26 2G (CD28) CAR-T and CD26 3G (CD28 and 4-1BB) CAR-T-
cells associated with CD26 downregulation was also observed in our experiments. Both
CD26 2/3G CAR-T-cell populations might undergo transient fratricide at the beginning of
culture (Figure 2), consistent with previous reports [32,36]. Similar to CD5, downregulation
of CD26 could possibly result from translational or post-translational modifications [32].
Another potential mechanism for decreased CD26 surface expression may involve CD26
intracellular translocation upon Y5110 stimulation [37].

In addition, we also observed the accelerated expansion and rapid decrease of CD26 2G
CAR-T-cells compared with CD26 3G CAR-T-cells and CD8 2/3G control cells (Figure 2A).
This phenomenon may be caused by the stimulatory effects of YS110 scFv itself. We
previously reported that crosslinking of CD26 and CD3 with solid-phase immobilized
monoclonal antibodies could induce T-cell activation and interleukin-2 production and that
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anti-CD26 antibody treatment of T-cells enhanced the tyrosine phosphorylation of signaling
molecules such as CD3( and p561Ck [38—42]. Y5110 scFv might stimulate CD26 2G CAR-T-
cells prior to the downregulation of CD26 in combination with Dynabeads CD3/CD28 and
rhIL-2, resulting in the rapid expansion and subsequent exhaustion of the cell population.
On the other hand, YS110 scFv-mediated stimulation in the CD26 3G CAR-T-cells might be
stabilized by signaling from 4-1BB since 4-1BB activates the noncanonical nuclear factor kB
(ncNF-kB) signaling cascade, which is necessary for the survival and persistence of CD19
CAR-T-cells [43]. It is our hypothesis that the lack of ncNF-«B activation could likely result
in overstimulation of CD26 2G CAR-T-cells from CD26-mediated signaling.

Most importantly, our present findings demonstrated the successful development of
a third-generation CD26-targeted CAR-T with superior in vitro and in vivo activity than
the second-generation product against T-cell malignancies. This difference may partly be
due to the longer survival of CD26 3G CAR-T-cells compared to CD26 2G CAR-T-cells
since our data demonstrated a sharp decline following a significant increase after day 6
of CD26 2G CAR-T-cells (Figure 2A); however, CD26 3G CAR-T-cells were detected in
mouse peripheral blood after 15 days post-administration (Figure S6) as well as CD26 2G
CAR-T-cells.

Based on previous work, it is our hypothesis that the superior efficacy of CD26 3G
CAR-T-cells against T-cell malignancies as compared to CD26 2G CAR-T-cells is at least
partially due to 4-1BB-mediated ncNF-«B activation [43]. The 4-1BB/ncNF-«B signaling
cascade might affect the degree of CAR-T-cell activation. In our present study, we have
clearly demonstrated that the secretion of granzyme B, TNF«, and IL-8 by CD26 3G CAR-
T-cells was higher than that seen with CD26 2G CAR-T-cells (Figure 3). This result was
compatible with a previous report demonstrating that CD20 3G CAR-T-cells secreted much
higher levels of IFN-y than CD20 2G (CD28) CAR-T-cells [35]. Given the aggressive nature
of T-cell malignancies, the lack of effective treatment and the poor prognosis associated
with these cancers [13], a novel therapy that is effective can potentially be very beneficial in
the clinical setting. While the in vivo survival-prolonging effect of CD26 3G CAR-T-cells
may be modest, our data do not preclude the possible use of CD26 3G CAR-T-cell therapy
in the clinical setting. Of note is that while CD19 2G (CD28) CAR-T-cell therapy prolonged
mouse survival by only one week compared to controls [44], it has demonstrated impressive
efficacy in real-world clinical practice, as noted above. While the CD26-targeting CAR-T-cell
therapy was highly efficient in the subcutaneous model, it prolonged the survival of mice
in the intravenous model for 5 days, which would be equivalent to approximately 6 months
for humans. These findings would suggest that the novel therapy may be more appropriate
for T-cell lymphoma subtypes rather than for leukemic T-cell malignancies.

The development of CAR-T-cell therapy for T-cell malignancies is underway, with CD5,
CD7, and CD30 being targeted in these efforts [21]. In particular, Phase 1 trial of CD7 CAR-
T-cell therapy has been completed and excellent response rates have been reported [45].
In this context, a potential advantage of CD26 over CD5, CD7, and CD30 as a target is its
expression frequency in T-cell malignancies. CD5, CD7, and CD30 expression levels in
PTCL were 85%, 50%, and 16%, respectively; in AITL, 96%, 57%, and 32-50%, respectively;
in ALCL, 30%, 32-54%, and 93%, respectively [46]. On the other hand, as shown in Table 1,
all 21 patients with PTCL, AITL, ALCL, and NK/T tested expressed CD26, ranging from
mild to strong intensity. This ubiquitous expression of CD26 in T-cell malignancies may
result in high level of efficacy for CD26 CAR-T-cell therapy in the clinical setting. Of note,
our immunostaining assays used the anti-human CD26 mouse monoclonal antibody U16-3,
which was developed by our group with high sensitivity and specificity in formalin-fixed,
paraffin-embedded samples [25].

A concern for the practical application of CD26 CAR-T-cell therapy in the clinical
setting is CD26 expression in normal tissues. Since CD26 is highly expressed on normal
T lymphocytes [47], lymphopenia is an expected side effect of CD26 CAR-T-cell therapy.
Cordero and colleagues demonstrated that most human CD26-negative CD4 T-cells in
circulating lymphocytes are central memory cells while CD26-high expression is present
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on effector Thl, Th2, Th17, and TEM (effector memory) cells. Therefore, future clinical
trials should monitor the levels of these cell types [3]. In addition, since CD26 expression
is observed in salivary glands and smooth muscle [47], salivary gland inflammation and
gastrointestinal symptoms may potentially be associated with CD26 CAR-T-cell therapy. In
the Phase 2 study of YS110, lymphopenia was [3] seen in 45% of patients, while diarrhea and
nasopharyngitis were observed in 13% of patients [9]. Furthermore, soluble CD26 level and
associated DPPIV activity may be reduced with CD26 CAR-T-cell therapy, findings which
were observed with the administration of YS110 [9]. A potential clinical manifestation
of this phenomenon may be hypoglycemia, an infrequent side effect associated with
administration of DPPIV inhibitors to diabetic patients [48]. Clinical trials are needed to
determine the side effect profiles of CD26 CAR-T-cell therapy, particularly since YS110 does
not bind to mouse CD26 (unpublished data), hence preventing the assessment of adverse
events associated with CD26 CAR-T-cell therapy in a mouse model.

In summary, CD26-targeting CAR-T-cell therapy is a promising therapeutic alternative
against T-cell malignancies. Our findings indicate that a third-generation CAR-T product
combining both CD28 with 4-1BB co-stimulatory domains displays more anti-tumor activity
than the second-generation product harboring CD28 alone. We plan to further validate our
conclusion in future studies involving multiple patient donors.

5. Conclusions

In this study, we developed and evaluated the efficacy and safety of CD26-targeted
CAR-T-cell therapy for T-cell malignancies using YS110 as the single-chain variable frag-
ment. We demonstrated that CD26 3G CAR-T-cells exhibited superior anti-leukemia effects
than CD26 2G CAR-T-cells in vitro and in vivo. Our findings suggest that CD26 3G CAR-T-
cells are promising candidates for the treatment of T-cell malignancies, which are currently
challenging to treat with conventional therapies. However, further studies are needed to
optimize the design and delivery of CD26-targeted CAR-T-cells, as well as to assess their
long-term safety and efficacy in clinical settings.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/cells12162059/s1, Figure S1: Schematic diagram describing the method to detect expression
of YS110 scFv. Figure S2: Activation of CD26 CAR-T-cells. Effector cells (CD26 2/3G CAR-T-cells
and CD8 2/3G control cells) were cultured with both PMA and ionomycin (P/I) as positive controls
or with CD26-Jurkat cells as target cells at an effector: target ratio of 1:1. (A) CD69 expression on
effector cells was analyzed by flow cytometry. (B) Secretion of IFN-y was evaluated by ELISA assay.
Figure S3: Expression of CD26 on various T-cell lines. Figure S4: Blocking effect of Y5110 against
CD26 3G CAR-T-cells. Target cells (KARPAS299 cells) were co-cultured with effector cells (CD26 3G
CAR-T-cells or CD8 3G control cells) at an effector:target ratio of 1:1, 5:1, and 10:1 with control IgG
or YS110. Anti-tumor activity of effector cells was evaluated by measurement of luciferase activity
from the target cells. Figure S5: Monitoring of mice transplanted with HSB2 cells by IVIS. Actual
photographic data of luciferase luminescence of Figure 5C. Figure S6: Identification of CD26 3G
CAR-T-cells in mice. In experiments described in Figure 5C-E, CD26 3G CAR-T-cells injected into
mice were identified. (A) In peripheral blood of mice collected at day 15, human cells were selected
by flow cytometry from live lymphocytes as both human CD45-positive and mouse CD45-negative
cells. (B,C). In human cells, HSB2 cells were identified as the KO2-positive cells and CAR-T-cells were
identified as the GFP-positive cells. (B) Control mice without injection of CD26 3G CAR-T-cells (NT).
(C) Mice with injection of CD26 3G CAR-T-cells. Figure S7: Expression of CD26 on lymphoma cells in
patient samples. Biopsy specimens of patients with T-cell malignancies were stained for CD26 by
immunohistochemistry. Four typical results of staining assays are demonstrated. (A) ALCL patient
with “moderate” staining intensity. (B) AITL patient with “moderate” staining intensity. (C) NK/T
patient with “strong” staining intensity. (D) PTCL patient with “strong” staining intensity. Table S1:
CD26 expression across various immature and mature T-cell malignancies.
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Abstract: DPP8/9 inhibition induces either pyroptotic or apoptotic cell death in hematological malignan-
cies. We previously reported that treatment with the DPP8/9 inhibitor 1G244 resulted in apoptotic cell
death in myeloma, and our current study further evaluates the mechanism of action of 1G244 in different
blood cancer cell lines. Specifically, 1G244 inhibited DPP9 to induce GSDMD-mediated-pyroptosis at low
concentrations and inhibited DPP8 to cause caspase-3-mediated-apoptosis at high concentrations. HCK
expression is necessary to induce susceptibility to pyroptosis but does not participate in the induction
of apoptosis. To further characterize this DPP8-dependent broad-spectrum apoptosis induction effect,
we evaluated the potential antineoplastic role for an analog of 1G244 with higher DPP8 selectivity,
tominostat (also known as 12 m). In vitro studies demonstrated that the cytotoxic effect of 1G244 at high
concentrations was enhanced in tominostat. Meanwhile, in vivo work showed tominostat exhibited
antitumor activity that was more effective on a cell line sensitive to 1G244, and at higher doses, it
was also effective on a cell line resistant to 1G244. Importantly, the weight loss morbidity associated
with increasing doses of 1G244 was not observed with tominostat. These results suggest the possible
development of novel drugs with antineoplastic activity against selected hematological malignancies by
refining and increasing the DPP8 selectivity of tominostat.

Keywords: DPPS; inhibitor; anticancer agent; hematological; malignancies

1. Introduction

The S9b serine protease family has the ability to cleave Xaa-Pro dipeptides from
N-termini of their substrates, and these enzymatic members include dipeptidyl peptidase-4
(DPP4), DPPS8, DPP9, and fibroblast activation protein (FAP) [1].

Cells 2023, 12, 1100. https:/ /doi.org/10.3390/ cells12071100

55
https://www.mdpi.com/journal/cells


https://doi.org/10.3390/cells12071100
https://doi.org/10.3390/cells12071100
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0002-0961-6253
https://orcid.org/0000-0002-6218-519X
https://orcid.org/0000-0002-2727-7275
https://orcid.org/0000-0002-7921-1171
https://doi.org/10.3390/cells12071100
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells12071100?type=check_update&version=2

Cells 2023,12, 1100

20f 15

For example, DPP4 cleaves the pancreatic polypeptide family, including neuropeptide
Y and peptide YY, several members of the glucagon family, and certain chemokines as
natural substrates [2,3]. Of these substrates, insulino-tropic hormone (incretin) glucagon-
like peptide 1 (GLP-1) is of particular interest, which is cleaved and inactivated by DPP4 to
antagonize insulin secretion. Small-molecule inhibitors of DPP4 have been developed as
well-established therapies for the treatment of type II diabetes [4]. DPPs are therefore an
important class of enzymes that are potential therapeutic targets for human diseases due to
their highly selective and limited proteolytic activities.

Several proteins have been identified as substrates of DPP8 and DPP9 [1,5-10]. DPP8
substrates include inflammatory protein-10 (IP10), interfering T-cell chemokines (ITAC),
and chemokines stromal cell-derived factor (SDF-1) [10], while DPP9 cleaves C-X-C motif
chemokine 10 (CXCL10/1P10), S100-A10, SET, nucleobindin-1 (NUCB1), and interleukin-1
receptor antagonist protein (IL-1RA) as substrates [8]. In addition, numerous studies have
shown that DPP8/9 is involved in immune system regulation and inflammation by the
cleavage of these substrates [11].

DPP8 and DPP9 localize intracellularly in contrast to DPP4, which has an extracellular
catalytic domain. With significant homology among these enzymes (79% amino acid
similarity and 61% amino acid identity) [12], no small-molecule compounds have heretofore
been identified to selectively inhibit only one of these proteins. On the other hand, inhibitors
which simultaneously inhibit both DPP8 and DPP9 have been demonstrated to be potential
therapeutic agents for selected hematologic malignancies, as described below.

The DPP family nonselective inhibitor Val-boroPro (talabostat) triggers a lytic form
of programmed cell death known as pyroptosis in human acute myeloid leukemia (AML)
cell lines and primary AML samples, an effect that is dependent on DPP9 inhibition [13].
The inhibition of DPP9 in mouse monocytes and macrophages by talabostat causes the
autoproteolysis of the function-to-find (FIIND) domain in the inflammasome sensor protein,
nucleotide-binding domain, and leucine-rich repeat pyrin containing 1b (Nlrplb) and the
cleavage of gesdermin D (GSDMD) by caspase-1 activated by this autoproteolysis induces
pyroptosis [14]. Interestingly, DPP9 functions as an endogenous inhibitor of Nlrp1lb rather
than as a protease in this series of reactions [15]. In human AML cells, NLRP1 and caspase
recruitment domain family member 8 (CARDS) function as human homologs of mouse Nlrp1b,
and the expression levels of caspase-1 and CARDS determine the sensitivity to talabostat [13].

Alternatively, 1G244 is a specific inhibitor of DPP8 and DPP9 [11]. We have reported
that 1G244 triggers caspase-3-activation-mediated apoptosis in multiple myeloma (MM)
cell lines and primary MM samples, and that this effect may be dependent on DPP8
inhibition [16]. However, cell death induced by 1G244 in the AML cell line THP-1 is not
dependent on DPP8/9 inhibition but is the result of an unidentified off-target effect [14]. In
view of these contradictory findings, we conducted the studies described in this paper to
further investigate 1G244-induced cell death.

On the other hand, 12 m, a 1G244 methylpiperazine analog, has been reported to
be highly selective for DPP8 [17]. Based on our hypothesis that the antitumor effect of
1G244 depends on DPP8 inhibition, we would expect 12 m to exhibit potent antineoplastic
activity. For our current work, we have named 12 m as tominostat and have investigated
its potential role as an anticancer drug.

In this study, we found that high concentrations of 1G244 induce caspase-3-activation-
mediated apoptosis that is dependent on DPP8 inhibition. We also demonstrated that the
higher level of selectivity for DPP8 by tominostat enhances its apoptotic effect and that it may
be a more potent anticancer drug with an improved in vivo weight loss toxicity profile.

2. Materials and Methods
2.1. Cell Culture

T cell non-Hodgkin’s lymphoma cell line KARPAS299 was supplied by the European
Collection of Authenticated Cell Cultures (ECACC). Multiple myeloma cell lines, MM.1S
and RPMI8226; Burkitt’s lymphoma cell lines, Daudi, Raji, and NAMALWA; the acute
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myelogenous leukemia cell line, KG1; the acute T cell leukemia cell line, Jurkat; and the
chronic myelogenous leukemia cell line, K562, were supplied by American Type Culture
Collection (ATCC). Acute monocytic leukemia cell lines, THP-1, MOLM-13, and NOMO-1;
and the myelodysplastic syndrome cell line, SKM-1, were supplied by Japanese Collection
of Research Bioresources Cell Bank (JCRB). All these cell lines were maintained in RPMI
1640 (Gibco BRL) supplemented with 10% heat-inactivated fetal bovine serum (Sigma),
100 pg/mL streptomyecin, and 100 U/mL penicillin.

2.2. Lentivirus and Transduction

The shRNA lentivirus, MISSION Lentiviral Transduction Particles, SHCLNV was
purchased from Sigma-Aldrich. The lentivirus vector system is composed of the vec-
tor pLKO.1-Puro-CMV-tGFP. The control is MISSION pLKO.1-Puro-CMV-tGFP Posi-
tive Control Transduction Particles, SHC003V. DPP8 KD1, TRCNO0000300778; DPP8 KD2,
TRCNO0000300777. DPP9 KD1, TRCN0000075265; DPP9 KD2, TRCN0000075264. HCK KD1,
TRCN0000320535: HCK KD2, TRCN0000381826. The human HCK gene overexpressing
lentivirus, HCK (NM_002110) Human Tagged ORF Clone Lentiviral Particle, RC217022L4V
was purchased from OriGene. The lentivirus vector system is composed of the vector
pLenti-C-mGFP-P2A-Puro. The control is Lenti ORF control particles of pLenti-C-mGFP-
P2A-Puro, PS100093V. Lentivirus transduction and stable cell line selection were performed
according to the manufacturer’s instructions.

2.3. Reagents

Puromycin and 1G244 were purchased from Sigma-Aldrich. Talabostat, Disulfiram,
and Necrostatin-1 were purchased from MedChemexpress. Necrosulfonamide was pur-
chased from Santa Cruz Biotechnology. Z-DEVD-FMK and Z-VAD-FMK were purchased
from Medical & Biological Laboratories. Tominostat (12 m) was prepared according to
previously published work [17].

2.4. Cellular Cytotoxicity

The viable cell number was quantified using a Premix WST-1 Cell Proliferation Assay
System (TaKaRa, Shiga, Japan) according to the manufacturer’s instructions. The level of
cytotoxicity was also quantified by measuring the level of lactate dehydrogenase (LDH) re-
leased from damaged cells using a Cytotoxicity LDH Assay Kit-WST (Dojindo, Kumamoto,
Japan) according to the manufacturer’s instructions.

2.5. Western Blot Analyses

Cells were lysed in a buffer containing 1% sodium dodecyl sulfate (SDS); 20 mM
Tris-HCI, pH 7.4; 5 ug/mL pepstatin A; 10 pg/mL leupeptin; 5 pg/mL aprotinin; and
1 mM phenyl-methylsulfonyl fluoride and then heated for 5 min. After passage through
a 20-gauge needle ten times and centrifugation at 15,000 rpm at 4 °C for 30 min, the
aliquot was boiled in a standard reducing sample buffer for 3 min and subjected to
SDS-polyacrylamide gel electrophoresis. This was followed by transfer to an Immobilon-P
membrane (Millipore, Burlington, MA, USA) and hybridization with an anti-DPP8 an-
tibody (OTI1D2), monoclonal, mouse, NBP2-01830 (Novus Biologicals, Englewood, CO,
USA), an anti-DPP9 antibody (OTI2E3), monoclonal, mouse, NBP2-01521 (Novus Bio-
logicals), an anti-GSDMD antibody, monoclonal, rabbit, ab210070 (Abcam, Cambridge,
UK), an anti-Cleaved Caspase-3 antibody (Asp175, 5A1E), monoclonal, rabbit, #9664S
(Cell Signaling Technology, Danvers, MA, USA), an anti-DFNA5/GSDME antibody
(EPR19859, N-terminal), monoclonal, rabbit, ab215191 (Abcam), an anti-Caspase-1 an-
tibody, polyclonal, rabbit, #2225S (Cell Signaling Technology), an anti-CARDS8 antibody
(2108C2a), monoclonal, mouse, sc-81213 (Santa Cruz Biotechnology), an anti-Caspase-3
antibody, polyclonal, rabbit, #9662S (Cell Signaling Technology), an anti-HCK antibody
(E1I7F), monoclonal, rabbit, #14643 (Cell Signaling Technology), an anti-LCK antibody
(3A5), monoclonal, mouse, sc-433 (Santa Cruz Biotechnology), an anti-Fyn antibody (15),
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monoclonal, mouse, sc-434 (Santa Cruz Biotechnology, Dallas, TX, USA), an anti-c-Fgr
antibody (B-8), monoclonal, mouse, sc-166079 (Santa Cruz Biotechnology), an anti-Lyn
antibody (H-6), monoclonal, mouse, sc-7274 (Santa Cruz Biotechnology), an anti-Blk anti-
body (9D10D1), monoclonal, mouse, sc-65980 (Santa Cruz Biotechnology), an anti-3-actin
antibody (8H10D10), monoclonal, mouse, #3700S (Cell Signaling Technology), an anti-AK2
antibody, polyclonal, rabbit, ab37594 (Abcam), an anti-FADD antibody (A66-2), monoclonal,
mouse, 556402 (BD Biosciences, Franklin Lakes, NJ, USA), an anti-phospho-FADD (Ser194)
antibody, polyclonal, rabbit, #2781S (Cell Signaling Technology), or an anti-DUSP26 anti-
body, polyclonal, rabbit, GTX109283 (GeneTex, Zeeland, MI, USA). Proteins detected by
these antibodies were visualized with horseradish-peroxidase-conjugated anti-mouse or
rabbit antibody (Santa Cruz Biotechnology) followed by the use of enhanced chemilumines-
cence (Amersham Pharmacia Biotech., Amersham, UK), as we described previously [16].

2.6. Microarray Analysis

RNA was isolated from cells using an RNeasy Mini Kit (QIAGEN, Hilden, Germany).
Microarray analysis was performed using the 3D-Gene human oligo chip 25k
(TORAY Industries, Tokyo, Japan), which permits the detection of 24,460 mRNAs. After
hybridization, the DNA microarray was washed according to the manufacturer’s instruc-
tions, followed by image scanning using 3D-Gene Scanner 3000 (TORAY Industries) and
data processing using 3D-Gene Extraction 2.0.0.4 (TORAY Industries).

2.7. In Vivo Studies

Invivo experiments were performed as we previously described [16].
NOD.Cg—PrdeSCidIIngtmlel/ 5z] (NSG) female mice of age 6-7 weeks and weight 19—
21 g were obtained from Charles River Japan Inc. (Kanagawa, Japan). The mice were
kept under specific pathogen-free conditions with a 12 h day and night cycle with free
access to food and water, and they received humane care in compliance with Institutional
Guidelines. All experiments were approved by the Animal Care and Use Committee of
Toyama University (reference number A2020UH-5). In order to evaluate for lethal toxicity,
NSG mice were administered with 1G244 or tominostat subcutaneously once a week, with
body weights being measured at the same time. For the evaluation of antitumor activity,
5 x 10° of MM.1S or Daudi cells were subcutaneously inoculated on the left side on the
backs of NSG mice. Three days after the inoculation, 1G244 or tominostat was admin-
istered subcutaneously once a week. Tumor measurements were obtained at the same
time with a caliper, and tumor volume was calculated according to the following formula:
MD x TL? x 1/2, with MD and TL being the maximum diameter and transverse length,
respectively.

3. Results
3.1. DPP8-Dependent Antineoplastic Effect of High-Dose 1G244

We compared the cytotoxic effect of the DPP8/9 inhibitors 1G244 and talabostat
on hematological cancer cell lines using water-soluble tetrazolium (WST) to detect the
respiratory chain metabolic activity in viable cells. As shown in Figure 1A, in three cell
lines sensitive to DPP8/9 inhibitors, specifically MM.1S, KARPAS299, and THP-1 cells,
talabostat was superior to 1G244 at low concentrations of 0.1 and 1 pM. On the other hand,
the opposite was true at concentrations as high as 10 and 100 pM, with 1G244 being more
effective than talabostat. Meanwhile, talabostat exhibited a minimal cytotoxic effect against
the three less sensitive cell lines, specifically KG1, Daudi, and NAMALWA cells. However,
1G244 was effective at concentrations of 10 and 100 uM against these cell lines.
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Figure 1. DPP8-dependent antineoplastic effect of high-dose 1G244. (A) 1.0 x 10° of hematological
cancer cell lines (MM.1S, KARPAS299, THP-1, KG1, Daudi, or NAMALWA) were cultured with
DPP8/9 inhibitors (1G244 or talabostat) at doses of 0-100 uM for 72 h. Cell number was estimated
by a colorimetric assay using WST-1 reagent (n = 6). (B) Knockdown studies of DPP8 and DPP9 in
MM.1S or KARPAS299 cells. NT, no treatment; GFP, control vector; KD, knockdown. Expression level
of DPP8 or DPP9 was estimated by Western blot analysis. (C) 1.0 x 10° of MM.1S and KARPAS299
cells and their transfectants were cultured with DPP8/9 inhibitors (1G244 or talabostat) at doses of
0-100 uM for 6 h. Cytotoxicity was estimated by a LDH release assay (n = 6).

To determine whether the DPP8/9 inhibitors 1G244 and talabostat exerted their cyto-
toxic effect through DPP8 or DPP9, we conducted knockdown studies on DPP8 or DPP9
expression in MM.1S and KARPAS299 cells, which are highly sensitive cell lines. As shown
in Figure 1B, DPP8 was effectively suppressed in MM.1S cells. On the other hand, MM.1S
cells with DPP9 knockdown did not proliferate and died. DPP8 and DPP9 in KARPAS299
cells were both effectively suppressed.

As shown in Figure 1C, the cytotoxic effect of DPP8/9 inhibitors was assessed by
measuring lactate dehydrogenase (LDH) released from dead cells into the culture super-
natant. In both MM. 1S GFP and KARPAS299 GFP cells transfected with the control vector,
talabostat at a low concentration of 1 uM and 1G244 at a high concentration of 100 uM
exhibited greater cytotoxic effects than the others at the same concentrations, consistent
with results shown in Figure 1A. On the other hand, both KARPAS299 DPP8 and DPP9
knockdown cells were less sensitive to 10 and 100 uM of talabostat, which was particularly
more pronounced in DPP9 knockdown cells. MM.1S DPP8 knockdown cells also showed
decreased sensitivity to talabostat. The selective reduced sensitivity of KARPAS299 DPP8
knockdown cells to 100 pM of 1G244 was also demonstrated. Greatly reduced sensitivity
was also observed in MM.1S DPP8 knockdown cells. This DPP8-knockdown-induced
decrease in sensitivity to 1G244 was also observed in KARPAS299 and in MM.1S at 10 uM.
These results showed that the cytotoxic effect of talabostat depends mainly on DPP9, as well
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as partly on DPPS, and that the potent anticancer activity of 1G244 at high concentrations
is dependent on DPPS.

3.2. Caspase-3-Mediated Apoptosis as Anticancer Effect by High-Dose 1G244

Figure 2A shows the results of our investigation into the types of cell death caused by
DPP8/9 inhibitors. In MM.1S cells, cleaved GSDMD, a marker of pyroptosis, was detected
between 3 and 48 h of treatment by 1 to 100 uM talabostat. Cleaved GSDMD was also detected
following 1G244 exposure. On the other hand, cleaved caspase-3, a marker of apoptosis, was
detected following 24 h of exposure to 10 tM 1G244, while a greater level was detected at an
earlier time point of 6 h after stimulation with 100 pM. Cleaved caspase-3 was also detected
following 24 h of exposure to 1 to 100 uM of talabostat. These results suggested that DPP8/9
inhibitors induce the cleavage of GSDMD, as well as caspase-3, and that the potent cytotoxic
effect of high concentrations of 1G244 may be dependent on caspase-3.

Figure 2B shows the findings from experiments conducted to examine these hypothe-
ses. Disulfiram (DSF) almost completely inhibited cell death induced by 10 and 100 pM
of talabostat, while weakly suppressing 1G244 at 10 uM. Cell death suppressed by DSF is
pyroptosis mediated by GSDMD pore formation. In contrast, 1G244 at concentrations of 10
and 100 uM was largely unaffected by DSF but was strongly inhibited by the caspase-3/7
inhibitor Z-DEVD.

These results were consistent with our hypothesis that the strong anticancer effect
exhibited by high concentrations of 1G244 is caspase-3-dependent apoptosis. At the same
time, Z-DEVD also weakly inhibited 10 and 100 uM of talabostat, suggesting that caspase-
3-mediated pyroptotic pathways may also be involved. While a potential candidate may
involve the cleavage of Gasdermin-E (GSDME) [18], our work did not implicate this
pathway (Figure 2A). Of note is the fact that talabostat at 10 and 100 uM was strongly
inhibited by the pan caspase inhibitor Z-VAD. This observation was consistent with the
fact that caspase-1 is required for pyroptosis in the canonical inflammasome pathway
and caspase-4/5/11 in the noncanonical inflammasome pathway [18]. Meanwhile, no
inhibitory effect was observed for necrostatin-1 (Nec) or necrosulfonamide (NSA), inhibitors
of necroptosis (Figure 2C).
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Figure 2. Caspase-3-mediated apoptosis as anticancer effect by high-dose 1G244. (A) 1 x 10® MM.1S
cells were cultured with DPP8/9 inhibitors (1G244 or talabostat) at doses of 0-100 M for 3-48 h.
The cleaved form (CL) of gasdermin-D (GSDMD), caspase-3, or gasdermin-E (GSDME) was detected
by Western blot analysis. The upper caspase-3 CL: 19 kDa; and the lower caspase-3 CL: 17 kDa.
(B,C) 1.0 x 10° of MM.1S cells were cultured with DPP8/9 inhibitors (1G244 or talabostat) at doses of
0-100 uM for 6 h with disulfiram (DSF), Z-DEVD, Z-VAD, necrostatin-1 (Nec), or necrosulfonamide
(NSA). Cytotoxicity was estimated by a LDH release assay (n = 6).
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3.3. Dependence on HCK for DPP8/9 Inhibitor-Induced Pyroptosis

Figure 3A shows the results of experiments evaluating possible predictors of sensitivity
to DPP8/9 inhibitors. The sensitive cell lines studied were THP-1, MM. 1S, and KARPAS299,
and resistant cell lines studied were KG1, NAMALWA, and Daudi. We first examined
the expression of DPP8 and DPP9 as prerequisite factors and caspase-1, CARDS, and
GSDMD as factors related to pyroptosis signaling, as well as caspase-3 as a factor involved
in apoptosis signaling. However, no association was found between the expression level of
any of the factors and susceptibility.
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Figure 3. Dependence on HCK for DPP8/9 inhibitor-induced pyroptosis. (A) Expression level
of DPP8, DPP9, caspase-1, CARDS, GSDMD, or caspase-3 in THP-1, MM.1S, KARPAS299, KG1,
NAMALWA, or Daudi cells was estimated by Western blot analysis. (B) Gene expression of THP-1,
MM.1S, KARPAS299, KG1, NAMALWA, or Daudi cells was analyzed by microarray method using 3D-
Gene. (C) Expression level of HCK, LCK, Fyn, c-Fgr, Lyn, or Blk in THP-1, MM.1S, KARPAS299, KG1,
NAMALWA, or Daudi cells was estimated by Western blot analysis. (D) 1.0 x 10° of hematological
cancer cell lines (Jurkat, K562, MOLM-13, NOMO-1, RPMI8226, Raji, or SKM-1) were cultured with
1G244 at doses of 0-10 uM for 72 h. Cell number was estimated by a colorimetric assay using WST-1
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reagent (n = 6). (E) Expression level of HCK or CARDS in Jurkat, K562, MOLM-13, NOMO-1,
RPMI8226, Raji, or SKM-1 cells was estimated by Western blot analysis. (F) Knockdown studies of
HCK in MM.1S cells. NT, no treatment; GFP, control vector; KD, knockdown. Expression level of
HCK was estimated by Western blot analysis. (G) 1.0 x 10° of MM.1S cells and their transfectants
were cultured with DPP8/9 inhibitors (1G244 or talabostat) at doses of 0-100 uM for 6 h. Cytotoxicity
was estimated by a LDH release assay (n = 6).

Microarray analysis was then performed as a comprehensive evaluation to compare
sensitive cell lines with resistant cell lines. Factors with high expression in the former
and low expression in the latter are shown in Figure 3B. Among these, we paid particular
attention to hematopoietic cell kinase (HCK). HCK is one of the Src-family tyrosine kinases
and mediates proliferation, survival, and adhesion signals sent by cell surface receptors [19].
Furthermore, HCK has been reported to mediate caspase-3-mediated apoptosis [20]. We
therefore decided to further investigate the possible involvement of HCK.

Our initial studies employed the Western blotting method to examine the HCK protein
level in each cell line, as shown in Figure 3C. HCK was selectively highly expressed in the
three highly sensitive cell lines. In contrast, there was no association with the susceptibility
and expression of other members of the Src-family tyrosine kinases with known expression
in hematopoietic cells, including LCK, Fyn, c-Fgr, Lyn, and Blk (Figure 3C).

Meanwhile, MOLM-13, NOMO-1, and SKM-1 were sensitive to 1G244, while Jurkat,
K562, RPMI8226, and Raji were resistant to 1G244 (Figure 3D), with HCK being highly
expressed in a selective manner in the three sensitive cell lines (Figure 3E). On the other
hand, CARDS, which has been reported to define DPP8/9 inhibitor sensitivity [13], was
almost equally expressed in these seven cell lines.

To further confirm the dependence on HCK for DPP8/9 inhibitor sensitivity, we con-
ducted HCK knockdown studies in highly sensitive MM.1S cells (Figure 3F). The knockdown
cells showed reduced sensitivity to 10 uM of 1G244 and to 1, 10, and 100 uM of talabostat.
However, no effect on sensitivity to 100 pM of 1G244 was observed (Figure 3G). These results
indicated that DPP8/9-mediated pyroptosis is HCK-dependent, but HCK is not involved in
DPP8-mediated apoptosis induced by high levels of 1G244. In addition, the forced expression
of HCK in hyposensitive Daudi and NAMALWA (Figure S1A) did not alter their sensitivity
to 1G244 or talabostat. (Figure S1B,C). These results suggested that the presence of HCK is a
necessary but not sufficient condition for DPP8/9-inhibitor-induced pyroptosis.

3.4. Antitumor Effects of Tominostat

High concentrations of 1G244 induced apoptotic cell death via DPPS, even in blood
cancer cell lines resistant to pyroptosis induced by talabostat and low concentrations of
1G244 via DPP8/9. We therefore attempted to determine whether increasing the DPP8
selectivity of 1G244 could result in a greater antineoplastic effect. The selectivity for DPP8
compared to DPP9 is expressed as the selectivity index (SI), i.e., IC50 for DPP9 divided
by IC50 for DPP8. The SI of 1G244 is 3.8 [21], whereas the SI of 12 m with the H in the
piperazine skeleton of 1G244 replaced by (S)CHS3 is reported to be 8.1 [17]. We named this
12 m molecule tominostat and performed the experiments described below.

The antitumor effect of tominostat was compared to that of 1G244 in the sensitive
cell lines MM.1S and KARPAS299 and in the resistant cell line Daudi in in vitro studies
(Figure 4A). For all of these cell lines, at concentrations >10 pM, tominostat exhibited a
greater antitumor effect as compared to the original 1G244. These results indicated that the
antitumor effect at high concentrations, which is a characteristic of 1G244, is accentuated
by increasing DPPS selectivity.
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Figure 4. Antitumor effects of tominostat. (A) 1.0 x 10° of MM.1S, KARPAS299, or Daudi cells were
cultured with DPP8/9 inhibitors (1G244 or tominostat) at doses of 0-100 uM for 6 h. Cytotoxicity
was estimated by a LDH release assay (n = 6). (B,C) 5 x 10° of MM.1S (B) or Daudi (C) cells were
subcutaneously inoculated into NSG mice (n = 6). Three days after inoculation, 1G244 or tominostat
was administered subcutaneously once a week. Tumor volume was assessed at the same time.

For in vivo studies, we first conducted experiments examining the toxicity profile of
the pertinent inhibitors. There was no death of the tested animals from acute toxicity from
the administration of either 1G244 (Figure 5A) or tominostat (Figure 5B). However, dose-
dependent weight loss was observed with 1G244. On the other hand, this weight-loss toxicity
was not observed with tominostat, even when the dose was increased to 150 mg/kg.
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Figure 5. Weight loss as a side effect of tominostat treatment. NSG mice were treated with 1G244
(A) or tominostat (B) subcutaneously once a week (n = 6). The body weight was assessed at the same time.

The next in vivo experiment examined the antitumor effect of the inhibitors. Although
the treatment of mice implanted subcutaneously with the sensitive cell line MM.1S cells
with 30 mg/kg of 1G244 or tominostat resulted in tumor growth inhibition, tominostat
exhibited significantly superior antitumor activity (Figure 4B). Meanwhile, the treatment
of mice transplanted with the resistant cell line Daudi with 30 mg/kg tominostat did not
inhibit tumor growth. However, an increase in treatment dose to 150 mg/kg tominostat led
to significant Daudi cell tumor shrinkage (Figure 4C). These results showed that tominostat
has superior antineoplastic activity as compared to the original 1G244 and that it exhibits
effectiveness against resistant cells at higher doses without the side effect of weight loss.

4. Discussion

An initial finding of our current work is the dual nature of 1G244. At low concentra-
tions, 1G244 induces pyroptosis mainly through the inhibition of DPP9, while it induces
apoptosis through the inhibition of DPP8 at high concentrations. A potential explanation
for this duality is that 1G244 inhibits DPP8 and DPP9 by different mechanisms. Indeed, it
has been suggested that 1G244’s inhibition of DPPS8 is based on binding that is slow and
tight [21], i.e., irreversible [11], while its inhibition of DPP9 is competitive [21]. However,
studies using experimental 3D models have not demonstrated clear differences between
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the molecular structures of 1G244-liganded DPP8 and 1G244-liganded DPP9 to support
the suggested hypothesis [22]. Such differences may become apparent in studies using
tominostat, an analog of 1G244 with increased selectivity for DPP8. We are currently
planning to analyze the molecular structures of tominostat-liganded DPP8/9 to further
evaluate this important issue.

The dependence of cell death caused by high concentrations of 1G244 on DPPS inhi-
bition is precisely demonstrated by DPP8 knockdown experiments (Figure 1C). Further
evidence supporting this conclusion is based on the enhanced cytotoxic effect of high
concentrations of DPP8-selective tominostat (Figure 4A). Whether this enhanced cytotox-
icity can lead to use in clinical practice as an anticancer agent depends largely on the
toxicity profile and severity of adverse events. Toxicity of 1G244 has been reported for
daily intravenous administration for 14 days to rats [21]. Groups administered with doses
of 1 and 10 mg/kg showed hematological and serum parameters that were all within
normal limits. However, 30 mg/kg dosing led to treatment discontinuation from such
dose-limiting toxicities as startle reflexes, chronic and tonic convulsions, and opisthonos.

In our previous and present studies, no such toxicity was observed with 1G244 treat-
ment, likely due to the fact it was administered subcutaneously once a week in mice [16].
However, clear weight loss was observed in the 30 mg/kg group, which worsened with
increasing doses of 60 mg/kg and 150 mg/kg (Figure 5). In contrast, no weight loss was
observed with tominostat in any of the 30, 60, or 150 mg/kg groups.

A reason for the observed reduction in toxicity may be due to differences in the tissue
expression of DPP8 and DPP9. Specifically, DPP9 is expressed throughout all organs in the
body (Dataset: GeneAtlas U133A, gcrma), with its absence in mice causing impairment
in tongue development, suckling defects, and subsequent neonatal lethality [23,24]. On
the other hand, DPP8 expression is relatively restricted to hematopoietic cells (Dataset:
GeneAtlas U133A, gcrma).

Importantly, the low-sensitivity cell line Daudi was resistant to 100 uM of 1G244, but
the same dose of tominostat exhibited effective in vitro antitumor activity (Figure 4A),
and 150 mg/kg tominostat inhibited tumor growth in vivo (Figure 4C). These findings
indicate that the increased DPP8 selectivity of tominostat compared to 1G244 not only
enhanced its antitumor effect, but also reduced its toxicity, allowing higher doses to be
safely administered to treat less sensitive tumor cells.

An issue that needs to be clarified involves the specific signaling events induced by
DPP8 inhibition. Comparing high- and low-susceptible cell lines, we identified HCK as
one factor defining differences in susceptibility. However, HCK knockdown suppressed
pyroptosis induced by DPP9 inhibition, while apoptosis induced by DPP8 inhibition was
unaffected (Figure 3).

Recent work by others suggested a mechanism for HCK involvement in signaling
events of pyroptosis [25]. These authors demonstrate that the genetic and pharmacological
inhibition of HCK suppresses NLRP3 inflammasome activation and that HCK binds to the
NBD and LRR domains of NLRP3. In addition, DPP9 is shown to regulate pyroptosis by
binding to Nlrp1b [15]. Our current findings that HCK dictates susceptibility to pyroptosis
induced by DPP9 inhibition are therefore consistent with previously published reports.

On the other hand, assuming that DPP8 inhibition induces apoptosis by inhibiting
the cleavage of relevant substrates, adenylate kinase 2 (AK2), which is involved in energy
metabolism, can be considered as a potential candidate substrate. AK2 forms a complex
with dual-specificity phosphatase 26 (DUSP26) to dephosphorylate fas-associated protein
with death domain (FADD) [26]. Phosphorylated FADD plays an essential role in cellular
mechanisms that enhance chemotherapy-induced apoptosis [27]. AK2 is one of the repre-
sentative substrates of DPP8 [1,28]. It is possible that the inhibition of AK2 cleavage by
DPP8 leads to increased levels of phosphorylated FADD.

Our preliminary examination showed that AK2, FADD, phosphorylated FADD, and
DUSP26 were all equally expressed in the three high-sensitive and three low-sensitive cell
lines used in Figure 1A (Figure S2). These findings are consistent with results showing that
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all six of these cell lines were equally sensitive to high concentrations of 1G244 (Figure 1A).
We are currently planning future in vitro reconstitution experiments involving these factors.

5. Conclusions

In this paper, we show that the DPP8/9 inhibitor 1G244 exhibits a dual role: at low
concentrations, it induces DPP9 inhibition-dependent pyroptosis, and at high concentra-
tions, it induces DPP8 inhibition-dependent apoptosis. Importantly, we identified HCK
expression as a necessary determinant of susceptibility to pyroptosis, but with no effect on
the induction of apoptosis (Figure 6). Furthermore, a greater antitumor effect associated
with the lower toxicity profile of tominostat, a methylpiperazine analog of 1G244 with
high DPP8 selectivity, was observed and compared to 1G244. Our findings suggest that
additional enhancement in DPPS selectivity by further modifications of tominostat chemical
structure may lead to the development of novel anticancer agents that are effective against
a wide range of hematologic malignancies.

| 1G244 / tominostat ‘
I |
Low concentration High concentration

€1 1
| DPP9 | | DPPS |
‘ GSDMD ‘ ‘ caspase-3 ‘
‘ pyroptosis ‘ ‘ apoptosis |

Figure 6. A diagram describing the dual signaling nature of 1G244/tominostat.
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Abstract

The pathogenesis of pulmonary fibrosis involves complex interplay between cell
types and signaling pathways. Recurrent alveolar epithelial injury can occur
during pulmonary inflammation, causing dysregulation of epithelial repair.
Dysregulated repair interacts with mesenchymal, inflammatory, and endothelial
cells to trigger fibroblast-to-myofibroblast activation. CD26/dipeptidyl peptidase-
4 (DPP4) is a type II membrane protein mediating pleiotropic effect. However,
the mechanistic role of CD26/DPP4 in pulmonary fibrosis remains unclear.
In this study, we aimed to characterize Dpp4 deficiency in a mouse bleomycin
(BLM)-induced pulmonary fibrosis model and in cell culture systems of human
lung fibroblasts (HLFs). Dpp4 knockout (Dpp4 KO) mouse lungs exhibited lower
Ashcroft scale indices, collagen content, and numbers of fibroblasts and myofi-
broblasts compared with those in C57BL/6 wild-type (WT) mice. Upregulation
of Tgfbl and Tgfb2 mRNA levels in the lungs after BLM treatment was lower
in Dpp4 KO mice compared with those in WT mice. Although TGF-p-driven
endothelial-to-mesenchymal transition (EndMT) has been implicated as one of
the mechanisms of pulmonary fibrosis, a number of partial EndMT cells in lungs
did not differ between Dpp4 KO mice and WT mice. The proliferation capacity
and mRNA levels of COL1A1, a collagen deposition-related gene, in cultured
HLFs were suppressed in DPP4 small interfering RNA-treated cells. This study
indicates that the genetic deficiency of DPP4 has protective effects against BLM-
induced pulmonary fibrosis, partly through the reduction in TGF-f expression
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1 | INTRODUCTION

Interstitial lung diseases (ILDs) comprise a large num-
ber of chronic progressive lung diseases that are charac-
terized by varying degrees of inflammation, followed by
pulmonary fibrosis in the lung interstitium. Although the
clinical course is variable and unpredictable, these dis-
eases can lead to progressive respiratory failure with poor
prognosis (Raghu et al., 2006, 2011). The immune system
plays a pivotal role in the initiation, development, and
resolution of inflammation following recurrent alveolar
epithelial injury and dysregulation of epithelial repair.
The most accepted hypothesis for idiopathic pulmonary
fibrosis (IPF) pathogenesis relies on the inability of alve-
olar epithelium to regenerate after injury. Further, IPF is
characterized by altered composition and dysfunction of
resident and immune cells in the lungs, leading to exces-
sive accumulation of extracellular matrix (ECM) and pro-
gressive scarring. Although much progress has been made
in understanding IPF pathogenesis and management, and
disease-modifying therapies have been approved world-
wide, important clinical needs and demands are not yet
met (Distler et al., 2019; Flaherty et al., 2019; Podolanczuk
et al., 2021; Wollin et al., 2019).

The etiology of IPF is diverse and incompletely defined
since all stages of fibrosis are accompanied by a broad
spectrum of innate and adaptive immune responses. The
pathogenesis of IPF involves complex interplay between
cell types and signaling pathways. Repetitive alveolar epi-
thelial cell injury may occur in the context of predisposing
immunological inflammatory factors, leading to aberrant
epithelial cell activation and dysregulation of epithelial re-
pair (Heukels et al., 2019). Further, inflammation plays an
important role in IPF pathogenesis (Heukels et al., 2019),
although steroids as inflammatory modulators have ex-
hibited deleterious effects in clinical IPF.

Repetitive alveolar epithelial injury triggers the early
development of fibrosis. These injuries, in combination
with dysregulated wound repair and fibroblast dysfunc-
tion, lead to tissue remodeling and pulmonary fibrosis,
although tissue remodeling is complex and differs among
compartments. Abnormal deposition of ECM proteins is
a key factor in the development of tissue remodeling. The
current notion is that myofibroblasts, which are derived
from epithelial cells by epithelial-mesenchymal transition
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and inhibition of fibroblast activation in the lung. Our study suggests that CD26/
DPP4 inhibition is a potential therapeutic strategy for pulmonary fibrosis.

CD26, dipeptidyl peptidase-4, fibroblast, pulmonary fibrosis

(EMT), exhibit abnormal proliferation and ECM over-
production, presumably resulting in IPF progression
(Jia et al., 2021; Mackinnon et al., 2012; Podolanczuk
et al., 2021; Salton et al., 2019; Wollin et al., 2019). When
EMT occursin the lung, E-cadherin levels in epithelial cells
decrease, and a-smooth muscle actin (a-SMA)-expressing
mesenchymal cells increase. A few studies have found
that approximately one-third of fibroblasts are of epithe-
lial origin in pulmonary fibrosis. In addition, EMT plays
a critical role in the development of pulmonary fibrosis
(Della Latta et al., 2015; Jia et al., 2021; Nataraj et al., 2010;
Sanchez-Duffhues et al., 2018; Suzuki et al., 2017). The
cytokine transforming growth factor § (TGF-$) functions
as an important mediator of fibrogenesis. Further, TGF-
B1 induces fibroblasts to undergo a phenotypic transition
to myofibroblasts, which are effectors of the fibrotic state
(Qian et al., 2018). Thus, the anti-EMT pathway or inhibi-
tion of TGF-p1 signaling is a novel potential target for IPF
treatment.

The differentiation of fibroblasts into myofibroblasts
favors the progression of fibrosis (Suzuki et al., 2020).
Compared with fibroblasts, myofibroblasts upregulate
a-SMA expression and increase the production of ECM
proteins (Akamatsu et al., 2013; Garrison et al., 2013;
Hinz et al., 2007). Myofibroblasts can originate from
sources other than fibroblasts. Endothelial cells are a po-
tential source of endothelial-to-mesenchymal transition
(EndMT) (Hashimoto et al., 2010). During this process,
endothelial cells acquire a mesenchymal phenotype and
present typical markers of myofibroblast differentiation,
such as a-SMA and vimentin, while reducing the ex-
pression of vascular endothelial cadherin (VE-cadherin;
Pardali et al., 2017). In one study, 16% of lung fibroblasts
expressing a-SMA and collagen type I were derived from
lung endothelial cells in mice with bleomycin (BLM)-
induced pulmonary fibrosis (Hashimoto et al., 2010).
Similar to EMT, TGF-p plays a central role in promoting
EndMT through a wide network of molecular interactions
(Liu & Qi, 2020; Pardali et al., 2017).

CD26/dipeptidyl peptidase-4 (DPP4) is a transmem-
brane protein expressed in various cells that exists as a
soluble protein in tissue and circulation. The peptidase
activity of CD26/DPP4 exerts effects on multiple proteins,
including incretin hormones, and has led to the develop-
ment of CD26/DPP4 inhibitors as therapeutic agents for
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diabetes. CD26/DPP4 also participates in immune reg-
ulation and promotion of inflammation (Morimoto &
Schlossman, 1998; Ohnuma et al., 2008). In healthy human
lung, CD26/DPP4 is expressed in type I and II alveolar epi-
thelial cells, alveolar macrophages, vascular endothelium,
and pleural mesothelium (Meyerholz et al., 2016).

We previously reported that CD26/DPP4 inhibition
by the pharmaceutical agent sitagliptin ameliorated LPS-
induced lung injury in mice, with anti-inflammatory
effects on lung endothelial cells, and that CD26/DPP4
mediates inflammatory responses in the pulmonary en-
dothelium (Kawasaki et al., 2018; Suzuki et al., 2016;
Takahashi et al., 2021). These findings suggest plausible
interactions between CD26/DPP4 and the pathophysiol-
ogy of inflammatory lung diseases. Vildagliptin, another
CD26/DPP4 inhibitor, ameliorates BLM-induced pulmo-
nary fibrosis (Liu & Qi, 2020), and Dpp4 deficiency re-
duces BLM-induced fibrosis in the skin and lungs of mice
(Soare et al., 2020), suggesting a functional participation
of CD26/DPP4 in pulmonary fibrosis. However, it remains
unclear how CD26/DPP4 affects mechanisms related to
pulmonary fibrosis, such as fibroblast activation or mes-
enchymal transition.

Mouse BLM-induced pulmonary fibrosis is a widely
used model of pulmonary fibrosis, because BLM dam-
age provokes a histological lung pattern similar to that
described in patients with IPF, and this pattern is char-
acterized by patchy parenchymal inflammation, epithelial
cell injury with reactive hyperplasia, EMT, activation and
differentiation of fibroblasts to myofibroblasts, and base-
ment membrane and alveolar epithelium injuries (Della
Latta et al., 2015).

In this study, we aimed to clarify the functional roles
of CD26/DPP4 in pulmonary fibrosis by focusing on fi-
broblast activation and EndMT using Dpp4-deficient
mice in the model of BLM-induced pulmonary fibrosis
(Liu et al., 2017), and in cultured human lung fibroblasts
(HLFs).

2 | MATERIALS AND METHODS
2.1 | BLM-induced pulmonary fibrosis in
Dpp4 knockout mice

Eight- 10-week-old male C57BL/6J wild-type (WT) mice
(Clea Japan) and Dpp4 knockout (Dpp4 KO) mice on a
C57BL/6 background were intratracheally administered
phosphate-buffered saline (PBS) or 4 U/mg/body bleo-
mycin (Nihon Kayaku). The lungs were harvested 21 days
after BLM treatment. All animal experiments were con-
ducted according to protocols approved by the Review
Board for animal experiments of Chiba University, Japan.
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2.2 | Bronchoalveolar lavage
fluid analysis

Bronchoalveolar lavage fluid (BALF) was collected 21 days
after BLM treatment by instilling 1 mL of PBS through the
tracheal cannula into the lungs, followed by slow recov-
ery of the fluid. Cells were collected from the BALF by
centrifugation (500 X g, 20 min, 4°C) and counted using an
automated cell counter (TC20; Bio-Rad). The BALF super-
natant was centrifuged again (17,000 x g, 10 min, 4°C) and
stored at —80°C until further analysis. The BALF protein
concentration was measured using a bicinchoninic acid
assay kit (Thermo Fisher Scientific).

2.3 | Histological examination

Mouse lung tissues were fixed in formalin, embedded in
paraffin, sectioned, mounted onto slides, and subjected to
hematoxylin-eosin and Masson's trichrome staining. The
severity of pulmonary fibrosis was semi-quantitatively
assessed according to the method proposed by Ashcroft
(Ashcroft et al., 1988; Hubner et al., 2008).

2.4 | Quantification of collagen
content of lungs

The collagen content of lung tissues was measured using
the Sircol Soluble Collagen Assay kit (Biocolor Ltd.) ac-
cording to the manufacturer's instructions.

2.5 | Preparation of single cell
suspension from mouse lungs

At the time of harvest, the lungs were perfused from the
right ventricle until blood-free using 20 mL PBS con-
taining 10 U/mL heparin (Mochida). They were then
minced and digested in an enzyme cocktail of Dulbecco's
Modified Eagle's Medium (Sigma) containing 1% bovine
serum albumin (BSA) (Sigma), 2 mg/mL collagenase
(Worthington), 100pg/mL DNase (Sigma), and 2.5 mg
Dispase II (Sigma) at 37°C for 60 min, and then meshed
through a 70-pm nylon cell strainer.

2.6 | Flow cytometry analysis of mouse
cells in BALF and lungs

Mouse cells in BALF or lungs were pretreated with anti-
CD16/32 antibody (BioLegend) for 10 min to block Fc
receptors and then incubated with specific antibodies
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in the dark at 4°C for 15min. The following antibodies
were used for cell surface staining: anti-CD31-PE/Cy7
(BioLegend), anti-CD45-Alexa Flour 700 (BioLegend),
anti-CD326-PerCP/Cyanine5.5  (BioLegend), and
anti-CD26-FITC (BioLegend), and anti-Gr-1-APC
(BioLegend). After surface staining, the lung cells were
incubated with a-SMA (Thermo Fisher Scientific) and
anti-vimentin (Abcam) for 15 min in the dark at 4°C. The
secondary antibody used was donkey anti-rabbit IgG-PE
(Invitrogen) for 15min in the dark at 4°C. Numbers of
fibroblasts, myofibroblasts, and partial EndMT cells in
the lungs were assessed using flow cytometry (FCM).
Fibroblasts, myofibroblasts, and partial EndMT cells
were defined as vimentin-positive CD317/CD457/
CD326" cells (Lazarides, 1980; Morbini et al., 2011;
Suzuki et al., 2017), a-SMA-positive CD317/CD45 /
CD326~ cells (Suzuki et al., 2017; Zhang et al., 2020),
and a-SMA-positive CD31%/CD457/CD326~ cells
(Hashimoto et al., 2010; Suzuki et al., 2016, 2017), re-
spectively. Cell fluorescence was measured using a BD
FACS Canto™ II (BD Biosciences), and the data were
analyzed using FlowJo software (TreeStar). To evaluate
expression levels, mean fluorescence intensity (MFI)
of a sample was calculated as follows: MFI of a sample
stained with an antibody-MFI of a sample unstained
(autofluorescence of the sample).

2.7 | Culture of HLFs

Human lung fibroblasts were obtained from Lonza and
cultured in Dulbecco's Modified Eagle's Medium, with L-
glutamine, phenol red, and sodium pyruvate, (FUJIFILM
Wako) supplemented with 15% fetal bovine serum. The
cells were incubated at 37°C in a 5% CO, incubator and
used at passages 6-8 for all experiments.

2.8 | Transfections with small
interfering RNA

Non-specific control small interfering RNA (NS-siRNA)
(Cat# 4390843: Silencer™ Select Negative Control No. 1
$iRNA), DPP4 siRNA (Cat# 4392421: siRNA ID s4254)
(DPP4-siRNA1), and DPP4 siRNA (Cat# 4392421:
siRNA ID s4255) (DPP4-siRNA2) were purchased from
Thermo Fisher Scientific. For siRNA transfection, the
Lipofectamine™ RNAiIMAX Transfection Reagent
(Invitrogen) was used according to the manufacturer's
protocol. Cultured cells were transfected with siRNA
at 60% confluence for 72h. Selective silencing of CD26/
DPP4 was confirmed using FCM and quantitative PCR
(qPCR).
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2.9 | Real-time quantitative PCR

Total RNA was extracted from cells using TRIzol, fol-
lowed by the Direct-zol RNA MiniPrep Plus Kit (Zymo
Research Corporation). Subsequently, RNA was reverse-
transcribed via PCR using the SuperScript IV VILO Master
Mix (Thermo Fisher Scientific) to synthesize single-
stranded cDNA. The cDNA samples were amplified using
gPCR with Fast SYBR Green PCR Master Mix (Thermo
Fisher Scientific) and the GeneAmp PCR System (Thermo
Fisher Scientific). Specific primers were designed using
the web software from the Universal Probe Library Assay
Design Center (Roche Applied Science). The expression
level of each target gene was normalized to hypoxan-
thine phosphoribosyltransferase 1 (HPRT1) threshold
cycle (CT) values and calculated using the 272" method.
AACT = (target gene CT of experimental group-reference
gene CT of experimental group)—(target gene CT of con-
trol group-reference gene CT of control group).

2.10 | Cell proliferation assay

Cell proliferation assay was performed to assess the num-
ber of viable cells using the Cell Counting Kit-8 (WST-8)
(Dojindo Molecular Technologies) according to the man-
ufacturer's protocol. HLFs (5000 cells/well) treated with
siRNA against DPP4 or non-specific control siRNA for
72h were detached using ACCUTASE (Thermo Fisher
Scientific) and cultured in 96-well plates for 24 h. The cells
were then cultured with 10 pL of WST-8 in each well at
37°C for 2 h. Cell viability was measured as the absorb-
ance (optical density [OD]) at 450nm using a microplate
reader. The results were calculated using the following
formula: Cell viability = (treatment group OD-blank
group OD)/(control group OD-blank group OD).

2.11 | Western blot analysis

Cells were washed with PBS, and lysates were prepared
in Laemmli's SDS sample buffer (Boston Bioproducts).
Protein samples were subjected to SDS-PAGE and then
transferred to polyvinylidene difluoride membranes
(Thermo Fisher Scientific). After blocking with Tris-
buffered saline containing 0.1% Tween 20 (TBS-T) and
5% BSA (Sigma) for 30 min at 25°C, the membrane was
incubated with primary antibodies against a-SMA (dilu-
tion 1:1000, Abcam) and p-actin (dilution 1:1000, Thermo
Fisher Scientific) for 1 h at 25°C. Secondary antibodies
conjugated to horseradish peroxidase (dilution 1:2000,
Thermo Fisher Scientific) were added to membranes
for 30min at 25°C. Finally, the SuperSignal West Dura
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kit (Thermo Fisher Scientific) was used to visualize the
bands, and band densities were determined using the
Image]J software (National Institutes of Health).
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Tukey's post hoc test. Student's t-test was used to compare
the two groups. Statistical analyses were performed using
GraphPad Prism 5 software. Statistical significance was

set at p<0.05. To minimize distributions of values caused
by possible differences in experimental conditions, data
were normalized using the mean value derived from WT
mice treated with BLM for each experiment, and then, the
normalized values from each experiment were combined
for statistical analysis.

2.12 | Statistical analysis

Results were expressed as mean +SD. One-way ANOVA
was used for multiple-group comparisons, followed by
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FIGURE 1 BLM-induced pulmonary fibrosis in Dpp4-deficient and WT mice. (a, b) CD26/DPP4 expression levels in lung cells of
bleomycin (BLM)- or PBS-treated Dpp4 KO and WT mice were measured by mean fluorescence intensity (MFI) using flow cytometry
analysis. CD26/DPP4 expression levels were substantially lower or nearly zero in Dpp4 KO mice compared with those in WT mice (n = 4-
19). (¢) BLM-induced pulmonary fibrosis was assessed using hematoxylin—eosin and Masson's trichrome staining in lung tissue sections
in Dpp4 KO and WT mice, respectively. Collagen fibers are differentially stained and shown as blue color in Masson's trichrome staining.
Representative images are shown for each condition. Original magnification 100x. Black scale bar, 100 pm. (d and e) Fibrotic lung injury
was histologically assessed by two independent researchers using the Ashcroft scoring system. Indices of Ashcroft scores and collagen
content were lower in Dpp4 KO mouse lungs than those in WT mouse lungs (n = 3-17). *p <0.05, **p <0.01, ***p <0.001. Values represent
the mean +SD of three independent experiments. WT, wild-type mice; NS, not significant.
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3 | RESULTS
3.1 | BLM-induced pulmonary fibrosis

was attenuated in Dpp4-deficient mice

CD26/DPP4 expression levels were evaluated in the cellu-
lar components of the mouse lung using FCM. CD26/DPP4
levels were confirmed to be substantially low or nearly zero
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in Dpp4 KO mice, and the levels in WT mouse lung after
BLM treatment were significantly lower than those after
PBS treatment (Figure 1a,b). The effects of global Dpp4 de-
ficiency on BLM-induced fibrosis were then assessed. Both
Ashcroft scores and collagen content were significantly
lower in Dpp4 KO mouse lungs compared with those in WT
mouse lungs (Figure 1c—e), suggesting that Dpp4 deficiency
has protective effects against BLM-induced fibrosis in mice.

76

25U90 17 SUOWILIOD BATER.D) 3|0 [dde Uy Aq pousenob a2 1L WO ‘8N 103N 10} AXeiq 1T BUIIUO AB]I UO (SUOHPUIOD-pUE-SWLS] WO A8 I ATe.ql1pUI|UO)//ST1) SUOIIPUOD) PUE SWLS | aU) 95 *[£20Z/E0/EZ] UO Areiqi8ulIuO 48] ‘Ueder aUeiuo0 Aq GraGT ZAUd/T8yT OT/10p/wo0Aa i Akeid jpu |uo™00sAud//sdiy woJy pepeojumoq ‘9 ‘€202 ‘XL T8TS0Z



KOYANAGI ET AL.

3.2 | Severity of lung injury did not differ
between Dpp4-deficient mice and WT mice
with BLM-induced pulmonary fibrosis

In pulmonary fibrosis, the immune system plays a pivotal
role in the initiation, development, and resolution of pa-
renchymal inflammation following an insult or damage to
organs. The role of inflammation as an important com-
ponent of IPF etiology is controversial and is sometimes
seen as an epiphenomenon of fibrosis. We investigated
whether severity of lung injury, as evaluated by some rep-
resentative parameters of inflammation and permeability
(Matute-Bello et al., 2011), was ameliorated by Dpp4 de-
ficiency in BLM-induced pulmonary fibrosis. The results
revealed that protein concentrations and the number of
CD45% and Gr-1 double positive neutrophils in BALF
were increased by BLM treatment but did not differ be-
tween the Dpp4 KO mice and WT mice (Figure 2). These
results suggest that the severity of lung injury may not dif-
fer between Dpp4-deficient mice and WT mice with BLM-
induced pulmonary fibrosis.

3.3 | The numbers of lung

fibroblasts and myofibroblasts in BLM-
induced lung fibrosis were lower in Dpp4-
deficient mice than in WT mice

We next assessed numbers of the lung constituent cells
using FCM analysis that were defined as follows: CD31%/
CD45~ endothelial cells, CD317/CD45" hematopoi-
etic cells, CD317/CD45 /CD326" epithelial cells, and
CD317/CD457/CD326~ mesenchymal cells (Kawasaki
et al., 2015). The number of whole lung constituent cells
in WT mice was increased after BLM challenge but did not
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differ between WT mice and Dpp4 KO mice (Figure 3a).
Similarly, the number of CD317/CD45% hematopoietic
cells was increased after BLM challenge but did not differ
between WT mice and Dpp4 KO mice with BLM-induced
pulmonary fibrosis (Figure 3b). Neither the number of
CD31*/CD45” endothelial cells in WT mice differ after
BLM challenge, nor the number of CD311/CD45™ en-
dothelial cells differ between WT mice and Dpp4 KO with
BLM-induced pulmonary fibrosis (Figure 3c). Meanwhile,
the number of CD317/CD457/CD326" epithelial cells in
WT mice was decreased after BLM challenge, and the
number did not differ between WT mice and Dpp4 KO
mice with BLM-induced pulmonary fibrosis (Figure 3d).
Of note, the number of CD317/CD45 /CD326  mesen-
chymal cells in WT mice was increased after BLM chal-
lenge, and the magnitude of this increase was significantly
lower in Dpp4 KO mice than that in WT mice (Figure 3e).
Additionally, the numbers of fibroblasts and myofibro-
blasts in Dpp4 KO mouse lungs after BLM treatment were
all lower than those in WT mice (Figure 3f,g,h,i), while
the number of partial EndMT cells in lungs after BLM
challenge did not differ between in Dpp4 KO mice and in
WT mice (Figure 3j,k). These results suggested that lung
fibroblast activation in the lungs were suppressed by Dpp4
deficiency in BLM-induced lung fibrosis.

3.4 | Expression levels of CD26/DPP4

in the WT mouse lung after BLM-challenge
were lower in epithelial and endothelial
cells, while higher in hematopoietic and
mesenchymal cells

As shown in Figure 1b, CD26/DPP4 levels in WT mouse
lung after BLM treatment were significantly lower than
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FIGURE 2 Severity of lung injury in Dpp4-deficient and WT mice with BLM-induced pulmonary fibrosis. Some representative lung
injury parameters (total protein concentration and number of neutrophils) were measured in bronchoalveolar lavage fluid (BALF) of

WT and Dpp4 KO mice 21 days after bleomycin (BLM) or PBS treatment. Neither total protein concentration levels nor the number of
neutrophils in BALF significantly differed between WT and Dpp4 KO mice, in either the PBS or BLM-treated groups (n = 4-18). *p <0.05,
**p <0.001. Values represent the mean + SD of three independent experiments. WT, wild-type mice; NS, not significant.
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FIGURE 3 Lung constituent cells from Dpp4-deficient and WT mice in BLM-induced lung fibrosis. Numbers of mouse whole lung cells
and lung constituent cells were evaluated using flow cytometry (FCM) analysis (n = 4-19). (a) The number of whole lung constituent cells
in WT mice was increased after BLM challenge but did not differ between WT mice and Dpp4 KO mice. (b) Similarly, the number of CD317/
CD45" hematopoietic cells was increased after BLM challenge but did not differ between WT mice and Dpp4 KO mice with BLM-induced
pulmonary fibrosis. (¢) Neither the number of CD31"/CD45~ endothelial cells in WT mice differ after BLM challenge, nor the number of
CD31%/CD45™ endothelial cells differ between WT mice and Dpp4 KO with BLM-induced pulmonary fibrosis. (d) Meanwhile, the number
of CD317/CD457/CD326" epithelial cells in WT mice was decreased after BLM challenge, and the number did not differ between WT mice
and Dpp4 KO mice with BLM-induced pulmonary fibrosis. (e) Of note, the number of CD317/CD45~/CD326~ mesenchymal cells in WT
mice was increased after BLM challenge, and the magnitude of this increase was significantly lower in Dpp4 KO mice than that in WT mice.
(f, g, h, and i) Additionally, the numbers of fibroblasts and myofibroblasts in Dpp4 KO mouse lungs after BLM treatment were all lower than
those in WT mice. (j and k) Meanwhile, the number of partial EndMT cells in lungs after BLM challenge did not differ between in Dpp4

KO mice and in WT mice. (F, H, and J) Representative FCM panels are shown. These cell numbers are not normalized by lung size or body
weight. *p <0.05, **p <0.01, ***p <0.001. Values represent the mean + SD of three independent experiments. WT, wild-type mice; NS, not
significant.

those after PBS treatment. Therefore, we next determined confirmed to be substantially low or nearly zero in Dpp4
CD26/DPP4 levels in lung constituent cells using FCM KO mice regardless of BLM treatment (Figure 4a-f).
analysis. The results demonstrated that lung expression

levels of CD26/DPP4 after BLM-challenge were lower in

epithelial and endothelial cells (Figure 4b,c), while they 3.5 | Expression levels of Tgfb in Dpp4-
were higher in hematopoietic and mesenchymal cells, in-  deficient mouse lungs were lower than
cluding fibroblasts and myofibroblasts (Figure 4a,d,e,f), those in WT mice after BLM treatment
compared with those after PBS treatment. These results

suggest that the decreased expression levels of CD26/  We next assessed the mRNA expression levels of the
DPP4 in WT mouse lungs after BLM treatment may be due central pro-fibrotic genes, TgfbIl and Tgfb2, in the lungs.
to effects in epithelial and endothelial cells. Additionally, = The levels of both Tgfbl and Tgfb2 were upregulated in
CD26/DPP4 levels in the lung constituent cells were all ~ WT mouse lungs after BLM treatment, while those in

78

25U90 17 SUOWILIOD BATER.D) 3|0 [dde Uy Aq pousenob a2 1L WO ‘8N 103N 10} AXeiq 1T BUIIUO AB]I UO (SUOHPUIOD-pUE-SWLS] WO A8 I ATe.ql1pUI|UO)//ST1) SUOIIPUOD) PUE SWLS | aU) 95 *[£20Z/E0/EZ] UO Areiqi8ulIuO 48] ‘Ueder aUeiuo0 Aq GraGT ZAUd/T8yT OT/10p/wo0Aa i Akeid jpu |uo™00sAud//sdiy woJy pepeojumoq ‘9 ‘€202 ‘XL T8TS0Z



KOYANAGI ET AL. -\ The 9 of 16
. ne ), H H
N emsobsed ol Physiological Reports
PBS BLM . PBS BLM
(h) @
250K 250K 250K
200K 200K 200K 1
< 150k T 150k = T 1sok4
‘; 9 z 9
& 100K 7 100K 4 m 100K 4
Unstained sox skl Unstained sox
250K 4 L e | L e | 250K 0 - -
0 lﬂl 102 103 104 105 ll]l lﬂz 103 10‘1 ll75 0.80 101 lﬂl ll)j 10-1 107 10l l‘]z lﬂj 104 107
200K a-SMA 0-SMA a-SMA a-SMA
<| 150K+
4}
gz 100K 7'
o PBS BLM :
0l 0 PBS BLM
gy 3
101 lﬂl 10-‘ 10‘1 105 250K 250k 4 101 ll)Z 103 104 107 250K 250K 4
a-SMA ’ a-SMA
1) 200K 4 7.26) 200K 6.82 o 200K 200K 4
Mo skd < 150k Mok T 150K
13 9 19
& g" 100K 1 E 100K 1 QQ‘ Kz 100K 7 100K+
50K S0K SO0K 4 50K+
0 0 0 0
101 ll)z lﬂ" 104 105 101 lOZ lﬂ" 104 105 10l 10Z lﬂj lﬂ4 105 lﬂl lﬂl 103 104 lﬂ5
a-SMA a-SMA a-SMA o-SMA
(I) Myofibroblasts (k) Partial EndMT cells
20 NS . 55 NS . NS
. NS = NS
2 *h = 20 NS
Es oK £
= o s ® .
20 %o z . * .
z e 210 * -&’— A
Pl o = £ R
E05 S e oo Eos{ . . K
z . zZ
0. 0.
s o N S o » »
G \LO&& G o oW
o' o o o
FIGURE 3 (Continued)

Dpp4-deficient mice were significantly lower than those
in WT mice (Figure 5). These results suggest that up-
regulation of the central fibrotic genes, Tgfbl and Tgfb2,
was suppressed by Dpp4 deficiency in BLM-induced lung
fibrosis.

3.6 | Cell proliferation capacity
and collagen-related gene expression
of HLFs were suppressed by DPP4
siRNA knockdown

Lung fibroblast activation is considered to be a major
mechanism of pulmonary fibrosis (Suzuki et al., 2020;
Wynn & Ramalingam, 2012), and data in this current
study indicated that the number of lung fibroblasts was
lower in Dpp4 deficient mice with BLM-induced pulmo-
nary fibrosis than that in WT mice (Figure 3g). Therefore,
we next assessed the functional role of CD26/DPP4 in
lung fibroblasts using cultured HLFs. After 72h of siRNA
treatment, CD26/DPP4 expression in cultured HLFs was
suppressed at the protein (Figure 6a,b) and mRNA levels
(Figure 6¢) compared with those in HLFs treated with
non-specific siRNA. The effects of DPP4 suppression in
HLFs by siRNA were evaluated in terms of the prolifera-
tive capacity of HLFs using the WST-8 assay. The results
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revealed that the knockdown of DPP4 inhibited the pro-
liferation of HLFs (Figure 6d) We next examined whether
expression levels of genes known as fibroblast activation
markers, TGFB1, TGFB2, and COLIA1, were transcrip-
tionally inhibited by DPP4 siRNA treatment in HLFs in
vitro. As a result, the mRNA levels of COL1A1, a collagen
deposition-related gene, were significantly downregulated
in transfected HLFs transfected with either DPP4-siRNA1
or siRNA2, whereas TGFB1 and TGFB2 were not down-
regulated (Figure 6e). The expression levels of a-SMA,
an activation marker of fibroblasts, were not significantly
suppressed in HLFs transfected with either DPP4-siRNA1
or siRNA2 (Figure 6f). These results suggested that inhibi-
tion of proliferation capacity and the downregulation of a
collagen deposition-related gene in HLFs by suppressing
CD26/DPP4 expression could be associated with the at-
tenuation of pulmonary fibrosis in vivo.

4 | DISCUSSION

In this study, we demonstrated that in Dpp4 KO mice
BLM-induced pulmonary fibrosis was significantly at-
tenuated and the numbers of fibroblasts and myofibro-
blasts in the lungs were lower compared to those in WT
mice. Additionally, expression levels of Tgfbl and Tgfb2
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in the lungs were lower in Dpp4-deficient mice than
those in WT mice, and suppression of CD26/DPP4 ex-
pression by siRNA treatment had inhibitory effects on
lung fibroblast activation in vitro. Meanwhile, Dpp4 de-
ficiency was unlikely to be related to EndMT regulation
in mouse BLM-induced pulmonary fibrosis. Our cur-
rent study not only confirmed that BLM-induced pul-
monary fibrosis is attenuated in Dpp4 KO mice (Soare
et al., 2020), but it expands upon prior work by suggest-
ing that the mechanisms responsible for these effects in
vivo involve a decrease in fibroblasts and myofibroblasts,
Tgfb downregulation in the lungs, and inhibitory effects
on lung fibroblast activation.
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Fibroblasts in pulmonary fibrosis acquire an active
myofibroblast phenotype, which is thought to be a major
mechanism underlying the development of pulmonary fi-
brosis (Suzuki et al., 2020; Wynn & Ramalingam, 2012).
Although the molecular mechanisms underlying the per-
sistent activation of fibroblasts remain incompletely un-
derstood, TGF-f signaling has emerged as a core pathway
for fibroblast activation in pulmonary fibrosis. In our study,
the downregulation of the expression levels of Tgfbl and
Tgfb2 in the lungs was demonstrated, suggesting a cen-
tral mechanism to ameliorate BLM-induced pulmonary
fibrosis. Previous studies reported that under proinflam-
matory conditions, TGF-f is produced by immune cells,
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FIGURE 5 Tgfb expression levels in Dpp4-deficient and WT mice in BLM-induced lung fibrosis. TgfbI and Tgfb2 mRNA expression
levels in lung cells were compared between WT and Dpp4 KO mice relative to hypoxanthine phosphoribosyltransferase (FHprt) as reference

values for internal standardization of real-time PCR data. The mRNA levels of TgfbI and Tgfb2 were higher in the WT lungs after bleomycin

(BLM) treatment, respectively. Both were lower in the lungs of Dpp4 KO mice after BLM exposure (n = 3-15). *p <0.05, **p <0.01. Values

represent the mean +SD of three independent experiments. WT, wild-type mice; NS, not significant.

epithelial cells (Juban et al., 2018), or platelets (Meyer
et al., 2012) in a latent form. Therefore, DPP4 deficiency
in those cell types might relate to the low expression levels
of Tgfbl and Tgfb2 in the lungs with BLM-induced pul-
monary fibrosis. The substrates of CD26/DPP4 include
a broad range of mediators, and CD26/DPP4 modulates
intracellular signaling through direct interactions with
regulatory molecules. Further, CD26/DPP4 is expressed
in tissue-resident cells such as fibroblasts (but not in Dpp4
KO mice) and may regulate fibroblast activation and col-
lagen release in a TGF-pB-dependent manner. Of note,
our study demonstrated that CD26/DPP4 expression lev-
els in lung mesenchymal cells, including fibroblasts and
myofibroblasts, were increased in BLM-induced fibrosis
(Figure 4d-f). One study demonstrated that TGF-f drives
the expansion of CD26/DPP4-positive fibroblasts and the
upregulation of CD26/DPP4 promotes the activation of
TGF-p pathways in fibroblasts (Soare et al., 2020). CD26/
DPP4 inhibition reduces the TGF-f-induced activation of
extracellular signal-regulated kinase (ERK) signaling in
cultured human fibroblasts, and ERK inhibition amelio-
rates experimental fibrosis. However, other intracellular
cascades than ERK are also regulated by TGF-f signaling,
and some of these are not affected by CD26/DPP4 inhibi-
tion (Soare et al., 2020). One review paper mentions that
the inhibition of CD26/DPP4 may regulate TGF-p produc-
tion in a disease-specific manner mainly depending on the
cell type that are involved. CD26/DPP4 inhibition has no
major effects on systemic TGF-f levels; however, it gen-
erally results in a local reduction of TGF-§ expression in
fibrotic disease (Ohm et al., 2022). Taken together with the
results in the current study, these studies suggest a close
link among CD26/DPP4, regulation of TGF-f expression,
and lung fibroblast activation.
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The present study also demonstrated that both prolif-
erative capacity and a collagen-related gene expression
were suppressed in HLFs with its CD26/DPP4 expression
reduced by DPP4-siRNA treatment in vitro (Figure 6d,f).
These results suggests that the reduction in CD26/DPP4
expression inhibits fibroblast activation. Previous studies
reported that CD26/DPP4 expression is locally regulated
in fibrotic tissues and CD26/DPP4 is a marker of acti-
vated skin fibroblasts (Soare et al., 2020), while its expres-
sion may not be associated with an activated fibroblast
phenotype in human lung fibroblasts from IPF patients
(Kadefors et al., 2022). Together, fibroblasts can be a het-
erogeneous population, even in the same lung tissue, and
CD26/DPP4 expression is a marker of activation in some
fibroblasts. The possible mechanisms how CD26/DPP4 ex-
pression and proliferative capacity and a collagen-related
gene expression are related remains unclarified; therefore,
further research is warranted.

Although the exact etiology of pulmonary fibrosis is
unknown and likely diverse, all stages of fibrosis are ac-
companied by innate and adaptive immune responses.
The role of inflammation as an important component in
the etiology of pulmonary fibrosis has been controver-
sial. BLM administration develops lung inflammation in
the early stage of the BLM-induced mouse model. In this
process, the expression of Tgfbl and Smad3 increased,
followed by the activation of JAK-STAT pathways, while
the knockdown of IL-31 decreased STAT1 expression (Shi
et al., 2014). In the present study, lung injury parameters
of protein concentrations and the number of neutrophils
in BALF 21days after BLM treatment demonstrated no
significant differences between Dpp4 KO and WT mice
(Figure 2), suggesting that neutrophilic inflammation is
not associated with the amelioration of fibrosis in Dpp4
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FIGURE 6 Cell proliferation capacity and pro-fibrotic gene expression of HLFs after siRNA-mediated DPP4 knockdown. (a and b)
Protein levels of CD26/DPP4 expression in cultured human lung fibroblasts (HLFs) were lower in siRNA1 and siRNA2 treatment compared
with the treatment by non-specific control RNA measured by mean fluorescence intensity (MFI) using flow cytometry analysis (n = 4). (c)
DPP4 mRNA expression levels in cultured HLFs were measured using quantitative PCR relative to hypoxanthine phosphoribosyltransferase
(HPRT) as a reference value after siRNA1 and siRNA2 treatments. mRNA levels were lower in HLFs treated with DPP4-siRNA1 and siRNA2
(n = 5). (d) The proliferation of human lung fibroblasts (HLFs) was determined in the WST-8 assay. The WST-8 assay results suggested that
knockdown of DPP4 decreased the viability of HLFs (n = 5). (¢) mRNA expression levels of TGFBI, TGFB2, and COLIA1, relative to those of
the internal control HPRT, in human lung fibroblasts (HLFs) after DPP4-siRNA treatment were measured using real-time quantitative PCR.
mRNA levels of COL1A1 were downregulated in HLFs by siRNA treatment. mRNA levels of TGFBI and TGFB2 were not downregulated

in HLFs by siRNA treatment (n = 5). (f) Protein levels of a-SMA were not significantly suppressed in HLFs after siRNA treatment (n = 3).

*p <0.05, **p <0.01, ***p <0.001. Values represent the mean +SD of three independent experiments. NS, not significant; Control, non-
specific control siRNA.

deficiency in the fibrotic stage of BLM-induced lung fi-  activity of CD26/DPP4 affects the inflammatory process
brosis. However, previous studies demonstrated some in pulmonary fibrosis, although its target immune cells
immunomodulatory effects of CD26/DPP4 as follows. or pulmonary constitutive cells have not been elucidated
CD26/DPP4 possesses non-enzymatic functions, acting (Hatano et al., 2015). Additionally, the beneficial effects
as a T-cell costimulatory protein and interacting with of pharmacological CD26/DPP4 inhibition on ischemia-
ECM proteins such as collagen and fibronectin (Itou reperfusion and LPS-induced lung injuries through its
etal., 2013; Ohnuma et al., 2008). The T-cell costimulatory =~ anti-inflammatory effects on pulmonary endothelial
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cells have been previously reported (Jungraithmayr
et al., 2012). Taken together, it might be possible in our
current study that anti-inflammatory effects of Dpp4 de-
ficiency on BLM-induced lung inflammation at the early
stage could lead to the amelioration of pulmonary fibrosis
at the later stage.

Our current observations are limited in several as-
pects. First, the source of the downregulation of the
central fibrotic expression of Tgfbl and Tgfb2 in mouse
BLM-induced fibrosing lungs has not been identified.
The global Dpp4 KO mice used in this study do not allow
for cell-specific determination of genetic deficiency. Our
in vitro study (Figure 6e) indicates that other cell types
than fibroblasts could be candidate cell types and should
be examined. Second, our study demonstrated that the
effects of BLM on CD26/DPP4 expression levels were
different among various cell types in mouse lung during
BLM-induced fibrosis (Figures 4a-f). However, the key
mechanisms associated with CD26/DPP4 signaling that
are involved in the pathophysiology of pulmonary fibro-
sis are still unclear. Although downregulation of Tgfb in
lungs of BLM-induced pulmonary fibrosis is considered
to be an important mechanism (Figure 5), TGF-p1/Smad
signaling pathway includes both positive and negative reg-
ulatory ones in each constituent cell such as fibroblasts,
endothelial cells, and EndMT cells. TGF-f1 activates the
PKB, INK, and AKT signaling pathways through the PI3K
(Wang et al., 2022). Other signaling pathways including
Wnt/p signaling pathway through miR-133 could be in-
volved in the pathogenesis of pulmonary fibrosis (Wei
et al., 2019). Third, it remains unknown whether de-
creased expression of TGF-1 and TGF-p2 is a correlative
or causative finding. Experiments with overexpression
or gain of TGF-B function would be a helpful future di-
rection to determine whether TGF-f expression level is a
causative mechanism. Fourth, investigation using human
lung specimens or data mining from published databases
would be helpful to characterize the potential importance
of CD26/DPP4 in fibrosis during human disease. Lastly,
it would be helpful to clarify what substrates of CD26/
DPP4 are involved in these effects, and to examine the ef-
fects of CD26/DPP4 activation on fibroblasts or other cell
types. Further studies are warranted to better understand
the functional role of CD26/DPP4 in pulmonary fibrosis,
since multiple important questions that need to be ad-
dressed remain unanswered.

In conclusion, our study demonstrated that genetic de-
ficiency of Dpp4 has protective effects on BLM-induced
pulmonary fibrosis in mice through a reduction in Tgfb
expression levels in the lungs and direct inhibitory effects
on lung fibroblast activation. These results suggest that
CD26/DPP4 inhibition is a potential therapeutic strategy
for pulmonary fibrosis.
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Abstract:

As coronavirus disease 2019 (COVID-19) vaccine booster campaigns progress worldwide, new reports of
complications following COVID-19 vaccination have emerged. We herein report a case of new-onset anti-
glomerular basement membrane (GBM) disease concomitant with myeloperoxidase-antineutrophil cytoplasmic
antibody positivity concurrent with high levels of interleukin (IL)-26 following the second dose of the Pfizer-
BioNTech COVID-19 vaccine. The temporal association with vaccination in this case suggests that an en-
hanced neutrophilic immune response through IL-26 may have triggered necrotizing glomerulonephritis and a
T-cell-mediated immune response to GBMs, leading to the development of anti-GBM antibodies, with an en-
hanced B-cell response after the vaccination triggering anti-GBM IgG and the onset of anti-GBM disease.

Key words: Anti-GBM disease, ANCA-associated glomerulonephritis, IL-26, mRNA-based COVID-19
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Introduction

As coronavirus disease 2019 (COVID-19) vaccine booster
campaigns progress worldwide, new reports of adverse
events following mRNA-based COVID-19 vaccination have
emerged, such as cases of anti-glomerular basement mem-
brane (GBM) disease or anti-neutrophil cytoplasmic anti-
body (ANCA)-associated vasculitis (AAV) (1, 2). The patho-
genesis of anti-GBM disease has been well defined at the
molecular level, but the factors that initiate the autoimmune
process remain unclear (3).

AAV is a multisystem autoimmune disease, with neutro-
phil extracellular traps (NETs) involved in its pathogene-
sis (4). Interleukin (IL)-26 is a member of the 1L-10 family
of cytokines that participates in inflammatory signaling
through directly binding DNA to facilitate cellular transduc-

tion and intracellular inflammation signaling (5). Recently, it
has been shown that IL-26 binds to NETs to induce the se-
cretion of inflammatory cytokines (IL-1B and IL-6) and
chemokines (IL-8) by myeloid cells in ANCA-associated
glomerulonephritis (6).

We herein report a case of new-onset anti-GBM disease
concomitant with myeloperoxidase (MPO)-ANCA positivity
with high levels of serum IL-26 following the receipt of the
second dose of the Pfizer-BioNTech COVID-19 vaccine.

Case Report

A 67-year-old man with a history of pulmonary tubercu-
losis at 25 years old was admitted with a fever and anuria 6
weeks after his second vaccination. He had reported pro-
tracted systemic reactions with a low-grade fever and gross
hematuria two weeks after the first dose. He received a sec-
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ond dose three weeks after the first dose. One month after
the second dose, he developed a fever, anasarca, and anuria,
which lasted over the next two weeks. He had received 6
months of chemotherapy for the treatment of pulmonary tu-
berculosis at 25 years old. There was no history of smoking
or medication use, including propylthiouracil. Results of an-
nual medical reviews had been normal, with serum cre-
atinine levels of 0.6 mg/dL and normal urinalysis findings.

On admission, his blood pressure was 162/98 mmHg, and
a physical examination revealed generalized edema. Labora-
tory tests revealed a white blood cell (WBC) count of
12,900/mm°, serum creatinine of 14.6 mg/dL, and albumin
of 1.6 ¢/dL. A serologic evaluation revealed a C-reactive
protein level of 37.0 mg/dL. positive anti-GBM IgG (>3,500
U/mL, reference range 3.0> U/mL), positive MPO-ANCA
IgG (268 U/mL, reference range 3.5> U/mL), and positive
IFN-y release assays for tuberculosis. The levels of comple-
ment C3 and C4 were within the reference ranges, and test-
ing for proteinase 3-ANCA, anti-nuclear antibody. hepatitis
B virus. hepatitis C virus were negative. Polymerase chain
reaction and serology testing for SARS-CoV-2 were also
negative. A urinalysis revealed blood (3+) and protein (3+)
at 4,377 mg/dL. and urine microscopy showed >100 red
blood cells per high-power field (>10% dysmorphic) and
100 WBCs per high-power field with granular casts. Com-
puted tomography of the chest revealed nodules in the apex
segment of the right upper lobe and bilateral mild pleural
effusion, without pulmonary involvement. Three sputum
smear examinalions with Ziehl-Neelsen staining for the di-
agnosis of tuberculosis over a three-day period were nega-
tive. In addition, there were no negative culture results for
those sputum specimens.

A kidney biopsy was performed 52 days after the second
vaccination. Light microscopy of the kidney biopsy speci-
men showed cellular crescents and fibrinoid necrosis involv-
ing 43 of 45 glomeruli, with CD4 T cells and macrophages
scattered throughout the glomeruli. Cortical tubules dis-
played diffuse acute epithelial injury with interstitial inflam-
mation. Interstitial fibrosis and tubular atrophy were moder-
ate. Immunofluorescence showed linear staining of GBMs
for IgGl. Electron microscopy revealed disruption of GBMs
and diffuse effacement of podocyte foot processes without
immune complex-mediated deposits, leading to a diagnosis
of anti-GBM glomerulonephritis (Fig. 1). Further investiga-
tions revealed a high serum IL-26 level of 517.1 pg/mL on
an enzyme-linked immunosorbent assay (reference range:
not detectable), IL-1j of 34.5 pg/mL, IL-6 of 1,577.9 pg/
mL. tumor necrosis factor-oo (TNF-o) of 300.6 pg/mL,
granulocyte colony-stimulating factor (G-CSF) of 126.6 pg/
mL. IL-8 of 615.4 pg/mL, and chemokine (C-X-C motif)
ligand (CXCL) 1| of 1.480.9 pg/mL using the Bio Plex
multi-plex system (Bio-Rad Laboratories, Inc. Hercules, CA,
USA). He carried human leukocyte antigen (HLA) DRBI*
04:03 and DRB1%#14:05 alleles.

Intravenous methylprednisolone 1 g daily for 3 days was
initiated the day after the kidney biopsy followed by oral
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prednisolone | mg/kg daily. Ten days after admission, he
was treated with 2 doses of rituximab at 375 mg/m’ once a
week. Hemodialysis was initiated on day 2 after admission.
Prednisolone was tapered by 0.1 mg/kg/day weekly, and the
patient was discharged after 50 days in hospital. The patient
received 300 mg of isoniazid daily for latent tuberculosis in-
fection over 9 months from the start of treatment for anti-
GBM disease. Currently. he continues maintenance hemo-
dialysis while on oral prednisolone at 10 mg/day. Nine
months after discharge, neither pulmonary involvement nor
relapse occurred, with serum levels of anti-GBM IgG, MPO-
ANCA and inflammatory cytokines/chemokines, including
IL-26, gradually decreasing or resolving (Fig. 2).

Discussion

Several recent case reports have described the new onset
of anti-GBM disecase or AAV following COVID-19 vaccina-
tion (2, 7, 8). However, the mechanism concerning the con-
tribution of the mRNA-based vaccines to these discases re-
mains unknown. To our knowledge, this is the first report of
anti-GBM disease concomitant with ANCA positivity ac-
companied by a high serum IL-26 level following the sec-
ond dose of the Pfizer-BioNTech COVID-19 vaccine. The
temporal association with vaccination in this case suggests
that an enhanced neutrophilic immune response through IL-
26 may have triggered necrotizing glomerulonephritis and a
T-cell-mediated immune response to GBMs, leading to the
development of anti-GBM antibodies, with an enhanced B-
cell response after the vaccination triggering anti-GBM IgG
and the onset of anti-GBM disease (Fig. 3).

The possible mechanisms underlying the new-onset ad-
verse effects following mRNA-based COVID-19 vaccination
reportedly include molecular mimicry, vaccine adjuvants,
and polyclonal activation followed by the production of par-
ticular autoantibodies. Recently, Ventura et al. reported that
2 out of 35 patients who developed ANCA after SARS-
CoV-2 vaccination developed ANCA and AAV after receiv-
ing the first dose of the Pfizer-BioNTech COVID-19 vac-
cine. One of the two cases developed ANCA six days after
the first dose (9). A secondary effect from the polyclonal ac-
tivation induced by the vaccine may be attributable to the
production of ANCA by potential autoreactive clones spe-
cific for MPO. AAV has been known to occur under a vari-
ety of circumstances, including with infections (4, 10). Cer-
tain infectious agents such as Mycobacterium tuberculosis
may lead to development of ANCA (11, 12). In our case, la-
tent MPO-ANCA, which might have developed following
pulmonary tuberculosis, may have been enhanced following
receipt of the SARS-CoV-2 mRNA vaccine, potentially trig-
gering ANCA-associated glomerulonephritis. Whether or not
our case can be attributed to pulmonary tuberculosis-induced
ANCAs is speculative but intriguing and warrants further in-
vestigation, given emerging cases of vaccination-induced
AAV.

IL-26 directly binds neutrophil-derived extracellular DNA
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Figure 1. Kidney biopsy findings. Light microscopy of (A) the renal cortex showing multiple glom-
eruli with fibrinoid necrosis and crescentic formations associated with rupture of Bowman’s capsule
(Masson trichrome, original magnification x40) and of (B) a representative glomerulus showing fibri-
noid necrosis, a circumferential cellular crescent, and destruction of the glomerular tuft and Bow-
man’s capsule with leukocytes, including neutrophils (Jones methenamine silver, original magnifica-
tion x200). Inmunohistochemical staining for (C) CD4 and (D) CD68 showing scattered CD4 T cells
and macrophages throughout the glomeruli as well as adjacent tubules and interstitium (original
magnification x200, respectively). Immunofluorescence for (E) IgG1 of glomeruli showing global lin-
ear staining along glomerular basement membranes (original magnification x200). (F) Electron mi-

croscopy of the glomerulus showing disruption of the glomerular basement membranes, diffuse foot

process effacement, and the absence of electron-dense deposits (original magnification, x6,000).

to facilitate intracellular inflammation signaling in a stimula-
tor of interferon genes (STING)- and inflammasome-
dependent manner (5). It is possible that an enhanced neu-
trophilic immune response through IL-26 after the vaccina-
tion may have been responsible for the ANCA-associated
glomerulonephritis in our case. Recently, Poli et al. demon-
strated that IL-26 is one of the most significant inflamma-
tory mediators in active AAV (6). High levels of IL-26 are
detected in the sera of active AAV patients with glomeru-
lonephritis. Furthermore, [L.-26 binds to NETs, and IL-26-
DNA complexes induce secretion of inflammatory cytokines
(TNF-¢r, IL-1B. IL-6, and G-CSF) and chemokines (IL-8
and CXCL1) by myeloid cells in the crescentic necrotizing
lesions of ANCA-associated glomerulonephritis (6). In our
case, 1L-26 may have potentiated the recruitment of immune
cells to the necrotizing lesions through inflammatory cytoki-
nes and chemokines. leading to ANCA-associated glomeru-
lonephritis.

Anti-GBM disease is caused by autoimmunity to the o3
chain of type IV collagen of GBM. Susceptibility to anti-
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GBM discase is strongly associated with HLA-DRBI1 genes,
for which HLA-DRB1*15 and DRB1#04 are particularly re-
sponsible (13). In our case, the T-cell-mediated immune re-
sponse to peptides derived from the ruptured GBM through
HLA-DR4 (rom HLA DRB1#*04:03 on antigen-presenting
cells may have induced the development of anti-GBM anti-
bodies. Furthermore, the vaccine is supposed to elicit CD4
cytokine responses involving type 1 helper T cells (14). It is
possible that the enhanced B-cell response after the second
dose of the vaccine was responsible for triggering the ex-
tremely high titers of anti-GBM IgGl and the subsequent
onset of anti-GBM disease.

Whether AAV predisposes patients to the development of
anti-GBM disease or if ANCA positivity occurs in the
course of anti-GBM disease is unclear at present (15). Pa-
tients with anti-GBM disease may be classified into at least
two clusters based on clinical presentation: older adults pre-
senting with kidney involvement alone with a high propor-
tion of ANCA positivity and younger individuals with pul-
monary involvement and a lower proportion of double posi-
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Figure 2. Timeline of clinical events and trends in the serum IgG antibody to GBM titer, MPO-
=3

ANCA titer, serum IL-26 concentration, and serum IL-6 concentration from the time of vaccination

until the four-month follow-up after discharge.

tivity (16). The recent confirmation of spatial and temporal
clustering of anti-GBM disease suggests that environmental
factors. including certain infections, may trigger the disease
in susceptible individuals (17, 18). We suspect that genetic
susceptibility to anti-GBM disease and the history of pulmo-
nary tuberculosis, followed by vaccination, may have trig-
gered the secondary autoimmunity in our case.

Anti-GBM disease is a monophasic non-relapsing illness.
However. this may not be so in patients with dual positivity
for both ANCA and anti-GBM antibodies. The relapse of
clinical features while anti-GBM antibodies are still present
is common, and although relapses can also occur in double-
positive cases, such instances are often in the context of co-
existent ANCA positivity (19). In the present case, decreases
in serum IL-26 levels were correlated to a decline in the se-
rum levels of anti-GBM IgG and MPO-ANCA, with no re-
lapses. IL-26 might be a specific biomarker of disease activ-
ity. Furthermore, we recently developed a humanized neu-
tralizing anti-IL-26 monoclonal antibody (mAb) for thera-
peutic use (20). Humanized anti-1L-26 mAb might be a use-
ful therapeutic agent for the treatment of AAV.

This case highlights the association between an aberrant
immune response to a vaccine and development of anti-
GBM discase concomitant with MPO-ANCA positivity
through IL-26. A deeper analysis of the immune response
through 1L-26 may provide better insight into the mecha-
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nism underlying the development of AAV and anti-GBM
disease. However, at present, there is insufficient evidence to
postulate causality, as it may have been coincidental that
mRNA-based SARS-CoV-2 vaccine administration closely
preceded the new-onset anti-GBM disease with ANCA posi-
tivity. Given the possibility of further usage of mRNA-based
vaccines against viral infections, strict pharmacovigilance
will be important to determine the true frequency and poten-
tial causality between these vaccines and small-vessel vascu-
litides.
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In a recent study published on Translational Lung Cancer
Research, Klotz and colleagues report the results of their
retrospective analyses, where they compared treatment
outcomes among patients diagnosed with epithelioid
malignant pleural mesothelioma (MPM) (1). They
compared survival of three patient cohorts: one was treated
with an extrapleural pneumonectomy (EPP); one was
treated with an extended pleurectomy/decortication (EPD)
combined with hyperthermic intrathoracic chemoperfusion
(HITOC) and adjuvant chemotherapy; and one was treated
with chemotherapy alone. They demonstrated that the
median overall survival (OS) was significantly longer in the
EPD/HITOC cohort than in the EPP and chemotherapy
cohorts. In addition, their multivariate analysis showed that
EPD/HITOC was significantly associated with improved
OS. Based on these findings, they concluded that a less
radical lung-sparing surgery, EPD, should be performed in
patients with epithelioid MPM.

MPM is strongly associated with past asbestos exposure,
and its incidence has continued to increase in many
developing countries. Surgical resection is applied to
patients in the earlier stages of the disease. However, a
tumor resection with wide microscopically negative margins
is not feasible in MPM, due to the surrounding vital
structures. The aim of a surgical resection for MPM is to
remove the entire macroscopic tumor from the hemithorax.
A macroscopic complete resection can be achieved with
both an EPP and a PD. However, it remains controversial

which is the more appropriate procedure. Although an EPP
was traditionally the technique of choice, perioperative
mortality and morbidity were significantly lower with an
EPD than with an EPP. A systematic review showed that
OS was comparable between those treated with an EPP and
those treated with an EPD (2). Those results were further
supported in a meta-analysis (3). In addition, the EPP is
generally more deleterious than an EPD, in terms of quality
of life for the patient (4). Based on those reports, the recent
European Society of Medical Oncology Clinical Practice
Guidelines considered a lung-sparing EPD the first-choice
surgical procedure (5). However, an EPP could also be
offered to highly selected patients in high-volume centers.
Due to the lack of a direct comparison between these two
surgical modalities, the superiority of an EPD has not been
established.

Klotz and colleagues analyzed the outcomes of patients
with epithelioid MPM treated with a multimodal approach
during the last 2 decades in a single high-volume center in
Germany. They changed their surgical approach between
2012 and 2013, from an EPP-based multimodal treatment
to an EPD/HITOC treatment. Many institutions around
the world have similarly changed their surgical policies,
based on a randomized feasibility study that compared EPP
and no-EPP treatments (6).

In the Klotz study, the median OS of the EPD/
HITOC, EPP, and chemotherapy cohorts were 38.1, 24.0,
and 15.8 months, respectively. These median OS were

A ORCID: 0000-0002-4516-0433.
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consistent with those reported previously. Better survival
was significantly associated with good performance status,
a younger age, and negative lymph node status. The
perioperative morbidity rate was significantly higher in
the EPP cohort (36.2%) than in the EPD/HITOC cohort
(18%). The strength of the study was that the results of
different surgical approaches were compared in a high-
volume institution. This real-world data might support
a less radical lung-sparing technique as the first-choice
surgical procedure for epithelioid MPM. It seems quite
natural that survival was worst in the chemotherapy cohort,
because those patients had unresectable, advanced disease.

Of note, the study by Klotz and colleagues had some
limitations. The main limitations were the retrospective
study design and the limited number of selected patients.
Moreover, the EPD/HITOC cohort contained more
patients and better performance status, compared to the
EPP cohort. Second, as the authors described, due to the
time difference, potential improvements in perioperative
management and recent advancements in treating tumor
recurrence might have influenced the improved OS in
the EPD/HITOC cohort. Third, the role of an HITOC
adjunct to surgery for MPM has not been established.
The objective of the HITOC is to eradicate the remaining
cancer cells. To date, improvements in recurrence-free
survival and OS have been observed in a retrospective
single-center analysis (7). However, the efficacy of HITOC
has not been demonstrated in a prospective trial.

In the future, the lung-sparing EPD will be a standard
surgical approach for resectable MPM, based on the above-
mentioned retrospective studies, including the meta-
analyses. The current report by Klotz and colleagues also
supported the efficacy of EPD and demonstrated that it
could maintain the patient’s quality of life. Nevertheless,
many problems remain to be resolved concerning the
surgical approach for MPM. First, there is no clear evidence
on the impact of EPD on extended OS in patients with
MPM. The evidence may be provided by the MARS2 trial,
which will prospectively compare the extent of survival
improvement between EPD and non-surgical therapy (8).
Another major outstanding issue is whether systemic
chemotherapy should be delivered in a neoadjuvant or
adjuvant setting. Some clues to this issue might come from
a randomized phase II trial that aims to compare the effect
of neoadjuvant and adjuvant chemotherapy in combination
with surgery in MPM (9). Furthermore, the exact role of
HITOC should be clarified in a prospective clinical trial.

We sincerely hope that, through prospective clinical

© Translational Lung Cancer Research. All rights reserved.

Fujimoto. Surgical treatment for malignant pleural mesothelioma

trials and grounded real-world data, an optimal clinical
approach will be established for patients with MPM.
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