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T-cell acute lymphoblastic leukemia (T-ALL) has a poor prognosis derived from its 
genetic heterogeneity, which translates to a high chemoresistance. Recently, our 
workgroup designed thrombospondin-1-derived CD47 agonist peptides and demon-
strated their ability to induce cell death in chronic lymphocytic leukemia. Encouraged 
by these promising results, we evaluated cell death induced by PKHB1 (the first-
described serum-stable CD47-agonist peptide) on CEM and MOLT-4 human cell lines 
(T-ALL) and on one T-murine tumor lymphoblast cell-line (L5178Y-R), also assessing 
caspase and calcium dependency and mitochondrial membrane potential. Additionally, 
we evaluated selectivity for cancer cell lines by analyzing cell death and viability of 
human and murine non-tumor cells after CD47 activation. In vivo, we determined 
that PKHB1-treatment in mice bearing the L5178Y-R cell line increased leukocyte cell 
count in peripheral blood and lymphoid organs while recruiting leukocytes to the 
tumor site. To analyze whether CD47 activation induced immunogenic cell death 
(ICD), we evaluated damage-associated molecular patterns (DAMP) exposure (calreti-
culin, CRT) and release (ATP, heat shock proteins 70 and 90, high-mobility group box 
1, CRT). Furthermore, we gave prophylactic antitumor vaccination, determining im-
munological memory. Our data indicate that PKHB1 induces caspase-independent 
and calcium-dependent cell death in leukemic cells while sparing non-tumor murine 
and human cells. Moreover, our results show that PKHB1 can induce ICD in leukemic 
cells as it induces CRT exposure and DAMP release in vitro, and prophylactic vaccina-
tions inhibit tumor establishment in vivo. Together, our results improve the knowl-
edge of CD47 agonist peptides potential as therapeutic tools to treat leukemia.
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1  | INTRODUC TION

Immunogenic cell death (ICD) is a type of regulated cell death that acti-
vates an adaptive immune response against dead-cell-associated anti-
gens, inducing tumor cell immunogenicity.1,2 ICD is characterized by the 
exposure or release of endogenous immunogenic biomolecules, namely 
damage-associated molecular patterns (DAMP).3 In physiological con-
ditions, DAMP are inside the cells, but when exposed or released, in 
case of stress, injury, or cell death, they bind receptors on immune 
cells.4,5 The main DAMP related to ICD exposed at the cell surface 
and/or released to the extracellular media are calreticulin (CRT)6-8 and 
other endoplasmic reticulum (ER) proteins such as heat shock proteins 
70 and 90 (HSP70 and HSP90, respectively),9,10 secretion of ATP11-

13 and the non-histone chromatin protein high-mobility group box 1 
(HMGB1).14,15 Collectively, these DAMP recruit antigen-presenting 
cells (APC) to ICD sites and stimulate the uptake, processing, and pre-
sentation of dead-cell-associated antigens, resulting in an adaptive 
immune response.1,16-18 However, DAMP release is not sufficient to 
determine whether a molecule will induce ICD; thus, in vivo vaccination 
experiments are the gold standard to identify ICD inducers.19,20

A subset of chemotherapeutic agents including doxorubicin, 
mitoxantrone, oxaliplatin, bortezomib, cyclophosphamide, and an-
thracycline have the ability to trigger ICD,18,21 hence activating an-
ticancer immune responses.1 These drugs are used to treat different 
types of cancer, including hematological malignancies such as acute 
lymphoblastic leukemia (ALL).

Acute lymphoblastic leukemia is the most common type of child-
hood cancer, accounting for 80% of cases, and is the second most 
common acute leukemia in adults.22-24 The 5-year survival rate in 
adults is about 30%-50% compared to 90% in children.25-27 ALL can 
affect B cells (B-ALL) or T cells (T-ALL); T-ALL has a high risk of re-
lapse as a result of acquired therapy resistance.28 Chemoresistance 
is one of the most important reasons for failure in cancer treat-
ments. Some cells are selected in a micro-evolutive process of 
survival after therapy induction, leading to the eventual relapse of 
nearly one case out of five.29-31 Because treatment options are lim-
ited for these patients, their prognosis is poor. Thus, the develop-
ment of new treatments able to stimulate the immune system, such 
as ICD-inducers, is important to fight chemoresistant malignancies.

CD47 is a potential therapeutic target for refractory hematological 
malignancies, by blocking its function using monoclonal antibodies32 or 
by its activation with peptides.33,34 CD47 is a transmembrane protein 
expressed ubiquitously and reported to be overexpressed in different 
types of hematological malignancies, including ALL.35 CD47 plays many 
biological functions as a result of its interaction with at least two major 
ligands: signal-regulatory protein alpha (SIRPα) and the extracellular ma-
trix protein, thrombospondin-1 (TSP1). SIRPα is present in APC such as 
macrophages and dendritic cells (DC), with which it controls a “don’t eat 
me” signal that regulates programmed cell removal.36 TSP1 mediates cell 
adhesion, migration, proliferation and death.37 Thus, CD47 appears as a 
promising therapeutic target addressed by many approaches: for exam-
ple, blockade of CD47-SIRPα interaction by monoclonal antibodies me-
diates innate,32 as well as adaptive, immune responses.38 Additionally, 

treatment with an anti-CD47 monoclonal antibody (CC2C6) has shown 
to induce caspase-independent cell death in T-ALL cell lines.39

More recently, CD47 activation by peptides derived from the 
C-terminal domain of TSP-1 induces a caspase-independent and 
calcium-dependent cell death in different cancer cell lines.33,34,40,41 
Indeed, CD47 engagement to PKHB1, the first-described serum-
stable soluble CD47-agonist peptide, induced changes in ER mor-
phology, CRT exposure, reactive oxygen species (ROS) production 
and dissipation of the mitochondrial membrane potential in cells 
from patients with CLL.33

The present work is focused on determining whether PKHB1 is 
able to induce a selective ICD in T-ALL cell lines, while conserving 
the principal characteristics of CD47-mediated cell death.

2  | MATERIAL S AND METHODS

2.1 | Blood and PBMC isolation

Peripheral blood was collected from 10 healthy volunteers after 
obtaining written informed consent. This study was approved by 
the Institutional Ethics Committee at the Universidad Autónoma 
de Nuevo León, College of Biological Sciences. The animal study 
was approved by the Animal Ethical Committee (CEIBA), Number: 
01/2015. All experiments were conducted according to Mexican 
regulation NOM-062-ZOO-1999.

Blood from killed mice was obtained by cardiac puncture, 
whereas human blood was collected by venipuncture. PBMC isola-
tion was carried out by density gradient centrifugation using Ficoll-
Hypaque-1119 (Sigma-Aldrich, St Louis, MO, USA). White blood cells 
were obtained, washed and counted. Cells (4 × 105) were seeded in 
a 96-well plate with RPMI medium. CD4+/CD8+ determination was 
done using specific primary antibodies (CD4; MT310 sc-19641 and 
CD8; 32-M4 sc-1177; Santa Cruz Biotechnology, Dallas, TX, USA).

2.2 | Spleen, thymus, lymph node, and bone marrow 
cell extraction

Spleen, thymus, lymph node, and bone marrow cells were obtained 
from female BALB/c mice post-death. Spleen cells were obtained 
through perfusion, thymocytes and lymphatic node cells were ob-
tained by maceration, and bone morrow cells (femur and tibia) were 
flushed with PBS. Every cell suspension was washed twice with PBS 
and counted using Trypan blue staining.

2.3 | Cell culture

CCRF-CEM ATCC CCL-119 and MOLT-4 ATCC CRL-1582 (human T-acute 
lymphoblastic leukemia, T-ALL), and L5178Y-R ATCC CRL-1722 (murine 
lymphoblastic T-cell line) were obtained from ATCC. Human and murine 
PBMC, human CD4+ and CD8+ T cells, and primary lymphoid organ’s 
cells were obtained from healthy individuals. Cells were maintained in 
RPMI-1640 medium supplemented with 10% FBS, 2 mmol/L l-glutamine, 
100 U/mL penicillin-streptomycin (GIBCO by Life Technologies, Grand 
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Island, NY, USA), and incubated at 37°C in a controlled humidified atmos-
phere with 5% CO2. Cell count was carried out using Trypan blue (0.4% 
Sigma-Aldrich), a Neubauer chamber and an optic microscope (Zeiss 
Primo Star) as proposed by the ATCC’s standard protocols.

2.4 | Flow cytometry, cell death 
induction, and inhibition

Annexin-V-allophycocyanin (Ann-V-APC 0.1 μg/mL; BD Pharmingen, 
San Jose CA, USA), propidium iodide (PI, 0.5 μg/mL; Sigma-Aldrich), 
and tetramethylrhodamine ethyl ester (TMRE, 20 nmol/L; Sigma-
Aldrich) were used for phosphatidylserine exposure, cell viability, 
and mitochondrial transmembrane potential (ΔΨm) quantification, 
respectively, in a BD Accuri C6 flow cytometer (BD Biosciences, 
Franklin Lakes, NJ, USA) (total population 10 000 cells). Data were 
analyzed using FlowJo software (LLC, Ashland, OR, USA). Then, 
1 × 106 cells/mL were treated for 2 hours with PKHB1 (as indi-
cated). For the inhibition assays, calcium chelator, BAPTA (5 mmol/L, 
CalbioChem; Merck, Billerica, MA, USA) or the pan-caspase inhibi-
tor Q-VD-OPh (QVD, 10 μmol/L; BioVision, Milpitas, CA, USA) was 
added 30 minutes before PKHB1.

2.5 | Complete blood count

Heparinized blood acquired from mice was assessed using the 
automatic Hematology Analyzer BC 7000 (KontroLab, Rome, Italy). 
Blood smears were carried out and fixed with methanol, stained 
with Wright’s, and observed under the microscope to carry out dif-
ferential blood white cell counts.

2.6 | Calreticulin exposure

Next, 1 × 106 cells/mL were plated, treated with PKHB1, and incu-
bated for 2 hours. Cells were harvested, washed, and stained with 
Calreticulin-PhycoErythrin (FMC-75; Enzo Life Science, Farmingdale, 
NY, USA) antibody (1:1000) in FACS buffer. After 1 hour of incuba-
tion in darkness at room temperature, cells were washed and resus-
pended in 100 μL FACS buffer to be assessed by flow cytometry. 
For confocal microscopy (Olympus X70; Olympus, Tokyo, Japan), 
poly-l-lysine was added to sterile coverslips placed inside a six-well 
plate for 24 hours, then washed with PBS and 1 × 106 cells/mL were 
seeded. PKHB1 was added and incubated for 2 hours. Then, the 
cells were stained with Calreticulin-PE antibody (1:500) and Hoechst 
33342 (Thermo Scientific Pierce, Rockford, IL, USA), incubated for 
1 hour, and assessed by confocal microscopy.

2.7 | Western blot

In a serum-free culture medium, 1 × 106 cells/mL were seeded and 
treated with PKHB1 (CC50 and CC100 for each cell line) or left alone 
(control) for 2 hours. Supernatants were recovered and lysed with lysis 
buffer (20 mmol/L Tris pH 6.8, 2 mmol/L EDTA, 300 mmol/L NaCl and 
SDS 2%). Protein concentration was measured using the DC Protein 

Assay kit (Bio-Rad, Hercules, CA, USA) and 50 μg protein was loaded 
into SDS-PAGE gels. After blotting, nitrocellulose filters were probed 
with primary antibodies (1:1000) against HMGB1 (HAP46.5: sc-56698), 
HSP70 (C92F3A-5: sc-66048), HSP90 (F-8: SC-13119) and Calreticulin 
(F-4: sc373863). Anti-mouse or anti-rabbit-HRP served as secondary 
antibodies (Santa Cruz Biotechnology). Visualization was carried out 
with ECL substrate system (Thermo Scientific, Waltham, MA, USA).

2.8 | ATP release assay

In this step, 1 × 106 cells/mL were treated with PKHB1 (CC50 and 
CC100 for each cell line) for 2 hours. Supernatants were used to as-
sess extracellular ATP by a luciferase assay (ENLITEN kit, Promega, 
Madison, WI, USA) following the manufacturer’s instructions. 
Bioluminescence was assessed in a microplate reader (Synergy HT, 
Software Gen5; BioTek, Winooski, VT, USA) at 560 nm.

2.9 | High-mobility group box 1 release assay

Supernatants of untreated and treated (PKHB1 CC50 and CC100 for 
each cell line) leukemic cells (1 × 106 cells/mL) were used to measure 
extracellular HMGB1 using the HMGB1 ELISA kit for CEM, MOLT-4 
or L5178Y-R cells (BioAssay ELISA kit human or mouse, respectively; 
US Biological Life Science Salem, MA, USA), following the manufac-
turer’s instructions. Absorbance was assessed at 450 nm.

2.10 | In vivo model

Six-to-eight-week-old BALB/c female mice were maintained in con-
trolled environmental conditions (25°C and 12 hours light/dark 
cycle) and were supplied with rodent food LabDiet 5001 (LabDiet, 
St. Louis, MO, USA) and water ad libitum.

2.11 | Prophylactic vaccinations

L5178Y-R cells (1.5, 3, 5 × 106) were treated with 300 μmol/L 
PKHB1 (CC100) for 2 hours. Cell death was confirmed using Trypan 
blue staining and flow cytometry. Treatment was carried out as fol-
lows: PKHB1-treated L5178Y-R cells were inoculated s.c. in 100 μL 
PBS into the left hind leg (day -7); 2 × 106 viable cells were inoculated 
into the right hind leg 7 days later42 (day 0). Tumors were measured 
three times per week until necropsy (day 60).

2.12 | Tumor establishment, drug 
administration and tumor measurement

Tumor was established by s.c. injection of 1 × 106 L5178Y-R cells in 
100 μL PBS into the left hind leg. When the tumor reached 100 mm3, 
the first PKHB1 i.p. injection (200 μg) was applied (day 0). To reach com-
plete remission, PKHB1 injection (200 μg) was applied once a week for 
6 weeks (days 7, 14, 21, 28 and 35); mice in complete remission were 
used for long-term memory assay. Tumor volume and weight were meas-
ured three times per week using a caliper (Digimatic Caliper; Mitutoyo 
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Corporation, Kawasaki, Japan) and a digital scale (AWS-600-BLK 
American Weigh Scales Inc. Norcross, GA, USA). Tumor volume was de-
termined with the formula: tumor volume (mm3) = 4π/3 * A * B * C where 
4π / 3 is a mathematical constant, A= width, B= high, and C= depth.

2.13 | Long-term memory assay

Mice in complete remission after PKHB1 treatment were rechal-
lenged with 2 × 106 cells in 100 μL PBS into the opposite limb, and 
tumor volume was measured as described above.

2.14 | Histology and immunohistochemistry

Tissues and organs were obtained and fixed in 10% neutral formalin, 
embedded in paraffin, sectioned (5 μm thickness) and stained with H&E 
(Sigma-Aldrich). Histopathological analysis was done by an external 
veterinarian pathologist (National professional certificate 2593012). 
Immunohistochemistry was done using CD4; MT310 sc-19641 and 
CD8; 32-M4 sc-1177 (Santa Cruz Biotechnology) primary antibodies, 
adding the universal biotinylated secondary antibody (VECTASTAIN 
Universal Quick HRP kit; Vector Laboratories, Burlingame, CA, USA) 

following the manufacturer instructions, and developed with diamin-
obenzidine substrate (ImmPACT DAB; Vector Laboratories). Finally, 
hematoxylin-counterstained slides were coverslipped using resin as 
mounting solution and observed under the microscope.

2.15 | Statistical analysis

Mice were randomly assigned to different groups for all in vivo studies. 
Experiments were repeated three independent times. Mann-Whitney test 
and two-tailed unpaired Student’s t test were carried out using GraphPad 
Prism Software (San Diego CA, USA) and presented as mean value ± SD. P-
values were considered significant as follows: P < .05; P < .01 and P < .001.

3  | RESULTS

3.1 | CD47 agonist peptide PKHB1 induces cell 
death in human and murine tumor lymphoblastic  
T-cell lines

The thrombospondin-1 mimetic peptide PKHB1 has shown cytotoxic-
ity in several neoplastic cell lines.33,34 However, its effects on human 

F IGURE  1 PKHB1 induces cell death in T-cell acute lymphoblastic leukemia cell lines. Cell death was measured by Annexin-V-
allophycocyanin (Annexin-V-APC) and propidium iodide (PI) staining and graphed. Dot plots of (A) CEM, (B) MOLT-4 human leukemia cells, 
and (C) L5178Y-R murine cell line, without treatment (Control) and treated with 100, 200 and 300 μmol/L PKHB1 for 2 h. Charts represent 
the means (± SD) of triplicates of at least three independent experiments (right side for each cell line)
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ALL-derived CEM and MOLT-4 cell lines, as well as on the murine ho-
mologous L5178Y-R cell line (a murine T-cell lymphoblastic tumor cell 
line) has not been tested. Therefore, we assessed the effects of PKHB1 
on these cells. PKHB1 induces cell death in a concentration-dependent 
way, because the cells incubated for 2 hours with increasing concen-
trations (100, 200 and 300 μmol/L) of PKHB1 showed an increase 
in the number of Ann-V-APC/PI positive CEM (Figure 1A), MOLT-4 
(Figure 1B) and L5178Y-R (Figure 1C) cells. The cytotoxic concentra-
tion that induces approximately 50% of cell death (CC50) in CEM is 
200 μmol/L, in MOLT-4 is 300 μmol/L, and in L5178Y-R is 200 μmol/L.

3.2 | PKHB1 prompts caspase-independent 
but calcium-dependent cell death with 
loss of mitochondrial membrane potential in CEM, 
MOLT-4 and L5178Y-R cells

Once we determined that PKHB1 induces quick phosphatidyl-
serine exposure and plasma membrane permeability in T-ALL cell 

lines, we next assessed whether PKHB1-induced cell death in 
T-ALL cells shared the principal biochemical features previously 
described for CD47-mediated cell death; these include caspase 
independence,43 a sustained calcium influx and mitochondrial 
membrane potential (ΔΨm) loss.33,44 Thus, we preincubated the 
cells with a pan-caspase inhibitor (Q-VD-OPH) or an extracellular 
Ca2+ chelator (BAPTA) and cell death was tested. Caspase inhibi-
tion did not prevent PKHB1-induced killing of CEM (from 51% to 
48%), MOLT-4 (from 57% to 51%), and L5178Y-R (from 52% to 
49%) cells. Nevertheless, extracellular calcium chelation signifi-
cantly reduced PKHB1-induced cell death in all cases: CEM (from 
51% to 18%), MOLT-4 (from 57% to 38%), and L5178Y-R (from 
52% to 21%) (Figure 2A). Calcium dependence for death induced 
by an immobilized anti-CD47 (B6H12) was also corroborated in 
CEM cells (Figure S1).

Treatment with the PKHB1 CC50 also induced loss of ΔΨm in T-
ALL (Figure 2B) being 49% in CEM, 61% in MOLT-4, and of 51% in 
L5178Y-R.

F IGURE  2 PKHB1 induces caspase-
independent but calcium-dependent 
cell death and loss of mitochondrial 
membrane potential on leukemia cell lines. 
A, Graph represents cell death percentage 
of T-cell acute lymphoblastic leukemia (T-
ALL) cells without treatment (Control) or 
treated with PKHB1 (200 μmol/L, 2 h) and 
left alone (−) or preincubated for 30 min 
with QVD (10 μmol/L) or Ca2+ chelator 
(BAPTA, 5 mmol/L) in the different cell 
lines tested. B, Loss of ΔΨm induced by 
PKHB1 (200 μmol/L, 2 h) was measured 
in T-ALL cells, and representative 
cytofluorometric plots are shown for each 
cell line tested. Charts (right) represent 
the means (± SD) of triplicates of at least 
three independent experiments. TMRE, 
tetramethylrhodamine ethyl ester. NS= 
Not significant
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3.3 | PKHB1 treatment spares non-cancerous 
primary leukocytes derived from humans and mice

Our workgroup previously reported that PKHB1 did not induce 
significant cell death in residual CD5− B lymphocytes and T cells 
from CLL patients, and it neither induced kidney nor liver damage 
in mice.33 Thus, we tested the selectivity of PKHB1 in human PBMC 
(Figure 3A) and CD4+ and CD8+ human T cells (Figure 3B,C) from 
healthy donors. Additionally, we tested PKHB1 selectivity in mu-
rine PBMC (Figure 3D) and primary cultures of bone marrow (BM), 
spleen, thymus, and lymph nodes of healthy (without tumor or treat-
ment) BALB/c mice through indirect cell viability analysis (Figure 3E) 
through MTT analysis, as we wanted to determine general cell af-
fectation (cytotoxic, cytostatic, or antiproliferative effects). PKHB1 
treatment did not significantly affect cell viability of human or 
murine non-cancerous cells (Figure 3), even though all organs ex-
pressed CD47 at a similar level to the neoplastic cells (Figure S2). 
These results showed the selectivity of PKHB1 to induce cell death 
in malignant cells only.

3.4 | L5178Y-R tumor-bearing BALB/c mice treated 
with PKHB1 show leukocyte infiltration to the tumor 
site and improved leukocyte cell number

After verifying that PKHB1 treatment did not affect healthy leukocytes 
in vitro, we assessed these effects in vivo. Immunocompetent female 
BALB/c mice were used to bear L5178Y-R tumor cells, and mice were 
treated weekly with 200 μg PKHB1 i.p. After 18 days, all controls had 

to be killed, and some PKHB1-treated mice were randomly selected 
to be killed for comparison. Tumors were dissected, and their mor-
phological and cellular differences were analyzed (Figure 4A). The 
control group presented undifferentiated lymphoid cells, presum-
ably L5178Y-R cells, some of them carrying out mitosis (Figure 4A 
left). Conversely, tumors in PKHB1-treated mice contained a mixture 
of lymphocytes and polymorphonuclear cells (PMN) (Figure 4A mid-
dle). Moreover, complete tumor regression in most of the mice was 
observed at day 30, where histological slides show what seems to 
be an antitumor immune response in the inoculation site (Figure 4A 
right). Because anticancer immune response is characterized by tumor 
infiltrating lymphocytes (TIL), we decided to carry out immunohisto-
chemistry of tumor sections, which indicated the presence of CD4+ 
and CD8+ cells in PKHB1-treated mice (Figure 4B).

In addition, we carried out cell counts from lymphoid organs that 
belonged to control, PKHB1-treated or healthy mice. Noticeably, in 
PKHB1-treated mice, a significant increase in cell number of BM, 
spleen and thymus cells, and a significant decrease in cell number 
of lymph nodes were observed (Figure 4C). Moreover, cell num-
ber of the same organs in PKHB1-treated mice was similar to that 
of healthy mice. Additionally, the white blood cell (WBC) differen-
tial was carried out and showed no significant difference between 
healthy and PKHB1-treated mice, whereas untreated tumor-bearing 
mice presented a significant difference from the other two groups in 
all leukocyte types (Figure 4D). Altogether, the above suggests that 
PKHB1 improves the antitumor immune system of tumor-bearing 
mice and indicates possible participation of the immune system in 
complete tumor regression.

FIGURE 3 PKHB1 spares non-cancerous primary leukocytes from mice and humans in vitro. A, Cell death of total PBMC treated with PKHB1 
was measured by Annexin-V/propidium iodide (PI) staining, and each donor is indicated as a square (n = 10 donors). B, Percentage of CD4+, and 
CD8+ T cells from each donor, left untreated (white square) or treated with PKHB1 (black square) (n = 6 donors). C, Cell death of CD4+ and CD8+ 
human cells was measured by Annexin-V-allophycocyanin (Annexin-V-APC) and graphed. D, Cell death of murine PBMC treated with PKHB1 
was measured by Ann/PI staining. Each mouse is indicated as a circle (n = 10 mice). E, Cell viability of cells from bone marrow, spleen, thymus and 
lymph nodes from healthy mice (without tumor nor treatment) measured by MTT assays (n = 9 mice). NS= Not significant



262  |     USCANGA-PALOMEQUE et al.

F IGURE  4 PKHB1-treatment of L5178Y-R tumor-bearing mice induces leukocyte infiltration to the tumor site and improves leukocyte 
cell number. A, Histology from tumors from control (day 18) and PKHB1-treated mice (days 18 and 30) stained with H&E. Mitotic cells (red 
arrow), lymphocytes (blue arrow), eosinophils (yellow arrow), giant cells (black arrow), necrosis (brown arrow) and, normal tissue (green 
arrow). B, For immunohistochemical staining, CD4+ and CD8+ cells were labeled in tumor tissue of control and PKHB1-treated mice. Arrows 
point to cells with positive labeling. C, Cell count of lymphoid organs from mice with tumor without treatment (Control), from mice with 
tumor treated with PKHB1 or from mice without tumor and without treatment (Healthy) was carried out using Trypan blue staining (n = 6 
mice). D, Different types of leukocytes from control, PKHB1-treated and healthy mice are displayed in the graph, obtained using hematic 
biometry analysis. Results shown are representative of triplicates of at least three experiments. NS= Not significant

F IGURE  5 PKHB1 induces calreticulin exposure. A, Left charts are representative of surface calreticulin (CRT) detection in CEM (upper), 
MOLT-4 (middle) and L5178Y-R (bottom) cells using FACS. Negative controls, with IgG isotype antibodies, are shown in dotted (IgG-C) and 
solid (IgG-PK) lines, whereas gray (Control) is the basal CRT and black are cells treated (PKHB1). Right charts represent the means (± SD) of 
triplicates of at least three independent experiments. B, ECTO-CRT was observed in the cells treated with PKHB1 by CRT-PE staining and 
the nucleus was stained with Hoechst 33342 and visualized by confocal microscopy 40× (Mechanic zoom 7, Olympus X70; Olympus, Tokyo, 
Japan). Results shown are representative of triplicates of three independent experiments. CRT-PE = Calreticulin-PhycoErythrin
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3.5 | PKHB1 treatment induces DAMP 
exposure and release in T-ALL cells

Previous results showed that PKHB1 could be an ICD inducer; 
thus, we assessed the exposure and release of several DAMP in  
T-ALL cells. In Figure 5, it can be observed that CEM, MOLT-4, and 
L5178Y-R cells incubated with the CC50 of PKHB1 presented a 
significant increase in CRT exposure, analyzed by flow cytometry 
(Figure 5A), and confocal microscopy (Figure 5B).

Then, we measured the expression and release of HSP90, HSP70, 
CRT and HMGB1. The presence of these DAMP was determined by 
western blot in cellular lysates and supernatant of untreated cells 
and PKHB1-treated cells at CC50 and CC100 for each cell line tested. 

Figure 6A shows the decrease in the expression of HSP90, HSP70, 
CRT, and HMGB1 in cellular lysates of cells treated with PKHB1. 
Conversely, expression of these DAMP increased in PKHB1-treated 
supernatants compared with the untreated cells (Figure 6B). These 
results indicate that PKHB1 treatment prompts the release of heat-
shock proteins, CRT, and HMGB1 to the extracellular medium.

As HMGB1 release was barely detected by western blot, an ELISA 
assay was carried out. HMGB1 release varied depending on the cell 
line studied and on the concentration of PKHB1 used. Using PKHB1 
CC100, in CEM, MOLT-4 and L5178Y-R cell lines, HMGB1 release 
was sixfold, fourfold and twofold, respectively, compared to the un-
treated control, whereas using PKHB1 CC50, MOLT-4 cells HMGB1 
release was eightfold with respect to the control (Figure 7A).

F IGURE  6 Heat shock protein (HSP)90, HSP70, calreticulin (CRT) and high-mobility group box 1 (HMGB1) protein expression and release 
in response to treatment with PKHB1. Western blot and densitometry analyses were carried out using cellular lysates (A) or supernatants (B) 
of CEM, MOLT-4 and L5178Y-R cells untreated and treated with two concentrations of PKHB1. Loading controls, β-actin, and Ponceau red 
were used to determine densitometry analyses of relative protein expression. Results shown are representative of triplicates of at least three 
independent experiments. NS= Not significant
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Another important indicator that immunogenic death is taking 
place is ATP-release. Therefore, a bioluminescence assay was carried 
out, finding that in supernatants of PKHB1-treated cells at CC50 and 
CC100, the presence of ATP significantly increased (Figure 7B).

3.6 | PKHB1-treated cells as prophylactic vaccine 
prevented tumor establishment of L5178Y-R cells

Considering the previous data, noting that PKHB1 treatment induces 
ICD, the next step was to carry out a prophylactic vaccination, which is 
the gold standard to confirm whether PKHB1 treatment induced ICD 
in vivo. The vaccine is based in the use of L5178Y-R cells treated in vitro 
with PKHB1 CC100. Four groups of mice were used as follows: (i) control 
group without vaccine; (ii) 1.5M vaccine group, with 1.5 × 106 PKHB1-
treated cells; (iii) 3M vaccine group, with 3 × 106 PKHB1-treated cells; 
and (iv) 5M vaccine group with 5 × 106 PKHB1-treated cells. Results 
showed that vaccination containing PKHB1-treated cells prevented the 
establishment of L5178Y-R tumor and a greater number of dead cells 
as a result of the peptide, and showed better response against tumor 
cells inoculated 7 days after receiving the vaccine (Figure 8). In the con-
trol group, six out of six mice (100%) developed tumor after inocula-
tion with viable cells (Figure 8A top left), whereas three out of four mice 
(75%) developed tumor in the 1.5M vaccine group (Figure 8A top right), 
seven out of 14 mice (50%) developed tumor in the 3M vaccine group 
(Figure 8A lower left), and none of the mice (0%) in the 5M vaccine 
group developed the tumor (Figure 8A lower right). The 60-day survival 
rates of mice in each group were consistent with tumor growth, being 
100% in the 5M vaccine group (Figure 8B).

3.7 | PKHB1-treatment induced long-term 
prevention of tumor establishment

Additionally, we assessed long-term tumor prevention in mice that 
presented complete tumor regression after PKHB1 treatment. In 

these experiments one out of six mice (≈17%) rechallenged with 
2 × 106 L5178Y-R viable cells developed tumor, whereas in the 
naïve control group, six out of six (100%) presented tumor growth 
(Figure 8C). Survival percentage was graphed using Kaplan-Meier 
curve, where rechallenged mice showed 90% survival (Figure 8D).

4  | DISCUSSION

There are few scientific reports on the use of synthetic peptides 
that can induce ICD.45-47 Herein, we assessed the ability of PKHB1, 
the first serum-stable CD47-agonist peptide: (i) to induce selective 
cell death in T-ALL cells with conserved characteristics of CD47-
mediated cell death; and (ii) to determine whether this type of cell 
death is immunogenic. We observed that PKHB1 induced death 
in CEM, MOLT-4, and L5178Y-R cells (Figure 1), in a fast caspase-
independent process that implicates phosphatidylserine expo-
sure along with plasma membrane permeabilization, and loss of 
mitochondrial membrane potential (Figure 2) that is selective for 
malignant cells (Figure 3). These features have largely implicated 
CD47-induced cell death.33,34,39,40,44 In addition, we observed that 
calcium dependence for cell death induced by PKHB1 was con-
served in T-ALL cells, as previously observed in CLL cells.33

Our results showed that treatment with PKHB1 in tumor-bearing 
mice induces leukocyte infiltration to the tumor site and improves leu-
kocyte cell number in different lymphoid organs (Figure 4). Increasing 
evidence suggests that ICD induces an antitumor immune response, 
increasing tumor infiltration of T cells. ICD stimulates the recruitment 
of DC through DAMP release. DC process tumor antigens and present 
antigens to T cells, helping to kill tumor cells. Thus, infiltration of T cells 
into the tumor site can be explained by exposure and secretion of CRT, 
and secretion of ATP and HMGB1 by the dying cells, which stimulate 
DC recruitment into the tumor microenvironment, antigen processing 
and presentation to T cells which then infiltrate the tumor site.48,49 

F IGURE  7 PKHB1 induces high-mobility group box 1 (HMGB1) and ATP release in CEM, MOLT-4 and L5178Y-R cell lines. Cells were 
treated with PKHB1 at CC50 and CC100 for 2 h, then 100 μL supernatant of each sample was taken to measure HMGB1 release by ELISA (A) 
or ATP release through bioluminescence detection (B). Charts shown are means (± SD) of triplicates of three independent experiments. NS= 
Not significant
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Indeed, PKHB1 prompted DAMP exposure and release on T-ALL cells. 
As CRT is one of the principal molecules necessary to determine that 
cell death is immunogenic,6,18 we demonstrated its exposure, by flow 
cytometry and confocal microscopy, on T-ALL after PKHB1 treatment 
(Figure 5). Diverse studies in the immunology field highlight the impor-
tance of CRT exposure as an “eat me” signal6,15,50,51 that helps antigen 
uptake by APC by binding to low-density lipoprotein receptor-related 
protein 1 (LRP1).7 There is a tight correlation between CRT and CD47 
expression in cancer cells.51 Indeed, recently, it was determined that 
treatment of breast cancer cell lines with thrombospondin-1 (TSP-
1) promoted interaction of TSP-1 with CRT and CD47 and induced 
cell autophagy and tumor growth inhibition in xenografted mice.52 

These results support the idea that TSP-1 or peptides derived from 
TSP-1 can induce cell death through CD47 activation and its correla-
tion with CRT exposure. Also, HSP70 and HSP90, HMGB1 and ATP 
were released by PKHB1 treatment on CEM, MOLT-4 and L5178Y-R 
cell lines (Figures 6,7). Release of these molecules is involved in the 
activation of the immune system and induction of potent anticancer 
immunity.17,53,54

However, DAMP release is not sufficient to ensure ICD induc-
tion, and in vivo vaccination is considered the gold standard.1,18,21 
Our in vivo assays showed that PKHB1 activates short- and long-
term immunological memory and induces a protective antican-
cer response in an immunocompetent murine model, as tumor 

F IGURE  8 PKHB1 induces short- and long-term immunological memory through prophylactic vaccination or prior exposure to the tumor 
and treatment. A, Graphs indicate tumor growth in unvaccinated mice (Control; n = 6) or vaccinated with 1.5 × 106 (1.5M; n = 4), 3 × 106 (3M; 
n = 8) or 5 × 106 (5M; n = 6) CC100 PKHB1-treated L5178Y-R cells and rechallenged with 2 × 106 living L5178Y-R cells. Each line represents 
one mouse. B, Survival in vaccinated mice over time. C, Long-term antitumor memory of mice in remission rechallenged with 3 × 106 viable 
L5178Y-R cells (control n = 6, PKHB1-treated n = 6). D, Survival in rechallenged mice over time. Survival is represented by the Kaplan-Meier 
graph
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growth was prevented in most cases (Figure 9). We observed 
that increasing the number of PKHB1-treated cells in the vaccine 
improves its protective antitumor response (Figure 8). Previous 
reports using other ICD inducers also prevented tumor growth, 
such as in the case of melphalan, an alkylating agent used in 
melanoma treatment, where C57BL6 mice were injected with 
melphalan-killed murine B78 melanoma cells and rechallenged 
10 days later with B78 viable cells, resulting in 40% of mice 
without tumor.55 Similar results were obtained using doxoru-
bicin in a mouse colon carcinoma (CT26) cell line.42 The use of 
this vaccine helps to stimulate anticancer immunity through the 
maturation of DC and cytotoxic T-cell activation56 as well as  
enhancing NK cytotoxic activity.57

Immunotherapy is a promising treatment option against can-
cer,58 using host immune defenses against cancer and seeking to 
endow cancer cells with immunogenicity.59 The increased immu-
nogenicity of tumor cells triggers antitumor immune responses 
that could offer long-term therapeutic effects.1 The finding that 
certain drugs are able to induce the awakening of the immune re-
sponse by releasing DAMP and generating ICD triggered investi-
gations to look for these types of agent.1,42,57,60 Anthracyclines, 
platinum derivatives, alkylating agents, and proteasome inhibi-
tors are chemotherapeutic drugs with large amounts of evidence 
for triggering ICD.61 Other therapeutic modalities that show ICD 
induction are photodynamic therapy,62 radiotherapy,63 oncolytic 
viruses,64,65 high hydrostatic pressure,66 and other phytochemi-
cal agents such as shikonin67,68 and capsaicin.69,70

Overall, our results highlight the advantages of the potential 
therapeutic use of targeting CD47 through peptide-based strat-
egies, such as PKHB1, leading us to consider that this peptide 

could be used in other types of cancer. However, the molecu-
lar pathway by which PKHB1 induces this type of death through 
CD47 signaling remains unclear, as does whether this type of 
treatment could be used therapeutically. Therefore, we believe 
that CD47 agonist peptides deserve further investigation, which 
might lead to the possibility of being scaled in the near future to 
clinical phases.
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