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ABSTRACT
Breast cancer subtypes have not shown significant response to current immunomodulatory therapies. 
Although most subtypes are treatable, triple negative breast cancer (TNBC), an aggressive highly meta
static cancer, comprising 10–20% of breast cancers, remains an unmet medical need. New strategies are 
needed in order to overcome flaws in the responsiveness to current TNBC therapies. Our aims were: first, 
to determine the efficacy of a novel immunomodulatory peptide, C24D, on TNBC and second, to elucidate 
the molecular mechanism by which C24D induces immune-modulating tumor killing. Using mass spectro
metry analysis, we identified CD45 as the C24D binding receptor. In vitro and in vivo TNBC models were 
used to assess the efficacy of C24D in reversing TNBC-induced immunosuppression and in triggering 
immune-modulated tumor cell killing. The CD45 signal transduction pathway was evaluated by western 
blot and FACS analyses. We revealed that addition of PBMCs from healthy female donors to TNBC cells 
results in a cascade of suppressive CD45 intracellular signals. On binding to CD45’s extra-cellular domain 
on TNBC-suppressed leukocytes, the C24D peptide re-activates the Src family of tyrosine kinases, resulting 
in specific tumor immune response. In vitro, immune reactivation by C24D results in an increase of CD69 
+ T and CD69+ NK cells, triggering specific killing of TNBC cells. In vivo, C24D induced CD8+ and activated 
CD56+ tumor infiltrated cells, resulting in tumor apoptosis. Our results should renew interest in molecules 
targeting CD45, such as the C24D peptide, as a novel strategy for TNBC immunotherapy.

ARTICLE HISTORY 
Received 1 March 2021  
Revised 10 May 2021  
Accepted 10 May 2021 

KEYWORDS 
Triple negative breast 
cancer; peripheral blood 
mononuclear cells; CD45; 
specific tumor cell killing 
peptide; Src family of 
tyrosine kinases

Introduction

Overcoming tumor-induced immune suppression, immu
notherapy has revolutionized the treatment of cancer, offering 
a more effective alternative for multiple types of tumors.1 Tumor 
escape mechanisms involve loss of antigenicity, immunosup
pression and/or reduction of immunogenicity.2 Malignant cell 
escape mechanisms include MHC downregulation or upregula
tion of immunosuppressive checkpoint pathways, affecting the 
anti-tumor response of T cells.3,4 Monoclonal antibodies direc
ted against these immune checkpoint axes, e.g., the programmed 
cell death protein 1 or programmed cell death ligand 1 (PD1/ 
PDL-1), in or without combination with cytotoxic 
T-lymphocyte-associated antigen 4 (CTLA-4), have been suc
cessfully used for the treatment of some cancers.

Biologically, triple negative breast cancer (TNBC) is highly 
heterogeneous. TNBC has more tumor infiltrated lymphocytes,5 

higher levels of PD-L1 expression on both tumor and immune 
cells6 and a greater number of nonsynonymous mutations.7 

These characteristics often correlate with better responses to 
check point inhibitors and to tumor-specific neoantigens.5–7 

However, multiple clinical trials have resulted in disappointing 
response rates8 and single-agent efficacy is still low.9–11

Between 10% and 20% of breast cancers are TNBCs. 
Compared to other breast cancer sub-types, TNBC is more 
metastatic and has a higher rate of recurrence.12 TNBC tumors 

are negative for progesterone, estrogen and Her2, thereby 
explaining the lack of targeted therapies. Highly toxic che
motherapies are the most common clinical option. Ongoing 
efforts in translational research are needed to broaden current 
clinical applications and overcome unsolved issues.13–15

In this study, we present the novel molecular mechanism of 
C24D, an immune modulating therapeutic peptide derived 
from the placental immunomodulatory ferritin (PLIF), its 
effect on TNBC-dampened immune cells and the resulting 
immune-modulated TNBC cell killing. The C24D sequence 
consists of the last 24 amino acids of PLIF and is synthesized 
as a homodimer peptide with a disulfide bond.16

We revealed that C24D binds to the CD45 receptor on 
T and NK cells. CD45 is a transmembrane protein tyrosine 
phosphatase receptor type C (PTPRC), with double opposing 
effects on T cell receptor (TCR) activity.17 On the one hand, 
CD45 plays an inhibitory function involving the depho
sphorylation of the tyrosine 394 (Y394) in the lymphocyte- 
specific protein tyrosine kinase (Lck), preventing its 
activation.18 On the other hand, CD45 plays the role of 
activator when it dephosphorylates the tyrosine 505 (Y505), 
an inhibitory site at the C-terminal end of the non-receptor 
tyrosine-Src kinases. Activated Lck phosphorylates the 
immunoreceptor tyrosine-based activation motifs (ITAMs) 
of the T cell receptor (TCR)/CD3 complex. The phosphory
lated ITAMs recruit the Zeta-chain-associated protein kinase 
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70 (ZAP-70), via its Src homology 2 (SH2) domains. Finally, 
for TCR activation, CD3-bound ZAP-70 is activated by both 
Lck and (trans)-autophosphorylation at the ZAP-70 tyrosine 
493 (Y493).19 Downstream of protein tyrosine kinases is 
located the proto-oncogene VAV. Ligation of the activating 
receptor NKG2D on human NK cells results in phosphoryla
tion of the signaling chain DAP10 by Src family kinases and 
the recruitment of VAV-1. VAV-1 is then phosphorylated by 
Src family kinases, as required for NK cell activation.20

In this study, we found that the Src family of tyrosine 
kinases in PBMCs of TNBC patients is inhibited. We also 
demonstrated that by binding to the CD45 receptor on the 
TNBC-suppressed leukocytes, C24D breaks the inhibition and 
triggers an intracellular cascade of signals which results in 
immune-cell activation and specific killing of TNBC cells.

Material and methods

Human cell lines and culture conditions

MDA-MB-231 and MDA-MB-468 (obtained from ATCC, 
Biological Industries, Kibbutz Beit Ha Emek, Israel) is 
a human triple-negative breast cancer cell line that is Her2- 
neu, estrogen receptor (ER)- and progesterone receptor (PR)- 
negative. MCF-10A (obtained from ATCC) are normal breast 
cells. Cells were grown in DMEM supplemented with 10% FCS, 
L-glutamine (2 mM), Na-pyruvate (1 nM), penicillin (100 μ/ml), 
streptomycin sulfate (0.1 mg/ml) and nystatine (12.5 μ/ml) 
complete culture medium (Biological Industries). Cultures 
were maintained at 37°C in a humidified 5% CO2 incubator. 
A large stock of cells was prepared to maintain homogeneity 
and tumorigenicity of the cell line. Cells were not used beyond 
passage five and examined for mycoplasma (Mycoplasma detec
tion kit, Biological Industries) at least once every six months.

C24D peptide synthesis: The C24D peptide is a 25 amino 
acid homodimer peptide with a di-sulphyde bond at CG (CG- 
HHLLRPRRRKRPHSIPTPILIFRSP). An irrelevant scrambled 
peptide (CG-PPRIHPLKRISRTRLPRLHRPFHIS (S-C24D) 
was used as control. Both peptides were synthesized by 
Synpeptide Co., Ltd. (Shanghai, China). The C24D peptide 
and the control peptide were also synthesized with the addition 
of Biotin or FITC C-terminal Ahx, 6-aminohexanoic acid 
residue to the peptide sequence. HPLC showed purity >97%.

PBMC-tumor cell co-cultures and efficacy of peptide

PBMC isolation:
PBMCs were isolated from blood of healthy female donors or 
breast cancer patients, obtained from the Blood Bank Mada Tel 
HaShomer or Davidoff Cancer Center, respectively. The pro
tocol was approved by the Institutional Review Board at Rabin 
Medical Center, Israel (0667–14-RMC). Samples were isolated 
by Ficoll–Hypaque density gradient (d = 1,077 g/mL, Ficoll- 
Paque Plus, GE Healthcare, Upsalla, Sweden) by centrifugation 
at 650 × g for 30 minutes.

Tumor cells:
MDA-MB-231 and MDAM-MB-468 at 4x105/2 ml, derived 
from an exponentially growing monolayer were incubated in 

complete medium overnight in 6 well plates. PBMC in com
plete RPMI medium, supplemented with 5% AB serum instead 
of FBS (Biological Industries), were added onto the tumor cells 
(2x106/ml). The C24D peptide was added immediately at 0.1, 1, 
10, 30 and 60 µg/ml and incubated for various times at 37° C, 
5% CO2. S-C24D was used as negative control. A dose response 
analysis revealed that 10 µg/ml was the most effective dose for 
in vitro experiments, based on IFNγ secretion and tumor cell 
density (Supplementary Figure 1). MCF-10A normal breast 
cells were used as control, following the same protocol as 
described for tumor cells.

At the end of the experiments, lymphocytes were extracted 
from co-cultures, centrifuged and re-suspended in PBS for 
FACS analysis. Only samples containing more than 98% 
CD45+ cells after extraction were selected for the experiments.

The CD45+ cells were identified by FACS analysis with an 
anti-CD45-PB antibody (Supplementary Figure 2). 
Supernatant from co-cultures recovered from centrifugation 
of the lymphocytes was centrifuged at 1200 rpm for 10 minutes 
and stored at −80°C for cytokines determination.

Cytokines:

Human Interferon gamma (IFNγ), Tumor Necrosis Factor 
alpha (TNFα), Interleukin 2 (IL-2) and IL-1β were determined 
by ELISA Ready SET-Go (eBioscience, San Diego, CA, USA).

Tumor cell density:
For the determination of tumor cell density, co-cultures were 
washed once with PBS and cell density was documented by 
a light inverted microscope (Olympus IX73). For the determina
tion of tumor cell killing, tumor cells were removed from plates 
and subjected to FACS analysis. Tumor apoptosis was determined 
in gated tumor cells using an AnnaexinV/PI kit (MEBCYTO® 
Apoptosis Kit by MBL, MA, USA). Previous to the addition of 
Annaexin/PI, an anti-CD45-PB (Monoclonal Antibody IOTest 
Beckman Coulter, Marseille, France) was added to tubes for 
identification of leukocytes to be discarded in the FACS analysis.

Tumor xenograft growth in nude mice

The animal experimental procedures used in the present study 
were approved by the Animal Care and Use Committee of Tel 
Aviv University (TAU 06–01-20220), in accordance with their 
guidelines. In total, 30 BALB/C nude mice (female; 5–6 weeks 
of age; each weighing 20–25 g) were purchased from Envigo 
(Jerusalem, Israel). Tumor xenografts were generated by sub
cutaneously injecting 4 × 106 MDA-MB-231 cells into the right 
nude-Balb/C mice flank. Tumor volumes were measured every 
other day using micrometer calipers and were calculated 
according to the following formula: tumor volume 
(mm3) = 0.5 x D x d2, where d and D represent the shortest 
and the longest diameters, respectively.

Six days after tumor injection, when the xenograft grew to 
approximately 100 mm3, the mice were divided randomly into 
four groups: a negative control group, which was to be treated 
with PBS (n = 6), a second negative control group, to be treated 
with 60 μg/mouse S-C24D (scrambled C24D) in 200 μl PBS, 
and two C24D treated groups (C24D: 60 μg/mouse in 200 μl 
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PBS and C24D: 300 μg/mouse in 200 μl PBS), n = 8 in each of 
the latter 3 groups.

Fresh human PBMCs from 2 different female donors were 
incubated with C24D or S-C24D or PBS (60 μg or 300/2 x 106 

cells in 0.4 ml PBS) for 5 minutes before the first intravenous 
injection (IV). The PBMCs from the 2 donors were injected 
separately, in half of the mice in each group. The subsequent IV 
injections of C24D, S-C24D or PBS were administered twice 
a week for 2 weeks.

At the end of the experiment (13 days after the administra
tion of the PBMCs), the mice were bled, for the determination 
of human IFNγ in serum and sacrificed, for the extraction of 
tumors. The tumors were processed for immunofluorescence.

Immunofluorescent staining

Tumor tissues underwent 4% formalin fixation overnight at 4° 
C and paraffin embedding. The specimens were then sliced into 
5-µm-thick sections and deparaffinized in xylene and rehy
drated in alcohol. After antigen retrieval at pH = 6, sections 
were incubated for 1 hour with primary antibodies: CD8 
(Rabbit Monoclonal, 108 R-14, 1:50, Cell Marque, Rockling, 
CA, USA), CD45 (Mouse Monoclonal, 145 M-94, 1:50, Cell 
Marque), activated CD56 (Mouse Monoclonal, 156 M-84, 1:50, 
Cell Marque), Cleaved Caspase-3, (Rabbit Monoclonal, 9664S, 
1:100, Cell Signaling, Danvers, MA, USA), HLA-A (Rabbit 
Monoclonal, Ab52922, 1:100, Abcam). Slides stained with an 
IgG irrelevant antibody followed by secondary antibodies 
served as negative controls. Human PBMCs in paraffin slides 
served as positive controls. The fluorescence detection was 
performed with Alexa Fluor 488-AffiniPure Donkey Anti- 
Mouse IgG (H + L) (715–545-151, 1:200); Cy3-AffiniPure 
Donkey Anti-Rabbit IgG (H + L) (711–165-152, 1:200); both 
from Jackson Immunoresearch Laboratories, Westgrove, 
Pennsylvania, USA). DAPI (4ʹ,6-Diamidino-2-P henylindole, 
Dilactate) (BLG-422801, 1:400, Biolegend, San Diego, CA, 
USA) was used as counterstain. Fluorescence observation and 
image acquisition were performed using a Leica TCS SP5 
confocal laser-scanning microscope (Leica Microsystems, 
Germany). Quantitative Image Analysis was preformed using 
FIJI (Image J2) image analysis software in 5 fields/slide in 5 
different slides.

FACS analysis of C24D binding to cells

Fresh lymphocytes (0.5x106/50 µl PBS) were incubated with the 
following antibodies for multicolor staining: CD3-PC5.5, CD4- 
PC7, CD8-KO, CD56-PE, CD16-APC, NKG2D-AF750, 
CD45RA-APC, CD45RO-PC5.5 and CD14-KO (Beckman 
Coulter) and with 5 µg/50 µl C24D-FITC peptide for 40 min
utes at room temperature. The cells were then washed twice 
(10 min., 1200 rpm, 4°C). Activated lymphocytes obtained 
from co-cultures with tumor cells were subjected to the same 
procedure. To ensure specificity, a Fluorescence Minus One 
(FMO) control was used to identify and gate cells in the context 
of data spread due to the presence of multiple fluorochromes in 
any given panel. In brief, for each sample, two tubes were used: 
one tube containing cells stained with the antibodies identify
ing the various PBMC subpopulations and a control peptide- 

FITC labeled and a second tube containing cells stained with 
the antibodies identifying the different PBMC subpopulations 
and with the C24D-FITC peptide. The percentage C24D/CD45 
binding on the cell surface in each subpopulation was calcu
lated after subtracting the fluorescence obtained for the control 
tube. The cells were washed with PBS and suspended in 0.5 ml 
PBS for FACS (Coulter Navios flow cytometer, Indianapolis, 
IN, USA). Data were analyzed with the Kaluza software 
(Beckman Coulter, IN, USA).

Anti-CD45-APC antibody was used for the double staining 
determination of the C24D+/CD45+ cells.

For the determination of the activated PBMCs sub- 
populations, PBMCs from the co-cultures with tumor cells 
were counted and transferred to a FACS tube (0.5x106 cells/ 
50 µl PBS) and incubated with the following antibodies: CD4- 
PC7, CD8-KO, CD56-PE, NKG2D-AF750, CD14-KO, CD69- 
PC5, CD57-FITC, CD137-ECD (Beckman Coulter). Gated live 
cells were analyzed using Coulter Navious FACS, Kaluza 
software.

Mass Spectrometry analysis for the identification of the 
specific peptide binding protein

Fresh PBMCs (15x106) from human donors were centrifuged 
and transferred to a chilled microtube. Lysis buffer (150 mM 
NaCl, 1% triton X-100, 50 mM Tris HCl pH 8, with the 
addition of proteases inhibitors) was added to the cells for 
20 minutes on ice. After centrifugation for 5 minutes at 
1000 rpm, the supernatant was transferred to a new microtube 
for precipitation. Protein concentration was determined by 
BCA protein assay kit (Thermo Scientific, Rockford IL, USA) 
following manufacturer instructions. Cell protein (50 µg/200 µl 
lysis buffer) from fresh lymphocytes was incubated with 15 µg 
biotinylated C24D peptide for 1 hour at 4°C at constant shak
ing. After incubation, the biotinylated peptide which bonded to 
specific proteins formed a complex. The complex was precipi
tated using streptavidin magnetic beads (µMACS streptavidin 
Kit, Miltenyi Biotec GmbH. Cat. Number 130–074-101). The 
complex was placed in a microcolumn in the magnetic field of 
a μMACS Separator. After rinsing the column, the target 
molecules which bonded to the biotinylated probe were eluted. 
The eluted sample was subjected to SDS PAGE in a 10% gel. 
The gels were stained with Imperial Protein Stain (Thermo 
Scientific, Cat. Number 24615) for mass spectrometry analysis.

Mass spectrometry analysis was done by The Smoler 
Proteomics Center, Technion, Haifa, Israel. Samples were 
reduced, modified and digested by trypsin, analyzed by LC-MS 
/MS on Q exactive plus (Thermo). Data was analyzed by 
Discoverer Software, version 1.4, using the Sequest search engine, 
vs the human Uniprot database. The data was quantified using the 
same software. Protein identification was filtered for proteins 
identified with FDR <0.01 with at least 2 peptides. Proteins 
which were precipitated without biotinylated peptide served as 
controls. Proteins which had at least 4-fold more mass-to-charge 
ratio than the control were considered for further analysis.

Following mass spectrometry analysis, the eluted purified 
sample obtained from precipitation of the lysed PBMCs with 
biotinylated C24D was subjected to western blot analysis using 
and anti-CD45 antibody (Abcam, Cat. Number ab123522).
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Proximity ligation assay:
The method was modified for Peptide–Target interaction pre
viously described.21 In brief, a 96 well, high binding plate, was 
coated with His Tag antibody (Monoclonal IgG1, R&D 
Systems, USA) for 2 hours at room temperature. After washing 
with PBS-0.05% Tween, recombinant Human CD45 with 
a C-terminal 6 His Tag (R&D Systems, USA) was added to 
coated plates overnight at 4°C. Following 3 plate washes, 
Biotinylated C24D at various concentrations (0.05, 0.5, 1, 5 
and 10 μg/ml) was added for 2 hours at room temperature. 
Streptavidin-HRP (R&D Systems, USA) was added to plates for 
2 hours followed by TMB subtract for proximity Peptide/ 
Target detection. HCl 1 M was used to stop the chemical 
reaction. Proximity ligation was detected by ELISA reader at 
450 nm. A biotinylated scrambled version of C24D was used as 
negative control and a Biotinylated Anti CD45 antibody 
(Abcam) was used as positive control.

Blocking of the CD45 receptor

The anti-CD45 antibody 10 μg/ml (Abcam, Cat. Number 
ab123522) and/or the peptide CD45 inhibitor VI 
(Calbiochem, Burlington, Massachusetts, USA, Cat. Number 
530197) were used for blocking the extracellular domain of 
CD45 in the PBMCs used in the relevant experiments. The 
blockers were added before addition of PBMCs to the tumor 
plates, as per manufacturer’s instructions. The efficacy of the 
blockers is presented in Supplementary Figure 3.

CD45 signal transduction evaluation

PBMC was added onto the tumor cells (2x106/ml) and 10 µg/ 
ml of C24D was added immediately thereafter. Co-cultures 
were incubated for 5, 15, 30, 60 minutes and 24 hours at 37° 
C, 5% CO2, depending on each protein’s phosphorylation.

At the end of each incubation period, lymphocytes were 
extracted, and a sample of the extracted cells was submitted to 
FACS analysis to corroborate that the sample for western blot 
analysis contains more than 98% leukocytes (Supplementary 
figure 2). The extracted leukocytes were then centrifuged and 
re-suspended in 0.12 ml of lysis buffer (20 mM Tris-HCl pH 
7.5, 150 mM NaCl, 1 mM NaF, 2 mM Na3VO4, 1% NP40, 
10 mM b-glycerophosphate, 30% glycerol, 1 mM EDTA,0.5% 
sodium-deoxycholate, 0.5% protease inhibitor cocktail), fol
lowed by one freeze-thaw cycle of 20 min. Cells were harvested 
and centrifuged (14,000 rpm, 15 min, 4°C). The supernatants 
were collected, and aliquots were separated on 10% SDS PAGE, 
followed by Western blotting with anti-phospho-Lck Y505 
(0.5 µg/ml, ab4901, Abcam, Cambridge, UK), anti-phospho- 
Lck Y394 (0.25 µg/ml, ab201567, Abcam), anti phospho-VAV 
-1 Y174 (0.23 µg/ml, ab76225, Abcam) and anti-phospho- 
ZAP70 Y493 (1 µg/ml, ab194800, Abcam). GAPDH (1 µg/ml, 
ab9485, Abcam) was added as a control for sample loading. 
After several washings, the secondary antibody, IRDye 800CW 
Goat anti-Rabbit or IRDye 680CW Goat anti mouse (1 mg/ml, 
LI-COR, Nebraska, USA) was added for 1 h.

Quantification methods: The membrane was analyzed by 
Odyssey 2.1 (Infrared Imaging System) for specific band iden
tification. Quantification of phosphorylation was done by 

Image J (NIH, USA). Percentage (%) of maximal phosphoryla
tion of phosphorylated proteins were first normalized to the 
levels obtained with GAPDH respectively, and the activation 
values were normalized for each time point vs its control, 
incubated with a control peptide (e.g. C24D + lymphocytes 
vs. lymphocytes control). The values obtained were then 
expressed as % of maximal activation that was observed in 
each experiment, at each time point.

For the corroboration of the results obtained in the western 
blot analysis, FACS analysis was performed with the same 
antibodies, followed by incubation with a secondary antibody 
(anti-rabbit-PE, Jackson ImmunoResearch, cat: 711–116-152). 
Intracellular staining for the phosphorylation of the tyrosine 
505 and 394 in Lck, the tyrosine 493 in ZAP-70 and the 
tyrosine 174 in VAV-1, was performed using a FIX & PERM 
Cell Permeabilization kit consisting of matched Fixation and 
Permeabilization Reagent (R&D Systems, Minneapolis, 
MN, USA).

Statistical analysis

To determine whether the data from test samples were signifi
cantly different from control samples, student’s t-tests were 
performed using GraphPad Software (GraphPad Software, La 
Jolla, CA). ANOVA, followed by Tukey-Kramer, was used for 
multiple comparisons. Significance was defined as p<0.05.

Results

C24D induces re-activation of leukocytes, resulting in 
TNBC cell killing

The immune-modulating tumor killing effect of C24D was 
previously demonstrated on MCF-7 (ER+) and T47D (HLA- 
A2) breast cancer cells, co-cultured with human PBMCs from 
healthy donors.16 In this study, we first set out to determine if 
C24D also induces effective immune-modulated tumor killing 
of TNBC cells (MDA-MB-231 and MDA-MD-468).

Observation by microscope revealed that the addition of 
10 μg/ml C24D to co-cultures of human PBMCs from healthy 
donors with MDA-MB-231 resulted in massive tumor apopto
sis (Figure 1a). Similar immune-modulated killing results were 
achieved with a second TNBC cell line: MDA-MD-468 
(Supplementary Figure 4b). Treatment of tumors with C24D 
or with S-C24D (scrambled C24D), in the absence of PBMCs, 
both resulted in no effect (supplementary Figure 4a). In co- 
cultures with PBMC alone, we only noted a minor effect on 
tumor apoptosis.

To confirm the microscope observations, we performed 
FACS analysis using AnnaexinV/PI. With PBMCs from 14 
different healthy female donors, the percentage of 
AnneaxinV/PI positive tumor cells (i.e., MDA-MB-231 cell 
killing) varied from 15% to 100%, with an average of 
45.9 ± 30.6% (Figure 1b). Figure 1c illustrates an example of 
one such FACS analysis study, showing the results of experi
ment number 11.

To establish which of the leukocyte sub-populations is acti
vated by C24D and involved in the tumor cell killing, we per
formed a series of FACS analyses using PBMCs from 11 healthy 
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female donors. Addition of 10 μg/ml C24D to each PBMC/ 
MDA-MB-231 co-culture resulted in a significant increase in 
the percentage of CD4+/CD69+ cells (from 2.68 ± 1.45% to 
4.1 ± 1.58%, p <0.046, Figure 1d), CD8+/CD69+ cells (from 
22.6 ± 14.8% to 33.23%, p <0.05, Figure 1e) and CD56+/CD69+ 
(from 19.9 ± 13.61% to 39.1 ± 16.0%, p <0.033, Figure 1f). CD57 
expression was not influenced by the addition of C24D to the co- 
cultures nor was the percentage of NKG2D+ and CD45RO+ 

cells. A representative FACS analysis of the activated cells sub- 
populations is shown in Figure 1h.

In contrast to T and NK activation resulting from addition 
of C24D, the percentage of activated monocytes (CD14 
+/CD137+) increased, but non-significantly, from 
31.6 ± 9.4% to 45.2 + 5.3%, p <0.19 (Figure 1g). CD14 is 
a marker for circulating monocytes and CD137 (a member of 
the tumor necrosis factor receptor family) is expressed on 

Figure 1. C24D induced re-activation of leukocytes, resulting in killing of TNBC cells: a. Representative pictures of tumor cell density in co-cultures of MDA-MB-231 
cells with PBMCs from healthy female donors, documented by inverted microscope (Bars = 200 μm) ± C24D (10 μg/ml) or scrambled C24D (S-C24D, 10 μg/ml) as control. 
b. Tumor cell killing by FACS analysis, using AnnaexinV/PI (N = 14). c. Representative FACS dot blot (experiment #11) of AnnaexinV/PI gated and stained tumor (CD45 
negative) cells treated with 10 μg/ml C24D for 4–6 days. d. Percentage of CD4+/CD69+ and CD4+/CD57+ cells in co-cultures of PBMC with MBA-MB-231 cells, ± C24D, by 
FACS analysis. e. Percentage of CD8+/CD69+, CD8+/CD56+ (T/NK cells) and CD8+/CD57+, in the co-cultures, by FACS analysis. f. Percentage of CD56+/CD69+ and CD56 
+/CD57+, in the co-cultures, by FACS analysis. g. Percentage of CD14+/CD137+ in the co-cultures, by FACS analysis. Analysis of the results presented as Mean ± SD. h. 
Representative dot blot FACS analysis showing double staining of CD4, CD8 or CD56 gated cells with either CD69 or CD57, comparing effect of C24D versus control. i. 
Effect of C24D on IFNγ secretion (pg/ml) in supernatants of PBMCs alone or PBMCs co-cultured with MDA-MB-231 (n = 8). j. Effect of C24D on secretion of IL-2 (pg/ml) 
(n = 7). k. Effect of C24D on secretion of TNFα (pg/ml) (n = 7). l. Effect of C24D on secretion of IL-1β (pg/ml). Analysis of results presented as Mean ± SD.
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activated monocytes. Addition of C24D to the co-cultures had 
a non-significant effect on the secretion of IL-1β by monocytes 
(Figure 1l).

Addition of C24D to the MDA-MB-231/PBMC co-cultures 
for 4–6 days resulted in a significant increase in secretion of 
cytokines: 90% of IFN-γ (Figure 1i, p <0.03), 92.2% of IL-2 
(Figure 1j, p < 0.0007) and 98% of TNF-α (Figure 1k, p < 0.04). 
Similar results were observed in co-cultures of PBMCs with 
MDA-MB-468 (Supplementary Figure 5). No effect was noted 
when C24D was added to PBMCs alone (Figure 1(i, j, k, l)).

Treatment with C24D inhibited tumor growth in vivo

Using a human TNBC mouse model adapted from Zhang et al.22 

(Figure 2a), we aimed to determine if the in vitro cytotoxic effect 
mediated by C24D would also be observed in a meaningful in vivo 
model. For this purpose, we measured tumor growth over time, 
IFN-γ in serum and tumor infiltrating human T and activated NK 
cells in tumor histological sections.

Results showed a significant reduction in tumor growth in mice 
treated with 60 or 300 μg C24D per mouse, compared to treatment 
with PBS or S-C24D as controls (p <0.05, Figure 2b). In Figure 2c, 
we show the tumors extracted from 5 mice in each of the 4 groups, 
13 days after treatment. At the end of the experiment, mice were 
bled for the determination of human IFN-γ in serum. A significant 
increase of 68% and 82% (p <0.05) in human IFN-γ secretion was 
observed in the 60 and 300 μg groups, versus the group with 
S-C24D treatment (Figure 2d).

Immunofluorescent analysis of tumor sections

The presence of tumor infiltrating and human T and activated 
NK cells was revealed by an immunofluorescent analysis of 
tumor sections. A significant number of tumor infiltrating 
human leukocytes were found in the samples from mice treated 
with C24D, compared to the S-C24D group (Figure 2(e, f, g)). 
Compared to treatment with S-C24D, treatment with both 60 
and 300 μg doses of C24D significantly induced the infiltration 
of human CD45+ cells (Figure 2e, green) in the human tumor 
(red) (p <0.015 and p <0.023 respectively).

The following tumor infiltrating human CD45+ sub- 
populations in mice treated with C24D were found in the 
immunohistology samples: activated CD56+ (stained with 
anti-human activated CD56 antibody in green, Figure 2f) and 
CD8+ cells (stained with an anti-human CD8 antibody in red, 
Figure 2g). Treatment with 60 or 300 μg C24D per mouse 
resulted in a significant increase in tumor-infiltrating NK 
(CD56+) cells (p <0.011 and p <0.042, respectively).

A similar pattern was observed for activated human CD8 
T cells (p <0.07 and p <0.1, respectively). The non-significant 
results of human CD8 T cells might be explained by the low 
number of cells counted.

The presence of infiltrating human T and activated human NK 
cells supports the significant increase in tumor cell apoptosis 
(Figure 2h). The lower dose (60 μg) induced a more significant 
tumor cell apoptosis (p <0.0013) than the higher dose (p <0.049).

Stability of C24D

We performed two C24D stability studies: one in whole blood 
(ChemPartner Co, Ltd.) and a second, in plasma (in our labora
tory). 10 μM (60 μg/ml) of C24D has a T1/2 of 165.03 minutes in 
human whole blood (Supplementary Figure 3 c). In plasma, 
target saturation was evaluated by measuring C24D binding to 
the CD45 receptor, using two different methods: FACS analysis 
and ELISA. By FACS analysis, we observed that 1.5 μM (10 μg/ 
ml) of C24D bound over 70% of the receptors of the studied 
PBMC sub-populations (Figure 3a). In the ELISA assay, 3 hours 
after adding 1.5 μM of C24D in the presence of human plasma, 
binding to CD45 decreased by 20%.

CD45 revealed as the C24D binding receptor

In an effort to elucidate the molecular mechanism which may 
explain the above immune-modulated tumor killing, we first 
proceeded to identify the receptor to which C24D binds. Using 
PBMCs from healthy female donors and C24D conjugated to 
Alexa-488 dye, by FACS analysis, we determined the leukocyte 
sub-populations to which C24D binds (Figure 3a). 
Surprisingly, we observed that all 9 of the tested T, NK and 
monocyte sub-populations bound C24D (Figure 3b; 
a representative dot blot FACS analysis).

Subsequently, we subjected the entire leukocyte population 
to mass spectrometry analysis. Using PBMCs from 8 different 
female donors, of which 2 were from breast cancer patients, we 
precipitated, per donor, the entire leukocyte population with 
biotinylated C24D. Each isolated complex was subjected to 
mass spectrometry analysis. The receptor we identified was: 
CD45 (PTPRC, X6R433 Uniprot), (Figure 3c). The ubiquitous 
nature of CD45 explained why all the 9 tested T, NK and 
monocyte sub-populations bound C24D.

To validate the mass spectrometry results, we performed 
a double-staining FACS analysis with an anti CD45 monoclo
nal antibody and the C24D-Alexa-488 conjugated peptide 
(Figure 3d). We observed that 100% of the PBMCs were 
stained by both antibody and C24D, thereby confirming that 
CD45 is the binding receptor. This result also suggests that the 
anti-CD45 antibody and C24D bind to different epitopes of the 
extra cellular domain of CD45.

Further validation of the mass spectrometry results were 
obtained by western blot analysis. The protein precipitated with 
biotinylated C24D, followed by streptavidin magnetic beads and 
eluted through a magnetic column, was subjected to gel electro
phoresis. The membrane was stained with an anti CD45 antibody. 
Results revealed that the precipitated protein was CD45 
(Figure 3e).

To demonstrate direct interaction between C24D and CD45 
we performed a Proximity Ligation Assay using a biotinylated 
C24D peptide. Results showed a specific concentration depen
dent binding curve of C24D to an immobilized CD45 recom
binant protein (Figure 3f).

To support the above results, we blocked the CD45 receptor 
on PBMCs with a monoclonal antibody and a commercially 
available blocking peptide and evaluated IFN-γ secretion 
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(Figure 3g). Without blocking, a 2.4-fold increase in IFN-γ was 
found in the supernatants of C24D treated co-cultures of 
PBMCs with MDA-MB-231 cells, compared to S-C24D treated 
cells. In contrast, the results obtained on co-cultures on which 
the CD45 receptor was blocked, were similar to control 
(91 ± 35 pg/ml), S-C24D treated cells (108 ± 20 pg/ml) and 
in C24D treated cells (107 ± 27 pg/ml).

C24D restores the expression of CD45 receptors, 
previously reduced by exposure to tumor cells

We compared the percentage of C24D which bound to leuko
cyte sub-populations of PBMCs from healthy female donors 
versus breast cancer patients. We found that a significantly 
lower percentage of C24D bonded to the CD56 and NKG2D 

Figure 2. Treatment with C24D reduced TNBC tumor growth in vivo: a. Protocol of the immunocompetent mice in vivo TNBC model. b. Effect of C24D on tumor 
growth. Tumors were measured twice-weekly in the 4 groups: Control PBS (n = 6), S-C24D (n = 8), C24D (60 μg/ml per mouse, n = 8) and C24D (300 μg/ml per mouse, 
n = 8). Analysis of results presented as Mean ± SD. c. Photographs of representative tumors, extracted from mice in each group, 13 days after treatment. d. Percentage 
IFN-γ secretion in serum of mice treated with C24D vs. control (S-C24D). Analysis of results presented as Mean ± SD (p <0.05). e. Immunofluorescence analysis and 
quantification of tumor (red) infiltrating human CD45+ cells (green) in mice treated with C24D, compared to S-C24D treated mice. f. Immunofluorescence analysis and 
quantitation of activated human CD56+ tumor (red) infiltrating cells (green). g. Immunofluorescence analysis and quantitation of human CD8+ cells (red). h. 
Immunofluorescence analysis and quantitation of apoptotic tumor cells (red). Analysis of results presented as Mean ± SD calculated in 5 fields per slide in 5 different 
slides.
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NK cells sub-populations in breast cancer patients (p <0.0007 
and p <0.035 respectively) (Figure 3(a, b)).

We also compared C24D binding to PBMC from healthy 
donors, before versus after exposure to TNBC cells. Exposure of 
PBMCs to MDA-MB-231 tumor cells resulted in a significant 
decrease in the percentage of bonded C24D to the following sub- 
populations: CD3 (p <0.005), CD4 (p <0.002), CD8 (p <0.0001), 
CD56 (p <0.0001) and NKG2D (p <0.03). Treatment with C24D 
reversed the decrease of C24D binding to CD8 and NKG2D 
(p <0.05), and partially reversed the decrease of C24D binding 
to the CD3, CD4 and CD56 PBMC sub-populations. The percen
tage of C24D binding to CD16 was not affected by exposure to 
tumor cells (Figure 3h). A representative dot blot FACS analysis is 
presented in Figure 3i.

C24D binding to CD45 induces the phosphorylation of 
Src protein kinases

We then investigated the effect of the C24D/CD45 binding on 
the CD45 signaling pathway. The phosphorylation of proteins 

involved in the CD45 signaling pathway was determined by 
western blot analysis (Figure 4a) of co-cultures of MDA-MB 
-231 cells and PBMC from healthy female donors.

Interestingly, we found that addition of PBMCs to the 
MDA-MB-231 cells resulted in an increase in the phosphoryla
tion of the tyrosine (Y) 505 in the Lck tyrosine kinase and 
a decrease in the phosphorylation of the Y394 in the Lck, 
causing inhibition of Lck. Additionally, we found a decrease 
in the phosphorylation of the Y493 in the ZAP70 protein 
kinase and in the proto-oncogene VAV-1, resulting in 
a deactivation of ZAP70 and VAV-1.

Addition of C24D to the above co-cultures reversed the 
inhibitory signaling observed in the presence of MDA-MB-231. 
In 13 separate experiments, we demonstrated that addition of 
C24D to PBMC/MDA-MB-231 co-cultures significantly 
reversed immune suppression by de-phosphorylation of Lck 
Y505 (p <0.027) and phosphorylation ZAP70 Y493 (p <0.0063) 
and VAV1 (p <0.0028) (Figure 4b). Also, Lck Y394 increased, 
but not significant statistically (n = 9, p <0.27). Blocking the 
extracellular domain of CD45 canceled the immune-reactivating 

Figure 3. CD45 revealed as the C24D binding receptor: a. Percentage of C24D binding to sub-populations of PBMCs from healthy female donors, compared to C24D 
binding to sub-populations of PBMC from breast cancer patients, by FACS analysis. b. Representative FACS analysis dot blots showing the gated sub-populations of 
PBMCs from breast cancer patients (BC) stained with C24D-AF488 peptide. c. The CD45 receptor was identified by mass spectrometry analysis. d. Representative double 
staining FACS analysis of gated PBMCs stained with CD45-APC antibody and C24D-AF488 peptide. e. Western blot analysis of the precipitated and eluted protein with 
biotinylated C24D followed by streptavidin (PP). PP control, protein precipitated only with streptavidin. Protein identification in 2 different experiments (PP1 and PP2) 
was revealed using an anti CD45 antibody. f. Proximity ligation assay by ELISA with different concentrations of C24D bound specifically CD45 recombinant protein. g. 
Statistical analysis of IFN-γ secretion (in pg/ml) in supernatants of MDA-MB-231/PBMC co-cultures and in supernatants of co-cultures with blocked CD45 receptors 
(n = 5). h. Percentage of C24D binding to PBMC sub-populations, with or without exposure to tumor cells ± C24D. Analysis of results presented as Mean (%) ± SD. i. 
Representative FACS dot blot analysis comparing C24D binding to PBMC sub-populations, co-cultured with MDA-MB-231 ± C24D.
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effect of treatment with C24D to the PBMC/MDA-MB-231 co- 
cultures (Figure 4(c, d)).

To further confirm the above results, we performed 
FACS analysis of gated live cells (Figure 4(e, f)). PBMCs 

were identified using a CD45 antibody and the CD45+ cells 
were gated for further analysis of protein phosphorylation. 
FACS analysis results demonstrated that addition of C24D 
to the PBMC/MDA-MB-231 co-cultures resulted in 

Figure 4. C24D binding to CD45 in dampened PBMCs triggers the CD45 signaling pathway: a. Western blot analysis of PBMCs alone or after exposure to MDA-MB 
-231 cells, ± C24D, lysed, separated on 10% SDS, and blotted with antibodies for the determination of phosphorylation of Lck, ZAP-70 and VAV-1 proteins. b. Percentage 
of protein phosphorylation in PBMCs from 13 healthy female donors, alone and after being exposed to MDA-MB-231 cells ± C24D. Statistical analysis of results 
presented as Mean (%) ± SD. c. Western blot analysis of the phosphorylation of Lck, ZAP-70 and VAV-1 proteins in PBMCs from healthy female donors in which the CD45 
receptor was blocked and which were subsequently exposed to MDA-MB-231 cells ± C24D. d. Percentage of protein phosphorylation in PBMCs with blocked CD45 ± 
C24D (n = 3). Analysis of results presented as Mean ± SE. e. Percentage of protein phosphorylation in live PBMCs co-cultured with MDA-MB-231 for 24hs and treated for 
15 minutes with C24D, by FACS analysis (n = 3). Analysis of results presented as Mean ± SD, results normalized/control (S-C24D vs C24D). f. Representative FACS analysis 
of gated CD45+ cells, stained with Lck, ZAP-70 and VAV-1 protein phosphorylation antibodies.
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a reduction of 38.1 ± 6.2% versus control of the phosphor
ylation of Y505 and an increase in the phosphorylation of 
Y394 in Lck. Upon treatment with C24D, phosphorylation 
of the Y493 in ZAP70 increased by 50.13 ± 10.2% versus 
control and by 36.2 ± 4.0% in VAV-1 (Figure 4e). 
A representative dot blot FACS analysis is depicted in 
Figure 4f).

C24D reverses CD45 inhibitory signals in PBMCs from 
TNBC patients

After evaluating the effect of C24D on the CD45 signaling 
pathway of healthy-donor-PBMC/MDA-MB-231 co- 
cultures, we studied the effect of C24D on protein phos
phorylation in fresh PBMCs from 5 TNBC patients. 
Phosphorylation of PBMC proteins was evaluated by wes
tern blot analysis (Figure 5(a, b)). Addition of C24D 

induced the de-phosphorylation of Lck Y505 (in average 
from 118.0 ± 26.3% to 79.2 ± 3.6%), the phosphorylation of 
the Y394 in Lck (from 87.1 ± 20.4% to 117.4 ± 36.2%), 
thereby activating Lck. In consequence, ZAP70 Y493 and 
VAV-1 were phosphorylated (from 92.9 ± 4 to 
116.4 ± 10.4% and from 68.9 ± 30.0 to 88.4 ± 26.9%, 
respectively), activating ZAP70 and VAV-1 (Figure 5c). 
These results were similar to those from healthy-donor- 
PBMC/MDA-MB-231 co-cultures with C24D.

In contrast, no effect was observed on Lck, ZAP70 and VAV- 
1 activation when fresh PBMCs from healthy donors, in the 
absence of tumors, were incubated with C24D for 5 to 
24 hours, suggesting that C24D has no effect on cells which are 
not immunosuppressed (Figure 5(d, e)). These results were 
reinforced by the lack of increase in INF-γ, TNF-α and IL-2 
secretion after the addition of C24D to a co-culture of MCF-10A 
normal breast cells and PBMCs from healthy donors (Figure 5f). 
The cytokine concentrations obtained in control cells vs C24D 

Figure 5. C24D reversed CD45 suppressive signals in PBMCs from TNBC patients. a. PBMCs from 5 metastatic breast cancer patients were incubated with the C24D 
peptide for 5 to 60 minutes. Cells were lysed and subjected to SDS PAGE. Individual western blot analysis of lysed cells blotted with antibodies to detect the protein 
phosphorylation. b. Statistical analysis, per TNBC patient, of western blots, depicting phosphorylation of proteins, normalized to control. c. Mean (%) ± SD of 
phosphorylation of the Lck, ZAP-70 and VAV-1 proteins in the 5 TNBC patients, normalized to control. d. Representative western blot analysis of protein phosphorylation 
in fresh PBMCs from a healthy female donor. C24D was added to the PBMCs for at least 24 hours. e. Percentage of protein phosphorylation of 5 separate experiments 
(Mean ± SE, no statistical difference in protein phosphorylation was observed). f. Effect of C24D on secretion of IFN-γ, IL-2 and TNF-α in supernatants of PBMCs from 
healthy female donors, co-cultured with normal breast cell MCF-10A, ± C24D (n = 3). Results presented as percentage of cytokine secretion normalized to control. g. 
MCF-10A (breast cancer normal cells) killing by FACS analysis, using AnnaexinV/PI (N = 3). Representative FACS dot blot (experiment #1) of AnnaexinV/PI gated and 
stained breast normal cells (CD45 negative) treated with 10 μg/ml C24D for 4–6 days. Analysis of results presented as Mean ± SD.
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treatment were INF-γ: 17.7 ± 1.3 pg/ml in control vs 
17.9 ± 0.9 pg/ml after C24D, TNF-α: 5.6 ± 0.1 pg/ml in control 
vs 5.6 ± 0.2 pg/ml in C24D in the treated cells, and IL-2: 
43.0 ± 1.2 pg/ml in control vs 40.4 ± 3.8 pg/ml in C24D treated 
cells. Additionally, treatment with C24D to MCF-10A and 
PBMCs co-cultures failed to induce killing. Treatment with 
C24D or S-C24D induced only spontaneous cell apoptosis of 
6.47 ± 0.94% and 7.25 ± 2.34% killing, respectively (Figure 5g).

C24D molecular mechanism

Figure 6a depicts the suggested CD45 molecular mechanism 
observed when human PBMCs are exposed to TNBC cells. 
Figure 6b depicts the reversing effect on tumor- 
immunosuppressed leukocytes resulting from binding of 
C24D to the CD45 receptor.

Discussion

Despite enormous efforts to find successful therapies, TNBC 
treatment remains an unmet medical need. The large number 
of clinical trials currently running on checkpoint inhibitors for 
the treatment of breast cancers23,24 reflects the great interest in 
(and need for) finding better therapies. The main challenge for 
developing effective TNBC immunotherapies is the elucidation 
of the flaws in the responsiveness of breast cancers to 

immunotherapy. New strategies are thus needed to overcome 
these hurdles.15,25

In our study, we revealed a novel role (immunotherapy) for 
an old target (CD45). The molecular mechanism deployed by 
this new/old target is fundamentally different from that of 
currently reported immune-checkpoint strategies and may 
overcome many of the difficulties encountered so far in breast 
cancer immunotherapy. The CD45 receptor is a cell surface 
glycoprotein with tyrosine phosphatase activity. It is expressed 
on all nucleated hematopoietic cells, except for mature ery
throcytes and platelets17,26,27. CD45 has been identified as 
a rheostat of T and B cell activation, doing so by positively 
and negatively regulating Src family protein tyrosine kinases 
and thereby, the signaling cascade in leukocytes.28–30

We observed that on exposure to TNBC cells, PBMCs from 
healthy female donors showed no significant immune response 
against the tumor cells. We revealed that the lack of response 
against the TNBC cells might be due to the increase in the 
phosphorylation of the tyrosine 505 and decrease in the phos
phorylation of the tyrosine 394 in Lck, thus deactivating Lck 
(one of the members of the Src family protein tyrosine kinases). 
In consequence, the tyrosine 493 in ZAP70 was dephosphory
lated, inhibiting TCR activation.31–33 Decrease in ZAP70 acti
vation affected VAV-1 phosphorylation, resulting in NK 
deactivation (Figure 6a).34

Conversely, treatment with C24D reverses the CD45 inhi
bitory signals in PBMCs which were exposed to tumors. Mass 

Figure 6. Schematic diagram: Suggested model of how C24D reverses tumor-induced immune suppression through the CD45 signaling pathway. a. In PBMCs from 
healthy donors exposed to TNBC tumors, phosphorylation of the inhibitory tyrosine (y) 505 in Lck (a member of the Src tyrosine kinases) increased, phosphorylation of 
the tyrosine 394 in Lck decreased, de-activating the Lck protein in the peripheral blood leukocytes. In consequence, tyrosine 493 in ZAP70, and VAV-1 were de- 
phosphorylated, de-activating ZAP70 and VAV-1. As a result, TCR activity decreased, dampening immune response. b. Binding of the C24D peptide to the CD45 receptor 
on leukocytes which were previously exposed to TNBC cells, reverses the suppression by de-phosphorylation of the tyrosine 505 and phosphorylation of the tyrosine 394 
in Lck. Consequently, the tyrosine 493 in ZAP70 and VAV-1 are phosphorylated, resulting in TCR activation, tumor cell killing and secretion of IFN-γ, IL-2 and TNF-α.
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spectrometry results revealed that C24D binds to a short iso
form of the human extra cellular domain of CD45, the recep
tor-type tyrosine-protein phosphatase C (PTPRC). The 
binding receptor was validated by western blot analysis using 
an anti-CD45 antibody to confirm CD45 as the protein pre
cipitated from PBMCs with C24D. C24D/CD45 interaction 
was demonstrated by a Proximity Ligation Assay. Validation 
of CD45 as C24D binding receptor was also demonstrated 
when the effect of C24D on IFN-γ secretion was canceled by 
blocking the extracellular domain of CD45. Upon binding to 
the CD45 receptor of tamed PBMCs, C24D induces the activa
tion of the CD45 signal transduction pathway.

It has been reported that loss of CD45 results in hyperpho
sphorylation of the Lck C-terminal tail (Y505), thereby redu
cing the amount of active Lck. The reduction in Lck impairs 
T cell development when TCR signaling is required.35–37 We 
observed a significant decrease in C24D binding to almost all 
the tested sub-populations (CD3, CD4, CD8 T cells and CD56 
and NKG2D NK cells) in PBMCs from healthy donors co- 
cultured with MDA-MB-231 cells. The significant decrease in 
the percentage of C24D binding to PBMCs suggests a loss of 
CD45 (or of a specific CD45 isoform) after exposure to TNBC.

In PBMCs from breast cancer patients, we observed a lower 
percentage of C24D binding only to NK cells (CD56, CD16 and 
NKG2D positive cells). The difference in patients compared to 
co-cultures, is possibly due to the direct contact between the 
cells in the co-cultures.

The percentage of C24D binding to T and NK cells in 
PBMCs co-cultured with MDA-MB-231 was restored after 
treatment with C24D. Concurrently, C24D treatment induced 
Lck, ZAP70 and VAV-1 phosphorylation, resulting in reactiva
tion of the CD45-signaling cascade (Figure 6b) and the trigger
ing of massive tumor cell killing.

Increase in CD69 expression reflects an immunoreactive 
phenotype associated with enhanced cytotoxicity against var
ious target cells.38 Increase of CD69 expression in NK cells in 
breast cancer patients after immunotherapy was associated 
with better survival39 and longer disease free survival40 com
pared to patients with lower receptor expression.

We found that addition of C24D to the MDA-MB-231/ 
PBMC co-cultures induced a significant increase in activated 
CD4+/CD69+, CD8+/CD69+ T cells and CD56+/CD69+ NK 
cells and a significant increase in type 1 cytokines which are 
critical for optimal anti-tumor response: INF-γ, TNF-α and IL- 
2.41,42 In contrast, C24D had no significant effect on CD14 
+/CD137L+ activated monocytes.43 Furthermore, IL-1β secre
tion did not change upon C24D treatment.44

Increase in circulating CD8+ or CD4+ cells positive for 
CD57 (a marker of terminal differentiation) has been asso
ciated with poor prognosis in several solid and hematological 
tumors.45,46 Additionally, an inverse correlation between cir
culating CD57+ and tumor-infiltrating NK cells was found in 
Her2+ breast cancer patients.47 Treatment with C24D to 
PBMC/MDA-MB-231 co-cultures did not result in an increase 
of CD57+ clones, enabling effective tumor cell killing.

We also evaluated the effect of treatment with C24D in an 
in vivo model using TNBC cells in nude mice transplanted with 
human PBMCs. Analysis of the xenografts from the C24D- 
treated mice showed that tumor growth was arrested with both 

the 60 and the 300 μg/mouse doses. However, better results 
were achieved with 60 μg/mouse. Also in the in vitro studies, 
higher than optimal doses resulted in a lower response. Such 
bell-shaped dose responses, resulting from immunological 
feedback, drug-receptor binding affinity, target saturation and 
drug stability have been reported.48 Also anti-PD1 antibodies 
display similar bell-shaped dose-response and receptor satura
tion characteristics.49The combination of the relatively long 
stability of C24D and receptor saturation may explain the 
reduction of the immune response with amounts larger than 
the optimal dose.

In the serum of the treated mice, we found an increase in 
human INF-γ. An immuno-fluorescent analysis of the MDA- 
MB-231 xenografts demonstrated a significant increase in 
tumor cell apoptosis, explained by a significant increase in 
infiltrated human CD45+ cells, composed of human CD8 + T 
cells and activated human CD56+ NK cells. Clinical studies 
have found a connection between tumor-infiltrated NK and 
CD8+ cells and anti-cancer immune responses linked to breast 
cancer patients’ survival.50 Particularly with TNBC, a 10% 
increase in tumor-infiltrating lymphocytes resulted in 
improved prognosis.9,46 Moreover, a recent study correlated 
TNBC patients’ survival (up to 18-year follow-up) with high 
frequency of CD8+ tumor infiltrated cells.51

Since CD45 is a ubiquitous receptor expressed on all 
leucocytes,17,26,27 we performed preliminary assays to test 
C24D’s specificity. We treated PBMCs exposed to normal 
breast cells (MCF-10A) with C24D and evaluated killing and 
cytokine secretion. In contrast to PBMCs exposed to TNBC 
cells, addition of C24D did not induce an immune-stimulating 
effect, suggesting that C24D only affects immune-suppressed 
cells.

CD45 has been called a signaling “gatekeeper”, filtering 
weak or false signaling events and allowing effective 
signaling.35 Considering the results presented herein, it is pos
sible that breast tumors exploit CD45’s gatekeeper function, 
suppressing immune response, which is subsequently reversed 
by treatment with C24D.

Given the central role played by CD45 in the immune 
system, and given the positive results obtained with C24D 
treatment, we propose that CD45 can be a promising thera
peutic target for the reactivation of immune responses in 
cancer.28,52 We hope this study rejuvenates the interest in 
delineating new roles in immunotherapy for the “old” CD45 
target.

However, further studies are essential for the development 
of an effective immunomodulatory compound. Studies for the 
identification of the C24D/CD45 binding epitope and for 
a more comprehensive elucidation of the anti-tumor mechan
ism have been initiated and will undoubtedly shed light on this 
novel therapeutic strategy.

List of abbreviations:

TNBC triple negative breast cancer
PD1/PDL-1 the programmed cell death protein 1 or programmed cell 

death ligand 1 CTLA-4: cytotoxic T-lymphocyte- 
associated antigen 4

PTPRC protein tyrosine phosphatase receptor type C
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TCR T cell receptor
Lck lymphocyte-specific protein tyrosine kinase
ITAMs immunoreceptor tyrosine-based activation motifs
ZAP70 Zeta-chain-associated protein kinase 70
PBMC peripheral blood mononuclear cells
IFNγ Interferon gamma
TNFα Tumor Necrosis Factor alpha
IL-2 Interleukin 2
FMO fluorescence minus one
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