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Abstract. Myeloid‑derived suppressor cells (MDSCs) are 
potent suppressors of antitumor immunity and their accu‑
mulation is often associated with poor prognosis. The aim 
of the present study was to determine the mechanisms of 
action of lentiviral vectors encoding short hairpin (sh)RNA 
against interleukin‑10 (IL‑10), with particular emphasis on 
their influence on the activity of tumor‑derived MDSCs. 
Lentiviral vectors encoding shRNA against IL‑10 (shIL‑10 
LVs) were utilized to silence the expression of IL‑10 either in 
MDSCs that were generated ex vivo from bone marrow cells 
cultured in the presence of supernatant from MC38 colon 
carcinoma cells, or in situ in the MC38 murine colon carci‑
noma environment. Although monocytic MDSCs (M‑MDSCs) 
transduced with shIL‑10 LVs exhibited increased suppressor 
activity, transduction of polymorphonuclear MDSCs 
(PMN‑MDSCs) appeared to reduce their ability to inhibit T 
lymphocyte functions. Analysis of EGFP expression in MC38 
tumors revealed that intratumorally inoculated shIL‑10 LVs 
transduced tumor‑infiltrating myeloid cells with the highest 
efficiency and, led to a decreased IL‑10 level in the tumor 
microenvironment. However, the effect was accompanied by 
increased influx of PMN‑MDSCs into tumors observed both 
on the 6th and on the 10th day after shIL‑10 LV injections. 
Nevertheless, it was noted that suppressor activity of myeloid 
cells isolated from tumors was dependent on the efficiency of 

tumor‑derived PMN‑MDSC transduction with shIL‑10 LVs. 
The increased percentage of transduced PMN‑MDSCs on the 
10th day was associated with diminished immunosuppres‑
sive activity of tumor‑derived myeloid cells and an elevated 
ratio of cytotoxic T lymphocytes to M‑MDSCs. The obtained 
data indicated that treatment with shIL‑10 LVs may result in 
modulation of the immunosuppressive activity of MC38 colon 
carcinoma‑derived MDSCs.

Introduction

Immunotherapy used in treatment of neoplastic diseases 
aims to boost the antitumor response, where antigen‑specific 
T lymphocytes play an important role. However, the pres‑
ence of immunosuppressive cells, such as myeloid‑derived 
suppressor cells (MDSCs), tumor‑associated macrophages 
(TAMs), regulatory T  lymphocytes (Tregs) and soluble 
factors [e.g. interleukin‑10 (IL‑10), transforming growth 
factor‑β  (TGF‑β), vascular endothelial growth factor 
(VEGF), indoleamine  2,3‑dioxygenase (IDO), prosta‑
glandin  E2 (PGE2)] in the tumor microenvironment 
(TME), contributes to the reduction of the activity of the 
effector T cells, thus diminishing the effectiveness of the 
applied treatment  (1,2). Among the most potent suppres‑
sors of antitumor immunity are myeloid‑derived suppressor 
cells, a heterogenic population that consists of monocytic 
(M‑MDSCs) and polymorphonuclear (PMN‑MDSCs) cells, 
whose differentiation from myeloid precursors is altered by 
the tumor‑derived factors (3,4). During carcinogenesis, the 
accumulation of these cells can be observed in tumor sites 
and their frequency is often considered as a biomarker for 
predicting the response to the applied immunotherapy and 
prognosis of the clinical outcome in patients (5‑7). MDSCs 
suppress the specific immune response by acting on immu‑
nocompetent cells and promoting escape of the tumor from 
immune surveillance, which leads to the progression of the 
disease. Depletion of amino acids necessary for T‑cell activa‑
tion, production of reactive oxygen and nitrogen species, and 
expression of proteins of a suppressive nature, such as IL‑10, 
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TGF‑β and programmed death‑ligand 1 (PD‑L1), by MDSCs 
lead to inhibition of the activity of antitumor immune cells, 
as well as induction of Tregs with suppressor activity (8). 

Although recent reports indicate that IL‑10 may take 
part in induction of MDSCs (9,10), the role of TME‑derived 
IL‑10 in differentiation of MDSCs and activation of their 
suppression mechanisms is not fully understood. Based 
on the literature, it is known that IL‑10 affects the activity 
of other myeloid cells in the TME. It hinders the matura‑
tion of dendritic cells (DCs) and reduces the expression of 
costimulatory molecules, limiting their ability to induce a 
specific antitumor response (11,12). Moreover, it promotes 
polarization of macrophages towards M2‑type cells, which 
in consequence produce elevated amounts of IL‑10 that 
inhibits the secretion of IL‑12 in autocrine fashion  (13). 
In addition, IL‑10 impairs the antitumor activity of CD4+ 
T cells by reducing the secretion of Th1‑type cytokines, 
as well as by inducing the differentiation of Tregs (14,15). 
Since these processes invariably lead to tumor progres‑
sion, IL‑10 is regarded as a potential target for antitumor 
therapies (16). In our previous research, local elimination 
of IL‑10 was applied in antitumor immunotherapy. Trials 
with cyclophosphamide (CY), dendritic cell‑based vaccines 
and lentiviral vectors (LVs) locally silencing the expres‑
sion of this cytokine revealed high efficiency of this kind 
of treatment in MC38 murine colon carcinoma growth 
inhibition and showed that the therapeutic effect was 
accompanied by a reduction of the percentage of MDSCs 
in tumors  (17). However, it was also observed that a few 
days after application, intratumorally injected LVs carrying 
shRNA against IL‑10 (shIL‑10 LVs) induced an increased 
influx of PMN‑MDSCs into tumors (17). Considering our 
previous observations, this study aimed to determine the 
mechanisms of acting of lentiviral vectors encoding shRNA 
against IL‑10 with particular emphasis on their influence 
on the activity of tumor‑derived MDSCs. Third‑generation 
lentiviral vectors encoding shRNA were used to silence the 
expression of IL‑10 in ex vivo‑generated MDSCs, as well as 
to reduce the production of IL‑10 in the TME of MC38 colon 
carcinoma. Lentiviral vectors were injected intratumorally 
according to two different schedules, which made it possible 
to demonstrate the kinetics of immune response induction 
after application of shIL‑10 LVs, as well as to establish 
whether shIL‑10 LVs were able to efficiently reduce the 
IL‑10 secretion after development of antiviral immune 
response. Since cyclophosphamide was reported as an IL‑10 
reducing agent and due to its potential to increase the anti‑
tumor activity of some immunotherapeutic strategies (18), 
the intratumoral activity of shIL‑10 LVs was also evaluated 
when they were applied in the combined treatment with a 
low dose of CY. The gathered data indicate that transduc‑
tion with shIL‑10 LVs results in altered immunosuppressive 
activity of ex vivo‑generated and tumor‑derived MDSCs. 
Reduction of immunosuppressive activity of myeloid cells 
infiltrating tumors depends on the direct influence of the 
vectors on PMN‑MDSCs, which were observed to lose their 
suppressor activity following transduction with shIL‑10 LVs 
in in vitro conditions. Nevertheless, this effect appears to be 
dependent both on specific silencing of IL‑10 expression and 
changes mediated by lentiviral transduction itself.

Materials and methods

Mice. Female C57BL/6 mice were obtained from the Center 
for Experimental Medicine of the Medical University of 
Bialystok, Poland. All experiments were performed in accor‑
dance with Directive 2010/63/EU of the European Parliament 
and of the Council on the protection of animals used for 
scientific purposes and were approved by the 1st Local Ethic 
Committee for Experiments with the Use of Laboratory 
Animals, Wroclaw, Poland (authorization number 11/2015, 
33/2018). After the experiments, mice were sacrificed by 
cervical dislocation.

Cell culture. The in vivo growing MC38 murine colon carci‑
noma from the Tumor Bank of the TNA Radiobiology Institute 
(Rijswijk, The Netherlands) was adapted to in vitro conditions 
as described by Pajtasz‑Piasecka et al (19). MC38/0 cells were 
maintained in RPMI‑1640 (Gibco) supplemented with 100 U/ml 
penicillin, 10 mg/ml streptomycin, 1 mM sodium pyruvate, 
0.05  mM 2‑mercaptoethanol and 5% fetal bovine serum 
(FBS; all reagents from Sigma‑Aldrich). Lenti‑X 293T cell 
line (Clontech) was maintained in high‑glucose Dulbecco's 
Modified Eagle Medium (Gibco) supplemented with 100 U/ml 
penicillin, 100 mg/ml streptomycin, 1 mM sodium pyruvate 
and 10% of FBS. MDSCs were generated from bone marrow 
of healthy (wild‑type) C57BL/6 mice isolated according to 
the procedure described by Rossowska et al (20). The cells 
were cultured in a conditioned medium consisting of 25% 
RPMI 1640 and 75% supernatant from the above MC38/0 
cells (10x106/10 ml) cultured in hypoxia conditions (1% O2) for 
48 h, supplemented with 10% FBS and 80 ng/ml recombinant 
murine granulocyte‑macrophage colony‑stimulating factor (rm 
GM‑CSF) (ImmunoTools). The medium was replaced every 
two days of culture. On the 6th day, MDSCs were transduced 
with lentiviral vectors in the presence of polybrene (10 µg/ml, 
Sigma‑Aldrich).

Production of lentiviral vectors. Lentiviral vectors (LVs) 
were produced using a third‑generation lentiviral system, 
which consisted of pMDLg/pRRE, pRSV‑Rev, pMD2.G [the 
plasmids were a gift from Didier Trono (Addgene plasmid 
#12251, 12253, 12259)] and pGLV‑H1‑GFP + Puro expres‑
sion plasmids (EzBiolab). The expression plasmids encoded 
three different shRNA sequences against IL‑10 (shIL‑10) or 
a non‑targeting sequence of shRNA against human GAPDH 
(shN), which was used as a negative control (Fig. 1). Lentiviral 
vectors were produced and concentrated according to the 
procedure described in our previous article  (21). Briefly, 
Lenti‑X cells were co‑transfected with plasmids and cultured 
for 48  h. Supernatant containing lentiviral vectors was 
collected and concentrated by precipitation using PEG 6000 
(Sigma‑Aldrich). The titer of the lentiviral vectors was deter‑
mined by the serial dilution method using MC38/0 cells. 

Determining IL‑10 silencing efficiency in transduced MDSCs. 
MDSCs were transduced with LVs encoding shRNA silencing 
the expression of IL‑10. For reference, non‑transduced cells, 
or cells transduced with control LVs encoding non‑targeting 
shRNA against human GAPDH, were used. After 3 days, the 
efficacy of transduction was determined by flow cytometry as 
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a percentage of enhanced green fluorescent protein‑positive 
(EGFP+) cells. The efficiency of IL‑10 silencing was evaluated 
at mRNA and protein levels using real‑time PCR and ELISA, 
respectively. Total RNA was isolated using a NucleoSpin RNA 
kit (Macherey‑Nagel) and reverse‑transcribed with a RevertAid 
First Strand cDNA Synthesis Kit (Thermo Scientific). Real‑time 
PCR was performed using TaqMan Universal PCR Master Mix 
and TaqMan Gene Expression Assay primers for IL‑10 (Applied 
Biosystems) in reference to the HPRT gene. Concentration of 
IL‑10 in supernatants from the MDSC 24‑h culture established 
on the 3rd day after transduction (0.25x106 cells/0.5 ml) was 
measured by ELISA (BD Biosciences). 

Estimation of differentiation level of transduced MDSCs. 
Three days after transduction, the phenotype characterization 
of MDSCs was performed by flow cytometry. The cells were 
labeled with a cocktail of monoclonal antibodies conjugated 
with fluorochromes: Anti‑CD11b (M1/70) PerCP‑Cy5.5, 
anti‑CD11c (N418) Brilliant Violet (BV) 650, anti‑Ly6C 
(HK1.4) BV 510, anti‑Ly6G (1A8) BV 605, anti‑MHC II 
(M5/114.15.2) APC‑Cy7, anti‑CD86 (GL‑1) PE‑Cy7, anti‑F4/80 
(BM8) Alexa Fluor 700, anti‑PD‑L1 (10F.9G2) APC (all from 
BioLegend). Analysis of the cell phenotype was performed 
using LSRFortessa flow cytometer with FACS Diva software 
(BD Biosciences). In order to exclude dead cells, DAPI dye 
(Invitrogen) was added prior to the analysis. 

Determination of suppressive activity of transduced MDSCs. 
Spleen cells obtained from healthy (wild‑type) C57BL/6 
mice were labeled with CellTrace CFSE (carboxyfluorescein 
succinimidyl ester) dye (0.5 µM, 15 min, 37˚C; Invitrogen) 
and co‑cultured with transduced M‑MDSCs or PMN‑MDSCs 
sorted with FACS Aria (BD Biosciences). Cells were cultured 
in a ratio of 1:1 (1x105 splenocytes and 1x105 M‑MDSCs or 
1x104 splenocytes and 1x104 PMN‑MDSCs) or 2:1 (2x105 
splenocytes and 1x105 M‑MDSCs or 2x104 splenocytes and 
1x104 PMN‑MDSCs) in the presence of concanavalin A 
(2 µg/ml; Sigma‑Aldrich) and rh IL‑2 (200 U/ml, ImmunoTools). 
After 3 days, the cells were labeled with monoclonal anti‑
bodies conjugated with fluorochromes: Anti‑CD11b (M1/70) 
PerCP‑Cy5.5, anti‑CD4 (RM4‑5) APC, anti‑CD8 (53‑6.7) 
PE‑Cy (all from BioLegend). CFSE mean fluorescence inten‑
sity (MFI) in CD4+ and CD8+ cells was measured using the 
LSRFortessa (BD Biosciences). Concentrations of interferon‑γ 
(IFN‑γ) and IL‑10 in supernatants from the above co‑culture 
were determined using ELISA kits (eBioscience, Invitrogen 
and BD Biosciences, respectively). 

Intratumoral application of lentiviral vectors. Eight to 
ten‑week‑old female C57BL/6 mice were subcutane‑
ously inoculated in the right f lank with MC38/0 cells 
(1.1x106  cells/0.2 ml/mouse). After the tumor volume had 
reached ~50 mm3, mice were randomized and treated with 
cyclophosphamide (CY) and/or LVs encoding shRNA against 
IL‑10 (shIL‑10 LVs) or with LVs encoding non‑targeting 
shRNA against human GAPDH (shN LVs). Lentiviral vectors 
were applied intratumorally (i.t.; 2x106 TU/50 µl/mouse) three 
times, accordingly to the schemes presented in the Results 
section. The intratumoral injections were performed with 
extreme caution and any mechanical disruption of the tumor 

tissue were not observed. Cyclophosphamide (Baxter) was 
applied i.p. (150 mg/kg body weight) two days prior to the 
first LV injection. On the 6th (7‑10 mice per group) or 10th 
(7‑10 mice per group) day of the treatment (LVs) and on the 8th 
(3 mice per group) and 12th (9‑10 mice per group) day of the 
treatment (CY + LVs), mice were sacrificed, and tumors and 
tumor‑draining lymph nodes (tLNs) were dissected, homog‑
enized and used for further analyses. 

Determination of IL‑10 silencing efficiency in tumors. 
Concentration of IL‑10 in supernatants from 24‑h culture of 
cells isolated from the tumor tissue (10 mg/ml) was estimated 
using ELISA (BD Biosciences).

Analysis of myeloid cell populations in tumors of LV‑treated 
mice. Tumor cells were isolated from mice were labeled 
with a cocktail of monoclonal antibodies conjugated with 
fluorochromes: Anti‑CD45 (30‑F11) V500, anti‑CD3 (145‑2C11) 
PE‑CF594, anti‑CD19 (1D3) PE‑CF594, anti‑CD49b (DX5) 
PE‑CF594 (all from BD Biosciences), anti‑CD11b (M1/70) 
PerCP‑Cy5.5, anti‑CD11c (N418) BV 650, anti‑F4/80 (BM8) 
Alexa Fluor 700, anti‑Ly6C (HK1.4) PE, anti‑Ly6G (1A8) 
BV 605 (all from BioLegend). In order to exclude dead cells, 
DAPI dye was added prior to the analysis. Analysis of percentage 
of tumor‑infiltrating myeloid cells as well as EGFP expression 
was performed using the LSRFortessa (BD Biosciences). 

Analysis of lymphoid cell populations in tumors and 
tumor‑draining LNs of LV‑treated mice. Tumor and lymph node 
cells isolated from mice were stained with LIVE/DEAD Fixable 
Violet Dead Staining Kit (Invitrogen) and labeled with a cock‑
tail of monoclonal antibodies conjugated with fluorochromes: 
Anti‑CD45 (30‑F11) BV 605, anti‑CD3 (17A2) BV 650, 
anti‑CD4 (RM4‑5) FITC, anti‑CD8 (53‑6.7) APC/Fire750, 
anti‑CD25 (PC61) PE, anti‑CD44 (IM7) PE‑Cy7, anti‑CD62L 
(MEL‑14) PerCP‑Cy5.5 (all from BioLegend), and anti‑CD49b 
(DX5) PE‑CF594 (BD Biosciences) for lymphoid cell analysis in 
tumors and anti‑CD4 (RM4‑5) PerCP‑Cy5.5, anti‑CD8 (53‑6.7) 
PE‑Cy, anti‑CD44 (IM7) FITC, and anti‑CD62L (MEL‑14) 
BV 605 (all from BioLegend) for lymphocyte analysis in tLNs. 
In the following step, the cells were fixed using eBioscience 
Foxp3/Transcription Factor Staining Buffer Set (Invitrogen). 
Subsequently, cells from tLNs were labeled with anti‑Ki67 
(16A8) APC (BioLegend). Analyses of lymphoid cells in tumors 
and tLNs were performed using LSRFortessa (BD Biosciences). 

Determination of suppressive activity of tumor‑infiltrating 
myeloid cells. Tumor cells isolated from mice were labeled 
with anti‑CD11b monoclonal antibody (M1/70) conjugated 
with magnetic nanoparticles (BD IMag). Myeloid (CD11b+) 
cells were magnetically separated and co‑cultured with 
CFSE‑labeled splenocytes from healthy mice in a ratio of 1:1 
(5x104 tumor‑infiltrating CD11b+ cells and 5x104 splenocytes). 
Co‑culture as well as the analysis was performed according 
to the procedure described above. CFSE mean fluorescence 
intensity (MFI) in CD4+ and CD8+ cells was measured 
using the LSRFortessa (BD Biosciences). Concentrations of 
IFN‑γ and IL‑10 in supernatants from the co‑culture were 
determined using ELISA kits (eBioscience, Invitrogen and 
BD Biosciences, respectively).
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Statistical analysis. All the data were analyzed using 
GraphPad Prism 8 software. Normality was verified using the 
Shapiro‑Wilk test. Statistical significance of normally distrib‑
uted data was calculated using Welch's ANOVA followed 
by post hoc Dunnett's T3 multiple comparison test. For the 
analysis of non‑normally distributed data, the non‑parametric 
Kruskal‑Wallis test followed by post hoc Dunn's multiple 
comparison test or the Mann‑Whitney U test was used. P<0.05 
was considered to indicate a statistically significant difference.

Results

IL‑10 silencing in in vitro‑cultured MDSCs induced changes 
in their suppressive activity. In the first step of the study, 
the effectiveness of three different nucleotide sequences 
of shRNA in silencing of murine IL‑10 was determined. 
The research was conducted using MDSCs, which were 
ex vivo‑generated during six‑day culture of bone marrow cells 
in the presence of GM‑CSF and the supernatant collected 
from MC38 colon carcinoma culture maintained in hypoxia 
conditions. Phenotype characterization of the obtained cells 
was performed using the flow cytometry method according to 
the scheme presented in Fig. 1A. On the 6th day of differenti‑
ating cell culture, M‑MDSCs (CD11b+CD11cnegLy6C+Ly6Gneg) 
constituted the vast majority in the cell suspension (over 
60%), whereas PMN‑MDSCs (CD11b+CD11cnegLy6CintLy6G+) 
accounted for approx. 20% of the cells (Fig. 1A). Apart from 
MDSCs, CD11c+ cells corresponding to immature dendritic 
cells were also detected (approximately 10% of all cells). As 
expected, the obtained MDSCs were characterized by lower 
expression of molecules associated with the maturation stage 
of myeloid cells such as MHC class II, CD86, F4/80 or PD‑L1 
compared to CD11c+ cells. Such phenotype characteristics 
indicate typical features of MDSCs (Fig. 1A).

The obtained cell suspension was transduced using lenti‑
viral vectors encoding EGFP as a reporter gene and shRNAs 
against murine IL‑10 (Fig. 1B and C). Transduced cells were 
characterized by high expression of EGFP and significantly 
reduced expression of IL‑10 (Fig. 1D‑F). Real‑time PCR and 
ELISA confirmed that the shIL‑10‑3 sequence was the most 
effective in IL‑10 silencing, and hence this sequence was chosen 
for further experiments where it was referred to as shIL‑10. 

As a result of transduction with shN or shIL‑10 LVs, 
decreased percentages of M‑MDSCs and PMN‑MDSCs in 
the cell suspension were detected. However, the efficiency of 
transduction in both subpopulations of MDSCs, presented here 
as a percentage of EGFP+ cells, was high (Fig. 2A). Although 
we observed a statistically significant shift in the expression 
of selected molecules on the surface of modified M‑MDSCs 
and PMN‑MDSCs in relation to non‑transduced cells, these 
changes were not dependent on the IL‑10 silencing but were 
related to lentiviral transduction itself (Figs.  2B  and  S1). 
Moreover, compared to the high expression of these molecules 
on CD11c+ cells (Fig. S2A and B), it may be concluded that 
neither M‑nor PMN‑MDSCs undergo substantial phenotypical 
changes under the influence of lentiviral transduction and they 
retain the status of immature cells.

The influence of IL‑10 silencing on the suppressor 
activity of in vitro‑cultured M‑MDSCs and PMN‑MDSCs 
was determined using a CFSE‑based proliferation 

assay  (Figs. 3, 4  and S3). Since these two subpopulations 
employ different mechanisms to suppress T cell activity, we 
decided to evaluate their function separately. 

The obtained data showed that the proliferation of 
spleen‑derived CD4+ and CD8+ T  lymphocytes was the 
lowest when cells were co‑cultured with M‑MDSC/shIL‑10 
(Figs. 3A and B, and S4A). Statistically significant differ‑
ences were detected between non‑transduced M‑MDSCs 
and M‑MDSC/shIL‑10 groups (Fig. 3A). It is worth noting 
that transduction with shN LVs also resulted in significantly 
increased suppressive activity of MDSCs. The highly suppres‑
sive activity of M‑MDSC/shIL‑10 was also reflected in the 
production of cytokines by T lymphocytes. Namely, spleno‑
cytes co‑cultured with M‑MDSC/shIL‑10 secreted decreased 
amounts of IFN‑γ in comparison to those co‑cultured with 
M‑MDSCs or M‑MDSC/shN (Fig. 3C and D). On the other 
hand, the production of IL‑10 in this group was comparable to 
that obtained from the positive control of splenocytes cultured 
without M‑MDSCs (splc ctrl) and considerably lower than in 
M‑MDSCs or M‑MDSC/shN groups (Fig. 3C and D).

The opposite effect was noted when splenocytes were 
cultured in the presence of PMN‑MDSC/shIL‑10. The obtained 
results indicate that PMN‑MDSC/shIL‑10 acts more as an 
inducer of CD4+ and CD8+ T lymphocyte proliferation than as 
a suppressor (Fig. 4A and B). Although the differences between 
groups were not statistically significant, it should be noted that 
splenocytes co‑cultured in the presence of PMN‑MDSC/shIL‑10 
(in both a 1:1 and a 2:1 ratio) proliferated even more intensively 
compared to control splenocytes, whereas proliferation in 
the PMN‑MDSC group was lower than in the splc ctrl group 
or more or less at the level of the positive control in the case 
of the PMN‑MDSC/shN group (Fig. 4A and B). Moreover, a 
statistically significant difference of CD4+ T lymphocyte prolif‑
eration when cultured in the presence of PMN‑MDSCs and 
PMN‑MDSC/shIL‑10 in a ratio of 4:1 was detected (Fig. S4B). 
Additionally, PMN‑MDSC/shIL‑10 induced higher production 
of IFN‑γ compared to the PMN/MDSC group, and the difference 
was statistically significant when splenocytes were co‑cultured 
with PMN‑MDSCs at a ratio of 2:1, which was not observed in the 
co‑culture of splc and PMN‑MDSC/shN (Fig. 4D). Production of 
IL‑10 in the PMN‑MDSC/shIL‑10 group was comparable to the 
splc ctrl group and considerably lower than in the PMN‑MDSC 
group (at 1:1 ratio) and PMN‑MDSC/shN group (Fig. 4C and D).

The obtained data indicate that introduction of shRNA 
against IL‑10 into M‑MDSCs and PMN‑MDSCs did not induce 
the maturation of the cells towards fully functional myeloid 
cells such as macrophages, dendritic cells, or granulocytes. 
However, transduction of particular subpopulations of MDSCs 
with shIL‑10 LVs resulted in changes of their suppressor 
activity. Namely, it was observed that M‑MDSCs transduced 
with shIL‑10 LVs showed increased suppressor activity in 
comparison to untransduced cells. The opposite effect was 
observed for the PMN‑MDSC subpopulation‑their transduc‑
tion with shIL‑10 LVs resulted in decreased ability to suppress 
T cell activity. Since MDSC/shN were also characterized by 
lowered expression of IL‑10 in comparison to untransduced 
cells, the suppressor activity of MDSC/shIL‑10 did not differ 
significantly from MDSC/shN. However, it was observed that 
the effect of transduction was correlated with the efficiency of 
reduction of IL‑10 expression.
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Intratumoral injections of shIL‑10 LVs reduced IL‑10 
production in TME and influenced the proportions and activity 
of myeloid cells infiltrating tumor. In order to determine the 

influence of lentiviral vectors carrying shRNA against IL‑10 on 
the activity of immune cells in tumor tissue, shIL‑10 LVs and 
control shN LVs were administered to MC38 tumor‑bearing 

Figure 1. Effectiveness of IL‑10 silencing in MDSCs after transduction with LVs encoding shRNA for IL‑10. (A) The scheme of cytometric analysis and 
phenotype characteristics of MDSCs obtained from a 6‑day culture of murine bone marrow cells maintained in conditioned medium and in the presence 
of rm GM‑CSF. The results are given as the mean ± SD calculated for two independent experiments measured in triplicate. (B) Scheme of a lentiviral 
vector encoding shRNA. (C) Targeted nucleotide sequences of selected shRNA specific for murine IL‑10 (shIL‑10) and non‑targeting control sequence 
(shN). (D) EGFP expression in MDSCs on the 3rd day after transduction with LVs. (E) Relative expression of IL‑10 mRNA in transduced cells exam‑
ined on the 3rd day after transduction with LVs using real‑time PCR. The results are given as the mean ± SD calculated for two independent experiments 
measured in triplicate (F) Concentration of IL‑10 in supernatants collected after 24 h culture of shIL‑10 or shN transduced MDSCs, established on the 3rd 
day after transduction, measured using ELISA. The results are given as the mean ± SD calculated for three independent experiments measured in duplicates. 
Statistical significance was calculated using Welch's ANOVA followed by post hoc Dunnett's T3 multiple comparison test. Differences with a P<0.05 were 
regarded as significant (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). MFI, mean fluorescence intensity; M‑MDSC, monocytic myeloid‑derived suppressor cells; 
PMN‑MDSC, polymorphonuclear myeloid‑derived suppressor cells; EGFP, enhanced green fluorescent protein. 
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mice. Triple, intratumoral injections of the vectors were 
conducted according to the schemes presented in Fig. 5A and B. 
Tumors and tumor‑draining lymph nodes were harvested on 
the 6th or 10th day starting from the first LV injection. It was 
observed that the concentration of IL‑10 produced by cells 
isolated from tumors dissected on both the 6th and 10th day 
was substantially lower in the group that received shIL‑10 
LVs compared to the untreated control and the shN LV group 
(Fig. 5C and D). Detailed analysis of EGFP expression in tumor 
cells (characterized here as CD45neg), as well as lymphoid and 
myeloid cells infiltrating the TME, revealed that on the 6th 
day after LV treatment the CD11b+ myeloid cells were the 
only population with enhanced expression of EGFP, whereas 

the 10th day myeloid cells in LV groups were characterized 
by nearly two‑fold higher EGFP expression than in the control 
group (Figs. S5A and B, and 5E). In the prolonged scheme 
of treatment, enhanced expression of EGFP in tumor cells 
(Fig. S5A and B) was also observed. Further analyses, carried 
out on selected subpopulations of myeloid cells, demonstrated 
that on the 6th day the percentages of EGFP+ cells were the 
highest in the M‑MDSC and PMN‑MDSC populations from 
the shIL‑10 LV group and were at the level of 12.4 and 15.2% 
respectively (Fig. 5F). On the 10th day, a substantial increase 
in the percentage of PMN‑MDSC/EGFP+ was observed in both 
the shN LV group (up to 35.0%) and the shIL‑10 LV group 
(up to 30.6%) compared to untreated control (Fig. 5G). The 

Figure 2. Characteristics of M‑MDSCs and PMN‑MDSCs with the silenced expression of IL‑10. (A) Representative flow cytometric data and bar plots 
showing the changes in the proportion of M‑MDSCs and PMN‑MDSCs in the culture and a percentage of EGFP+ cells (as a transduction efficacy control) 
among identified subpopulations of MDSCs on the 3rd day after IL‑10 silencing. (B) Phenotype characteristics of M‑MDSCs and PMN‑MDSCs on the 3rd 
day after IL‑10 silencing. The results are given as the mean ± SD calculated for three independent experiments measured in triplicates. Statistical significance 
was calculated using Welch's ANOVA followed by post hoc Dunnett's T3 multiple comparison test. Differences with a P<0.05 were regarded as significant 
(*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). M‑MDSC, monocytic myeloid‑derived suppressor cells; PMN‑MDSC, polymorphonuclear myeloid‑derived 
suppressor cells; EGFP, enhanced green fluorescent protein; ctrl, non‑transduced cells; shN, cells transduced with LVs encoding shN sequence; shIL‑10, cells 
transduced with LVs encoding shIL‑10 sequence; MFI, mean fluorescence intensity. 
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effectiveness of LV transduction in this subpopulation was 
considerably higher than in M‑MDSCs (Fig. 5F and G). In the 
prolonged scheme of treatment, LVs demonstrated a noticeable 
increase in the effectiveness of DC modification. In both the 
shN and shIL‑10 groups, the percentage of DC/EGFP+ was 
high and varied within the range of 32‑37% (Fig. 5G). It indi‑
cates that in the proposed scheme of treatment myeloid cells 
infiltrating MC38 tumors seem to be one of the main recipients 
of LV transduction in situ.

The analysis of changes in myeloid cell influx into MC38 
tumors following the administrations of shIL‑10 LVs was 
performed using the multiparameter flow cytometry method 
according to the scheme presented in Supplemental Fig. S6. 
The obtained data demonstrated a significant reduction of 
the percentage of CD11b+ in the aftermath of LV injections 
compared to the untreated control. The effect was noted on both 
the 6th and 10th day and there were no considerable differences 
between shN and shIL‑10 LVs (Fig. 5H). A detailed analysis 
showed that LVs induced a significant reduction of TAM and 
DC populations in tumors compared to the untreated control 
group (Fig. 5I). In the case of DCs, the effect was the most 

intensive after injection of shIL‑10 LVs and the percentage 
of the cells decreased over time. In tumors inoculated with 
shIL‑10 LVs a lower percentage of M‑MDSCs than in the 
untreated control and in the shN LV group was also detected, 
which was particularly evident on the 10th day after the first 
LV injection. Interestingly, shIL‑10 LVs induced an increased 
influx of PMN‑MDSCs into tumors. The highest percentage of 
these cells was noted on the 6th day and although it decreased 
over time, on the 10th day the proportions of these cells in the 
shIL‑10 LV group were still significantly higher than in the 
control group (Fig. 5I).

The CFSE‑based proliferation assay showed that myeloid 
cells isolated from shIL‑10 LV‑treated tumors dissected on the 
6th day were characterized by considerably higher suppressor 
activity toward CD8+ T lymphocytes than those isolated from 
the untreated control or the shN LV group (Fig. 5J). However, it 
needs to be highlighted that the effect was temporary and on the 
10th day after the first injection of shIL‑10 LVs myeloid cells 
lost their suppressor activity in contrast to those obtained 
from the untreated group and the proliferation of CD4+, as 
well as CD8+ T lymphocytes was even more intensive than 

Figure 3. Influence of IL‑10 silencing on the suppressive activity of M‑MDSCs. CFSE‑labeled splenocytes obtained from healthy mice were cultured with 
M‑MDSCs (isolated from the in vitro culture of MDSCs using the FACS Aria sorter) at the final ratio of (A and C) 1:1 or (B and D) 2:1. (A and B) Proliferation 
of CD4+ and CD8+ spleen‑derived T lymphocytes was measured by CFSE dilution and fluorescence intensity on representative histograms. Splenocytes 
cultured with ConA and IL‑2 (splc ctrl) were used as a positive control of proliferation. The results are presented as the mean inverse fold‑change of CFSE 
MFI calculated in reference to the splc ctrl group ± SD [100% splc ctrl MFI value‑3089 and 1005 (A, CD4+, exp. 1 and exp. 2, respectively), 1679 and 475 
(A, CD8+, exp. 1 and exp. 2, respectively), 2882 and 1018 (B, CD4+, exp. 1 and exp. 2, respectively), 1440 and 457 (B, CD8+, exp.1 and exp. 2, respectively)]. 
(C and D) Concentrations of IFN‑γ and IL‑10 in supernatants collected after 72 h co‑culture of M‑MDSCs with splenocytes measured using ELISA. The results 
are expressed as the mean ± SD. Data obtained for two independent experiments measured in triplicate. Statistical significance was calculated using Welch's 
ANOVA followed by post hoc Dunnett's T3 multiple comparison test. Differences with a P<0.05 were regarded as significant (*P<0.05, **P<0.01, ***P<0.001). 
M‑MDSC, monocytic myeloid‑derived suppressor cells; MFI, mean fluorescence intensity. 
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in the splc ctrl group (Fig. 5K). Splenocytes co‑cultured with 
myeloid cells isolated from the LV‑treated groups according 
to two schemes of treatment secreted significantly higher 
amounts of IFN‑γ and IL‑10 compared to those cultured in the 
presence of myeloid cells isolated from the untreated control 
(Fig. 5L and M). However, there were no considerable differ‑
ences in production of these cytokines between shN LVs and 
shIL‑10 LVs groups.

Analysis of lymphoid cells infiltrating tumors, performed 
according to the scheme presented in Fig. S7, showed that 
there was no significant influence of shIL‑10 LV injections on 
the percentage of CD4+ T lymphocytes and NK cells in tumors 
compared to the untreated control (Fig. 6A). Nevertheless, LVs 
induced a high influx of CD8+ cells into tumors and there were 
visible differences in the percentage of these cells between 
the shN LV and shIL‑10 LV groups. Namely, the percentage 
of the cells after injection of shN LVs was the highest on the 
6th day and then slightly decreased, whereas in the group that 
received shIL‑10 LVs the reaction was delayed and the highest 
percentage of CD8+ T lymphocytes was detected on the 10th 

day and was considerably higher than in the untreated control 
and the shN LV group (Fig. 6A). In order to compare changes 
in the cytotoxic T lymphocytes (CTLs) and MDSC influx into 
tumors, the CTL/MDSCs ratios were calculated. The analysis 
demonstrated that the CTL/M‑MDSC ratio of the shIL‑10 LV 
group increased over time and on the 10th day was signifi‑
cantly higher than in the untreated control and the shN LV 
group, whereas the CTL/PMN‑MDSC ratio was the lowest for 
the shIL‑10 LV group on the 6th day and then increased to a 
similar level as in the other groups (Fig. 6B and C). 

The analysis of CD8+ T lymphocytes in tumor‑draining 
lymph nodes showed a significantly lower percentage of these 
cells in shN LV and shIL‑10 LV groups than in the untreated 
control, which indicated an efflux of the cells from tLNs in the 
aftermath of LV injections (Figs. 6D and E, and S8). Although 
there were no significant differences in the percentage of 
CTLs between the shN and shIL‑10 LV groups, on the 6th 
day the percentage of effector CTLs in the group receiving 
shIL‑10 LVs was significantly higher than in the other groups. 
It showed that injections of LVs induced intensive mobilization 

Figure 4. Influence of IL‑10 silencing on the suppressive activity of PMN‑MDSCs. CFSE‑labeled splenocytes obtained from healthy mice were cultured with 
PMN‑MDSCs (isolated from the in vitro culture of MDSCs using the FACS Aria sorter) at the final ratio of (A and C) 1:1 or (B and D) 2:1. (A and B) Proliferation 
of CD4+ and CD8+ spleen‑derived T lymphocytes was measured by CFSE dilution and presented as fluorescence intensity on representative histograms. 
Splenocytes cultured with ConA and IL‑2 (splc ctrl) were used as the positive control of proliferation. The results are presented as the mean inverse fold 
change of CFSE MFI calculated by reference to the splc ctrl group ± SD [100% splc ctrl MFI value‑4818 and 2102 (A, CD4+, exp. 1 and exp. 2, respectively), 
1662 and 796 (A, CD8+, exp. 1 and exp. 2, respectively), 3813 and 1740 (B, CD4+, exp. 1 and exp. 2, respectively), 1977 and 645 (B, CD8+, exp. 1 and exp. 2, 
respectively)]. (C and D) Concentrations of IFN‑γ and IL‑10 in supernatants collected after 72 h co‑culture of PMN‑MDSCs with splenocytes measured using 
ELISA. The results are expressed as the mean ± SD. Data obtained for two independent experiments measured in 1‑3 repeats. Statistical significance was 
calculated using Welch's ANOVA followed by post hoc Dunnett's T3 multiple comparison test. Differences with a P‑value <0.05 were regarded as significant 
(**P<0.01). PMN‑MDSC, polymorphonuclear myeloid‑derived suppressor cells; MFI, mean fluorescence intensity. 
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Figure 5. Influence of the intratumoral inoculation of IL‑10 silencing lentivectors (shIL‑10 LVs) on the myeloid cell activity. Tumors were dissected and analyzed 
on the 6th or 10th day after triple injection of LVs. (A and B) Schemes presenting administration schedules of shIL‑10 LVs. (C and D) IL‑10 production by cells 
isolated from tumors presented as the mean fold‑change of IL‑10 concentration in LV‑treated groups in reference to the untreated group (ctrl) ± SD measured using 
ELISA [100% ctrl value‑(C) 27.2 pg/ml, (D) 231.6 pg/ml]. (E) EGFP expression in myeloid cell infiltrating tumors on the 10th day after the first LV injection. (F and 
G) Changes in percentages of EGFP positive cells among selected subpopulations of myeloid cells on the 6th and 10th day, respectively. (H and I) Changes in percent‑
ages of myeloid cells and myeloid cell subpopulations in tumors on the 6th and the 10th days after LV inoculation estimated using multiparameter flow cytometry 
(TAM: CD11b+CD11c+F4/80+; DC: CD11b+CD11c+F4/80negMHCII+; M‑MDSC: CD11b+CD11cnegF4/80negLy6C+Ly6Gneg; PMN‑MDSC: CD11b+CD11cnegF4/80negL
y6ClowLy6G+). (J and K) Suppressor activity of myeloid cells estimated using CFSE‑based proliferation assay. The proliferation of CD4+ and CD8+ spleen‑derived 
T lymphocytes was measured on the (J) 6th or on the (K) 10th day after LV injection. Splenocytes cultured with ConA and IL‑2 (splc ctrl) were used as a positive 
control of proliferation. The results are presented as the mean inverse fold change of CFSE MFI calculated by reference to the splc ctrl group ± SD [100% splc ctrl 
MFI value‑14509 and 4046 (J, CD4+ and CD8+, respectively), 22382 and 3096 (K, CD4+ and CD8+, respectively)]. (L and M) Concentrations of IFN‑γ and IL‑10 in 
supernatants collected after 72 h co‑culture of myeloid cells with splenocytes measured using ELISA. The results are expressed as the mean ± SD. The number of mice 
per group in each experiment was 7‑10. Statistical significance was calculated using (H‑M) Welch's ANOVA followed by post hoc Dunnett's T3 multiple comparison 
test, (E) the non‑parametric Kruskal‑Wallis test followed by post hoc Dunn's multiple comparison test or (C and D) the Mann‑Whitney U test. Differences with a 
P<0.05 were regarded as significant (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). shN LVs, lentiviral vectors encoding shN sequence; shIL‑10 LVs, lentiviral vectors 
encoding shIL‑10 sequence; TME, tumor microenvironment; MFI, mean fluorescent intensity; EGFP, enhanced green fluorescent protein; TAM, tumor‑associated 
macrophages; DC, dendritic cells; M‑MDSC, monocytic myeloid‑derived suppressor cells; PMN‑MDSC, polymorphonuclear myeloid‑derived suppressor cells. 
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of CD8+ cells in tLNs. However, shIL‑10 LVs can be more 
effective in activation of effector CTLs.

In sum, the obtained data showed that intratumoral 
injections of shIL‑10 LVs induced an increased influx of 
PMN‑MDSCs and delayed infiltration of CD8+ T lymphocytes 
into the TME. Considering that shIL‑10 LVs induced increased 
activation of effector CTLs in tLNs on the 6th day, one can 
assume that the lower percentage of CD8+ T lymphocytes in 
tumors in comparison to the shN LV‑treated group results from 
the suppressive activity of PMN‑MDSCs which infiltrated 
into the tumors in the aftermath of shIL‑10 LV injections 
but have not been transduced yet. Prolonged observation 
revealed that on the 10th day, an enhanced percentage of 
shIL‑10 LV‑transduced MDSCs was correlated with a higher 
T lymphocyte proliferation rate in the presence of myeloid 
cells isolated from the shIL‑10 LV group and an increased 
CTL/M‑MDSC ratio in comparison to the untreated group. It 

may indicate that IL‑10 downregulation in the tumor contrib‑
utes to a reduction of immunosuppression, which depends on 
PMN‑MDSC activity in the TME.

Pretreatment with cyclophosphamide reduced the 
effectiveness of LVs in transduction of myeloid cells 
in situ while simultaneously increasing their effect on 
mobilization of CTLs and NK cells into MC38 tumor. Due to 
the well‑documented immunomodulatory activity of low doses 
of cyclophosphamide and its potential application in combi‑
nation with different forms of immunotherapy we decided 
determine what the effect of pretreatment with CY on the 
activity of shIL‑10 LVs in the TME would be. LVs were admin‑
istered according to the aforementioned schemes; however, 
two days before their application mice received CY in a dose 
of 150 mg/kg body weight. Detailed schemes of the treatment 
are presented in Fig. 7A and B. Tumors, and tumor‑draining 

Figure 6. Influence of the intratumoral inoculation of IL‑10 silencing lentivectors (shIL‑10 LVs) on lymphoid cells in tumors and tumor‑draining lymph nodes. 
Tumors and lymph nodes were dissected and analyzed using a multiparameter flow cytometry on the 6th or 10th day after triple injection of LVs. (A) Changes in 
percentages of CD4+ T lymphocytes (CD3+CD49bnegCD4+), and CD8+ T lymphocytes (CD3+CD49bnegCD8+), and NK cells (CD3negCD49b+) in tumors on the 6th 
and the 10th days after LV inoculation. (B and C) The CTL to MDSC ratio calculated on the (B) 6th and on the (C) 10th days after LV injection. (D) Changes 
in the percentage of CTLs and the percentage of effectors among them in tLNs on the 6th day after LV injection. (E) Changes in the percentage of CTLs, the 
percentage of effectors among them, and expression of Ki67 by effector CTLs in tLNs on the 10th day after LV injection. The results are expressed as the 
mean ± SD. The number of mice per group in each experiment was 7‑10. Statistical significance was calculated using (A, D and E) Welch's ANOVA followed 
by post hoc Dunnett's T3 multiple comparison test or (B and C) the non‑parametric Kruskal‑Wallis test followed by post hoc Dunn's multiple comparison test. 
Differences with a P<0.05 were regarded as significant (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). shN LVs, lentiviral vectors encoding shN sequence; shIL‑10 
LVs, lentiviral vectors encoding shIL‑10 sequence; TME, tumor microenvironment; MFI, mean fluorescent intensity; M‑MDSC, monocytic myeloid‑derived 
suppressor cells; PMN‑MDSC, polymorphonuclear myeloid‑derived suppressor cells; CTL, cytotoxic T lymphocytes; tLN, tumor‑draining lymph nodes.
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lymph nodes were dissected on the 8th and 12th day after CY 
injection and since CY was administered two days prior to the 
first injection of LVs, the timepoints of analyses correspond 
to those in experiments performed without CY (6th and 
10th day after LV injection). The obtained data showed that 
CY administered alone or with shN LVs slightly reduced the 
ability of cells isolated from tumor tissues to secrete IL‑10 in 
comparison to the untreated group, which indicated the direct 
role of CY in reduction of the concentration of this cytokine 
in the TME. After application of CY + shIL‑10 LVs the effect 
of specific IL‑10 silencing was observed, but the difference 
between CY and CY + shIL‑10 LV groups was statistically 
significant only on the 12th day (Fig. 7C and D). Furthermore, 
the EGFP analysis demonstrated that the mean intensity of 
EGFP fluorescence in CD11b+ myeloid cells from CY + LVs 
groups was at the same level as in the CY group (on the 8th 
day) or the untreated control (on the 12th day) (Fig. 7E). On the 
other hand, an increased intensity of EGFP fluorescence was 
observed in tumor cells and lymphoid cells (Fig. S5C and D). 
It may be concluded that myeloid cells were less susceptible 
to LVs in the TME due to the differentiating activity of CY. 
Results confirming this hypothesis are presented in Fig. S9.

Nevertheless, the combined application of CY and shIL‑10 
LVs induced significant changes in the myeloid cell influx 
into tumors. Although the application of CY contributed to 
the decrease of CD11b+ cells in tumors, which was noticed on 
both the 8th and 12th day after treatment starting, LV injec‑
tions enhanced the effect, and the percentage of myeloid cells 
in the shIL‑10 LV group on the 12th day was significantly 
lower than in the untreated control and the CY group. The 
differences between shN and shIL‑10 LV groups were rather 
small (Fig. 7F). Detailed analysis of myeloid cell subpopula‑
tions revealed that the application of CY with LVs (both shN 
and shIL‑10) led to almost complete elimination of TAMs 
and DCs from the TME (Fig. 7G), while the percentage of 
M‑MDSCs and PMN‑MDSCs increased after application 
of CY  +  LVs (Fig.  7G). In spite of the increased propor‑
tion of MDSCs in tumors after application of CY + LVs, 
the CFSE‑based proliferation assay showed that although 
suppressor activity of myeloid cells isolated from the tumor 
was inconsiderably lower than the one detected for the 
untreated group on the 8th day, proliferation rates of lympho‑
cytes in these groups were still lower than in the splc control 
group (Fig. 7H). Additionally, it was observed that myeloid 
cells isolated from tumors of the CY + shIL‑10 LV group on 
the 12th day showed the highest suppressive activity toward 
CD4+ T lymphocytes (Fig. 7I), while the opposite effect was 
observed in the case of CD8+ T lymphocytes (Fig. 7I). The 
influence of the treatment on proliferation of spleen‑derived 
lymphocytes was reflected in cytokine production by spleno‑
cytes co‑cultured with myeloid cells. Data presented in Fig. 7J 
indicate a strong influence of CY on the activity of myeloid 
cells isolated from tumors on the 8th day. However, on the 
12th day, CY was losing its activity and a large increase in 
the production of IFN‑γ, as well as IL‑10 was detected in the 
groups receiving CY + LVs (Fig. 7K).

Analysis of lymphoid cells in tumors showed a strong 
influence of the combined treatment on the CTL and NK cell 
influx into the TME. Cyclophosphamide induced changes in 
the percentage of CD8+ T lymphocytes and on the 8th day 

proportions of those cells were higher in the CY and CY + LV 
groups compared to the untreated control. However, on the 
12th day a large influx of CTLs was observed only after 
combined treatment (Fig. 8A). On the 12th day, a significant 
increase of the percentage of NK cells in tumors was also 
observed following the CY + LV treatment (Fig. 8A), while 
no differences were noted between shN LV and shIL‑10 LV 
groups. It was also demonstrated that the CTL/M‑MDSC 
ratio was slightly more favorable for the CY + shIL‑10 LV 
group than for the CY + shN LV group both on the 8th and 
12th day, whereas the CTL/PMN‑MDSC ratio was consider‑
ably lower for both CY + LV groups compared to the control 
groups on the 8th day and increased over time to the control 
level (Fig. 8B and C).

On the other hand, the analysis of CD8+ T lymphocytes 
in tumor‑draining lymph nodes indicated that pretreatment 
with CY delayed the mobilization of the cells and on the 8th 
day there were no significant changes in the percentage and 
activity of CTLs in tLNs (Fig. 8D), while on the 12th day 
the efflux of CTLs, as well as a significant increase in the 
percentage of effector CTLs and a high proliferation index of 
these cells, was observed after application of the combined 
treatment. A slightly higher percentage of effector CTLs in the 
shIL‑10 LV group compared to the shN LV group (Fig. 8E) 
was also observed.

In summary, CY induced the reduction of IL‑10 in the 
TME by itself, so differences in IL‑10 concentration in the 
TME could be insufficient to detect changes in proportions 
and activity of cells infiltrating tumors treated with CY + LVs. 
However, we observed that after the combined treatment, 
tumor cells and lymphoid cells were the major targets for 
intratumorally administered LVs, and such treatment activated 
not only CD8+ T lymphocytes but also NK cells.

Discussion

The main objective of this work was to determine the mecha‑
nisms of the immune response induced by lentiviral vectors 
encoding the shRNA sequence that silence the expression of 
IL‑10. Taking into considerations our previous observations, 
we focused on evaluation of suppressor activity of MDSCs 
following treatment with shIL‑10 LVs. For this purpose, 
shIL‑10 LVs were used for transduction of ex vivo‑generated 
MDSCs. During the second stage of this research, lentiviral 
vectors were injected into MC38 colon carcinoma tumors in 
order to evaluate the changes in the local immune response 
caused by shIL‑10 LV‑mediated reduction of IL‑10 in the 
TME. 

In the first stage of our research, it was observed that 
silencing of IL‑10 in MDSCs, which were generated from 
bone marrow cells cultured in the presence of MC38 colon 
carcinoma cell‑derived factors, did not induce their differ‑
entiation towards mature myeloid cell populations. To test 
whether IL‑10 silencing affected MDSC activity, the effects 
of MDSC/shIL‑10 on T cell proliferation and their ability 
to produce IFN‑γ and IL‑10 were determined. We decided 
to examine M‑MDSCs and PMN‑MDSCs separately, since 
these two subpopulations of MDSCs use different suppression 
mechanisms. According to the literature, M‑MDSCs suppress 
T cell activity by secretion of nitrogen oxide, arginase and 
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Figure 7. Myeloid cell activity in MC38 tumor in aftermath of shIL‑10 LV injections preceded by administration of cyclophosphamide. Tumors were dissected 
and analyzed on the 8th or 12th day after intraperitoneal administration of CY followed by triple injection of LVs. (A and B) Schemes presenting the CY and LV 
administration schedules. (C and D) IL‑10 production by cells isolated from tumors presented as the mean fold change of IL‑10 concentration in CY + LV‑treated 
groups referenced by the untreated group (ctrl) ± SD measured using ELISA [100% ctrl value‑(C) 317 pg/ml and (D) 393 pg/ml]. (E) EGFP expression in myeloid 
cell infiltrating tumors. (F and G) Changes in percentages of myeloid cells and myeloid cell subpopulations in tumors on the 8th and the 12th day after treatment 
estimated using multiparameter flow cytometry (TAM: CD11b+CD11c+F4/80+; DC: CD11b+CD11c+F4/80negMHCII+; M‑MDSC: CD11b+CD11cnegF4/80negLy6C+

Ly6Gneg; PMN‑MDSC: CD11b+CD11cnegF4/80negLy6ClowLy6G+). (H and I) Suppressor activity of myeloid cells estimated using CFSE‑based proliferation assay. 
Proliferation of CD4+ and CD8+ spleen‑derived T lymphocytes was measured on the (H) 8th or on the (I) 12th day after treatment. Splenocytes cultured with ConA 
and IL‑2 (splc ctrl) were used as a positive control of proliferation. The results are presented as the mean inverse fold change of CFSE MFI calculated by refer‑
ence to the splc ctrl group ± SD [100% splc ctrl MFI value‑9400 and 3767 (H, CD4+ and CD8+, respectively), 11950 and 2239 (I, CD4+ and CD8+, respectively)]. 
(J and K) Concentrations of IFN‑γ and IL‑10 in supernatants collected after 72 h co‑culture of myeloid cells with splenocytes measured using ELISA (nd, not 
detected). The results are expressed as the mean ± SD. The number of mice per group in experiment A was 3 and in experiment B 9‑10. Statistical significance 
was calculated using Welch's ANOVA followed by post hoc Dunnett's T3 multiple comparison test. Differences with a P‑value <0.05 were regarded as significant 
(*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, #P<0.05, ##P<0.01, ###P<0.001, ####P<0.0001; differences related to untreated group were presented as * and those 
related to CY‑treated group were presented as #). shN LVs, lentiviral vectors encoding shN sequence; shIL‑10 LVs, lentiviral vectors encoding shIL‑10 sequence; 
CY, cyclophosphamide; TME, tumor microenvironment; MFI, mean fluorescent intensity; EGFP, enhanced green fluorescent protein; TAM, tumor‑associated 
macrophages; DC, dendritic cells; M‑MDSC, monocytic myeloid‑derived suppressor cells; PMN‑MDSC, polymorphonuclear myeloid‑derived suppressor cells. 
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immunosuppressive cytokines, whereas PMN‑MDSCs do 
so mostly by the production of reactive oxygen and nitrogen 
species, and due to the low stability of these compounds, they 
affect lymphocytes during cell‑to‑cell contact (3). During our 
research, it was observed that T cells proliferated less inten‑
sively in the presence of M‑MDSC/shIL‑10 than in cultures with 
non‑transduced cells. Moreover, M‑MDSC/shIL‑10 decreased 
the ability of lymphocytes to produce IFN‑γ and IL‑10. On the 
other hand, it seems that lentiviral vector‑mediated silencing 
of IL‑10 in PMN‑MDSCs decreased their suppressor activity 
against T lymphocytes - these cells divided more often and 
also secreted more IFN‑γ and less IL‑10 than lymphocytes 
cultured in the presence of non‑transduced PMN‑MDSCs. It 
should be noted that the suppressor activity of MDSC/shIL‑10 

did not differ significantly from MDSC/shN. The changes of 
the activity of MDSCs transduced with shN LVs are prob‑
ably a result of the lentiviral vector influence on these cells. 
Since LVs contain viral antigens, as well as viral RNA, they 
modulate the activity of myeloid cells by toll‑like receptor 
stimulation  (22). Consequently, transduction of MDSCs 
with LVs may result in increased expression of molecules 
responsible for the activity of myeloid cells, e.g. MHC II, 
CD86, PD‑L1, as well as in a changed cytokine expression 
profile. Taking into consideration the fact that MDSCs 
transduced with shN LVs showed a lower level of IL‑10 
expression than control cells, but still significantly higher 
than MDSC/shIL‑10, it can be noted that the effect of MDSC 
transduction on their suppressive activity correlated with the 

Figure 8. Lymphoid cell activity in MC38 tumor and tumor‑draining lymph nodes in aftermath of shIL‑10 LV injections preceded by administration of 
cyclophosphamide. Tumors and tLNs were dissected and analyzed using flow cytometry on the 8th or 12th day after intraperitoneal administration of CY 
followed by triple injection of LVs. (A) Changes in percentages of CD4+ T lymphocytes (CD3+CD49bnegCD4+), CD8+ T lymphocytes (CD3+CD49bnegCD8+), 
and NK cells (CD3negCD49b+) in tumors on the 8th and the 12th days after treatment. (B and C) CTL to MDSC ratio calculated on the (B) 8th and on the 
(C) 12th days after treatment. (D) Changes in the percentage of CTLs and effectors among them in tLNs on the 8th day after treatment. (E) Changes in the 
percentage of CTLs, effectors among them, and expression of Ki67 by effector CTLs in tLNs on the 12th day after treatment. The results are expressed 
as the mean ± SD. The number of mice per group in experiment A was 3 and in experiment B 9‑10. Statistical significance was calculated using (A and 
D) Welch's ANOVA followed by post hoc Dunnett's T3 multiple comparison test or the (B, C and E) non‑parametric Kruskal‑Wallis test followed by post 
hoc Dunn's multiple comparison test. Differences with a P<0.05 were regarded as significant (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, #P<0.05, ##P<0.01, 
###P<0.001; differences related to the untreated group were presented as * and those related to the CY‑treated group were presented as #). shN LVs, lentiviral 
vectors encoding shN sequence; shIL‑10 LVs, lentiviral vectors encoding shIL‑10 sequence; CY, cyclophosphamide; TME, tumor microenvironment; MFI, 
mean fluorescent intensity; M‑MDSC, monocytic myeloid‑derived suppressor cells; PMN‑MDSC, polymorphonuclear myeloid‑derived suppressor cells; 
CTL, cytotoxic T lymphocytes; tLN, tumor‑draining lymph nodes. 
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efficiency of reduction of IL‑10 expression. Nevertheless, 
the obtained data suggest that IL‑10 silencing may result in 
completely opposite changes in the activity of M‑MDSCs and 
PMN‑MDSCs. In the literature there are few reports on the 
effect of IL‑10 on MDSC activity, and the recent publications 
present divergent conclusions. Tanikawa et al (23) conducted 
studies using IL‑10 knockout mice. During tumor develop‑
ment in IL‑10‑/‑ mice, they observed higher accumulation of 
MDSCs than in wild‑type mice. This effect was also corre‑
lated with increased suppressor activity of IL‑10‑/‑ MDSCs. 
However, research conducted by Noman et al (24) showed that 
MDSC‑mediated suppression can be partially abolished by 
IL‑10 neutralization, since after adding anti‑IL‑10 antibodies 
to MDSC and T cell cultures, the percentage of CD8+IFN‑γ+ 
and CD4+IFN‑γ+ cells increased (24). It should be emphasized 
that in the mentioned papers, MDSCs were identified as 
CD11b+Gr1+, and such phenotypic characteristics do not allow 
separation of the two subpopulations of cells. Considering our 
results described above, it is possible that the observations 
regarding the effect of IL‑10 on MDSC activity depend on the 
proportion between monocytic and polymorphonuclear cell 
subpopulations. However, to confirm this assumption, further 
research is needed to elucidate the influence of IL‑10 on the 
individual mechanisms used by MDSCs.

Interleukin‑10, occurring in high concentrations in the 
TME, can be produced by MDSCs, but also by other myeloid 
cell populations, such as TAMs and tolerogenic DCs, as well 
as by tumor‑infiltrating lymphocytes, e.g. Tregs and Th2 
lymphocytes. In some cases, IL‑10 is also secreted directly by 
tumor cells (16). Since MC38 murine colon carcinoma cells 
do not produce IL‑10 in vitro, it can be assumed that the main 
source of this cytokine in MC38 tumors is immune cells. In 
order to reduce the concentration of IL‑10 in TME, lentiviral 
vectors encoding shRNA sequences against IL‑10 were 
injected into MC38 tumors. The advantage of the lentiviral 
vectors is their ability to transduce a wide spectrum of cells, 
both proliferating and resting (25). After intratumoral admin‑
istration of lentiviral vectors, they can therefore transduce 
tumor cells and immune cells present in the TME. The trans‑
duced cells can proliferate and accumulate at the injection site 
for up to three weeks after subcutaneous administration of the 
vectors (26). On the other hand, antiviral immune response 
elicited after LV injections may lead to the elimination of 
transduced cells from the TME by antigen‑specific CTLs (22). 
There is a constant effort to minimize the limitations of the 
lentiviral vector system resulting from low efficiency and 
immunogenicity  (27,28). Hence, research aimed at deter‑
mining the mechanisms triggered by the in vivo application of 
lentiviral vectors is of key importance in the development of 
LV‑based therapies. 

Taking this into consideration, in this work, lentiviral 
vectors were administered three times according to two 
schedules. The first one assumed intratumoral LV injections 
every two days and the end of the experiment on the 6th day 
from the start of the study. Since adaptive antiviral response 
takes about one week to develop (29), at this timepoint, an 
immune response after the use of LVs may be observed, but 
the elimination of transduced cells should not occur yet. In 
the second scheme, the interval between the first and second 
administrations of LVs was extended to 6 days, in order to 

check whether repeated administration of the vectors after the 
development of the adaptive immune response induced by the 
first injection would also be effective in reducing the concen‑
tration of IL‑10 in the TME, which was measured on the 10th 
day after the first LV application. Additionally, performing the 
experiments in such a way enabled us to determine the kinetics 
of changes occurring in the activity of cells of the immune 
system due to lentiviral vector‑mediated immunomodulation, 
as well as due to the decrease in the concentration of IL‑10 
in the TME resulting from transduction of cells with shRNA 
specific for IL‑10. 

Analysis of expression of EGFP in the TME, as well as 
IL‑10 production by cells isolated from tumors confirmed 
that intratumorally injected LVs were able to transduce 
predominantly myeloid cells inside tumors and deliver 
sequences encoding shRNA specific for IL‑10, and, as a 
result, reduce the concentration of IL‑10 in the TME. Due 
to a low number of leukocytes in the MC38 TME, we were 
not able to analyze the IL‑10 secretion by each myeloid cell 
population, but the percentage of EGFP+ cells demonstrates 
the efficiency of transduction of individual populations. The 
main recipients of lentiviral transduction were PMN‑MDSCs, 
as observed in both schemes of the treatment. However, on 
the 10th day after LV inoculations, the percentage of EGFP+ 
cells among PMN‑MDSCs was almost two‑fold higher 
than on the 6th day. This effect may be related to the influx 
of PMN‑MDSCs enhanced by LV injections. A similar 
response to viral application was observed by Tan et al (30) 
during oncolytic virotherapy of mesothelioma. In this case, 
recruitment of IL‑10‑secreting PMN‑MDSCs into the TME 
resulted in inhibition of DC‑mediated induction of CTLs. 
Therefore, it can be assumed that elevated suppressor activity 
of myeloid cells isolated from tumors on the 6th day of the 
treatment with shIL‑10 LVs is related to the insufficient 
efficacy of transduction and, as a result, high expression of 
IL‑10 in these cells. In contrast, analyses performed on the 
10th day after LV inoculations revealed that myeloid cells 
isolated from shIL‑10 LV‑treated tumors did not suppress the 
activity of T cells. We suppose that this effect corresponded 
to the higher percentage of transduced PMN‑MDSCs, which 
was presumably observed as a result of the recruitment of 
these cells into the TME after the first injection of LVs and 
their in‑situ transduction by LVs administered six days later. 
The loss of suppressor activity of myeloid cells isolated from 
tumors injected with shIL‑10 LVs is in line with the results 
obtained during analysis of ex vivo‑generated PMN‑MDSCs 
transduced with shIL‑10 LVs.

Since the analyses presented in this work were performed 
on the 6th and 10th day after LV administration, the observa‑
tion was too short to determine the changes in tumor growth 
rate induced by LVs. However, our previously published 
research demonstrated that triple injection of shIL‑10 LVs 
carried out at weekly intervals resulted in significant MC38 
tumor growth inhibition, which was 71.5% in relation to the 
untreated control on the 23rd day of treatment (17). Another 
study of ours aimed to determine the influence of IL‑10 
elimination, mediated by anti‑IL‑10 antibodies (Ab), on the 
effectiveness of cyclophosphamide and dendritic cell‑based 
therapy (31). We observed that temporary systemic reduction 
of IL‑10 did not lead to tumor growth inhibition but resulted in 
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decreased suppressive activity of splenic‑derived MDSCs. The 
changes induced by anti‑IL‑10 Ab led to enhanced efficiency 
of dendritic cell‑based therapy. 

Cyclophosphamide is known for its immunomodula‑
tory properties and contribution to the enhancement of the 
anti‑tumor response induced during immunotherapy. Since 
our previous research proved that it augments the antitumor 
response of shIL‑10 LVs (17), schemes of tumor inoculations 
with LVs were extended by single i.p. CY administration 
prior to the LV injections. It was proved that CY used in 
low doses causes the selective elimination of regulatory T 
lymphocytes, and by inducing immunogenic death of cancer 
cells, at the same time contributes to the increase in the 
activity of effector T lymphocytes and supports the forma‑
tion of immune memory (32). As a result of the changes of 
the immune landscape mediated by CY, a decrease of IL‑10 
expression is often observed (33‑35). In fact, production of 
IL‑10 by cells isolated from tumors was decreased not only in 
CY and shIL‑10 LV‑treated groups, but a slight decrease was 
also observed in groups treated with CY as well as CY and 
shN LVs. Analysis of EGFP expression in the TME revealed 
that pretreatment with CY changed the susceptibility of cells 
to transduction‑in this case only CD45neg and lymphoid cell 
transduction was observed. Lack of transduction of myeloid 
cells was presumably related to the effect of cyclophospha‑
mide on the maturation of myeloid cells. TAMs and DCs 
identified in the TME of cytostatic‑treated mice showed an 
increased level of expression of MHC II and CD86 molecules 
compared to the untreated control. This could be caused 
by the accumulation of DAMPs in the TME, released by 
cancer cells during the immunogenic cell death induced by 
cyclophosphamide (36). The presence of these molecules in 
the TME causes an increased influx of dendritic cells, which 
absorb the released tumor antigens, and then migrate to the 
tumor‑draining lymph nodes and activate antigen‑specific 
T  cells. Schiavoni  et  al  (37) found that cyclophospha‑
mide promotes the expansion of the cross‑presentation 
dendritic cell population, resulting in stimulation of tumor 
antigen‑specific cytotoxic T lymphocytes. This is in line with 
our observation that on the 8th day after CY administration 
an increase of the percentage of CD8+ T cells and, to a lesser 
extent, CD4+ T cells among leukocytes infiltrating tumors 
was correlated with an increase of the percentage of effector 
cells among CD8+ T cells identified in tumor‑draining lymph 
nodes. The effect of CY on the CTL population was only 
temporary and on the 12th day after its administration was 
not observed. However, modulation of the TME by CY led 
to elicitation of a CTL‑ and NK‑dependent response induced 
by LVs on the 12th day of the treatment. There are reports in 
the literature indicating that cyclophosphamide may increase 
the accumulation of MDSCs, which reduces its therapeutic 
effect (38,39). However, the present research did not confirm 
these observations‑myeloid cells isolated from the CY‑treated 
group did not show higher T cell suppressor activity than 
cells from untreated tumors. Despite the lack of myeloid cell 
transduction after treatment with CY and LVs, on the 12th 
day suppressor activity of these cells towards CD8+ T cells 
was significantly decreased. However, presumably due to the 
decrease of IL‑10 secretion in the TME mediated by CY, we 
did not observe any differences between LV‑treated groups. 

Additionally, since after pretreatment with CY we did not 
note that LV transduced myeloid cells inside tumors, no effect 
of shIL‑10 LV‑mediated reduction of IL‑10 production by 
myeloid cells could be observed.

In conclusion, the obtained data may indicate that 
downregulation of IL‑10 expression with lentiviral vectors 
encoding shRNA against IL‑10 in ex‑vivo‑generated, as 
well as tumor‑derived MDSCs results in modulation of their 
suppressor activity. However, this effect seems to be dependent 
not only on the silencing of IL‑10 expression but also on the 
transduction with lentiviral vectors. Hence, to confirm this 
assumption, further studies on the effects of IL‑10 depletion on 
the suppressor mechanisms used by these cells are required. 
Such knowledge would make it possible to establish novel 
therapeutic regimens, which could become a foundation for 
future strategies in antitumor treatment of patients with a high 
frequency of MDSCs.
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