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Abstract

Background: Metastatic breast cancer (MBC) is a major cause of morbidity and mortality among women globally. While early-stage
breast cancer is often effectively treated, advanced metastatic treatment still faces significant challenges. Myeloid-Derived Suppressor
Cells (MDSCs) play a significant role in immunosuppression process, which proliferating tumor cells evade immune detection by
suppressing the antitumor immune response and development of treatment resistance. This study proposes to evaluate the presence
of MDSC after treatment of mice bearing tumor with two classes of drugs in the low-dose chemotherapy regimen. Methods: The
effects of low-dose chemotherapy (LDC) with cyclophosphamide (CP) and 5-fluorouracil (5-FU) on the tumor microenvironment
and immune response were evaluated in a preclinical model of metastatic breast cancer. Mice bearing 4T1 tumors undergoing
LDC treatment and controls were assessed by analyzing body weight, survival, tumor progression, lung metastasis, spleen size,
and MDSC (myeloid-derived suppressor cells) population. Results: LDC was well-tolerated with no significant impact on body
weight or survival. LDC effectively inhibited primary tumor growth and reduced lung metastasis progression, particularly with 5-FU.
Histopathological analysis confirmed the absence of metastases in treated animals’ lungs. LDC also reduced MDSC populations,
suggesting an immunomodulatory effect. Hematological results also indicated an active immune response. Conclusion: In summary,
LDC shows potential as an effective, well-tolerated MBC treatment, inhibiting tumor growth and modulating the immune response.
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Introduction

Breast cancer (BC) remains one of the most common and serious
cancers, especially when metastases are present. A striking feature
of tumor growth is immune evasion, which allows tumor cells
to escape and suppress antitumor immune responses. One of the
important cellular mechanisms involved in this “escape” involves
the generation of certain immature immunosuppressive myeloid
cells in the patient, known as myeloid-derived suppressor cells
(MDSCs), which inhibit the immune response directed at antitumor
defenses [1-8].

Targeting MDSCs is considered a promising strategy to prevent
tumor progression and metastasis. Traditional chemotherapy, while
effective in eliminating tumor cells, can also impact immune cell
populations, leading to systemic immunosuppression and potential
side effects that compromise therapeutic success [9-15]. Low-dose
chemotherapy (LDC) offers a targeted approach, using lower drug
concentrations to minimize side effects while controlling cancer.
LDC has gained attention for its ability to specifically inhibit the
suppressive arm of the immune response, modulate the tumor
microenvironment, inhibit angiogenesis, and stimulate immune
responses, thereby exerting indirect effects on tumor cells [16, 17].

Cyclophosphamide (CP) and 5-fluorouracil (5-FU) are essential
chemotherapeutic agents. However, their use at high doses is
associated withseveresideeffectslikehemorrhagiccystitisorcardiac
toxicity [18, 19]. Low-dose CP is known to enhance anti-tumor
immune responses by reducing regulatory T cells and increasing
effector T cell activity, shifting the tumor microenvironment from
immunosuppressive to immunostimulatory [18, 20-23].

This study aimed to evaluate the impact of LDC with CP and 5-FU
on MDSC presence in mice bearing 4T1 tumors, investigating its
role in immunomodulation and metastasis inhibition.

Materials and Methods
Animals, Experimental Design, and Pharmacological Study

Female BALB/c mice (20 + 1 g) were obtained from the Animal
Resources Centre, Universidade Federal de Goias (UFG), and
housed under specific pathogen-free conditions. All animal
procedures adhered to the Ethics Committee for the Use of Animals
(CEUA) Guidelines (Protocol 026/2020). Mice, 8-10 weeks old,
were maintained on a standard diet in controlled conditions. After
a one-week quarantine, mice were randomly assigned to four
experimental groups (n=5 per group):

1. Healthy control group: Non-tumor-bearing mice receiving

saline.

2. Cyclophosphamide-treated group: Tumor-bearing mice treated
with cyclophosphamide (80 mg/kg).

3. 5-Fluorouracil-treated group: Tumor-bearing mice treated with
5-fluorouracil (80 mg/kg).

4. Positive control group: Tumor-bearing mice receiving no
treatment.

On Day 0, mice were subcutaneously injected with 4 x 105 4T1-
Luc cells into the left dorsal hip to establish a tumor model. Tumor
growth and metastasis were monitored from Day 1-7. Body weight
and tumor size were recorded every three days. Drug administration
(CP and 5-FU) was initiated on Day 8 and continued for four
consecutive days (Days 8-11), with daily intraperitoneal injections
after tumors reached approximately 50 mm?. Bioluminescence
imaging (BLI) of tumors and metastatic regions was performed on
Day 7 and Day 41. Survival rates were assessed from Day 12-42.
On Day 42, mice were euthanized for biological sample collection,
including hematological analyses, splenic cell extractions for
MDSC quantification, and histopathological evaluations of organs
(lungs and liver).

Cell culture Conditions

The murine breast cancer cell line 4T1 modified to express
firefly luciferase (4T1-Luc) using cell culture medium from Luc-
expressing 4T1 cells cultivated in a 96-well cell culture plate
to enable cell tracking and quantification in vivo [24] 4T1-Luc
cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM), which is enhanced with 10% (v:v) fetal bovine serum
and 1% (v:v) antibiotic solution (100 IU/mL penicillin and 100
mg/mL streptomycin). The cells were maintained at 37°C in
a humidified atmosphere with 5% CO2. Adherent cells were
incubated with 0.25% trypsin-EDTA solution (Sigma-Aldrich),
centrifuged, and then rinsed with sterile phosphate buffer before
cell resuspension in sterile media. Cell suspensions were counted
at a final concentration of 4 x 10 5 cells/ml.

Chemotherapy

The chemotherapeutics used in these studies: CP and 5-FU
were purchased from Merck Sigma-Aldrich. Twenty-nine-gram
insulin syringe was used to administer doses intraperitoneally
(I.P) to each mouse (Figure 1). According to the manufacturer’s
recommendations, we performed CP and 5-FU chemotherapy and
diluted in sterile conditions using either phosphate-buffered saline
(PBS). Chemotherapy concentration of 80 mg/kg of both drug CP
and 5-FU separately were diluted for 20-gram mice to receive a
100 pl intraperitoneal infusion [25]. All other materials were of
pharmaceutical or analytical grade (Figure 1).
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Figure 1: In-vivo 4T1-Luc breast cell lines induction. Schematic representation of treatment and analysis of tumor-bearing mice and

experimental data endpoints.

Evaluations of Metastasis by Bioluminescence

To assess the development of lung tumors and metastases, we
employed in vivo bioluminescence imaging. 100 pl of 15 mg/
ml concentration of D-luciferin (Sigma) was administered
intraperitoneally per animal, and images were taken using the [IVIS
Lumina® XR Series III (Caliper Life Sciences). Animals were
kept under isoflurane anesthesia after luciferin administration,
and 20 bioluminescent photos were taken every 20 minutes one
photo per minute. The open emission filter took pictures for 60
seconds for each image capture. The bioluminescent data for each
area of interest was calculated using the highest bioluminescence
measurement (tumor or thorax region) two times firstly day 7 and
lastly day 41 during whole experiment. Living Image 3.0 software
was used to process each picture (Caliper Life Sciences, CA,
USA).

MDSCs Quantification

MSDCs populations were evaluated in spleen samples. Female
balb/c mice spleens were harvested under sterile conditions,
placed in a sterile culture dish and 2 mL PBS was added, then was
quickly cut into small pieces of about 1 mm3 and crushed gently.
The process was repeated for each treatment group of mice. Using
a serological pipette (10 mL), the cell suspension was filtered using
a 70 pm cell strainer (BD Falcon). Prepared and dissociated single-
cell suspension was incubated with ACK (Ammonium Chloride
Potassium) lysis buffer (10 mL, Thermo Fisher Scientific) at RT
for 7 minutes to remove red blood cells. The lysis buffer was
removed, and the reaction was stopped with the addition of 10 mL
ice-cold PBS. Counting of cells was performed using trypan blue
and a hemocytometer Neubauer chamber. Next, a cell suspension
containing 1x106 splenocytes was prepared in 100 pul for phenotype

characterization. Splenocytes cells suspension was labeled with a
20 pl aliquot of fluorescently FITC (Fluorescein isothiocyanate)
conjugated anti-bodies anti-CD11b (rat monoclonal anti-mouse),
and PE (Phycoerythrin) conjugated anti-Ly6C, anti-Ly6G (rat
monoclonal anti-mouse) 1:100 dilution fixed and incubated
under dark condition for 20 minutes at 4 °C. Cells were washed
twice with PBS buffer and analyzed in a FACSCaliburTM flow
cytometer (BD Biosciences). A total of 10.000 events were counted
per sample, and data were analyzed using the FlowJo® software.

Histopathological Evaluation

The whole organs (lung and liver) were thoroughly rinsed in
phosphate-buffered saline solution to effectively eliminate any
excess blood and then subjected to fixation in 10% buffered formalin
(Sigma-Aldrich) for a total of 24 hours at room temperature.
Following this, the organs were treated with alcohol solutions
(100%, 100%, 70%) to achieve dehydration. Then diaphanized
in xylol, and ultimately included and embedded in paraffin
through the utilization of a tissue processor. Manual microtome
(Leica Microsystems, Nussloch, Germany) Leica RM2235, was
employed to obtain 5 pm thick sections, which were subsequently
stained with H&E, and prepared for light microscope analysis.

Statistical Analysis

Data are reported as the mean + SD. The Statistical significance
evaluation of data was performed using at-test, and one way ANOVA
analyses of variance, followed by XY non-linear regression using
the GraphPad Prism Prism® 8.0 software. Survival curve analysis
was performed using log-rank (Mental-Cox) test. The significance
level (o) adopted in statistical comparisons was 0.05.
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Results

Impact of Low-Dose Chemotherapy: Body Weight, Survival
Rate, and Tumor Progression

As illustrated in Figure 1(a), continuous LDC of CP and 5-FU
were administered intraperitoneally (i.p.) from 8 — 11 day.

During the first 24 hours of observation and at the conclusion of
the treatment period, no signs of skin ulceration or behavioral
changes were noted in any of the animals. Additionally, body
weights remained stable across all groups throughout the study.

As shown in Figure 2(c), both CP and 5-FU treatments
independently exhibited primary volume tumor inhibition
compared to the untreated positive control group. Notably, 5-FU
displayed superior therapeutic efficacy during the final three days
of the study (days 38 to 41) compared to CP.

Figure 2(d) indicates that the tumor weight was significantly
lower in the 5-FU treated group compared to the CP group and
the non-treated control. Further analysis using bioluminescence
imaging (Figure 2e) confirmed a reduction in tumor growth in
5-FU treated mice relative to the CP-treated and untreated groups.
In vivo bioluminescence imaging on days 7 and 41 (Figure 2 f)
highlighted a noticeable gap in the 5-FU group due to the death
of one animal. There were no statistically significant differences
between the treated groups.

The 5-FU group showed minimal weight fluctuation and effectively
improved the survival time in comparison to the CP-treated and

tumor-bearing groups. As depicted in Figure 2(a), no significant
differences in body weight were observed between treated and
untreated mice, as well as the healthy control group throughout the
experimental period.

Overall survival analysis (Figure 2 b) revealed an 80% survival
rate in the 5-FU treated group, with a 20% mortality rate. This
difference was not statistically significant according to the Mantel-
Cox test. These results suggest that while both CP and 5-FU have
tumor-inhibitory effects, 5-FU demonstrates a more pronounced
therapeutic benefit with minimal adverse effects on body weight
and survival.

Evaluation of low dose therapy on distant lung metastasis
progression

All treated groups had similar lungs weight with no significant
difference between the treated and positive control groups. The
lungs of CP or 5-FU-treated mice presented a similar morphology
to that observed in healthy mice. Bioluminescence imaging of
thorax region (Figure 2F) demonstrates a trend of reduction in
metastasis among CP or 5-FU groups compared to the positive
control, the observation is the treatment LDC impair the secondary
metastasis in the thorax breast region. Despite, these data were
not statistically significant, the histopathological H&E staining
analysis present many tumor metastasis loci (black square
presentation) in lungs of positive control group, while there was
no metastasis in the lungs of CP or 5-FU treated group, as shown
in Figure 3 (c). These results suggest that CP as well as 5-FU can
inhibit distant tumor metastasis to lungs.
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Figure 2: Treatment Effects on Body Weight and Animal Survival (a) Body weight measurements were recorded from day 0 to day 42. Low-dose
drug administration occurred between days 8 and 11. Throughout the experimental period, no significant differences in overall body weight variations
were observed among the treatment groups. (b) The percentage survival curve indicated an 80% survival rate in the 5-FU group, with one animal death
recorded. However, this survival rate did not show statistical significance according to the Mantel-Cox test (P = 0.3916, n = 5). Evaluation of In Vivo
Tumor Progression and Therapeutic Effects ¢) Tumor volumes were measured at 3-day intervals using a caliper across all administration groups. (d) The
excised tumors from all treated groups were quantified for weight after 42 days of tumor induction. (e) Region of Interest (ROI) analysis was conducted
to thoroughly quantify tumor load across treatment groups compared to untreated controls after 42 days of tumor induction. (f) In vivo bioluminescence
imaging was performed on days 7 and 41. The mean bioluminescence radiance (expressed as photons/sec/cm?sr) = SD was presented in a bar graph
format. All data are presented as mean + SD. No statistically significant differences were observed in tumor volume, tumor weight, or primary tumor
bioluminescence among the treatment groups.
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Figure 3: Effective lung metastasis prevention (a) Average lung weight after animal euthanasia on day 42 after tumor induction of all
treated groups (n=>5). (b) Quantification of bioluminescence with the mean fluorescent intensity of the thorax regions, observed inhibition
of metastasis in CP and 5-FU groups. (c) Histopathological examination of the lungs: representative images of H&E staining (100x and
200x) of isolated lung of different administration groups to evaluate the tissue histological conditions. No significant difference has been
found in lung weight and in thorax metastasis bioluminescence.
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Treatment effects on spleen and MDSCs population quantifications

It was observed in figure 4a variation between the spleen weight in all treated groups compared to the healthy. The spleens of untreated
tumor-bearing mice positive control presented a three spleen from five, enlarged in size (Figure 4b) having weight increase compared
with the spleens of mice healthy without tumors. Likewise, difference was observed between animal healthy with CP or 5-FU treated
mice.

According to the findings shown in Figure 4 (c), the tumor-bearing mice without treatment had a higher number of MSDCs compared
with healthy and CP/5-FU treated mice with no significant difference. Although, this finding suggests that the low-dose treatment with
CP or 5-FU reduces the Ly6C/Ly6G and CD11b+ populations.

Figure 4: Overall treatment effects on spleen weights, morphology and splenocytes population quantifications using flow-cytometry. (a)
Average spleen weights variation of experimental mice. (b) Macroscopic aspects of spleen excised from non-tumor bearing mice and
tumor bearing group of animals. (c) MDSCs splenocytes populations percentage among all animal group. Each group included n =5
mice, expect the 5-FU group n=4 mice. Mean and SEM is shown. Spleen weight and MDSCs % population which comparatively having
no statistically significant difference with positive control.

Characterization of blood cell population

Hematological analysis showed significant alterations in leukogram of the treated animals compared with untreated positive control
group. Total white blood cell populations in figure 5a are higher in untreated positive control group, while the value of CP or 5-FU have
reduction in the cell count comparing to positive control. Production of lymphocytes (SCR-small cell ratio) showed in Figure 5b were
significantly lower between healthy and in treated group along with untreated. White Blood cell - Middle cell ratio (W-MCR - basophils,
eosinophils and neutrophil) were significantly higher (Figure 5c) in CP treated group with healthy, likewise 5-FU with healthy along with
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untreated group, indicating the activation of immune cells to fight with immunosuppressant cells. Large cell ratio (LCR) — Monocyte
population in (Figure 5d) showed comparatively equal in treated groups and higher in untreated group. These findings suggest that the
treatment might be affecting the immune system, potentially by reducing inflammation or suppressing overall activity, however this
parameter do not have significance difference. Platelets count (Figure 5e) 5-FU group were significantly higher count among group CP
along with healthy and untreated positive control.

Figure 5: Leucocytes and platelets cell counts (cells/mL). (a) White blood cells - parameter has enhanced production of white blood cell
count compared to the healthy group because of inflammation. (b) SCR-lymphocyte production in treated groups CP, 5-FU, and positive
control have lower counts compared to the healthy group, (****p < 0.0001, **p < 0.0025, ****p <0.0001) (n=5, 5-FU: n=4). (c) MCR
-basophil, eosinophil, neutrophil production in treated groups CP, 5-FU, and positive control has higher counts compared to the healthy
group, (****p <0.0001, **p <0.0018, ****p <(0.0001) (n=5, 5-FU: n=4) (d) LCR-monocyte production in treated groups CP, 5-FU, and
positive control has higher counts compared to the healthy group having no significance difference. (e) Platelets production in treated
groups CP have a little variation comparatively to healthy and positive control but group 5-FU has enhanced higher counts compared to
the healthy group, (****p < 0.0001, ****p < (0.0001, ****p < 0.0001) (n=5, 5-FU: n=4).

Addtionally, the hematological evaluation (Figure 6) revealed alterations in the erythrogram among all treated groups in comparison to
the positive control group of animals. The red blood cell (RBC) count, hemoglobin (HGB) level, and hematocrit (HCT) values exhibited
similar variations among the treated and untreated groups with no significant treatment-related differences in total cell numbers.
However, the mean corpuscular volume (MCV) values significantly have the consistent population across all groups. Both the mean
corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin concentration (MCHC) demonstrated consistent population counts,
with significant differences observed among all treated groups compared to both the healthy and untreated groups. The RBC-distribution
width variations coefficient (RDW-CV) and RBC-distribution width standard deviation (RDW-SD) count values were statistically lower
across all groups when compared to the 5-FU treated group.
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Figure 6: Absolute erythrocytes count (cells/mL). (a) Red blood cell - counts have almost similar high ratios in all groups except CP,
respectively. (b) Hemoglobin counts have a similar cell counts ratio in all treated groups (c) Hematocrit counts have a similar number
of cell productions in all treated groups (Fig. a-c) and found no significant difference (d) Mean corpuscular volume in group Flu has
a lesser count having a significant difference in other groups, (***p < 0.0010, **p < 0.0013, ***p < 0.0008) (n=5), respectively. (e)
Mean corpuscular hemoglobin in treated group Flu has a low number of counts comparatively to other groups, (****p <0.0001, ****p
<0.0001, ****p < (0.0001) (n=5). (f) Mean corpuscular hemoglobin concentration in treated group Flu has also a low number of counts
comparatively to other groups, (****p < 0.0001, ***p < 0.0003, ****p < (0.0001) (n=5) (g) RBC-distribution width standard deviation
number is higher also in the group Flu comparing to other treated groups, (**p < 0.0100, ****p < 0.0001, ****p < 0.0001, ****p <
0.0001) (n=5). (h) RBC-distribution width variation co-efficient number is higher in the group Flu comparing to other treated groups,
(*p <0.0172, *¥***p < 0.0001, ****p <0.0001, ****p <0.0001) (n=5).

There is a positive correlation between % MDSC and the lung metastasis (p=0.0001), spleen weight (p=0.0005), and white blood cells
quantification (p=0.0009). This positive correlation was not observed when comparing the % MDSC and primary tumor quantification
(p=0.12), evidencing a systemic immune effect of the treatment (Figure S1).
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Supplementary Materials

Figure S1: Linear correlation between (a) metastasis and % MDSC (p=0.0001). (b) Primary tumor and % MDSC (p=0.12) (c¢) Spleen
weight and % MDSC (p=0.0005) (d) White Blood Cell and % MDSC (p=0.0009). Values are mean = SEM (n=5 animals per group and
n=4 animal for 5-FU group). P-values (p>0.05) were generated by Linear regression.

Discussion

The results highlight major findings after LDC application against experimental BC tumor model (4T1 Luc): We first observed that
LDC with CP-80 mg/kg or 5-FU-80 mg/kg did not significantly impact the body weight of the mice over the course of the experiment,
except a transitory reduction in treated group with the 5-FU or in CP group reduction occurred for one day and subsequently returned to
baseline level. Furthermore, the survival rates of the treated groups were comparable to the control groups. These findings suggest that
the selected LDC regimens were well-tolerated and did not induce acute toxicity or significant changes in body weight or survival rate.

Both CP or 5-FU treatment inhibited and reduction in primary tumor growth compared to the untreated control group. Previous results
have observed that LDC provides a twofold advantage by diminishing adverse effects while also offering benefits as reducing of metastasis
[27]. 5-FU exhibited better therapeutic activity in the later stages of the thorax bioluminescence experiment. Additionally, both CP or
5-FU treatment led to a reduction in tumor weight compared to the control group. Bioluminescence imaging further confirmed the
reduction in tumor growth in the treated groups relative to the control group. These findings highlight the efficacy of LDC in inhibiting
tumor progression.
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CP or 5-FU treatment impaired distant lung metastasis progression
compared to the untreated control group. Histopathological
analysis also confirmed the absence of metastasis in the lungs
of treated mice. Low-dose protocols, have a better ability to
control distant metastasis to the lungs by developing systemic
immunological protection. This result is quite important since one
of the goals of contemporary treatments is to reduce or impair the
distant lung metastasis.

This study corroborated findings on the pathological functions of
MDSCs in promoting cancerous tumors [22, 28-30] and that LDC
therapy has an effect on these cells. Previous studies have shown
that low doses of CP increase the antitumor immune response
through targeted depletion of regulatory T cells and increased
activity of effector T cells, and that the induction of MDSC:s likely
prevents the optimal possible immune response [18, 31].

5-FU rapidly reduces the number of circulating MDSCs,
contributing to their depletion in systemic circulation and to the
reduction of M-MDSCs and PMN-MDSCs in the spleen [32].
This result, also observed in the present study, highlights the
effectiveness of 5-FU in reducing the presence of these MDSC
subsets in this immunological organ. CP, on the other hand, has
a slight effect on the growth of MDSCs in tumor sites or in the
spleen of mice with tumors and showed minimal impact on the
accumulation of MDSCs in tumor sites [33].

Variations in spleen weight between treated groups compared
to healthy controls have been reported in studies of untreated
tumor-bearing mice, due to the infiltration of neoplastic cells
into the spleen. As reported, spleen enlargement is indicative
of complications and inflammation caused by immune cell
suppression and is also related to the overproduction of MDSCs
[34]. Furthermore, treatment with LDC and CP or 5-FU reduced
the population of MDSCs in the spleen of metastasis-associated
tumor-bearing mice, suggesting a potential immunomodulatory
effect of the treatment.

Our finding reinforces an association between MDSCs and
lung metastasis formation trough the establishment of an
immunosuppressive microtumor environment as a pivotal in
facilitating the development these metastasis [35, 36].

Hematological analysis revealed significant alterations in
leukogram parameters among the treated groups compared to the
untreated control group. Notably, LDC with CP or 5-FU led to
reductions in total white blood cell populations and lymphocyte
percentages, indicating modulation of the immune response.
The platelet counts were significantly higher in the 5-FU group,
potentially due to the stimulation of bone marrow response,
leading to the production of megakaryocyte precursors [34, 37].

Further analysis of the erythrogram revealed notable alterations in
red blood cell parameters among the treated groups compared to
the control group. While no significant differences were observed
in total cell numbers, variations in mean corpuscular volume and
hemoglobin concentration suggest potential treatment-related
effects on erythropoiesis.

Conclusion

Taken together, the results of this study confirm the multifaceted
effects of LDC on tumor progression, distant pulmonary metastasis,
immune modulation, and hematological parameters in a murine
model of breast cancer. These results corroborate the potential
usefulness of LDC as a therapeutic strategy with reduced systemic
toxicity with the chosen drugs, particularly with 5-FU, which
effectively inhibited the growth of the primary tumor and reduced
the progression of pulmonary metastasis, in addition to modulating
the immune response thought MDSC cells, and highlight avenues
for future research aimed at optimizing its efficacy and safety
profile.
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