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ABSTRACT

Autologous cancer cell vaccines represent a multivalent patient-specific 
treatment. Studies have demonstrated that these immunotherapies should be 
combined with immunomodulators to improve results. We tested in breast cancer 
the antitumor effects of a 200 µg autologous tumor cells homogenate combined with 
0.0625 mg of bacillus Calmette-Guérin (BCG), and 0.02% formalin. We used a 4T1 
murine model of BALB/c receiving four weekly injections of either this vaccine or 
control treatments. The control treatments were either Phosphate Buffer Saline, BCG 
treated with formalin, or the tumor cells homogenate plus BCG alone. We found 
that mice treated with the vaccine had the lowest tumor growth rate and mitosis 
percentage. The vaccinated group also showed a marked increase in infiltration of 
antitumor cells (natural killer, CD8+ T and CD4+ Th1 cells), as well as a decrease 
of myeloid-derived suppressor cells (MDSCs) and tumor-associated macrophages 
(TAMs). Additionally, we also observed a possible activation of the immune memory 
response as indicated by plasma cell tumor infiltration. Our results demonstrate that 
our proposed breast cancer vaccine induces a potent antitumor effect in 4T1 tumor-
bearing mice. Its effectiveness, low cost and simple preparation method, makes it a 
promising treatment candidate for personalized breast cancer immunotherapy.
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INTRODUCTION

Breast cancer is the second most common cancer 
worldwide and one of the leading causes of malignancy-
associated deaths among women [1]. Approximately 80% 
of patients receive adjuvant therapy such as chemotherapy, 
hormonal and/or radiotherapy, following tumor 
resection [2]. In an effort to combat tumor recurrence, 
immunotherapy has emerged as a therapeutic approach to 
attempt to overcome the immunosuppression in the tumor 
microenvironment. This approach leads to more effective 
tumor elimination by immune cells, while avoiding the side 
effects associated with chemo and radiotherapy toxicity [3]. 

Tumor cells alone have poor immunogenicity. 
Thus, many autologous tumor cells vaccine-based trials 
for breast cancer combine autologous tumor cells with 
additional antigens, cytokines or other immunomodulators 
[2]. The bacillus Calmette-Guérin (BCG) represents 
one of the most used adjuvants in immunotherapy 
regimens. Morales et al. in 1976 [4] reported a successful 
treatment of superficial bladder cancer with BCG. This 
immunotherapy is today FDA-approved as a standard 
treatment for this type of cancer [5]. BCG activates 
the immune system against tumors, triggering a Th1 
immune response. For bladder cancer treatment, when 
BCG is instilled, cancer cells upregulate the expression 
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of the major histocompatibility complex (MHC) class 
II and ICAM-1 and secrete various cytokines. BCG 
promotes dendritic cells (DCs) and recruits immune cells, 
initially granulocytes, followed by macrophages and 
lymphocytes. Toll-like Receptors (TLRs) participate in 
BCG recognition by urothelial cells and immune cells, 
secretion of proinflammatory cytokines and factors such 
as TNF-related apoptosis-inducing ligand (TRAIL). 
Activation of natural killer (NK) cells and secretion 
of TRAIL by polymorphonuclear cells have shown to 
lead to cytotoxicity of bladder cancer cells [6]. BCG 
has been used in combination with cyclophosphamide, 
irradiated autologous tumor cells, and 5-fluorouracil-
Adriamycincyclophosphamide against different types of 
tumors, such as melanoma [7], colon carcinoma [8], and 
breast cancer [9] respectively, leading to improvements 
over the single agents. 

BCG has also been used as an immune adjuvant in 
the treatment of infectious diseases such as leprosy and 
leishmaniasis, conditions that are thought to have specific 
immunological deficits at their core. BCG was an effective 
adjuvant in treating those diseases, particularly when 
modified with a dilute solution of formaldehyde [10–12]. 
Based on the success of these therapies, the parallels between 
the ineffective natural immune response to those infections 
among affected individuals, and the immunosuppressive 
qualities of cancer cells, an autologous tumor cells vaccine 
using this approach for the treatment of breast cancer was 
proposed [13, 14]. Later, an uncontrolled clinical study was 
described in advanced stage breast cancer patients, using 
autologous tumor cells combined with BCG and diluted 
formalin alone (for those women refusing further standard 
treatment), or in addition to standard chemotherapy/
radiotherapy, demonstrating the feasibility and safety of this 
immunotherapy [15]. 

The current report describes the results of a 
preclinical study and provides mechanistic data for this 
therapeutic autologous tumor cells homogenate combined 
with BCG and diluted formalin, henceforth referred to as 
“the vaccine”, in a mouse 4T1 breast cancer model. This 
vaccine induced an immune antitumor response, thus 
supporting the proposed vaccine as a viable personalized 
immunotherapy.

RESULTS

4T1 tumor morphological changes induced by 
each of the 4 treatment arms: PBS vehicle only 
(G1), BCG/formalin (G2), autologous tumor 
cells/BCG (G3), and autologous tumor cells/
BCG/formalin (G4) 

To determine the treatment effects over the tumor 
morphology, we performed a histological examination of 
tumor sections for each of the treatment arms (Table 1). 
Tumors corresponding to G1 were enveloped by sheets of 

dense connective tissue, and infiltrated by mononuclear 
and polymorphonuclear cells. In all treatment arms, the 
proliferative zone of the tumor, referred to as zone 1 (Z1), 
was composed of cells in constant mitosis with large nuclei 
and scarce cytoplasm. Next to Z1, there was presence of 
large lymphatic vessels, blood vessels, and tumor cells that 
constitute what is referred to as zone 2 (Z2). All active 
treatments induced high necrosis levels relative to G1 
(p ≤ 0.05) (Figure 1A). The necrosis appears to begin in 
the tumor core and extend to the periphery, generating 
necrotic zones surrounded by infiltrating leukocytes with 
lipofucsin bodies, indicating a long-standing process 
(Figure 1B). Particular patterns of necrosis were found 
in each group: G1 showed a coagulative necrosis located 
in the core area that was poorly infiltrated, while G2, 
G3, and G4 presented necrotic foci with eosinophilic 
material, neutrophilic infiltration and cellular debris 
(Figure 1C). Particularly, G3 and G4 showed lytic 
necrosis with eosinophilic material, lysed cells, and 
minimal mononuclear cell infiltration (Figure 1D and 
1E). Fibroblasts and collagen were detected mainly in 
G2 and G4. In G1 and G3 collagen fibers were poorly 
organized (Figure 1F and 1G), while in G4 they were 
located in connective tissue sheets surrounding necrotic 
zones with a more organized and developed structure 
(Figure 1H and 1I). Additionally, in the treated groups the 
BCG bacilli were detected in the tumor stroma. In G3, a 
treatment without formalin, the BCG was located inside 
the phagocytes. On the contrary, in G2 and G4, treatments 
with diluted formalin as a component, BCG was found in 
the extracellular space (data not shown). 

Autologous tumor cells/BCG/formalin vaccine 
induces marked inhibition of tumor growth and 
tumor cell proliferation

To assess the antitumor activity of the vaccine in 
our breast cancer model, we determined the mitosis 
percentage and cellularity through morphometric methods 
and utilized a calculated tumor growth rate as a measure 
of treatment effectiveness. An effective antitumor therapy 
should arrest tumor cell proliferation. In this sense, G4 
showed the lowest mitosis percentage (Figure 2A), being 
7.5 times lower than G1. G4 also showed the lowest tumor 
growth rate (Figure 2B), demonstrated by only an 11-fold 
net volume increase compared to a 102-fold increase in G1 
(p ≤ 0.05). In all treated groups (G2, G3, G4), we observed 
that the tumor parenchyma diminished significantly 
(p ≤ 0.05) and about equally (Figure 2C), approximately 
50% less than G1. Additionally, the cellularity increased 
significantly in G2, G3 and G4, with nearly twice more 
than in G1 (p ≤ 0.05) (Figure 2D). Despite similar necrosis 
and cellularity percentages, G2 and G3 had a tumor growth 
rate higher than G4. These results suggest that the vaccine 
administration induces a positive immune response, which 
leads to an important reduction of the tumor growth. 
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Figure 1: Autologous tumor cells/BCG/formalin vaccine induces morphological changes and extensive necrosis in 4T1 
tumor. Tumor slides obtained from each mice group were stained with H&E or Gomori´s trichome. (A) Tumor necrosis percentage was 
determined, resulting in higher values in G2, G3 and G4, with respect to G1. The data is shown as the mean percentage ± SEM of five 
mice per group (***p ≤ 0.001). (B) As an indicative of a long-term process, G4 showed necrotic zones surrounded by infiltrating leukocytes 
(asterisks) with lipofucsin bodies (arrows). (C) G4 presented necrotic foci with leukocytes infiltration (asterisk), condition that was also 
seen in G2 and G3. (D and E) G3 (D) and G4 (E), presented lytic necrosis (arrows in D) with minimal mononuclear infiltration (arrows in E). 
(F and G) G3 showed necrotic zones (asterisk in F) with absence of a delimited border, and fibroblast-like cells with scarce collagen 
fibers (asterisk in G). These histologic characteristics were also seen in G1. (H and I) G4 presented a connective tissue sheath (arrows in 
H), surrounding necrotic zones (asterisk in H), with abundant collagen fibers (arrows in I). Some slides were stained with H&E (B, C, D, 
E, F and H). The others with Gomori´s trichome (G and I) were the nuclei are stained in black; cytoplasm, keratin, muscle fibers in red; 
collagen and mucus in green or blue. Scale bar, 20 μm (B); 10 μm (C, D, E, G and I); 40 μm (F and H). n = 5 mice per group. Tukey’s post 
hoc significance (***p ≤ 0.001).

Table 1: Treatments administered to each mice group

Group Treatment 
G1 PBS
G2 BCG (0.0625 mg/mouse) plus formaldehyde (0.02%/mouse)
G3 Autologous tumor cells homogenate (200 µg/mouse) plus BCG (0.0625 mg/mouse)
G4 Autologous tumor cells homogenate (200 µg/mouse) plus BCG (0.0625 mg/mouse) plus formaldehyde 

(0.02%/mouse) vaccine
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Autologous tumor cells/BCG/formalin vaccine 
activates a strong antitumor immune response 
and establishes immunological memory

Attempting to define the nature of the cell 
infiltrate in each group, we determined the percentage 
of several pro and antitumor cells in tumor sections. 
The activation of DCs is essential for the generation of 
an effective antitumor response, though when present 
in great quantities, they might exert protumor and anti-
inflammatory effects [16]. In general, mature DCs 
have been considered immune-stimulatory, whereas 
immature DCs are suppressive and tolerogenic [17]. 
T-cell interactions with immature DCs can lead to T-cell 
tolerance through various mechanisms, including deletion, 
anergy, and the generation of regulatory T cells (Tregs) 
[18–21]. A protumor condition compatible with the 
presence of immature DCs prevailed in G1, which had 
the highest percentage of CD209b+ cells (Figure 3A). 
A negative correlation between these cells and cellularity 
(p ≤ 0.05, r = –0.922), suggests DCs’ immunosuppressive 
role in G1 (Figure 3B). In contrast, groups G2, G3 and G4, 
showed a significant decrease of CD209b+ cells compared 
to G1 (p ≤ 0.05) (Figure 3A). Additionally, to estimate T 

cells stimulation by antigen-presenting cells (APCs) we 
calculated the APC/T cell ratio using the quantification 
data of CD209b+ cells as APCs. DCs numbers and their 
state of maturation may affect their efficiency on priming 
T cells [17]. Therefore, this ratio is used as an indicator 
of CD8+ T and CD4+ T cells priming and proliferation by 
APCs. Low APC/T cell ratio suggests a greater expansion
of effector T cells, while high APC/T cell ratio suggests 
an arrest of T cell expansion [22]. We found that G1 
presented the highest ratio, followed by G2 and G3 both 
with the same value, and G4 with the lowest APC/T cell 
ratio (Figure 3C). 

In response to an effective immunotherapy, 
B cells can be differentiated into plasma cells that 
produce antibodies against the tumor, inducing tumor 
cell-specific lysis and apoptosis [23, 24]. However, a 
particular subset of B cells, named regulatory B cells 
(Bregs), has been implicated in tumor growth and 
metastasis in different murine models of breast cancer 
[25–27]. In order to estimate B cells participation in the 
immune response, we quantified the CD19+ B cells for 
each group by immunohistochemistry. B cell numbers 
progressively increased in G2 and G3 relative to G1, 
whereas in G4, the numbers were similar to those seen 

Figure 2: Autologous tumor cells/BCG/formalin vaccine inhibits tumor cell proliferation and the growth of 4T1 
murine mammary tumors. Tumor slides obtained from each mice group were stained with H&E to determine the percentage of 
mitosis, parenchyma and cellularity. (A) Significant decrease of mitosis percentage in G2, G3 and G4, compared to G1. (B) Tumor growth 
rate for each group presented as a percentage of volume increase with respect to the initial volume versus days after tumor induction. (C) 
Significant decrease of parenchyma percentage in G2, G3 and G4, compared to G1. (D) Significant increase of cellularity percentage in 
G2, G3 and G4 compared to G1.  All data is shown as the mean percentage ± SEM of five mice per group. Tukey’s post hoc test results are 
shown (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001).
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in G1 (p ≥ 0.05) (Figure 4A). Given this result and to 
infer the nature of these B cells, we calculated the CD8+ 
T cells/B cells ratio (CTL/B ratio). High CTL/B ratios 
may be related to CTL-mediated tumor cells killing, 
thus limiting the tumor growth [28]. G1 showed the 
lowest CTL/B ratio, with progressively rising ratios for 
G2, G3, and G4 (Figure 4B). G4 showed a ratio 10-fold 
higher than G1 (p ≤ 0.05), suggestive of CTLs activation. 
In G2, correlations between CD19+ and CD8+ T cells 
(p ≤ 0.05, r = 0.950) suggest T cell priming by B cells 
(Supplementary Figure 1A). Presence of plasma cells in 
G3 and G4 tumor sections stained with H&E suggest the 
existence of antibody-secretor cells, though being more 
abundant in G4 (Figure 4C). 

CD4+ T and CD8+ T cells play essential roles in 
antitumor response. CD4+ T cells are critical for priming, 
inducing subsequent expansion and generation of memory 
of tumor-specific CD8+ T cells [29]. CD8+ T cells are 
key effector cells and have positive effects on antitumor 
immunity and patient clinical outcomes [30]. CD4+ T 
cells are comprised of two main populations: antitumor 
Th1 and anti-inflammatory regulatory T cells (Tregs) [30]. 
A heavy Treg cell accumulation within breast tumor 
tissues has been reported in various studies, identifying it 
as a possible mechanism used by tumor cells to evade host 
immune responses from CD8+ T cells [31–33]. Based on 
the importance of the balance of T cells in the antitumor 
response, we determined by immunohistochemistry the 

Figure 3: Autologous tumor cells/BCG/formalin vaccine changes the dynamics of tumor-infiltrating APCs in 4T1 
breast cancer model. Tumor slides obtained from each mice group were processed by immunohistochemistry to detect CD209b+ cells. 
(A) Significant decreased numbers of CD209b+ cells in G2, G3 and G4, compared to G1. Representative immunohistochemical staining 
of CD209b+ cells in all four groups studied are presented as CD209b+ cells in green and DAPI nuclear staining in blue. Scale bar, 10 μm. 
(B) Scatter diagram analysis showing a negative correlation between CD209b+ cells and percentage of cellularity in G1. (C) Dynamic 
changes of CD209b+ to CD8+ T cell ratios were analyzed based on the proportions of CD209b+ and CD8+ T cells. The data is shown as the 
mean ± SEM of five mice per group. Tukey’s post hoc test results are shown (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001).
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percentage of CD4+ and CD8+ T cells. G1 had the highest 
CD4+ T cell count, followed by consecutively lower 
counts in G3, G4 and G2 (Figure 5A). In contrast, G4 
showed a marked increase of CD8+ T cells with G3, G2 
and G1 having progressively less cells (Figure 5B). In G4, 
CD8+ T cells were close to the tumor cells, primarily in 
Z1 (Figure 5B). High CD4/CD8 ratios in breast cancer 
patients were strongly associated with worse prognosis 
[30, 34]. Thus, we calculated the CD4/CD8 ratio, keeping 
in mind that for positive results this ratio should be kept as 
low as possible. G1 presented the highest ratio in contrast 
with the treated groups (G2, G3, G4), which showed a 
marked reduction (Figure 5C). In G2, CD4+ T cells were 
positively correlated with the mitosis percentage (p ≤ 0.05, 
r = 0.884), and tumor growth rate (p ≤ 0.05, r = 0.966), 
suggesting prevalence of Tregs (Supplementary Figure 
1B–1C). A low number of probable remaining Tregs in 
G3, could be counteracted by IFN-γ, as indicated by a 
negative correlation between CD4+ T and IFN-γ+ cells 
(p ≤ 0.05, r = –0.973) (Supplementary Figure 1D). 

NK cells are lymphocytes present in the innate 
immune system and constitute the first line of defense 
against viruses and tumors [35]. In cancer, once the tumor 
cell is recognized, NK cells trigger their own cytotoxic 
activity or release cytokines and recruit other immune 
cells by IFN-γ and tumor necrosis factor-alpha (TNF-α) 
secretion [35]. It is known that BCG immunotherapies 
enhance NK cells recruitment [36]. However, as it has 
been demonstrated in different tumor types, the NK 
cell antitumor function can be negatively affected by 
the presence of Tregs [37–39]. In this study, G1 and G3 
presented the lowest and highest percentages of NK cells 
(CD49b+), respectively; whereas G2 and G4 showed 
intermediate values (Figure 6A). Given this somewhat 
unexpected result, we calculated several correlations 
to attempt to clarify it. We found that in G1 there was a 
negative correlation between CD49b+ and CD4+ T cells 
(p ≤ 0.05, r = –0.914) (Figure 6B), indicating that CD4+

T cells, which were likely Tregs, might be inhibiting 
the proliferation/function of NK cells. Additionally, the 

Figure 4: Autologous tumor cells/BCG/formalin vaccine shifts B cells population towards prevalence of effector 
B cells over Bregs. Tumor slides obtained from each mice group were processed by immunohistochemistry to detect CD19+ cells. 
(A) Significant increment of CD19+ cells in G2 and G3, compared to G1 and G4. Representative immunohistochemical staining of CD19+

cells in all four groups studied are presented as CD19+ cells in red and DAPI nuclear staining in blue. Scale bar, 10 μm. (B) Dynamic 
changes of CD19+ to CD8+ T cell ratios were analyzed based on the proportions of CD19+ and CD8+ T cells. (C) Representative image of a 
H&E stained slide showing plasma cells infiltration into the tumor tissue of G4 (arrows). Scale bar, 15 μm. The data is shown as the mean 
percentage ± SEM of five mice per group. Tukey’s post hoc test results are shown (* p ≤ 0.05; ** p ≤ 0.01; ***p ≤ 0.001).
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IFN-γ+ cells are known to be a significant factor in tumor 
elimination. Here we determined that G1 and G2 had the 
lowest IFN-γ+ cells percentage (p ≥ 0.05) (Figure 6C), 
while G3 and G4 showed the highest values (p ≥ 0.05) 
(Figure 6C). Furthermore, in G4 CD49b+ cells were 
positively correlated with IFN-γ+ cells (p ≤ 0.05, r = 0.921) 
(Figure 6D). Altogether, these data suggest that the high 
infiltration of cells into tumors of G4 animals is mainly 
composed of immune cells with antitumor properties 
(CD4+ Th1, CD8+ T and NK cells), and that the vaccine 
might also be inducing immune memory.

Tumor-associated macrophages (TAMs) and 
myeloid-derived suppressor cells (MDSCs) 
recruitment is reduced by autologous tumor 
cells/BCG/formalin vaccine 

An immunotherapy is usually considered successful 
when it prevents infiltration of protumor cells, such 

as TAMs and MDSCs [40]. Thus, we determined the 
percentage of TAMs (CD68+ cells) and MDSCs (Gr-1+/
CD11b+ cells) in tumor sections by immunohistochemistry. 
Our results showed that G3 had the highest percentage 
of TAMs, while G4 showed the lowest values, with G1 
and G2 being intermediate (Figure 7A). In the case of 
MDSCs, G2 had the highest percentage with G1, G3, and 
G4 showing progressively lower values; the latter showing 
almost a 2-fold reduction with respect to G1 (Figure 7B). 
For both, TAMs and MDSCs, G4 showed the lowest 
values, suggesting that when using this index of 
immunotherapeutic effectiveness, our vaccine could be 
considered successful. Additionally, in G1 TAMs were 
positively correlated with CD4+ T cells (p ≤ 0.05, r = 
0.902) (Figure 7C), but negatively correlated with NK 
cells (p ≤ 0.05, r = –0.930) (Figure 7D), suggestive of 
an immunosuppressive role of TAMs. Furthermore, a 
correlation between TAMs and CD8+ T cells (p ≤ 0.05, r = 
–0.982) (Supplementary Figure 1E) support a protumor 

Figure 5: Autologous tumor cells/BCG/formalin vaccine induces an infiltration of CD8+ T cells and promotes 
prevalence of CD4+ Th1 cells over Tregs. Tumor slides obtained from each mice group were processed by immunohistochemistry to 
determine CD4+ and CD8+ T cells. (A) Significant decreased numbers of CD4+ T cells in G2, G3 and G4, compared to G1. Representative 
immunohistochemical staining of CD4+ T cells in all four groups studied are presented as CD4+ T cells in red and DAPI nuclear staining in 
blue. Scale bar, 10 μm. (B) Significant increment of CD8+ T cells in G2, G3 and G4, compared to G1. Representative immunohistochemical 
staining of CD8+ T cells in all four groups studied are presented as CD8+ T cells in green and DAPI nuclear staining in blue, observing 
presence of CD8+ lymphocytes located close to tumor cells in tissue slides obtained from G4 (arrows). Scale bar, 10 μm. (C) Dynamic 
changes of CD4+ to CD8+ T cell ratios were analyzed based on the proportions of CD4+ and CD8+ T cells. The data is shown as the mean 
percentage ± SEM of five mice per group. Tukey’s post hoc test results are shown (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001).
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function of TAM cells in G3. In sum, these results suggest 
that the vaccine affects the recruitment of TAMs and 
MDSCs, thus diminishing their numbers into the tumor.

DISCUSSION

The autologous tumor cells/BCG/formalin 
vaccine was previously described in a non-randomized 

observational experience, which suggested promise for its 
use in immunotherapy for breast cancer [13–15]. Here, we 
used a murine 4T1 breast cancer model to demonstrate that 
the vaccine is indeed effective and to obtain mechanistic 
data. The high promise of our descriptive human 
experience was supported by our animal model in that 
the vaccination group (G4) had a significant reduction 
in tumor growth and the possible establishment of an 

Figure 6: Autologous tumor cells/BCG/formalin vaccine induces an infiltration of NK cells and IFN-γ+ cells. Tumor 
slides obtained from each mice group were processed by immunohistochemistry to determine CD49b+ and IFN-γ+ cells. (A) Significant 
increment of CD49b+ cells in G2, G3 and G4, compared to G1. Representative immunohistochemical staining of CD49b+ cells in all four 
groups studied are presented as CD49b+ cells in red and DAPI nuclear staining in blue. Scale bar, 10 μm. (B) Scatter diagram analysis 
showing a negative correlation between CD49b+ and CD4+ T cells in G1. (C) Significant increment of IFN-γ+ cells in G3 and G4, compared 
to G1 and G2. Representative immunohistochemical staining of IFN-γ + cells in all four groups studied are presented as IFN-γ+ cells in red 
and DAPI nuclear staining in blue. Scale bar, 10 μm.  (D) Scatter diagram analysis showing a positive correlation between CD49b+ cells 
and IFN-γ+ cells in G4. The data is shown as the mean percentage ± SEM of five mice per group. Tukey’s post hoc test results are shown 
(*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001).
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immune memory response, as indicated by the presence 
of plasma cells in the tumors. Additionally, we acquired 
important information about the cellularity in the tumor 
microenvironment, which points to some of the processes 
that occur in the treated animals.

Mice in the G4 group had correspondingly 10 and 
5 times lower tumor growth rates than those observed in 
the vehicle control group (G1) and other treated groups 
(G2 and G3). The lowest mitotic index was also present 
in G4, showing effective control of tumor growth. These 
differences in tumor growth rate and mitotic index were 
likely determined by the varying types of cells that 
infiltrated the tumors in each group. The infiltrating cell 
types might depend on the status of the BCG and tumor 
antigens, which is likely influenced by the presence or 
absence of the diluted formalin in the formulation. In 
G2 and G4, the BCG was inactivated by the formalin 
solution, in contrast to G3, where the mycobacteria were 
alive. This was demonstrated by the BCG being located 

extracellularly in G2 and G4, whereas in G3, the BCG was 
located inside phagocytes. Similarly, in G3 tumor antigens 
were in their native state, whereas in G2 and G4 they were 
chemically modified by the formalin. 

G1 presented a pattern of coagulative necrosis 
likely caused by tissue hypoxia due to accelerated tumor 
growth, insufficient neovascularization, compression and 
thrombotic obstruction of adjacent vessels [41]. In the 
treated groups, necrosis was not due to excessive growth 
and vascular insufficiency, but likely due to activation 
of immunological cells with either the live BCG (G3) or 
formalin-attenuated BCG (G2 and G4). The activation via 
TLR2, TLR4 and TLR9 enhances IFN-γ levels [6, 42], 
driving chemotaxis of neutrophils, DCs, and macrophages 
to the inoculation site, where they internalize the bacilli 
and/or tumor antigens, and spread through the lymphatic 
vessels [43]. Neutrophils infiltrating the tumor, by means 
of TRAIL expression, induce apoptosis and necrosis of 
tumor cells [42]. As a result of necrosis, damage-associated 

Figure 7: Autologous tumor cells/BCG/formalin vaccine reduces TAMs and MDSCs recruitment. Tumor slides obtained 
from each mice group were processed by immunohistochemistry to determine CD68+ (TAMs) and Gr-1+/CD11b+ cells (MDSCs). 
(A) Significant decreased numbers of CD68+ cells in G2 and G4, compared to G1. Representative immunohistochemical staining of CD68+ 
cells in all four groups studied are presented as CD68+ cells in red and DAPI nuclear staining in blue. Scale bar, 10 μm. (B) Significant 
decreased numbers of Gr-1+/CD11b+ cells in G3 and G4, compared to G1. Representative immunohistochemical staining of Gr-1+/CD11b+ 
cells in all four groups studied are presented as Gr-1+/CD11b+ cells in yellow and DAPI nuclear staining in blue. Scale bar, 10 μm. (C) 
Scatter diagram analysis showing a positive correlation between CD68+ and CD4+ T cells in G1.  (D) Scatter diagram analysis showing a 
negative correlation between CD68+ cells and CD49b+ cells in G1. The data is shown as the mean percentage ± SEM of five mice per group. 
Tukey’s post hoc test results are shown (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001). Scale bar, 10 μm.
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molecular patterns (DAMPs) are released and interact 
with pattern recognition receptors (PRRs), inducing the 
expression of cytokines that stimulate DCs. Subsequently, 
these cells efficiently take up and process tumor antigens, 
giving rise to cross-prime T cells [44–46]. This type of 
immune response occurred more robustly in G4, probably 
due to the presence of tumor antigens that were modified 
by the diluted formalin in the vaccine. In G2, the initial 
necrosis induced by the BCG, might have induced the 
release of tumor antigens, but not sufficiently to trigger 
the type of strong immunological response via APCs and 
T cells observed in G4, where both BCG and tumor cells 
homogenate where modified by the diluted formalin.

IFN-γ is known to be the main pro-inflammatory 
cytokine involved in antitumor T cell activation and direct 
tumoricidal activity [47]. This cytokine is produced at 
high levels in response to live BCG [48]. Although in G4 
BCG is inactivated, it still produces a marked increase 
of IFN-γ+ cells, which seems to be aligned with the high 
number of CD8+ T and NK cells present in this group’s 
tumor samples. A protective antitumor immunity depends 
on DCs’ antigen presentation to CD8+ T and B cells 
via MHC I molecules [49]. Additionally, CD4+ T cells 
participation is important in tumor control, as CD4+ Tregs 
are associated with tumor progression, whereas CD4+ Th1 
with an antitumor immune response [50]. The activation of 
CD8+ T and B cells against the tumor is conditioned by the 
APCs/T cells proportion and DCs state of maturation. At 
different stages of tumor growth, differences in the type, 
phenotype and amount of tumor infiltrating DCs (TIDCs) 
are present [17]. Animal models of ovarian cancer have 
shown that as cancer progresses, the number of TIDCs 
increases, but switches from immune stimulatory to 
immune suppressive DCs [51, 52]. This pattern was 
associated to an important loss of T cell infiltration [52]. 
Similarly, patients with disease recurrence of colorectal 
cancer present higher densities of immature TIDCs and 
lower densities of mature TIDCs in their primary lesions 
[53]. One of the possible mechanisms by which immature 
DCs block adaptive immune responses is the induction 
of Tregs [54]. DCs, specifically in breast cancer, have 
shown to enhance Treg expansion, contributing to immune 
tolerance and adverse clinical outcomes [55]. Additionally, 
in pancreatic and breast cancer, Treg cell-mediated DCs 
suppression could be induced by direct cell-to-cell contact, 
leading to apoptosis and downregulation of costimulatory 
molecules in DCs [56, 57]. In our study, G4 showed a 
9-fold reduction in the APC/T cells ratio, in contrast to the 
high ratio and immunosuppression-associated correlation 
observed in G1, as well as a 3-fold lower APC/T cell ratio 
compared to G2 and G3. This result allows us to infer 
that in G4, APCs might have effectively primed CD8+ 

T cells; in contrast with G1, G2, and G3, which reveal a 
presumptive impaired ability of APCs to present antigens 
to T cells. Furthermore, the reduction in DCs in G4 was 
associated to a high CD8+ T cells percentage resulting 

from a probable CD4+ Treg depletion and CD4+ Th1 
predominance. Regarding these results and all the findings 
in G1, Huang et al. (2015) [30] reported in a murine 
4T1 tumor model at the same late stage of development 
evaluated in our study, a high infiltration of CD4+ T cells, 
mainly composed of Tregs, as well as high CD4/CD8 and 
Treg/CD8+ T cell ratios. Additionally, in breast cancer 
patients, these cell infiltration and ratios increments were 
positively correlated with advanced tumor stage, large 
tumor sizes and positive tumor metastasis, and inversely 
related with relapse-free and overall survival durations 
[30]. Similar results were also found in colorectal cancer, 
ovarian cancer, oropharyngeal squamous cell carcinoma 
and Hodgkin lymphoma [58–61]. Thus, the effectivity of 
our vaccine is supported by the diminishment of the CD4/
CD8 ratio in G4 in comparison to G1, which suggests that 
the main subset of CD4+ T cells in G4 might be Th1 cells, 
and that this low ratio could be at the expense of Tregs 
diminution. In addition, the observation that in G4 CD8+ 

T cells are in close contact to tumor cells could reflect 
the main mechanism limiting tumor growth, as has been 
previously reported in medullary breast carcinoma patients 
[28]. Overall, our data supports that the tumor regression 
in G4 might be related to a Th1 immune response 
activation. Nevertheless, more specific determinations to 
identify Th1 cells and Tregs should be performed in future 
related studies. 

NK cells are an essential innate immune cell subset 
and a main IFN-γ source. In BCG immunotherapy for 
bladder cancer, NK cells are the main effector in tumor 
elimination [62]. In vitro and in vivo studies using M. 
tuberculosis and BCG have demonstrated Treg lysis by 
NK cells [63, 64]. Therefore, the reduction in CD4+ T 
cell percentage observed in G4 could be associated with 
a marked NK cell increment that interferes with Tregs 
through IFN-γ secretion [64]. In this group (G4), the IFN-γ 
production might be mainly due to the high number of 
NK cells, evidenced by a positive correlation between 
CD49b+ and IFN-γ+ cells in our data. This IFN-γ secretion 
promotes an increase in CD8+ T cell recruitment, which 
together with NK cells, are directly implicated in tumor 
elimination. 

B cells also play a fundamental role in anti-cancer 
immunity, especially plasma cells, which along with 
T cells, are part of the tumor-infiltrating lymphocytes 
(TIL) [65]. B cells induce breast cancer regression by 
secreting immunoglobulin G in response to tumor cells, 
and activating T cells to produce cytotoxic effects and 
IFN-γ [24]. Nonetheless, a subset of B cells, known as 
Bregs, have the opposite effect and promote carcinoma 
development. This is likely mediated by Treg induction, 
which is promoted by B cell-associated transforming 
growth factor beta (TGF-β) secretion [27, 66]. High CTL/B 
ratio in atypical medullary and medullary breast carcinoma 
was associated with a good prognosis as indicated by the 
absence of nodal metastases [28]. In our study, G1 showed 
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the lowest CTL/B ratio suggestive of Breg predominance 
and a high number of CD4+ T cells, which were related to 
the tumor expansion observed. In contrast, the activation 
of a Th1 immune response in G4 is compatible with the 
presence of effector B cells and tumor growth reduction 
demonstrated by the highest CTL/B ratio. While in future 
studies more specific assays for B cells identification 
should be performed, our results, and the presence of 
plasma cells infiltrating the tumor in G4, are suggestive of 
a generation of immunological memory [65, 67]. 

For an effective antitumor response, infiltration of 
pro-inflammatory and cytotoxic cells is necessary, as well 
as low levels of protumor cells, such as TAMs and MDSCs 
[40]. Two different populations of TAMs have been 
described: M1 macrophages that are pro-inflammatory 
and recruit Th1 cells; and M2 macrophages that inhibit 
antitumor T lymphocytes, express anti-inflammatory 
molecules, and recruit Tregs, all contributing to tumor 
tolerance [40, 68]. IFN-γ has the ability to switch 
immunosuppressive TAMs into immunostimulatory cells, 
block the production of protumor factors by TAMs, and 
prevent TAMs generation [68]. G4 had significantly 
lower percentage of TAMs with respect to all other 
groups. A high number of IFN-γ+ cells in G4 might have 
promoted the conversion of M2 TAMs into M1 TAMs, 
whereas G1 had an opposite pattern. In G1, a possible 
predominance of M2 TAMs could be responsible of CD4+ 
T cells differentiating toward Tregs, as it was suggested 
by a positive correlation between these two cell types 
in this group. However, further specific identification of 
M1 and M2 TAMs is necessary to directly show this as a 
mechanism.  MDSCs are immature myeloid Gr1+/CD11b+ 

cells that inhibit the cytotoxic functions of NK, B, T and 
DCs [40]. MDSCs cells promote tumor growth by several 
mechanisms including their inherent immunosuppressive 
activity, promotion of neo-angiogenesis, mediation of 
epithelial-mesenchymal transition and alteration of 
cancer cell metabolism [40]. They also promote Treg 
proliferation and inhibit DCs maturation by secreting 
immunosuppressive cytokines [40, 69]. In G4, tumor 
antigens were part of the treatment, leading to an antigen-
based response. This might have inhibited the recruitment 
of MDSCs, where the immune response was amplified 
as indicated by the low CD4/CD8 and APC/T cell ratios, 
suggesting the development of an effective antitumor Th1 
response.

An important factor in the effectiveness of the 
vaccine was likely the modification of BCG and tumor 
antigens immunogenicity by low concentrations of 
formaldehyde. This idea, proposed by Convit & Ulrich 
in 2006 [13], prevents the deleterious effects of live 
BCG on the APC response [70], amplifying it via TLR. 
Depending on its concentration, formalin is known to have 
adverse effects in vaccines inactivated by this compound, 
or induce reactive carbonyl groups on vaccine antigens, 
which has shown to enhance immunogenicity and efficacy 

without necessarily causing adverse effects [71]. Low 
concentrations, although denaturing proteins, conserve 
oligosaccharide epitopes, which are important in the 
immunological response [72]. The conservation of these 
epitopes enhances the specificity of the immunological 
response toward oligosaccharides, which are recognized 
by APCs, increasing antigen uptake and activating several 
intracellular signaling pathways. This results in cytokine 
secretion, cell activation, phagocytosis and antigen 
presentation that leads to the differentiation of CD4+ T 
cells and the activation of adaptive immune responses [73]. 

In contrast with the antitumor effectiveness observed 
in G4, our findings in the G2 and G3 groups indicate that 
all three components of the vaccine are necessary for an 
optimal tumor growth reduction. In G2, although the BCG 
was attenuated, the absence in the injected preparation of 
tumor specific antigens might have been responsible for 
defective APCs activation, high level of MDSCs, and 
probably Tregs predominance and Bregs infiltration. This 
demonstrates that BCG plus formalin alone are insufficient 
to generate an effective immune antitumor response in this 
breast cancer model. In G3, given the absence of low dose 
formalin, the BCG was alive and tumor antigens were 
in their native form. Although G3 generated high levels 
of IFN-γ+ and NK cells, as well as probable CD4+ Th1 
cells predominance, the antitumor immune response was 
not as potent as in G4, likely due to a negative effect of 
live BCG on APCs [70, 74]. Also, native tumor antigens 
result in a lower specificity of immunological response. 
Therefore, APCs with impaired functionality as well as 
the presence of tumor antigens in native form may have 
caused TAMs M2 and Breg recruitment plus a poor CD8+ 
T cell activation in G3, thus emphasizing diluted formalin 
as a key component of the more effective treatment.

Taken together, our results indicate that the 
autologous tumor cells/BCG/formalin vaccine induces a 
strong immune activation characterized by an important 
infiltration of cytotoxic (CD8+ T and NK cells) and 
B cells. This process, in conjunction with a reduced 
infiltration of immunosuppressive cells, and a probable 
predominance of CD4+ Th1 cells, effectively reduces 
tumor growth and promotes the establishment of immune 
memory. This response was evidenced by a low tumor 
growth rate, diminution of tumor mitotic index, extensive 
necrosis and plasma cells infiltration. All these favorable 
immunological responses, in addition to its very low 
cost of production, ease of preparation, and an apparent 
favorable safety profile as seen in the previous clinical 
experience [15], support our vaccine approach as an 
excellent candidate for a highly accessible personalized 
immunotherapy for breast cancer. 

We suggest that this immunotherapy be tested in 
combination with other treatments and be considered for 
further studies. Research on the safety and the induced 
immunity mechanism of our vaccine must continue, as well 
as its future consideration for a human trial application.
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MATERIALS AND METHODS

Mice and cell line

Since breast cancer prevalence is very low in 
males, we only utilized female mice. Six- to eight-week-
old female BALB/c mice were provided by Escuela 
de Medicina José María Vargas (Universidad Central 
de Venezuela) and maintained in their animal facility. 
The 4T1 cell line was provided by the Cellular and 
Molecular Pathology Laboratory at IVIC and maintained 
in the recommended medium. This study was approved 
by the Bioethics Committee of Escuela de Medicina José 
María Vargas. 

Tumor induction and preparation of autologous 
tumor cells/BCG/formalin vaccine 

Ten mice were inoculated with 4T1 cells to 
obtain tumor tissue to prepare autologous tumor cells 
homogenate. The 4T1 cells were harvested using 0.25% 
trypsin (Sigma-Aldrich) in 0.05% EDTA (EMD Millipore 
Corporation), washed once with RPMI-1640 (MP 
Biomedicals LLC) and re-suspended in 1× PBS (4.45 mM 
Na2HPO4, 1.55 mM NaH2PO4, 137 mM NaCl, pH 7.2). 
Viability of cells was determined by 0.25% trypan blue 
dye exclusion. 4T1 cells (1 × 106 cell/mouse) were injected 
subcutaneously (s.c.) into the mammary fat pad of mice. 
When tumors reached a volume of 1.5–2.5 cm3, mice were 
anesthetized with xylazine/ketamine until unresponsive 
to toe tap and/or agonal breathing, and then euthanized 
to obtain the tumors. Primary tumors were extracted 
in sterile conditions and stored in PBS plus penicillin-
streptomycin 1× (Sigma-Aldrich) at –80° C until their 
use. On the same day of vaccination, the tumors were 
processed following the protocol proposed by Convit et al. 
(15) with minor modifications. Briefly, tumors (0.5 gr) 
were washed with PBS plus penicillin-streptomycin 1× 
and then mechanically macerated in a homogenizer with 
sterile PBS (1 mL). The tumor cells homogenate was 
centrifuged for 10 minutes at 250 × g and the supernatant 
collected. Proteins were quantified by Bradford´s method. 
The final vaccine mixture containing 200 µg tumor cells 
homogenate, 0.0625 mg BCG, and 0.02% formaldehyde 
in a final volume of 100 µL was prepared as previously 
described by Convit et al. [15] and administered 
immediately after its preparation. 

Tumor model used, study treatment groups, 
measurement of tumor volume, and calculation 
of tumor growth rate

Tumor model 

A total of 1 × 106 4T1 cells were injected s.c. into 
the mammary fat pad of female BALB/c mice. 

Study treatment procedures and treatment groups

20 BALB/c mice were randomly assigned to four 
groups, five animals each. The treatments were initiated 
five days post tumor induction and consisted of 100 µL 
of the corresponding treatment injected intradermally 
on the base of the neck once a week for four weeks. The 
four treatment groups were defined as follows: Group 
1 (G1) control treated with PBS; Group 2 (G2) treated 
with BCG  plus formalin (0.0625 mg BCG and 0.02% 
formaldehyde); Group 3 (G3) treated with autologous 
tumor cells homogenate plus BCG (200 µg tumor cells 
homogenate and 0.0625 mg BCG); and Group 4 (G4), our 
vaccination group, treated with the autologous tumor cells/
BCG/formalin (200 μg tumor cells homogenate, 0.0625 
mg BCG, and 0.02% formaldehyde) (Table 1).

Measurement of tumor volume 

Tumor volumes were measured every 4 days up 
to 28 days post tumor induction, calculated as shown by 
Feldman et al., (2009) [75] and expressed in mm3. 

Calculation of the tumor growth rate 

The tumor growth rate is defined as the percentage 
of volume increase relative to the initial volume.

Histology and immunohistochemistry

Five weeks post-tumor induction, all mice were 
euthanized and tumors extracted and subjected to a 
pathologic examination. Tissues were fixed in 4% 
w/v formaldehyde, paraffin-embedded. Sections at 5 
µm interval were cut and stained with Hematoxylin 
and Eosine (H&E), and Gomori´s trichome. The 
immunohistochemistry was carried out according 
to Mihara et al. (2011) [76]. The following primary 
antibodies were used: goat polyclonal anti-mouse 
CD209b (Santa Cruz Biotechnology, Cat No. sc-25221), 
rat monoclonal anti-mouse CD49b (Biolegend, Cat No. 
108901), rat monoclonal anti-mouse CD68 (Biolegend, 
Cat No. 137001), rat monoclonal anti-mouse CD4 
(Biolegend, Cat No. 100505), rat monoclonal anti-mouse 
CD19 (Biolegend, Cat No. 115501), rat monoclonal 
anti-mouse CD8-α (Santa Cruz Biotechnology, Cat No. 
sc-18913), rat monoclonal anti-mouse Ly-6G/Ly-6C 
(Gr-1) (Biolegend, Cat No. 108401), rabbit polyclonal 
anti- Integrin αM (CD11b) (Santa Cruz Biotechnology, 
Cat No. sc-28664) and rat anti-mouse IFN-γ (Biolegend, 
Cat No.505701). The secondary antibodies used were the 
following: goat polyclonal anti-rabbit IgG coupled with 
fluorescein isothiocyanate (FITC) (Abcam Inc., Cat No. 
ab6717), goat polyclonal anti-mouse IgG labeled with 
tetramethyl-rhodamine isothiocyanate (TRITC) (Abcam 
Inc., Cat No. ab6897), sheep anti-rat IgG labeled with 
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TRITC (Abcam Inc., Cat No. ab6849), goat polyclonal 
anti-rabbit IgG coupled with FITC (Abcam Inc., Cat No. 
ab6717), mouse polyclonal anti-goat IgG coupled with 
FITC (Santa Cruz Biotechnnology, Cat No. sc-2356), and 
goat polyclonal anti-rabbit IgG coupled with Texas red 
(Santa Cruz Biotechnology, Cat No. sc-2780). The nuclei 
were stained with DAPI and the slides mounted with a 
DABCO containing medium. 

Observation and imaging of immunolocalization 
was performed according to Iwamoto & Allen 
(2004) [77] with slight modifications as follows. The 
observation was carried out using a fluorescent and 
light microscope Eclipse E600 (Nikon) equipped with 
epifluorescence illumination. Slides were digitally 
photographed with a SPOT Flex FX1520 camera (SPOT 
Imaging). Images of 2048 × 2048 pixels were saved as 
24-bit color TIFF files. The ImageJ software (version 
1.46r) (National Institute of Health, Bethesda, MA, 
USA) was used for image analysis. Immunofluorescence 
positive cell counting was carried out in 6 aleatory areas 
in one section per specimen per mouse. The total count 
of positive cells for each antigen was calculated taking 
into consideration the average cellularity value obtained 
in each mice group. Background fluorescence was 
eliminated using the subtract background function of 
the software. For this, control sections were treated only 
with PBS, using the same illumination conditions and 
digital camera settings; then the respective background 
level was subtracted.

Determination of cellularity

Cellularity was determined by image analysis in 5 
aleatory areas (40×) on H&E-stained sections, in three 
different sections for each specimen per mouse (n = 15). 
All cell nuclei in the RGB layer were counted using the 
ImageJ software. Briefly, images were converted to an 
8-bit format and then adjusted for contrast, brightness, and 
threshold. The cells in each field were counted individually 
by enclosing the region of interest with the selection tool 
and using the option Analyze Particles of ImageJ. Results 
were expressed as number of cells/1000 μm2 [78].

Determination of mitotic index

The H&E-stained sections were examined at total 
magnification 1000×, using immersion oil to enable the 
recognition of mitotic figures with high accuracy. Only 
metaphases, anaphases, and telophases were counted, as 
well as the number of nuclei. The mitotic index is then 
defined as the number of mitoses per one hundred cells 
expressed as percentage and calculated as follows:

Mitotic index = (Number of mitoses per unit area/
Number of nuclei per unit area) × 100

The counted areas were selected randomly, ensuring 
that only stroma was present in the observed field [79].

Quantification of necrosis and parenchyma in 
tumors 

The necrotic areas were determined in tumor 
sections stained with H&E following the protocol 
proposed by Moffitt (1994) [80]. Images were converted 
from 24 to 8 bits, brightness and contrast were increased 
to differentially observe the tumor parenchyma from the 
necrotic zones and the color range threshold was set to 
exclusively encompass this differentiation. The images 
were finally converted to one byte black and white images. 
Values above the target threshold resulted in white pixels, 
whereas values that fell on or below the target threshold 
resulted in groups of black pixels, representing the 
necrotic areas. The ‘Analyze Particles’ option of ImageJ 
was set to accept between 1 and 10,000 pixels, in order to 
include features that are not separable from each other, but 
excluding large non-necrotic areas. Under these conditions, 
ImageJ provided the number, total area, and fractional area 
(percent) occupied with necrotic zones in the pictures. The 
subtraction of the area occupied by necrotic cells from the 
total area constituted the parenchyma percentage.

BCG identification

The identification of BCG was carried out by the 
method of conventional staining Ziehl-Neelsen and 
fluorescense, using acridine orange and auramine O for 
paraffin sections after Mote et al. (1975) [81].

Statistical analysis

Kruskal-Wallis non-parametric tests were performed 
followed by Tukey’s post hoc tests. Pearson’s correlation 
tests were used to ascertain the associations. The PAST 
statistical program was used, and statistical significance 
was met by an α level of 0.05, two-tailed.
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presenting cells/ T cell ratio; BCG: bacillus Calmette-
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damage associated molecular patterns; DCs: dendritic 
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