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Abstract

A tumor nano-lysate “TNL” vaccine comprised of sonicated 4T1 cells was developed, 

characterized and implemented for the prevention of triple-negative breast cancer. This study 

aims to gain a better understanding of the immune response behind the success of the vaccine 

in vivo, through use of ex vivo and in vivo assays. Here, we analyze the activation of various 

immune cells isolated from healthy mouse spleens and find that antigen-presenting cells (APCs) 

such as dendritic cells (DCs) are being activated following 24 h incubation with 1:10 mg TNL/mg 

splenocytes. These cells were further explored to determine the pathway by which activation is 

occurring, and it was observed that TNL are phagocytosed by DCs to activate NF-kB and c-Fos 

pathways, resulting in enhanced cytokine release after 24 h. An in vivo temporal analysis was 

performed in mice to understand the immune response at 1, 3, 7 and 10 days after one 100 

µL dose of TNL consisting of 105 sonicated 4T1 cells via cardiac puncture and splenocyte and 

peripheral blood mononuclear cell (PBMC) analysis. Changes were observed for up to one week. 

A multiple dose study was performed comparing mice that were vaccinated with one dose of 

TNL administered every ten days for 3 doses total, as well as a PBS vehicle control. Survival for 

TNL-vaccinated mice was enhanced compared to the PBS control, and there was an average delay 

of 10 days in the onset of metastasis. The differences between the groups at the end of the study 

demonstrate the potential for TNL as a preventative therapeutic.
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INTRODUCTION

Breast cancer remains an epidemic in the United States, with 1 in 8 women diagnosed 

with the disease in her lifetime.1 While 5-year survival rates as high as 99% are associated 

with early stage breast cancers, survival rates for later stage, metastatic breast cancers are 

reduced to as low as 27%.2 These statistics indicate a need for successful anti-metastatic 

therapeutics and preventative measures for breast cancer. Current preventative measures 

include regular screening via breast self-examination (BSE), clinical breast exam (CBE), and 

mammography after the age of 40.3,4

Currently, there are only five FDA-approved preventative cancer vaccines used in 

clinical practice, and these protect against sexually transmitted viral infections human 

papillomavirus (HPV) and hepatitis B (HBV).5 These viruses commonly promote liver, 

cervical and oral cancers, and when implemented the vaccines have successfully prevented 

the virus and corresponding disease onset.6–9 In cancer, vaccination is designed to serve as 

an active immunotherapy strategy to stimulate the patient’s immune system. While strides 

have been made in research and development of non-viral preventative cancer vaccines, 

many challenges remain.10

Previously, we developed a tumor nano-lysate (TNL) preventative vaccine for triple-negative 

breast cancer.11 TNL was fabricated via membrane disruption of 4T1 breast cancer cells 

using probe sonication, and the vaccine was characterized by size, protein contents, 

and morphology and analyzed for toxicity in vitro.11 A pilot study was also performed 

analyzing the effectiveness of the vaccine when used with the 4T1 model in vivo 

using immunocompetent mice, and for TNL-vaccinated mice, reduced tumor growth was 

observed, onset of metastasis was delayed, and survival was increased.11 Although TNL-

vaccinated mice ultimately developed tumors, the results of the study demonstrated the 

potential of TNL as a preventative vaccine.11

In this study, we aim to better understand the immunological response to TNL using a 

variety of in vitro, ex vivo, and in vivo functional assays. We explore the effects of TNL 

treatment on splenocytes isolated from healthy mice, and further characterize the activation 

of DCs following a single dose of TNL treatment. We demonstrate that the TNL vaccine 

more effectively activates DCs compared to potent stimulators, such as CpG and LPS 

at 4 and 24 h following treatment. This finding is critical considering DCs are vital to 

connect innate and adaptive immunity and play a key role in T cell priming. We further 

explore cytokine release from murine DCs following TNL treatment to delineate how this 

vaccine can enhance the ability of DCs to function as antigen presenting cells (APCs). The 

preventative effects of the TNL vaccine were tested in vitro and in vivo on 4T1 murine 

breast cancer cells. Overall, our variety of temporal analyses illustrate the need for booster 

doses, which is often invaluable with vaccines. These results provide a better understanding 

of what is occurring in vivo and suggest ways to improve the success of the formulation. The 
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success of this preventative cancer vaccine motivates its future testing and exploration of the 

immunological response to additional cancer types.

MATERIALS AND METHODS

Cell culture:

Immortalized dendritic cell (DCs) line DC2.4 cells (Sigma-Aldrich Catalog No. SCC142) 

were grown in culture media consisting of RPMI-1640 supplemented with 10% fetal 

bovine serum (FBS), 1X L-Glutamine, 1X non-essential amino acids, 1X HEPES buffer 

solution and 0.0054X β-Mercaptoethanol. Cells were maintained at 37°C with 5% CO2, and 

experiments performed at ~70–80% confluency.

Reagents:

For preparation of DC2.4 cell culture media, RPMI-1640, FBS, non-essential amino 

acids and HEPES buffer (Gibco), and β-Mercaptoethanol (Sigma-Aldrich) were used. 

Hank’s balanced salt solution (HBSS) w/w/o calcium and magnesium was purchased 

(Gibco). Lipopolysaccharide (LPS) solution was purchased from Thermo Scientific. ODN 

1585 - TLR9 ligand (CpG) was purchased from InvivoGen. Anti-mouse PE-CD40 (5C3) 

was purchased from BD. Anti-mouse PE-MHC (Class I H-2Kk) was purchased from 

Antibodies-Online.com. Anti-mouse PE-CD70 (FR70), PE-CD80 (16-10A1), PE-I A/I E 

(M5/114.15.2) (MHC II), and PE mouse anti-Ki-67 (567720) were used for flow cytometry 

(BD). Anti-mouse PE-CD83 (Michel 17), PE-CD197 (CCR7) (4B12), PE-phospho-NFkB 

p65 (Ser529) (NFkBp65S529-H3), PE-phospho-c-Fos (AP-1) (Ser32) (cFosS32-BA9), and 

PE (MA5-36891) were obtained from Thermo Scientific. H-2Ld MuLV gp70 Tetramer-

SPSYVYHQF-PE was obtained from MBL International. For immune cell labeling, CD3, 

CD4 and CD19 were purchased (BD), CD8 was purchased (Thermo Fisher), and CD335, 

CD68 and CD11c were purchased (BioLegend). Anti-RAC1 (MBS9200589) was purchased 

through MyBioSource. Proteome Profiler Mouse Cytokine Array Kit, Panel A (ARY006) 

was used to analyze cytokine release (R&D Systems). VECTASHIELD® Antifade Mounting 

Medium (H-1000-10) was purchased from Vector Laboratories and used for confocal 

microscopy. Triton X-100, DAPI (D9542-10MG), Tween® 20, viscous liquid, and Poly-L-

lysine solution were purchased from Sigma-Aldrich. ActinRed 555 ReadyProbes Reagent 

and secondary antibodies Alexa Fluor 488 goat anti-rabbit IgG (H+L) and Alexa Fluor 

488 goat anti-mouse IgG (H+L) were purchased from Invitrogen for confocal imaging. 

10% Normal Goat Serum (Life Technologies) and 32% paraformaldehyde aqueous solution, 

electron microscopy grade (Electron Microscopy Sciences) were purchased for imaging. 

Ficoll-Paque PLUS was purchased from GE Healthcare. Syringe/plungers (BD), cell 

strainers (Celltreat), and red blood cell (RBC) lysis buffer were purchased for splenocyte 

isolation. Syringes for mouse injections were purchased from BD.

TNL fabrication:

TNL were fabricated via sonication as previously described.11
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Flow cytometry analysis and antibody staining:

For intracellular proteins phospho-NF-κB and - cFos, cells were fixed with 4% 

paraformaldehyde (PFA) for 10 min. Cells were washed with HBSS and permeabilized with 

100% ice cold methanol. Cells were washed again and stained for 15 min in the dark with 

antibodies fluorescently tagged with PE fluorophore while suspended in 1% BSA. A Guava 

easyCyte 12HT flow cytometer (Millipore) was used to measure fluorescence intensity, with 

FlowJo software used for gating and analysis. For extracellular proteins analyzed after 24 

h, cells were lifted, washed, and incubated with primary antibodies pre-conjugated with 

fluorophores in 1% BSA and then washed once more prior to analysis. For RAC1 staining, 

cells were first stained with the primary antibody and then stained for 15 min with an 

Alexa 488 secondary antibody and washed prior to analysis via flow cytometry. For these 

analyses, DC2.4 cells were plated overnight and were treated for 4 h or 24 h with freshly 

made TNL at a concentration of 1:10 mg TNL/mg DC2.4 (TNLLow) or 2:1 mg TNL/mg 

DC2.4 (TNLHigh), and equivalent PBS volumes for a vehicle control. When stimulators 

were used as positive controls, LPS was at a concentration of 10 µg/mL and CpG was at a 

concentration of 2 µM.

Splenocyte isolation and analysis:

Primary cells were isolated from the spleens of healthy BALB/c mice using a plunger and 

cell strainer, and red blood cell (RBC) lysis buffer. Splenocytes were counted and incubated 

with 1:10 mg TNL/mg splenocyte or PBS. T cells were fixed and permeabilized and stained 

for T cell markers CD3, CD4 and CD8 and intracellular cytokines IL-2, TNF, and IFN. 

Splenocytes were stained with B cell marker CD19 and activation markers including CD40, 

CD69, CD86 and majorhistocompatability complexes (MHCs). Additionally, splenocytes 

were stained for CD68 and CD11c and stained for costimulatory molecules.

Tetramer staining:

Splenocytes were isolated as previously described and plated overnight. Cells were treated 

for 24 h with PBS, LPS, CpG, or 1:10 mg TNL/mg DC2.4 (TNLLow) or 2:1 mg TNL/mg 

DC2.4 (TNLHigh). Splenocytes were stained for extracellular marker CD3 and H-2Ld MuLV 

gp70 Tetramer.

Viability assay:

Splenocytes were isolated as previously described and plated overnight. Cells were treated 

with PBS or 1:10 TNL/mg splenocytes and 4T1 cells were plated separately. After 24 

h, splenocytes were added to 4T1 cells for 24 h at concentrations of 1:10, 1:5, or 2:5 

mg splenocytes/mg 4T1 cells. A control of PBS treated-4T1 cells (no-splenocytes) was 

maintained. Cells were then lifted, centrifuged and resuspended in 150 μL HBSS -/−. 5 

μL of annexin v (AV) and 5 μL of propidium iodide (PI) were added to each sample, and 

unstained and single stained controls were used. Cells were stained for 15 min in darkness 

and 100 μL HBSS was added to each sample before flow cytometry analysis. Statistical 

significance was determined using Two-way ANOVA.
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Proteome profiler:

DC2.4 cells were treated and plated overnight and treated with TNL at 1:10 mg TNL/mg 

DC2.4, equal volume of PBS as a vehicle control, or CpG. After 24 h, the supernatant was 

collected from cell suspensions and centrifuged at 4800 RPM at 4°C for 10 min. Proteome 

Profiler Mouse Cytokine Array Kit, Panel A (R&D Systems) was used for analysis and the 

manufacturer’s instructions were followed for the procedure. An Odyssey CLx imager was 

used for 2 min chemiluminescence imaging. Membrane mean pixel density was quantified 

using Image Studio Lite software. Two replicates were completed for each treatment group.

Confocal microscopy:

DCs were seeded onto glass coverslips previously coated with poly-l-lysine (PLL). After 24 

h, DCs were treated with PBS, CpG or TNL. After 4 h or 24 h, cells were fixed with 4% 

PFA, washed and then permeabilized with 1% Triton. After washing, cells were blocked for 

45 min with 5% BSA + 5% goat serum, and then stained with primary antibodies (LAMP2, 

Syntaxin18) at 1:100 in coating buffer for 1 h. Cells were then stained with a 4 μL Alexa 

488 secondary antibody, DAPI nuclear stain and ActinRed 555 for 30 min. Vectashield 

was added to slides followed by coverslips, and cells were imaged using a Zeiss LSM 900 

confocal microscope. Image analysis was performed using FIJI software.

In vivo studies:

The studies were approved by IACUC protocol #M1700009-02. Eight-week-old female 

BALB/cj (Strain #: 000651) mice were purchased from the Jackson Laboratory (Bar Harbor, 

ME) and were monitored by veterinary staff at the Division of Animal Care (DAC) 

at Vanderbilt University according to institutional guidelines. Mice experienced identical 

care regimens and housing conditions, and mice were euthanized at humane endpoints, 

determined by factors such as mobility and tumor size. “One dose” described in each of the 

in vivo assays is defined by the in vivo pilot study developed in Dombroski, et al., where one 

dose of TNL consists of 105 sonicated 4T1 cells in 100 μL of PBS.11

In vivo temporal analysis:

Healthy BALB/c mice were injected via tail vein with one dose of TNL (105 sonicated 4T1 

cells in 100 μL of PBS) or PBS as a vehicle control. After 1 d, 3 d, and 7 d, n=4 mice 

from each group (PBS, TNL) were sacrificed and underwent cardiac puncture and spleen 

resection. Part of each collected blood sample was kept for in-lab analyses and part was 

given to the Vanderbilt Medical Center Translational Pathology Shared Resource (TPSR) 

for a complete blood count (CBC). Splenocytes were isolated as described above, counted, 

and analyzed for extracellular immune cell markers and activation markers. Peripheral blood 

mononuclear cells (PBMCs) were isolated via differential centrifugation and Ficoll-Paque. 

Isolated cells were then analyzed for extracellular markers. We continued spleen isolation 

and PBMC collection and subsequent analysis up to 10 days to gather additional activation 

and population information on the range of specific immune cell subtypes.
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In vivo multi-dose study:

Healthy BALB/c mice were injected with 1 dose of TNL (105 sonicated 4T1 cells in 100 

μL of PBS) every 10 d up to 3 doses, or 3 doses of 100 µL PBS at each time point. 

10 d after the final dose, mice were inoculated in the anatomical right 4th mammary fat 

pad with 30,000 4T1-Luciferase cells in 50 µL PBS. Hair was removed from the area 

surrounding the fat pad prior to inoculation and mice were anesthetized for 5–10 min 

via continuous inhalation of isoflurane during the administration. Tumors were monitored 

twice per week via bioluminescent imaging (IVIS Lumina III, PerkinElmer Inc.) and caliper 

measurements. Subcutaneous injection of 100 μL of D-luciferin (150 mg/kg) was used for 

imaging. During imaging, mice were anesthetized for 5–10 min via continuous inhalation 

of isoflurane. Tumor volume was estimated as [length (l) x width (w)2]/2. First signs of 

observed metastases were considered as bioluminescent signals in a location other than 

the primary tumor, and these days were recorded. Splenocytes were isolated as previously 

described and analyzed for immune cell populations and activation markers. n=2 spleens 

were collected for the PBS group.

Immunohistochemistry (IHC):

After resection, tumors were immediately fixed in 10% neutral buffered formalin (NBF) 

for 24 h. A board-certified veterinary pathologist examined hematoxylin and eosin (H&E) 

stained tumor slides and did not find any obvious morphologic differences between treated 

and control tumors. The Vanderbilt TPSR core routinely processed, paraffin embedded, 

sectioned at 5 µ.Slides were stained the tumors for CD3m (T cells), CD45r (B cells), 

or Ki-67 (proliferation) using the Leica Bond-RX staining platform. Briefly, slides were 

deparaffinized and heat induced antigen retrieval was performed on the Bond Max using 

their Epitope Retrieval 2 solution for 5–20 min depending on the primary antibody. Slides 

were incubated with either anti-CD3 (Cat.# ab16669, Abcam, Cambridge, UK) at 1:250, 

anti-CD45r (Cat.# 553086, BD Pharmingen, San Diego, CA) at 1:30,000 or anti-Ki-67 

(Cat.# ab16667, Abcam, Cambridge, UK) at 1:100 for one hour. The Bond Refine (DS9800, 

Buffalo Grove, IL, USA) detection system was used for visualization. Slides were then 

dehydrated and cleared, and coverslips were placed on them. Slides were scanned and 

uploaded to SlideViewer (3DHistotech) to take snapshots for analysis. FIJI was used to 

quantify DAB positive staining expression with a Macro developed by A.R.F. Briefly, the 

color deconvolution function was applied to the snapshots to provide an H&E, DAB, and 

residual image, so that area fractions (percent positive) can be determined from the DAB 

image. Data are presented as the percent positive DAB stain ± standard error mean of two 

sections per tumor per IHC stain.

Statistics:

Data are reported as mean and standard error of the mean. Unless otherwise indicated, 

statistics were determined using student’s t test. Experiments included at least three 

independent replicates unless otherwise indicated. *p<0.05, **p<0.01, ***p<0.005, and 

****p<0.001 for significance; otherwise, there is no significance. GraphPad Prism software 

was used to perform statistical analyses and produce figures for this paper.
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RESULTS

Antigen-presenting cells are activated by TNL

Splenocytes were isolated and treated with TNL or PBS vehicle control for 24 h. Immune 

cell populations were analyzed for activation via costimulatory molecule expression (CD40, 

CD70, CD80, CD83, CD86) or intracellular cytokine staining (IL-2, TNF, IFN). CD3+CD4+ 

and CD3+CD8+ T cells were observed to not be significantly activated by TNL in vitro 

(Fig. 1A–B). Similarly, CD68+ macrophages did not have a change in costimulatory 

molecule expression following incubation with TNL when compared to PBS controls (Fig. 

1C). B cells, however, were observed to have significant increases in CD80 and CD83 

costimulatory molecule expression and major histocompatibility complexes (MHC) I and II 

(Fig. 1D). DCs were similarly activated by TNL, as observed by a significant increase in 

costimulatory molecule expression (Fig. 1E). Given that antigen-presenting cells (APCs) are 

being activated by TNL, and that DCs are APCs that are often used in successful anti-cancer 

vaccines, we sought to further explore their response to TNL ex vivo and in vivo.

DCs undergo morphological and metabolic changes in response to TNL

To explore the pathways by which DCs are being activated, DC2.4 immortalized cells were 

grown in culture and explored for activation of both intracellular and extracellular activation 

markers. NF-kB phosphorylation and c-Fos phosphorylation are regulated by calcium influx, 

and in DCs promote cell cycle progression, proliferation and cytokine release.12–15 Ki-67 

expression represents an increase in proliferation in a variety of cell types and is often 

associated with activation of cells.16–18 These activation markers were analyzed for DC2.4 

cells treated with LPS, CpG and two concentrations (high and low) of PBS and TNL at 4 

h (Fig. 2A) and 24 h (Fig. 2B). Significant increases in phospho-NF-kB and -c-Fos were 

observed after 4 h for TNL-treated DCs compared to PBS vehicle controls. Changes in c-Fos 

phosphorylation was observed for up to 24 h. The measure of phospho-NF-kB and -c-Fos 

for CpG and LPS-treated DCs was similar to the TNL-treated DCs, which provides evidence 

that the efficacy of the TNL is comparable to that of a potent stimulator.

Morphological changes in DCs are indicative of the successful uptake and presentation of 

an antigen, and this process can be observed by changes in RAC1 expression.19 DCs were 

treated with CpG and two different concentrations (high and low) of PBS and TNL. After 

24 h, a trend in enhanced RAC1 expression was observed for CpG- and TNL-treated cells 

compared to PBS-treated cells (Fig. 2C). This finding indicates that DCs exposed to TNL 

were experiencing changes indicative of antigen uptake and presentation.

Cytokine and chemokine release is necessary for activated DC trafficking and for T cell 

priming.20 Using a cytokine array to analyze a panel of cytokines and chemokines, DC2.4 

cells were treated with CpG or TNL, or PBS as a vehicle control for TNL. After 24 h, 

cytokine release was analyzed and a significant increase in CCL3 was observed, as well as 

trends in other cytokines and chemokines released by TNL-treated cells (Fig. 2D–E). CCL3 

has emerged as a potent activator of innate and adaptive immune responses and has been 

shown to play a key role in the regulation of lymph node homing of DCs. CCL3 also induces 

antigen-specific T cell responses.21
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The activation of the above pathways is essential to DCs successfully activating specific T 

cells and initiating a preventative immune response. Interestingly, DCs treated with TNL 

responded similarly to or better than potent stimulators LPS and CpG when treated for the 

same length of time.

DCs phagocytose TNL and a preventative response is elicited

DCs are activated when they successfully uptake an antigen, and LAMP2 and Syntaxin18 

can play a role in this phagocytosis, where LAMP2 is internalized following antigen uptake 

and Syntaxin18 is essential for ER-mediated phagocytosis.22–24 DC2.4 cells were treated 

with TNL and PBS as a vehicle control, stained for phagocytosis markers and subsequently 

imaged using confocal microscopy using a Zeiss LSM 900 (Fig. 3A). While no significant 

difference was observed in Syntaxin18 expression after 4 h (Fig. 3B), there was a trend 

in increased expression after 24 h for TNL-treated DCs (Fig. 3C). Similarly, after 24 h, 

there was a significant increase in LAMP2 expression for TNL-treated DCs (Fig. 3D). These 

results demonstrated that DCs uptake TNL via phagocytosis.

As 4T1 cells express the antigen gp70, a H-2Ld MuLV gp70 tetramer can be used to identify 

specific DC-activated CD3+ T cells as indicated by CD3+Tetramer+ cells.25–27 When CD3+ 

splenocytes were treated with LPS, CpG and two different concentrations (high and low) of 

TNL and PBS as a vehicle control for 24 h, a trend in increased tetramer expression was 

observed for CpG and both TNL concentrations (Fig. 4E). The results indicated that T cells 

are specifically activated for the gp70 antigen when treated with TNL without having been 

exposed to the 4T1 cells.

Splenocytes were treated for 24 h with PBS vehicle control or TNL, and PBS- or TNL-

treated splenocytes were used to treat 4T1 cells at three different concentrations (high, mid 

and low concentrations). After 24 h, 4T1 cells were lifted, and an Annexin V viability assay 

was performed to analyze 4T1 cell viability. Percent viability was significantly reduced in 

4T1s treated with TNL-treated splenocytes compared to PBS-treated 4T1 cells and 4T1s 

treated with PBS-treated splenocytes (Fig. 3F). This functional study indicates the potential 

use of TNL as a preventative vaccine.

Initial immune activation is sustained for up to one week

Healthy female BALB/c mice were vaccinated via tail vein injection with one dose of PBS 

vehicle control or TNL and analyzed over time for a temporal immune response. A complete 

blood count (CBC) was performed at 1 d, 3 d and 7 d, where blood samples were sent to the 

Vanderbilt TPSR for general immune cell population counts. No significant differences were 

observed in red blood cell (RBC)-related counts over time for TNL-treated mice compared 

to mice that had received the PBS control (Fig. 4A–G). Overall white blood cell (WBC) 

changes over time between PBS- and TNL-treated mice were largely unchanged (Fig. 4H, 

L–M). Neutrophils, however, had higher counts for TNL-treated mice overall (Fig. 4I) and 

lymphocyte and monocyte populations had higher counts for TNL-treated mice at 7 d (Fig. 

4J–K).

PBMCs were isolated from whole blood for flow cytometry analysis at 1 d, 3 d, and 7 d. 

Due to the specificity of immune cell data that were collected, the study continued to 10 d 
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and yielded interesting results. While PBMCs isolated from whole blood had no significant 

changes in total PBMCs (Fig. 4N), significant differences in CD3+ T cells between PBS- 

and TNL-treated mice at 3 d were observed, and these counts were significantly reduced 

after 7 d (Fig. 4O). While there were no significant differences between CD3+CD69+ 

T cells between groups, there was a significant difference between CD3+CD25+ T cells 

between population, and these counts were reduced significantly at 7 d and then 10 d (Fig. 

4P–Q). These results indicate that T cells were significantly activated by TNL at 3 d, with 

activation returning to baseline by 10 d.

Splenocyte composition analyses revealed no significant changes in DCs, B cells or 

macrophages (Fig. 4R, T, V). There was an increase in T cell counts for TNL-treated mice 

after 7 d and a trend in increased natural killer (NK) cell counts after 3 d and 7 d (Fig. 4S, 

U).

Multiple dose study demonstrates potential for tumor nano-lysate as a preventative 
vaccine

Based on the results observed in the activation of various immune cell populations ex 

vivo after one dose of TNL (Fig 4), we aimed to further understand the adaptive immune 

response that the TNL vaccine induces through an in vivo study involving breast cancer 

inoculation in mice.

Healthy mice were treated with one dose of TNL or PBS control once every 10 d, up to 3 

doses. 10 d after the final dose, mice were inoculated with 4T1 breast cancer (Fig. 5A). The 

goal of this in vivo study was to examine the potential of the multiple doses of the TNL 

vaccine as a preventative measure to delay or prevent the onset of metastasis. Previously, 

we examined that a single dose of TNL delivered 10 d before tumor inoculation resulted in 

reduced tumor burden, delayed metastasis, and prolonged survival for TNL-treated mice in 

the same 4T1 model.11

Survival for TNL-vaccinated mice was enhanced from an average of 44 to 49.5 d, and 

onset of metastasis was delayed an average of 10 d (Fig. 5B–C). Tumor volume and growth 

overtime was slower for TNL-vaccinated mice than PBS-vaccinated mice, although the 

final tumor volumes and final tumor weights were not statistically significant (Fig. 5D–G). 

While there was not a significant difference in splenocyte composition post-mortem between 

the groups, there was a trend in enhanced percent positive CD68+CD40+ splenocytes for 

the TNL group, indicating activation of macrophages (Fig. 5H–J). IHC was performed to 

analyze immune cell infiltration at the tumor site and proliferation of tumor cells (Fig. 5K). 

There was a significant increase in CD3+ T cells and CD45r+ B cells in the tumors of 

TNL-vaccinated mice compared to controls (Fig. 5L–M). Interestingly, despite the increased 

immune cell infiltration, the percent of tumor cell proliferation was also significantly 

enhanced for TNL-vaccinated mice compared to controls (Fig. N).

DISCUSSION

In this study, we expanded upon our previous research and analyzed the immunological 

response to TNL vaccine both ex vivo and in vivo. Antigen-presenting cells such as DCs 
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were determined to be activated by TNL and were further explored for specific pathways 

of activation. It was observed that the NF-kB and c-Fos pathways are being significantly 

activated by TNL, and subsequently cytokine and chemokine release was enhanced. After 24 

h, changes in morphology through RAC1 expression occurred, as well as specific markers of 

TNL antigen phagocytosis. Through functional assays, we saw specific activation of T cells 

via increased CD3+Tetramer+ cells, and through loss of 4T1 cell viability after treatment 

with TNL-treated splenocytes.

Temporal analyses using healthy BALB/c mice injected via tail vein by one dose of TNL 

or a PBS vehicle control revealed sustained activation for one week with increased counts 

of lymphocytes, monocytes, and neutrophils observed via CBC, and activation of specific 

CD3+ T cell subsets observed via flow cytometry analysis of PBMCs. The results of 

the study demonstrated a potential need for multiple “booster” doses after the immune 

response attenuates after ~10 d. Overall, the multi-dose in vivo study showed reduced 

tumor burden, delayed onset of metastasis, and increased survival for TNL-vaccinated mice 

compared to PBS-vaccinated mice. CD3+ T cell and CD45r+ B cell tumor infiltration was 

also enhanced for TNL-vaccinated mice, indicating a targeted, increased immune response. 

Increased intertumoral immune cell infiltration has been associated with improved patient 

prognosis and suggests the potential for this treatment as a successful preventative vaccine.28 

Further studies will need to be conducted to better understand the increase in proliferation in 

the tumor region for TNL-vaccinated mice despite the increase in immune cell infiltration. 

Although the mice in the TNL treatment group ultimately developed tumors, the overall 

results from this study demonstrate the potential for TNL on its own as a preventative 

vaccine.

Understanding the immunogenicity of the TNL vaccine provides insight into the 

effectiveness of the vaccine in eliciting a preventative response for triple-negative breast 

cancer in vivo. With the insight gained from this study, we can develop future iterations 

of the TNL vaccine with enhanced targeting of specific immune cell populations. For 

instance, the addition of an adjuvant to the TNL formulation as a co-delivery method may 

aid in augmenting the immune response for further success. Specific biomaterials delivery 

strategies may also be useful to study and implement in the future for enhanced immune cell 

targeting. Potential modifications to TNL could include encapsulation, liposomal delivery or 

PEGylation.
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Figure 1. Cell activation by tumor nano-lysate ex vivo.
Intracellular cytokine staining of (A) CD3CD8+ and (B) CD3CD4+ splenocytes. (C) 

Intracellular cytokine and costimulatory molecule staining of CD68+ splenocytes. (D) 

Costimulatory molecule and MHC staining of CD19+ splenocytes. (E) Costimulatory 

molecule staining of CD11c+ splenocytes. *p<0.05, **p<0.01.
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Figure 2. Analysis of DC activation markers.
DC2.4 NF-kB phosphorylation, c-Fos phosphorylation and Ki-67 expression after (A) 

4 h and (B) 24 h. (C) Percent RAC1 expression in DC2.4 cells after 24 h compared 

to costimulatory controls. (D) Representative proteome profiler arrays depicting cytokine 

release. (E) Cytokine and chemokine release in DC2.4 cells after 24 h. *p<0.05, **p<0.01.
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Figure 3. DC phagocytosis and functional analyses.
(A) Syntaxin18 24 h representative micrograph. Syntaxin18 expression after (B) 4 h and 

(C) 24 h. (D) LAMP2 expression after 24 h. (E) CD3+ Tetramer staining. (F) Functional 

viability assay treating 4T1 breast cancer cells with TNL-treated splenocytes. Scale bar = 50 

μm. *p<0.05, **p<0.01, ****p<0.001.
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Figure 4. Temporal analysis of immune response to TNL.
The CBC analyzed general red blood cell (RBC)-related counts including (A) HCT – 

Hematocrit, (B) %PDW – platelet distribution width, (C) PLT – platelet count, (D) 

RDW – RBC distribution width size/volume (E) MCHC – mean corpuscular hemoglobin 

concentration, (F) MCH – mean corpuscular hemoglobin, and (G) MCV – mean corpuscular 

volume. The CBC also analyzed various white blood cell (WBC) populations including (H) 

general WBC, (I) neutrophils, (J) lymphocytes, (K) monocytes, (L) eosinophils, and (M) 

basophils. PBMCs were analyzed for (N) total PBMCs, (O) total CD3+ T cells, and (P) 

CD69+ and (Q) CD25+ populations. Splenocyte composition was also determined via flow 

cytometry, marker for (R) DCs, (S) T cells, (T) B cells, (U) NK cells, and (V) macrophages. 

*p<0.05, **p<0.01.
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Figure 5. In vivo multi-dose TNL study.
(A) Multi-dose mouse protocol. (B) Survival curves for PBS- and TNL- treated mice. 

(C) Day of observed metastasis onset following tumor inoculation. (D) Changes in tumor 

volume over time. (e) Final tumor volume of each mouse. (F) Final tumor weight following 

resection. (G) Representative bioluminescent imaging (BLI) depicting tumor volume at 

one sample timepoint. We observed increased luminescence in BLI, indicating increased 

tumor growth, for PBS-vaccinated mice. (H) Splenocyte population counts. (I) Percent 

positive splenocyte activation markers and (J) percent positive splenocyte tetramers. (K) 

Representative immunohistochemistry micrographs. (L) % CD3 expression (M) % CD45r 

expression and (N) % Proliferation. Scale bar = 100 μm. *p<0.05, ****p<0.001.
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