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Significance

Metastasis remains one of the 
toughest challenges in treatment 
and eradication of cancer. S100A9 
is a major regulator of 
inflammation, and expression is 
linked with poor prognoses in 
cancer patients. S100A9 forms a 
premetastatic niche in lungs 
recruiting cancer cells and 
promoting metastasis. Utilizing 
plant virus and bacteriophage 
nanotechnologies, we developed 
a cancer vaccine targeting 
S100A9. Treatment significantly 
reduced S100A9 levels within the 
lungs and sera in tumor-bearing 
mice protecting from lung 
metastasis. The vaccines further 
increased levels of 
immunostimulatory cytokines and 
decreased immunosuppressive 
cytokines. Due to the prevalence 
of S100A9 in multiple cancer 
types, we hypothesize that our 
vaccine could have wide-ranging 
implications in preventing 
metastasis.
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Metastatic cancer accounts for 90% of all cancer-related deaths and continues to be one 
of the toughest challenges in cancer treatment. A growing body of data indicates that 
S100A9, a major regulator of inflammation, plays a central role in cancer progression 
and metastasis, particularly in the lungs, where S100A9 forms a premetastatic niche. 
Thus, we developed a vaccine against S100A9 derived from plant viruses and virus-like 
particles. Using multiple tumor mouse models, we demonstrate the effectiveness of the 
S100A9 vaccine candidates in preventing tumor seeding within the lungs and outgrowth 
of metastatic disease. The elicited antibodies showed high specificity toward S100A9 
without cross-reactivity toward S100A8, another member of the S100A family. When 
tested in metastatic mouse models of breast cancer and melanoma, the vaccines signifi-
cantly reduced lung tumor nodules after intravenous challenge or postsurgical removal 
of the primary tumor. Mechanistically, the vaccines reduce the levels of S100A9 within 
the lungs and sera, thereby increasing the expression of immunostimulatory cytokines 
with antitumor function [(interleukin) IL-12 and interferonγ] while reducing levels 
of immunosuppressive cytokines (IL-10 and transforming growth factorβ). This also 
correlated with decreased myeloid-derived suppressor cell populations within the lungs. 
This work has wide-ranging impact, as S100A9 is overexpressed in multiple cancers and 
linked with poor prognosis in cancer patients. The data presented lay the foundation 
for the development of therapies and vaccines targeting S100A9 to prevent metastasis.

plant virus | bacteriophage | metastasis | S100A9 | vaccine

Advances in radiological and surgical treatment options for localized cancers have greatly 
reduced the number of deaths in these patients (1). However, novel treatment strategies are 
urgently needed to treat metastatic diseases, which currently account for 90% of cancer-related 
deaths (2). Once metastasis has occurred, the 5-y survival rate begins to precipitously drop—
this is evidenced in a wide range of cancers including breast (3), melanoma (4), prostate (5), 
ovarian (6), uterine (6), and cervical cancer (6) among others. Therefore, it is vital that newer 
therapies and vaccines are developed to slow down or prevent metastatic disease.

The lungs are one of the major organs for metastatic outgrowth, with 20 to 54% of all 
malignant tumors producing pulmonary metastases (7). One of the key players in lung 
metastasis is the Ca2+-binding protein S100A9, which forms homo- and heterodimers 
with S100A8 (8). The S100A8/9 heterodimer exhibits a wide range of functions and is 
thought to be a major regulator of inflammation (9, 10). It is mostly found in the cytosol 
of myeloid cells such as macrophages and neutrophils making up more than 45% of the 
cytosolic content within neutrophils (9).

In cancer and other immune disorders, the S100A8/9 axis becomes dysregulated and 
causes tumorigenesis and neutrophil necrosis. This leads to additional release of S100A8/9 
into the tumor microenvironment (TME), where it interacts with tumor stromal cells and 
potentiates a positive feedback loop (11, 12). S100A8/9 has been shown to be up-regulated 
in gastric, esophageal, colon, pancreatic, bladder, ovarian, thyroid, breast cancer, and mel-
anoma (11, 12), and patients with high S100A9 serum concentrations or S100A9+ mono-
cytes have worse prognoses (13–15). Additionally, S100A9 is an early player in tumor 
proliferation and growth and activates genetic pathways that enhance tumor aggressiveness 
and metastasis of tumor cells into distant organs (16, 17). S100A9 has further been linked 
to tumor motility, angiogenesis, and diminished response to immunotherapy and chem-
otherapeutics (16, 18–21). Importantly, myeloid-derived suppressor cells (MDSCs), which 
promote an immunosuppressive TME, are directly regulated by S100A8/9 (22). The pres-
ence of S100A9 increases MDSC accumulation in both tumor-bearing and naive mice 
(22, 23). MDSCs also produce and secrete S100A9 themselves and have cognate receptors 
for S100A9 (24), instigating an autocrine and paracrine feedback loop (22). MDSCs 
suppress the activity of effector T cells while up-regulating immunosuppressive Tregs. This 
is achieved through a variety of mechanisms, but cytokines such as transforming growth 
factor (TGF)β, interleukin (IL)-10, and IL-6 have been implicated (25).
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Within the lungs, S100A8 and S100A9 become up-regulated 
following distal tumor injection in mice forming a premetastatic 
niche (26). It was found that S100A8/9 act as indirect chemoat-
tractants and recruit cancer cells by causing the release of TGFβ, 
tumor necrosis factor α, and vascular endothelial growth factor-A. 
Neutralizing S100A8 and S100A9 with antibodies helped to block 
the migration of cancer cells into the lungs, suggesting that active 
vaccination against S100A9 would be an effective cancer vaccine 
approach to prevent onset of metastatic disease. Similarly, small- 
molecule inhibitors of S100A9 such as tasquinimod have been 
developed and are being tested clinically (27).

While targeting S100A9 has been previously accomplished 
with silencing RNA (siRNA) (28, 29), neutralizing antibodies 
(8, 26), and small-molecule inhibitors (27), active vaccination 
against S100A9 is an advanced approach, which does not require 
continuous dosing, as the patient produces their own α-S100A9 
antibodies. A particular challenge to any “self ” vaccine is the 
need to break tolerance—we achieve this using nanomaterials 
derived from plant viruses and virus-like particles (VLPs) engi-
neered to display S100A9 peptide epitopes. The nanoparticles 
thus serve as a display technology and adjuvant. While plant 
viruses and VLPs are noninfectious toward mammals, they pres-
ent pathogen-associated molecular patterns, which are recognized 
by pattern recognition receptors, specifically toll-like receptors, 
rendering them immunomodulatory and highly effective vaccine 
technologies (30, 31). They further stimulate immune cells by 
presenting T helper epitopes (30, 32, 33). Specifically in this 
work, we utilized the cowpea mosaic virus (CPMV) and Qβ VLP 
(34–39) to present S100A9 B cell epitopes, which were evaluated 
in multiple mouse models of triple-negative breast cancer 
(TNBC) and melanoma.

Results and Discussion

Production and Characterization of S100A9 Vaccine Candidates. 
A recent study reported an S100A9 vaccine targeting the C 
terminus of S100A9 104GHSHGKGCGK113 (40). We modified 
the vaccine (101RGHGHSHGKG110) to improve the sequence to 
be above the 0.5 threshold for a B cell epitope according to the 
BepiPred-2.0 Sequential B Cell Epitope Predictor (41) (Fig. 1A). 
Extensive biochemical characterization has confirmed that murine 
S100A9 is functionally equivalent to its human counterpart (42) 
with sequence similarity and identity of 79 and 62%, respectively 
(following NCBI Blast alignment of GenBank peptide sequences 
of CAC14292 and NP_002956 of mouse and human S100A9, 
respectively). Nevertheless, amino acid differences in the peptide 
may require optimization for human clinical translation. We 
additionally add a GSG linker to the peptide to improve peptide 
flexibility and thereby peptide conjugation efficiency (43). The 
GSG linker solely acts as a linking unit and does not impact the 
function of the peptide (44).

To create the S100A9 vaccine candidates, CPMV was harvested 
from black-eyed pea No. 5 plants, and Qβ VLPs were expressed 
in BI21 (DE3) Escherichia coli as previously reported (38, 45). 
CPMV and Qβ present solvent-exposed surface lysines (Lys) (300 
per CPMV and 720 per Qβ VLP), which are conjugated to an 
SM(PEG)8 linker followed by conjugation to the cysteine-terminated 
S100A9 peptide (Fig. 1B) (46, 47).

Vaccine conjugates denoted as CPMV-S100A9 and Qβ-S100A9 
were purified and characterized by ultraviolet-visible spectroscopy 
(UV-VIS) (SI Appendix, Fig. S1A) or the bicinchoninic acid assay to 
determine their concentration and purity. The yields following con-
jugation and purification were ~50% of starting material. To confirm 

A

B

Fig. 1. S100A9 peptide epitope and its conjugation to CPMV and Qβ. (A) Structure of S100A9 and peptide epitope sequence of the S100A9 epitope in mice 
compared to humans. The identical sequences are underlined. (B) CPMV is produced through mechanical inoculation of black-eyed pea No. 5 plants while Qβ VLPs 
are expressed in E. coli. An SM(PEG)8 linker is conjugated to lysines (shown by black spheres) on the exterior of the viral capsids followed by maleimide coupling 
of the cysteine-terminating S100A9 peptide. The added CGSG linker is underlined. Qβ contains more surface-exposed Lys (720 vs. 300 for CPMV), which allows 
for greater peptide conjugation. The figures were drawn on Biorender.com. The structures of the mouse and human S100A9, CPMV, and Qβ were created on 
Chimera (mouse S100A9 PDB ID: 6DS2, human S100A9 PDB ID: 6ZDY, CPMV PDB ID: 1NY7, Qβ PDB ID: 1QBE), and the SM(PEG)8 chemical structure was drawn 
on ChemDraw. The small (fivefold axis) and large (twofold and threefold axis) CP of CPMV are shown in green and pink, respectively, and for Qβ CPs are pictured 
in pink, green, and red according to their symmetry (5-3-2 fold axis, respectively). CPMV has pseudo-T3 and Qβ has T3 symmetry.

http://www.pnas.org/lookup/doi/10.1073/pnas.2221859120#supplementary-materials
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structural integrity and epitope display, native gel electrophoresis 
(SI Appendix, Fig. S1B) as well as sodium dodecyl sulfate–polyacryla-
mide gel electrophoresis (SDS-PAGE, SI Appendix, Fig. S1C) were 
performed. While CPMV-S100A9 had reduced electrophoretic 
mobility vs. CPMV, Qβ-S100A9 showed increased mobility vs. Qβ. 
In both the CPMV and Qβ gels, the RNA and protein colocalize, 
indicating that stable and intact conjugates were obtained. While Qβ 
is a VLP, it packages host RNA, which is visualized by the GelRed 
stain (48). SDS-PAGE demonstrated conjugation of ~120 peptides 
per Qβ and ~30 peptides per CPMV (SI Appendix, Fig. S1C), con-
sistent with a higher density of surface Lys per Qβ vs. CPMV (46, 
47). CPMV consists of 60 copies each of two coat proteins (CPs), a 
large (L) CP of 42 kDa and a small (S) CP of 24 kDa (SI Appendix, 
Fig. S1C, red boxes). The secondary, higher-molecular-weight band 
above the native CP bands (e.g., S CP-S100A9 or L CP-S100A9 as 
well as Qβ CP) is in agreement with coupling of the S100A9 peptide, 
which has a molecular weight of 1.33 kDa (including the linker). 
Quantification of peptide per nanoparticle and ratio of CP-S100A9 
vs. free CP was carried out using densitometry analysis and ImageJ 
software (https://imagej.nih.gov/ij/download.html) to analyze the 
ratio of CP-S100A9 vs. free CP.

Transmission electron microscopy (TEM), dynamic light scat-
tering (DLS), and size exclusion chromatography (SEC) using fast 
protein liquid chromatography of the vaccine candidates con-
firmed the presence of intact particles (SI Appendix, Fig. S1 D–F). 
The TEM images showed monodisperse and intact nanoparticles 
with similar size and morphology to the native particles 
(SI Appendix, Fig. S2A). The DLS data and SEC analysis corrob-
orate these results (SI Appendix, Figs. S1 E and F and S2 B and 
C). The elution profiles of CPMV-S100A9 and CPMV were sim-
ilar around 11 mL and an A260:280 ratio of 1.8, indicating intact 
particles (SI Appendix, Figs. S1F and S2C). For the Qβ-S100A9 
sample, the size did increase after conjugation with ~32.7 for Qβ 
and ~42.7 nm for Qβ-S100A9 as well as elution profiles of 8.7 
mL for Qβ-S100A9 vs. 11.8 mL for Qβ (SI Appendix, Figs. S1 E 
and F and S2 B and C).

Immunization with CPMV-S100A9 and Qβ-S100A9 Vaccine 
Candidates. C57BL/6J mice were vaccinated 3× spaced 2 wk 
apart (Fig.  2A). The CPMV-S100A9 and Qβ-S100A9 vaccines 
were injected subcutaneously (s.c.) at 200 μg per dose along with 
negative controls of PBS, CPMV, Qβ, and the S100A9 peptide 
(free S100A9 dose was equilibrated to the Qβ-S100A9 sample as 
the Qβ-S100A9 sample contained 4× more peptide than CPMV-
S100A9). Pre- and postimmunization bleeds were collected, and 2 
wk after the last boost, tumor challenge was performed (see below). 
Both CPMV-S100A9 and Qβ-S100A9 elicited significant antibody 
titers against the S100A9 peptide, as measured through the enzyme-
linked immunosorbent assay (ELISA) (Fig. 2B). CPMV-S100A9 
endpoint titers peaked at week 6 at 25,600, while Qβ-S100A9 
end point titers remained consistent from weeks 4 to 8 ranging 
from 800,000 to 880,000. The higher antibody titers of the Qβ-
S100A9 vs. CPMV-S100A9 are explained by the higher density 
of labeling of Qβ-S100A9. As expected, the control groups did 
not yield any S100A9-specific antibodies. Importantly, the lack of 
antibody production by the peptide group demonstrates that peptide 
vaccination is ineffective and that a necessary adjuvant and carrier 
such as with CPMV or Qβ is necessary. We further investigated the 
IgG isotypes. A ratio of IgG2b IgG1−1 > 1 was deemed as a Th1 bias, 
while a ratio <1 was deemed to be Th2-biased (49). In the C57BL/6J 
mice, we saw opposing trends in the isotyping patterns between the 
vaccines (Fig. 2C). While CPMV-S100A9 originally started with a 
Th2 bias, by week 6, the bias began to skew strongly toward Th1. 
The strong delineation toward a Th1 bias may be due to the adjuvant 

nature of CPMV—CPMV leads to upregulation of Th1 cytokines 
such as interferon (IFN)γ (50). On the other hand, vaccination with 
Qβ-S100A9 started Th1 but appeared balanced starting from week 
4. Because C57BL/6J mice also produce IgG2c antibodies, the ratio 
of IgG2c to IgG1 was also investigated, but IgG2c antibodies were 
not produced with either vaccine (Fig. 2C).

Mice immunizations were repeated in BALB/C mice. The 
CPMV-S100A9 group did not elicit significant antibody titers 
(SI Appendix, Fig. S3); in contrast, Qβ-S100A9 produced strong 
titers starting from week 2 (Fig. 2D). Immune responses in BALB/C 
are Th2-biased, while C57BL/6J exhibit Th1 bias (51). CPMV is 
known to induce a strong Th1 response; therefore, as an adjuvant, 
it may not be as potent in the Th2-biased BALB/C mice. The 
isotyping was repeated in the BALB/C mice with the Qβ-S100A9 
formulation (Fig. 2E). The Qβ-S100A9 initially produced a Th1 
bias and then regressed to a balanced response as in the C57BL/6J 
mice (Fig. 2 C and E). BALB/C mice produce IgG2a antibodies, 
so the IgG2a IgG1−1 ratio was determined and showed similar 
trends—starting with a Th1 bias and then shifting toward a bal-
anced response. Last, IgM antibodies were measurable in both 
vaccine groups in BALB/C and C57BL/6J mice, but IgE was not 
apparent (SI Appendix, Fig. S4A). IgA was detectable in small quan-
tities in BALB/C mice only for the Qβ-S100A9 group (SI Appendix, 
Fig. S4B). The immunization with CPMV/Qβ-S100A9 elicited 
high antibody titers. The viral nanoparticles (VNPs) act as a carrier 
and adjuvant, and recent research highlights that in particular, con-
jugation results in codelivery of the epitope and adjuvant to the 
same cell boosting the potency of antibody production (52–55).

Antibody production against the CPMV and Qβ was also meas-
ured (SI Appendix, Figs. S5 and S6). In BALB/C and C57BL/6J 
mice, the Qβ endpoint titers were at 25,600 and 409,600 for all 
timepoints, respectively, which were the last dilutions tested 
(SI Appendix, Fig. S5 A and B). We expected antibodies against 
the carrier, and data suggest that the presence of α-carrier anti-
bodies does not impair vaccine efficacy (35). In fact, the presence 
of α-carrier antibodies may boost efficacy—for example, in ongo-
ing trials with a Qβ-based in situ immunotherapy, patients are 
preimmunized with Qβ VLPs to stimulate α-Qβ antibody pro-
duction, which enhances APC uptake and targeting (56–58). 
CPMV and CPMV-S100A9 also induced potent antibody pro-
duction against the CPMV VNP capsid (SI Appendix, Fig. S6). 
At week 2, they both had average endpoint titers of 19,200, while 
at weeks 4 to 8, they both had endpoint titers of 25,600, the last 
measured dilution (SI Appendix, Fig. S6). Next, western blots 
(WBs) and dot blots (DBs) were performed to validate whether 
antibodies produced recognize full-length S100A9 protein (dena-
tured or native, respectively). WBs and DBs did indeed confirm 
binding to S100A9 with no cross-reactivity against another mem-
ber of the S100A family, S100A8 (SI Appendix, Fig. S7).

CPMV- and Qβ-S100A9 Vaccines Decrease Tumor Seeding within 
the Lungs of Melanoma and TNBC. To assess the effectiveness 
of the vaccines in preventing metastasis, we started with i.v. 
(intravenously) models of B16F10 melanoma and 4T1-Luc 
TNBC. While these models are not perfect indicators of metastasis, 
they can be used as tumor-seeding models within the lungs. We 
vaccinated both C57BL/6J and BALB/C mice prior to B16F10 
and 4T1-Luc injection (Fig. 3 A and D) simulating vaccination 
postsurgery before the seeding of metastatic nodules within the 
lungs. Three weeks post-B16F10 challenge (using 50,000 cells), the 
lungs were harvested and tumor nodules were manually counted. 
Compared to the control groups (CPMV, PBS, and free S100A9 
peptide), the CPMV-S100A9 vaccine led to a 10.7-, 9.7-, and 
7.6-fold reduction in tumor nodules, respectively (Fig. 3 B, Left). 
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With the Qβ-S100A9 vaccine, there was a 4.5-, 6.6-, and 5.1-
fold reduction in tumor nodules compared to Qβ, PBS, and the 
S100A9 peptide, respectively (Fig. 3 B, Left). It is of note that 
there was no significant difference between the Qβ-S100A9 and 
CPMV-S100A9 vaccines, which may indicate that a threshold of 

effective titers was achieved and that a lesser dose of Qβ-S100A9 
may be sufficient. We further validated vaccine efficacy by injecting 
100,000 (vs. 50,000) B16F10 melanoma cells and harvesting the 
lungs after 2 wk—again, potent efficacy was demonstrated (Fig. 3 
B, Right, Fig. 3C).
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Fig. 2. Antibody titers against the S100A9 epitope following vaccination of mice. (A) Vaccine injection schedule in both C57BL/6J (Left) and BALB/C (Right) mice. 
The vaccine candidates were given in a prime and double boost spaced 2 wk apart. Tumor burden is shown in Fig. 3. (B) Titers against the S100A9 peptide 
in C57BL/6J mice (n = 3 to 4). The endpoint titers were determined as the titer range at which the absorbance was twice the absorbance of the blank. (C) IgG 
Isotyping of the CPMV and Qβ-S100A9 vaccines in C57BL/6J mice. (D) Titer production and endpoint titers against the S100A9 peptide in BALB/C mice (n = 2 to 3). 
(E) IgG isotyping of the Qβ-S100A9 vaccines in BALB/C mice. The injection schedule schematics were created on Biorender.com. The error bars represent the SD.



PNAS  2023  Vol. 120  No. 43  e2221859120� https://doi.org/10.1073/pnas.2221859120   5 of 11

Next, we investigated Qβ-S100A9 efficacy using a 4T1-Luc 
TNBC model in BALB/c mice. Lungs were harvested 2 wk post-
tumor challenge, and tumor nodules were counted after staining 
with Bouin’s solution (Fig. 3 D–F). Again potent vaccine efficacy 
was observed, decreasing tumor nodule counts by 2.6-, 2.4-, and 
2.6-fold compared to Qβ, PBS, and S100A9 peptide, respectively 
(Fig. 3 E and F). Weight measurements indicated no weight loss 
observed for the Qβ-S100A9 and S100A9 group; in contrast, PBS 
and Qβ mice lost weight drastically by day 8 (SI Appendix, 
Fig. S8). Tumor growth was measured using luminescence meas-
urements on an in vivo imaging system (IVIS) and averaged region 
of interest (ROI) counts on the Living Image 3.0 software. 
Qβ-S100A9 vaccinated mice showed the slowest tumor growth, 
and by day 12, the luminescence within the lungs of the 
Qβ-S100A9 mice was 24.7, 24.5, and 38% of the Qβ, PBS, and 
S100A9 controls, respectively (Fig. 3G). The results from both 
the B16F10 and 4T1-Luc studies demonstrate that the vaccine 

protects against tumor seeding within the lungs—in the clinic, 
we envision the vaccine working similarly in postsurgery patients 
with circulating tumor cells.

Qβ-S100A9 Vaccine Decreases Metastasis to the Lungs in TNBC 
Surgery Study. To investigate the ability of the vaccine in reducing 
metastasis, a 4T1-Luc primary tumor was injected s.c. prior to 
vaccination followed by surgery 2 wk after tumor implantation—
metastasis to the lungs was examined via luminescent imaging. 
This experimental process mirrors clinical procedure, and it is 
known that 4T1-Luc cells begin to metastasize by day 16 (39). 
The treatment schedule is outlined in Fig. 4A. The lungs were 
imaged every 2 to 4 d following surgery, and the luminescence and 
survival of the mice were analyzed. In the control animals, tumors 
developed quickly following surgery, and by day 60, only 20% of 
the mice in the PBS and Qβ groups remained alive as well as 30% 
in the S100A9 group (Fig. 4B). On the other hand, 80% of the 

A

B C

D

E F G

Fig. 3. Reduction of B16F10 and 4T1-Luc tumor nodules following vaccination. (A) Injection schedule in C57BL/6J mice. Lungs were harvested after 2 or 3 wk 
depending on the number of cells injected. (B) Quantitative analysis of B16F10 tumor nodules within the lungs (n = 3 to 10). Error bars represent the SD. (C) 
Qualitative images of the tumor nodules in B. The images are representative images of lungs from each group. The black dots on the lungs represent the B16F10 
tumor nodules. (D) Injection schedule in BALB/C mice. (E) Quantitative analysis of the 4T1-Luc tumor nodules within the lungs (n = 4 to 10). Error bars represent 
the SD. (F) Representative images of lungs from E. The red arrows are pointing toward 4T1-Luc tumor nodules. The lungs are yellow due to the storing of the 
lungs in Bouin’s solution to visualize 4T1-Luc tumor nodules. (G) Lung luminescence of mice from ROI measurements taken on the IVIS. Error bars represent 
the SD. The injection schedule schematics were created on Biorender.com. All analyses were done on GraphPad Prism, and the tumor nodules were compared 
using one-way ANOVA and Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01, ****P < 0.0001, ns = not significant.

http://www.pnas.org/lookup/doi/10.1073/pnas.2221859120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221859120#supplementary-materials
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mice in the Qβ-S100A9 group remained alive and continued to 
be healthy until the last measured timepoint at day 60, indicating 
a survival improvement of 267 to 400% over controls. The survival 
curves and luminescent measurements indicate that the Qβ-
S100A9 vaccine extends and improves survival in mice following 
surgical removal of TNBC due to the elimination of metastatic 
disease.

S100A8/9 Levels are Reduced in Lungs and Sera Following 
Vaccination. S100A8/9 levels in both the lungs and the 
sera were measured by the ELISA comparing vaccinated  
and unvaccinated, naive mice. We used S100A8/9 because 
S100A9 is typically found in the heterodimer form (9). Naive 
or vaccinated C57BL/6J mice were injected i.v. using 50,000 
B16F10 cells; then, lungs and sera were collected pretumor 
challenge and 2 and 3 wk posttumor challenge (Fig. 5 A, Top 
Left).

In the naive mice, the S100A8/9 levels within the lungs remained 
similar before tumor challenge and 2 wk posttumor challenge 
(1,504 vs. 664 ng mL−1); however, by week 3, there was a sudden 
10× increase to 13,767 ng mL−1 (Fig. 5B). In stark contrast, in 
vaccinated mice, the S100A8/9 levels decreased in the lungs to 66.4 
ng mL−1 prior to tumor injection, and even 2 and 3 wk following 
injection, the levels remained much lower at 182.2 and 360.3 ng 
mL−1, respectively (Fig. 5B). Strikingly, the S100A8/9 levels within 
the lungs of vaccinated mice 3 wk posttumor injection were still 
lower than naive, unvaccinated mice showcasing the longitudinal 
ability of the vaccine to continuously lower S100A8/9 levels. The 
full ELISAs are shown in SI Appendix, Fig. S9. We did not observe 

complete eradication of S100A8/9 within the lungs following vac-
cination, which may be a positive result given the central role of 
S100A8/9 in pathogenic clearance (59, 60). We did notice a trend 
toward increased bacterial load following vaccination (SI Appendix, 
Fig. S10), but additional safety studies should be carried out to 
pave the way for translational development of the cancer vaccine 
candidate. We note in our study that the slight increase in bacterial 
load did not seem to negatively impact the health of the mice, and 
even with potential side effects of vaccination, a significantly greater 
level of vaccinated mice survived tumor metastasis into the lungs 
(Fig. 4). This is in line with other works in which S100A9 was 
targeted by means of siRNA or small-molecule inhibitors (23, 61). 
It is also important to note that impaired immunity or increased 
infection rates were not noted as adverse effects in clinical trials of 
tasquinimod, which is a small-molecule inhibitor of S100A9 (62).

To ascertain that the decrease in the S100A8/9 in the lungs is 
not attributed to a decrease in tumor nodules, but more so the 
activity of the α-S100A9 antibodies, we also examined S100A8/9 
levels in the sera. While systemic S100A8/9 levels fluctuate depend-
ing on disease state, S100A8/9 is mainly active locally, and decreases 
in systemic S100A8/9 should be mediated by vaccine-generated 
antibodies. By week 3 following B16F10 i.v. challenge, vaccinated 
groups showed trends toward decreased S100A8/9 sera levels com-
pared to control animals (Fig. 5C). The 4T1-Luc data showed sim-
ilar response to the vaccines with significant decreases in the lungs 
and trends in the sera of S100A8/9 (Fig. 5 D and E). The complete 
ELISAs are shown in SI Appendix, Fig. S11.

The lungs of both 4T1-Luc and B16F10-injected, vaccinated mice 
at the last measured time point (week 3 for B16F10, week 2 for 

Fig. 4. Metastasis and recurrence study of surgically removed 4T1-Luc orthotopic tumors. (A) Injection schedule. The primary 4T1-Luc tumors were injected 
s.c. followed by surgical removal after 2 wk. The mice were then imaged every 2 to 4 d for onset of metastases or recurrences. (B) Luminescence of the 4T1-Luc 
tumors as measured by ROI measurements on the IVIS. The survival of the mice is also shown. In the tumor growth curves, the luminescence is shown on the 
y axis is log scale (n = 10). The injection schedule schematics were created on Biorender.com. All analyses were done on GraphPad Prism, and the survival was 
compared using the Log-rank (Mantel-Cox) test. *P < 0.05, **P < 0.01.

http://www.pnas.org/lookup/doi/10.1073/pnas.2221859120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221859120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221859120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221859120#supplementary-materials
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4T1-Luc) were then analyzed to investigate correlation between 
S100A8/9 sera levels and tumor nodule formation (Fig. 5 F–H). The 
sera of the mice were collected at the noted timepoints, and S100A8/9 
levels were measured through ELISA and correlated to the number 
of tumor nodules. Indeed, mice with more tumor nodules also had 
elevated levels of S100A8/9. A line of best fit was calculated, which 
produced an R2 of 0.9025. The correlation between S100A8/9 and 
tumor burden further validates that vaccination eliminates S100A8/9, 
leading to reduction of lung tumor nodules.

Cytokine and Immune Cell Analysis of Lungs Following 
Vaccination. S100A9 plays a direct immunomodulatory role on 
MDSCs by potentiating their immunosuppressive effects through 
both paracrine and autocrine functions, thereby promoting tumor 
growth (22). To gain insights into the mechanism of action of the 
Qβ-S100A9 vaccine candidate, we performed cytokine analysis 
using ELISAs on homogenized lungs (Fig.  6A). We focused on 
IL-10, IL-6, TGFβ, IFNγ, and IL-12, all of which are directly or 
indirectly related to MDSC function (63–67). Overall, for the 
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Fig. 5. S100A8/9 levels within the lungs and sera  
of B16F10- and 4T1-Luc-inoculated mice as a func
tion of Qβ-S100A9 vaccination. (A) Injection and 
lung/sera collection schedule. (B) S100A8/9 levels 
in the lungs of C57BL/6J mice. (C) S100A8/9 levels 
in the sera of C57BL/6J mice. (D) S100A8/9 levels 
in the lungs of BALB/C mice. (E) S100A8/9 levels 
in the sera of BALB/C mice. (F) Scatter plot of 
mice comparing tumor nodule formation and 
S100A8/9 concentration within the sera. A line of 
best fit was plotted with an R2 of 0.9025. (G) Tumor 
nodules within the lungs of B16F10-inoculated 
mice. The red arrows are pointing toward areas 
of tumor nodule formation. (H) Tumor nodules 
within the lungs of 4T1-Luc-inoculated mice. The 
red arrows are pointing toward areas of tumor 
nodule formation. All experiments were done with 
n = 2 to 3, and the error bars represent the SD. All 
statistics were accomplished with Student’s t test. 
The injection schedule schematics were created on 
Biorender.com. *P < 0.05, **P < 0.01, ***P < 0.001, 
ns = not significant.
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B16F10 mice, we noticed sharp decreases in immunosuppressive 
cytokines and an increase in immunostimulatory cytokines in Qβ-
S100A9-vaccinated mice compared to unvaccinated mice (Fig. 6B). 
Before tumor injection, immunosuppressive cytokines IL-10 and 
TGFβ were decreased by 3.1- and 5.9-fold in vaccinated mice. These 
significant decreases continued into week 2 for IL-10 and into week 
3 for TGFβ. The cytokine IL-6 was significantly increased 8.6-fold 
in vaccinated mice at week 0 (Fig. 6B). While IL-6 plays a role in 
upregulation of MDSCs (63), it also has known antitumoral effects 

via simulating adaptive immunity and maturation of APCs (68, 69). 
Importantly, the immunostimulatory cytokines of IFNγ and IL-12 
were strongly up-regulated in vaccinated mice. By the third week, 
IFNγ levels were 3.7-fold that of unvaccinated mice. IL-12 was not 
detectable by the ELISA in unvaccinated mice but was present in 
vaccinated mice at all timepoints. IFNγ and IL-12 both play crucial 
roles in creating an immunostimulatory, or “hot”, TME (70–74). 
IL-12 directly regulates the antitumoral properties of natural killer 
cells and T cells, which go on to release IFNγ (70–72, 75). The 

A
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C

D E

Fig. 6. Analysis of cytokine and MDSC levels within 
the lungs of B16F10- and 4T1-Luc-inoculated mice 
after Qβ-S100A9 vaccination. (A) Injection and lung 
harvesting schedule. (B) Concentration of IL-10, TGFβ, 
IL-6, IFNγ, and IL-12 in the lungs of vaccinated and 
naive C57BL/6J mice inoculated with B16F10 metastatic 
tumors. (C) Concentration of IL-10, TGFβ, IL-6, IFNγ, and 
IL-12 in the lungs of vaccinated and naive BALB/C mice 
inoculated with 4T1-Luc metastatic tumors. # IL-6 is 
listed as immunosuppressive, but also contributes to 
an immunostimulatory response. (D) M-MDSC and G-
MDSC populations within the lungs of vaccinated and 
unvaccinated C57BL/6J mice inoculated with B16F10 
tumors. (E) M-MDSC and G-MDSC populations within 
the lungs of vaccinated and unvaccinated BALB/C mice 
inoculated with 4T1-Luc tumors. All experiments were 
done with n = 2 to 4, and the analyses were run using 
Student’s t test. The error bars represent the SD. *P 
< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = 
not significant. The injection schedule schematics were 
created on Biorender.com.
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IFNγ further activates Th1 effector mechanisms, which produces 
more IFNγ in a positive feedback loop. Downstream effects are 
increased differentiation of CD8+ T cells into effector cytotoxic 
T cells, leading to increased tumor cell killing and stimulation of 
systemic antitumoral immune memory (73, 74, 76). Overall, the 
trends in the 4T1-Luc mouse model were directly comparable with 
the B16F10 data in that the immunosuppressive cytokines IL-
10 and TGFβ were decreased, while IL-6, IFNγ, and IL-12 were 
increased significantly (Fig. 6C). The cytokine analysis indicates that 
following vaccination of S100A9, there is an overall shift toward a 
more antitumor, immunostimulatory state, which most likely aids 
in the rejection of tumor nodule formation.

We also investigated the MDSC populations within the lungs as 
a function of vaccination against S100A9 (Fig. 6 D and E; see 
SI Appendix, Fig. S12 for the gating strategy) (77). Previous research 
has shown that decreasing S100A8/9 in both tumor-bearing and 
naive mice can diminish MDSC accumulation (22, 23), and our 
data corroborate these findings. In C57BL/6J mice, the population 
of monocytic MDSCs (M-MDSC) decreased by threefold, while 
the population of granulocytic MDSCs (G-MDSCs) was decreased 
3.1-fold (Fig. 6D) at week 0. Similar trends were observed at week 
0 in the 4T1-Luc model using BALB/C (Fig. 6E)—initially, there 
were significantly lower levels of G-MDSC and M-MDSC popula-
tions. We hypothesize that suppression of G-MDSCs and M-MDSCs 
in vaccinated mice helps to eliminate tumors at early onset before 
the tumors become difficult to eradicate. This is evidenced by the 
slower tumor growth in the 4T1-Luc-injected mice as seen through 
luminescent imaging (Fig. 3G). Additionally, the main source of 
S100A9 is attributed to G-MDSCs/neutrophils, and the sharp initial 
decline in G-MDSCs most likely contributes heavily to the decreased 
tumor seeding (Fig. 3) and metastasis (Fig. 4). Others have shown 
that G-MDSCs increase lung metastasis at a higher rate than 
M-MDSCs and that depleting G-MDSCs with an anti-Ly6G anti-
body prevents pulmonary metastasis of i.v.-injected EMT6 cells (78). 
Future experiments should investigate in further detail the innate 
immune cell changes outside of MDSCs, their inflammatory states 
(e.g., CD86 and MHC-II expression), and their differentiation fol-
lowing vaccination.

Together, data indicate two distinct mechanisms of action of the 
Qβ-S100A9 vaccine: 1) the reduction of S100A8/9 decreases tumor 
seeding into the lungs and 2) once seeded within the lungs, the 
tumors develop at slower rates due to the generation of a more anti-
tumor, immunostimulatory environment. Prior research indicates 
that S100A8/9 recruits cancer cells into the lungs by increasing the 
expression of cytokines such as TGFβ (26). Therefore, reducing 
S100A8/9 and TGFβ levels synergistically blocks lung metastasis 
(Figs. 5 B and D and 6 B and C). Our data are consistent with a 
report showing that B16F10 cells home to the lungs of uteroglobin 
knockout (KO) mice which highly express S100A9 within the lungs 
(79). Blocking the interaction of S100A9 with B16F10 using anti-
bodies led to decreased metastasis and invasion of the B16F10 cells. 
An advantage of our vaccine (active immunotherapy) over antibody 
treatment (passive immunotherapy) is that such therapies will require 
continuous intervention. By creating a vaccine, the patient will be 
able to synthesize their own antibodies against S100A9, and contin-
uous drugging may not be necessary, therefore improving quality of 
life and reducing costs. This additionally pertains to small-molecule 
inhibitors such as tasquinimod, which need to be dosed daily for up 
to 2 wk (80, 81).

Another facet of S100A9 is that it promotes MDSC accumulation 
in both naive and tumor-bearing mice (22, 23). By vaccinating 
against S100A9, the initial M-MDSC and G-MDSC populations 
are decreased, (Fig. 6 D and E) most likely decreasing tumor seeding 
and growth. In S100A9 KO mice, 9 of 12 implanted tumors were 

rejected in a lymphoma model due to decreased MDSC populations, 
while the tumors grew aggressively in WT mice (23). Similar reports 
have been shown in numerous other cancer models (21, 22, 79, 
82–84). MDSCs are also potent producers of IL-10 and TGFβ (70), 
and our data clearly indicate that along with diminished MDSC 
populations, the concentration of immunosuppressive cytokines is 
decreased following vaccination (Fig. 6 B and C). In the TME, IL-10 
and TGFβ act on dendritic cells and M1 macrophages restricting 
their production of IL-12, which acts on natural killer cells to pro-
mote antitumor immunity (70–72). The downstream effects are that 
IFNγ production and thereby CD8+ T cell activity and tumor cell 
killing are decreased (73, 74). Indeed, in both the B16F10 and 
4T1-Luc models, IL-10 and TGFβ are significantly up-regulated in 
unvaccinated mice, while IFNγ and IL-12 become down-regulated 
(Fig. 6 B and C)—vaccination helps to reverse this effect. The flow 
cytometry data coupled with the cytokine analysis help to validate 
that vaccination works to negate the effects of the MDSC popula-
tions within the lungs, thereby reducing metastasis/tumor seeding 
and growth of the injected tumors.

Last, while not explored in the current work, S100A9 has 
been implicated in metastasis and recurrence within other major 
organs of metastasis such as the liver, bone marrow, and brain 
(85–88). Therefore, we envision that the vaccine could be 
expanded to prevent metastatic outgrowths in organs outside 
of the lungs and in other cancer types outside of melanoma and 
TNBC.

Conclusion

The data indicate that vaccination against S100A9 utilizing CPMV 
and Qβ as an adjuvant and display platform can prime the immune 
system to reduce S100A9 levels pre- and posttumor challenge. This 
leads to reprogramming of the premetastatic niche and TME and 
protection from tumor challenge of melanoma and TNBC. 
Immunization using Qβ-S100A9 and CPMV-S100A9 induced high 
titers of α-S100A9 antibodies with Qβ-S100A9 generating higher 
titers than CPMV-S100A9. Safety of the vaccine candidates is indi-
cated as cross-reactivity to S100A8 was not apparent. Potent efficacy 
was demonstrated in mouse models of melanoma and TNBC with 
dramatic reduction of tumor nodules and delayed onset of tumor 
growth. A clinically relevant primary tumor surgery model also show-
cased improved survival in vaccinated mice. Mechanism studies 
revealed reduced S100A8/9 levels in the lungs and sera, changes in 
cytokine profiles skewing toward an antitumor, immunostimulatory 
TME along with suppression of MDSCs. In summary, the CPMV 
and Qβ-S100A9 vaccines demonstrate significant efficacy in reduc-
ing the onset of metastatic outgrowths to the lungs of melanoma 
and TNBC and warrant further investigation into its use as a vaccine 
platform against metastatic cancers.

Materials and Methods

Preparation of S100A9-Subunit Vaccines. CPMV nanoparticles were propa-
gated in black-eyed pea No. 5 plants and purified as previously reported (45). 
Qβ VLPs were expressed in Bl21 (DE3) (New England BioLabs), and purified as 
previously reported (38).

CPMV and Qβ were first conjugated to a heterobifunctional linker, SM(PEG)8, 
for 2 h followed by ultracentrifugation at 52,000 g for 1 h at 4 °C. The S100A9 
peptide (sequence: CGSGRGHGHSHGKG) was reacted with the viruses for 2 h 
at RT and then purified using a 12 to 14 kDa molecular weight cut off (MWCO) 
dialysis membrane (Avantor) in 10 mM KP.

Characterization of CPMV-S100A9 and Qβ-S100A9 Particles. The CPMV and 
Qβ-S100A9 particles were characterized by UV-VIS, SDS-PAGE, agarose gel elec-
trophoresis, TEM, SEC, and DLS as done previously (89).

http://www.pnas.org/lookup/doi/10.1073/pnas.2221859120#supplementary-materials
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Animal Immunization. C57BL/6J mice were injected 3× s.c. spaced 2 wk apart 
with 200 μg of CPMV, CPMV-S100A9, Qβ, Qβ-S100A9, PBS, and the S100A9 pep-
tide. Two weeks after the last dose, the mice were injected i.v. with either 50,000 
or 100,000 B16F10 melanoma cells. The sera from the mice were collected every 
2 wk from week 2 to week 8.

BALB/C mice received the same dosing regimen as with the C57BL/6J mice 
with the exception that only the Qβ, Qβ-S100A9, and S100A9 peptide groups 
were tested. At week 6, 50,000 4T1-Luc cells were injected i.v., and sera were 
collected every 2 wk until week 8.

Antibody Titers against S100A9 Peptide and VNP/VLPs. ELISA was per-
formed against the S100A9 peptide using maleimide-activated plates (Thermo 
Fisher Scientific) according to the manufacturer’s instructions. The CPMV and 
Qβ-S100A9 groups were further analyzed for antibody isotyping against IgGtotal, 
IgG1, IgG2a, IgG2b, IgG2c, IgA, IgM, and IgE.

For antibody titers against the viral carriers, CPMV or Qβ were coated on 
Microlon 200 plates (Greiner Bio-One) overnight at 4 °C and examined by ELISA 
like above.

WB and DBs against Full-Length S100A8 and S100A9. WB and DBs against 
both S100A9 and S100A8 were carried out. SDS-PAGE gels were transferred onto 
nitrocellulose paper (VWR), and blocked with 10% (w/v) skim milk. The sera at the 
week 6 timepoint were pooled from the CPMV-S100A9, Qβ-S100A9, and S100A9 
peptide-only samples and incubated for 1 h at RT. Following binding with a goat 
anti-mouse HRP secondary antibody for 1 h, a 3,3′-diaminobenzidine substrate was 
added for 2 min and washed away. The blots were then imaged on an AlphaImager 
system. For the DBs, the S100A8 and S100A9 proteins were directly added to the 
nitrocellulose paper before analysis like the WB.

Lung Tumor Seeding B16F10 and 4T1-Luc Model. Naive and vaccinated 
mice were challenged i.v. with B16F10 and 4T1-Luc cells as in Animal 
Immunization. C57BL/6J mice lungs were harvested after 2 or 3 wk (depend-
ing on injection of 50,000 vs. 100,000 cells, respectively) and stored in 10% 
(v/v) neutral-buffered formalin (Sigma-Aldrich) followed by 70% (v/v) EtOH. 
The tumor nodules were then manually counted. BALB/C mice injected with 
4T1-Luc were analyzed via luminescence imaging using an IVIS (Xenogen). 
The mice were injected intraperitoneally with 150 mg kg−1 and luminescence 
was measured using ROI measurements. The lungs were collected after 2 wk 
and stored in Bouin’s solution (Sigma-Aldrich) followed by 70% (v/v) EtOH.

4T1-Luc Primary Cancer Surgical Removal Metastasis Study. BALB/C mice 
were injected s.c. in the left flank with 200,000 4T1-Luc cells in 100 μL of PBS. Three 
days following tumor inoculation, the mice were vaccinated with either PBS, Qβ, 
S100A9 peptide only, or Qβ-S100A9 (200 μg mouse−1) as described in Animal 
Immunization. Fourteen days PTI, the s.c. tumors were surgically removed, and the 
skin was sutured using Vetbond tissue adhesive (3M). The vaccine regimen was 
completed following surgery at 2-wk intervals as described above. The mice were 
subjected to luminescence imaging as in Lung Tumor Seeding B16F10 and 4T1-Luc 

Model, and ROI measurements were taken to assess lung metastasis and tumor 
recurrence

S100A8/9 Levels in the Lungs and Serum Following Vaccination. S100A8/9 
levels within the lungs and sera were analyzed using a mouse S100A8/9 detection 
kit (research and development (R&D) Systems) according to the manufacturer’s 
instructions. Prior to the ELISAs, the lungs were harvested at weeks 0, 1, and 3 (in 
C57BL/6J mice) and weeks 0, 1, and 2 (in BALB/C mice) in both vaccinated and 
naive mice and homogenized using a LabGEN 125 homogenizer (Cole-Parmer). 
Analysis of sera was accomplished through sera collected through r.o. bleeding 
in both vaccinated and naive mice at the same timepoints.

Cytokine Analysis of Lungs. The lungs of both vaccinated and unvaccinated 
BALB/C and C57BL/6J mice were analyzed for expression of IL-6, IL-10, IL-12, 
TGFβ, and IFNγ through ELISA (ThermoFisher) according to the manufacturer’s 
instructions. The lungs were collected at the same timepoints as in S100A8/9 
Levels in the Lungs and Serum Following Vaccination, and homogenized and 
dissociated in tissue extraction reagent II (ThermoFisher) supplemented with 
a protease inhibitor cocktail (ThermoFisher) and 10 mM PMSF.

Flow Cytometry of Lungs. The lungs of both vaccinated and unvaccinated 
BALB/C and C57BL/6J mice were collected as before and dissociated into 
single-cell suspensions using a lung dissociation kit (Militenyi Biotec) accord-
ing to the manufacturer’s instructions. The cells were stained with LIVE/DEAD 
Aqua (Thermo Scientific) and blocked with 1 μg mL−1 of an Fc block solu-
tion (BioLegend). The cells were then stained with the following antibodies 
(BioLegend): Pacific Blue CD45, SuperBright 645-CD11b, PE-eFluor610-Ly6G, 
and PE/Cy7-Ly6C. Flow cytometry was done using a BD FACSCelesta and data 
analysis was done using FlowJo.

Statistical Analysis. All analyses were done on GraphPad Prism. The tumor nodule 
counts were compared using one-way ANOVA. S100A8/9 levels, cytokine levels, and 
MDSC populations were analyzed using Student’s t test. All error bars represent the SD.

Data, Materials, and Software Availability. Experimental data have been 
deposited in caNanoLab (90, 91). All other data are included in the article and/
or SI Appendix.
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