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Tumor cells release nucleic acid-containing proinflammatory
complexes, termed nucleic acid-containing damage-associated
molecular patterns (NA DAMPs), passively upon death and
actively during stress. NA DAMPs activate pattern recognition
receptors on cells in the tumor microenvironment leading to
prolonged and intensified inflammation that potentiates
metastasis. No strategy exists to control endogenous or
therapy-induced inflammation in cancer patients. We discov-
ered that the generation 3.0 polyamidoamine dendrimer
(PAMAM-G3) scavenges NA DAMPs and mitigates their
proinflammatory effects. In this study, we tested if the nucleic
acid scavenger (NAS) PAMAM-G3 reduces lung metastasis in
murine models of breast cancer. Our data indicate that PA-
MAM-G3 treatment decreases cell-free DNA levels and reduces
lung metastasis in the experimental intravenous tumor-injec-
tion model and the postsurgical tumor-resection model of
4T1 breast cancer. Reduction in lung metastasis is associated
with reduction in inflammatory immune cell subsets and proin-
flammatory cytokine levels in the tumor and the periphery.
This study is the first example of NAS-mediated inhibition of
metastasis to the lung. The study results provide a strong ratio-
nale for inclusion of NAS therapy in women with breast cancer
undergoing standard-of-care surgery.

INTRODUCTION
Nucleic acid molecules were thought to be largely immunologically
inert until Krieg1 discovered that unmethylated CpG motifs in
plasmid DNA-based vaccines were critical components of such vac-
cines. Subsequently, it was discovered that the innate immune system
employs pattern recognition receptors (PRRs) to recognize various
molecular patterns associated with harmful pathogens and damaged
cells and to initiate inflammatory responses. These signals alert the
immune system of an infection or tissue damage and are called path-
ogen-associated molecular patterns (PAMPs) and damage-associated
molecular patterns (DAMPs).2,3 Bacterial- and viral-derived DNA
and RNA molecules activate several transmembrane and cytoplasmic
PRRs, including Toll-like receptors (TLRs), nucleotide-binding olig-
omerization domain-like receptors (NLRs), C-type lectin receptors
(CLRs), and RIG-I like receptors (RLRs).4–11 Given their potent im-
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munostimulatory and proinflammatory effects, inappropriate activa-
tion of PRRs is associated with a broad range of inflammatory dis-
eases, including cancer.9,11,12 It has become increasingly apparent
that nucleic acid-sensing TLRs and PRRs play a central role in
numerous inflammatory disorders, presumably because dead and
dying cells release nucleic acids and nucleic acid-containing com-
plexes into extracellular space and activate PRR-expressing cells.9,11,12

Thus, nucleic acid-sensing PRRs have become attractive therapeutic
targets for treatment of many diseases, from cancer to autoimmune
disease.

When excessive DAMPs are released from stressed/dying tumor cells,
inflammation becomes prolonged, intensified, and detrimental, a pro-
cess that is accelerated with standard-of-care cytotoxic chemotherapy
and surgical therapies.13–22 DAMPs released from tumor cells include
cell-free (cf) nucleic acids23,24 (cfDNA, cfRNA, and cf microRNA
[miRNA]), referred to as nucleic acid-containing DAMPs (NA
DAMPs), and associated proteins, such as nucleosomes and high-
mobility group box-1 (HMGB-1).25–27 We have observed that cancer
patients have higher levels of cfDNA in blood when compared to
healthy controls, and cfDNA levels increase with disease burden
and following chemoradiation therapy and surgery.28 NA DAMPs
have also been implicated in tumor progression and metastasis. We
demonstrated that circulating cfDNA-containing DAMPs from can-
cer patients activate PRRs (e.g., TLR4 and -9), whereas serum from
healthy donors does not.28 Recent studies in breast, lung, and pancre-
atic cancers have shown that the presence of cfDNA in blood results
in tumor cells that are more invasive and aggressive in vitro.26,29–31

Although the mechanism(s) by which NA DAMPs mediate tumor
progression and metastasis are not fully elucidated, a likely explana-
tion is the recognition of such complexes by and subsequent
activation of innate immune receptors on cells in the tumor
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Figure 1. PAMAM-G3 reduces lung metastasis in the intravenous experimental lung metastasis mouse model of breast cancer

Female BALB/cmice were injected intravenously with 104 4T1-luciferase cells (day 0). Mice were injected intraperitoneally with PAMAM-G3 at 20mg/kg or PBS prior to tumor

injection on days �4 and �2. Following tumor injection on day 0, they were treated with either PAMAM-G3 or PBS on days 2, 6, 9, and 13. Luciferase imaging was used to

monitor tumor growth and lung metastasis. Lungs were harvested posteuthanasia and imaged to record bioluminescence ex vivo. (A) Mice (n = 10) were sacrificed

15�17 days post-tumor injection, and lung tumor burden was assessed using bioluminescence. *p < 0.05, unpaired t test (Mann-Whitney test). (B) Blood was obtained from

mice (n = 8�10) at the time of study termination, and circulating levels of cfDNA were assessed in plasma using a PicoGreen assay. Naive mice (nontumor bearing; n = 18)

(legend continued on next page)
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microenvironment. Unfortunately, the complex network and redun-
dancy of PRRs and their ability to sense a variety of structurally
different nucleic acid ligands have made it challenging to develop
effective inhibitors that can ameliorate the multimodal proinflamma-
tory effects of RNA/DNA and NA DAMPs.

We have pioneered an innovative method to ameliorate the down-
stream proinflammatory effects of cfDNA, cfRNA, and associated
protein complexes using nucleic acid-binding polymers, such as the
generation 3.0 polyamidoamine dendrimer (PAMAM-G3). We
have previously demonstrated that PAMAM-G3 can specifically
block nucleic acid-mediated activation of TLRs in vitro32 and can
serve as a therapeutic anti-inflammatory agent in mouse models of
systemic lupus erythematosus33 without engendering nonspecific im-
mune suppression.34 In Naqvi et al.,28 we reported that PAMAM-G3
inhibits nucleic acid-mediated activation of TLRs on and invasion of
human pancreatic tumor cells in vitro and dramatically reduces liver
metastasis in a pancreatic cancer model in mice. Given that PAMAM-
G3 is cleared by the liver, the ability to control metastasis may be
restricted to tumors that metastasize to the liver. In the present study,
we therefore examined metastasis to lungs and investigated if
reducing inflammation with the nucleic acid scavenger (NAS)
PAMAM-G3 reduces lung metastasis in two murine models of breast
cancer: an experimental intravenous tumor-injection model and an
orthotopic surgical tumor-resection model. We also examined
changes in innate and adaptive immune cell profiles in metastatic
lung tumors and periphery in mice treated with PAMAM-G3.

RESULTS
NASPAMAM-G3 reduces lungmetastasis in an intravenous lung

metastasis mouse model of breast cancer

In this study, we investigated the ability of PAMAM-G3 to block lung
metastasis in a syngeneic immunocompetent murine model of breast
cancer. In this model, intravenously injected tumor cells seed the lung
and serve as a surrogate for lung metastasis. The model is especially
aggressive, as cells colonize in the lung, and macroscopic metastatic
lesions develop in approximately 7 days. Female BALB/c mice were
intravenously injected with 4T1 breast cancer cells expressing lucif-
erase (luc), as described in Materials and methods.

As shown in Figure 1A, PAMAM-G3 treatment resulted in a signifi-
cant reduction in metastatic tumor burden in the lungs (p < 0.05), as
measured by tumor cell bioluminescence in lungs. This reduction in
metastatic tumor burden in the lungs correlated with a significant
reduction in levels of plasma cfDNA (Figure 1B). Figure 1C illustrates
3 representative examples of bioluminescence in lungs from mice
treated with PAMAM-G3 or PBS. Figure 1D illustrates 3 representa-
tive photographs of harvested lungs demonstrating a significant tu-
were used as controls. Circulating cfDNA levels are expressed as picogram per milliliter.

images of bioluminescent lungs obtained using PerkinElmer In Vivo Imaging System. Luc

or PBS. (D) Representative photographs of harvested lungs demonstrating tumor burde

was determined using H&E staining. Images represent 1� or 5� magnification.
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mor burden in PBS-treated mice as compared to PAMAM-G3-
treated mice. Figure 1E illustrates histopathology of harvested lungs
using hematoxylin and eosin (H&E) staining and indicates the pres-
ence of multiple tumor foci throughout the lungs of PBS-treated mice,
which was not observed in PAMAM-G3-treated mice. The data in
Figure 1 indicate that PAMAM-G3 effectively reduces metastasis to
the lungs in the 4T1 intravenous experimental lung metastasis mouse
model of breast cancer. This reduction in tumor burden correlates
with diminished cfDNA DAMP levels.

PAMAM-G3-mediated reduction in breast cancer metastasis

results in changes in the local and systemic immune landscape

In Figure 1, we demonstrated that PAMAM-G3 treatment prevents
lung metastasis and reduces the levels of the DAMP, cfDNA, in the
4T1 experimental intravenous metastasis model of breast cancer.
Recognition of DAMPs/PAMPs by PRRs on immune cells, especially
innate immune cells, induces their activation, which can lead to
inflammation. Given that DAMPs activate immune cells, we investi-
gated if systemic PAMAM-G3 treatment and corresponding reduc-
tion in systemic cfDNA levels are associated with changes in the local
(tumor/lung) and systemic (spleen) innate and adaptive immune
cell profiles of these mice. Figure 2 illustrates the gating strategy
used to identify the following: adaptive immune cells (CD4
and CD8 T cells and B cells) and natural killer (NK) cells (Fig-
ure 2A) and innate/myeloid inflammatory immune cells (neutrophils
[Ly6G+Ly6C+]) and Ly6ChiCD64+major histocompatibility complex
class II (MHC-II)+ inflammatory monocytes (i-monocytes)35,36 in
lungs (Figure 2B). In some studies, Ly6ChiCD64+MHC-II+ i-mono-
cytes are termed monocyte-derived cells37 or metastasis-associated
macrophage precursor cells.38 Similar analysis was conducted to
analyze immune subsets in spleen (Figure S1).

Significant changes in immune cell populations (as identified in Fig-
ures 2 and S1) were noted in PAMAM-G3-treated animals and are
presented as a ratio of immune cell subsets within the CD45+ immune
cell compartment in the lungs and spleen (Figure 3A). Lungs and
spleen from naive mice were used to understand the relevance of the
changes observed in lungs and spleen from 4T1 tumor-bearing mice
treated with either PAMAM-G3 or PBS. Analysis of innate/myeloid
immune cells revealed changes in two inflammatory cell subsets: neu-
trophils and Ly6ChiCD64+MHC-II+ i-monocytes.We did not observe
any changes in the macrophages (CD45+CD11b+Ly6G�Ly6C� class
II±CD11c+F4/80+) in lungs or spleen of PAMAM-G3- or PBS-treated
mice. Clearly, the most striking finding from this analysis was the
observed decrease in Ly6G+ neutrophils in lungs obtained from
PAMAM-G3-treated mice compared to PBS-treated mice. Neutro-
phils are the primary responders to sites of insult/injury and signify
an inflammatory response; elimination of neutrophils following
**p < 0.01; ns, not significant; unpaired t test (Kruskal-Wallis test). (C) Representative

iferase expression was assessed for all tumor-bearingmice treated with PAMAM-G3

n in PAMAM-G3- or PBS-treated mice. (E) Gross histopathology of harvested lungs



Figure 2. Gating strategy to examine immune cell landscape in tumor/lungs of tumor-bearing mice treated with PAMAM-G3 or PBS

The intravenous experimental lungmetastasis 4T1mousemodel of breast cancer described in Figure 1 was used for this analysis. Lungs were collected from PAMAM-G3- or

PBS-treated tumor-bearing mice on day 15 and processed for immune cell analysis via flow cytometry. Lungs from naive nontumor-bearing mice were used as controls. One

representative mouse from each group is shown. (A) Hematopoietic cells in lungs were identified via CD45.2 cell surface expression. Immune cell populations were identified

based on expression of CD11b (innate/myeloid), B220 (B cells), CD4 and CD8 T cells, and NK1.1 (NK cells). (B) Neutrophils within the CD45.2 gate were further identified as

Ly6C+Ly6G+. Ly6C+Ly6Clo/neg cells that did not express Ly6Gwere analyzed for expression of Ly6C and CD64. Ly6ChiCD64+ monocytes were examined for expression of

MHC class II (MHC-II) and were identified as inflammatory monocytes (also known as monocyte-derived cells).
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inflammation (also called resolution of inflammation) promotes tran-
sition from innate immunity to adaptive immunity.39–41 To further
appreciate the changes in immune cell subsets in lungs, we looked at
a number of cells in 100,000 acquired events (Figure 3B). PBS-treated
lungs had a significantly higher number of CD45.2+ immune cells as
compared to PAMAM-G3-treated lungs. Notably, a considerable
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Figure 3. Changes in immune cell landscape in

tumor/lungs and spleen of tumor-bearing mice

treated with PAMAM-G3 or PBS

The intravenous experimental lung metastasis 4T1 mouse

model of breast cancer described in Figure 1 was used for

this analysis. Immune cell subsets in lungs and spleen

were identified using the gating strategy described in

Figure 2. Lungs and spleen from naive nontumor-bearing

mice were used as controls. Data represent an average of

3 mice per group ± standard error of mean (SEM). (A) The

ratio of immune cell subsets to total CD45.2+ immune cells

in lungs (left) and spleen (right) is presented in the figure. (B)

Number of immune cells (CD45.2+ cells) and immune cell

subsets in lungs in 100,000 cellular events acquired for

each sample. *p < 0.05, **p < 0.01, ***p < 0.001, unpaired

t test.
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fraction of these immune cells was neutrophils. Next, we compared the
number of CD45.2+ immune cells, excluding the Ly6G+ neutrophil
population (CD45.2+ [no Ly6G+] cells). We observed that the number
of this subset of immune cells in PBS-treated lungs was in fact signif-
icantly lower than CD45.2+ (no Ly6G+) cells in PAMAM-G3-treated
lungs (Figure 3B), even though the total number ofCD45.2+ cells in the
lungs was higher. Of note, the number of CD45.2+ immune cells in
lungs was similar in PAMAM-G3-treated lungs and naive nontu-
mor-bearing mouse lungs (Figures 3A, left, and 3B). Importantly,
we observed that reduction in neutrophils was evident locally in the
metastatic lung tumor and systemically in the spleen of PAMAM-
G3-treated mice (Figure 3A, right).

The significant increase in neutrophil number in lungs from PBS-
treated, cancer-bearing mice had a major impact on the ratio of adap-
tive immune cells to total immune cells in lungs (Figure 3A, left).
Lungs from PAMAM-G3-treated, 4T1 tumor-bearing mice had
higher proportions of CD8 and CD4 T cells and B cells as compared
to lungs from PBS-treated 4T1 tumor-bearing mice. Moreover, ratios
of CD8 and CD4 T cells and B cells to total immune cells in lungs
from PAMAM-G3-treated, 4T1 tumor-bearing mice were similar
to those observed in naive mouse lungs that were not injected with
4T1 tumor cells. Interestingly however, lungs from 4T1 tumor-
bearing mice have significantly reduced NK cells regardless of treat-
ment (PBS or PAMAM-G3) as compared to lungs from naive mice
not challenged with 4T1 breast cancer cells. Thus, intravenous injec-
tion of 4T1 tumor cells in mice alters the repertoire of immune cells
1776 Molecular Therapy Vol. 29 No 5 May 2021
both locally in the metastatic lung tumor and
systemically in the spleen; however, PAMAM-
G3 treatment tempers such changes.

In Naqvi et al.,28 we reported that PAMAM-G3
administration (6 injections, 20 mg/kg) in naive
nontumor-bearing mice does not cause hepatic
toxicity, renal toxicity, or changes in blood cell
counts that are indicative of systemic toxicity.
We measured the enzymes aspartate amino-
transferase and alanine aminotransferase enzymes in plasma as a
marker of liver function and plasma creatinine and blood urea nitro-
gen as a marker of kidney function. To determine how PAMAM-G3
treatment impacts immune cell subsets in nontumor-bearing mice,
naive mice with no tumors were injected with PAMAM-G3 (20 mg/
kg) or PBS, 6 times at 3-day interval. 1 day after the final injection,
we harvested lungs and spleen and examined immune cell subsets us-
ing flow cytometry. As shown in Figure S2, we observed no changes in
immune cell subsets in lungs from PAMAM-G3- versus PBS-treated
naive mice with no tumors. Similarly, we did not observe differences
in immune cell subsets in the spleen, with the exception of a modest
reduction of CD4 T cells in the spleens of PAMAM-G3-treated mice.

PAMAM-G3-mediated reduction in lung metastasis is

associated with a decrease in proinflammatory cytokines in

metastatic lung tumor and blood

The larger metastatic burden observed in PBS-treated 4T1 tumor-
bearing mice is associated with an elevation in the number of neutro-
phils and Ly6ChiCD64+MHC-II+ i-monocytes in tumor-bearing lungs
(Figure 3A, left). PAMAM-G3 treatment results in a reduction in the
number of neutrophils and Ly6ChiCD64+MHC-II+ i-monocytes.
Given that inflammation and mobilization of inflammatory innate
myeloid cells, such as neutrophils, are associated with an increase
in proinflammatory cytokines, we examined proinflammatory cyto-
kine levels both locally (in tumor/lung) and systemically (in blood)
in the 4T1 intravenous metastasis model of breast cancer. Data in Fig-
ure 4 indicate that lungs from PBS-treated, 4T1 tumor-bearing mice



Figure 4. Proinflammatory cytokine levels in tumor/

lungs and blood of tumor-bearing mice treated with

PAMAM-G3 or PBS

The intravenous experimental lung metastasis 4T1 mouse

model of breast cancer described in Figure 1 was used for

this analysis. Lungs andbloodwere collected fromPAMAM-

G3- or PBS-treated animals on day 15. Plasma and pro-

cessed lung supernatant (described in Materials and

methods) were used for analysis. Analysis was conducted

using the BioLegend LEGENDplex bead-based multiplex

assay. Data represent an average of 5 mice per group ±

SEM. *p < 0.05, **p < 0.01, ***p < 0.001, unpaired t test.
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have elevated levels of the proinflammatory cytokines interleukin (IL)-
1b, IL-6, IL-10, tumor necrosis factor (TNF)-a, and GMCSF, when
compared to 4T1 tumor-bearing mice treated with PAMAM-G3.
This reduction in proinflammatory cytokines is consistent with
a reduction in levels of cfDNA DAMPs and inflammatory cells,
such as neutrophils and Ly6ChiCD64+MHC-II+ i-monocytes, in
PAMAM-G3-treated mice. Along with the local response in lungs,
we observed a reduction in circulating levels of proinflammatory cyto-
kines IL-1b, IL-6, and IL-10 in blood from 4T1 tumor-bearing mice
treated with PAMAM-G3 as compared to mice treated with PBS.

To determine how PAMAM-G3 treatment impacts circulating levels
of proinflammatory cytokines in nontumor-bearing mice, naive mice
with no tumors were injected with PAMAM-G3 or PBS, 6 times at a
3-day interval. 1 day after the final injection, we harvested blood and
examined cytokine levels in plasma. As shown in Figure S3, there were
no differences in circulating levels of the proinflammatory cytokines
IL-1b, IL-6, IL-10, and GM-CSF in blood from PAMAM-G3- versus
PBS-treated naive mice with no tumors. TNF-a levels in blood were
higher in PAMAM-G3-treated naive mice with no tumors, which is in
contrast to what we observed in Figure 4, where PAMAM-G3-treated,
tumor-bearing mice had lower levels of TNF-a.

Collectively, these results indicate that the PAMAM-G3-mediated
reduction in breast cancer metastasis to the lung is accompanied by
a reduction in cfDNA DAMPs in circulation, a decrease in neutro-
phils and i-monocytes in lungs, a decrease in neutrophils in spleen,
as well as a reduction in local and circulating levels of proinflamma-
tory cytokines.

NAS PAMAM-G3 reduces lung metastasis in a postsurgical-

resection metastasis model of breast cancer

In Figure 1, we determined that PAMAM-G3 treatment reduces lung
metastasis in the 4T1 intravenous lung metastasis mouse model of
M

breast cancer. However, clinically, breast cancer
metastasis is most often diagnosed after the
patient has undergone surgical resection of the
primary tumor. Therefore, we established a
clinically relevant mouse model that closely
resembles standard-of-care for breast cancer
patients. As shown in Figure 5, treatment with
PAMAM-G3 significantly reduced lung metastasis, as compared to
PBS treatment (p < 0.0001), following surgical resection of a primary
breast cancer. These data indicate that NAS PAMAM-G3 treatment
significantly reduces lung metastasis in a clinically relevant, postsur-
gical breast cancer-resection mouse.

DISCUSSION
In this study, we tested if controlling systemic inflammation with
PAMAM-G3 reduces breast cancer metastasis to the lung in mice.
Our data indicate the following: (1) the control of inflammation by
decreasing NA DAMPs (e.g., cfDNA) using the NAS PAMAM-G3-
results in reduced lung metastasis in the experimental intravenous
tumor-injection model and the postsurgical tumor-resection model
of 4T1 breast cancer (Figures 1 and 5), and (2) the NAS PAMAM-
G3 significantly reduces inflammatory immune cell subsets and
proinflammatory cytokine levels in the tumor and the periphery (Fig-
ures 2, 3, 4, and S1). Collectively, these results highlight the potential
utility of the NAS approach to treat cancer-associated chronic inflam-
mation and thereby inhibit cancer metastasis. In addition, these
studies provide the first example of NAS-mediated inhibition of
metastasis to the lung, complement our prior studies examining the
ability of this approach to limit pancreatic cancer metastasis to the
liver,28 and indicate that the scavenger-based anti-metastasis
approach is generalizable to other solid tumors that metastasize to
various organs and tissues.

Although the mechanism(s) by which NA DAMPs mediate tumor
progression and metastasis are not fully elucidated, a likely explana-
tion is the recognition of such DAMP complexes by innate immune
receptors. For example, cfDNA is thought to exert its downstream
effects via stimulation of TLR9 via genomic DNA or mtDNA (mito-
chondrial DNA) containing unmethylated CpG motifs. mtDNA
evolutionarily resembles bacterial DNA and retains many of its
proinflammatory properties.26,42 RNA-sensing TLR3 and TLR7
olecular Therapy Vol. 29 No 5 May 2021 1777
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Figure 5. PAMAM-G3 reduces lung metastasis in a postsurgical-resection

lung metastasis mouse model of breast cancer

Female BALB/c mice were injected with 4T1-luciferase cells (8� 105) orthotopically

in the left abdominal mammary fat pad #4 on day 0. Mice were weighed and treated

according to weight with either PAMAM-G3 (20 mg/kg) or PBS intraperitoneally on

days 0, 3, 10, 13, 16, and 20. Tumors were surgically resected on day 7 post-

tumor implantation. Luciferase imaging was used to monitor tumor growth and lung

metastasis. Mice were euthanized 22�24 days post-tumor injection. Lungs

were harvested posteuthanasia and imaged to record bioluminescence ex vivo.

****p < 0.0001, unpaired t test (Mann-Whitney test); n = 26 in PAMAM-G3 group;

n = 30 in PBS group.
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have also been shown to play critical roles in inflammation and
potentially, in cancer progression.25,26,43,44 In addition, cfDNA-asso-
ciated proteins can activate TLR2 and -4 and TLR-associated recep-
tors, such as the receptor for advanced glycation end products
(RAGE). Nucleosomes and HMGB-1 have been shown to ligate
TLR4 and RAGE, both independently and complexed to DNA, lead-
ing to nuclear factor kB (NF-kB) activation in tumor cells and im-
mune cells. Palha De Sousa et al.45 have shown that 4T1 tumor cells
express TLR2, -3, -4, -5, and -9 with TLR2 and TLR4 expressed at
the greatest levels. Thus, cfDNA and associated proteins can have
diverse and potent effects on tumor progression and metastasis
via TLR and RAGE signaling axes.27,46–50

Cancer development and progression are associated with immune
suppression and loss of immune homeostasis. Recognition of
DAMPs/PAMPs by PRRs on immune cells, especially innate im-
mune cells, elicits inflammation. An inflammatory response
prompts innate and adaptive immune cell infiltration and is de-
signed to re-establish immune homeostasis. In cancer, this same
inflammatory response can be co-opted by the tumor cells to
enable tumor growth and progression by prolonging inflammation
and simultaneously modulating immune cell function to promote
cancer growth. This pathological response was corroborated in the
4T1 experimental lung metastasis model. Data in Figures 2, 3, 4,
1778 Molecular Therapy Vol. 29 No 5 May 2021
and S1 indicate that 4T1 tumor growth is associated with higher
number of inflammatory cells (neutrophils and i-monocytes) in
the metastatic lung tumors as well as in the spleen. This increase
in inflammatory cells is also associated with higher levels of
cancer-promoting proinflammatory cytokines in the tumor
environment and in the periphery (blood). As the data indicate,
PAMAM-G3 treatment restored the balance between the innate
immune cells and the adaptive T/B cells in the tumor and the
spleen. We saw a significant decrease in the numbers of neutro-
phils in the tumor and periphery in PAMAM-G3-treated mice.
Neutrophils are a key component of the acute inflammatory
response, which is required for initiation of an immune response.
The subsequent elimination of neutrophils and resolution of
inflammation promote the transition from innate immunity to
adaptive immunity.39–41 However, in cancer, this response goes
awry, and neutrophils are often reprogrammed to become
tumor-associated neutrophils (or granulocytic myeloid-derived
suppressor cells), which help promote cancer growth. Similarly,
i-monocytes or monocyte-derived cells that infiltrate tumors can
differentiate into monocytic myeloid-derived suppressor cells.

In the clinical setting, breast cancer metastasis is most often diag-
nosed after the patient has undergone surgical resection of the pri-
mary tumor. It is known that DAMPs are released from stressed/
dying tumor cells, and DAMP release is accelerated with standard-
of-care cytotoxic chemotherapy and surgical therapies.13–22 There-
fore, we tested the utility of PAMAM-G3 in a clinically relevant
mouse model in which cancer metastasis was monitored after surgical
resection of the primary tumor, closely resembling standard-of-care
for breast cancer patients. In this model, we observed a significant
reduction in lung metastasis in mice treated with PAMAM-G3 (Fig-
ure 5). These data provide guidance on how to incorporate NA
DAMP-scavenging agents into standard-of-care treatment of women
with breast cancer to attempt to limit metastatic spread of their can-
cer. Inflammation blocking with NAS might be particularly useful
during surgical intervention, as surgery has been shown to increase
the levels of circulating DAMPs,28 which might promote metas-
tasis.13–16 Importantly, this treatment approach should be generaliz-
able to any type of breast cancer.Whereas targeted therapies are avail-
able for receptor-positive cancers, patients with triple-negative breast
cancer (TNBC) have limited options. Although TNBC accounts for
roughly 10% of all breast cancers, it is more common in younger pa-
tients and has a worse prognosis due to high rates of local recurrence
and distant metastasis.51 The study results provide a strong rationale
for inclusion of inflammation-blocking agents such as NAS in cancer
therapy and facilitates the development of a novel class of anti-cancer
agents to mitigate counterproductive inflammation in women with
breast cancer.

MATERIALS AND METHODS
Ethics statement

All in vivo experiments were conducted in accordance with protocols
approved by Duke University Institutional Animal Care and Use
Committee (IACUC).
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Cell lines

The 4T1-luciferase murine mammary carcinoma cell line stably ex-
pressing firefly luciferase gene was generously provided by Mark
Dewhirst, PhD, at Duke University Medical Center. Cells were
passaged for less than 5 generations before use in animal experiments.
Cell lines were tested and found to be free of mycoplasma and mouse
pathogens. The 4T1 cell line is considered a TNBC model (ER-PR-
HER2-). 4T1-luciferase cells were grown in Dulbecco’s modified Ea-
gle’s medium (DMEM), supplemented with 10% fetal bovine serum
(FBS), 1 mM sodium pyruvate, and 4 mM glutamine, in a 37�C hu-
midified 5% CO2 incubator.

Reagents

PAMAM-G3 was purchased from Sigma-Aldrich.

Mouse models of breast cancer

Intravenous experimental lung metastasis mouse model of

breast cancer

Female BALB/c mice (Jackson Laboratory) were injected intrave-
nously in the tail vein with 104 4T1-luciferase murine tumor cells
(day 0).Micewereweighed and treated according toweightwith either
PAMAM-G3 (20 mg/kg) or PBS via intraperitoneal injection. Mice
were injected with PAMAM-G3 or PBS on days�5/�4 and�2 prior
to tumor injection on day 0. Following tumor injection on day 0, they
were treated with PAMAM-G3 or PBS on days 2, 6, 9, and 12/13.Mice
were monitored throughout the course of the study with the Perki-
nElmer IVIS (In Vivo Imaging System) Lumina XRMS100, starting
on days 3�4 post-tumor injection. Imagingwas performed three times
per week. Mice were euthanized after observing a detectable signal in
lungs that remained constant or increased in three consecutive lucif-
erase imaging sessions. This method is chosen to prevent unnecessary
suffering to mice due to tumor burden in the lungs and possible respi-
ratory distress. All mice were euthanized when 50% of the mice in the
control/PBS-treated group succumbed to tumor burden. In general, all
mice were euthanized around days 15�17. Mice were euthanized us-
ing approved protocols, and lungs were harvested, photographed,
weighed, and imaged to record bioluminescence ex vivo. In addition,
lungs and spleens were collected and saved for flow cytometry and his-
tology. Cardiac puncture was performed to collect blood immediately
after CO2 euthanasia for analysis of blood cell counts, cfDNA, and cy-
tokines/chemokines.

Naive, nontumor-bearing, female, age-matched BALB/c mice were
used as controls. Naive mice were untreated or treated with either PA-
MAM-G3 (20 mg/kg) or PBS (6 injections, 3 days apart). Lungs,
spleen, and blood were collected and analyzed in a similar manner
as experimental mice.

Postsurgical-resection lung metastasis mouse model of breast

cancer

Female BALB/c mice (Jackson Laboratory) were injected with 4T1-
luciferase cells (8 � 105) orthotopically in the left abdominal mam-
mary fat pad #4 on day 0. Mice were weighed and treated according
to weight with either PAMAM-G3 (20 mg/kg) or PBS via intraperito-
neal injection on days 0, 3, 10, 13, 16, and 20. Tumors were surgically
resected on day 7 post-tumor implantation (tumors are 5�7 mm
diameter on day 7). Mice were subcutaneously injected with a nonste-
roidal anti-inflammatory drug, 15 min prior to surgery. Resections
were performed under a general inhalation anesthetic (Isoflurane).
Once mice were completely anesthetized, the surgery site was shaved
and sterilized with 70% alcohol, followed by 2% chlorhexidine solu-
tion. Incisions weremade to the right of the tumor using an 8-mm sur-
gical blade, and tumorswere removed using sterile forceps and scissors
by gently splaying the tumor away from the dermis and intraperitoneal
wall. Once the tumor was removed, the dermis was closed using
wound clips. A local anesthetic was then applied to the surgical site.
Mice were closely monitored until they fully recovered. Another sub-
cutaneous injection of a nonsteroidal anti-inflammatory was adminis-
tered at 24 h post-surgery. Surgery wound clips were removed 7 days
after surgery.Mice weremonitored throughout the course of the study
with the PerkinElmer IVIS Lumina XRMS100 starting 7 days post-tu-
mor resection. Imaging was performed three times per week.

Mice were euthanized after observing a detectable signal in lungs that
remained constant or increased in three consecutive luciferase imag-
ing sessions. This method is chosen to prevent unnecessary suffering
to mice due to tumor burden in the lungs and possible respiratory
distress. Mice were also euthanized if we observed tumor regrowth
at the primary/orthotopic site that reached 2,000 mm3. All mice
were euthanized when 50% of the mice in the control/PBS-treated
group succumbed to tumor burden. In general, all mice were eutha-
nized, and the study was terminated around days 22�24. Mice
were euthanized using approved protocols, and lungs were harvested,
photographed, and imaged to record bioluminescence ex vivo.

Luciferase imaging to monitor tumor metastasis

Mice were intraperitoneally injected with 200 mL (150 mg/kg) of
VivoGlo Luciferin (Promega). 15 min following the injection, mice
were anesthetized (Isoflurane) and imaged with the PerkinElmer
IVIS Lumina XRMS100. After imaging, mouse recovery was closely
monitored. On the last day of study, mice were intraperitoneally in-
jected with 200 mL (150 mg/kg) of VivoGlo Luciferin. After live imag-
ing, mice were immediately euthanized, and lungs were harvested
from each mouse for ex vivo quantification of bioluminescence.

Living Image software was used to record IVIS data. The parameters
used to acquire IVIS data (lens aperture size [f/stop] and exposure
time) were consistent for the duration of the study. The ROI (re-
gion-of-interest) area was identical for all images. Bioluminescence
for the ROI was defined automatically. Bioluminescence is expressed
as total flux (photons/second).

Flow cytometry

Mouse lung tissue was dissociated by enzymatic degradation using the
Lung Dissociation Kit enzymes and protocol (Miltenyi Biotec), fol-
lowed by mechanical dissociation using the gentleMACS Dissociator
(Miltenyi Biotec). Once fully dissociated, lung cells were strained
through a 70-mm cell strainer to obtain a single cell suspension.
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Spleens were placed in a 70-mm cell strainer, minced using scissors,
and gently and repeatedly pressed through the strainer with a 5-mL
syringe plug to obtain a single cell suspension. Lung and spleen single
cell suspensions were subsequently analyzed by flow cytometry. Cells
were incubated with anti-mouse-CD16/CD32 Fc blocking antibody
for 15 min. Cells were then stained with the following antibody
panels (BioLegend) for 20 min: (1) live/dead, Ly6G-FITC, Ly6C-
PE, MHC-II-PC7, CD11c-APC, CD45.2-APC-Cy7, CD64-BV421,
CD24-BV510, and CD11b-BV785; (2) live/dead, Ly6G-FITC, Ly6C-
PE, F4/80-PC7, CD11c-APC, CD45.2-APC-Cy7, CD11b-BV421,
and CD103-BV510; and (3) live/dead, NK1.1-FITC, CD11b-PE,
CD45.2-PC7, CD8-APC, B220-APC-Cy7, and CD4-BV421. Stained
cells were immediately acquired using a 13-color CytoFLEX flow cy-
tometer (Beckman Coulter). Data were analyzed using Kaluza Soft-
ware (Beckman Coulter).

Cytokine arrays

The BioLegend LEGENDplex Mouse Anti-Virus Response Panel is a
bead-based multiplex assay that allows quantification of 13 mouse
cytokines, including interferons (IFNs; a, b, g), ILs (1b, 6, 10, 12),
chemokines (CCL2 [MCP-1], CCL5 [RANTES], CXCL1 [KC],
CXCL10 [IP-10]), TNF-a, and GM-CSF. Blood was obtained from
experimental mice, and plasma was used to analyze circulating levels
of inflammatory cytokines and chemokines using LEGENDplex. For
lung supernatants, lung tissue was minced using an 8-mm surgical
blade in 10% FBS/RPMI and incubated for 18 h prior to analysis.
Supernatants were collected at the end of incubation and analyzed
using LEGENDplex. Samples were acquired using a CytoFLEX flow
cytometer, and data were analyzed using BioLegend’s Bio-Bits
cloud-based software platform.

Lung immunopathology

Lungs were obtained from experimental mice and fixed in 10%
formalin for 24 h, followed by 70% ethanol. They were then processed
and sectioned for subsequent H&E staining. All processing and stain-
ing services were performed by Histowiz (Brooklyn, NY, USA).

Circulating cfDNA assay

Total DNAwas obtained from plasma using the QIAampDNABlood
Mini Kit (QIAGEN). Once purified, cfDNA concentration was deter-
mined using the Quant-iT PicoGreen assay (Invitrogen).

Statistical analysis

Statistical analyses were performed using Prism 6 (GraphPad Soft-
ware), as specified in figure legends. Error bars are ± standard error
of the mean (SEM). Statistical significance indicates p <0.05.
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Supplementary Figure S1. Gating strategy to examine immune cell landscape in spleen of tumor-bearing 
mice treated with PAMAM-G3 or PBS.  
The intravenous experimental lung metastasis 4T1 mouse model of breast cancer described in Figure 1 was 
used for this analysis. Spleens were collected from PAMAM-G3 or PBS treated tumor-bearing mice on day 
15 and naïve non-tumor-bearing mice. Splenocytes were analyzed for immune cell populations as described 
in Figure 2 and in Methods. One representative mouse from each group is shown. 
 
A. Immune cell populations: 
CD4 T cells: CD45.2+CD4+ 
CD8 T cells: CD45.2+CD8+ 
Innate/myeloid cells: CD45.2+CD11b+ 
B cells: CD45.2+B220+ 
NK cells: CD45.2+NK1.1+ 
 
B. Immune cell populations: 
Neutrophils: CD45.2+Ly6C+Ly6G+ 
Inflammatory monocytes: CD45.2+Ly6G-Ly6ChiCD64+MHCII+CD11b+ 
(MHCII, class II MHC) 
  



Supplementary Figure S2 

 
 

Supplementary Figure S2. Immune cell landscape in lungs and spleen of naïve mice with no tumors 
treated with PAMAM-G3 or PBS.  
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Naïve female Balb/c mice with no tumors were injected intraperitoneally with PAMAM-G3 at 20 mg/kg or 
PBS, 6 times at 3-day interval. One day after the last injection, mice were euthanized and lungs and spleens 
were harvested and processed for immune cell analysis via flow cytometry. Immune cell subsets in lungs 
and spleen were identified using the gating strategy described in Figure 2, Supplementary Figure S1 and as 
described in Methods. Data represent an average of 5 mice per group ± standard error of mean (SEM). The 
ratio of immune cell subsets to total CD45.2+ immune cells in lungs (top) and spleen (bottom) is presented 
in the figure. *p<0.05, unpaired t-test. 
 
 
Supplementary Figure S3 

 
 
Supplementary Figure S3. Circulating pro-inflammatory cytokine levels in blood of naïve mice with no 
tumors treated with PAMAM-G3 or PBS. 
Naïve female Balb/c mice with no tumors were injected intraperitoneally with PAMAM-G3 at 20 mg/kg or 
PBS, 6 times at 3-day interval. One day after the last injection, mice were euthanized and blood was 
harvested. Plasma was used for analysis. Analysis was conducted using the BioLegend LEGENDplexTM bead-
based multiplex assay. Data represent an average of 5 mice per group ± SEM. *p<0.05, unpaired t-test. 
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