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miR-146a inhibits ovarian tumor growth in vivo
via targeting immunosuppressive neutrophils
and enhancing CD8+ T cell infiltration
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Immunotherapies have emerged as promising strategies for
cancer treatment. However, existing immunotherapies have
poor activity in high-grade serous ovarian cancer (HGSC)
due to the immunosuppressive tumor microenvironment and
the associated low tumoral CD8+ T cell (CTL) infiltration.
Through multiple lines of evidence, including integrative ana-
lyses of humanHGSC tumors, we have identifiedmiR-146a as a
master regulator of CTL infiltration in HGSC. Tumoral miR-
146a expression is positively correlated with anti-cancer im-
mune signatures in human HGSC tumors, and delivery of
miR-146a to tumors resulted in significant reduction in tumor
growth in both ID8-p53�/� and IG10 murine HGSC models.
Increasing miR-146a expression in tumors improved anti-tu-
mor immune responses by decreasing immune suppressive
neutrophils and increasing CTL infiltration. Mechanistically,
miR-146a targets IL-1 receptor-associated kinase 1 and tumor
necrosis factor receptor-associated factor 6 adaptor molecules
of the transcription factor nuclear factor kB signaling pathway
in ID8-p53�/� cells and decreases production of the down-
stream neutrophil chemoattractant, C-X-C motif chemokine
ligand 1. In addition to HGSC, tumoral miR-146a expression
also correlates strongly with CTL infiltration in other cancer
types including thyroid, prostate, breast, and adrenocortical
cancers. Altogether, our findings highlight the ability of miR-
146a to overcome immune suppression and improve CTL infil-
tration in tumors.

INTRODUCTION
High-grade serous carcinoma (HGSC) is the most common and
deadly subtype of ovarian cancer.1,2 First-line treatments for HGSC
include debulking surgery and platinum-based chemotherapy.3,4

Despite these treatments, patients frequently relapse with recurrent
ovarian cancer, which is resistant to chemotherapy and almost uni-
formly fatal.4–6 Although targeted therapies such as bevacizumab
and poly-ADP-ribose polymerase inhibitors have recently been
Molecular
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approved for selected patients, effective therapies are still limited
for those with recurrent ovarian cancer.7 Tumors can masterfully
sculpt their environment and reprogram innate (neutrophils, macro-
phages, dendritic cells [DCs], monocytes, natural killer [NK] cells)
and adaptive (B cells and T cells) immune cells to impact tumor
fate.8 Poor overall survival (OS) is often associated with tumor im-
mune evasion, and improved OS is positively correlated with the pres-
ence of tumor-infiltrating lymphocytes, such as cytotoxic T cells
(CD8+).9,10 Thus, enhancing cytotoxic T cell function and infiltration
to improve anti-tumor immune responses holds great promise in
improving patient survival.9

Current immunotherapies such as immune checkpoint inhibitors
(ICIs) have shown great promise in many cancer types but have
limited efficacy in HGSC.6,7,9,11,12 Clinical trials report ICIs, such as
anti-programmed cell death receptor ligand 1 (anti-PD-L1) (e.g., ave-
lumab) and anti-programmed cell death protein-1 PD-1 (anti-PD-1)
(e.g., pembrolizumab, nivolumab) to have maximal response rates of
only 9.7%–15% in HGSC.6,13–16 Identified factors that contribute to
the clinical failure of immunotherapy include tumor heterogeneity,
low tumor mutational burden, and the immune suppressive tumor
microenvironment (TME) and associated low tumoral cytotoxic
T cell infiltration.7,10–12,17 Immune cells such as neutrophils,
monocytes (suppressive subtypes often referred to collectively as
myeloid-derived suppressive cells [MDSCs18]), regulatory T cells,
and macrophages present in the TME can contribute to suppression
of cytotoxic T cell-mediated anti-tumor effects.19 Here, we sought to
overcome immune suppression and improve cytotoxic T cell infiltra-
tion in ovarian tumors using microRNA (miRNA). miRNAs are sin-
gle-stranded RNAmolecules that are non-coding and typically 19–25
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nucleotides in length.20,21 These endogenous molecules play impor-
tant roles in immunity, inflammation, and cancer through their abil-
ity to incorporate into the RNA-induced silencing complex and
inhibit mRNA translation.22–24 miRNAs can be tumor suppressive
or tumor promoting depending on their target genes,21 and cancer
cells constantly change themselves and the TME through aberrant
expression of miRNA.25 As miRNA can target several hundreds of
genes to modulate multiple signaling pathways simultaneously to pre-
vent pathway redundancy, they are an attractive modality for thera-
peutic interventions, with several miRNA-based therapeutics already
having reached clinical trials.26–28

Aberrant miRNA expression within tumor cells can regulate cancer
cell biology such as cell proliferation, apoptosis, and migration,21

and also affect cancer immunity.23,25 Several miRNAs have been
shown to regulate secretion of cytokines and chemokines, which
can remodel the TME leading to activation, suppression, or altered
infiltration/expansion of immune cells.21,25,29,30 For example, in colo-
rectal cancer, miR15a/16-1 can inhibit nuclear factor kB (NF-kB)
signaling to limit C-X-C motif chemokine ligand 9 (CXCL9) and
CXCL10 production, and limit tumor infiltration of immunosuppres-
sive B cells.31 The ability to modulate immune activities make miRNA
an appealing target for restoring anti-tumor immune responses.21,25

Knowledge of how miRNA expression in tumor cells regulates cancer
hallmarks and the immune response is steadily expanding.20 In
ovarian cancer, it has been shown that tumoral miR-20a suppresses
NK cell-mediated killing of tumor cells,32 and restoration of miR-
424 expression in cancer cells improves chemosensitivity through tar-
geting PD-L1.33 Although these studies are informative, knowledge
on how miRNAs can enhance infiltration and activity of cytotoxic
T cells in HGSC tumors is currently lacking.

In this study, we aimed to systematically identify miRNA(s) impor-
tant for regulating tumoral infiltration of CD8+ T cells in HGSC.
This was achieved through systematic analysis of genomic profiling
of human HGSC tumors and subsequent in vivo validation using mu-
rine ovarian cancer models. We examined the impact of the key
miRNA identified, miR-146a, on tumor growth and tumoral immune
networks, and dissected the cellular and molecular mechanisms by
which this miRNA alters anti-tumor immune responses in HGSC.
Collectively, our findings highlight the role of miR-146a in over-
Figure 1. Identification of miR-146a as a potent regulator for CD8+ T cell infiltr
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coming immune suppression and improving CD8+ T cell infiltration
in HGSC. MiR-146a use thus represents a promising avenue for
enhancing anti-tumor immune responses in this disease.

RESULTS
Identification of miR-146a as potent regulator for CD8+ T cell

infiltration in human tumors

CD8+ T cells have been shown to be important in determining
response to current immune therapies and be positively linked with
anti-cancer immune gene signatures.34 Thus, to identify miRNAs
important for regulating CD8+ T cell infiltration in HGSC tumors,
we first investigated the correlation between tumoral miRNA and
CD8 mRNA levels for 54 miRNAs that have positive correlation
with patient OS in HGSC. These 54 miRNAs were identified using
the OncomiR platform. Of these 54 miRNAs, 3 and 4 miRNAs
showed positive and negative correlations with tumor CD8 mRNA
level, respectively (Figure 1A). We subsequently focused on miRNA
with positive correlation to CD8mRNA level for further investigation
due to the ease of re-expressing these miRNAs in tumors using
miRNA mimics.35 miR-150 and miR-146a showed the strongest pos-
itive correlation to CD8 mRNA level (coefficients of 0.52 and 0.33,
respectively). As both miR-150 and miR-146a are expressed in im-
mune cells, we next sought to ascertain whether expression of miR-
150 and miR-146a in ovarian tumor cells themselves can indeed
lead to perturbation in immune regulatory pathways favorable for
CD8+ T infiltration. To address this question, negative control
miRNA (miR-Ctrl), miR-150, and miR-146a mimics were transfected
into murine HGSC cells in triplicate and gene expression changes
were evaluated using Illumina whole-genome expression analysis at
48 h post-transfection (Table S1). We used the QIAGEN Ingenuity
Pathway Analysis (IPA)36 pathway enrichment bioinformatic tool
to identify canonical pathways relevant for CD8+ T cell infiltration
(Figure 1B). Pathway analyses were performed for both miRNAs
and miR-Ctrl was used as the reference control. How miR-150 and
miR-146a affected these pathways are presented in Figure 1B, with
a higher –log10(p value) indicating more significant effects. Globally,
miR-146a had much more profound effects on these pathways rele-
vant for CD8+ T cell infiltration when compared with miR-150, indi-
cating its potential in regulating CD8+ T cell trafficking in tumors.
Indeed, in addition to HGSC, tumoral miR-146a expression also cor-
relates strongly with CD8 mRNA level in multiple cancer types
ation in HGSC
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mor types in TCGA. Tumor types shown include adrenocortical carcinoma (ACC),

ous cell carcinoma and endocervical adenocarcinoma (CESC), cholangiocarcinoma

H), kidney renal clear cell carcinoma (KIRC), brain lower grade glioma (LGG), liver

arcinoma (LUSC), ovarian serous cystadenocarcinoma (OV), pancreatic adenocar-

noma (PRAD), sarcoma (SARC), stomach adenocarcinoma (STAD), testicular germ
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ression and anti-cancer immune signatures in TCGA ovarian cancer dataset.
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Figure 2. Impact of miR-146a-nanoparticle treatment

on tumor growth in immune competent C57BL/6J

mice bearing ID8-p53–/–-Luc tumors

(A) C57BL/6J mice were inoculated with 2.5 � 106 lucif-

erase-labeled ID8-p53�/� cells in the peritoneal cavity and

mice received miR-control (Ctrl) or miR-146a-containing

nanoparticles (NPs) (20 mg/dose) intravenously twice per

week for 4.5 weeks, starting from day 7 (n = 5/group). All

mice were sacrificed at 48 h after receiving last dose of NPs

on day 39 post-tumor inoculation. Ascites were drained

and tumors located in omentum (primary site of tumor

growth) and other sites in the peritoneal cavity (other tu-

mors) along with mesenteric and inguinal lymph nodes

were dissected. (B) Relative expression of miR-146a in

omental and other tumors at 48 h after last dose of i.v.

treatment of miR-Ctrl and miR-146a-containing NPs

(*p < 0.05, n = 5/group). (C) Difference in tumor growth in

miR-Ctrl and miR-146a treatment groups as indicated by

luciferase signal over time throughout the study. Total

radiance signal (photons/s) was quantified using the IVIS

imaging system (**p < 0.01, n = 5/group). (D) Aggregate

tumor weight for mice treated with miR-Ctrl and miR-146a-

containing NPs on day 39 post-tumor cell inoculation

(*p < 0.05, n = 5/group). All bars and error bars represent

mean ± SEM. Mann-Whitney tests performed for statistical

analyses.
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including thyroid, prostate, breast, and adrenocortical cancers (Fig-
ure 1C). To ascertain that miR-146a does not simply affect CD8+

T cell infiltration but has an overall favorable effect on anti-tumor im-
munity in HGSC, we next examined the correlation between tumoral
miR-146a expression and the 68 anti-cancer immune signatures pre-
viously reported34 using TCGA ovarian cancer dataset. It was shown
that miR-146a had an overall positive correlation with these gene sig-
natures important for anti-cancer immunity (Figure 1D). It was
thus hypothesized that enhancing miR-146a expression in HGSC tu-
mors can improve anti-tumor immunity and enhance CD8+ T cell
response, which in turn can lead to better tumor control.

Increased tumoral miR-146a expression in vivo reduces tumor

burden

To investigate whether increasing miR-146a expression in tumors can
reduce ovarian tumor progression in vivo and improve cancer immu-
nity, nanoparticles (NPs) containing negative miR-Ctrl or miR-146a
were intravenously injected into C57BL/6J mice bearing luciferase
(Luc)-labeled ID8-p53�/� tumors (Figure 2A). These HGSC murine
tumor cells lack p53 expression, which resembles the p53 mutation
status commonly seen in human HGSC tumors.37 The NPs utilized
can passively target tumors, taking advantage of the enhanced perme-
ability and retention effects in solid tumors.38 Indeed, qPCR analysis
showed that, in omental tumors, a major site of ovarian cancer metas-
tasis, there was a 3-fold higher miR-146a level in mice that received
miR-146a NP therapy compared with mice that received miR-Ctrl
treatment (p < 0.01, Figure 2B), indicating that NP delivery of miRNA
to tumors was successful. A similar trend was seen in tumors located
at other organ sites (other tumors), where a 2-fold increase was
observed (p < 0.01, Figure 2B). Importantly, this level of difference be-
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tween control and treatment group resembles the difference in miR-
146a levels seen in human HGSC tumors in TCGA ovarian cancer
dataset.

Tumor growth was monitored via luminescence imaging of lucif-
erase-tagged ID8-p53�/� tumors (Figure S1) and showed a striking
decrease in tumor levels with miR-146a NP therapy (Figure 2C).
Correspondingly, at endpoint, a significant decrease in total tumor
weight was also observed in mice that received miR-146a NP treat-
ment compared with the mice that received miR-Ctrl NPs (45%
reduction, Figure 2D, p < 0.05), indicating that miR-146a had a strong
anti-tumor effect. As expression of miR-146a within various immune
cells is known to exert immunoregulatory functions,39,40 we sought to
investigate whether this anti-tumor effect was driven by tumoral
expression of miR-146a. To also assess whether the anti-tumor effect
observed can be extended to another HGSC model, we inoculated
C57BL/6J mice with transduced murine IG10-Luc cells, which have
constant enforced miR-146a or miR-Ctrl expression. Unlike the NP
delivery approach, increased miR-146a expression is confined to tu-
mor cells in this model. Consistent with what was observed in mice
that received miR-146a NP treatment, mice bearing IG10-Luc-miR-
146a tumors had a significant reduction in total tumor weight by
81% compared with mice bearing IG10-Luc-miR-Ctrl tumors
(p < 0.01, Figure S2). This suggests increased miR-146a expression
within tumor cells can significantly reduce tumor progression.

Given miR-146a’s correlation to anti-cancer immune signatures in
human HGSC tumors (Figure 1), we hypothesized that miR-146a
expression in tumor cells modulates the TME to increase anti-tumor
immune responses, thereby leading to reduced tumor burden. To



Figure 3. Effect of miR-146a nanoparticle treatment

on myeloid and lymphoid populations in ID8-p53–/–-

Luc tumors

Flow cytometry was used to examine the presence of

(A) myeloid and (B) lymphoid immune cell types in miR-

control (Ctrl) or miR-146a-containg nanoparticle-treated

tumors (20 mg/dose) at the end of the therapeutic experi-

ment. Cell populations were expressed as a percentage of

total CD45+ cells (*p < 0.05, **p < 0.01, n = 5/group). (C)

The intra-tumoral location of CD8+ T cells were examined

by staining omental tumor sections obtained from each

mouse using mouse CD8 antibodies. Representative

images of the CD8 staining is shown (left panel).

Quantification of the number of infiltrated CD8+ T cells

based on an average from five randomly selected high-

power field (HPF) (200�) regions from each tumor section

(right panel; **p < 0.01, n = 5 tumors/group). Scale bar,

100 mm. All bars and error bars represent mean ± SEM.

Mann-Whitney tests performed for statistical analyses.
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eliminate the possibility that miR-146a reduced tumor burden by
intrinsically regulating cell growth mechanisms within tumor cells,
we assessed the effects miR-146a has on ovarian cancer cell growth
in vitro, where miR-146a was transfected into murine and human
HGSC cells. For transfection, lipid-based NPs were used, which are
structurally similar to those used for in vivomiRNA delivery; howev-
er, they are not PEGylated and have a 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine (DOPE) fusogenic lipid to aid in vitro uptake effi-
ciency. Cell growth was monitored by counting cell numbers for 7
consecutive days post-transfection and transfection efficiency was
verified with miRNA-specific qPCR. The expression of miR-146a
was increased by >15,000-fold in ID8-p53�/� cells at 24 h post-trans-
fection. Despite this level of increase being much higher than the level
achieved in tumors in vivo, these ID8-p53�/� cells showed no signif-
icant change in cell growth up to 7 days post-miR-146a transfection
(Figure S3A). Similarly, the IG10-Luc-miR-Ctrl and IG10-Luc-miR-
146a transduced cells that have constant expression of miR-Ctrl or
miR-146a, respectively (>250-fold increase in miR-146a expression,
p < 0.0001), also did not show significant differences in cell growth
patterns (Figure S3B). To test if this phenomenon extends to HGSC
cells of human origin, miR-146a transfection into OVSAHO cells
was performed. Similar to what was observed in murine HGSC lines,
miR-146a treatment did not significantly affect cell growth (>1,500-
fold increase in miR-146a expression in OVSAHO cells at 24 h, Fig-
ure S3C). These observations suggest that miR-146a does not directly
impact intrinsic cell growth mechanisms of HGSC cells. We, thus, hy-
pothesize that the reduction in tumor weight seen in vivo is due to the
impact miR-146a has on the TME, in particular anti-cancer immune
networks, given the strong positive correlation this miRNA has with
CD8 mRNA levels in ovarian tumors (Figure 1).
miR-146a NP delivery improves CD8+ T cell infiltration in ID8-

p53–/– tumors

To investigate the impact of miR-146a on tumoral immune networks,
omental tumors from the ID8-p53�/� tumor-bearing C57BL/6J mice
that received miR-Ctrl or miR-146a NP delivery were assessed via
flow cytometry. For myeloid immune cells, there was a significant in-
crease in the percentage of DCs (p < 0.05) and monocytes (p < 0.01)
within CD45+ leukocytes in miR-146a NP-treated tumors compared
with control (Figure 3A). These changes, however, are less apparent
when absolute cell counts within tumors were considered (Fig-
ure S4A). In addition, a trend of decrease in Ly6G+ neutrophils in
omental tumors was observed after miR-146a delivery, both when
data were expressed as a percentage of CD45+ cells (Figure 3A) and
as cells/g of tumor (p < 0.05, Figure S4A). In ascites, myeloid cell pop-
ulations also highlighted a trend of decrease in neutrophils
(Figure S4B).

Regarding lymphoid immune cells, there was minimal change in the
number of B, NK, and NKT cells in ID8-p53�/� tumors following
miRNA treatments (Figures 3B andS5). Although the total number
of CD8+ T cells remained similar between the miR-146a and miR-
Ctrl NP treatment groups, we questioned whether miR-146a
increased CD8+ cell infiltration into tumor islets. Given that flow cy-
tometry analysis cannot indicate spatial distribution or distinguish
between cells within the tumor islet vs. cells located at the tumor pe-
riphery, we performed immunohistochemical staining to quantify the
number of CD8+ T cells infiltrating into tumor islets (Figure 3C, left
panel). Quantification of five randomly selected regions of each
tumor, taken at 200� magnification, revealed that tumors from
miR-146a NP-treated mice had significantly more CD8+ T cells
Molecular Therapy: Oncolytics Vol. 31 December 2023 5
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Figure 4. Effect of miR-146a-nanoparticle treatment

on CD86 expression in antigen-presenting cells and

intratumoral neutrophil infiltration

Flow cytometry was used to measure CD86 mean fluo-

rescence intensity (MFI), a serogate marker for activity, in

antigen-presenting cells in (A) omental tumors, (B) ascites,

and (C) lymph nodes (*p < 0.05, **p < 0.01, n = 5/group). (D)

Omental tumor sections were stained using anti-mouse

Ly6G-AF647 (red) and Hoechst 33342 (blue) to quantify

number of infiltrating neutrophils (left panel). Scale bar,

100 mm. Quantification of the number of infiltrated Ly6G+

neutrophils is shown (right panel) for miR-Ctrl or miR-

146a-treated tumor sections, based on an average

from five randomly selected regions taken at 200�
magnification for each tumor (HPF; n = 5/group,

**p < 0.01). All bars and error bars represent mean ±

SEM. Mann-Whitney tests performed for statistical

analyses.
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intratumorally compared with miR-Ctrl-treated tumors (p < 0.01,
Figure 3C, right panel). This result indicates the positive impact of
miR-146a expression on CD8+ T cell infiltration in these tumors.
While additional assessment on T cell distribution would be beneficial
in miR-Ctrl and miR-146a-expressing IG10 tumors, the dramatic
decrease in tumor weight caused by miR-146a expression in this
model precluded this analysis.

In addition to the impact of miR-146a onmyeloid and lymphoid pop-
ulations in tumors, we also assessed the effects of miR-146a NP deliv-
ery on activity of antigen-presenting cells (APCs) in tumors, ascites,
and lymph nodes. For this investigation, flow cytometry was used
to measure the expression of the co-stimulatory marker CD86 on
APCs (B cells, DCs, and macrophages). Mice that received miR-
146a NP treatment had significantly higher CD86 expression in B
cells, DCs, and macrophages in omental tumors (Figure 4A). Signif-
icant increases in CD86 mean fluorescence intensity on the surface of
these cells were also observed in ascites (Figure 4B) and lymph nodes
(Figure 4C). CD86 is an established hallmark of DC maturation,41 is
upregulated following B cell activation, and is needed by macro-
phages, DCs, and B cells to promote co-stimulation of T cells via
CD28.42,43 Therefore, increased CD86 expression could indicate
improved antigen-presenting processes within these APCs, which
can indirectly improve T cell responses in tumors.

Tumor cell antigen presentation capability is not improved by

miR-146a treatment

We hypothesized that miR-146a improved the cancer immunity cy-
cle44 and thus CD8+ T cell responses by enhancing presentation of
cancer neoantigens on the tumor cell surface. Commonly, tumor cells
downregulate antigen processing machinery to evade recognition and
6 Molecular Therapy: Oncolytics Vol. 31 December 2023
destruction by immune cells.45 To allow evalua-
tion of how antigen presentation machinery is
influenced by miR-146a, we analyzed whole-
genome expression data whereby ID8-ip1 cells
were treated with miR-146a mimics (Table S1). QIAGEN IPA36

and metascape46 gene enrichment bioinformatic tools combined
with literature search were utilized to identify genes important for an-
tigen presentation. Changes in expression of these genes are presented
in Figure S6. Some of these genes showed changes in expression after
miR-146a transfection in a direction which could be beneficial for an-
tigen presentation, for example the increase in heat shock protein
family A (Hsp70) member 8 (HSPA8) mRNA, a molecular chaperone
that can capture peptide intermediates for presentation onMHCmol-
ecules.47 However, there were also changes seen which would be un-
favorable for antigen presentation. In particular, MHC-I murine
components b2M, H2-D1, and H2-K1,48 which are vital for the
MHC-I pathway were downregulated (50%, 29%, and 13% decrease,
respectively). Based on these findings, we concluded that it is unlikely
that miR-146a enhances the T cell response in tumors through the
improvement of cancer antigen presentation by tumor cells.

Tumor-infiltrating immunosuppressive neutrophils are reduced

with increased miR-146a expression in ID8-p53–/– tumor model

Next, we investigated whether miR-146a could have effects on
ovarian cancer cells that could alter expression of genes involved in
T cell migration, and thereby explain the observed increase in
CD8+ T cell infiltration in tumors. Using the ID8-ip1 whole-genome
expression analysis aforementioned, we focused on genes with aR2-
fold change in expression post-miR-146a transfection, which are clas-
sified to be relevant for T cell migration/movement in QIAGEN IPA36

andmetascape46 software (Figure S7). A survey of current research on
these genes revealed that, for the most part, changes observed upon
miR-146a treatment were unlikely to lead to altered T cell infiltration,
with the exception of chemokines CCL2, CCL5, CXCL10, and
CXCL12, which can recruit T cells.49 CCL2, CCL5, and CXCL10
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mRNA, however, were downregulated and would not explain the
observed increase in CD8+ T cell infiltration in tumors. CXCL12
mRNA was upregulated by approximately 2-fold. However, existing
research indicates that this chemokine can repel T cells at high con-
centrations due to leukocyte fugetaxis,49 and impedes differentiation
of naive T cells into effector CD8+ T cells.50 Thus, these data suggest
that miR-146a is unlikely to alter expression of genes in cancer cells
which are direct mediators of T cell migration.

We next directed our investigations to other immune cell types that
miR-146a affected in vivo, which could interact with T cells and
lead to the increased CD8+ T cell infiltration. A trend of decrease in
neutrophils within omental tumors was seen via flow cytometry after
miR-146a treatment (Figures 3A and S4A). Neutrophil infiltration in
tumors is associated with poor prognosis,51–54 and furthermore neu-
trophils can exert many pro-tumor actions.53 One of the ways neutro-
phils can affect cancer progression is through indirect55 and direct
suppression of CD8+ T cell anti-tumor responses,53,56,57 which has
been reported to reduce CD8+ T cell infiltration.58,59 Using immuno-
histochemistry, we further stained omental tumor sections from the
ID8-p53�/� in vivo model with Ly6G, a marker commonly used to
identify neutrophils in immunohistochemical staining,60,61 to assess
spatial distribution of neutrophils within tumor islets. Ly6G+ neutro-
phils were present intratumorally within ID8-p53�/� tumors that
received miR-Ctrl or miR-146a NP treatment. Quantification of five
randomly selected regions of each tumor taken at 200�magnification
revealed there were significantly fewer Ly6G+ neutrophils in tumors
from mice treated with miR-146a compared with mice treated with
miR-Ctrl (p < 0.05, Figure 4D).

Neutrophils typically play key immunosuppressive roles in the
TME18 and are considered part of the MDSC population.18 The sup-
pressive effects neutrophils exert on CD8+ T cells has been reportedly
linked to the N2 tumor-associated neutrophil phenotype.57 In the
ID8-p53�/� tumor model in vivo, we found on average 95% of neu-
trophils in omental tumors express CD182, an N2 marker62 (Fig-
ure S8). This suggests that neutrophils in the late stage ID8-p53�/�

tumormodel are characteristic of the immunosuppressive, pro-tumor
N2 phenotype, and therefore have the capability to exert pro-tumor
functions and inhibit CD8+ T cells. The significant decrease of immu-
nosuppressive neutrophils following miR-146a treatment is, thus, a
likely cause for the improved CD8+ T cell infiltration observed.

MiR-146a targets TRAF6 and IRAK1 to decrease production of

neutrophil chemoattractant CXCL1

We next investigated how miR-146a in cancer cells could lead to gene
expression changes that have a direct impact on neutrophil tumor
infiltration. QIAGEN IPA36 and metascape46 analyses identified 20
genes involved in neutrophil migration/movement that had a R2-
fold change in expression in our whole-genome expression analysis.
From this analysis, we identified that the chemokine CXCL1 was
downregulated significantly by 88% (p < 0.01, Figure 5A), and chose
to focus on this chemokine due to its known role as a potent neutro-
phil chemoattractant.63,64 As TargetScan, miRWALK, and mirDIP
miRNA target prediction software indicated that miR-146a was not
highly predicted to bind CXCL1 mRNA (mirDIP prediction score
class: low), molecules upstream of CXCL1 transcription that miR-
146a might target were investigated (Figure 5B). QIAGEN IPA36 soft-
ware revealed that NFKB1 (p50) and RELA (p65) are upstream of
CXCL1 production and have experimentally observed links to miR-
146a. p50 and p65 proteins dimerize to form the DNA-binding tran-
scription factor, NF-kB, which is known to induce expression of
CXCL1.65

While p50 and p65 have experimentally observed links with miR-146a,
p50 and p65mRNA are not predicted miR-146a direct targets (mirDIP
prediction score class: low). However, tumor necrosis factor receptor-
associated factor 6 (TRAF6) and IL-1 receptor-associated kinase 1
(IRAK1) are critical adaptor molecules in NF-kB signaling, and have
been shown to be targets of miR-146a66 in other cancer types.67

Upon ligand engagement of specific receptors, including TLRs,
TNFR and IL-1R, IRAK1 binds to TRAF6 to mediate IkB kinase com-
plex activation, resulting in dimerization of p50 and p65 to form NF-
kB.68 We therefore hypothesize that miR-146a directly targets
TRAF6 and IRAK1 mRNA in ovarian cancer cells to inhibit NF-kB
signaling and the production ofNF-kB target gene,CXCL1 (Figure 5C).

In the whole-genome expression data, TRAF6mRNA was downregu-
lated significantly by 54% after miR-146a transfection (Figure 6A,
p < 0.05), with TargetScan showing in silico prediction of three
miR-146a binding sites within conserved regions of the 30 UTR of
the murine TRAF6 mRNA transcript (Figure S9). Similarly, genome
expression data show IRAK1 to be significantly downregulated
by 61% after miR-146a transfection (Figure 6B, p < 0.05), and
TargetScan also indicates two miR-146a binding sites within
conserved regions of the 30 UTR of the murine IRAK1 mRNA tran-
script (Figure S9). We next assessed the effects of miR-146a on
TRAF6, IRAK1, and CXCL1 expression in vitro using qPCR to further
validate our proposed molecular mechanism. We transfected miR-
146a into ID8-p53�/� cells to observe how a transient increase in
miR-146a would impact TRAF6, IRAK1, and CXCL1 expression. At
72 h post-transfection, there were significant decreases in TRAF6
(32% decrease, p < 0.001), IRAK1 (41% decrease, p < 0.001), and
CXCL1 (70% decrease, p < 0.0001) mRNA levels (Figure 6C). These
data indicate that, in ID8-p53�/� cells, miR-146a can downregulate
both TRAF6 and IRAK1, which leads to subsequent CXCL1
downregulation.

Collectively, our findings suggest a mechanism through which miR-
146a targets IRAK1 and TRAF6 in HGSC cells to decrease NF-kB
signaling and CXCL1 production, leading to decreased infiltration
of neutrophils into tumors. As neutrophils are known to suppress
CD8+ T cells, mechanistically the neutrophil decrease would allow
improved infiltration in CD8+ T cells into tumors, as we observed
in vivo (Figure 7). Altogether, the decrease in neutrophils and increase
in CD8+ T cells intratumorally represents improved anti-tumor im-
mune responses in tumors, and provides a cellular mechanism by
which miR-146a reduces tumor burden in vivo.
Molecular Therapy: Oncolytics Vol. 31 December 2023 7

http://www.moleculartherapy.org


Figure 5. Impact of miR-146a treatment on expression of genes important for neutrophil migration and movement in tumors

ID8-ip1 ovarian cancer cells were transfected with miR-Ctrl or miR-146a at 40 nM and changes in gene expression was analyzed at 48 h post-transfection. QIAGEN IPA36

and metascape46 software were used to analyze gene expression data. (A) Genes that were either upregulated or downregulated by R2-fold, which are also involved in

neutrophil migration, movement, chemotaxis, immune process, and activation functions, are presented. (B) QIAGEN IPA36 analysis of genes upstream of CXCL1 that are

experimentally linked to miR-146a. (C) Concept figure of the molecular mechanism by which miR-146a modulates CXCL1 expression. All bars and error bars represent mean

value ± SEM (n = 3/group, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Unpaired Student’s t test performed for statistical analyses.
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DISCUSSION
Immune therapies such as anti-PD-L1 and anti-PD-1 ICIs have thus
far shown promising results in many cancer types.69 However, only a
9.7%–15% objective response rate has been observed in patients with
ovarian cancer.6,13–16 One of the reasons for this low response rate is
the immunosuppressive TME, which prevents effective penetration of
CD8+ T cells into tumors. Understanding how miRNA can overcome
this immune suppression to favor anti-tumor immune responses will
assist the development of future immune therapy combinations for
treatment of ovarian cancer. In this study, we identified that miR-
146a expression is positively correlated with CD8 mRNA level in
many cancer types including HGSC, and provide evidence that
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increased miR-146a expression in ID8-p53�/� and IG10 murine
ovarian cancer models can significantly reduce tumor burden. We
find that miR-146a NP therapy results in a significant decrease in
immunosuppressive neutrophil and an increase in CD8+ T cell tumor
infiltration that corresponds with reduced tumor burden. Further
investigation into the mechanisms showed that miR-146a targets
IRAK1 and TRAF6 adaptor proteins of NF-kB signaling in ID8-
p53�/� cells, leading to a significant decrease in the potent neutrophil
chemoattractant, CXCL1.63

Aberrant expression of miR-146a within cancer cells has been impli-
cated in cancer progression in several cancer types70; however, the



Figure 6. Direct and indirect targeting of TRAF6, IRAK1, and CXCL1 bymiR-

146a

Impact of miR-146a treatment on (A) TRAF6 and (B) IRAK1 mRNA expression in

ID8-ip1 ovarian cancer cells at 48 h post-transfection (40 nM treatment). (C) Relative

mRNA expression of TRAF6, IRAK1, and CXCL1 at 72 h post-transfection in ID8-

p53�/� cells transfected with miR-Ctrl or miR-146a at 40 nM using DOTAP:DOPE

nanoparticles. Representative data from three independent experiments are

shown (n = 3). All bars and error bars represent mean ± SEM (*p < 0.05,

***p < 0.001, ****p < 0.0001). Unpaired Student’s t test performed for statistical

analyses.
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exact functions of miR-146a in carcinogenesis remains unclear.71

This is due to conflicting reports on miR-146a’s role because, within
some cancers miR-146a has tumor suppressor functions; however, in
other types it has oncogenic effects.67 In ovarian cancer, miR-146a has
been reported to be tumor suppressive within in vitro studies.72–74 In
studies utilizing human advanced ovarian serous cancer primary tu-
mors, it has been found that miR-146a expression is positively corre-
lated with OS.75 To the best of our knowledge, no studies have utilized
in vivo murine models to assess miR-146a effects in ovarian cancer.
Here, we have shown that increased levels of miR-146a in murine
ID8-p53�/� and IG10 tumors significantly reduce tumor burden,
which is in accordance with existing research that miR-146a is tumor
suppressive in ovarian cancer.72–74 Surprisingly, we found exogenous
miR-146a expression in the murine ID8-p53�/� and IG10 and hu-
man OVSAHO HGSC models have no significant influence on
growth in vitro, pointing toward miR-146a’s impact on the TME be-
ing important for the anti-tumor effects observed. Previous
studies have found miR-146a overexpression can inhibit cancer
growth in vitro in human HGSC,72 non-small cell lung cancer,70 he-
patocellular carcinoma,76 and breast cancer,77 often through inducing
apoptosis. Other studies contrast this, showing that miR-146a overex-
pression can cause increased cancer growth in vitro in breast cancer,78

and increased proliferation in gastric cancer79 and cervical cancer.80

Taken altogether, previous research and our current findings empha-
size the established phenomenon that miRNA exert multifunction,
and that miR-146a can have varying effects across different cancers
and also within different models of the same cancer type.67

To date, there is strong evidence that miR-146a has an impact on
innate immune responses and inflammatory signaling,39,40 often
through negative regulation of signaling pathways that lead to NF-
kB activation.39,67,81 However, in the context of cancer immunity,
miR-146a0s impacts remain largely unreported. Studies have found
that miR-146a expression within T lymphocytes acts as an anti-
apoptotic factor by targeting FAS-associated death domain protein
to inhibit FAS-mediated apoptosis.82 In addition, miR-146a within
macrophages contributes to differentiation and activation of these
immune cells.83 However, to our knowledge it remains unexplored
how altered miR-146a expression within tumor cells has cascading ef-
fects on anti-tumor immune responses. We have shown that miR-
146a does not have a significant effect on antigen presentation capa-
bility of tumor cells. We do find, however, that miR-146a expression
is positively correlated with CD8 mRNA level in HGSC human tu-
mors, and that miR-146a delivery in vivo can significantly increase
CD8+ T cell infiltration into tumor islets. As CD8+ cytotoxic T cells
are the most potent effectors in generating anti-tumor immune re-
sponses,84 our findings provide an explanation for the reduction in
tumor growth observed in the ID8-p53�/� in vivo model, and impli-
cate miR-146a as a strong inducer of anti-tumor immunity. As stated
above, miR-146a is known to intrinsically affect T cell biology, with it
previously being shown that miR-146a expression is upregulated dur-
ing T cell differentiation and activation, and can protect T cells from
apoptosis.85,86 However, to our knowledge, no studies have reported
the impact of tumoral miR-146a expression on CD8+ T cell infiltra-
tion. Notably, it was recently reported that miR-146a�/� mice exhibit
increased immune-related adverse events when treated with anti-PD-
1 therapy.87 Whether miR-146a therapy will improve the efficacy and
safety of anti-PD-1 or other forms of immune therapies, where lack of
CD8+ T cell infiltration is a major barrier for effectiveness,10 remains
to be investigated in the future.

As we did not find evidence of a mechanism by which miR-146a influ-
ences gene expression in cancer cells to directly attract CD8+ T cells
into tumors, this indicates that miR-146a0s impact on CD8+ T cell infil-
tration is likely an indirect effect. Our data suggest that this effect could
be mediated by neutrophils. One of the ways in which neutrophils pro-
mote tumorigenesis is through indirect55 and direct suppression of
CD8+ T cell anti-tumor responses. Neutrophil secretion of arginase 1
and modulation of PD-1 signaling in T cells inhibits T cell prolifera-
tion.56 Neutrophils also produce nitric oxide and tumor necrosis factor
resulting in T cell apoptosis,53,57 and have also been reported to reduce
CD8+ T cell infiltration.58,59 Consequently, the neutrophil decrease in
tumors would allow improved CD8+ T cell responses. Indeed, we
show that neutrophils in untreated ID8-p53�/� tumors are predomi-
nantly positive for the N2 phenotype marker, CD182, with neutrophils
of this phenotype being known to be immunosuppressive and to have
pro-tumor effects.51 This result is in accordance with existing reports
that neutrophils exist as mainly the N2 phenotype in late-stage tumor
settings.88,89 Based on this knowledge and the known correlation be-
tween neutrophils and poor-prognosis,51 the neutrophil decrease we
observe in response to miR-146a signifies highly beneficial alterations
of immune responses. This finding highlights how miR-146a can
concurrently impact neutrophils in addition to CD8+ T cells to benefit
ovarian cancer immunity, and together these observations provide
cellular explanations for the decreased tumor burden seen in vivo after
miR-146a NP administration. miRNAs have previously been proposed
to be involved in neutrophil regulation, with miR-451 being shown to
reduce neutrophil chemotaxis by downregulation of p38MAPK
signaling within neutrophils in rheumatoid arthritis.90 miR-146a has
also been implicated to inhibit the intrinsic ability of neutrophils to
Molecular Therapy: Oncolytics Vol. 31 December 2023 9

http://www.moleculartherapy.org


Figure 7. A schematic showing the cellular and

molecular mechanisms by which miR-146a mediates

its anti-tumor effect

miR-146a directly targets and inhibits the adaptor mole-

cules IRAK1 and TRAF6 in cancer cells to decrease NF-kB

signaling and activation. Transcription of NF-kB signaling

target CXCL1 is consequently reduced. The reduction

of CXCL1 chemokine in the tumor microenvironment

subsequently decreases neutrophil infiltration in tumors.

This decrease in neutrophils can enhance CD8+ T cell

infiltration in tumors. Collectively, the decrease in

neutrophils and increased CD8+ T cells favors improved

cancer immunity and leads to decreased tumor

progression. Image generated using BioRender.

Molecular Therapy: Oncolytics
form neutrophil extracellular traps through an unknownmechanism.91

This study directly connects miR-146a to neutrophil tumor infiltration.
Future experiments examining alteration of the anti-tumor immune
response in the absence of neutrophils will further strengthen our
knowledge on the cellular mechanisms mediated by miR-146a in
the TME.

We showed that miR-146a targeting of TRAF6 and IRAK1 to inhibit
NF-kB activation and consequent production of neutrophil chemoat-
tractant, CXCL1, is likely the mechanism by which miR-146a de-
creases neutrophil infiltration into tumors. miR-146a0s negative regu-
lation of NF-kB signaling through targeting of TRAF6 and IRAK1 has
previously been shown in autoimmune disease,39,66 bacterial infec-
tion,92 and in cervical, prostate, breast, oral, gastric, lung, and pancre-
atic cancers,67 but the impact of miR-146a on these two adaptor mol-
ecules in ovarian cancer has not been previously established. The
downstream effect on CXCL1 from miR-146a treatment has been
shown in acute kidney injury models93 and rhinovirus infection.94

In the cancer landscape, Garo et al.22 have shown that miR-146a-defi-
cient mice have increased CXCL1 expression in colorectal cancer
models. In these colorectal cancer models, it was found that miR-
146a within DCs and macrophages targets receptor-interacting pro-
tein kinase 2 to inhibit NF-kB signaling and decreases IL-1b, IL-6,
and IL-23, which ultimately decreases downstream IL-17-mediated
tumorigenesis. Contrary to their findings, we see minimal changes
in these cytokines in our whole-genome analysis, and our data point
toward a mechanism independent of IL-17. Together, this suggests
that miR-146a0s ability to regulate anti-tumor immune responses is
not restricted to targeting of IRAK1 and TRAF6 to decrease
CXCL1. However, the anti-tumor response mediated by miR-146a
does seem to converge on NF-kB signaling in both colorectal and
ovarian cancers. Future examination on how mutations on the 30

UTR region of these two adaptor proteins could affect miR-146a0s
impact on tumor immune networks, or whether overexpression of
CXCL1 by tumor cells can rescue tumor growth, will be beneficial.
10 Molecular Therapy: Oncolytics Vol. 31 December 2023
This improved understanding will facilitate the
identification of patient populations that will
most likely benefit from miR-146a therapy. Alto-
gether, miR-146a0s ability to impact CD8+ T cell
infiltration in an indirect manner, likely through preventing chemo-
taxis of immunosuppressive neutrophils, implies that this miRNA’s
effects on cancer immunity are intricate and interconnected. Our
data suggests that miR-146a0s known ability to regulate inflammatory
signaling through NF-kB is beneficial for anti-tumor immune re-
sponses in ovarian cancer and highlight how miR-146a could be har-
nessed in future immunotherapeutic ovarian cancer interventions.
Importantly, the use of miR-146a as an immune modulating agent
can also be extended to other cancer types where there are significant
positive correlations between tumoral miR-146a and CD8 levels.

MATERIALS AND METHODS
The Cancer Genome Atlas analysis

Correlation between tumoral miRNA expression and overall patient
survival was analyzed using the OncomiR platform,95 while correlation
of tumoral miRNA expression to tumoral CD8mRNA expression was
obtained using the miRCancerdb platform.96 Both platforms utilize
clinical and genomic data from patients included in The Cancer
Genome Atlas (TCGA) datasets. For correlation with anti-cancer im-
mune signature analysis, enrichment score of 68 immune signatures
previously reported34 was calculated in single-sample gene set enrich-
ment analysis. Clinically annotated data fromTCGA obtained from the
Open-Access and Controlled-Access tiers of the TCGA Data Portal
(http://tcga-data.nci.nih.gov/tcga/findArchives.htm) were used with
NIH approval. A total of 347 HGSC patients were included in the
analysis. miRNA expression data were obtained from Agilent miRNA
microarrays and Illumina miRNA-seq datasets in TCGA. For the
miRNA-seq data. We derived the “reads_per_million_miRNA_map-
ped” values for mature forms for the miRNA examined from the “iso-
form_quantification” files in TCGA. The correlation analyses were car-
ried out by Python (version 3.8.0) (http://www.python.org/).

Cell culture

ID8, ID8-p53�/�, and IG10 cell lines were kindly provided by Prof.
Roby from University of Kansas and Prof. McNeish from Imperial

http://tcga-data.nci.nih.gov/tcga/findArchives.htm
http://www.python.org/
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College London. ID8-ip1 cells were generated from isolation of tumor
cells after ID8 tumor engraftment in a female C57BL/6 mouse. ID8,
ID8-ip1, ID8-p53�/�, and IG10 were cultured in high-glucose Dul-
becco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich) supple-
mented with 6.5% fetal bovine serum (FBS) (Sigma-Aldrich), Insulin
Transferrin Selenium (1� ITS, Lonza), 100 U/mL penicillin, and
100 mg/mL streptomycin (Sigma-Aldrich). OVSAHO cells (kindly
provided by Profs. Konecny and Anghel from University of Califor-
nia, Los Angeles) were cultured with Roswell Park Memorial Institute
1640 medium (Sigma-Aldrich) supplemented with 10% FBS, 100 U/
mL penicillin, and 100 mg/mL streptomycin. All cells tested negative
for Mycoplasma contamination.

Generation of miRNA-expressing cell lines

IG10-Luc-miR-Ctrl and IG10-Luc-miR-146a stable-expressing cell
lines were generated using lentiviral hCMV-TurboGFP miRNA vec-
tors purchased from Horizon. The IG10 cells were transduced with
respective lentiviral vector and selected using growth medium con-
taining puromycin according to the manufacturer’s protocol. miR-
146a expression was examined using TaqMan miRNA qPCR.

NP preparation

For liposomal formulation used in in vivo studies, dioleoyl trimethy-
lammonium propane (DOTAP, 18:1), cholesterol, and polyethylene
glycol (PEG)2000-C16Ceramide were purchased from Sigma.
miRNA-containing liposomal formulations were prepared using the
hydration of freeze-driedmatrix method described previously.38 A ni-
trogen/phosphate (N/P) ratio of 4:1 was used for all formulations.
Formulations were prepared such that 20 mg of miRNAwas contained
in 200 mL volume upon hydration. Required amounts of DOTAP,
cholesterol, and PEG2000-C16Ceramide were dissolved in tert-
butanol and an equal volume of miRNA-containing sucrose solution
was then added and mixed well. The amount of sucrose added was
0.925 mg per mg of miRNA used. The resultant formulation was
then snap-frozen and freeze-dried overnight (BenchTop Pro, Omni-
tronics) at a condensing temperature of �80�C and pressure of less
than 0.1 mbar. Nuclease-free water was then added to the lyophilized
product with gentle shaking and sonication. When hydrated at 20 mg
miRNA/200 mL concentration, the amount of sucrose contained in
the formulation makes it isotonic, ready for in vivo use. For in vitro
studies, liposomal formulations were used using DOTAP and
DOPE (Sigma) at 1:1 M ratio. Formulation was made using standard
lipid film method followed by hydration using sterile 5% dextrose so-
lution. DOTAP:DOPE formulation was subsequently extruded
through 400, 200, and 100 mm membranes (Avanti Polar Lipids).
The formulation was then complexed with themiRNA at an N/P ratio
of 4:1 before transfection.

Mice

Female C57BL/6J mice (6–8 weeks) were purchased from ARC and
housed in University of Queensland (UQ) Center of Advanced Imag-
ing animal facility. Ethics approval for all animal experiments was
provided from UQ Animal Ethics Committee. Luciferase-labeled
ID8-p53�/� and IG10 cells were grown in culture, and 2.5� 106 cells
were suspended in 200 mL of Hank’s balanced salt solution and intra-
peritoneally (i.p.) injected into mice unless otherwise specified. The
mice received i.p. injection with luciferin every week before the
endpoint of the experiment to monitor tumor establishment and pro-
gression. After 7–9 min, luciferin bioluminescence images were ac-
quired using an IVIS Lumina X5 imaging system and analyzed by
in vivo imaging software. Mice that received miRNA treatment
were intravenously injected with negative control miRNA (miR-
Ctrl) or miR-146a-containing PEGylated DOTAP-containing NPs
twice weekly (20 mg/dose),38 for 4.5 weeks, starting from day 7
post-tumor inoculation. All mice were sacrificed when any mouse
in the experiment reached a health score of 3 (Morton Scale). At
endpoint, ascites fluid was collected, and tumors in omentum and
other organ sites as well as inguinal and mesenteric lymph nodes
were dissected frommice in a double-blinded manner. Parts of tissues
to be used for immediate flow cytometry analysis were placed in
FACS buffer (2% FBS and 5 nM EDTA in PBS), and remaining tissue
was embedded in optimal cutting temperature (OCT) compound or
snap frozen in liquid nitrogen.

Flow cytometry

Single-cell suspension was obtained from tissues by mashing samples
through a 70 mm cell strainer. Cells were centrifuged at 500 rcf for
5 min at 4�C, washed with FACS buffer twice, then resuspended in
85 mL FACS buffer and incubated with anti-mouse CD16/CD32
monoclonal antibody (BD Biosciences, cat. no. 553142) for 15 min
on ice. Cells were surface stained with antibodies or respective isotype
controls diluted in FACS buffer for 20min on ice, as listed in Table S2.
Markers that were used to define distinct immune cell populations are
shown in Table S3. Precision Count Beads (BioLegend) were added
according to the manufacturer’s instructions to enable quantification
of the absolute number of immune cells in each sample. Samples were
analyzed using a BD Fortessa X-20 flow cytometer and FlowJo
software.

Transfection of miRNA mimics and cell growth assays

ID8-p53�/� and OVSAHO cells were seeded in 6-well plates and
incubated overnight. At 50% confluency, cells were transfected
with miR-146a mimic (Life Technologies, cat. no. 4464070) or
miR-Ctrl (Life Technologies, cat. no. 4464061) at 40 nM using
DOTAP:DOPE NPs for 4 h in serum free medium. For cell growth
assessment, transfected or transduced cells were seeded onto
12-well plates at densities dependent on the cell line (ID8-p53�/�,
6,000 cells/well; IG10, 2,000 cells/well; OVSAHO, 25,000 cells/well).
Three wells were used for each time point assessed. At 72 h post-
transfection, cells were also collected for qPCR analysis.

RNA extraction, cDNA synthesis, and real-time qPCR

At 72 h post-transfection, RNA was isolated from cells using the TRI-
zol reagent (Life Technologies) according to manufacturer’s protocol.
RNA concentration and quality was assessed using NanoDrop-One
(Thermo Fisher Scientific). For detection of CXCL1, TRAF6, and
IRAK1mRNA, 1 mg of RNA was reverse-transcribed using an iScript
cDNA synthesis kit (Bio-Rad, cat. no. 1708891) according to
Molecular Therapy: Oncolytics Vol. 31 December 2023 11
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manufacturer’s protocol. The relative mRNA expression was quanti-
fied with qPCR using SYBR green (Thermo Fisher Scientific, cat. no.
4367659) according to manufacturer’s protocol. The average relative
expression was calculated using the 2�DDCt method, with b-actin
expression used to normalize the data. For detection of miR-146a,
5 ng of RNA was reverse-transcribed using a TaqMan MicroRNA
Reverse Transcription Kit (Thermo Fisher Scientific, cat. no.
4366596) and quantified using a TaqMan MicroRNA Assay Kit
(Thermo Fisher Scientific, cat. no. 4427975) according to the manu-
facturer’s protocol. The average relative expression was calculated us-
ing the 2�DDCt method, with the expression of SNO135 used to
normalize data. All primer sequences are listed in Table S4.

Gene expression studies

ID8-ip1 ovarian cancer cells were transfected at 50% confluency with
miR-146a or miR-150 mimic (Life Technologies, cat. nos. 4464070
and 4464066) or miR-Ctrl (Life Technologies, cat. no. 4464061) at
40 nM using Lipofectamine-RNAiMAX (Thermo Fisher Scientific,
cat. no. 13778075) transfection reagent according to the manufac-
turer’s instructions. RNAwas isolated from cells at 48 h post-transfec-
tion, as described above. Total RNA (500 ng) were used for hybridi-
zation and labeled using a MouseWG-6 v.2.0 Expression BeadChip
Kit (Illumina). The gene expression data were normalized using the
quantile normalization method in the LIMMA package in the R lan-
guage environment. Expression levels of each gene was transformed
into a log2 base before analysis.

Immunohistochemical staining of tumor sections

Immunohistochemistry was performed on 5 mm sections cut from tu-
mors embedded in OCT. Tumor sections were fixed in cold acetone
(5 min), followed by cold acetone/chloroform (1:1, 5 min) and cold
acetone (5 min). Sections were washed with PBS and incubated for
15 min with 3% H2O2. Slides were then incubated for 1 h at RT
with blocking buffer (5% goat serum, 0.1% Triton X-100 in PBS), fol-
lowed by rat anti-mouse CD8 (Bio-Rad, cat. no. MCA609G, 1:100)
antibodies in a humidity chamber overnight at 4�C. Sections were
subsequently stained with VECTASTAIN ABC-HRP Kit Peroxidase
(rabbit anti-rat IgG, 1:1,000) (Vector-Laboratories, cat. no. PK-
4004) and were visualized using DAB (Life-Technologies, cat. no.
750118) and counterstained with Gill no. 3 hematoxylin solution
(Sigma-Aldrich, cat. no. GHS316-500ML). A Slide Scanner Zeiss
AxioScan Z1 Fluorescent Imager was used to perform whole tissue
scans at 20� objective using ZEN software. Five randomly selected
200� magnification high-power field (HPF) images were taken for
each tissue section, or maximal number feasible for small tumors.
The number of CD8+ cells located within tumor islets were counted
in each image and averaged for each tumor.

Immunofluorescence

Immunofluorescent staining was performed on 5 mm sections cut
from tumor tissues embedded in OCT. Tumor sections were fixed
in 2% paraformaldehyde for 10 min, washed twice with PBS then
blocked with 5% goat serum (Sigma-Aldrich), 0.1% Tween 20
(Thermo Fisher Scientific) diluted in PBS for 1 h at RT. Cells were
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stained with anti-mouse Ly6G AF647 (1:100, BioLegend, cat. no.
127610) for 1 h at 4�C. Sections were subsequently stained with
Hoechst 33342 diluted in PBS (1:500) for 10 min. The whole tissue
scan was performed using a Slide Scanners Zeiss AxioScan Z1 Fluo-
rescent Imager at 20� objective using ZEN software. Five randomly
selected 200� magnification HPF images were taken for each tissue
section, or maximal number feasible for small tumors. The number
of Ly6G+ neutrophils located within the tumor islets were counted
in each image and averaged for each tumor.
Bioinformatic analysis

IPA (QIAGEN, https://digitalinsights.qiagen.com/IPA)36 was used to
identify canonical pathways regulated by miR-146a and miR-150.
Both Metascape46 and IPA bioinformatic tools were subsequently
used to identify genes involved in biological processes such as neutro-
phil movement, antigen presentation, and T cell movement. IPA soft-
ware36 was additionally used to identify genes upstream of CXCL1
targeted by miR-146a. miRWALK,97 TargetScan 8.0,98 and mirDIP99

software were used for in silico prediction of miR-146a mRNA target
interactions.
Statistical analysis

Data analysis was performed using GraphPad Prism version 8 soft-
ware or within QIAGEN IPA software. Statistical significance was
determined by unpaired two-tailed Student’s t test for normally
distributed data or by Mann-Whitney tests for data that are not nor-
mally distributed. For IPA pathway analysis, Fisher’s exact test
was used. Spearman’s correlation was used to assess miRNA/gene
signature correlation using TCGA dataset. Data were presented as
mean ± SEM. A p value < 0.05 indicated statistical significance.
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