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Abstract: Tumor-associated macrophages (TAMs) are critically important in the context of 

solid tumor progression. Counterintuitively, these host immune cells can often support tumor 

cells along the path from primary tumor to metastatic colonization and growth. Thus, the ability 

to transform protumor TAMs into antitumor, immune-reactive macrophages would have signifi-

cant therapeutic potential. However, in order to achieve these effects, two major hurdles would 

need to be overcome: development of a methodology to specifically target macrophages and 

increased knowledge of the optimal targets for cell-signaling modulation. This study addresses 

both of these obstacles and furthers the development of a therapeutic agent based on this strategy. 

Using ex vivo macrophages in culture, the efficacy of mannosylated nanoparticles to deliver 

small interfering RNA specifically to TAMs and modify signaling pathways is characterized. 

Then, selective small interfering RNA delivery is tested for the ability to inhibit gene targets 

within the canonical or alternative nuclear factor-kappaB pathways and result in antitumor phe-

notypes. Results confirm that the mannosylated nanoparticle approach can be used to modulate 

signaling within macrophages. We also identify appropriate gene targets in critical regulatory 

pathways. These findings represent an important advance toward the development of a novel 

cancer therapy that would minimize side effects because of the targeted nature of the interven-

tion and that has rapid translational potential.

Keywords: nanotechnology, targeted nanoparticles, cancer immunology, RNAi

Introduction
Many therapeutic strategies for cancer immunotherapy, such as adoptive T-cell transfer 

for prostate cancer, focus on activating or enhancing adaptive immunity against cancer 

cells.1,2 However, cells of the innate immune system are also an attractive target for 

cancer therapies. Tumor-associated macrophages (TAMs) have been implicated as one 

of the most prevalent and impactful types of immune cells in tumor-related stroma.4–6 

In most cases, interactions between the tumor cells and the resident or infiltrating 

macrophage population cause the macrophages to adopt a phenotype characterized by 

the constant, low-level production of inflammatory cytokines.7 This produces a state of 

smoldering inflammation in the tumor and surrounding tissue. This type of inflamma-

tion is insufficient to induce apoptosis or other mechanisms of tumor cell death but is 

significant enough to cause survivable DNA damage in the genetic material of tumor 

cells as well as activate survival signals in the nearby cells.8,9 TAMs also contribute to 

the immunosuppressive microenvironment by producing cytokines, such as interleukin 
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(IL)-10, which inhibit the ability of resident immune cells to 

act against tumor cells and prevent the recruitment of CD8+ 

T-cells, natural killer cells (NK cells), and other cytotoxic 

or proinflammatory immune cells.10–12 Furthermore, TAMs 

produce trophic cytokines, can degrade the surrounding 

connective tissue, and induce angiogenesis, allowing the 

primary tumor to grow.13–15 Finally, TAMs participate in the 

metastatic process by creating pathways that aid in tumor 

cell intravasation.16,17

It has been reported that the tumorigenic and metastatic 

effects generated by TAMs can be reduced or removed by 

ablating macrophages with liposomal clodronate in mouse 

models of human cancer.17–19 Though TAMs have adopted 

a protumor phenotype, we and others have shown that they 

retain the potential to produce cytotoxic levels of inflam-

mation, lyse surrounding cells, and coordinate an immune 

response from cells of the innate and adaptive immune 

system.21–24 The ability to recapitulate these cytotoxic and 

immunostimulatory functions in TAMs, thus creating an 

antitumor phenotype, would be a powerful therapeutic tool 

for treating tumors and metastases with a significant mac-

rophage population. An antitumor macrophage phenotype 

could potentially be produced by strategically manipulating 

the nuclear factor-kappaB (NF-κB) signaling pathway in 

TAMs. The two arms of the NF-κB pathway (classical and 

alternative) are potent controllers of the macrophage phe-

notype and regulate many of their inflammatory and trophic 

functions (Figure 1).25–28

Previous work supports the idea of therapeutically target-

ing TAMs with the intention of reeducating them to become 

tumor killing rather than tumor supportive. In addition, 

NF-κB signaling may be a phenotypic fulcrum that could pro-

mote this switch if manipulated appropriately. However, little 

progress has been made toward translating this knowledge 

into viable, clinically relevant therapeutic agents. This study 

addresses two of the major hurdles that must be overcome to 

move this type of therapy forward: 1) developing a means 

to achieve macrophage-specific and pathway-specific cell-

signaling modulation and 2) gaining additional knowledge 

about which components of the NF-κB pathway would be 

the most advantageous to target.

A possible mechanism to change NF-κB signaling in 

TAMs is the use of small interfering RNAs (siRNAs). These 

are short (20–25 bp), double-stranded RNA sequences that 

can activate RNA interference in cells, resulting in the deg-

radation of intracellular messenger RNA (mRNA) sequences 

that are bound by the guide strand of the siRNA.29 This 

effect targets a specific mRNA sequence, and the strength 

and duration of the effect can be tuned by altering siRNA 

dosing. To facilitate delivery of NF-κB siRNA to TAMs, we 

have developed a targeted polymeric nanoparticle capable of 

encapsulating and protecting siRNA sequences. The particle 

is designed such that the pH-responsive core disrupts the 

endosomal compartment upon cellular uptake, rupturing 

the organelle as the internal pH drops and releasing the 

functional siRNA into the cytoplasm.30–32 The particle has a 

modular surface that can be modified with targeting ligands 

using facile, copper-catalyzed “click” chemistry.33 We have 

functionalized the surface of these particles with mannose as 

a targeting ligand in order to facilitate uptake of the particles 

in TAMs, which have increased amounts of mannose recep-

tor (CD206) on their surface.34,35 The mannose receptor is an 

endosomal pattern-recognition receptor, which, when present 

at high levels, is associated with suppression of the classical 

Figure 1 Overview of the two arms of the NF-κB pathway.
Notes: The classical pathway is broadly activated by immunostimulatory molecules: 
TNF-α, lPs, Il-1, IFNγ, and others. activation of the classical pathway causes the 
IKK complex (IKKα, IKKβ, and IKKγ) to phosphorylate the inhibitor of the classical 
pathway (IκBα), resulting in its degradation by proteasomes. The transcriptionally 
active classical NF-κB heterodimer (p50:p65) is then free to enter the nucleus 
and affect DNa transcription.3 The alternative NF-κB pathway is activated by a 
narrower set of ligands, most of which are tumor necrosis factor family proteins: 
TNF-α, cD40 ligand, raNK ligand, and more. activation of the alternative pathway 
causes an IKKα:IKKα homodimer to phosphorylate p100, which is bound to relB. 
a portion of p100 acts as the inhibitor of the alternative pathway; its structure 
and function are analogous to IκBα in the classical pathway. after phosphorylation, 
a portion of p100 is degraded in proteasomes, resulting in p100 digestion to the 
transcriptionally active form, p52. p52:relB heterodimers are then free to enter the 
nucleus and affect DNa transcription.20

Abbreviations: NF-κB, nuclear factor-kappaB; TNF-α, tumor necrosis factor-α; 
lPs, lipopolysaccharide; Il-1, interleukin-1; INFγ, interferon γ; raNK, receptor 
activator of nuclear factor kappaB.
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immune response.36 We have shown previously that uptake 

of these mannosylated endosomal escape nanoparticles 

(MnNPs) by macrophages is mannose dependent and that 

uptake of the MnNPs is enhanced in macrophages compared 

to uptake of untargeted, hydroxyl-capped nanoparticles 

(OHNPs).37 MnNPs are designed to condense and shield 

siRNA in the interior of the particle for optimal systemic 

transport, enter the tumor vasculature via the enhanced per-

meability and retention effect, specifically target TAMs in the 

tumor microenvironment, and escape the low pH of the late 

endosome to deliver functional siRNA into the cytoplasm. 

We recently determined that MnNPs are biocompatible 

in vivo and that the targeting moiety enhances uptake in 

TAMs in vivo.38 The present study takes this work forward 

by validating the efficacy of MnNPs as transfection agents 

for delivering functional siRNA to macrophages and measur-

ing siRNA-mediated modulation of NF-κB activity resulting 

from suppression of signal transduction proteins.

In order to address the second hurdle and determine the 

optimal strategy for modulation of NF-κB signaling, we 

have screened several siRNA sequences specific for NF-κB 

pathway proteins using both the commercial transfection 

agent Lipofectamine and our MnNPs. The prevailing dogma 

has been that suppression of NF-κB signaling reduces pro-

tumor TAM effects.39 However, our recent work in mice 

with activatable classical NF-κB signaling in macrophages 

has shown that strategic activation of the classical pathway 

reduces metastatic tumor burden in a tail vein-injected 

mouse model of metastatic breast cancer and in a model 

of metastatic melanoma.23,40 In line with these studies, we 

discovered that MnNP-delivered siRNA against the inhibitor 

protein of the classical pathway was capable of activating 

the NF-κB pathway and inducing a proinflammatory, 

immunogenic phenotype in the transfected macrophages. 

This result highlights a novel strategy to generate antitumor 

functions in TAMs and indicates that the combination of 

our novel MnNP with IκBα siRNA could represent the first 

step toward harnessing TAM-targeted siRNA strategies for 

cancer therapy.

Materials and methods
cell culture
Unless otherwise stated, all primary cells and cell lines used 

in this study were maintained in Dulbecco’s Modified Eagle’s 

Medium (Corning Incorporated, Corning, NY, USA; MT-10-

13-CV) with the addition of 10% (v/v) fetal bovine serum 

and 1% Pen Strep (Thermo Fisher Scientific, Waltham, MA, 

USA) at 37°C in a 5% CO
2
 humidified atmosphere.

Bone marrow-derived macrophage culture
All animal work was approved by the Vanderbilt University 

Institutional Animal Care and Use Committee. Bone marrow-

derived macrophages (BMDMs) were made by harvesting 

bone marrow from wild-type and NF-κB green fluorescent 

protein (GFP)-luciferase (NGL) reporter transgenic mice 

on an FVB background.41 Cells from NGL mice produce a 

luciferase/GFP fusion protein as a readout of total NF-κB 

activation: activity of either the classical or alternative 

pathway induces expression of a GFP-luciferase reporter 

protein. The medium for these cells contained 10% (v/v) 

fetal bovine serum, 1% Pen Strep (Thermo Fisher Scientific), 

5% heat-inactivated horse serum (Thermo Fisher Scientific), 

1% MEM nonessential amino acid mixture (Sigma-Aldrich 

Co., St Louis, MO, USA), and 50 µM 2-mercaptoethanol 

(Sigma-Aldrich Co.) and was supplemented with media 

from L-129 fibroblasts as a source of macrophage colony 

stimulating factor (M-CSF).24 The bone marrow was cul-

tured for 6 days in the M-CSF-supplemented medium, and 

the resultant BMDMs were scraped from their plates and 

replated as necessary for further experiments.

luciferase activity readout in reporter cells
For cells producing luciferase as a readout of total NF-κB 

activation, the Promega luciferase assay system with reporter 

lysis buffer was used to measure luciferase activity. Plated 

cells were frozen in 1× reporter lysis buffer, then subjected 

to a thaw–freeze–thaw cycle before being scraped from the 

plates, and centrifuged at 13,000 rpm for 4 minutes. Twenty 

microliters of the supernatant was added to 100 µL of the 

luciferin substrate, and the resulting luminescence was mea-

sured to determine luciferase activity.

effects of tumor necrosis factor-α 
stimulation on BMDMs
In order to induce NF-κB activation in macrophages, NGL 

BMDMs were stimulated with 0.01–1,000 ng/mL of tumor 

necrosis factor-α (TNF-α) (PeproTech, Rocky Hill, NJ, US) 

for 6 hours. After 6 hours, NF-κB activation was assessed by 

the luciferase assay. For subsequent experiments, including 

TNF-α stimulation, 10 ng/mL concentrations were used. To 

assess mRNA changes following TNF-α stimulation, wild-

type BMDMs were plated in six-well plates at a density of 

2,000,000 cells/well (~210,000 cells/cm2). Each sample was 

taken from a different mouse, for a total of three biological 

replicates, with three experimental replicates per biological 

replicate. The cells were stimulated for 6 hours with TNF-α 

(10 ng/mL). After stimulation, mRNA was collected from 
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the cells for quantitative real-time polymerase chain reaction 

(qRT-PCR). The effect of TNF-α stimulation on the mac-

rophages was analyzed by determining the changes in mRNA 

for the NF-κB pathway proteins IKKβ and p100/p52 as well 

as the mRNA for CCL3, an inflammatory cytokine, and the 

mRNA for IL-10, an immunoinhibitory cytokine (qRT-PCR 

procedure and primer sequences are detailed later).

rNa preparation and qrT-Pcr
mRNA was extracted from cells using RNeasy kit (Qiagen 

NV, Venlo, the Netherlands), and DNA was removed from 

the samples using DNA-free kit (Thermo Fisher Scientific). 

cDNA was prepared from the isolated mRNA using dNTPs 

from Hoffman-La Roche Ltd., Basel, Switzerland, and 

random hexamers and superscript II reverse transcriptase 

were from Thermo Fisher Scientific. qRT-PCR was per-

formed with SYBR green real-time PCR master mix (Thermo 

Fisher Scientific) using Step One Plus real-time PCR systems 

hardware and software (Thermo Fisher Scientific). The Step 

One Plus software was used to automatically calculate opti-

mized baseline and threshold values. Differences in cDNA 

levels were calculated using the ΔΔCt method with glyceral-

dehyde 3-phosphate dehydrogenase as an internal control. The 

sequences used for qRT-PCR are summarized in Table 1.

screening effective sirNa sequences 
against NF-κB with lipofectamine
Several siRNA sequences against NF-κB proteins were 

purchased from Thermo Fisher Scientific. The siRNA targets 

and their serial numbers are summarized in Table 2. The 

siRNAs were complexed with Lipofectamine and delivered 

to NGL BMDMs (12-well plates, 300,000 cells/well 

[~80,000 cells/cm2], four samples per condition) for 24 hours 

at an siRNA concentration of 10 nM. The most successful 

sequences were then used at 50 nM and delivered to NGL 

BMDMs using both Lipofectamine and MnNPs.

DNa and sirNa delivery to macrophages 
by MnNPs
Wild-type BMDMs were cultured in normal media or in 

media containing IL-4 (10 ng/mL) (PeproTech) for 72 hours. 

IL-4 stimulation has been reported to increase mannose 

receptor presence on the cell surface.42 The cells were then 

plated in 96-well plates at a density of 50,000 cells/well 

(~350,000 cells/cm2). A 21-base pair, Cy3-labled DNA 

sequence was purchased from Sigma-Aldrich Co. for com-

plexation with MnNPs. The sequence was designed to have 

the same base pair order and charge characteristics as the 

scrambled siRNA sequence from Thermo Fisher Scientific. 

To form nanoparticle–siRNA complexes, mannosylated 

endosomal escape polymers were synthesized as previ-

ously described (4 mg/mL in aqueous solution).37,38 For 

complexation with the polymer, all nucleotides were diluted 

to 50 µM in sterile nuclease-free water. The nucleotides were 

mixed with the polymer solution at a ratio of 160 ng of MnNP 

polymer per pmol of siRNA and allowed to form complexes 

at room temperature for 1 hour prior to use. For both studies, 

the effects of the siRNA on total NF-κB activity were assessed 

by luciferase assay following TNF-α stimulation of the cells. 

The Cy3_DNA (50 µM solution) was complexed with MnNPs 

or OHNPs, and the complexes were delivered to BMDMs. 

Cy3 fluorescence was measured at 0.5 hour, 1 hour, 3 hours, 

5 hours, 10 hours, and 18 hours by washing the cells with 

phosphate-buffered saline (PBS) three times and then measur-

ing fluorescence with a Tecan Infinite M1000-Pro plate reader 

as a measure of the particle uptake. Another set of BMDMs 

were plated as described earlier, and the Cy3_DNA sequence 

was delivered to the cells using either Lipofectamine or 

MnNPs with a 20-hour transfection time. These samples were 

measured for fluorescence with the Tecan Infinite M1000-Pro 

plate reader and imaged using a Nikon Eclipse Ti microscope. 

The total number of Cy3-positive cells was counted, and the 

percentage of Cy3-positive cells was determined.

Table 1 qrT-Pcr primer sequences

Gene Forward sequence (5′–3′) Reverse sequence (5′–3′)

gaPDh TgaggaccaggTTgTcTccT cccTgTTgcTgTagccgTaaT
IκBα TgaaggacgaggagTacgagc TTcgTggaTgaTTgccaagTg
p100 gcTTcTcagcTTTccTTcgagcTa gcaaaTaaacTTcgTcTccaccgc
IKKβ gcTggagcagagaaaTgTcagagT cTcaggaacaaTcaaagcgTgcag
cXcl9 gTggTgaaaTggaaagaTcagggc aagagagaaaTgggTTcccTggag
Il-10 accTgcTccacTgccTTgcT ggTTgccaagccTTaTcgga
cD206 caaggaaggTTggcaTTTgT ccTTTcagTccTTTgcaagc
ccl3 TgcccTTgcTgTTcTTcTcT gaTgaaTTggcgTggaaTcT

Abbreviations: qrT-Pcr, quantitative real-time polymerase chain reaction; gaPDh, glyceraldehyde 3-phosphate dehydrogenase; Il-10, interleukin-10.
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effects of IκBα knockout macrophages 
on cocultured tumor cells
Immortalized murine macrophages from IκBα knockout 

mice were incubated with GFP-expressing ID8 murine 

ovarian tumor cells on glass slides.39,43,44 The coculture was 

fixed and stained after 3 days of incubation. The samples 

were fixed in 4% paraformaldehyde for 30 minutes and 

permeabilized in 0.4% Triton X-100 for 10 minutes. Next, 

the slides were washed for 10 minutes two times in Tris-

buffered saline (TBS) with 0.05% Tween 20. They were 

then washed with TBS for 5 minutes and blocked for 1 hour 

in blocking buffer (0.01 M Tris–HCl, pH 7.4, 2% bovine 

serum albumin, 2% normal goat serum). The samples were 

then incubated with primary tubulin antibodies in blocking 

buffer overnight at 4°C, washed three times in TBST (TBS 

+ Tween), and incubated for 2 hours with secondary anti-

bodies in the blocking buffer. After staining with secondary 

antibodies, the slides were washed three times with TBS 

containing 0.05% Tween 20, then washed once in TBS, and 

then stained with Molecular Probes TO-PRO-3 (Thermo 

Fisher Scientific) for 15 minutes (1 µM in TBS). The slides 

were washed with TBS and the coverslips mounted using 

Molecular Probes ProlongGold antifade reagent (Thermo 

Fisher Scientific). Images were acquired using an LSM 510 

Meta confocal microscope in the Vanderbilt University 

Medical Center Imaging Core.

effect of IκBα sirNa on total NF-κB 
activation in macrophages
To investigate the possibility of activating the classical 

NF-κB pathway by knocking down the inhibitor of the 

classical pathway IκBα, siRNA against IκBα was delivered 

to NGL BMDMs in 12-well plates at 50 nM for 24 hours 

using MnNPs. Free siRNA and empty MnNPs were also 

delivered separately as controls. Total NF-κB activation 

was assessed at 6 hours, 12 hours, and 24 hours by luciferase 

assay. Wild-type BMDMs were plated in six-well plates at a 

density of 2,000,000 cells/well (~210,000 cells/cm2). Each 

sample was taken from a different mouse, for a total of three 

biological replicates, with three experimental replicates 

per biological replicate. The cells were transfected using 

MnNPs for 24 hours with IκBα or scrambled siRNA, with 

and without TNF-α stimulation. After transfection, mRNA 

was collected from the cells for qRT-PCR (as earlier).

statistical analysis
Data are reported as the sample mean, and error bars repre-

sent one SD from the mean. Paired comparisons were made 

using a two-tailed t-test to determine significant differences 

between samples. For datasets where multiple experimental 

groups were compared to the control group, Dunnett’s test 

was used to determine significant differences. For samples 

with multiple comparisons, analysis of variance was used 

to confirm significant differences within the groups; then 

post hoc analysis was performed using two-tailed t-tests. 

The probability for type I error in the post hoc analysis was 

reduced by minimizing the number of paired comparisons 

using a priori knowledge of the relationships between groups 

and selecting only the most pertinent comparisons.

Results and discussion
TNF-α stimulation of BMDMs
It has been reported that BMDMs are a viable in vitro model 

for TAMs.7 BMDMs are made from myeloid progenitor cells 

harvested from femoral bone marrow and matured in media 

supplemented with M-CSF. In vivo, M-CSF is a potent 

macrophage-recruiting and maturation cytokine and is known 

to play a role in the recruitment of myeloid progenitors into 

tumors and maturing these cells into macrophages.45 After 

6 hours of incubation of BMDMs in TNF-α-treated media, 

total NF-κB activity increased in a dose-dependent manner as 

measured by luciferase readout as a proxy measure of NF-κB 

activity (Figure 2A). These results were used to select a sensi-

tive baseline of NF-κB activation for subsequent assessments 

of activation suppression resulting from siRNA treatments. 

TNF-α stimulation of BMDMs was also confirmed by qRT-

PCR, which shows the expected increase in the inflammatory 

cytokine CCL3 and a decrease in the immunoinhibitory IL-10 

Table 2 sirNa targets and serial number of sirNa sequences 
purchased from Thermo Fisher Scientific (Waltham, MA, USA)

siRNA target Serial number

scrambled sequence 4390846
luciferase aM4629
IKKβ (a) s68173

IKKβ (B) s68174

IKKβ (c) s68175
p52/p100 (a) s70545
p52/p100 (B) s70546
p52/p100 (c) s70547
p65 (a) s72857
p65 (B) s72858
p65 (c) s72859
IκBα s70549

Abbreviation: sirNa, small interfering rNa.
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(Figure 2B). While mRNA levels of IKKβ were not found 

to increase after stimulation, mRNA for the transcriptionally 

active p100/p52 protein significantly increased.

screening NF-κB-specific siRNA sequences 
for efficacy using Lipofectamine and MnNPs
In order to confirm that siRNA could knockdown NF-κB 

activity in macrophages, several sequences for IKKβ, 

p52/p100, and p65 were screened in NGL BMDMs using 

Lipofectamine as the transfection agent. Luciferase siRNA 

was used as an additional control for the effect of direct 

knockdown of the reporter protein. Efficacious siRNA 

sequences were confirmed for the NF-κB-related proteins 

shown in Figure 3A. Transfection with IKKβ siRNA sig-

nificantly reduced the total NF-κB activity by ~40% for 

sequences B and C. Similar significant reduction in activation 

Figure 2 activation of NF-κB in BMDMs by TNF-α.
Notes: (A) activation of NF-κB in BMDMs by TNF-α is dose dependent. (B) qrT-Pcr of TNF-α-stimulated BMDMs and unstimulated BMDMs. Activation is confirmed by 
significant increase in CCL3 mRNA and significant decrease in IL-10 mRNA. Levels of p100/p52 mRNA significantly increase following 6 hours of TNF-α stimulation, but the 
amount of IKKβ mRNA does not significantly increase. *P,0.05, **P,0.005.
Abbreviations: NF-κB, nuclear factor-kappaB; BMDM, bone marrow-derived macrophage; TNF-α, tumor necrosis factor-α; qrT-Pcr, quantitative real-time polymerase 
chain reaction; mrNa, messenger rNa; Il-10, interleukin-10.
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Figure 3 lipofectamine and MnNP-delivered sirNa sequences knockdown NF-κB activation.
Notes: (A) Knockdown of total NF-κB by Lipofectamine-delivered siRNA sequences as measured by luciferase assay. The first bar represents data from BMDM samples 
stimulated with TNF-α without sirNa transfection and was used as a baseline for comparison. The bar labeled “BMDM” represents negative control BMDM samples that did 
not receive either TNF-α stimulation or sirNa transfection. all sirNa-transfected BMDMs were stimulated with 10 ng/ml TNF-α for 6 hours to activate the NF-κB pathway. 
Three sirNa sequences for each NF-κB pathway protein were used (designated A, B, and C). Single-factor ANOVA confirms significant differences within the dataset 
(P,0.0001). t-Tests for significance compare the group of TNF-α-stimulated BMDMs to each group of sirNa-transfected, TNF-α-stimulated BMDMs. *P#0.05, **P#0.01. 
(B) MnNP-delivered 50 nM sirNa knockdown of total NF-κB activity is comparable to knockdown achieved by using lipofectamine. all samples were stimulated with 
10 ng/ml TNF-α following transfection. In addition to exhibiting efficacious delivery and knockdown characteristics, MnNPs are designed to be biocompatible both in vitro 
and in vivo. Dunnett’s tests for significance compare TNF-α-stimulated BMDMs (Blank, control) to sirNa transfected, TNF-α-stimulated BMDMs. *P#0.05, **P#0.01.
Abbreviations: NF-κB, nuclear factor-kappaB; sirNa, small interfering rNa; BMDMs, bone marrow-derived macrophages; TNF-α, tumor necrosis factor-α; aNOVa, 
analysis of variance.
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(40%–45%) was measured following transfection with 

p65 siRNA sequences B and C. This level of knockdown 

is consistent with siRNA knockdown of a single pathway, 

which would leave the unaffected pathway free to normally 

respond to stimuli. It is interesting to note that knockdown 

of the alternative pathway with p52/p100-specific siRNA 

sequences (B and C) resulted in a 70%–80% decrease in 

total NF-κB activity following TNF-α stimulation. This 

result is consistent with the existence of crosstalk between 

the two NF-κB signaling pathways, or that TNF-α stimula-

tion of NF-κB activation in these cells was driven largely by 

the alternative pathway, and the siRNA sequences for this 

pathway were very effective.

It is known that products of one NF-κB pathway can 

modulate another, in particular, the TNF family of proteins.3 

Knocking down activity of the alternative pathway may 

also affect the classical pathway via inhibition of cytokine 

production that could crosstalk to stimulate that pathway. 

NF-κB activation can be accomplished with protein dimers 

other than p50:p65 and p52:RelB. Since it is possible that 

knockdown of p52 suppresses the formation of p52:p65 

heterodimers, it is also possible that reduction of p52 activates 

a compensatory mechanism and results in more production of 

p105, which is degraded to p50, although there is currently 

no direct evidence for this mechanism. An increase in p50 

could result in the formation of p50 homodimers, which are 

known to inhibit classical activation.46

To compare the transfection ability of MnNPs with Lipo-

fectamine, 50 nM siRNA was delivered to NGL BMDMs 

for 24 hours by MnNPs or Lipofectamine; knockdown 

of total NF-κB activity was analyzed by luciferase assay 

following TNF-α stimulation. The most successful sequence 

for each protein from Figure 3A was used. MnNP-mediated 

siRNA knockdown of total NF-κB activity was similar to 

Lipofectamine-mediated knockdown (Figure 3B). Total 

NF-κB activity was significantly decreased upon MnNP 

delivery of siRNA sequences. The average knockdown of 

total NF-κB activity by Lipofectamine-delivered siRNA 

was less than the knockdown from 10 nM siRNA shown in 

Figure 3A. It is possible that this decrease in efficacy is due 

to an increase in cytotoxicity associated with increasing the 

amounts of Lipofectamine combined with TNF-α stimula-

tion, as suggested previously.38

comparing the uptake of MnNPs with 
untargeted particles and lipofectamine
We have previously shown that uptake of MnNPs can be 

reduced by introducing free mannose during transfection, 

which competes with the MnNPs for uptake by the 

macrophage mannose receptor.37 To further investigate the 

potential for specific delivery to TAMs, untargeted OHNPs 

or MnNPs loaded with Cy3-labeled dsDNA were delivered to 

BMDMs for 18 hours. Two different populations of BMDMs 

were used: untreated BMDMs and BMDMs stimulated with 

IL-4 to increase mannose receptor production.42 Particle 

uptake by BMDMs was measured at various time points 

by measuring Cy3 fluorescence in the BMDMs. In IL-4-

stimulated macrophages, uptake of MnNPs is significantly 

increased as compared to that of MnNPs in unstimulated 

macrophages (Figure 4A and B). Uptake of OHNPs was not 

significantly different between the two groups of cells. This 

result indicates that the mannose ligand on the surface of the 

MnNPs is mediating enhanced uptake, which is specific for 

macrophages that have undergone phenotypic differentia-

tion by IL-4.

Although IL-4-stimulated BMDMs are reported to 

have increased mannose receptor production, unstimulated 

BMDMs also express this receptor at their surface. This 

explains why, even at earlier time points, MnNP uptake is 

enhanced relative to OHNP uptake in both IL-4-stimulated 

and -unstimulated BMDMs. Significant uptake of MnNP 

occurs as early as 30 minutes after administration to IL-4-

stimulated BMDMs. This rapid uptake is consistent with 

endosomal uptake of the particles, presumably mediated 

by the mannose receptor. Some modest nonspecific uptake 

is also evident. It is likely that some particles are phagocy-

tized by the macrophages or taken up via other nonspecific 

endosomal pathways.

A final experiment investigating the mechanism of MnNP 

delivery to macrophages compared 20-hour MnNP delivery 

to Lipofectamine delivery. Both transfection agents were 

labeled with Cy3_dsDNA. After 20 hours of incubation, Cy3 

fluorescence was measured as an indicator of particle uptake, 

and the percentage of Cy3-positive cells was determined from 

fluorescent and bright-field images of the cells. Transfection 

with MnNPs resulted in significantly more uptake of Cy3-

labeled nucleotide than transfection with Lipofectamine 

(Figure 4C). Furthermore, Lipofectamine transfects a larger 

population of cells with Cy3-labeled nucleotides, but the total 

fluorescence delivered is approximately half of that delivered 

by MnNPs (Figure 4D). Compared to Lipofectamine, MnNPs 

strongly transfect a smaller subset of macrophages. This is 

consistent with the mechanism of MnNP transfection as a 

more targeted delivery to cells expressing the corresponding 

surface receptor. This result, combined with our previous 

report that the uptake of MnNP is mannose dependent, is 

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2016:11submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2170

Ortega et al

consistent with MnNPs targeting a subset of macrophages 

with greater amounts of mannose receptor. Macrophages 

(and TAMs) with a tissue remodeling/immunoinhibitory 

phenotype have increased mannose receptor production. 

This effect is so pronounced that the presence of high levels 

of mannose receptor in macrophages is a commonly used 

indicator for this macrophage phenotype. Therefore, this 

result enhances our previous work showing enhanced uptake 

of MnNPs by TAMs in vivo.38

Target protein selection for strategic 
manipulation of NF-κB to produce 
therapeutically relevant changes in TaM 
phenotype
Our screen of siRNA sequences for NF-κB proteins confirms 

knockdown of total NF-κB activity by MnNP-delivered 

siRNA. Although siRNA sequences for IKKβ, p65, and 

p52 all resulted in significant knockdown, it is important to 

establish whether these proteins will be efficacious targets 

or not. Although p65 is implicated in producing smoldering 

inflammation in the tumor microenvironment, it is also 

responsible for survival signaling in macrophages. Therefore, 

p65 may not be an optimum target because knocking down 

p65 could potentially induce apoptosis in the macrophages 

being targeted for phenotypic modification.47,48

Viable targets for therapeutic siRNA knockdown should 

ideally also express increased amounts of the target mRNA 

while in the pathological state. qRT-PCR of TNF-α-

stimulated BMDMs indicates that levels of p52 mRNA are 

increased upon exposure to TNF-α, making p52 a viable 

target for knocking down alternative NF-κB activity in 

TAMs. However, levels of IKKβ do not significantly increase 

Figure 4 Nanoparticle uptake time course in Il-4-stimulated and -unstimulated BMDMs.
Notes: Analysis of variance indicates significant differences within the dataset (P,0.001). (A) Uptake of MnNPs in IL-4-stimulated BMDMs was significantly greater than  the 
uptake in unstimulated BMDMs after 18 hours. Uptake of MnNPs under both conditions was significantly greater than the uptake of OHNPs after 5 hours and 18 hours. 
(B) Earlier time points of nanoparticle uptake are highlighted. Uptake of MnNPs occurs as early as 30 minutes after administration. Uptake of MnNPs is significantly 
greater than uptake of OhNPs after 1 hour. (C) Transfection of BMDMs with MnNPs resulted in significantly more uptake of Cy3-labeled nucleotide than transfection 
with lipofectamine after 20 hours. (D) MnNPs transfect a smaller subset of cells than lipofectamine. lipofectamine transfects a larger population of cells with cy3-labeled 
nucleotide, but the total fluorescence delivered is approximately half of that delivered by MnNP. Unpaired, two-tailed t-tests for significant differences in group averages were 
performed between multiple experimental groups. **P#0.05, ***P#0.001.
Abbreviations: Il-4, interleukin-4; BMDMs, bone marrow-derived macrophages; MnNP, mannosylated endosomal escape nanoparticle; OhNP, hydroxyl-capped nanoparticle; 
h, hours.
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(Figure 2B). It is known that the classical NF-κB pathway is 

rapidly activated within minutes of stimulation, while alterna-

tive activation is more gradual.27,49,50 If there is an increase 

in IKKβ mRNA, it is possible that the increase is rapidly 

induced and then rapidly degraded. Another alternative is 

that there is already enough IKKβ protein active in the cell 

to activate enough p50:p65 homodimers and induce a classi-

cal NF-κB response; increased production of IKKβ may not 

be necessary. Regardless of the reason, this lack of increase 

in IKKβ mRNA makes it a poor target for siRNA-mediated 

knockdown. In addition, there are significant non-NF-κB 

functions of IKKβ, and knocking down this protein could 

potentially have off-target effects.3

As discussed earlier, neither IKKβ nor p65 is an attractive 

target for siRNA-mediated knockdown to achieve a reduc-

tion in the smoldering inflammation produced by TAMs. 

However, decreasing the smoldering inflammation from these 

cells is not the only therapeutic option. If the full inflamma-

tory potential of the TAMs could be reactivated, these cells 

could promote a potent immune response at the site of the 

tumor by releasing inflammatory cytokines and inducing 

apoptosis as well as by recruiting cytotoxic immune cells 

of innate and adaptive immune system. This effect could be 

achieved by strongly activating the classical NF-κB pathway 

in TAMs.

Although the strategy to deliver siRNA with MnNPs was 

initially designed to knockdown NF-κB activity, it should 

theoretically be able to activate the classical pathway as well. 

Activation of transcriptional pathways by siRNA has been 

reported before, but only as an undesirable, off-target side 

effect. Because the IκBα protein inhibits activation of the 

classical pathway, knocking down this protein could poten-

tially increase classical NF-κB activation. This proposed acti-

vation of a key transcriptional pathway is a novel approach 

to manipulating cell phenotype for immunoengineering. 

To test this possibility, NGL BMDMs were transfected with 

MnNP-delivered siRNA against IκBα for 24 hours, and total 

NF-κB activation was measured at multiple time points 

during transfection. Delivery of IκBα siRNA by MnNPs 

induced significant activation of NF-κB without any other 

source of stimulation (Figure 5). The particle-delivered 

siRNA increased the total NF-κB activity in the macrophage 

population 2.3-fold; however, this measurement was taken 

from the combined lysate of the entire macrophage popula-

tion and, as Figure 4D shows, the MnNPs transfect ~25% of 

the macrophages in the population. The effect of transfection 

in the targeted cells is presumably diluted by the presence of 

untransfected cells. When the 75% untransfected population 

is taken into account in the luciferase assay results reported in 

Figure 5, the actual increase in total NF-κB activity solely in 

the transfected population is estimated to be approximately 

ninefold.

This work identifies a novel approach to therapeutic 

RNAi: using protein knockdown to suppress expression of 

an inhibitor and increase activation of a transcriptionally 

active pathway. Knocking down the inhibitor of the classi-

cal NF-κB pathway increases total NF-κB activity, but it is 

important to understand whether this knockdown is physi-

ologically and therapeutically relevant. In order to understand 

what effect IκBα knockdown in macrophages might have 

on tumor cells, an IκBα knockout (IκBα k/o) macrophage 

line was cocultured with GFP expressing ovarian tumor 

cells (ID8 cell line) for 3 days, and the coculture was imaged 

at day 1 and day 3. The IκBα k/o macrophage/ID8 tumor 

cell coculture is compared to a wild-type macrophage line, 

also at 3 days cocultured with ID8 cells (Figure 6). After 

3 days, the wild-type macrophages exist in stable coculture 

with the tumor cells and there are no overt morphological 

signs of cytotoxicity in either cell type. However, the IκBα 

k/o macrophages appear to mediate tumor cell cytotoxicity 

presumably via extracellular lysis of the tumor cells such 

that only fragments of the tumor cells are left.51,52 This result 

suggests that activation of NF-kappaB via deletion of the 

IκBα inhibitor can induce tumor cytotoxic functions.

qrT-Pcr of BMDM transfected with NF-
κB-specific siRNA sequences by MnNPs
To determine whether interaction with the MnNP transfec-

tion agent and delivery of control siRNA by MnNPs results 

in any significant expression of relevant genes, MnNPs were 

used to transfect BMDMs with a scrambled siRNA sequence. 

Figure 5 activation of NF-κB in Ngl BMDMs by MnNP delivery of IκBα sirNa 
without any other form of stimulation or activation.
Notes: NF-κB activity is significantly increased as early as 12 hours following 
transfection with IκBα by MnNPs and has more than doubled 24 hours after 
transfection (**P#0.001). There is some small activation caused by delivery of 
unloaded MnNP polymer after 24 hours, but this activation is significantly less than 
that mediated by delivery of both MnNPs and IκBα (P=0.005).
Abbreviations: NF-κB, nuclear factor-kappaB; NF-κB gFP-luciferase Ngl; gFP, 
green fluorescent protein; BMDMs, bone marrow-derived macrophages; MnNP, 
mannosylated endosomal escape nanoparticle; sirNa, small interfering rNa; h, hours.
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Figure 7 shows that there are no significant differences 

between macrophages transfected with scrambled siRNA 

sequences and untransfected macrophages for mRNA for 

IκBα, p52, IL-10, or CXCL9 (a T-cell recruiting cytokine). 

There is a significant increase in CD206 (mannose receptor) 

upon uptake of the MnNPs. This is consistent with an expected 

increase in receptor production following CD206 binding 

events and activation that contributes to the rapid recycling 

of this receptor.53,54

To assess the potential for delivery of IκBα siRNA by 

MnNPs to induce immunostimulatory and antitumor effects, 

mRNA from transfected BMDMs was analyzed by qRT-

PCR. mRNA levels for IκBα are significantly decreased 

following transfection with IκBα siRNA, indicating suc-

cessful knockdown at the mRNA level of IκBα (Figure 8A). 

Effects on the mRNA levels of relevant cytokines in the 

cancer microenvironment that are produced by macrophages 

were also quantified. IκBα RNAi increases the amount of 

CXCL9 mRNA in macrophages to a level that is equivalent to 

levels of CXCL9 mRNA in TNF-α-stimulated macrophages 

(Figure 8B). Furthermore, the combination of IκBα siRNA 

and TNF-α acts in an additive manner, resulting in signifi-

cantly more CXCL9 mRNA than by either treatment alone. 

CXCL9 is a chemotactic signal that recruits CD8+ T-cells 

and NK cells, and increasing CXCL9 in the tumor microen-

vironment has been shown to enhance antitumor immunity 

in murine breast cancer models.55,56 It has also been reported 

that intermediate CXCL9 signaling is necessary for T-cells 

to respond to other recruitment signals, such as IL-12.57 

Therefore, the increase in expression of CXCL9 indicates 

that knockdown of IκBα in TAMs could result in increased 

recruitment of activated cytotoxic cells of the innate and 

adaptive immune systems to the tumor microenvironment. 

The recruitment of T-cells to solid tumors has been the major 

focus of many efforts to induce tumor immunity in several 

types of cancer.1,2,58 Increased recruitment of T-cells by modi-

fied macrophages in the tumor would be another potential 

method of activating adaptive tumor immunity.

MnNP-delivered IκBα siRNA also decreases levels of 

phenotypic markers, which indicates a protumor immunosup-

pressive macrophage phenotype. Increased levels of the man-

nose receptor CD206 in macrophages indicate an alternatively 

Figure 6 coculture of WT and IκBα k/o macrophages with ID8 tumor cells. 
Notes: WT macrophages in left panel (small, circular cells; no green) cohabit with gFP-producing ID8 tumor cells (green, spindle shaped). however, macrophages with increased 
NF-κB activity (IκBα knockout) are cytotoxic to tumor cells in vitro (right panel). Three days post coincubation, tumor cells are destroyed by IκBα knockout macrophages.
Abbreviations: WT, wild type; GFP, green fluorescent protein; NF-κB, nuclear factor-kappaB.

κ α

Figure 7 qrT-Pcr of scrambled sirNa-transfected BMDMs.
Notes: There is no significant decrease in mRNA levels between the two groups 
for IκBα, p52, IL-10, and CXCL9. There is a significant increase in CD206 mRNA 
following culture with MnNPs loaded with a scrambled sirNa sequence. This is 
consistent with previous reports that activation and endosomal transport of the 
mannose receptor increases mannose receptor production in macrophages. Two-
tailed t-tests were used to determine significant differences between control and 
sirNa-transfected BMDMs.
Abbreviations: qrT-Pcr, quantitative real-time polymerase chain reaction; 
sirNa, small interfering rNa; BMDMs, bone marrow-derived macrophages; 
mrNa, messenger rNa; Il-10, interleukin-10; MnNP, mannosylated endosomal 
escape nanoparticle.
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activated phenotype and/or a TAM phenotype.34,35 Both 

TNF-α and IκBα siRNA decrease mRNA for CD206 in 

macrophages (Figure 8C). The combination of the two 

treatments also significantly decreases CD206 mRNA. This 

effect is particularly important because the mannose receptor 

is the target of the mannose ligand on the MnNP surface. 

Transfecting macrophages with IκBα siRNA effectively 

decreases the amount of the target on the macrophage surface. 

This effect could ensure that only macrophages with a strong 

TAM phenotype, cells with more CD206 on their surface, 

have enhanced endosomal uptake of the particles. This self-

limiting uptake contributes to preferential targeting of siRNA 

Figure 8 qrT-Pcr of IκBα sirNa-transfected BMDM.
Notes: The measured mRNA corresponds to the protein indicated as the panel title and on the vertical axis. In all cases, ANOVA indicates the presence of significant 
differences in the datasets (P,0.001). (A) IκBα siRNA significantly knocks down IκBα mrNa. although stimulation with TNF-α increases IκBα mrNa, this effect is 
significantly reduced by IκBα sirNa. (B) IκBα sirNa increases mrNa for the T-cell recruitment cytokine cXcl9. The increase in cXcl9 mrNa by transfection alone is 
not significantly different from the increase caused by TNF-α alone. (C) IκBα sirNa decreases mrNa for the mannose receptor cD206, an M2 and TaM phenotype marker. 
The combination of TNF-α and IκBa siRNA significantly potentiates the decrease in CD206 mRNA. (D) IκBα sirNa decreases mrNa for Il-10, an immunosuppressive 
cytokine. The decrease in IL-10 mRNA by transfection alone is not significantly different from that caused by TNF-α alone, but the combination results in less Il-10 mrNa 
than by either condition alone. (E) IκBα sirNa decreases mrNa for p52. TNF-α stimulation of macrophages increases levels of p52 mrNa: p52 is a viable target for mrNa 
level knockdown. Transfection with IκBα sirNa reduces the increase in p52 mrNa caused by TNF-α, indicating potentially beneficial crosstalk between the two pathways, 
which could be leveraged to act synergistically toward altering the TAM phenotype to an antitumor phenotype. **P#0.01, ***P#0.005.
Abbreviations: qrT-Pcr, quantitative real-time polymerase chain reaction; sirNa, small interfering rNa; mrNa, messenger rNa; BMDM, bone marrow-derived 
macrophage; aNOVa, analysis of variance; TNF-α, tumor necrosis factor-α; TaM, tumor-associated macrophage; Il-10, interleukin-10.
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only in alternatively activated macrophages, potentially 

suppressing off-target effects. Transfection would then alter 

the phenotype of the macrophage toward classical immune 

activity, reducing the amount of CD206 on the cell surface 

and preventing further unnecessary transfection. The MnNPs 

would then be free to transfect the remaining resident mac-

rophages with high levels of CD206 or recently recruited 

macrophages with a TAM phenotype. MnNPs could also act 

as a surveillance mechanism if there are particles retained 

extracellularly in the tumor, retransfecting macrophages if 

they begin to readopt a TAM phenotype and express CD206 

at their surface.

IκBα siRNA decreases the amount of IL-10 mRNA in 

macrophages to a level that is equivalent to levels of IL-10 

mRNA in TNF-α-stimulated macrophages, and the combina-

tion of IκBα siRNA and TNF-α results in significantly less 

IL-10 mRNA than by either treatments alone (Figure 8D). 

IL-10 is a potent immunosuppressive cytokine and is impli-

cated in creating the TAM phenotype by paracrine signal-

ing from tumor cells, by other TAMs, and by autocrine 

signaling.12,59 IL-10 has been reported to specifically inhibit 

the classical NF-κB pathway by increasing the amount of 

cytoplasmic p105 and p50:p50 homodimers and by reduc-

ing p65 translocation into the nucleus.60,61 Treatment of 

macrophages with IL-10 reduces classical NF-κB respon-

siveness to stimulating cytokines such as lipopolysaccharide 

and TNF-α by reducing nuclear translocation of p65:p50 

homodimers, which are responsible for much of the classic 

inflammatory response governed by NF-κB and by increasing 

translocation of p50:p50 homodimers that strongly inhibit the 

classical immune response.62 In many cases, p50 homodim-

ers inhibit transcription of NF-κB gene targets. However, 

p50 homodimers are reported to activate the production of 

IL-10 in macrophages.46,63 Furthermore, IL-10 stimulation 

of macrophages does not affect the ability of the alternative 

NF-κB pathway in these cells to respond to TNF-α and other 

TNF protein family members, many of which are present in 

the tumor microenvironment.61

These studies indicate that IL-10 creates a powerful 

feedback loop in TAMs. IL-10 stimulation reduces classical 

NF-κB responsiveness to TNF-α but does not completely 

eliminate the effect. This is predicted to result in much lower 

levels of inflammatory cytokine production in response to 

the constant presence of inflammatory cytokines in the tumor 

microenvironment, producing protumor smoldering inflam-

mation. In addition, the alternative pathway is free to respond 

to a smaller subset of these cytokines, activating the tumor-

supportive effect of this pathway. Finally, IL-10 stimulation 

activates a positive feedback loop of IL-10 production, 

effectively locking the macrophages in the TAM phenotype, 

unless something can disrupt this signaling loop. Transfection 

with IκBα siRNA not only decreases IL-10 mRNA but also 

increases the ability of transfected macrophages to respond 

to TNF-α, indicating that it might be an effective therapeutic 

agent for disrupting the IL-10-positive feedback loop and 

abrogating the TAM phenotype.

Finally, the results suggest that crosstalk between the 

two pathways could also be leveraged to reduce the negative 

effects of the TAM phenotype. The expression of p52 

increases following TNF-α stimulation, but this effect is 

inhibited by transfection with IκBα siRNA (Figure 8E). This 

effect may be the result of direct or indirect crosstalk and 

could indicate the potential possibility of knocking down of 

IκBα having combinatorial effects by decreasing the poten-

tially protumor effects of the alternative NF-κB pathway at 

the same time as activating the classical pathway.

Conclusion
Modulation of the functions of TAMs represents a thera-

peutic strategy with great potential, and NF-κB signaling is 

known to be important for defining macrophage functions, 

thus suggesting that modulation of NF-κB signaling within 

TAMs could represent a novel therapeutic strategy. In order 

to develop this new treatment, two components would be 

required: the methodology for manipulation of gene expres-

sion specifically within TAMs and a knowledge of the appro-

priate gene targets. The optimal strategy for manipulation of 

NF-κB in TAMs to generate antitumor outcomes is currently 

unknown. To develop the methodology for manipulation of 

gene expression within TAMs, we have developed a tar-

geted polymer nanoparticle that encapsulates and protects 

siRNA sequences to facilitate delivery of NF-κB-specific 

siRNA to TAMs. The nanoparticles have a mannosylated 

surface designed to target the mannose receptor, which is 

upregulated in TAMs macrophages. In the studies reported 

here, we have shown that MnNPs could deliver efficacious 

amounts of functional siRNA for manipulating the NF-κB 

pathways in macrophages and were more specific than 

commercial transfection agents. MnNPs are taken up to 

a greater degree in macrophages with increased mannose 

receptor presence (induced by IL-4 stimulation) com-

pared to wild-type macrophages. The enhanced uptake of 

MnNPs by IL-4-stimulated macrophages complements our 

previous results indicating that MnNP uptake is mannose 

dependent. Furthermore, uptake of untargeted particles by 

IL-4-stimulated macrophages was not different from uptake 
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of the same particles by wild-type macrophages. There is 

greater overall uptake of the MnNPs than the OHNPs, and 

uptake of MnNPs occurs at earlier time points. A comparison 

of MnNPs and Lipofectamine revealed that MnNPs strongly 

transfect a small population of macrophages in the BMDM 

population while Lipofectamine moderately transfects a 

larger population of BMDMs. Together, these results indi-

cate that we have developed a methodology that is capable 

of delivering siRNA with specificity for mannose receptor 

expressing TAMs.

We have performed studies to determine the appropriate 

NF-κB gene targets to induce antitumor characteristics 

in macrophages. Following delivery of IκBα siRNA to 

macrophages by MnNPs, mRNA for IκBα was decreased, 

and mRNA for a T-cell recruitment cytokine CXCL9 was 

increased. Furthermore, mRNA for the mannose receptor and 

for IL-10 were decreased, indicating a loss of immunosup-

pressive function and a potential mechanism for disrupting 

the positive feedback loop between TAMs and tumor cells, 

which is implicated in sustaining the TAM phenotype. 

Thus, our results suggest that utilizing MnNP-delivered 

IκBα siRNA to knockdown the inhibitor of the classical 

pathway and activating classical NF-κB activity repre-

sents an effective strategy. Although the NF-κB pathways 

have been implicated in the generation of many protumor 

characteristics in TAMs, strong and acute activation of the 

classical pathway appears to override the TAM phenotype 

and activate a classically immunogenic phenotype in these 

macrophages. There have been reports of siRNA activating 

transcriptional pathways in cells, but this has always been 

seen as an undesirable, off-target effect of transfection in 

general. Deliberate activation of a specific transcriptional 

pathway by using siRNA to knockdown an inhibitor of the 

pathway has not been reported and is a novel mechanism for 

manipulating cell phenotype.

The current studies demonstrate the development of a 

methodology for delivery of siRNA to TAMs together with 

the identification of an NF-κB pathway gene target that in 

combination can induce cytotoxic and immunostimulatory 

functions in TAMs. In future studies, we plan to test the 

efficacy of this strategy to modulate NF-κB in TAMs in vivo, 

and activate tumor immunity in solid tumors.
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