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The modulation of macrophage phenotype from a pro-inflam-
matory to an anti-inflammatory state holds therapeutic poten-
tial in the treatment of inflammatory disease. We have previ-
ously shown that arginase-2 (Arg2), a mitochondrial enzyme,
is a key regulator of the macrophage anti-inflammatory res-
ponse. Here, we investigate the therapeutic potential of Arg2
enhancement via target site blockers (TSBs) in human macro-
phages. TSBs are locked nucleic acid antisense oligonucleotides
that were specifically designed to protect specific microRNA
recognition elements (MREs) in human ARG2 30 UTR mRNA.
TSBs targeting miR-155 (TSB-155) and miR-3202 (TSB-3202)
MREs increased ARG2 expression in human monocyte-derived
macrophages. This resulted in decreased gene expression and
cytokine production of TNF-a and CCL2 and, for TSB-3202,
in an increase in the anti-inflammatory macrophage marker,
CD206. Proteomic analysis demonstrated that a network of
pro-inflammatory responsive proteins was modulated by
TSBs. In silico bioinformatic analysis predicted that TSB-3202
suppressed upstream pro-inflammatory regulators including
STAT-1 while enhancing anti-inflammatory associated pro-
teins. Proteomic data were validated by confirming increased
levels of sequestosome-1 and decreased levels of phosphorylated
STAT-1 and STAT-1 upon TSB treatment. In conclusion, upre-
gulation of Arg2 by TSBs inhibits pro-inflammatory signaling
and is a promising novel therapeutic strategy to modulate in-
flammatory signaling in human macrophages.
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INTRODUCTION
Macrophages are functionally heterogeneous innate immune cells
that have plasticity, existing along a spectrum of activation depending
on the stimuli within their microenvironment. Macrophages are acti-
vated in chronic inflammatory diseases,1,2 including multiple scle-
rosis,3 and are potential therapeutic targets4,5 as they are also involved
in the resolution of inflammation, tissue repair and remodeling.6,7

The “M1”- and “M2”-like macrophage paradigm proposed that M1
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and M2 responses can influence inflammation by opposing means.8

However, there are multiple subtypes that exist along a spectrum of
macrophage activation with the M1 and M2 macrophages existing
on opposing ends.9 Dampening the pro-inflammatory macrophage
response is a promising therapeutic strategy to combat chronic in-
flammatory diseases. Markers of pro-inflammatory macrophages
include the cytokines TNF-a, IL-1b, CCL2, and IL-6, and the surface
markers HLA-DR, CD80, and CD86.10–12 Anti-inflammatory macro-
phage markers include CD206 (MRC1), cluster of differentiation 163
(CD163), CCL18, and IL-10.11,13 In vivo, promoting anti-inflamma-
tory M2-like macrophages represents a possible therapeutic strategy
as they have been shown to be associated with regression of athero-
sclerosis,14,15 improved neurological outcome in an experimental
autoimmune encephalomyelitis (EAE) model,16 and can contribute
to spinal cord repair.17,18

Targeting of microRNAs (miRNAs) is one strategy to modify the
macrophage inflammatory phenotype as miRNAs are key regulators
of macrophage polarization.19,20 There are multiple mechanisms to
inhibit miRNA signaling21 but the most common strategy is the use
of antagomirs. These small oligonucleotides are complementary to
a specific miRNA, which results in binding and inhibition of the
miRNA in question, thus allowing mRNA translation of the respec-
tive miRNA target genes. More recently the use of “blockmiRs” or
target site blockers (TSBs) has emerged as amiRNAmodulation strat-
egy. These are custom-designed oligonucleotide sequences that can
y: Nucleic Acids Vol. 33 September 2023 ª 2023 The Authors. 941
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mask the miRNA recognition element (MRE) on a specific mRNA
target sequence and are advantageous as only one miRNA target is
modulated rather than a broader network of miRNA targets. TSB
technology has been successfully employed in macrophages,22,23

endothelial cells,24,25 and in epithelial cells.26,27 For example, a TSB
was used to block the interaction of miR-10a and ligand-dependent
nuclear receptor corepressor (Lcor) mRNA in macrophages and
was employed in vivo to demonstrate that miR-10a-Lcor interaction
promotes oxidative metabolism and limits lesion formation in a mu-
rine model of atherosclerosis.23 Furthermore, specific TSBs have been
shown to be efficacious in in vivo models of vascular leakage,25 cystic
fibrosis,26 and atherosclerosis.23,24,28

Arginase-2 (Arg2) is a mitochondrial enzyme consisting of 354 amino
acids and has �61% sequence identity to arginase-1 (Arg1).29 Both
enzymes catalyze the conversion of L-arginine into urea and
L-ornithine, which is a precursor for the synthesis of polyamines.
While Arg1 has long been considered a canonical M2 marker, the
role of Arg2 in macrophage polarization is still largely unexplored.
We recently demonstrated that Arg2 is crucial for IL-10 metabolic
reprogramming of inflammatory macrophages. IL-10-driven Arg2
expression modulated mitochondrial dynamics and enhanced oxida-
tive phosphorylation in inflammatory macrophages. In addition,
Arg2�/� bone marrow-derived macrophages (BMDMs) were unable
to mediate the anti-inflammatory effects of IL-10 on IL-1b
secretion.30

We have also shown that, in murine macrophages, Arg2 is a miRNA-
155 (miR-155) target.30 Most recently, we have demonstrated that a
TSB targeting the interaction of miR-155 and Arg2 is effective in
enhancing Arg2 expression and inhibiting pro-inflammatory cyto-
kine secretion both in vitro, in murine macrophages, and in vivo, in
a murine model of LPS-induced acute inflammation.31 However,
much of this research was performed using murine models and cell
lines, and the implications of modulating Arg2 need to be evaluated
in human primary macrophages to be therapeutically viable. In this
study, our focus was to employ TSBs to upregulate Arg2 in unstimu-
lated human monocyte-derived macrophages (MDMs) and to inves-
tigate the macrophage response to a pro-inflammatory stimulus by
assessing cytokines and markers of inflammation in conjunction
with proteomic analysis. In addition, the relationship between miR-
155 and Arg2 in peripheral bloodmononuclear cells (PBMCs) was as-
sessed in the context of the remission phase of multiple sclerosis (MS),
a chronic inflammatory condition.

RESULTS
IL-10 increases Arg2 and suppresses TNFA in human

macrophages treated with LPS, and miR-155 expression is

negatively correlated with Arg2 expression in PBMCs

Our previous work has shown that IL-10 in combination with LPS in-
hibits IL-1b pro-inflammatory cytokine secretion, enhances arginase
activity, and upregulates Arg2 in BMDMs.30 To investigate the trans-
lation of these results to human primary cells, humanMDMs and hu-
man PBMCs were treated with this combination. In MDMs TNFA
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expression in macrophages was upregulated by LPS alone and
decreased by combination of IL-10 and LPS (IL-10 + LPS) (LPS
2.52 ± 0.51 vs. IL-10 + LPS 0.73 ± 0.11 fold change, **p = 0.0069) (Fig-
ure 1A). There were no significant differences in Il1B (Figure 1B) or
ARG1 (Figure S1A) expression between LPS and IL-10 + LPS. Enzy-
matic arginase activity was below the level of detection in these cells as
determined chromogenically by the production of urea by the Argi-
nase Assay Activity Kit from Sigma-Aldrich (data not shown). How-
ever, IL-10 + LPS significantly upregulated ARG2 expression when
compared with control and LPS alone (LPS 1.04 ± 0.22 vs. IL-10 +
LPS 4.19 ± 0.54 fold change, ***p = 0.0004) (Figure 1C). We have pre-
viously shown that Arg2 is regulated by the pro-inflammatory
miRNA, miR-155,30 which was therefore investigated here in
MDMs, PBMCs, and patient-derived samples. In MDMs, despite
the trending increase in the miR-155 in LPS stimulated macrophages,
IL-10 + LPS did not suppress miR-155 (Figure 1D).

The effects of this combination on the heterogeneous white blood cell
population of PBMCs was also analyzed. Similar to the results
observed in the MDMs, LPS treatment significantly increased
TNFA expression in PBMCs while the IL-10 + LPS suppressed
TNFA compared with LPS treatment alone (LPS 2.91 ± 0.24 vs. IL-
10 + LPS 1.27 ± 0.23 fold change, ****p = 0.0001) (Figure 1E). LPS
significantly increased Il1B when compared with the control (LPS
8.57 ± 2.16 fold change, *p < 0.012); however, combination treatment
did not significantly suppress Il1B when compared with LPS (p = 0.6)
(Figure 1F). ARG1 was unchanged across all treatment conditions
(Figure S1B); however, ARG2 was significantly increased by IL-10 +
LPS stimulation in comparison with LPS alone (LPS 5.22 ± 1.75 vs.
IL-10 + LPS 16.1 ± 4.63 fold change, *p = 0.04) (Figure 1G). Further-
more, miR-155, was significantly upregulated by LPS treatment
(CTRL 1.03 ± 0.03 vs. LPS 4.45 ± 0.77 fold change, ***p = 0.0005)
and downregulated by IL-10 + LPS (LPS 4.45 ± 0.77 vs. IL-10 +
LPS 2.08 ± 0.31 fold change, **p = 0.009) (Figure 1H). These results
highlight and support that IL-10 in the presence of LPS is a potent in-
hibitor of TNFA and induces ARG2 in both human macrophages and
PBMCs.

We investigated the expression of these genes in PBMCs derived from
patients with MS. MS is a chronic inflammatory disease that is driven
in part by overactivation of pro-inflammatory signaling. Here we
analyzed PBMCs donated from patients with relapsing remitting MS
(RRMS) who were in the remission phase, while patients with clini-
cally isolated syndrome (CIS) or with a non-neurological inflamma-
tory condition (inflammatory controls [IC]) or with no inflammation
(non-inflammatory controls [NIC]) were used as controls (Table 1).
The secondary aim of this clinical analysis was to understand the rela-
tionship between miR-155 and ARG2 with key pro- and anti-inflam-
matory mediators across all clinical samples.

We observed a trending increase in the pro-inflammatory mediators
TNFA and IL1B in the IC group but not in the RRMS group, although
this was not significant (Figures 1I and 1J). ARG2 expression was
significantly increased in the RRMS group by approximately 3-fold



Figure 1. Gene expression in stimulated human MDMs and PBMCs and in unstimulated patient-derived PBMCs

Expression levels of (A) TNFA, (B) IL1B, (C) ARG2, and (D) miR-155 in stimulated MDMs (n = 3) and of (E) TNFA, (F) IL1B, (G) ARG2, and (H) miR-155 in PBMCs isolated from

buffy coat bags donated by healthy donors (n = 4) are shown. TBPwas used as the endogenous control while U6 snRNA was used as the control for microRNA analysis and

graphed as fold over control (F.O.C.). Expression levels of (I) TNFA, (J) IL1B, (K) ARG2, (L) miR-155, and (M) IL10R in four different participant groups, i.e., non-inflammatory

controls (NIC) (n = 9), inflammatory controls (IC) (n = 9), clinically isolated syndrome (CIS) (n = 9), and in patients with relapsing remitting multiple sclerosis (RRMS) (n = 9) where

samples were taken during the remission phase, are shown. TBP was used as the endogenous control while miR-423-3p was used as the endogenous microRNA control.

Results were graphed as F.O.C. A Spearman’s correlation analysis was performed to analyze the correlation between the expression of ARG2 and (N) IL10R and (O) miR-155

in all PBMC samples. Graphs (A–H) were analyzed using a one-way ANOVA and Tukey’smultiple comparisons test and graphs (I–N) were analyzed using a Kruskal-Wallis test

and Dunn’s multiple comparisons test. Correlation analysis was performed using a nonparametric Spearman correlation. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Error bars are representative of the standard error of the mean (SEM).
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Table 1. Clinical data overview

Demographics

Groups NIC (n = 9) IC (n = 9) CIS (n = 9) RRMS (n = 9) p value

Sex, n (%)

Male 2 (22) 5 (55) 2 (22) 3 (33)

Female 7 (78) 4 (45) 7 (78) 6 (66)

Age (mean ± SD) 45.6 ± 14.3 43.4 ± 14.9 36.1 ± 11.9 39.2 ± 7.3 ns

Lesions T2 (mean ± SD) 3.11 ± 6.8 0.63 ± 1.8 12.0 ± 6.5 23.8 ± 21.1
NIC vs. RRMS**,
IC vs. RRMS**

EDSS (mean ± SD) ND (n = 2) 0.7 ± 0.9 (n = 5) 1.8 ± 0.5 (n = 9) 2.0 ± 0.6 (n = 9)
IC vs. CIS*,
IC vs. RRMS*

Gadolinium (Gd) enhancing lesions (n (%))

Gd-positive 0 (0) 0 5 (55) 7 (78)

Gd-negative 9 (100) 8 (89) 4 (45) 2 (8)

Not assessed 0 1 0 0

Presence of IgG oligoclonal bands (OCB) (n (%))

OCB-positive 4 (45) 0 8 (89) 9 (89)

OCB-negative 5 (55) 9 (100) 1 (11) 0 (0)

Not assessed 0 0 0 1

Index IgG (mean ± SD) 0.47 ± 0.19 (n = 7) 0.67 ± 0.12 (n = 9) 1.12 ± 0.52 (n = 9) 1.00 ± 0.64 (n = 7) NIC vs. CIS*

Vitamin D (mean ± SD) 24.1 ± 14.3 (n = 6) 31.8 ± 13.7 (n = 7) 20.8 ± 8.4 (n = 8) 19.0 ± 7.1 (n = 9) ns

Smoking status, n (%)

Yes/Ex 4 (45) 6 (66) 6 (66) 4 (45)

No 5 (55) 3 (33) 3 (33) 5 (55)

Gd is used as a contrast agent to improve visualization of lesions during MRI. The Expanded Disability Status Score (EDSS) is a method used to quantify disability in multiple sclerosis.
Statistical analysis was performed using a one-way ANOVA and Tukey’s multiple comparisons test. ns, not statistically significant; *p < 0.05, **p < 0.01.
NIC, non-inflammatory control; IC, inflammatory control; CIS, clinically isolated syndrome; RRMS, relapsing remitting multiple sclerosis.
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(NIC 1.15 ± 0.18 vs. RRMS 3.37 ± 0.69 fold change, *p = 0.013) (Fig-
ure 1K), while miR-155 was significantly decreased in the RRMS
group (NIC 1.11 ± 0.18 vs. RRMS 0.54 ± 0.04 fold change, *p =
0.039) (Figure 1L). Although ARG1 (Figure S1C) and Il10R were un-
changed across all groups (Figure 1M), there was a positive correla-
tion identified between Il10R andARG2 across all PBMC clinical sam-
ples (Spearman r = 0.39, *p = 0.024) (Figure 1N). Furthermore, we
previously demonstrated that miR-155 can target Arg2 in vitro,30

hence we investigated the correlation between miR-155 and ARG2
expression in all PBMC clinical samples. There was a significant nega-
tive correlation between miR-155 and ARG2 (Spearman r = �0.44,
**p = 0.0073) (Figure 1O). These results highlight that, during the
remission phase, ARG2 is increased and miR-155 is decreased in
PBMCs from patients with RRMS.

Arg2 TSB-155 and TSB-3202 increase Arg2 and inhibit TNF-a

IL-10 is a potent anti-inflammatory mediator that mediates its effects
in part via Arg2.30 Here we have demonstrated that IL-10 + LPS sup-
presses TNFA and enhances ARG2 expression in macrophages and,
given the failure of recombinant IL-10 as a viable therapeutic clinical
trial,32 we sought to develop methods of increasing the downstream
mediator, Arg2, in human macrophages to inhibit inflammation.
The human ARG2 30 UTR messenger RNA was investigated to iden-
944 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
tify specific sites known as MREs that are complementary to specific
miRNAs, and thus may participate in miRNA-mediated ARG2
repression (Figure 2A). Using miRNA predictive algorithm software,
TargetScan, miRanda and DIANA-microT, 11 novel TSBs were de-
signed and developed to bind to specific MREs on the ARG2 30

UTR and block the miRNA interaction. An example of one such
oligonucleotide interaction is illustrated in Figure 2B, which illus-
trates the sequence complementarity of TSB-155-2 and miR-155-5p
with ARG2 mRNA. Flow cytometry was used to demonstrate the ef-
ficacy of transfection of TSBs into human MDMs using transfection
reagent Lipofectamine 3000. On average, 89% ofMDMs were positive
for the fluorescent (FAM)-labeled TSB (Figure S2).

The effects of the 11 Arg2-modulating TSBs and negative control TSB
(NC-TSB) onTNF-a and IL-6 cytokine secretionwas assessed in human
MDMs treatedwith LPS (100ng/mL). Cytokine secretionwas expressed
as a percentage relative to NC-TSB stimulated with LPS due to the vari-
ance of TNF-a secretion across independent experiments (see Figure S3
for rawdata).TNF-a secretionwas significantly decreased byTSB-155-2
(72%± 8%, **p=0.0027), TSB-199 (67%± 10%, **p=0.0047), andTSB-
3202 (75%± 10%, **p = 0.0037) (Figure 2C). Inhibition of TNF-a secre-
tion upon TSB transfection was dependent on LPS dose and treatment
duration; however, overall, we found that TSB-155 and TSB-3202 were



Figure 2. Effects of human Arg2 TSBs on Arg2, TNF-a, and IL-6 in human MDMs

(A) Schematic of ARG2 30 UTR mRNA consisting of 785 base pairs (bp) and the predicted miRNA binding sites to the microRNA recognition elements. (B) Schematic

illustrating complimentary base pairing of TSB-155-2 and miR-155 with a region in of the 30 UTR of ARG2mRNA. Pro-inflammatory cytokine secretion by MDMs transfected

with TSBs (100 nM) and stimulated with LPS was analyzed for (C) TNF-a and (D) IL-6 by ELISA and graphed as a percentage relative to the negative control TSB (NC-TSB)

stimulated with LPS (n = 8 donors, using experimental triplicates). (E) ARG2 was analyzed by qRT-PCR using TBP as the endogenous control (n = 4). (F) Arg2 protein was

(legend continued on next page)
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effective in suppressing TNF-a secretion across a series of LPSdoses (0.1
and 1 ng/mL) and time points (Figure S4). Both TSBs had the most sig-
nificant effect after 24 h of LPS stimulation (0.1 ng/mL) (NC-TSB
285% ± 104% vs. TSB-155 149% ± 47%, *p = 0.017), (NC-TSB
285% ± 104% vs. TSB-3202 147% ± 57%, *p = 0.016) (Figure S4). We
also confirmed that the miR-155 mimic increases TNF-a secretion
from human MDMs to further highlight the interaction between
TNF-a and miR-155 (Figure S5). While IL-6 was elevated by several
TSBs, it was not significantly induced by TSB-155-2, TSB-199, or
TSB-3202 (Figure 2D). For simplicity, given that therewere two separate
TSBs designed for two distinct miR-155-5p MREs, from here on, TSB-
155-2 will be referred to as TSB-155. These lead candidate TSBs (-155,
-199, and -3202) were selected to further examine their efficacy on
Arg2byqRT-PCR, luciferase assay, andwesternblot.ARG2 gene expres-
sion was significantly increased by TSB-155 (NC-TSB 1± 0 vs. TSB-155
1.93± 0.17 fold change, ***p = 0.0007) andTSB-3202 (NC-TSB 1± 0 vs.
TSB-3202 1.53± 0.18 fold change, *p= 0.03) (Figure 2E). In the presence
of LPS, ARG2 was also significantly increased by TSB-155 (NC-TSB +
LPS 0.85 ± 0.09 vs. TSB-155 + LPS 1.69 ± 0.25 fold change, *p =
0.019) and TSB-3202 (NC-TSB + LPS 0.85 ± 0.09 vs. TSB-3202 + LPS
2.33 ± 0.26 fold change, ***p = 0.0004) (Figure 2E). In contrast, ARG2
was downregulated by TSB-199 (NC-TSB 1 ± 0 vs. TSB-199 0.26 ±

0.06 fold change, *p = 0.03) and unchanged by TSB-199 in the presence
of LPS. We demonstrated by luciferase assay that TSB-199 and TSB-
3202 could target the ARG2 30 UTR as the percentage of relative light
units (RLUs) was significantly increased by TSB-199 (123% ± 4.7%,
**p = 0.0073) and TSB-3202 (110%± 3.3%, *p = 0.026) when compared
with the NC-TSB (100%) (Figure S6). The representative western blot
shows that Arg2 protein expression was increased by TSB-3202 (Fig-
ure 2F). Densitometry analysis of all western blot data for Arg2 gener-
ated from five independent experiments (Figures 2F and S7) showed
that there was a significant increase in Arg2 after treatment with TSB-
3202 (TSB-3202 1.69± 0.27, *p = 0.037) (Figure 2G). To assess the spec-
ificity of TSB-155 forArg2we investigated the gene expression of known
miR-155 targets, inositol polyphosphate-5-phosphataseD (INPP5D also
referred to as SHIP1)33 and suppressor of cytokine signaling (SOCS1).34

Neither target was increased by TSB-155 in the presence or absence of
LPS (Figure S8).

In concordance with the previous TNF-a cytokine analysis, TNFA
expression was significantly decreased by TSB-155 (NC-TSB + LPS
13.04 ± 3.3 vs. TSB-155 + LPS 3.81 ± 0.99 fold change, *p = 0.035)
and there was also a decrease induced by TSB-3202 (NC-TSB +
LPS 13.04 ± 3.3 vs. TSB-3202 + LPS 4.71 ± 1.64 fold change, ns,
p = 0.059) although this was not statistically significant (Figure 2H).
Notably, there were decreases in basal expression of TNFA after TSB-
155 and TSB-3202 treatment, although these were not statistically sig-
nificant (Figure 2H). Collectively, these results suggest that TSB-155
and TSB-3202 are most effective in increasing Arg2 and suppressing
analyzed in TSB and LPS stimulated cells by western blot using glyceraldehyde 3-p

performed on the Arg2 western blots and normalized to GAPDH and graphed as relative

TNFA was analyzed by RT-PCR using TBP as the control (n = 5). Error bars are represe

using multiple independent unpaired t tests for (C and D) and using a one-way ANOV

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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TNF-a and they therefore became the primary focus of subsequent
experiments.

Arg2 TSB-155 and TSB-3202 alter pro- and anti-inflammatory

macrophage cytokines and markers

Other pro- and anti-inflammatory macrophage markers were inves-
tigated following treatment with TSB-155 and TSB-3202. We noted
that basally these unstimulated MDMs secreted an average of 333
pg/mL of the potent chemoattractant, CCL2 (Figure S9A), which is
relevant as in unstimulated macrophages, TSB-155 and TSB-3202
significantly suppressed CCL2 expression (NC-TSB 1 ± 0 vs. TSB-
155 0.17 ± 0.01 fold change, *p = 0.0175, vs. TSB-3202 0.17 ± 0.02,
*p = 0.0173) (Figure 3A). At the cytokine level, basal CCL2 secretion
was significantly decreased by TSB-155 and TSB-3202 treatment
(NC-TSB 100% vs. TSB-155 28% ± 5%, ****p < 0.0001, vs. TSB-
3202 35% ± 6%, ****p < 0.0001) (Figure 3B). Although this decrease
in CCL2 was not observed in the presence of LPS (100 ng/mL), it was
significantly decreased after TSB-155 and TSB-3202 treatment in the
presence of low dose LPS (0.1 ng/mL) (Figure S9B). In murine mac-
rophages, Arg2 was shown to mediate the anti-inflammatory effects
of IL-10 on the pro-inflammatory cytokine, IL-1b.30 Here in human
MDMs, IL1B was significantly decreased by TSB-155 (NC-TSB 1 ±

0 vs. TSB-155 0.61 ± 0.11, *p = 0.04) (Figure 3C); however, it was un-
changed by TSB-3202 and unchanged in the presence of LPS. In addi-
tion, IL-1b cytokine secretion was undetectable in the supernatant. To
assess whether these TSBs had an effect on anti-inflammatory macro-
phage markers, the effects on CCL18 and MRC1 (CD206) were as-
sessed.11 CCL18 was significantly increased by TSB-155 (NC-TSB
1 ± 0 vs. TSB-155 3.3 ± 0.75, **p = 0.0031); however, this effect
was not observed in the presence of LPS (Figure 3D). Although there
was a trending increase in MRC1 with TSB-3202 treatment this was
not statistically significant (p = 0.06) (Figure 3E). However, when
analyzed by western blot and densitometry, CD206 was significantly
increased by TSB-3202 (NC-TSB 1 ± 0 vs. TSB-3202 1.88 ± 0.35, *p =
0.015) (Figure 3F). Flow cytometry analysis was performed to assess
the effects of TSB-155 and TSB-3202 on macrophage markers HLA-
DR, CD206, and CD16 (Figures S10A–S10C). Although there was a
trending increase in unstimulated macrophages treated with TSB-
3202, HLA-DR was reduced by approximately �15% by TSB-3202
in the presence of LPS (NC-TSB + LPS 115% ± 3.8% median fluores-
cence intensity [MFI] vs. TSB-3202 + LPS 99% ± 3.4% MFI, **p =
0.0082) (Figure S10D). TSB-3202 had been previously shown to
significantly induce CD206 at the protein level and here there was a
small (�8%) trending increase in the percentage MFI of CD206 by
flow cytometry; however, this was not statistically significant (Fig-
ure S10E). Interestingly, TSB-3202 significantly upregulated the
IL-10-responsive macrophage marker, CD16, in resting cells (NC-
TSB 100% ± 0% MFI vs. TSB-3202 108% ± 2%, **p = 0.0021)
(Figure S10F).
hosphate dehydrogenase (GAPDH) as the control. (G) Densitometry analysis was

expression to the NC-TSB with LPS (n = 5). Pro-inflammatory gene expression of (H)

ntative of the standard error of the mean (SEM). Statistical analysis was performed

A with Dunnett’s multiple comparison test for (E–H). ns, not statistically significant,



Figure 3. Effects of Arg2 TSBs in human MDMs on pro- and anti-inflammatory markers

(A) CCL2 was analyzed by RT-PCR using TBP as the control and graphed as F.O.C. in MDMs transfected with TSB-NC, TSB-155, and TSB-3202, in the presence or

absence of LPS stimulation (n = 5). (B) Supernatants were analyzed by ELISA for CCL2 and graphed as a percentage relative to NC-TSB (n = 6). (C) IL1B pro-inflammatory

gene expression was analyzed by RT-PCR using TBP as the control and graphed as F.O.C. (n = 5). The anti-inflammatory associated genes (D) CCL18 and (E) MRC1

(CD206)were analyzed by RT-PCR using TBP as the control and graphed as F.O.C. (4% n% 5). (F) CD206was analyzed in TSB-treated cells stimulated with LPS bywestern

blot using GAPDH as the loading control. Densitometry analysis was performed on CD206western blots and normalized to GAPDH and graphed as relative expression to the

NC-TSBwith LPS (n = 5). Error bars are representative of the SEM. Statistical analysis was performed on using a one-way ANOVAwith Dunnett’s multiple comparison test on

all graphs. ns, not statistically significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Arg2 TSB-155 and TSB-3202 regulate several inflammatory

associated proteins and upstream regulators

To further elucidate the key signaling proteins regulated by Arg2 in-
duction, mass spectrometry-based proteomics was performed to
comprehensively investigate the effects of TSB-155 and TSB-3202
on macrophages stimulated with and without LPS, using NC-TSB
with and without LPS as the controls. The significantly changed pro-
teins (p < 0.05) in each group were represented on a Venn diagram
with sequestosome 1 (SQSTM1) and neutrophil cytosolic factor 2
(NCF2) significantly changed in all treatment conditions (Figure 4A).
In the absence of LPS, TSB-3202 significantly changed (p < 0.05) 53
proteins as shown by volcano plot (Figure 4B) and by heatmap (Fig-
ure 4C). TSB-155 significantly changed (p < 0.05) 28 proteins as
shown by volcano plot (Figure S11A) and heatmap (Figure S11B).
Significantly changed protein lists are outlined in Table S7 (Excel
file). In the presence of LPS, TSB-3202 significantly changed
(p < 0.05) 109 proteins as shown by volcano plot (Figure 4D) and
by heatmap (Figure 4E).

All treatment combinations were then compared with the unstimu-
lated NC-TSB (Table S8 (Excel file)) and these significantly changed
protein lists were analyzed by Ingenuity Pathway Analysis (IPA)
Molecular Therapy: Nucleic Acids Vol. 33 September 2023 947
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software to identify the predicted upstream regulators with a pre-
dicted activation Z score based on fold change and p value. As illus-
trated by the heatmap, NC-TSB + LPS was predicted to induce several
pro-inflammatory associated proteins including TNF, interferon-g
(IFNG), forkhead box C1 (FOXC1), signal transducer and activator
of transcription 1 (STAT-1), and interferon a2 (IFNA2) while repres-
sing IL-1 receptor antagonist (IL1RN) (activation Z score cutoff
applied was R1.6 or % �1.6). In the presence of LPS, FOXC1,
TNF, and STAT-1 were the three upstream regulators predicted to
be decreased by TSB-155 and TSB-3202 treatment (TNF: NC-TSB
activation Z score = 3.6 vs. TSB-155 activation Z score = 3.2 vs.
TSB-3202 activation Z score = 3.3; STAT-1: NC-TSB activation Z
score = 2.2 vs. TSB-155 activation Z score = 0 vs. TSB-3202 activation
Z score = 1.7). In addition, anti-inflammatory associated STAT-335,36

was predicted to be upregulated by both TSBs and TSB-155 + LPS did
not inhibit the anti-inflammatory-associated protein, IL1RN. In the
absence of LPS, IFNG was predicted to be suppressed by TSB-155
(activation Z score = �1.14, p value of overlap = 0.001) and by
TSB-3202 (activation Z score = �1.62, p value of overlap = 0.0003)
when compared with NC-TSB. In addition, IL1RN, predicted to be
suppressed by LPS (activation Z score = �1.98, p value of overlap =
0.0003), was predicted to be activated by TSB-3202 (activation Z
score = 2.00, p value of overlap = <0.0001) (Figure 4F). Next the
LPS-responsive proteins were identified through analysis of NC-
TSB comparison with NC-TSB + LPS (NC-TSB vs. NC-TSB +
LPS). This protein list was intersected with proteins significantly
changed by TSB-3202 (Figure 4G) and TSB-3203 + LPS (Figure 4H)
and visualized using a heatmap with some of the most notable visual
changes across conditions being in interferon-induced protein with
tetratricopeptide repeats 3 (IFIT3), SLAM family member 7
(SLAMF7), and SQSTM1.

Arg2 TSB-155 and TSB-3202 commonly upregulate SQSTM1 and

downregulate STAT-1, IFIT3, and SLAMF7

Mass spectrometry-based proteomics identified 11 proteins in com-
mon that were basally regulated by both TSB-155 and TSB-3202.
Interestingly, the level and directionality of the fold change in these
proteins was similar for both TSBs (Figure 5A). For example,
STAT-1, a critical pro-inflammatory signaling molecule associated
with M1-like macrophages, which was identified as a predicted up-
Figure 4. Mass spectrometry-based proteomic analysis of the effects of Arg2

(A) A Venn diagram was used to illustrate the number and overlap of significantly differe

3202, in the presence or absence of LPS stimulation (n = 3 independent experiments, pe

(B) Volcano plot showing the effects of TSB-3202 compared with NC-TSB based on a

(–Log10 p > 1.3) are highlighted in red (increased fold change) and blue (decreased fold c

where LFQ intensities of significantly changed proteins are represented as Z scores. (D)

based on a Log2 (fold change) and –Log10 (p value). Proteins with a significant p valu

representing the effects of TSB-3202 + LPS compared with NC-TSB + LPS (n = 3 in

compared with NC-TSB and the lists of significantly changed proteins were analyzed by

and their activation Z scores (p < 0.01). Upstream regulators with an activation Z score

highlight the upstream regulators of LPS. The corresponding activation Z scores of TSB

p < 0.01. Comparison of the NC-TSB with NC-TSB + LPS was used to generate a l

significantly changed by (G) TSB-3202 treatment (vs. TSB-NC) and (H) TSB-3202 + LPS

are representative of the standard error of the mean (SEM). Statistical analysis was perfo

proteins.
stream regulator by IPA, was significantly downregulated by TSB-
155 (�1.92 signed fold change, *p = 0.011) and TSB-3202 (�1.81
signed fold change, *p = 0.015) when compared with the NC-TSB
(Figure 5A). The top network identified by in silico analysis of the
TSB-3202 proteomic dataset contained STAT-1, IFNA, SLAMF7,
SQSTM1, and IFIT3 (Figure 5B). IFIT3, IFNA, SQSTM1, and
STAT-1 were also shown to be part of one of the networks collated
from the protein dataset significantly regulated by TSB-155 (Fig-
ure S12). Next qRT-PCR was performed to investigate whether these
significantly changed proteins were altered at a transcriptional level.
Basally, these TSBs suppressed STAT1 expression with TSB-3202
causing the greatest inhibitory effect (NC-TSB 1.01 ± 0.00 vs. TSB-
3202 0.20 ± 0.02 fold change, ****p < 0.0001) (Figure 5C). SQSTM1,
an inhibitor of IL-1b secretion in macrophages,37 was significantly
increased by TSB-155 (NC-TSB 1.01 ± 0.00 vs. TSB-155 1.91 ± 0.18
fold change, **p = 0.0015) (Figure 5D). In addition, IFIT3, which is
upregulated in M1-like macrophages,38 was significantly downregu-
lated by both TSB-155 (NC-TSB 1.01 ± 0.01 vs. TSB-155 0.11 ±

0.02 fold change, ****p < 0.0001) and TSB-3202 (NC-TSB 1.01 ±

0.00 vs. TSB-3202 0.06± 0.02 fold change, ****p < 0.0001) (Figure 5E).
SLAMF7, which is associated with super-activated macrophages in in-
flammatory disease,39 was also significantly decreased by TSB-155
(NC-TSB 1.00 ± 0.00 vs. TSB-155 0.73 ± 0.05 fold change, *p =
0.02), while TSB-3202 was most effective in suppressing SLAMF7
(NC-TSB 1.00 ± 0.00 vs. TSB-3202 0.55 ± 0.07 fold change, ***p =
0.0004) (Figure 5F). In the presence of LPS, although there was a
trending decrease in STAT1 and SLAMF7, IFIT3 was the only signif-
icantly downregulated gene following TSB-3202 treatment (NC-
TSB + LPS 1.26 ± 0.13 vs. TSB-3202 + LPS 0.33 ± 0.08 fold change,
**p = 0.002).

IPA software was used to highlight proteins that were suppressed by
TSBs in the STAT-1 signaling pathway and phosphorylation of
STAT-1 is an essential component of this pathway, which mediates
the effects of pro-inflammatory signaling (Figure S13).Western blotting
and densitometry analysis was used to further validate the proteomic
analysis and the effects of TSBs on the key signaling mediators, total
STAT-1, phosphorylated-STAT-1 (p-STAT-1), and SQSTM1 were
analyzed (additional representative blots were included in Figure S14).
As can be observed in the representative western blot, p-STAT-1 was
TSBs in human MDMs

ntially expressed proteins in MDMs transfected with TSB-NC, TSB-155, and TSB-

rformed in duplicate). Group comparisonsmade were included on the Venn diagram.

Log2 (fold change) and –Log10 (p value). Proteins with a significant p value of <0.05

hange). (C) Heatmap representing the effects of TSB-3202 compared with NC-TSB,

Volcano plot showing the effects of TSB-3202 + LPS compared with NC-TSB + LPS

e of <0.05 (-Log10 p value of >1.3) were highlighted in red and blue. (E) Heatmap

dependent experiments, performed in duplicate). (F) All treatment conditions were

Ingenuity Pathway Analysis software (QIAGEN) to determine the upstream regulators

R1.6 or % �1.6 modulated by NC-TSB + LPS were graphed alongside STAT-3 to

-3202 and TSB-155 with and without LPS were included, the p value of overlap was

ist of LPS-responsive proteins, which was intersected with the proteins that were

treatment (vs. NC-TSB + LPS). Z scores were used to generate heatmaps. Error bars

rmed on proteomic data using a Student’s t test to identify the significantly changed
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induced by LPS (Figure 5G). In the presence of LPS, p-STAT-1 was
significantly downregulated by TSB-155 (NC-TSB 1.00 ± 0.00 vs.
TSB-155 0.59 ± 0.08 fold change, ****p = 0.0007) and TSB-3202 (NC-
TSB 1.00 ± 0.00 vs. TSB-3202 0.60 ± 0.04 fold change, ****p =
0.0007) (Figures 5G and 5H). In the absence of LPS, total STAT-1
was significantly downregulated by TSB-155 (NC-TSB 1.00 ± 0.00 vs.
TSB-155 0.41 ± 0.05 fold change, ****p < 0.0001) and TSB-3202 (NC-
TSB 1.00 ± 0.00 vs. TSB-3202 0.51 ± 0.02 fold change,
****p < 0.0001); however, total STAT-1 was unchanged in the presence
of LPS (Figures 5G and 5H). There was no significant change in
SQSTM1 following TSB treatment; however, in the presence of LPS,
SQSTM1 was significantly upregulated by both TSB-155 (NC-TSB
1.00 ± 0.00 vs. TSB-155 1.67 ± 0.04 fold change, ***p = 0.0006) and
TSB-3202 (NC-TSB 1.00 ± 0.00 vs. TSB-3202 1.52 ± 0.14 fold change,
**p = 0.0036) (Figures 5G and 5H).

DISCUSSION
Previously we demonstrated that Arg2 was upregulated by the combi-
nation of IL-10 and LPS in THP-1 and murine macrophages.30 Here,
we have demonstrated that these findings translate to human PBMCs
and primary human macrophages, further highlighting that ARG2 is
significantly induced in the presence of this combination. This in-
crease in ARG2 with the IL-10 + LPS combination, coincided with
an inhibition of TNF-a secretion andmiR-155 expression. Previously,
we have shown that Arg2 is a key regulator of the anti-inflammatory
response as it plays an essential role in mediating the effects of IL-10
signaling.30 Analysis of all clinical PBMC samples identified a positive
correlation betweenARG2 and IL10R, highlighting their association as
anti-inflammatory signaling mediators. Furthermore, we found that
ARG2 is elevated andmiR-155 is reduced in PBMCs obtained frompa-
tients in the remission stage of MS. The remission stage of MS, char-
acterized as a period of functional recovery from neurological
disability (relapse), is associated with remyelination and resolution
of inflammation and edema.40 Aberrant immune cell signaling drives
periods of relapse and it has been suggested that further investigation
of remission may aid in the identification of novel therapeutic targets
for MS.41 Previous studies have shown differences in T cells during
remission42,43 and analysis of the PBMC transcriptome has also
been shown to be capable of distinguishing between different subtypes
of MS.44 Furthermore, as Dowling et al.30 demonstrated that Arg2 is a
miR-155 target in macrophages, analysis of all clinical samples re-
vealed a negative correlation betweenmiR-155 andARG2. Collectively
these results suggest that, as miR-155 levels increase, ARG2 is sup-
Figure 5. Validation of the effects of Arg2 TSBs on inflammatory signaling targ

(A) Venn diagram representing the overlap between the effects of TSB-155 and TSB-32

upregulated and downregulated proteins altered by TSB-155 and TSB-3202 as analy

Genes with red (upregulated) nodes and green (downregulated) nodes are the significa

predicted through the network analysis from the IPA QIAGEN Knowledge Base. (C) STA

the endogenous control and graphed as F.O.C. in MDMs transfected with TSB-NC, T

Phosphorylated STAT-1 (p-STAT-1), STAT-1, and SQSTM1 were analyzed by western

TSB-155, and TSB-3202, in the presence or absence of LPS stimulation (n = 3–5). (H

GAPDH and graphed as relative expression to the NC-TSBwith andwithout LPS. Please

sameGAPDHwestern blot was used as the control for both p-STAT-1 and SQSTM1. Err

way ANOVA with Dunnett’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.0
pressed, and that enhancing ARG2, as it is upregulated during remis-
sion, may be a strategy to limit pro-inflammatory responses. We pro-
pose that Arg2 is a critical regulator of inflammation, which could be
induced via using oligonucleotide TSB technology to alter the
signaling of TNF-a, CCL2, and other pro-inflammatory mediators
in human MDMs.

TNF-a is a pro-inflammatory cytokine that is elevated in the context
of chronic diseases such as MS and targeted suppression of TNF-a
may be a viable therapeutic strategy. TNF-a is elevated in active le-
sions of patients with MS at autopsy45,46 and peripheral levels of
TNF-a are increased in the blood, mononuclear cells, and T cells
from patients with MS.47 Specifically, patients with progressive MS
have higher serum TNF-a, IFN-g, and IL-10 than controls, with ele-
vations in these cytokines being associated with disease progression.48

In a murine model of progressive EAE, this pro-inflammatory cyto-
kine has been shown to be sustained in infiltrating macrophages.49

Previous studies have shown that loss of Arg2 enhances the pro-in-
flammatory response. For example, deletion of Arg2 in mice led to in-
duction of pro-inflammatory responses and M1 macrophage activa-
tion in the presence of Helicobacter pylori.50 In addition, Arg2
deficiency in a murine model of neuroinflammation caused more se-
vere pain behaviors following nerve injury, increased M1 pro-inflam-
matory cytokines, and decreased M2 anti-inflammatory cytokines.51

Our previous work in vivo and in murine macrophages demonstrated
that a TSB designed to inhibit miR-155 interaction with Arg2 was an
effective strategy to enhanceArg2, which led to the suppression of pro-
inflammatory signaling.31 Arg2 activation by liver X receptor agonists
in macrophages inhibited nitrite production in response to inflamma-
tory stimuli.52 In addition, TSBs designed to target miR-155 interac-
tion with RhoA and human antigen receptor were successfully used
in the context of cancer.53,54 Here, we identified 11 MREs in the 30

UTR of human ARG2 mRNA and designed TSBs to inhibit potential
miRNA binding. Specifically, TSB-155 and TSB-3202, were the most
effective in enhancing ARG2 expression and suppressing TNF-a
secretion. TNFA suppression by TSB-155 and TSB-3202 was
confirmed at the gene level in LPS-activated macrophages. Further-
more, this inhibition of TNF-a cytokine secretion was sustained using
lower doses of LPS with a significant reduction in TNF-a after 24 h.

Inhibition of TNF-a has been an effective therapeutic strategy for the
treatment of chronic inflammatory disease. Monoclonal antibodies
ets identified by mass spectrometry analysis

02 on protein expression with a table showing the signed fold change of significantly

zed by mass spectrometry. (B) Interactive IPA network of the effects of TSB-3202.

ntly changed proteins in the TSB-3202 dataset, others (clear nodes) are generated/

T1, (D) SQSTM1, (E) IFIT3, and (F) SLAMF7 were analyzed by RT-PCR using TBP as

SB-155, and TSB-3202, in the presence or absence of LPS stimulation (n = 5). (G)

blot using GAPDH as the endogenous control in MDMs transfected with TSB-NC,

) Densitometry analysis was performed on the protein of interest and normalized to

note that in the absence of LPS,membraneswere re-probed for SQSTM1 hence the

or bars are representative of the SEM. Statistical analysis was performed using a one-

01, ****p < 0.0001.
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designed to inhibit TNF-a signaling have been approved as treat-
ments for diseases such as rheumatoid arthritis, inflammatory bowel
disease, and psoriasis.55 Furthermore, anti-TNF-a monoclonal anti-
body treatment in a murine model of EAE reduced clinical disability,
demyelination, and mortality rate and restored blood-brain barrier
integrity.49 However, a clinical trial investigating TNF-a inhibition
in MS patients was terminated due to exacerbation of disease and
increased severity of neurological deficits.56 It must be noted that
TNF-a and TNFR1 are critical to remyelination and oligodendrocyte
regeneration, respectively.57 Thus, non-selective TNF-a inhibition is
detrimental in MS; however, evidence suggests that selective targeting
and modulation of TNF-a in specific cell types may be a more prom-
ising strategy. For example, myeloid cells and T cells are critical sour-
ces of TNF-a in models of EAE, and knockout of TNF-a in myeloid
and T cells has been shown to reduce EAE and facilitate Th1 cell
development.58

Following our analysis of several pro- and anti-inflammatory media-
tors, we found that the expression and secretion of CCL2, a potent che-
moattractant, was significantly decreased by TSB-155 and TSB-3202
in the absence and presence of low-dose LPS. CCL2 is secreted bymul-
tiple cells including monocytes and macrophages and functions to re-
cruit myeloid and lymphoid cells, and its role in the promotion of the
pro-inflammatory response has been extensively reviewed.59 The ef-
fects of TSB on CCL2 may be a downstream effect of TNF-a suppres-
sion as CCL2 is regulated by TNF-a60,61 and IFN-g.62 In contrast,
treatment of human PBMC-derived monocytes with CCL2 did not
alter TNF-a but did induce pro-inflammatory cytokine secretion of
IL-1 and IL-6.63 There is some evidence to suggest that CCL2 modu-
lates macrophage phenotype toward an M1 or M2; however, this is
often dependent on the cells and model used.59 Pharmacological inhi-
bition of the receptor for CCL2, CCR2, has been shown to be effective
in in vivomodels of chronic inflammatory pain.64 In the context ofMS,
CCR2�/� mice have impaired CNS macrophage infiltration and
decreased clinical score in an EAE model.65,66 Targeting of CCL2/
CCR2 signaling has been shown to be effective in reducing inflamma-
tory monocyte/macrophage/myeloid infiltration in conjunction with
suppressing hepatocellular carcinoma development in vivo.67,68

In acute MS brain lesions, CCL2 was expressed by hyperactive astro-
cytes and macrophages.69,70 As extensively reviewed by Mahad et al.,
CSF levels of CCL2 have been demonstrated to be reduced while there
is no consensus on the directionality of CCL2 levels in MS serum.71

Interestingly, both CCL2 and TNF-a secretion was increased in
PBMCs from stable untreated MS patients when compared with sta-
ble IFN-b-treated MS patients.72 Our work indicates that TSB-155
and TSB-3202 could be a viable option for dampening both TNF-a
and CCL2 simultaneously in inflammatory macrophages.

Furthermore, we aimed to analyze specific pro- and anti-inflamma-
tory markers to assess the macrophage phenotype. Notably, in resting
macrophages TSB-155 significantly decreased the pro-inflammatory
gene, IL1B, and increased CCL18, a chemokine that primes mono-
cytes toward an M2-like anti-inflammatory macrophage with
952 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
CD206 expression and a high capacity for phagocytosis.73 In addition,
CCL18 is elevated in IL-4- or IL-13-activated M2 macrophages.11,74

However, only TSB-3202 increased MRC1/CD206 gene and protein
expression. Collectively these results highlight that TSB-3202 induces
a reduction in pro-inflammatory cytokine production (TNF-a and
CCL2) and M1 marker expression coinciding with an increase in
the anti-inflammatory markers, CD206, suggesting a priming effect
toward an M2-like macrophage.

Furthermore, we sought to comprehensively understand the key
signaling proteins modulated by TSB-155 and TSB-3202 through un-
biased mass spectrometry-based proteomics. This analysis provided
an abundance of insights into the downstream effects of Arg2
enhancement. Most interestingly, there were several key inflamma-
tory mediators that were downregulated by both TSBs, these included
STAT-1, which has been shown to be a regulator of pro-inflammatory
macrophage signaling.75 STAT-1 signaling involves phosphorylation
of STAT-1, dimerization, nuclear translocation, and DNA binding to
gamma-activated sequence elements upstream of IFN-g-induced
genes76 and its role in macrophages has been extensively reviewed.77

STAT-1 activity is essential for M1 macrophage polarization and
LPS-stimulated macrophages from Stat1�/� mice have impaired in-
duction of interferon-g-induced protein 10 (IP-10), interferon regu-
latory factor 1 (IRF-1), and iNOS.78 Here, we showed that TSB-155
and TSB-3202 caused a significant decrease in STAT1 gene expression
in concert with a significant decrease in protein levels of total STAT-1
in resting macrophages and phosphorylated STAT-1 in LPS-stimu-
lated macrophages. The effects of TSBs on STAT-1 suppression
may be a primary mechanism by which these TSBs decrease TNF-a
as previously STAT-1 deficiency resulted in suppression of TNF-a
and IL-12 secretion following macrophage TLR stimulation.75

STAT-1 is activated in response to IFN-a and IFN-g receptor activa-
tion and LPS and is a crucial mediator downstream of IFN-g
signaling.79 IPA also revealed that TSB-155 and TSB-3202 are pre-
dicted to downregulate IFN signaling in the absence of LPS.

To further validate the proteomic and pathway analysis we confirmed
at the transcript level that IFN-g-associated genes, IFIT3 and
SLAMF7, were downregulated in the presence of both TSBs. IFIT3
has been recently proposed as a useful marker for M1 macrophage
polarization as proteomic analysis showed it was strongly upregulated
in human primary M1 pro-inflammatory macrophages38 and it is
known to be activated in response to viral infection.80 Notably exog-
enous expression of IFIT3 causes the induction of IRF3-responsive
genes (IFNB, ISG56, and RANTES) and NF-kB-including responsive
genes (IL8, NFKBIA, and TNFA), while IFIT3 knockdown inhibited
these genes.81 In addition, the predicted upregulation of the anti-in-
flammatory mediators, IL1RN (without LPS) and STAT3 (with
LPS) by TSB-3202 suggests that, in conjunction with a reduction in
the pro-inflammatory response, the anti-inflammatory response
may be activated in these macrophages.

The suppression of SLAMF7 and TNF-a by the TSBs may be linked,
as SLAMF7 was shown to increase macrophage activation via a
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TNF-a autocrine loop.39 SLAMF7 is a receptor on macrophages pre-
viously shown to be upregulated by IFN-g.39 Furthermore itwas found
that SLAMF7was increased onmacrophages from patients with rheu-
matoid arthritis39 and is a viable therapeutic target as, elotuzumab, an
anti-SLAMF7 antibody, is clinically used for the treatment of multiple
myeloma.82 Activation of SLAMF7 in macrophages caused an induc-
tion of cytokines (TNF-a, IL-1b, IL-6, and IL-12B) and chemokines
(CCL3, CCL4, CXCL1, CXCL2, and CXCL8).39 Furthermore,
SLAMF7 is an interesting target for chronic inflammatory diseases
as it was increased in unstable atherosclerotic plaques and enriched
in CD68+ macrophages. Depletion of SLAMF7 in plaque-derived
CD14+ cells decreased TNF-a, IL-6, IL-8, and IL-12.83 Collectively,
this literature and the data presented here suggest that suppression
of SLAMF7 via Arg2 TSBs may be a potential strategy in treating
chronic inflammatory disease.

SQSTM1, also known as p62, a ubiquitin binding protein involved in
autophagy,wasupregulated bybothTSBs in resting andLPS-stimulated
macrophages. In resting macrophages, SQSTM1 was significantly
increasedbyTSB-155, and inLPS-stimulatedmacrophagesweobserved
that SQSTM1was increased at the protein level. Critically, LPS induced
SQSTM1 expression via NF-kB in macrophages and ablation of
SQSTM1 in macrophages prevented mitophagy and enhanced
NLRP3-inflammasomeactivation.37Also, SQSTM1/p62 indirectly con-
tributes to the activity of nuclear factor erythroid 2-like 2, which upre-
gulates several antioxidant and anti-inflammatory proteins.84 Interest-
ingly, ApoE�/� Arg2+/+ mice had increased levels of aortic SQSTM1 in
comparisonwithApoE�/�Arg2�/�mice, highlighting the link between
SQSTM1 and Arg2.85 The suppression of CCL2 by TSBsmay be driven
in part by the induction of SQSTM1 as previous studies report that
silencing of SQSTM1 enhances CCL2 in retinal epithelial cells86 and
that rapamycin, which induces SQSTM1, downregulates CCL2 expres-
sion in THP-1macrophages.87 Peritonealmacrophages fromSQSTM1/
p62 knockout mice had increased levels of IL-1b and these mice had
increased atherosclerotic plaque burden,88 suggesting that sequestering
of cytotoxic ubiquitinatedproteins is crucial in the preventionof athero-
genesis. Further investigation is required to fully elucidate the relation-
ship between Arg2 and SQSTM1. There were several limitations in this
paper, which include the low numbers of clinical PBMC samples for
each group and an absence of testing these TSBs in patient-derived sam-
ples. Futureworkwill therefore explore the effects of these TSBs inmac-
rophages derived from patients with MS and other inflammatory
disorders.

In conclusion, we have shown that miR-155 correlates with Arg2
expression in human patient PBMCs and that IL-10 enhances
Arg2 in the presence of a pro-inflammatory stimulus. In addition,
Arg2 can be enhanced by specifically designed TSBs that suppressed
TNF-a and CCL2 expression and secretion while downregulating
markers such as STAT-1 and IFIT3, which are associated with the
pro-inflammatory M1-macrophage phenotype. The suppression of
the pro-inflammatory macrophage phenotype is likely mediated
in part via a STAT-1- and/or SLAMF7-dependent mechanism as
bothmoleculeswere confirmed tobe inhibited followingTSB treatment.
Therefore, enhancing Arg2 through use of TSBs is a promising
therapeutic strategy for diseases driven by chronic macrophage
inflammation.
MATERIALS AND METHODS
Cell culture

Human buffy coat blood bags were obtained from the Irish Blood
Transfusion Service (IBTS). Written approval was obtained from
the IBTS, which provides de-identified blood components and by-
products of the donation process, pro bono, to academic researchers.

In brief, blood was diluted in a ratio of 1:2 in PBS (Gibco, cat. no.
10010015) and then layered onto Histopaque-1077 (Sigma, cat. no.
10771) in a ratio of 1:1. The layered solutionwas centrifuged in a Sorvall
ST40R centrifuge (Thermo Fisher Scientific) at 400 � g for 30 min at
room temperature (RT). The PBMC layer was removed and washed
three times in PBS. PBMCs were resuspended in cell separation buffer
(0.5% w/v BSA [Sigma, cat. no. A2153], 0.4% EDTA [(pH 8.0) 0.5 M;
Thermo Fisher, cat. no. 1021]) in PBS. PBMCswere incubated with hu-
man CD14MicroBeads (Miltenyi Biotech, cat. no. 130-050-201) at 4�C
for 15 min. Solution was passed through an LS Columns (Miltenyi
Biotech, cat. no. 130042401) attached to the magnetic QuadroMACS
Separator (MiltenyiBiotech, cat. no. 130090976).Columnswerewashed
using cell separationbuffer andCD14-positivemonocyteswere isolated.
Monocytes were resuspended in RPMI (RPMI 1640 Medium with
GlutaMAX Supplement [Sigma, cat. no. 61870010] containing 10% hu-
man serum from human male AB plasma [Sigma, cat. no. H4522] and
1% penicillin/streptomycin [100 U/mL; Sigma, cat. P4333]), seeded at
1.5� 105 cells per well in 48-well Falcon PolystreneMicroplates (Fisher
Scientific, cat. no. 10199391) and incubated at 37�C in 5% CO2. After
4 days in culture the medium was replaced with RPMI containing
10% human serum and 1% penicillin/streptomycin and cells were al-
lowed to continue to differentiate into macrophages for a further
6 days. On day 10, MDMs were ready for cell treatments. PBMCs
were seeded in serum-free RPMI (1% penicillin/streptomycin [100 U/
mL]) at 1 � 106 cells per well in a 12-well plate. Macrophages were
imaged and were positive for the pan-macrophage marker, CD68,
and had low expression of the monocyte marker, CD14, when
compared with monocytes (Figure S15). Furthermore, flow cytometry
analysis of MDMs showed that 97% were positive for CD68
(Figure S16).

HEK293T cells were maintained in complete DMEM (10% fetal
bovine serum [Sigma, cat. F9665] and 1% penicillin/streptomycin
[100 U/mL]) and passaged once a week. Cells were seeded at
2 � 104 cells per well in a 96-well plate.
Cell treatments

IL-10 and LPS stimulation

PBMCs and MDMs were treated with IL-10 (100 ng/mL) (R&D Sys-
tems, cat. no. 217-IL), ultrapure LPS, E. coli 0111:B4 (100 ng/mL)
(InvivoGen, cat. no. Tlrl-3pelps) and IL-10 + LPS for 24 h in complete
RPMI. Supernatants were stored at �20�C and RNA was harvested
Molecular Therapy: Nucleic Acids Vol. 33 September 2023 953

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
and isolated using the TRI Reagent (Sigma, cat. no. T9424) RNA
isolation method.

TSB transfection

In vivo ready miRCURY LNA Power Target Site Blocker arginase-2
TSBs (QIAGEN, cat. no. 339199) were synthesized with custom design
to facilitatebinding to the 30 UTRof arginase-2,which is complementary
to the binding site ofmiR-9,miR-10,miR-155-1 (canonical),miR-155-2
(non-canonical), miR-199, miR-570, miR-1252, miR-1294, miR-1299,
miR-3202, and Let7 (Table S1). The individual TSBs (TSB-9, TSB-10,
TSB-155-1, TSB-155-2, TSB-199, TSB-570, TSB-1252, TSB-1294,
TSB-1299, TSB-3202, and TSB-Let7) and their respective oligonucleo-
tide sequences are listed in Table S2. Negative Control A (QIAGEN,
cat. no. 339199), a scrambled sequence (Table S2), was used as the
NC-TSB. To assess transfection efficacy, Negative Control A was conju-
gated toFAM(QIAGEN, cat.no.YT0070993).Macrophageswere trans-
fected with TSBs (100 nM) using 0.5% Lipofectamine 3000 (Invitrogen
L3000008) for 5 h in serum-free RPMI. Cells were rested overnight in
complete RPMI and then stimulated with and without ultrapure LPS,
E. coli 0111:B4 (0.1, 1, 10, and 100 ng/mL) (InvivoGen, cat. no. Tlrl-
3pelps) for 24 h. Supernatants were stored at�20�C and cells were har-
vestedusingTRIReagent forRNAextraction, low-stringency lysis buffer
for protein extraction, urea (8 M) for mass spectrometry, and FACS
buffer (0.02% bovine serum albumin [BSA] in PBS without Ca2+ and
Mg2+) for flow cytometry analysis.

For macrophage polarization experiments, MDMs were stimulated
for 48 h with cytokines in complete RPMI. Macrophages were treated
with LPS (100 ng/mL) and IFN-g (20 ng/mL) (R&D Systems, cat. no.
285-IF) to induce a pro-inflammatory, M1-like phenotype. Macro-
phages were pre-stimulated with IL-10 (100 ng/mL) for 5 min prior
to the addition of LPS and IFN-g to assess the impact of an anti-in-
flammatory stimulus in the presence of LPS and IFN-g. Macrophages
were treated with IL-4 (20 ng/mL) (R&D Systems, cat. no. 204-IL) to
induce an anti-inflammatory, M2-like phenotype.

HEK293T cells were transfected for 5 h in serum-free high-glucose
Dulbecco’s modified Eagle’s medium (DMEM) (Sigma, cat. no.
D5796) with human Arg2 plasmid (25 ng) and TSB-155, TSB-199,
and TSB-3202 (100 nM) using 0.3% TransIT-X2 Dynamic Delivery
System Reagent (Mirus, cat. no. MIR6003). Cells were rested in
DMEM with 10% fetal bovine serum (Sigma, cat. no. F9665) over-
night and the Dual-Luciferase Reporter Assay System (Promega,
cat. no. E1910) was performed according to the manufacturer’s
instructions.

miR mimic transfection

miR-155 mimic (40 nM) (Ambion, cat. no. 4464066, ID: MC28440)
and miR-3202 mimic (40 nM) (Ambion, cat. no. 4464066, ID:
MC16446) were transfected into human MDMs using Lipofectamine
3000 (Invitrogen L3000008) for 5 h using the negative control mimic
(40 nM) (Ambion, cat. no. 4464058) as the control. The medium was
changed, and cells were rested overnight. Cells were stimulated with
1 ng/mL of LPS and 10 ng/mL of LPS for 24 h.
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Patient samples

Participants were recruited into this study involving the collaboration
of Dr. Josep Trueta University Hospital and the Girona Biomedical
Research Institute (IDIBGI), Salt, Girona, Spain. This study received
ethical approval from The Ethics Committee and the Committee of
Clinical Investigation at Dr. Josep Trueta University Hospital (ethical
approval study identification: BioEM: 157/13 and miEM: 003/18).
Written informed consent was obtained from all participants. Partic-
ipants were grouped into four groups based on their diagnosis: NIC,
IC, CIS, or RRMS. Blood samples were obtained from patients with
RRMS during a remission phase and these patients were not on any
disease-modifying therapies at the time of sample collection. Partici-
pant demographic information and relevant clinical data are outlined
in Table 1. Blood was collected in BD Vacutainer CPT Mononuclear
Cell Preparation tubes containing sodium citrate (Sanbio, cat. no.
362782) and centrifuged at 1,800 � g for 25 min. Cells and plasma
were collected and centrifuged at 800� g for 15 min. Plasma was dis-
carded, and isolated PBMCs were washed in physiologically enriched
sera, centrifuged again at 950 � g for 10 min, and then 5 � 106

PBMCs were frozen in RPMI medium supplemented with 3%
DMSO and 3% fetal bovine serum. Following collection of all sam-
ples, downstream analysis was performed en masse on participant
PBMC samples from all groups. RNA was isolated via the TRI Re-
agent method and 200 ng of RNA was reverse transcribed to cDNA.

Protein analysis-western blotting

Protein was quantified using a bicinchoninic acid assay (Thermo
Fisher Scientific) according to the manufacturer’s instructions. Pro-
teins were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis using a 10% polyacrylamide resolving gel. Using a
transfer cassette, gels were transferred to a nitrocellulose membrane
(GEHealthcare Amersham Protran, Life Sciences, Thermo Fisher Sci-
entific, Ireland). Skim milk (5%) (Sigma, cat. no. 70166) was used to
block the membranes, which were then incubated with diluted pri-
mary antibody overnight at 4�C. The details of the primary and sec-
ondary antibodies used are outlined in Table S3. Secondary antibodies
(Cell Signaling Technology) were applied for 1 h at RT. Membranes
were developed using Supersignal West Pico PLUS Chemilumines-
cent Substrate (Thermo Fisher Scientific, cat. no. 34580) on a Vilber
Fusion Fx Imaging System (Vilber). Membranes incubated with fluo-
rescent antibodies were analyzed using the Odyessy CLx imaging sys-
tem. Either b-actin or glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) were used as loading/housekeeping controls for densitom-
etry analysis, which was performed using ImageJ software (National
Institutes of Health). All targets of interest were normalized to the
control treatment or control group and then normalized to the
loading/housekeeping control and represented as protein expression
relative to control.

Gene expression analysis-real-time qPCR

For mRNA analysis, RNA was reverse transcribed to cDNA using the
Applied Biosystems High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific, cat. no. 4368814). Real-time PCR was per-
formed using the Applied Biosystems PowerUp SYBR Green Master



www.moleculartherapy.org
Mix (Thermo Fisher Scientific, cat. no. A25778) and the sequences of
SYBR Primers listed in Table S4. TATA-box-binding protein (TBP)
was used as the endogenous control. Gene expression was analyzed
using a 7900HT Fast Real-Time PCR System (Applied Biosystems).

For miRNA analysis, two methods were performed. For experiments
that involved the analysis of <2 miRNAs, 15 ng of total RNA was
reverse transcribed to miRNA cDNA specific for the TaqMan hydro-
lysis probes, miR-155-5p (Thermo Fisher Scientific, cat. no. 4427975,
assay ID: 002623) and U6 snRNA (Thermo Fisher Scientific, cat. no.
4427975, assay ID: 001973) using the Applied Biosystems TaqMan
miRNA reverse transcription kit (Thermo Fisher, cat. no. 4366596).
For experiments that involved the analysis of >2 miRNAs, 10 ng of
RNA was reverse transcribed using the Applied Biosystems
TaqMan Advanced miRNA cDNA Synthesis Kit (Thermo Fisher Sci-
entific, cat. no. A28007). miRNA analysis was performed using
TaqMan Fast Advanced Master Mix (Thermo Fisher Scientific, cat.
no. 4444557) and the following advanced miRNA Assays (Applied
Biosystems): hsa-miR-155-5p (Thermo Fisher Scientific, cat. no.
A25576, 483064_miR), hsa-miR-199a-3p (Thermo Fisher Scientific,
cat. no. A25576, 477961_miR), hsa-miR-3202 (Thermo Fisher Scien-
tific, cat. no. A25576, 479675_mir), and hsa-miR-423-3p (Thermo
Fisher Scientific, cat. no. 4427975, 002626) was used as the endoge-
nous control (Table S5). miRNA expression was analyzed using a
7500 Real-Time PCR System (Applied Biosystems). mRNA and
miRNA RT-PCR results were analyzed using the delta delta Ct (2–
DDCt) method to calculate the relative fold gene expression of samples
in comparison with the control. This was represented on graphs as
fold over control.

Flow cytometry analysis

Treated macrophages were analyzed by flow cytometry using the At-
tune NxT Flow Cytometer (Thermo Fisher Scientific). Cells were
gently scraped in filtered FACS buffer (0.02% BSA in PBS without
Ca2+ and Mg2+).

For polarization experiments, cell surface receptors were analyzed.
Firstly, cells were blocked for 20 min on ice using Fc receptor binding
inhibitor polyclonal antibody (100 mg/mL) (Thermo Fisher Scientific,
cat. no. 14-9161-73). Cells were then stained with human leukocyte
antigen-DR isotype (HLA-DR), mannose receptor C-type 1
(MRC1), and CD16 for 30 min at 4�C. Cells were washed and then
stained with Live/Dead Fixable Near-IR Dead Cell Stain Kit (Thermo
Fisher Scientific, cat. no. L10119) for 30 min at 4�C. For characteriza-
tion of MDMs, cells were stained with CD68 (see Table S6 for anti-
body details and dilutions).

For TSB experiments, both surface and intracellular proteins were
analyzed. Cells were stained with Live/Dead Fixable Near-IR Dead
Cell Stain Kit for 30 min at 4�C and then washed and blocked for
20 min on ice using Fc receptor binding inhibitor polyclonal antibody
(100 mg/mL). Cells were then stained with CD16 (surface receptor)
for 30 min at 4�C. Cells were washed and then permeabilized and
fixed using the Cryo-Fast Fix/Perm Buffer Set (BioLegend, cat. no.
426803). Cells were then stained with CD206 and HLA-DR for
30 min at 4�C.

Fluorescent minus one (FMO) controls and unstained cells were used
to set and check the gating strategy. A representative flow cytometry
gating strategy and FMO controls are outlined in Figure S17. A total
of 10,000 live cell events were analyzed per sample at a flow rate of
100 mL/min using the Attune NxT Acoustic Flow Cytometer. Fluores-
cence signal was detected using the violet laser 1 (filter wavelength:
440/50; BV421), the blue laser 1 (filter wavelength: 530/30 nm;
FITC signal), the red laser 1 (filter wavelength: 670/14; APC signal),
and the red laser 3 (filter wavelength: 780/60; Fixable Near IR signal).
Data were analyzed using the flow cytometry software FlowJo V10
(BD Biosciences). MFI value and the percentage of MFI relative to
the control were determined for each independent experiment and
graphed using GraphPad Prism 10. Representative histograms were
also constructed.

Cytokine analysis-enzyme-linked immunosorbent assay

PBMC-derived macrophage supernatants were analyzed using MCP-
1/CCL2 human ELISA kit (Thermo Fisher Scientific, UK, cat. no. 88-
7399-86), human IL-6 DuoSet ELISA (R&D Systems, Abingdon,
UK, cat. no. DY206-05), and human TNF-a DuoSet ELISA (R&D
Systems, cat. no. DY210-05) according to the manufacturer’s
instructions.

Mass spectrometry

Treated macrophages were harvested in urea (6 M) (Fisher Scientific,
cat. no. U/0450/53) and protein concentration was determined by
Bradford Assay. Dithiothreitol (5 mM) (Sigma, cat. no. 43819) was
added to 50 mg of protein sample in urea and samples were incubated
in a Thermomixer for 30 min at 37�C. Iodoacetemide solution
(10 mM) (Sigma, cat. no. I1149) was added to each sample and incu-
bated in the dark for 30 min at RT. An ammonium bicarbonate solu-
tion (50 mM) was added to dilute the urea concentration to <2 M.
Trypsin (0.5 mg) (Sigma-Aldrich, cat. no. T7575) was added to the
samples. Samples were incubated overnight in a Thermomixer at
37�C, after which acetic acid (AA) was added in a ratio of 1:100.

C18 Stage Tips were prepared as per Rappsilber et al.89 Stage tips were
activated with 80% acetonitrile (ACN) + 0.5% AA solution. Samples
were centrifuged through the Stage Tip. Stage tips containing samples
were washed with 0.5% AA. Peptides were eluted from the Stage Tips
in 80% ACN + 0.5% AA. Sample flow through was then evaporated in
a SpeedVac Concentrator for �30 min at 45�C. Peptides were resus-
pended in mass spectrometry-grade water containing 0.5% AA +
2.5% ACN. The peptides were quantified using a DeNovix DS-11
Fx Spectrophotometer, normalized to a peptide concentration of
0.2 mg/mL, and then transferred to mass spectrometry vials.

Peptides frommacrophages were analyzed on a Q-Exactive mass spec-
trometer (Thermo Scientific), which was fitted with a reversed-phase
NanoLC UltiMate 3000 high-performance liquid chromatography
(HPLC) system (Thermo Scientific). In brief, peptides were separated
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on a reverse-phase column (10 cm� 75 mm inner diameter) packed in-
house with 3 mm C18 particles (Dr. Maisch, Germany) using a 2 h
gradient at a flow rate of 250 nL/min. Mobile phases were 0.5% (v/v)
AA with 2.5% ACN in water (phase A) and 0.5% (v/v) AA in 97%
ACN (phase B). The peptides were separated by a gradient starting
from 1% of mobile phase B and increased linearly to 28% for
118 min. This was increased to 95% of mobile phase B where it was
maintained for 10 min. The volume injected was 5 mL. The Orbitrap,
operating in data-dependent mode, automatically altered between
mass spectrometry and mass spectrometry/mass spectrometry acquisi-
tion. Survey full-scanmass spectrometry spectra (m/z 350–1,600) had a
resolution of 70,000.Mass spectrometry/mass spectrometry spectra had
a resolution of 17,500. The 12 most intense ions were sequentially iso-
lated and fragmented via higher-energy C-trap dissociation.

Raw data from the Q-Exactive were processed using theMaxQuant90,91

(version 1.6.10.43) incorporating the Andromeda search engine.92 To
identify peptides and proteins, mass spectrometry/mass spectrometry
spectra were matched against UniProt Homo sapiens database
(2021_03) containing 78,120 entries. All searches were performed using
the default settingofMaxQuant,with trypsin as specified enzyme allow-
ing twomissed cleavages and a false discovery rate of 1% on the peptide
and protein level. The database searches were performed with carbami-
domethyl (C) as fixed modification and acetylation (protein N termi-
nus) and oxidation (M) as variable modifications. For the generation
of label-free quantitative (LFQ) ion intensities for protein profiles, sig-
nals of corresponding peptides in different nano-HPLCmass spectrom-
etry/mass spectrometry runs were matched by MaxQuant in a
maximum timewindow of 1min.93 Themass spectrometry proteomics
data were deposited to the ProteomeXchange Consortium94 via the
PRIDE95 partner repository with the dataset identifiers PXD035018
and 10.6019/PXD035018.

The Perseus statistical software (version 1.6.15.0)96 was used to
analyze the ion intensities from the MaxQuant results. A filter was
applied to remove any protein identifications from the “reverse” data-
base, “only identified by site,” and “common contaminants.” LFQ in-
tensities for each protein identification were log2 transformed and
filtered for at least four valid values in at least one group. Missing
values were imputed with values from the normal distribution. Scat-
terplots were generated to visualize the data. A Student’s t test was
performed (p < 0.05) comparing TSB treatment to NC-TSB to further
filter the data. For heatmap visualization of significantly changed pro-
teins, the values were first Z score normalized prior to hierarchical
clustering, which was carried out using Euclidean distance measures
and average linkage. Corresponding gene ID for the differentially
regulated proteins were used for graphical representation of the data.

IPA

Lists of proteins and their p values (p < 0.05) identified by proteomic
analysis were analyzed by QIAGEN IPA software (QIAGEN Inc.,
https://digitalinsights.qiagen.com/IPA) using their gene IDs to deter-
mine the networks and upstream regulators altered in macrophages
following the treatment of TSBs and LPS.
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The effects of all TSB combinations were analyzed in comparison
with the NC-TSB. The upstream regulators were identified by the
IPA software Z score algorithm (p < 0.01) (Ingenuity Systems,
QIAGEN) based on lists of significantly differentially expressed pro-
teins. A cutoff activation Z score ofR1.6 or% �1.6 and a p value of
overlap of p < 0.001 were implemented for the NC-TSB + LPS group
to identify the upstream regulators activated and inhibited by LPS in
comparison with the NC-TSB. Despite not being altered by NC-
TSB + LPS, STAT3 was also included in the analysis following its
unique upregulation by TSB-155 and TSB-3202 in the presence of
LPS. The corresponding effects of TSB-155, TSB-3202, TSB-155 +
LPS, and TSB-3202 + LPS on these LPS-regulated upstream regula-
tors identified were then included and displayed on a heatmap (p
value of overlap of p < 0.001 was deemed statistically significant).
Differentially expressed protein lists were used to generate the top
network interaction diagrams, which were also exported.

Human Arg2 plasmid design and dual luciferase reporter assay

A 525 base pair segment of human Arg2 30 UTR was amplified using
Q5 High-Fidelity DNA Polymerase (NEB) and inserted into XhoI-di-
gested pmirGLO vector (Promega) downstream of the firefly lucif-
erase (luc2) reporter gene using the GenBuilder Cloning Kit
(GenScript, cat. no. L00701). Plasmids were amplified and isolated
in E. coli DH5a using the Plasmid Midi Kit (QIAGEN, cat. no.
12143) followed by sequence verification using the Arg2 30 UTR
primers listed in Table S4.

For the luciferase assay experiments, HEK293T cells were seeded at a
density of 2 � 104 cells per well in 100 mL of complete DMEM and
incubated for 24 h. Cells were then transfected with TSB-155/-199/-
3202 (100 nM) or NC-TSB (100 nM) and 25 ng of pmir_Arg2 lucif-
erase reporter plasmid. Transfection mixes were prepared using
serum-free DMEM with 0.3% TransIT-X2 Dynamic Delivery System
Transfection reagent (Myrus, cat. no. MIR 6004) and incubated for 5
h. After 24 h, the luciferase activity was assessed using the Dual-
Luciferase Reporter Assay (Promega, cat. no. E1910) according to
the manufacturer’s instructions. Luciferase activity was measured us-
ing a luminometer (in RLUs). The RLUs of the firefly luciferase/re-
nilla luciferase ratio were calculated for each triplicate and then aver-
aged. Aminimum of three independent experiments were performed.
The RLU average was then graphed as a percentage relative to the
NC-TSB.

Statistical analysis

Results generated were analyzed using GraphPad Prism 9.0 (GraphPad
Software, San Diego, CA) with the exception of the proteomic data,
which were analyzed by Student’s t test using the Perseus software
version 1.6.15.0.96 Data are presented as mean ± SEM, which is repre-
sented on each graph using an error bar. On graphs, each individual
data point is representative of an independent experiment obtained
from the average of biological replicates. On graphs involving clinical
samples, each individual data point is representative of an individual
participant in the study obtained from the average of technical repli-
cates. A normal distribution test was conducted to determine whether
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the data would be analyzed as parametric data or non-parametric data.
For cell culture data analysis, where condition comparisons were
greater than two, an ordinary one-way ANOVA was performed. A
Dunnett’s (parametric data) or a Dunn’s (non-parametric data) multi-
ple comparisons’ post-test was performed comparing the mean of each
column to the mean of the control column. In cases of comparisons of
only two conditions, an unpaired t test (parametric data) or a Mann-
Whitney t test (nonparametric data) was performed.

Clinical study participant data were analyzed using a one-way
ANOVA with a Tukey’s multiple comparison test. Clinical correla-
tion analysis was performed using a nonparametric Spearman corre-
lation test. Statistical significance was defined as *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001. Every p value displayed is two tailed.
Further details of statistical analysis and details of “n” numbers, where
n represents the number of independent experiments performed, are
outlined under the corresponding figures.
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Figure S1: Arg1 expression in stimulated human MDMs and PBMCs and in unstimulated patient derived 

PBMCs and miRNA expression in MDMs. A) ARG1 expression was assessed using quantitative RT-PCR in 

stimulated MDMs (n=3). B) ARG1 expression was assessed using quantitative RT-PCR in stimulated PBMCs 

(n=4). C) ARG1 was analysed in human PBMCs from four different participant groups; NIC-non-inflammatory 

controls (n=9), IC-inflammatory controls (n=9), CIS-clinically isolated syndrome (n=9) and in patients with 

RRMS- Relapsing Remitting Multiple Sclerosis (n=9) where samples were taken during the remission phase. TBP 

was used as the endogenous control. Results were graphed as fold over control (F.O.C.). Statistical analysis: 

Graphs A and B were analysed using a one-way ANOVA and Tukey’s multiple comparisons test and graph C 

was analysed using a Kruskal-Wallis Test and Dunn’s multiple comparisons test. 

 

 



2 
 

 

Figure S2: Target site blocker (oligonucleotide) uptake in MDMs. Negative Control A Sequence Target Site 

Blocker conjugated to the fluorescent dye, FAM, (NC-TSB) (50nM) was transfected into MDMs using 

Lipofectamine 3000 for 5hrs in serum free RPMI. NC-TSB (50nM) with no Lipofectamine was used as the ‘No 

Reagent FAM’ control. MDMs were also analysed without NC-TSB (Control). Cells were rested overnight and 

then prepared for flow cytometry analysis. A) Gates were established on the non-debris followed by B) Single 

cell gating. C) Gates were established on the live cell population. Live cells were analyzed for FAM+ MDMs in 

the following treatment conditions D) Control, E) No Reagent and F) Lipofectamine. G) Median fluorescent 

intensity (MFI) and H) the percentage of FAM+ cells relative to live cells were graphed (n=3 independent 

experiments). A representative histogram highlighting the changes in MFI of FAM under the 3 conditions. 

Statistical analysis was performed using a one-way ANOVA with Tukey’s multiple comparison test for graphs 

G-H. Not statistically significant (ns). ****=p<0.0001. 
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Figure S3: TNF-α secretion from MDMs treated with TSBs and LPS. 11 Target site blockers (100nM) were 

transfected into MDMs using Lipofectamine 3000. Cells were rested overnight and then stimulated with and 

without LPS (100ng/mL) for 24hr. Supernatants were collected from 8 independent experiments (n=8 donors) 

using experimental triplicates. Supernatants were analysed for TNF-α by ELISA and raw values were graphed 

with the A) lower concentrations and B) higher concentrations represented on independent graphs due to spread 

of the data. Statistical analysis was performed using multiple unpaired t-tests. 

 

 

 

 



4 
 

 

 

Figure S4: Effects of Arg2 target site blockers (TSBs) on TNF-α secretion from human MDMs following 

LPS stimulation. TSB-155 and TSB-3202 (100nM) were transfected into MDMs using Lipofectamine 3000 for 

5hr and NC-TSB as the control, cells were rested overnight and then stimulated with and without LPS 0.1ng/mL, 

1 ng/mL and 10 ng/mL for 24hr. A) Supernatants were analysed by ELISA for TNF-α (n=3). TNF-α (n=3) and 

graphed as a percentage relative to NC-TSB stimulated with LPS. TNF-α was analysed by ELISA in supernatants 

harvested at 2hr, 4hr, 8hr and 24hr post LPS stimulation at a concentration of B) 0.1ng/mL C) 1ng/mL and D) 

10ng/mL (n=3). Statistical analysis was performed on graph A using multiple one-way ANOVAs with Dunnett’s 

multiple comparison test. Graphs C and D were analyzed using a two-way ANOVA. ns= not statistically 

significant, *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001. 
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Figure S5: Effects of miR-155 and miR-3202 on TNF-α secretion from human MDMs stimulated with LPS. 

miR-155 mimic (40nM) and miR-3202 mimic (40nM) were transfected into human MDMs using Lipofectamine 

3000 for 5hr using the negative control (NC) mimic as the control. The media was changed, and cells were rested 

overnight. Cells were stimulated with 1 ng/mL of LPS or 10ng/mL of LPS for 24hr. Supernatants were analysed 

for TNF-α by ELISA. 3 independent experiments were performed (n=3) and graphed using biological duplicates. 

Statistical analysis was performed using multiple unpaired t-tests.*=p<0.05. 
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Figure S6: Effect of TSB-155, -199 and -3202 in ARG2 luciferase assay. TSB-155, -199, -3202 were assessed 

using a luciferase reporter activity assay of the human ARG2 3′UTR and reported as percentage relative light units 

(RLU). 3-4 independent experiments were performed in triplicate and the averages were graphed. Statistical 

analysis was performed using multiple independent unpaired t-tests. *= p<0.05 and **=p<0.01. 
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Figure S7: Arginase-2 protein expression in MDMs. Target site blockers (100nM) were transfected into MDMs 

using Lipofectamine 3000. Cells were rested overnight and then stimulated with LPS (100ng/mL) for 24hr. 

Western blotting was performed and membranes were imaged using the Odyessy® CLx imaging system. 

Arginase-2 and GAPDH were analysed in four independent experiments using blood from four different donors. 

A) N=1, B) N=2, C) N=3, D) N=4.   
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Figure S8: Effects of Arg-2 Target site blocker 155 (TSB-155) on miR-155 targets INPP5D (SHIP1) and 

SOCS1. Target site blocker 155 (TSB-155) (100nM) was transfected into MDMs using Lipofectamine 3000 using 

Negative control TSB (NC-TSB) as the control. Cells were rested overnight and then stimulated with LPS 

(100ng/mL) for 24hr. A) INPP5D (SHIP1) and B) SOCS1 were analysed by RT-PCR using TBP as the 

endogenous control (n=5 independent experiments). Statistical analysis was performed using a one-way ANOVA 

(Kruskal-Wallis test) with Dunn’s multiple comparison applied. ns = not statistically significant. 
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Figure S9: Effects of TSBs on CCL2 in human MDMs stimulated with LPS. A) TSB-155, -199 and -3202 

(100nM) were transfected into MDMs using NC-TSB as the control. Cells were rested overnight and then 

stimulated with LPS (100ng/mL) for 24hrs. MDM supernatants were analysed by ELISA for CCL2 using 

biological duplicates (n=6 independent experiments) and graphed in pg/mL. B) TSB-155, -199 and -3202 

(100nM) were transfected into MDMs using NC-TSB as the control. Cells were rested overnight and then 

stimulated with and without different doses of LPS; 0.1ng/mL, 1ng/mL and 10ng/mL for 24hrs (n=3 independent 

experiments). CCL2 was graphed as a percentage relative to the unstimulated NC-TSB. Statistical analysis was 

performed using a one-way ANOVA with Dunnett’s multiple comparison test.*=p<0.05. 
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Figure S10: Flow cytometry analysis of the effects of Arg2 TSBs on human MDM phenotype. Human MDMs 

were treated for 48hr with the following stimuli to induce various phenotypes: LPS (100ng/mL) + IFN-γ 

(20ng/mL), IL-10 (100ng/mL) + LPS (100ng/mL) + IFN-γ (20ng/mL), or IL-4 (20ng/mL) using untreated MDMs 
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(M0) as the control. A) HLA-DR, B) CD206 and C) CD16 were analysed in polarised MDMs by flow cytometry 

and the percentage median fluorescent intensity (MFI) was calculated relative to the M0 control (3≤n≤4). In 

parallel, TSB-155 and TSB-3202 (100nM) were transfected into MDMs using NC-TSB as the control. Cells were 

rested overnight and then stimulated with LPS (100ng/mL) for 24hrs. D) HLA-DR, E) CD206 and F) CD16 were 

analysed in TSB-treated MDMs by flow cytometry and the percentage MFI was calculated relative to the NC-

TSB (5≤n≤6). Representative histograms are shown highlighting the changes in MFI of each marker between the 

unstained control, NC-TSB and TSB-3202, with and without LPS (4≤n≤5). Statistical analysis was performed 

using a one-way ANOVA with Tukey’s multiple comparison test for graphs A-C or Dunnett’s multiple 

comparison test for graphs D-E. *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001. 
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Figure S11: Mass spectrometry based proteomic analysis of the effects of Arg2 TSB-155 on human MDMs. 

TSB-155 (100nM) was transfected into MDMs using NC-TSB as the control. Cells were rested overnight and 

then stimulated with and without LPS (100ng/mL) for 24hrs. Cells were harvested in urea (6M) and peptides were 

isolated. Mass spectrometry analysis was performed on a Q-Exactive mass spectrometer. Treatments were 

compared to the NC-TSB. A) Volcano plot showing the effects of TSB-155 based on a Log2 (fold change) and –

Log10 (p-value). Proteins with a significant p-value of <0.05 (-Log10 p-value of >1.3) were highlighted in red 

(increased fold change) and blue (decreased fold change). B) Heat map representing the effects of TSB-155 

compared to NC-TSB, where LFQ intensities of significantly changed proteins were represented as z-scores (n=3 

independent experiments, performed in duplicate). Statistical analysis was performed on proteomic data using a 

student’s T test to identify the significantly changed proteins. 
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Figure S12:  Network 1 generated by Ingenuity Pathway Analysis based on differentially regulated proteins 

altered by TSB-155. Mass spectrometry based proteomics was performed on MDMs treated with TSB-155. The 

significantly differentially regulated protein list was analysed using Ingenuity Pathway Analysis software from 

Qiagen. STAT-1, IFIT3, MX-1, NF-kB and Interferon alpha are key central nodes at the centre of this network.  
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Figure S13: Components of the interferon signalling/STAT-1 pathway altered by TSB-155 and TSB-3202 

generated by Qiagen Ingenuity Pathway Analysis based on differentially regulated proteins. Coloured proteins 

were decreased by TSBs. Mass spectrometry based proteomics was performed on MDMs treated with TSB-155 

and TSB-3202. Interferon signalling was one such pathway predicted to be regulated by these TSBs. STAT-1, 

MX1 and IFIT3 were all significantly decreased in MDMs treated with TSB-155 and TSB-3202. 
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Figure S14: Validation of mass spectrometry data using western blot. Target site blockers (100nM) were 

transfected into human MDMs using Lipofectamine 3000. Cells were rested overnight and then stimulated with 

and without LPS (100ng/mL) for 24hr. Western blotting was performed and membranes were imaged using the 

Odyessy® CLx and the Vilber Fusion Fx (Vilber) imaging systems. A-B) Phosphorylated STAT-1 (p-STAT-1), 

C-D) STAT-1 and E-F) SQSTM1 representative blots are shown. Please note the intentional change in TSB 

ordering between blots A-D and E-F. GAPDH was used as the loading control.   
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Figure S15: MDM characterisation. CD14+ isolated monocytes were cultured over 10 days into macrophages 

and characterised by Western blot. A) Light microscopy images of cells (MDMs) after 10 days in culture were 

taken using a 40X and 10X objective lens. B) Both monocytes (Day 0) and MDMs (Day 10) were analysed for 

the pan-macrophage marker, CD68, and the monocyte marker, CD14, using GAPDH as the endogenous control 

by Western blot. Densitometry analysis was performed on Western blots for C) CD68 and D) CD14. Statistical 

analysis was performed using an unpaired t test. *=p<0.05, **=p<0.01, ns=not statistically significant. 
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Figure S16: Flow cytometry on MDMs for the macrophage marker, CD68. A) All events were analysed using 

SSC-A and FSC-A and gates were established to remove debris. B) Gates were established for single cells using 

FSC-H and FCS-A. Cells were stained with and without CD68. C) Representative image of the fluorescent minus 

one (FMO) control for CD68. FMO was used to establish gates to ensure accurate gating on samples. D) 

Representative image of CD68+ cells analysed (n=1). E) Representative image of CD68+ cells analysed (n=2). 

F) Median Fluorescent Intensity (MFI) of CD68 and G) percentage of single cells positive for CD68 (n=2). 
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Figure S17: Flow cytometry gating strategy and fluorescent minus one controls. A) All events were analysed 

using SSC-A and FSC-A and gates were established to remove debris. Gates were established for single cells 

using FSC-H and FCS-A. Cells were incubated with Live/Dead Near IR to stain the dead cells. Gates were 

established on the live cell population which was used for analysis of the respective antibodies. Cells were triple 

stained with the antibodies HLA-DR, C206 and CD16. Displayed here are representative images of the FMO 
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controls for B) HLA-DR C) CD206 and D) CD16. FMOs were used to establish gates to ensure accurate gating 

on samples. Conjugates used include, Allophycocyanin (APC), Fluorescein Isothiocyanate (FITC) and Brilliant 

Violet (BV) 421. 

  



20 
 

Table S1: Details of the microRNA recognition elements (MREs) on the ARG2 3’UTR mRNA and the miRNA 

binding sites used for design of TSBs. 

MicroRNA 
MRE Position on 

ARG2 3’UTR 
miR Binding sites for TSB design 

hsa-miR-1299 36-43 gtttcacaacaggcattccagaattatgaggcattga (SEQ ID NO:2) 

hsa-miR-199a, hsa-miR-

199b 
163-169 attttggtgaccaatactactgtaaatgtatttggtt    (SEQ ID NO:3) 

hsa-miR-10b, has-miR-10a 196-203 ggttttttgcagttcacagggtattaatatgctacag  (SEQ ID NO:4) 

hsa-miR-570 255-261 cataaacagcatttattaccttggtatatcatactgg   (SEQ ID NO:6) 

hsa-miR-1252 291-298 gtcttgttgctgttgttccttcacatttaagtggttt      (SEQ ID NO:7) 

hsa-miR-3202 448-454 gttctggtccacaaacccttccctatagaagttcaat (SEQ ID NO:8) 

hsa-let-7a, -7b, -7c, -7e, -

7f, -7g, -7i, hsa-miR-98 
739-746 tagggataacactgtctacctcacagaaatgttaaac (SEQ ID NO:9) 

hsa-miR-1294 741-748 gggataacactgtctacctcacagaaatgttaaactg (SEQ ID NO:10) 

hsa-miR-9 774-780 actgagacaataaaaaccaaagcataa (SEQ ID NO:11) 

hsa-miR-155 (1) 39-46 cacaacaggcattccagaattatgaggcattgagggg (SEQ ID NO:12) 

hsa-miR-155 379-386 ctgtcagcccacagcagcaatatgcttattctatcca (SEQ ID NO:13) 
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Table S2: In vivo ready miRCURY LNA Power Target Site Blocker (Qiagen) sequences designed to inhibit the 

binding of specific miRNAs to the MRE of ARG2 3’UTR. 

TSB MicroRNA TSB Sequence (5’-3’) 

TSB-1299 hsa-miR-1299 TTCTGGAATGCCTGTTGTGAA 

TSB-199 hsa-miR-199a, hsa-miR-199b TACAGTAGTATTGGTCA  

TSB-10 hsa-miR-10b, has-miR-10a ATACCCTGTGAACTGCA 

TSB-570 hsa-miR-570 CAAGGTAATAAATGCTGTTT  

TSB-1252 hsa-miR-1252 TGAAGGAACAACAGCAAC 

TSB-3202 hsa-miR-3202 GGGAAGGGTTTGTGGACCA  

TSB-Let7 
hsa-let-7a, -7b, -7c, -7e, -7f, -7g, -7i, 

hsa-miR-98 
GTGAGGTAGACAGTGTT  

TSB-1294 hsa-miR-1294 TGTGAGGTAGACAGTGTT  

TSB-9 hsa-miR-9 GCTTTGGTTTTTATTGT  

TSB-155-1 hsa-miR-155 (1) CATAATTCTGGAATGCCTGT  

TSB-155 hsa-miR-155 ATATTGCTGCTGTGGGCT  

NC-TSB N/A ACGTCTATACGCCCA 
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Table S3: Details of primary and secondary antibodies used for Western blot. 

Primary Antibody Dilution Catalogue Number Company 

Arginase-2 1:500 ab137069 Abcam 

β-Actin (C4) 1:3000 SC-47778 Santa Cruz 

CD14 (D7A2T) 1:1000 56082S  Cell Signalling Tech 

CD68 1:1000 SC-20060 Santa Cruz 

CD206 1:500 12981 Cell Signalling Tech 

GAPDH (D16H11) 1:3000 5174 Cell Signalling Tech 

GPx1/2 1:500 SC-133160 Santa Cruz 

iNOS 1:1000 14-5920-82 eBiosciences 

SQSTM1/p62 1:1000 5114 Cell Signalling Tech 

Phospho-STAT-1 (S727) 1:1000 9177 Cell Signalling Tech 

STAT-1 (D1K9Y) 1:2000 14994 Cell Signalling Tech 

Anti-mouse IgG, HRP-

linked Antibody 

X2 Primary 

Antibody 

7076 Cell Signalling Tech 

Anti-rabbit IgG, HRP-

linked Antibody 

X2 Primary 

Antibody 

7074 Cell Signalling Tech 
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Table S4: Primer sequences for quantitative real time PCR. Primers used for cloning ARG2 3’UTR in the 

pmirGLO luciferase plasmid are also reported. 

Gene Primer Sequence (5’-3’) 

ARG1 
Forward ACAAAACAGGGCTACTCTCAGG 

Reverse CGAGCAAGTCCGAAACAAG 

ARG2 
Forward TCAGTGCTGCGGATCATGT 

Reverse CACTCCTTTTCTTTTCTGCCCTT 

CD163 
Forward CGAGTTAACGCCAGTAAGG 

Reverse GAACATGTCACGCCAGC 

CCL2 
Forward CCCCAGTCACCTGCTGTTAT 

Reverse TGGAATCCTGAACCCACTTC 

CCL18 
Forward TCTATACCTCCTGGCAGATTC 

Reverse TTTCTGGACCCACTTCTTATTG 

IL1B 
Forward GCTGGAGAGTGTAGATCCCAAA 

Reverse AGACGGGCATGTTTTCTGCT 

IL10R 
Forward CCAGACATCAAGGCGCATGT 

Reverse GATGCCTTTCTCTTGGAGCTTATT 

IFIT3 
Forward AGGGCAGTCATGAGTGAGGTC 

Reverse TGAATAAGTTCCAGGTGAAATGGCA 

MRC1 (CD206) 
Forward GCTGCCAACAACAGAACGCT 

Reverse TCAGCTGATGGACTTCCTGGT 

SLAMF7 
Forward CTTTGGCAGCTCACAGGGTCA 

Reverse TGGTGACAAGAGGGGTTGTGT 

SQSTM1 
Forward CATTGCGGAGCCTCATCTCCT 

Reverse CAAGTCCCCGTCCTCATCCTTTC 

STAT1 
Forward ACCAGTGCACAGAATCCTCCA 

Reverse TTCGTACCACTGAGACATCCACA 

TBP Forward GCGGTTTGCTGCGGTAATC 
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Reverse TCTGGACTGTTCTTCACTCTTGG 

TNFA 
Forward CTCGAACCCCGAGTGACAA 

Reverse GCTGCCCCTCAGCTTGAG 

SHIP1 (INPP5D) 
Forward GACACAGGAGTCAAGGCCC 

Reverse AAACATCTCGGGCTTCGTCA 

SOCS1 
Forward TTCGCCCCTTAGCGTGAAGATGG 

Reverse TAGTGCTCCAGCAGTCGAAGA 

  
 

Arg-2 3’UTR 

(with pmirGLO 

overlap and XhoI 

restriction site) 

Forward AACGAGCTCGCTAGCCTCGAGCACTGTGCACTGACATGT 

Reverse CAGGTCGACTCTAGACTCGAGTCATCTTACTGGAGCTCGC 
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Table S5: Quantitative real time PCR Taqman Probes. 

Taqman Probe Catalogue Assay ID Mature miRNA Sequence 

hsa-miR-

155-5p 
4427975 002623 UUAAUGCUAAUCGUGAUAGGGGU 

U6 snRNA 4427975 001973 
GTGCTCGCTTCGGCAGCACATATACTAAAATTGGAACG 

ATACAGAGAAGATTAGCATGGCCCCTGCGCAAGGATGA 

CACGCAAATTCGTGAAGCGTTCCATATTTT 

Taqman 

Advanced 

Probe 

Catalogue Assay ID Mature miRNA Sequence 

hsa-miR-

155-5p 
A25576 483064_miR UUAAUGCUAAUCGUGAUAGGGGUU 

hsa-miR-

199a-3p 
A25576 477961_miR ACAGUAGUCUGCACAUUGGUUA 

hsa-miR-

3202 
A25576 479675_mir UGGAAGGGAGAAGAGCUUUAAU 

hsa-miR-

423-3p 
4427975 002626 AGCUCGGUCUGAGGCCCCUCAGU 
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Table S6: Details of antibodies used for flow cytometry analysis. 

Primary 

Antibody 

Dilution Clone Isotype Fluorophore Catalogue 

Number 

Company 

CD16 1:50 3G8 Mouse IgG1Κ BV421 302038 Biolegend 

MRC1 1:100 15-2 Mouse IgG1Κ APC 321110 Biolegend 

HLA-DR 1:100 L243 Mouse IgG2a,Κ FITC 307604 Biolegend 

CD68 1:100 eBioY1/82A Mouse / IgG2b, Κ PE-eFluor 610 61-0689-42 eBioscience 
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Table S7: Significantly differentially expressed proteins from proteomic analysis. Please see Supplemental 

Excel File. 

 

Table S8: Lists of significantly differentially expressed proteins uploaded for upstream regulator Qiagen IPA 

analysis. Please see Supplemental Excel File. 
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