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Excessive or inappropriate inflammatory responses can cause
serious and even fatal diseases. The CCAAT/enhancer-binding
protein alpha (CEBPA) gene encodes C/EBPa, a transcription
factor that plays a fundamental role in controlling maturation
of themyeloid lineage and is also expressed during the late phase
of inflammatory responses when signs of inflammation are
decreasing. MTL-CEBPA, a small activating RNA targeting for
upregulation of C/EBPa, is currently being evaluated in a phase
1b trial for treatment of hepatocellular carcinoma. After dosing,
subjects had reduced levels of pro-inflammatory cytokines, and
we therefore hypothesized that MTL-CEBPA has anti-inflam-
matorypotential. The current studywas conducted to determine
the effects of C/EBPa saRNA - CEBPA-51 - on inflammation
in vitro and in vivo after endotoxin challenge. CEBPA-51 led
to increased expression of the C/EBPa gene and inhibition of
pro-inflammatory cytokines in THP-1 monocytes previously
stimulated by E. coli-derived lipopolysaccharide (LPS). Treat-
ment with MTL-CEBPA in an LPS-challenged humanized
mouse model upregulated C/EBPa mRNA, increased neutro-
phils, and attenuated production of several key pro-inflamma-
tory cytokines, including TNF-a, IL-6, IL-1b, and IFN-g. In
addition, a Luminex analysis of mouse serum revealed that
MTL-CEBPA reduced pro-inflammatory cytokines and
increased the anti-inflammatory cytokine IL-10. Collectively,
the data support further investigation of MTL-CEBPA in acute
and chronic inflammatory diseases where this mechanism has
pathogenic importance.

INTRODUCTION
Inflammation is an evolutionarily conserved host immune response
to injury, infection, and stress.1 As a natural, self-protective, well-
controlled reaction that removes harmful stimuli, inflammation
can be beneficial; however, persistent chronic inflammation or an
excessive inflammatory response is associated with diseases, such as
certain cancers, rheumatoid arthritis, heart disease, type II diabetes,
non-alcoholic steatohepatitis (NASH), and some neurodegenerative
M
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diseases (e.g., Alzheimer’s disease).2–5 In addition, epidemiological
studies and preclinical observations suggest that sustained inflamma-
tion is linked to a higher risk of cancer recurrence or metastasis after a
period of clinical dormancy.6,7 Therefore, in many diseases, it is
crucial to control inflammation to reduce the risk of long-term tissue
damage and disease relapse.8

CCAAT/enhancer-binding protein alpha (C/EBPa) is a basic leucine
zipper-class transcription factor that is expressed in numerous tissues
and cell types.9 It is required for differentiation of granulocytes and
monocytes, independent of granulocyte colony-stimulating factor
(G-CSF).10,11 C/EBPa has been documented as a tumor suppres-
sor.12,13 Mutation or downregulation of C/EBPa expression is associ-
ated with various types of cancers, such as acute myeloid leukemia
(AML), pancreatic cancer, lung cancer, breast cancer, and others,
and correlates highly with tumor size and progression.14,15 Moreover,
ectopic expression of C/EBPa in various cancer cell lines results in
tumor cell growth arrest.16–19 Restoring endogenous C/EBPa expres-
sion has been shown to lead to a better therapeutic outcome in can-
cer.17,20,21 Upregulation of C/EBPa activity has the potential to
improve liver function and limit hepatocellular carcinoma (HCC)
growth.22–24 These findings demonstrated a critical role of C/EBPa
expression in the regulation of cell motility, maturation, and tumor-
igenesis.13 The role of C/EBPa expression in inflammation is not well
characterized25 although other CCAAT/EBPs such as C/EBPa have a
clear role and are associated with activation of the NF-kB transcrip-
tion factor.26 C/EBPb and nuclear factor-kB (NF-kB; p65) form a
olecular Therapy Vol. 27 No 5 May 2019 ª 2019 The Author(s). 999
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.ymthe.2019.02.018
mailto:jrossi@coh.org
mailto:nagy.habib@imperial.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymthe.2019.02.018&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. CEBPA-51 Induces Specific Gene Activation and Suppresses Pro-inflammatory Cytokine Production in LPS-Stimulated THP-1 Monocytes

(A and B) LPS-mediated cytokines production was time and LPS dose dependent. THP-1 cells were treated with different concentrations of LPS. Cell-free supernatant

was collected at various time points for quantitative analysis of the pro-inflammatory cytokines (A) TNF-a and (B) IL-6 by ELISA. (C) CEBPA-51 mediated specific gene

activity in THP-1 cells. THP-1 cells were transfected with 10 nM CEBPA-51 or control Luc-siRNA twice with Lipofectamine 3000. At 24 h after the last transfection, total RNA

was collected for quantitative analysis of target gene C/EBPa and its downstream gene p21 by qRT-PCR assay. (D) CEBPA-51 attenuated LPS-induced downregulation of

(legend continued on next page)
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ternary complex to regulate several promoters within the inflamma-
tion pathway, such as amyloid A, IL-6, and IL-8, and others.27–29

MTL-CEBPA is a small activating RNA (saRNA) that specifically
targets C/EBPa and is formulated into a SMARTICLES liposomal
nanoparticle (Sarker et al., 2017, J. Clin. Oncol.,abstract). It is
currently being evaluated in patients with advanced liver cancer in
a phase 1/2a trial (ClinicalTrials.gov: NCT02716012). Previous mech-
anistic studies have suggested that such short double-stranded RNAs
that specifically target the promoter region of a gene can activate its
transcription, a phenomenon termed transcription gene activation
(TGA) which involves Argonaute-2 protein (Ago-2) activity.21,30

The clinical observations revealed that intravenous (i.v.) administra-
tion of MTL-CEBPA induced an increase in CEBPA mRNA in white
blood cells (WBCs) and a doubling of neutrophils within 24 h of
dosing. Of note, MTL-CEBPA downregulated the “inflammatory
signature” in circulating WBCs and neutrophils of patients, such as
interferon-g (IFN-g), IL-6, and NK-kB, suggesting potential anti-in-
flammatory benefit of MTL-CEBPA (unpublished data).

Lipopolysaccharide (LPS)-induced inflammation, in in vitro cell lines
and in animals, represents a standard paradigm for studying inflam-
mation.31,32 Also known as endotoxin, LPS is a major outer membrane
component of Gram-negative bacteria. It is able to induce an inflam-
matory response through NLRP3 inflammasome activation that
results in IL-1b and IL-18 production after activation of caspases,33

and subsequent production of other cytokines and mediators of
inflammation by activated human immune cells, such asmacrophages,
monocytes, dendritic cells, T cells, and B cells.34,35 LPS-stimulated
macrophages and monocytes release multiple pro-inflammatory
cytokines, such as tumor necrosis factor (TNF-a), interleukin-6
(IL-6), IL-1b, and IL-12, which have been known to play crucial roles
in the inflammatory response.36

The aim of the present study was to evaluate the anti-inflammatory
potential of MTL-CEBPA in LPS-stimulated THP-1 monocytes
in vitro and LPS-challenged humanized NOD/SCID/IL2rgnull (hu-
NSG) mice in vivo. Pro-inflammatory cytokine responses were deter-
mined by qRT-PCR, ELISA, and high-throughput Luminex assay. In
the LPS-induced hu-NSGmouse model, we also analyzed the effect of
MTL-CEBPA on different immune cell subsets in peripheral blood
(PB) and bone marrow by flow cytometry, including macrophages,
neutrophils, and T lymphocyte CD4+ and CD8+ T cells.

RESULTS
CEBPA-51 Attenuates LPS-Induced Downregulation of C/EPBa

and Inhibits Pro-inflammatory Cytokines In Vitro

As an immortalized monocyte-like cell line with homogeneous
genetic background, the THP-1 cell line represents a useful model sys-
C/EBPa. The THP-1 cells transfected with 10 nM of experimental RNAs twice were stim

PCR and cell-free supernatant was collected for ELISA. (E–G) CEBPA-51 inhibited the s

(H) CEBPA-51 repressed the transcript RNA expression of cytokines TNF-a and IL-6. Ea

mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, no significant diffe
tem for investigating the structure and function of monocytes.37 It
is well established that upon stimulation with bacterial LPS, THP-1
cells rapidly secrete high levels of several pro-inflammatory cytokines,
such as TNF-a and IL-6, which are key inflammatory mediators.38,39

Consistent with those studies,38,39 time- and LPS dose-dependent
TNF-a and IL-6 production was observed in THP-1 cells upon LPS
stimulation (Figures 1A and 1B). Secretion of TNF-a after 4 h of
LPS stimulation was defined as the optimal stimulation condition
for in vitro evaluation of C/EBPa saRNA.

We determined the effects of the C/EBPa saRNA CEBPA-51 on spe-
cific gene activation of C/EBPa and on pro-inflammatory cytokine
expression in LPS-stimulated THP-1 cells. First, the experimental
CEBPA-51 or unrelated control RNA (Luc-small interfering RNA
[siRNA]) were twice transfected into THP-1 cells with the commer-
cial transfection agent Lipofectamine 3000 (Figure 1C). Twenty-
four hours after the second transfection, cells were pelleted for
qRT-PCR assay. In the absence of LPS, the treatment of CEBPA-51
demonstrated an ability to significantly increase the expression of
target C/EBPa gene by 1.8-fold and its downstream p21 gene by
2.2-fold relative to control. This confirmed an saRNA-mediated
gene activity in non-LPS-stimulated THP-1 cells (Figure 1C).
Increased expression of C/EBPa was also measured at the protein
level by western blotting (Figure S1). Next, as shown in Figure 1D,
the THP-1 cells transfected twice with experimental RNAs were
stimulated with LPS for 4 h. As described above, cells were pelleted
for qRT-PCR assay, and cell-free supernatants were collected for hu-
man cytokine ELISA. Of note, LPS stimulation (at 100 or 500 ng/mL)
dramatically suppressed C/EBPa mRNA expression;40 however, the
transient transfection of CEBPA-51 attenuated LPS-induced downre-
gulation of C/EBPa and partially restored C/EBPa levels. Moreover,
the ELISA results indicated that CEBPA-51 treatment in LPS-stimu-
lated THP-1 cells significantly inhibited the levels of the pro-inflam-
matory cytokines TNF-a, IL-6, and IL-1b (Figures 1E–1G). Consis-
tently, the transcript RNA of TNF-a and IL-6 was repressed by
CEBPA-51 (Figure 1H).

LPS Inhibits C/EBPa Expression and Changes Immune Cell

Subsets in hu-NSG Mice

Although LPS-induced inflammation studies have been investigated
in many mouse models,41–44 one limitation in those wild-type murine
systems is the reliance on an entirely murine-based immune response
to inflammation, thus resulting in different pathological conditions
and some contradictory results in therapeutic efficacy studies when
compared with those obtained in human patients. An LPS-induced
inflammation animal model that can harbor human cells and mimic
the human immune systemmay be useful to reduce andminimize the
discrepancies between the murine and human immune systems, thus
providing a better understanding of the human immune response and
ulated with different concentrations of LPS for 4 h. Total RNA was collected for qRT-

ecretion of the soluble pro-inflammatory cytokines (E) TNF-a, (F) IL-6, and (G) IL-1b.

ch in vitro experiment was performed at least in triplicate. Data are presented as the

rence. Analysis with two-tailed Student’s t test.
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Figure 2. In Vivo LPS Stimulation Promotes Pro-inflammatory Cytokine Production and Inhibits C/EBPa Expression

(A) A schematic depicting the treatment of LPS-stimulated humanized NOD/SCID/IL2rgnull (hu-NSG) mice. After 10–12 weeks of CD34+ HSC engraftment, humanization of

NSG mice was confirmed by flow cytometry. Different doses of LPS were injected intraperitoneally into hu-NSG mice. Peripheral blood (PB) was collected for analysis at

various time points. (B andC) LPS stimulated the expression of pro-inflammatory cytokines in humanized NSGmice. Total RNAwas isolated fromPB for qRT-PCR analysis of

cytokine (B) TNF-a and (C) IL-6 mRNAs. The lower dose of LPS (12.5 mg) and shorter stimulation time (3 h) led to more pronounced cytokine expression in mouse PB. (D–G)

(legend continued on next page)
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the effect of biologic therapy during LPS-induced inflammation. The
NSGmouse45 is a well-established immunodeficient recipient murine
strain that harbors various mutations,46 and it has been used success-
fully to achieve efficient, durable, systemic reconstitution of human
cells in vivo—a process called “humanization.” Through the injection
of human hematopoietic stem cells (HSCs) derived from fetal liver or
umbilical cord blood or from mobilized adult CD34+ cells from PB,
NSG newborn mice can be efficiently reconstituted with human
lymphoid and myeloerythroid components. The “humanization”
procedure results in a wide variety of human cells, such as CD4+

and CD8+ T cells, natural killer (NK) cells, monocytes and/or macro-
phages, neutrophils, and dendritic cells, in multiple organs of the
resulting hu-NSG mice.47 hu-NSG mice have been widely used to
investigate immune response and pathogenesis of various human
diseases.48–51 We used the human HSC-engrafted NSG mouse model
to evaluate changes in several main human immune cell subsets of PB
or bone marrow, including CD4+ and CD8+ T lymphocytes, mono-
cytes and/or macrophages, and neutrophils, which regulate critical
cytokine signaling,50 thus allowing study of key adaptive immune
responses to LPS and the effects of MTL-CEBPA treatment. We es-
tablished a hu-NSG mouse model as described previously.50 Flow cy-
tometry was conducted to assess the human CD45+ cell population in
the PB of NSG mice at 10–12 weeks after transplantation with fetal-
liver-derived CD34+ HSCs (Figure S2). Experimental NSG mice that
typically present 30%–75% of human CD45+ cell engraftment were
chosen for our study.

First, to identify the optimal dose and time of in vivo LPS stimulation,
different doses of LPS (12.5 or 50 mg) were injected intraperitoneally
into hu-NSG mice. At 3 or 24 h after LPS injection, PB was collected
for qRT-PCR analysis (Figure 2A). Both doses of LPS stimulated pro-
duction of the pro-inflammatory cytokines TNF-a and IL-6 (Figures
2B and 2C) in hu-NSG mice. The lower dose of LPS (12.5 mg) and
shorter stimulation time (3 h) led to more pronounced cytokine
expression in mouse PB. Moreover, the mRNA levels of several
inflammatory mediators, such as TIMP1 (tissue inhibitor of metallo-
proteinase 1) and MMP1 (matrix metalloproteinase 1), -8, and -9,
which have been reported to be upregulated after exposure of macro-
phages or monocytes to LPS stimulation in vitro, were also deter-
mined by qRT-PCR. The mRNA expression of these four tested genes
were increased in PB after LPS injection (Figures 2D–2G). Similarly, a
more marked upregulation was observed in the animals stimulated
with a lower dose of LPS (12.5 mg) after 3 h of stimulation. Therefore,
this dose was used to define the optimal stimulation condition for
in vivo evaluation of MTL-CEBPA. In addition, we found that LPS
stimulation inhibited the expression of C/EBPamRNA and its down-
stream gene p21 in hu-NSG mice (Figures 2H and 2I), which was
consistent with our observation in LPS-induced THP-1 cells and
other previous studies.40,52
LPS upregulated the mRNA level of several inflammatory mediators: (D) TIMP1, (E) MMP

of (H) C/EBPa mRNA and (I) its downstream gene p21 in humanized NSG mice. As des

genes. Each determination analysis was performed in triplicate. Data are presented as t

difference. Analysis by two-tailed Student’s t test.
Next, to access the effect of LPS stimulation on immune cells in hu-
NSG mice, leukocytes from PB were collected and stained with
various antibodies for flow cytometric analysis (Figure S3). Because
of mouse-to-mouse variation, we used the frequencies of each cell
subset of individual mice before LPS injection (day 0) as a baseline
and then calculated the relative change in frequency of each of the
cell subsets. Therefore, the relative change of each cell subset before
LPS-induced stimulation was defined as 1. The effect of LPS on cell
subsets of PB is indicated in Figures 3A–3E. Compared to the baseline
before LPS challenge, LPS administration induced a rapid, transient
decline of human leukocytes (total hCD45 cells) at 3 h after LPS in-
jection, and then returned to baseline levels at 24 h after LPS admin-
istration (Figure 3A). For lymphocytes, LPS also reduced the hCD8+

T cell subset, whereas it did not significantly affect the hCD4+ T cell
subset at 3 h after LPS stimulation (Figures 3B and 3C). Furthermore,
we observed different responses of monocytes and granulocytes to
LPS exposure. Similar to previous studies, LPS challenge resulted in
a decrease in the hCD14+ monocyte subset, while promoting the
hCD16+ granulocyte subset (Figures 3D and 3E). Taken together,
our results demonstrate that the in vivo LPS-stimulated hu-NSG
mouse recapitulate several important aspects of acute inflammation
and immune responses, thus supporting evaluation of the anti-in-
flammatory effects of MTL-CEBPA.

MTL-CEBPA Activates C/EBPa and Induces Differential Effects

on Immune Cells in Naive hu-NSG Mice

To investigate to what extent multiple doses of MTL-CEBPA may
affect the level of target gene activation and cell differentiation,
naive hu-NSG mice were treated three times on days 1, 3, and 5,
with the respective MTL-CEBPA (3 mg/kg per injection) or unrelated
control Luc-siRNA formulated with the same liposome nanoparticles
(Figure 4A). We calculated human-equivalent doses of 3 mg/kg
MTL-CEBPA on the basis of individual animal weights.22 In these
conditions, the MTL-CEBPA administration via i.v. injection demon-
strated the specific activation of its target C/EBPa mRNA and its
downstream gene p21 (Figures 4B and 4C). In addition, we found
that other downstream genes involved in myeloid differentiation,
such as RUNX1 (Runt-related transcription factor 1) and SPI1 (tran-
scription factor, PU.1), were also upregulated upon MTL-CEBPA
treatment (Figures 4D and 4E).

We also analyzed the dynamic response of immune cells in hu-NSG
mice toMTL-CEBPA treatment. At 3 days after the last MTL-CEBPA
treatment (day 8), leukocytes from PB and bonemarrow were isolated
for flow cytometric analysis, as described above (Figure 5). When cell
subsetswere normalizedwith the baseline prior to treatment (at day 0),
we found that multiple doses of MTL-CEBPA did not significantly
change total human CD45+ cells, and T lymphocytes (hCD4+ and
hCD8+ T cell subsets) in PB (Figures 5A–5C). However,MTL-CEBPA
1, (F) MMP8, and (G) MMP9. (H and I) In vivo LPS stimulation inhibited the expression

cribed above, total RNA was isolated from PB for qRT-PCR analysis of the desired

he mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, no significant
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Figure 3. In Vivo LPS Stimulation Affects Immune Cell Subsets in Humanized NSG Mice

As described in Figure 2A, leukocytes from PB were isolated at various time points and subsequently stained with various antibodies for flow cytometric analysis. Because of

mouse-to-mouse variation, we used frequencies of each cell subset of individual mice before LPS injection (day 0) as a baseline and then calculated the relative frequency

change of each cell subset at 3 and 24 h. The relative change of each cell subset before LPS stimulation was defined as 1. (A) Effect of LPS on human leukocytes. (B and C)

Effect of LPS on T lymphocytes. (B) LPS did not significantly affect the humanCD4+ T cell subset, but (C) it reduced the humanCD8+ T cell subset at 3 h after LPS stimulation.

(D and E) Effect of LPS on monocytes and granulocytes. (D) In vivo LPS stimulation resulted in a decrease in the human CD14+ monocyte subset, (E) but an increase in the

human CD16+ granulocyte subset at 3 h after LPS stimulation. Flow analysis was performed in duplicate. Data are presented as the mean ± SD. *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001. ns, no significant difference. Analysis by two-tailed Student’s t test.

Molecular Therapy
treatment increased CD16+ granulocytes andCD14+monocytes in PB
(Figures 5D and 5E). Interestingly, the effect of MTL-CEBPA treat-
ment on the cells from bone marrow was different. Compared to the
control saline group, MTL-CEBPA treatment promoted total human
CD45+ cells in bone marrow (Figure 5F), but reduced the number of
hCD4+ T lymphocytes, CD14+ monocytes, and CD16+ granulocytes
in bone marrow (Figures 5G–5J). These results suggest that MTL-
CEBPA activates its target mRNA and related downstream genes
and consequently promotes differentiation of myeloid cells, subse-
quently driving leukocyte trafficking from the bonemarrow to the PB.

MTL-CEBPA Restores LPS-Induced Reduction of C/EBPa and

Inhibits Pro-inflammatory Cytokines in LPS-Stimulated hu-NSG

Mice

To investigate the in vivo anti-inflammatory potency and immune
response of C/EBPa saRNA in the human immune system, we used
the LPS-stimulated hu-NSG mouse as an acute inflammation model.
After LPS challenge, pro-inflammatory cytokine releases and leuko-
cyte trafficking from the bone marrow to the PB were traceable
in the human NSG mice. As shown in Figure 6A, the hu-NSG
mice were administered experimental RNAs—MTL-CEBPA or Luc-
siRNA—with three doses of 3 mg/kg per i.v. injection. At 24 h after
the last injection, one dose of LPS (12.5 mg) was injected intraperito-
1004 Molecular Therapy Vol. 27 No 5 May 2019
neally into hu-NSG mice, and the animals were sacrificed after 3 h of
LPS stimulation (Figure 6A). Whole-blood samples were collected,
and cellular and plasma fractions were separated for analysis. Consis-
tent with our previous observation, although in vivo LPS stimulation
suppressed C/EBPa mRNA level in PB, MTL-CEBPA restored
C/EBPa expression (Figure 6B). Moreover, activating C/EBPa gene
led to a decline of several genes associated with immune and inflam-
matory responses, such as C/EBPb, CSF1R (Colony-Stimulating
Factor 1 Receptor), CXCR4 (C-X-C Motif Chemokine Receptor 4)
and PD-L1 (Programmed Cell Death 1 Ligand 1) (Figures 6C–6F).

To determine to what extent MTL-CEBPA actively modulated the in-
flammatory response in the LPS-stimulated hu-NSGmice, total RNAs
and mouse plasma from PB were accessed for cytokine profiling anal-
ysis by qRT-PCR and Luminex assay, respectively. As expected,
mRNA expression of cellular pro-inflammatory cytokines was mark-
edly upregulated after LPS injection (Figures 7A–7F). However,
MTL-CEBPA treatment suppressed their expression, including
TNF-a, IL-6, IL-1b, IL-12b, and IFN-g, although no significant
change was observed in TGF-b (Transforming Growth Factor-beta)
mRNA (Figures 7A–7F). Furthermore, to validate the anti-inflamma-
tory effect of MTL-CEBPA, secretion of inflammatory mediators in
mouse plasma, such as soluble cytokines and MMPs, was measured



Figure 4. MTL-CEBPA Induces Specific Gene

Activation in Naive Humanized NSG Mice

(A) A schematic depicting treatment with MTL-CEBPA in a

naive humanized NSG mouse model. MTL-CEBPA or

control Luc-siRNA (3 mg/kg per injection) was injected i.v.

into humanized NSG mice three times on days 1, 3 and 5.

Peripheral blood (PB) was collected for analysis at various

time points (before and after treatment). (B and C) MTL-

CEBPA administration mediated the specific activation of

(B) its target C/EBPamRNA and (C) its downstream gene

p21. Total RNA was isolated from PB for qRT-PCR anal-

ysis of the desired genes as indicated. (D and E) MTL-

CEBPA administration upregulated the expression of

the downstream genes involved in myeloid differentiation:

(D) RUNX1 and (E) SPI1. Each determination analysis

was performed in triplicate. Data are presented as the

mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001. ns, no significant difference. Analysis by two-

tailed Student’s t test.
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by Luminex assay (Figures 7G–7P). Consistently, our results revealed
thatMTL-CEBPA treatment resulted in a decline of pro-inflammatory
cytokines (TNF-a, IL-6, and IL-4) and MMPs (MMP1, -2, and -9).
There was no significant change in the production of IL-1b, IFN-g,
and MMP3. Interestingly, compared with the LPS-stimulated control
groups (saline or Luc-siRNA), we found that the production of IL-10,
an anti-inflammatory cytokine, was increased in the animals treated
withMTL-CEBPA (Figure 7L). Our data suggested that MTL-CEBPA
effectively repressed LPS-triggered inflammatory response in vivo.

MTL-CEBPA Promotes CD8+ T-Lymphocytes and CD16+

Granulocytes in LPS-Stimulated hu-NSG Mice

We further evaluated the impact of systematic administration of
MTL-CEBPA on various immune cells in LPS-stimulated hu-NSG
M

mice, we conducted flow cytometry to measure
the change of cell subsets in the PB and BM
(Table 1). Because of mouse-to-mouse varia-
tion, we used the frequency of each cell subset
of individual mice before LPS injection as a
baseline and then calculated the relative fre-
quency change of each cell subset. Therefore,
the relative change of each cell subset before
LPS stimulation was defined as 1. The effects
of LPS and MTL-CEBPA on cell subsets of PB
are indicated in Figures 8A–8L. Compared
with untreated control mice (saline+LPS), we
observed an increase in total human CD45 cells
(Figure 8A) and in the human CD8+ T lympho-
cyte subset in PB after MTL-CEBPA treatment
(Figure 8C), although the human CD4+ T
lymphocyte subset was not significantly
changed (Figure 8B). In the absence of MTL-
CEBPA, LPS stimulation promoted the PD-1+

CD4+ and PD-1+ CD8+ T lymphocyte subsets

(Figures 8D and 8E). However, MTL-CEBPA treatment reversed
the LPS-induced increase and reduced of PD-1+ T lymphocyte sub-
sets in PB. In addition, MTL-CEBPA treatment activated T lympho-
cytes, indicating an increase in the CD25+, CD69+ and CD45RO+

subsets (Figures 8F–8H). Although MTL-CEBPA treatment had no
significant impact on the CD14+ monocyte or CD11b+CD14+ macro-
phage subsets (Figures 8I and 8J), it actually expanded CD16+ gran-
ulocytes, including the CD10+ neutrophils subset (Figures 8K and
8L). Similar to the observations in MTL-CEBPA-treated naive hu-
NSG mice, MTL-CEBPA treatment resulted in differential immune
response on PB cells versus BM cells (Table 1). The effect on BM cells
at the endpoint is shown in Figures 8M–8X. In the presence of MTL-
CEBPA, total human CD45 cells in BM was reduced (Figure 8M),
which was the opposite of the observation in human CD45 cells in
olecular Therapy Vol. 27 No 5 May 2019 1005
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Figure 5. MTL-CEBPA Leads to Differential Effects on Immune Cells in Naive Humanized NSG Mice

As described in Figure 4A, leukocytes from PB and cells from bone marrow (BM) were collected for flow cytometric analysis. Because of mouse-to-mouse variation, we used

frequencies of each PB cell subset from individual mice before MTL-CEBPA injection (day 0) as a baseline and then calculated the relative frequency change of each cell

subset at day 8. The relative change of each PB cell subset before MTL-CEBPA treatment was defined as 1. (A) Effect of MTL-CEBPA on human CD45+ leukocytes in PB.

Multiple doses of MTL-CEBPA did not affect the (B) human CD4+ T cell subset and the (C) human CD8+ T cell subset in PB. MTL-CEBPA treatment increased the (D) human

CD14+ monocyte subset and (E) human CD16+ granulocyte subset in PB. (F) Effect of MTL-CEBPA on human leukocytes in BM. MTL-CEBPA reduced (G) the human CD4+

T cell subset, but (H) did not significantly change the human CD8+ T cell subset in BM. MTL-CEBPA treatment reduced (I) the human CD14+ monocyte subset, and (J) the

human CD16+ granulocyte subset in BM. Each flow analysis was performed in duplicate. Data are presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001. ns, no significant difference. Analysis by two-tailed Student’s t test.
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Figure 6. MTL-CEBPA Restores LPS-Induced Reduction of C/EBPa and Downregulates Several Genes Associated with Immune and Inflammatory

Response in an LPS-Stimulated Humanized NSG Model

(A) A schematic depicting the treatment scheme of MTL-CEBPA for LPS-stimulated humanized NSG mouse model. MTL-CEBPA or control Luc-siRNA (3 mg/kg per in-

jection) were injected i.v. into humanized NSG mice three times on days 1, 3 and 5. At 24 h after the last injection (day 6), a single dose of LPS (12.5 mg) was injected

intraperitoneally into humanized NSGmice. After 3 h of in vivo LPS-stimulation, the animals were sacrificed for sampling. PB was collected for analysis at various time points.

At the end of the experiment, BM cells were collected. (B) MTL-CEBPA treatment restored LPS-induced reduction of C/EBPa mRNA expression. (C–F) MTL-CEBPA

treatment downregulated the expression of several genes associated with immune and inflammatory responses: (C) C/EBPb, (D) CSF1R, (E) CXCR4, and (F) PD-L1. Total

RNA was isolated from PB cells for qRT-PCR analysis of the desired genes, as indicated. Each determination analysis was performed in triplicate. Data are presented as the

mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, no significant difference. Analysis by two-tailed Student’s t test.
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PB. There was no significant effect on the human CD4+ T lymphocyte
subset (Figure 8N). However, increases in the human CD8+ T
lymphocyte subset (Figure 8O) and activated T lymphocyte subsets
(Figures 8R–8T) were observed in the group treated with MTL-
CEBPA. In contrast to the effect on PD-1+ subsets in PB, MTL-
CEBPA treatment increased PD-1+ T lymphocyte subsets in BM.
Moreover, we found that MTL-CEBPA treatment also expanded
CD14+ monocytes and/or macrophages (Figures 8U and 8V) and
CD16+ granulocytes and/or neutrophils, including the CD10+
neutrophil subset (Figures 8W and 8X). Collectively, our data demon-
strate that MTL-CEBPA led to differential effects on immune cells
from PB and BM in LPS-stimulated hu-NSGmice. It promoted differ-
entiation of myeloid cells to monocytes and granulocytes, and it acti-
vated CD8+ T lymphocytes.

Our results demonstrate that C/EBPa saRNA can downregulate
pro-inflammatory cytokine production in human immune cells pre-
viously stimulated by LPS. In LPS-challenged humanized mice, we
Molecular Therapy Vol. 27 No 5 May 2019 1007
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Figure 7. MTL-CEBPA Inhibits Pro-inflammatory Cytokine Production in an LPS-Stimulated Humanized NSG Model

As described in Figure 6A, at the end of LPS stimulation, animals were sacrificed, whole-blood samples were collected, and cellular and plasma fractions were separated for

cytokine profiling analysis by qRT-PCR and Luminex assay, respectively. (A–F) MTL-CEBPA treatment downregulated mRNA expression of the cellular pro-inflammatory

cytokines (A) TNF-a, (B) IL-6, (C) IL-1b, (D) IL-12b, and (E) IFN-g, but did not significantly change (F) TGF-b. (G–P) The effect of MTL-CEBPA treatment on secretion of soluble

inflammatory mediators in mouse plasma was measured by Luminex assay. MTL-CEBPA treatment resulted in a decline of the pro-inflammatory cytokines (G) TNF-a, (H)

IL-6, and (K) IL-4 and theMMPs (M) MMP1, (N) MMP2, and (P) MMP9. There was no significant change in the production of (I) IL-1b, (J) IFN-g, and (O) MMP3. (L) MTL-CEBPA

promoted the production of IL-10, an anti-inflammatory cytokine. Each determination analysis was performed in duplicate. Data are presented as the mean ± SD. *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001. ns, no significant difference. Analysis by two-tailed Student’s t test.
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Table 1. The Effect of MTL-CEBPA on Various Immune Cell Subsets of LPS-

Stimulated hu-NSG Mice

Subsets
Cells from LPS-Stimulated
Hu-NSG Mice PB Cells BM Cells

T lymphocytes

Hu-CD45+ [ Y

Hu-CD4+/hu-CD3+ ns ns

Hu-CD8+/hu-CD3+ [ [

Hu-PD-1+/hu-CD4+ Y [

Hu-PD-1+/hu-CD8+ Y [

Hu-CD25+/hu-CD3+ [ [

Hu-CD69+/hu-CD3+ [ ns

Hu-CD45RO+/hu-CD3+ [ ns

Macrophages and
granulocytes

Hu-CD14+/CD45+ (monocytes) ns [

Hu-CD11b+/CD14+ (macrophage) ns [

Hu-CD16b+/CD45+ (granulocytes) [ [

Hu-CD10+/CD16b+/CD14�

(mature neutrophils)
[ [

ns, no significant change; [, increase; Y, decrease; PB, peripheral blood; BM, bone
marrow.
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observed that MTL-CEBPA administered by i.v. injection upregu-
lated C/EBPamRNA, expanded CD14–CD16+ neutrophils and atten-
uated production of several key pro-inflammatory cytokines,
including TNF-a, IL-6, IL-1b, IL-12b, and IFN-g. Moreover, Lumi-
nex analysis of mouse serum revealed that MTL-CEBPA significantly
inhibited pro-inflammatory cytokines and MMP expression (e.g.,
TNF-a; IL-6; IL-4; and MMP-1, -2, and -9), and increased anti-
inflammatory cytokine production (IL-10).

Taken together, these data show that MTL-CEBPA treatment medi-
ated the suppression of LPS-induced pro-inflammatory cytokines
and the associated changes in inflammatory cell subsets through
the regulation of the expression of multiple genes involved in the
inflammatory response. Additional molecular and mechanistic
studies are necessary to address specific pathways involved in the
MTL-CEBPA mediated anti-inflammatory response.

DISCUSSION
The data presented here demonstrate that increased expression of C/
EBPa at the time of endotoxin (LPS) stimulation of THP-1 cells and
endotoxin challenge in humanized mice resulted in reduced expres-
sion of inflammatory cytokines and increased levels of the anti-
inflammatory cytokine IL-10. Endotoxin (LPS) challenge in mice
activates the NLRP3 inflammasome pathway, leading to transient
cytokine release and a systemic acute-phase response, with subse-
quent downregulation of cytokines and normalization of acute-phase
response biomarkers.33 During the acute phase of the response to
endotoxin, without interventions that artificially increase C/EBPa
expression, our data and the literature demonstrate increased
C/EBPb expression and decreased or unchanged C/EBPa expres-
sion.26,53 However, with prolonged LPS stimulation, the late phase
of this response is associated with reduced inflammasome activity
that in part is mediated by production of IL-10.54 Our results
therefore suggest that interventions that increase C/EBPa expression
during an acute inflammatory response downregulate that response
by mimicking transcriptional changes that naturally occur in the
late phases of an NLRP3 inflammasome-driven response when
inflammation is decreasing. In our study, we clearly showed that
treatment with MTL-CEBPA prior to LPS stimulation blunted the
expression of C/EBPb, increased C/EBPa expression, and decreased
the pro-inflammatory cytokine response, while increasing levels
of the anti-inflammatory cytokine, IL-10.55 To our knowledge, this
is the first direct evidence that helps explain the biological reason
for decreased C/EBPa expression during the early phases of an acute
inflammatory response. If instead C/EBPa expression had been
increased, the inflammatory response may have been aborted at an
early stage and may have blunted the host’s protective response to
infection.

In addition, C/EBPa saRNA-mediated downregulation of cytokines
has also been observed in humans and in other pre-clinical studies.
In a case study of a patient who was treated with MTL-CEBPA (Clin-
icalTrials.gov: NCT02716012), the patient’s tumor decreased by 75%
on computed tomographic (CT) scan and magnetic resonance imag-
ing (MRI). It is of interested to note that white blood cell (WBC) cy-
tokines showed a massive decrease in expression of IFN-g, TNF-a,
and IL-6r (V.R, R.H., and N.H., unpublished data). In a liver inflam-
mation and/or failure rat model, the MTL-CEBPA was demonstrated
to improve survival and prevent liver failure with normalization of
liver enzyme.22 Moreover, in a diethylnitrosamine (DEN)-induced
cirrhotic HCC rat model, C/EBPa saRNA delivered by a transferrin
receptor (TfR) aptamer improved liver function and downregulated
cytokines, including IFN-a, IL-6, IL-1b, and TGF-b1 (K.W.H.,
R.H., and N.H., unpublished data). Consistently, these data demon-
strate the beneficial effect of the use of MTL-CEBPA in an actual
disease scenario.

The transcription factor ba is known to play a critical role during
embryogenesis and subsequently in adipogenesis, in homeostatic
glucose metabolism, and, importantly, in myeloid development.12

We know that the binding sites for the C/EBP family of transcription
factors are present in the promoter regions of numerous genes and
downstream pathways, with significant influence on maintenance of
cellular function and response to injury in specific cellular popula-
tions.9,56 C/EBPa is also known to be a master regulator of hemato-
poiesis by inducing myeloid differentiation. It has been shown that
myeloid lineage-specific deletion of C/EBPa results in significantly
enhanced myeloid-derived suppressor cell (MDSC) proliferation
and expansion and in an increase in myeloid progenitors and a
decrease in mature cells13. Specifically, C/EBPa is a myeloid-specific
transcription factor that couples lineage commitment to terminal
differentiation and cell cycle arrest.10 Mutations in the gene predis-
pose mice to a granulocytic myeloproliferative disorder character-
ized by a block in granulocyte differentiation, accumulation of
myeloblasts and promyelocytes, and expansion of myeloid progenitor
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populations.11 The data presented in this study also demonstrate that
the anti-inflammatory effects of MTL-CEBPA are associated with the
differentiation of myeloid cells to monocytes and granulocytes and
activation of CD4 and CD8 T lymphocytes.

In addition to the reduced inflammatory response to endotoxin, treat-
ment of humanized mice with MTL-CEBPA challenged with LPS re-
sulted in an increased number of T cells expressing CD25, CD45RO,
and CD69, suggesting the presence in blood of higher levels of
activated T cells. T cells also had reduced expression of PD-1 that
would reduce the immunosuppressive effects of PD-L1. This result
is compatible with the finding of higher levels of activated T cells in
blood. The exact mechanism behind this increase in the context of
an inflammatory response is not clear; however, previously published
data demonstrating that C/EBPa restricts IFN-g expression in T cells
to allow proper class switching by B cells are also interesting to
consider in this context.57

These data suggest that the anti-inflammatory effects of MTL-
CEBPA are also differentiated from those of other anti-inflamma-
tory agents that target pro-inflammatory cytokines, such as
TNF-a and IL-1b. For example, anti-TNF-a biologics reduce
T cell and macrophage immune function and increase the risk of
tuberculosis reactivation.58 Although the risk of tuberculosis seems
to be lower with newer biologics, serious infections caused by viral
and fungal pathogens and by other intracellular pathogens occur
more often in patients with rheumatoid arthritis treated with these
agents.6,58,59 MTL-CEBPA may therefore be a safer anti-inflamma-
tory agent compared to those targeting specific cytokines important
in host defense. In the inflammatory bowel disorders (Crohn’s dis-
ease and ulcerative colitis), there is evidence suggesting that the
cytokine profiles that trigger an acute episode are disease specific
and relate to either Th1- or Th2-like differentiation processes, re-
sulting in differing cytokine responses.60 The limitation of current
biologics may therefore be that they target the inflammatory process
too far down the pathway and as a result can either lack efficacy or
result in undesirable side effects. Similarly, in other important in-
flammatory conditions such as gout, biological therapeutics have
focused on targeting IL-1b or IL-6.61 The advantage of targeting a
broader range of cytokines farther up in the pathway appears desir-
able in this context and represents exciting further areas of research
for MTL-CEBPA.
Figure 8. MTL-CEBPA Promotes CD8+ T Lymphocytes and CD16+ Granulocyte

As described in Figure 6A, cells from PB and BM were collected for flow cytometric a

human CD4+ T cell subset, but (C) increased human CD8+ T cell subset in PB.

PD-1+CD8+ T lymphocyte subsets in PB. MTL-CEBPA activated the (F) human CD2

had no significant impact on (I) CD14+ monocyte or (J) CD11b+ CD14+ macrophage s

neutrophil subsets in PB. (M) MTL-CEBPA reduced human CD45+ cells in BM. (N) M

but (O) it increased the human CD8+ T lymphocyte subset in BM. It increased the (P

also activated T lymphocytes in BM: (R) human CD25+, (S) CD69+, and (T) CD45RO+

(V) CD11b+CD14+ macrophage subsets and the (W) CD16+ granulocyte and (X) CD1

was performed in duplicate. Data are presented as the mean ± SD. *p < 0.05, **p <

tailed Student’s t test.
The role of C/EBPa in IL-6 and G-CSF production to induce granulo-
poiesis has been previously described.62 The data presented in the cur-
rent study similarly show that C/EBPa saRNA attenuates LPS-induced
downregulation of C/EBPa and inhibits IL-6 (and other pro-inflam-
matory cytokine) production in LPS-stimulated THP-1 monocytes.

Yan et al.25 have shown in a similar LPS-induced septic shock model
that C/EBPa-deficient macrophages produce less IL-10 in response to
LPS and that this process is regulated by the downstream pleiotropic
protein progranulin. They also identified that mice deficient in
C/EBPa in hematopoietic cells are highly vulnerable to LPS-induced
septic shock.25 In our study, production of IL-10 increased in LPS-
challenged mice treated with MTL-CEBPA compared with an
LPS-challenged control group, further supporting the previously pub-
lished data, and showing that IL-10 is an important downregulating
mechanism in NLRP3 inflammasome-driven inflammation.55

Based on clinical data from the phase 1 trial evaluating patients with
HCC, we observed a consistent increase in expression of C/EBPa
mRNA in the total WBC population and a reversible increase in
WBCs and neutrophil counts following administration of MTL-
CEBPA (Sarker et al., 2017, J. Clin. Oncol., abstract; Sarker et al.,
2018, J. Clin. Oncol., abstract). Ma et al.63 showed that higher levels
of C/EBPa are required for granulocyte and lower levels for monocyte
lineage specification and that this myeloid bifurcation may be facili-
tated by increased C/EBPa gene expression in granulocyte compared
with monocyte progenitors. Friedman et al.64 proposed that, although
C/EBPa is required for development of immature granulocyte-mono-
cyte progenitors, it subsequently inhibits monopoiesis and induces
granulopoiesis. The relevance of these findings in relation to the
efficacy of anti-cancer treatment are unclear, but the effects are likely
to originate in the myeloid cells of the tumor immune microenviron-
ment and may be linked to the anti-inflammatory myeloid cell pop-
ulation phenotype.

Although therapy with MTL-CEBPA is currently being evaluated in
cancer, our data support further investigation of MTL-CEBPA in dis-
eases characterized by poorly controlled inflammation associated
with excessive inflammasome activation.65 In particular, acute or
chronic inflammatory diseases associated with NLRP3 inflamma-
some activation, such as sepsis with organ dysfunction,66 NASH,67

and rheumatoid arthritis68 should be considered.
s in an LPS-Stimulated Humanized NSG Model

nalysis. (A) MTL-CEBPA increased human CD45+ cells in PB. It did not affect (B)

MTL-CEBPA reduced the LPS-induced increase of (D) PD-1+ CD4+ and (E)

5+, (G) CD69+, and (H) CD45RO+ T lymphocyte subsets. MTL-CEBPA treatment

ubset in PB. It promoted the (K) CD16+ granulocyte and (L) CD10+CD16+CD14�

TL-CEBPA did not significantly change the human CD4+ T lymphocyte subset,

) PD-1+ CD4+ T lymphocyte and (Q) PD-1+CD8+ T lymphocyte subsets in BM. It

subsets. MTL-CEBPA treatment expanded the (U) human CD14+ monocyte and

0+CD16+CD14� neutrophil subsets in bone marrow. Each determination analysis

0.01, ***p < 0.001, ****p < 0.0001. ns, no significant difference. Analysis by two-
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MATERIALS AND METHODS
Chemicals and Reagents

Unless otherwise noted, all chemicals, including LPS and E. coli
O111:B4 (1 mg/mL solution), were purchased from Sigma-Aldrich;
all restriction enzymes were obtained from New England BioLabs
(NEB); and all cell culture products were purchased from Gibco
(Gibco-BRL, a division of Life Technologies). Human TNF-a, human
IL-6 ELISA kits, and anticoagulant tubes were purchased fromBDBio-
sciences. Sources for the other reagents were as follows: Lipofectamine
3000 (Thermo Fisher Scientific); QuantiNova Reverse Transcription
kit (QIAGEN); human CD34+ enrichment by magnetic-activated
cell sorting (MACS) system (Miltenyi Biotec); DNeasy blood and tis-
sue kit (QIAGEN); SsoAdvanced Universal SYBR Green Supermix
(Bio-Rad); and THP-1monocytes (NIHAIDS Research and Reference
Reagent Program).

DNA oligos, primers, siRNAs, and saRNAs were purchased from
Integrated DNA Technologies (IDT). QuantiTect Primers used for
qRT-PCR were purchased from QIAGEN. MTL-CEBPA (liposome-
formulated C/EBPa saRNA nanoparticles), and the control lipo-
some-formulated Luc-siRNA nanoparticles were provided by MiNA
Therapeutics, London, UK.22

RNA Sequences

C/EBPa saRNA (CEBPA-51):30 sense, 50-GCmG GmUC mAUmU
GmUC mACmU GmGU CmUmU-30 (special: 20-OMe modified),
and antisense, 50-GAC CAGUGACAAUGACCGCmUmU-30 (spe-
cial: 20-OMe modified 30-UU overhang). Unrelated control siRNA:
sense, 50-GCG GAG ACA GCG ACG AAG AGC UCA UCA-30, and
antisense, 50-UGA GCU CUU CGU CGC UGU CUC CGC UU-30.

Cell Lines and Cell Culture

THP-1 cells, a human monocytic cell line, obtained through the NIH
AIDS Research and Reference Reagent Program, is a suspension cell
line and was grown in RPMI-1640 medium supplemented with 10%
FBS, 1.0 mM sodium pyruvate, and 0.05 mM 2-mercaptoethanol.
Cells were cultured in a humidified 5% CO2 incubator at 37�C and
split 1:10 once per week upon reaching confluence.
In Vitro Evaluation in LPS-Stimulated THP-1 Cell Model

In Vitro Small RNA Transfection and LPS-Stimulation of THP-1

Cells

On the experimental day, the THP-1 cells were grown in 24-well
plates with seeding at 2 � 105 in 400 mL complete culture medium.
Subsequently, the cells were transfected with 10 nM experimental
saRNA or control siRNA using Lipofectamine 3000 (Thermo Fisher
Scientific) in accordance with the manufacturer’s instructions. At
24 h after the first transfection, the cells were transfected with the
same experimental RNAs again, as described above. At 48 h after first
transfection, the cells were stimulated with 0, 100, or 500 ng/mL LPS
from E. coli (O111:B4; Sigma). Stimulations were carried out for 2, 4,
6, and 24 h. Afterward, the cell suspensions were pelleted by centrifu-
gation. The cell-free supernatants (conditional media) were trans-
1012 Molecular Therapy Vol. 27 No 5 May 2019
ferred into a new tube and stored at �80�C until quantification of
cytokines by ELISA or Luminex assay. The cell pellets were used
for total RNA extraction with Trizol (Thermo Fisher Scientific),
according to the manufacturer’s instructions.

Measurement of Human Cytokine Production by ELISA and

qRT-PCR Assay

Concentrations of the pro-inflammatory cytokines TNF-a and IL-6
in the cell-free supernatant were determined with a BD Biosciences
ELISA kit. The gene expression of cytokines in the total RNA was
quantified with a qRT-PCR assay. cDNA synthesis was performed
with the QuantiNova Revese Transcription kit (QIAGEN), according
to the manufacturer’s recommended protocol. Expression of the
TNF-a and IL-6 coding RNAs was analyzed by qRT-PCR using
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad), and spe-
cific QuantiTect Primers sets (QIAGEN) at a final concentration of
400 nM. GAPDH expression was used for normalization of the
qRT-PCR data. QuantiTect Primers sets were listed as TNF-a (cat
no. QT00029162), IL-6 (cat no. QT00083720), and GAPDH (cat
no. QT00079247).

Quantitation of TargetmRNAC/EBPa and Its DownstreamGene

p21 by qRT-PCR Assay

Total RNA was extracted from THP-1 cells transfected with experi-
mental small RNAs 48h after thefirst transfection. The cDNAwas pro-
duced using 2 mg of the total RNA. Reverse transcription was carried
out using the QuantiNova Reverse Transcription kit (QIAGEN), ac-
cording to the manufacturer’s recommended protocol. Expression of
the target mRNA C/EBPa and its downstream gene p21 was analyzed
by qRT-PCR using SsoAdvanced Universal SYBR Green Supermix
(Bio-Rad), and specific QuantiTect Primers sets (QIAGEN) at a final
concentration of 400 nM, as described above. GAPDH expression
was used for normalization of the qRT-PCR data. QuantiTect Primers
sets are listed as CEBPA (cat no. QT00203357), P21 (CDKN1A; cat no.
QT00062090), and GAPDH (cat no. QT00079247).

Generation and Characterization of hu-NSG

Establishment and characterization of CD34+ HSC-engrafted NSG
mice have been described previously.50

Ethics Statement

All animal care and procedures were performed according to proto-
cols reviewed and approved by the City of Hope Institutional Animal
Care and Use Committee (IACUC) held by the senior author of this
paper ( John Rossi, IACUC 12034). Human fetal liver tissue was
obtained from Advance Bioscience Resources (Alameda, CA), a
nonprofit organization, in accordance with federal and state regula-
tions. The vendor has its own Institutional Review Board (IRB) and
is compliant with human subject protection requirements.

The research involved blood specimens from anonymous human sub-
jects with no identifiers to age, race, ethnicity, or gender. All human
tissue specimens were obtained from healthy, anonymous donors by
third-party sources. We used discarded PB from anonymous, healthy,
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adult donors from the City of Hope Blood Donor Center (Duarte,
CA), for isolation of PB mononuclear cells (PBMCs) and subsequent
primary CD4+ T cell cultures. The information provided for the above
was evaluated and determined not to involve research in human sub-
jects (45 Code of Federal Regulations [CFR] x 46.102 (d)(f)). There-
fore, it does not have to be approved, nor does it have to undergo
continuing review by the Institutional Review Board (IRB) of the
City of Hope (IRB/REF: 97071/075546).

In Vivo Evaluation in hu-NSG Mouse Model

In Vivo MTL-CEBPA Treatment and LPS Stimulation

To evaluate the effect of MTL-CEBPA on naive hu-NSG mouse
model, we administered the experimental saRNA (MTL-CEBPA) or
control Luc-siRNA to hu-NSGmice in the absence of LPS stimulation
by i.v. injection at a 3 mg/kg dose in a 200 mL injection volume. The
injections were administered every 2 days three times (on days 1, 3,
and 5). At 1 d before MTL-CEBPA treatment (day 0), mice were
bled by the retro-orbital route, and PB was collected for total RNA
extraction and WBC isolation. At 3 days after the last MTL-CEBPA
treatment (day 8), the mice were euthanized, and PB and bone
marrow were collected for total RNA extraction and WBC isolation.
The expression of desired genes, such as cytokines, target C/EBPa,
and related mediators, and the inflammatory cell subpopulations
were subsequently assayed. Three groups of animals were randomly
assigned for the experiments. n represents the number of tested
mice per group. Group 1: saline (n = 7); group 2: MTL-CEBPA
(n = 6); and group 3: Luc-siRNA control (n = 7).

In addition, the effect of MTL-CEBPA on the LPS-induced hu-NSG
mouse model was determined. Mice were randomly allocated to the
following groups: saline, saline plus LPS, MTL-CEBPA plus LPS,
and Luc-siRNA plus LPS. Mice from the control and LPS groups
received an equal volume of PBS. As described above, the treatment
of experimental RNAs was conducted three times (on days 1, 3,
and 5). At 21 h after the last MTL-CEBPA treatment (day 6), LPS
(12.5 mg per mice) was administered via intraperitoneal (i.p.) injec-
tion. At 3 h after LPS induction, mice were euthanized, and blood
and bone marrow samples were collected as described above. Mouse
serum was collected and stored at �80�C until use for the Luminex
assay. Four groups of animals were randomly assigned for the test.
n represents the number of tested mice per group. Group 1: saline
(n = 5); group 2: saline+LPS (n = 5); group 3: MTL-CEBPA+LPS
(n = 6); and group 4: Luc-siRNA control+LPS (n = 5).

Quantitation of Desired Gene Expression by qRT-PCR Assay

Total RNA was extracted from 50–140 mL of EDTA-treated plasma
with the QIAamp Viral RNA kit (QIAGEN). The cDNA syn-
thesis was performed with a QuantiNova Reverse Transcription kit
(QIAGEN), according to the manufacturer’s recommended protocol.
Expression of the desired RNAs was analyzed by qRT-PCR using
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) and specific
QuantiTect Primers sets (QIAGEN) at afinal concentration of 400nM.
GAPDH expression was used for normalization of the qRT-PCR data.
QuantiTect Primers sets are listed as CEBPA (cat. no. QT00203357);
P21 (CDKN1A; cat. no. QT00062090); TNF-a (cat. no. QT00029162);
IL-6 (cat. no. QT00083720); IL-4 (cat. no. QT00012565); IL-1b (cat.
no. QT00021385); IL-12b (cat. no. QT00000364); TGF-b (cat.
no. QT00000728); IFN-g (cat. no. QT00000525); NOS1 (cat. no.
QT00043372); CEBPB (cat. no. QT00237580); CXCR4 (cat. no.
QT00223188); PD-L1 (CD274; cat. no. QT00082775); CSF1R (cat.
no. QT00073276); RUNX1 (cat. no. QT00026712); SPl1 (cat.
no. QT00082222); GAPDH (cat. no. QT00079247); TIMP1 (cat. no.
QT00084168); MMP1 (cat. no. QT00014581); MMP8 (cat. no.
QT00029820); and MMP9 (cat. no. QT00040040).

Measurement of Human Cytokine Production by Luminex Assay

As described above, hu-NSG mice were treated with experimental
RNAs at days 1, 3, and 5. At day 6, the animals were stimulated
with LPS via i.p. injection for 3 h to induce an acute inflammatory
response. Subsequently, the animals were euthanized and blood
and bone marrow samples obtained. A Luminex X-MAP bead
array-based assay was performed at the Analytical Pharmacology
Core Facility (APCF), City of Hope, to simultaneously quantify
multiple cytokines and inflammatory mediators in mouse serum.
The Luminex kit covered TNF-a, IL-6, IL-4, IL-10, IFN-g, MMP-1,
MMP-2, MMP-3, MMP-9, and IL-1b.

Analysis of Immune Cell Subsets by Flow Cytometry

As described above, whole blood was collected from experimental an-
imals before treatment (at day 0) and after treatment (at day 6),
including pre-LPS stimulation (without LPS) and post-LPS stimula-
tion (with 3 h LPS induction). Red blood cells were lysed as reported.
Flow cytometric analysis of human cells was performed in the Analyt-
ical Cytometry Core, City of Hope, on a FACSCalibur instrument (BD
Biosciences) with either BD Fortessa (BD Biosciences) or FlowJo
software, version 8.8.6. The gating strategy performed was an initial
forward-scatter versus side-scatter (FSC/SSC) gating to exclude
debris, followed by a human CD45 cell gate. For analysis of lympho-
cyte populations in PB, a further lymphoid gate (low side scatter)
was also applied to exclude cells of monocytic origin. All anti-
bodies used were fluorochrome conjugated and human specific and
obtained from BD Biosciences: BB515-conjugated CD45 (clone
HI30); phycoerythrin (PE)-Cy7-conjugated CD3 (clone SK7); Pacific
Blue-conjugated CD4 (clone RPA-T4); BUV395-conjugated CD8
(clone RPA-T8); PE-conjugated PD-1 (clone MIH 4); BB700-conju-
gated CD45RO (clone UCHL1); BUV737-conjuagted CD25 (clone
2A3); APC-conjugated CD69 (clone FN50); BUV395-conjugated
CD10 (clone HI10a); PE-Cy7-conjugated CD11b (clone ICRF44);
Alexa 700-conjugated CD14 (clone M5E2); and BV421-conjugated
CD16b (clone CLB-gran11.5). Gates were set using fluorescence � 1
controls, where cells were stained with all antibodies except the one
of interest. Specificity was also confirmed by using isotype-matched
nonspecific antibodies (BD Biosciences) and tissues from animals
that had not been engrafted with human cells.

Statistical Analysis

Unless otherwise noted, error bars in all figures represent SD or
SEM. GraphPad Prism software was used for statistical analyses by
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unpaired Student’s t test (two-tailed) or one-way ANOVA, and differ-
ences were considered statistically significant when p < 0.05.
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Figure S1 

 

Figure S1: CEBPA-51 induces specific gene activation in THP-1 monocytes. A Western blot 

panel probed with antibody specific to CEBPA (Abcam: ab40764) showed visible increase in 

protein expression in THP-1 cells transfected with CEBPA-51. GAPDH expression was used as 

protein loading control across each of the lanes. Semi-quantitative analysis was conducted by 

using GelQuant.Net from triplicated blots. 

 

  



Figure S2 

 

Figure S2: Flow cytometric analysis and gating strategy of human CD45+ cell population. 

Flow cytometry was conducted to assess the human CD45+ cell population in peripheral blood 

of NSG mice at 10 to 12 weeks post-transplantation with fetal-liver-derived CD34+ HSCs. 

Representative graphs show the gating strategy. Mouse peripheral blood cells are isolated and 

stained with anti-human CD45+ antibody. Total leukocytes population is gated from initial dot 

plot, followed by doublet elimination from forward scattering and side scattering. The percentage 

of hCD45+ cells are calculated by gating the positive cells from the total peripheral leukocytes. 

Hu-NSG mice typically present 25-75% hCD45+ engraftment. 



Figure S3 

 



 

Figure S3: Flow cytometric analysis and gating strategy of human immune cell subsets. 

Flow cytometry was conducted to assess various human immune cells subsets before or after 

LPS injection. Representative graphs show the grating strategy. A) Lymphocytes gating. The 

percentage of hCD4+/hCD3+, hCD8+/hCD3+, hCD45RO+/hCD3+, hCD25+/hCD3+, or 

hCD69+/hCD3+ population, is gated from the hCD45+ cells, respectively.  The percentage of 

hPD-1+ subsets is gated from the hCD4+/hCD3+ or hCD8+/hCD3+ subsets, respectively. B) 

Monocytes and Granulocytes gating. The percentage of hCD14+, hCD11b+/hCD14+, or 

hCD16b+ population, is gated from the hCD45+ cells, respectively. The percentage of 

hCD16b+/hCD10+/hCD14- subset is gated from hCD16b+ population. 
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