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Nucleic acid-based polymers 
effective against hepatitis B Virus 
infection in patients don’t harbor 
immunostimulatory properties in 
primary isolated liver cells
Catherine Isabell Real1,2, Melanie Werner1, Andreas Paul2, Guido Gerken1, 
Joerg Friedrich Schlaak1,3, Andrew Vaillant4 & Ruth Broering1

Nucleic acid polymers (NAPs) block the release of subviral particles from hepatocytes, a mechanism 
consistent with their antiviral activity against hepatitis B virus (HBV) in patients. Analysis of 
immunostimulatory properties of NAPs were conducted with several NAP species: REP 2006, the 
prototypic degenerate NAP [dN]40, containing TLR9-stimulatory CpG; REP 2055 a clinically active NAP 
with a sequence [dAdC]20 devoid of CpG content; REP 2139 (also clinically active) and REP 2165 (REP 
2055 analogues further rendered immunologically inactive by replacing cytidine with 5-methylcytidine 
and incorporating 2′-O methylation of riboses). These analyses revealed pro-inflammatory responses 
in human peripheral blood mononuclear cells with REP 2006 and with REP 2139 and REP 2165 only at 
high dose but displayed no significant antiviral activity. In primary isolated human hepatocytes and liver 
sinusoidal endothelial cells no significant inflammatory or antiviral responses were detected for any 
NAPs. In human Kupffer cells pro-inflammatory activity was observed with REP 2006 and REP 2055, 
whereas a weak but significant induction of interferon genes was only observed with REP 2006 at the 
highest concentration. We therefore hypothesize that the antiviral activity of NAPs optimized to treat 
HBV infection in patients cannot be explained by direct induction of innate antiviral responses.

Nucleic acid polymers (NAPs) act through size dependent and sequence independent amphipathic interactions of 
single stranded phosphorothioated oligonucleotides. NAPs have been shown to have antiviral activity in vitro and 
in vivo in a broad spectrum of viruses where they act as entry inhibitors similar to sulfated glycans by interfering 
with amphipathic alpha helices conserved in viruses with type 1 fusion glycoproteins (human immunodeficiency 
virus, herpes simplex virus, cytomegalovirus, lymphocytic choriomeningitis virus) or putatively by interfering 
with apolipoprotein interactions required for viral fusion with the host cell (hepatitis C virus)1. In hepadnavi-
ruses, NAPs have both entry and post-entry antiviral effects2 but in vivo the entry-inhibitory properties of NAPs 
do not appear to contribute to their antiviral effects in vivo3. NAPs have the unique ability to clear the hepatitis 
B surface antigen (HBsAg) from the circulation, an effect which is derived from the blockage of secretion of 
HBsAg from infected hepatocytes, potentially by interfering with the release of subviral particles4. Both in vivo 
and more recently in human patients with chronic HBV infection, clearance of serum HBsAg leads to unmasking 
of anti-HBsAg antibodies, clearance of HBV DNA and more importantly the apparent enhancement of the effi-
cacy of immunotherapy to achieve functional control of chronic HBV infection5.

Oligonucleotides have the ability to stimulate the innate immune response through a variety of pattern recog-
nition receptors (PRR) including TLR3 (dsRNA), TLR7/8 (ssRNA), TLR9 (CpG DNA), RIG-I (ss and dsRNA), 
MDA5 (dsRNA) and DAI (dsDNA)6,7 which function as sensors for viral and bacterial infection. The role of 
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innate immunity in chronic viral hepatitis, primarily focusing on parenchymal and non-parenchymal murine 
liver cells have been described previously, indicating a diversification of TLR signaling pathways in Kupffer cells 
(KCs) and liver sinusoidal endothelial cells (LSECs) compared to ‘classical’ antigen-presenting cells, such as mye-
loid dendritic cells8. Assuming, that TLR agonist-induced expression of pro-inflammatory (TNF, IL6, IL1b), 
antiviral (IFNB1) and anti-inflammatory cytokines (IL10) in murine KCs, LSECs, and hepatocytes is cell-type 
specific8,9. It has been demonstrated that activation of the local innate immune system of the liver through TLR 
ligands has the potential to control HBV replication in a co-culture model in vitro10,11. Although inflammatory 
responses were observed early in vivo experiments with degenerate NAPs (i.e. REP 2006), consistent with activa-
tion of the innate response2,12 the antiviral activities of NAPs containing sequences and naturally occurring nucle-
otide modifications designed to block recognition by pattern receptors13–19, persist and are not accompanied by 
pro-inflammatory effects in vivo or in human patients3,5,12,20. However since many of the antiviral effects of NAP 
therapy in HBV infection are similar to those observed with immunotherapy, a more rigorous examination of 
immunostimulatory effects of NAPs optimized for therapeutic use was conducted in primary cultures of human 
parenchymal and non-parenchymal liver cells and peripheral blood mononuclear cells. Experimental setup and 
description of NAPs are depicted in (Fig. 1).

Results
Lack of cytokine gene upregulation in different liver cells treated with NAPs. Cell quality, iden-
tity and NAP uptake by different liver cell types was confirmed by treatment of PHHs, KCs and LSECs with cya-
nine dye 3 (Cy3)-labelled NAPs (REP 2055 [0.01 μ M], REP 2139 [0.05 μ M] and REP 2165 [0.05 μ M]). Uptake of 
different NAPs was shown in all liver cell types: a weak fluorescent signal was present in the cytoplasm that was 
either diffuse or punctate nature and more intense in the perinuclear regions and a stronger fluorescent signal 
was observed in nuclei (Fig. 2). The extent of NAP uptake cannot be quantified from these data. However the 
cellular localization of NAP signals seemed to be NAP-dependent and cell type-dependent. These localization 
patterns may reflect different intracellular sorting of NAPs with different chemical modifications (REP 2006 and 
REP 2055 are unmodified DNA phosphorothioates while REP 2139 and REP 2165 are 2′ Omethyl modified RNA 
phosphorothioates) as well as cell type-specificities. PHHs, KCs, LSECs and PBMCs were stimulated with DNA-
based (REP 2006 and REP 2055) and RNA-based (REP 2139 and REP 2165) NAPs or oligonucleotide-based 
TLR agonists for 6 h. These TLR agonists are specifically recognized by TLR3 (Poly[I:C]), TLR7/8 (ssRNA 
[ssRNA40 LyoVec™ ]) and TLR9 (CpG ssDNA [ODN2216]). RNA was extracted, and gene expression of inter-
leukin 6 (IL6), tumor necrosis factor (TNF), interleukin 10 (IL10), interferon alpha 4 (IFNA4), interferon beta 1 
(IFNB1), interferon gamma (IFNG) and interferon lambda 2 (IFNL2) was assessed by RT-qPCR. As depicted in 
(Fig. 3) and (Suppl. Fig. 2), no significant inflammatory or antiviral cytokine gene responses could be detected in 
NAP-treated PHHs. In contrast, Poly(I:C)-treated PHHs showed significant induction of IL6, TNF, IFNA4 and 

Figure 1. Schematic experimental procedure and NAP description. Primary human hepatocytes (PHH), 
Kupffer cells (KC), liver sinusoidal endothelial cells (LSEC) and peripheral blood mononuclear cells (PBMC) 
were stimulated with NAPs for 6 h to analyze cytokine gene expression by qRT-PCR and for 24 h to analyze 
cytokine secretion by ELISA (A). Overview of nucleic acid polymers (NAPs) used in this study (B).
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IFNL2. No significant induction of cytokine genes was observed with the TLR7 agonist (ssRNA) or TLR9 agonist 
(ODN2216). In NAP- and TLR-treated LSECs comparable cytokine responses were observed similar to those 
observed in PHH, with the exception that Poly(I:C) did not induce IFNA4 expression (Fig. 3). In KCs, pro-in-
flammatory activity was restricted to TNF and was only observed after treatment with DNA-based NAPs (REP 
2006 and REP 2055). These signals were comparable to those induced by ODN2216 stimulation (Fig. 3). A weak 
but significant induction of interferon genes (INFA4 and IFNL2) in KCs was only observed with the highest con-
centration of CpG-containing REP 2006. In PBMCs, treatment with REP 2006, REP 2139 and REP 2165 induced 
significant but less pronounced pro-inflammatory responses (IL6 and TNF) compared to TLR7/8 or − 9 agonists. 
Treatment with REP 2055 resulted in only a very weak induction of TNF expression in PBMCs. The TLR9 agonist 
significantly induced the expression of interferon genes (IFNA4 and IFNL2) in PBMCs, while DNA-based NAPs 
(REP 2006 and REP 2055) did not. However the RNA-based NAPs REP 2139 and REP 2165 showed a weak but 
inconsistent elevation in IFNL2 expression in PBMCs (Fig. 3 Suppl. Fig. 2). In all cell types, the gene expression of 
IFNB1 and IFNG was not influenced by any NAP treatment, whereas at least one TLR agonist showed the respon-
siveness of these different cell types to TLR-mediated induction if IFNB1 and IFNG genes (Suppl. Fig. 2). RT-PCR 
performance and integrity after treatment, as determined by comparison of ACTB mRNA in control and treated 
cells with the total mean of ACTB expression, were shown not be affected by oligonucleotide exposure in any of 
the tested cell types (Suppl. Fig. 1A–D).

Lack of interferon secretion in response to NAP treatment in vitro. The gene expression analysis 
of NAP-treated cells was accompanied by detection of cytokine secretion. Primary human hepatocytes, Kupffer 
cells and peripheral blood mononuclear cells were stimulated with REP 2006, REP 2055, REP 2139 and REP 2165 
or TLR agonists for 24 h. LSECs were not included in this analysis due to limited cell yields and lack of responsive-
ness on the mRNA expression level (Fig. 3). Supernatants were collected and secretion of IL6, TNF, IL10, IFNA4, 
IFNB1, IFNG and IFNL2 was quantified by enzyme-linked immunosorbent assay (Fig. 4 and Suppl. Fig. 3). No 
significant increase of IFN secretion was observed upon NAP treatment in both PHHs and PBMCs. Importantly, 
stimulation with ODN2216 mediated the secretion of IFNA4 (Fig. 4) in both PBMCs and PHHs. Consistent 
with the results of gene expression in KCs, secretion of pro-inflammatory TNF was observed after treatment 
with DNA-based NAPs such as REP 2006 and REP 2055 (Fig. 4). In contrast, a very weak but significant inter-
feron response (IFNL2) was only observed with RNA-based NAPs (REP 2139 and REP 2165) (Fig. 4). During 
NAP treatment, an accumulation of NAPs in the liver is expected, therefore a high dose (50 μ M) treatment was 
performed in the ELISA setup using the clinically active substances (REP 2055 and REP 2139). High dose treat-
ment in liver cells did not significantly increased cytokine secretion compared to 5 μ M dosing (Fig. 4). In PBMCs 
treatment with low doses of REP 2006 and only high doses of REP 2055 and REP 2139 (50 μ M) induced weak but 
significant TNF secretion that was comparable to that induced by ODN2216. Interestingly, only the high dose of 
REP 2139 induced IL10 secretion as well (Suppl. Fig. 3). Whereas gene expression of IL10 could not be induced 
by any of the tested stimuli, strong secretion of IL10 in liver cells (PHHs, KCs) could be induced with TLR3 and 

Figure 2. Nucleic acid polymers (NAPs) were efficiently taken up by different liver cell types. The identity of 
primary human hepatocytes (PHH) (A), Kupffer cells (KC) (B) and liver sinusoidal endothelial cells (LSEC)  
(C) was assessed by immunofluorescent staining of cell type-specific markers albumin (A), CD68 (B) and 
LYVE-1 (C) (green), respectively. Nuclei were counterstained with DAPI (blue). Uptake of NAPs was visualized 
using Cy3-labeld (red) REP 2055 [0.01 μ M], REP 2139 [0.05 μ M] and REP 2165 [0.05 μ M]. Immunofluorescence 
staining was detected with a laser scanning microscope (LSM; Axiovert 100 M; Zeiss, Jena, Germany) at 
20 ×  magnification. Image analysis was performed with LSM Image Browser (Zeiss). Scale bar 50 μ m.



www.nature.com/scientificreports/

4Scientific RepoRts | 7:43838 | DOI: 10.1038/srep43838

TLR7/8 agonists and in PBMCs with TLR7/8 and TLR9 agonists. NAP-induced IL10 secretion was observed in 
PHHs (REP 2006, REP 2139 and REP 2195) and PBMCs (REP 2139 and REP 2195), however these signals were 
weak and not dose dependent. To test whether nucleic acids interfere with ELISA detection of cytokines, spiking 
experiments were performed for IL6 and TNF detection with one low and one high concentration of the ELISA 
standard was mixed with different concentrations of NAPs [5 and 50 μ M] and TLR ligands (ssRNA40 and CpG 
ODN2216) prior to detection. No interference with ELISA sensitivity was observed for any tested substance 
(Suppl. Fig. 1E–H).

An overview of gene expression and cytokine secretion profile of all tested cell types in response to NAP 
treatment is given in Table 1. Cytokine induction activity is indicated for NAPs which caused a dose dependent 
induction of cytokine gene expression or secretion that was statistically significant. Exposure with any NAP did 
not mediate any meaningful induction of cytokine gene induction or secretion in PHHs or LSECs. In KCs only 
DNA-based NAPs induced cytokine gene induction, and an interferon response was observed only with REP 
2006. In PBMCs only pro-inflammatory responses were detectable, and no IFN gene induction and/or secretion 
was observed (Table 1). An induction of IFNL2 secretion was noted with REP 2165 treatment in KC but this was 
not considered meaningful (see discussion).

Discussion
NAPs act primarily via an as yet unresolved post-entry mechanism to block the secretion of HBsAg from 
infected hepatocytes1,4. The resulting clearance of serum HBsAg unmasks anti-HBs and further relaxes the direct 

Figure 3. Cell type-specific expression of innate immune genes in response to NAP treatment in vitro. 
Primary human hepatocytes (PHH, n =  3–5), Kupffer cells (KC, n =  3–5), liver sinusoidal endothelial cells 
(LSEC, n =  3–6) and peripheral blood mononuclear cells (PBMC, n =  3–6) were stimulated with DNA-based 
(REP 2006 and REP 2055) and RNA-based (REP 2139 and REP 2165) NAPs or immunostimulatory controls 
(TLR3 agonist Poly(I:C); TLR7/8 agonist ssRNA40 [ssRNA] and TLR9 agonist CpG ODN2216 [CpG ODN]) 
for 6 h. RNA was extracted, and gene expression of interleukin 6 (IL6), tumor necrosis factor (TNF), interferon 
alpha 4 (IFNA4) and interferon lambda 2 (IFNL2) was assessed by quantitative reverse transcription polymerase 
chain reaction (qRT-PCR). Values represented mean ±  SEM (normalized to 100,000 copies of beta actin 
(ACTB) mRNA). Group size n =  3–6 cell preparations. Statistically significant changes compared to untreated 
controls are reported for p <  0.05 (*), p <  0.01 (**), p <  0.001 (***); w/o, without treatment.
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immunosuppression on adaptive and innate immune responses to HBV infection mediated by HBsAg (reviewed 
by Kondo et al.21). The ability to rapidly clear serum HBsAg in most patients is an effect unique to NAPs and is 
associated with other important antiviral impacts including clearance of HBeAg, appearance of free anti-HBs 
and anti-HBe antibodies, reductions of serum HBV DNA and clearance of HBsAg, HBcAg, HBV DNA and 
cccDNA from the liver which have been attributed to immune recovery in the absence of circulating HBsAg4,5. In 
cytomegalovirus, hepatitis C virus and hepadnaviral infection, previous in vivo studies have established that the 
antiviral activity of NAPs occur independently of any residual immunostimulatory effects present in NAPs3,12,20 
however these studies were performed in mice and ducks. Since many of the secondary antiviral effects of NAP 
treatment could also be caused by direct oligonucleotide-based immune stimulation via recognition by innate 
pattern recognition receptors, a more in depth evaluation of the potential immunostimulatory properties of NAPs 
in humans was conducted using primary human cultures of liver and blood cells.

Cytokine responses (gene induction and secretion) to the non-encpasulated oligonucleotide TLR agonists 
Poly(I:C) and / or ODN2216 were observed in all cell types indicating that oligonucleotide uptake in the absence 
of a delivery agent was functional for eliciting an immunostimulatory responses under the tissue culture condi-
tions and experimental paradigms used. Moreover, uptake experiments with Cy3 labeled NAPs demonstrated 
uptake of NAPs into these cells and transit through the cytoplasm and into the nucleus. Intracellular NAP dis-
tribution seemed to dependent on the chemical structure and the cell type. In each case, the NAP localization in 
a particular cell type provides the best reasonable approximation of intracellular NAP sorting in these cell types 
in situ. Thus, the extent of cytokine response observed with each NAP in each cell type provides a reasonable 
approximation of the reactivity of NAPs in these cell types in situ.

Figure 4. Cell type-specific cytokine secretion in response to NAP treatment in vitro. Primary human 
hepatocytes (PHH, n =  3–5), Kupffer cells (KC, n =  3–6) and peripheral blood mononuclear cells (PBMC, n =  3) 
were stimulated with DNA-based (REP 2006 and REP 2055) and RNA-based (REP 2139 and REP 2165) NAPs 
or immunostimulatory controls (TLR3 agonist Poly(I:C); TLR7/8 agonist ssRNA40 [ssRNA] and TLR9 agonist 
CpG ODN2216 [CpG ODN]) for 24 h. Supernatants were collected and secretion of interleukin 6 (IL6), tumor 
necrosis factor (TNF), interferon alpha 4 (IFNA4) and interferon lambda 2 (IFNL2) was quantified by enzyme-
linked immunosorbent assay (ELISA). Values represented mean ±  SEM. Group size n =  3–6 cell preparations. 
Statistically significant changes compared to untreated controls are reported for p <  0.05 (*), p <  0.01 (**), 
p <  0.001 (***); w/o, without treatment.
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Cynomologus monkeys are an accepted surrogate for modelling the pharmacokinetics and biodistribution of 
phosphorothioate oligonucleotides in humans22–24. Analysis of the plasma PK and tissue distribution of REP 2139 
and REP 2165 in cynomolgus monkeys receiving 26 weeks of a weekly 9 mg/kg dose (clinical doses in humans 
range from 4–8 mg/kg) has been recently been completed (Ingo Roehl, personal communication). This analysis 
shows very rapid clearance from the blood throughout the dosing, from a Cmax of 11 μ M at the end of infusion to 
less than 10 nM after 24 hours. Tissue accumulation in the liver exceeds 50 μ M only at the 6 month time point for 
REP 2139 and remains less than 10 μ M at the end of 6 months of dosing with REP 2165. These results replicate 
those observed for liver accumulation in preclinical studies25 and are consistent with the known pharmacokinetic 
and tissue distribution behaviours common to all phosphorothioate oligonucleotides22,26,27. Based on the chem-
ical modifications present in REP 2006 and REP 2055 their intermediate stability relative to REP 2139 and REP 
216525 will result in liver accumulation for these NAPs within the limits observed for REP 2139 and REP 2165 but 
will have the same rapid clearance characteristics from the plasma. In all clinical assessments of REP 2055, REP 
2139 and REP 2165 performed to date, substantial HBsAg reductions and or clearance is achieved well within 
3 months5,28,29 well before any immunostimulatory or pro-inflammatory activity would be predicted to occur 
based on pharmacokinetics in non-human primates and the weak pro-inflammatory and immunostimulatory 
properties of NAPs observed in this study.

REP 2006 is the prototypic degenerate DNA NAP compound which can be recognized by TLR9 and has been 
shown to be associated with pro-inflammatory side effects in mice and ducks2,12. As expected, treatment with 
this NAP did result in significant gene induction of pro-inflammatory and antiviral cytokine genes in KC and 
secretion of IL10 in PHHs, indicating that NAP uptake could also result in an immunostimulatory response in 
KCs and PHHs. However, these effects were largely eliminated with REP 2055 and were absent with the modified 
RNA NAPs REP 2139 and REP 2165. The absence of any meaningful immunostimulatory response in liver cells 
treated with REP 2055, REP 2139 or REP 2165 is consistent with the absence of CpG motifs in the sequence of 
these NAPs30 and also with the presence of 2′ O methyl sugar modification and 5-methylcytidine in REP 2139 and 
REP 2165, naturally occurring nucleotide modifications known to block pattern receptor recognition of DNA 
or RNA13–17,19. However, the ELISA data indicated a slight induction of IFNL2 in KC after treatment with REP 
2165. This response was still near the limit of detection and only occurred in two out of four KC preparations 
and could not be seen in the gene expression data set. Thus this response is considered not to be biologically rel-
evant. Discrepancies between cytokine gene expression and secretion (i.e. TNF in KC) may be due to differences 
in how TLR responses can be manifested. Induction of cytokine gene expression may occur but not translation 
and secretion. Furthermore, secretion of cytokines may be due to the release of cytokine containing vacuoles, 
without immediate preceding gene expression. The liver is a site that is involved in systemic tolerance induction. 
Especially low levels of pathogenic material as well as repetitive exposure to pathogens results in tolerance induc-
tion31. Primary liver cells isolated from different donors may also differ in their immunogenic/tolerogenic prop-
erties, thus also donor specific differences may affect the magnitude of cytokine expression and secretion. These 
suggestions may explain the imbalance in TNF expression and secretion in stimulated Kupffer cells.

Cell Type NAP [5 μM]

Cytokine gene induction Cytokine secretion

TNF IL6 IL10 INFA4 INFB1 INFG INFL2 TNF IL6 IL10 INFA4 INFB1 INFG INFL2

PHH

REP 2006 ≤ 4

REP 2055

REP 2139

REP 2165

KC

REP 2006 ≤ 4 ≤ 6 ≤ 6

REP 2055 ≤ 2 ≤ 8

REP 2139

REP 2165 ≥ 8*

LSEC

REP 2006 n.e. n.e. n.e. n.e. n.e. n.e. n.e.

REP 2055 n.e. n.e. n.e. n.e. n.e. n.e. n.e.

REP 2139 n.e. n.e. n.e. n.e. n.e. n.e. n.e.

REP 2165 n.e. n.e. n.e. n.e. n.e. n.e. n.e.

PMBC

REP 2006 ≤ 4 ≤ 8 ≤ 4

REP 2055 ≤ 2 ≤ 6#

REP 2139 ≤ 8 ≤ 8 ≤ 4# ≤ 4#

REP 2165 ≤ 6 ≤ 8

Table 1.  Summary of significant and dose-dependent cytokine responses mediated by NAP treatment. 
Gene expression and protein secretion of cytokines was analyzed in primary human hepatocytes (PHH), 
Kupffer cells (KC), liver sinusoidal endothelial cells (LSEC) and peripheral blood mononuclear cells (PBMC) 
exposure to indicated NAPs [5 μ M]. Numbers indicate statistically significant and dose-related fold induction 
in cytokine gene expression (left, 6 h exposure) or cytokine secretion (right, 24 h exposure) relative to untreated 
cells. #, significant increase was only determined for 50 μ M high dose treatment; *, not considered biologically 
relevant (see discussion); n.e., not evaluated.
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Although the control immunostimulatory compounds are specific for TLRs that recognize pathogen associ-
ated molecular pattern (PAMP) in endosomal vesicles, they induce similar cytokine responses as cytosolic PAMP 
receptors such as RIG-I, DAI and MDA-5 which include a type I interferon response7,32,33. REP 2006 was able 
to stimulate a type I interferon gene induction (although no enhanced secretion was observed) which could be 
derived from recognition by both endosomal and cytosolic PAMP receptors. The lack of any observable type 1 
interferon response (INFA4 and INFB1) with REP 2055, REP 2139 or REP 2165 in any cell type suggests that the 
cytoplasmic transit of these NAPs does not stimulate cytoplasmic or endosomal PAMP receptors. Antiviral activity 
of TLR-stimulated parenchymal and non-parenchymal human liver cells seems to be restricted to TLR3 in vitro34,35. 
Cytosolic pathogen recognition receptors like RIG-I, STING and cGAS can be activated in human hepatocytes as 
well, leading to antiviral signaling36,37. However, NAP-treated PHH, KC and LSEC did not induce the expression 
and secretion of interferons, except KC treated with immunostimulatory REP 2006. Here slight but significant 
induction of IFNA4 and IFNL2 gene expression was observed that did not result in interferon secretion. The anti-
viral effects of NAPs, namely the reduction of serum HBV surface antigen in HBV-infected patients are very similar 
for REP 2055, REP 2139 and REP 21655,28,29 despite the absence (REP 2055) or presence (REP 2139 and REP 2165) 
of 2′ OMe and 5MeC modifications. It should be noted that although an increase in inflammatory cytokine gene 
expression in PBMCs is significant for all NAPs, cytokine secretion was only weakly stimulated for REP 2055 and 
REP 2139 (and not with REP 2165) and was only observed with NAP concentrations about 5-fold greater than their 
Cmax in cymologus monkeys, which is short lived. This suggests that paracrine effects in the liver from stimulation 
of PBMCs by NAPs are very unlikely. Indeed, elevation of serum cytokines are observed in all patients receiving 
REP 2139 in the REP 102 protocol38 but these elevations are not correlated with a reduction in serum HBsAg.

In PBMCs, all NAPs, regardless of sequence composition or modification, elicited significant responses in 
both pro-inflammatory (TNF and IL6) and anti-inflammatory (IL10) cytokines (gene induction and / or cytokine 
secretion) with no detectable interferon responses, suggesting that complete suppression of cytokine responses, 
even with the optimized NAPs REP 2139 and REP 2165 is difficult to achieve for oligonucleotides. However like 
other phosphorothioated oligonucleotides, NAPs are rapidly cleared from the blood after administration and 
mainly accumulate in the kidney, liver, spleen and lung22,26. Moreover, cytokine responses in PBMCs were only 
observed with 50 μ M of REP 2055 or REP 2139, a concentration that is substantially higher than the highest con-
centrations of NAPs present in the blood at therapeutic doses with these NAPs, as predicted by pharmacokinetic 
studies in non-human primates22.

These studies are in agreement with previously published data indicating that the antiviral activity of NAPs is 
not derived from a cytokine response directly induced by PAMP recognition of NAPs2,4 and strongly suggest that 
the antiviral effects of NAPs in human patients occur independently of cytokine induction.

Materials and Methods
Materials. The nucleic acid polymers (NAPs) that were used for the studies were provided by Replicor Inc. 
(Montreal, Quebec, Canada) as purified sodium salts that were synthesized and purified under cGMP and are 
described in (Fig. 1). Chemical structures of these NAPs are presented in detail, elsewhere1. Briefly, REP 2006 
is the prototypic DNA-based 40mer NAP [dN]40, that contains residual pro-inflammatory active CpG motifs 
and has been shown to have significant pro-inflammatory side effects in vivo3,12. REP 2055 is also a DNA-based, 
40mer NAP. Its sequence [dAdC]20 is devoid of CpG content. This compound is active in vivo against DHBV 
and HCV and clinically active against HBV infection5 and displays minimal pro-inflammatory effects3,20. RNA-
based analogues REP 2139 and REP 2165 are variants of REP 2055 further rendered immunologically inactive by 
replacing cytidine with 5-methylcytidine and the addition of 2′ O methylation of the ribose in each nucleotide. 
REP 2139 has also been shown to have similar antiviral effects as REP 2055 against chronic HBV infection5. 
Oligonucleotide-based ligands specifically recognized by TLR3 (Poly[I:C], HMW), TLR 7/8 (single stranded 
RNA: ssRNA40\LyoVec™ ) and TLR9 (CpG motif-containing ssDNA ODN2216) were obtained from Invivogen 
(Toulouse, France). Final concentrations of TLR agonists used in treatment controls was 0.05 nM (PolyI;C), 5 μ M 
(ODN2216) and 1.4 μ M ([ssRNA40] in ssRNA40\LyoVec™ ).

Isolation of human peripheral blood mononuclear cells (PBMCs). Human peripheral blood mon-
onuclear cells (PBMCs) were isolated from healthy volunteers (n =  5) after informed consent and in accordance 
with the ethical guidelines of the 1975 Declaration of Helsinki, as described elsewhere39. Cells were seeded in 
12-well plates and were taken into experiment one day after preparation.

Isolation and culture of human hepatocytes and non-parenchymal liver cells NPCs. Primary 
human hepatocytes (PHH) and non-parenchymal liver cells (KCs, LSECs) were prepared from non-tumor liver 
tissue obtained from fresh tumor resections, as described in detail by Werner et al.40. Purity and functionality 
of the diverse liver cell types were frequently controlled by methods described in Werner et al.40. All patients 
provided written documentation of informed consent. The study conforms to the ethical guidelines of the 
1975 Declaration of Helsinki and was approved by the Institutional Review Board (Ethics Committee, state-
ment ID 12-5232-BO) of the medical faculty at the University Duisburg-Essen. Hepatocytes were seeded into 
collagen-I-coated culture plates using DMEM Ham’s F12 (PAA, Pasching, Austria) supplemented with 10% FCS 
(PAA), 2mM L-glutamine (PAA) and 100U/ml penicillin, 0.1 mg/ml streptomycin (PAA). PHH were cultured for 
24 h, the medium was changed and cells were were taken into experiment. Kupffer cells were seeded into uncoated 
24-well plates using DMEM high glucose supplemented with 10% FCS, 100 U/ml penicillin, 0.1 mg/ml streptomy-
cin, and 2mM L-glutamine and were taken into experiment 7 days after preparation. Liver sinusoidal endothelial 
cells were seeded into collagen-I-coated 5 cm dishes, cultured in in Endothelial Growth Medium 2 (PromoCell, 
Heidelberg, Germany) containing provided supplements, 100U/ml penicillin, and 0.1 mg/ml for three days, 
trypsinized and seeded into 24-well plates to proceed with the experiment after cells reached confluence.
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RNA isolation and quantitative RT-PCR. All types of cells (PHH (n =  3–5), KC (n =  3–5), LSEC 
(n =  3–5) and PBMCs (n =  3–5)) were treated with the different concentrations (0.05, 0.5 and 5 μ M) of NAPs and 
TLR ligands Poly(I:C) [25 μ g/ml], ssRNA40, [10 μ g/ml] and ODN2216 [2 μ M]. Cells were harvest 6 h after treat-
ment (scheme shown in Fig. 1A). Total RNA was extracted and purified with QIAzol™  Lysis Reagent (Qiagen, 
Hilden, Germany) and the RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions and gene 
expression analysis was performed considering MIQE guidelines41. One-step quantitative reverse transcription 
polymerase chain reaction (qRT-PCR) was performed using QuantiFast SYBR Green RT-PCR Kit (Qiagen) 
using 0.1 to 0.3 μ g of total RNA. Expression of all genes (IFNA4, IFNB1, IFNG, IFNL2, TNF, IL6 and IL10) was 
detected by commercially available primer sets (QuantiTec Primer Assay, Qiagen). The calculated copy numbers 
were normalized to the human housekeeping gene beta actin (ACTB) which was detected with the sense primer  
5′ -TCCCTGGAGAAGAGCTACGA-3′  and the antisense primer 5′ -AGCACTGTGTTGGCGTACAG-3′ . Data 
are given in mean ±  standard error of the mean (SEM). Untreated controls indicate basal expression levels.

Enzyme-linked immunosorbent assay (ELISA). Cell culture supernatants from human PHHs 
(n =  3–5), KCs (n =  3–5) and PBMCs (n =  3–5) were collected 24 h after treatment with the different concentra-
tions (0.05, 0.5, 5 and 50 μ M) of NAPs and TLR ligands Poly(I:C) [25 μ g/ml], ssRNA40, [10 μ g/ml] and ODN2216 
[2 μ M] (scheme shown in Fig. 1A). Cytokine secretion of IFNA4, IFNB1, IFNG, IFNL2, TNF, IL6 and IL10 were 
determined by ELISA according to the manufacturer’s instructions (IFNA4, IFNB1, IFNG, TNF, IL6, IL10 [R&D 
Systems, Wiesbaden, Germany]; IFNL2 [IL28A, RayBiotech Inc, Norcross, GA, USA]). Untreated controls rep-
resent basal cytokine secretion.

Microscopic analyses of immunofluorescent staining. The implementation of immunofluores-
cent staining was described in detail by Werner et al.40. The identity of the cell types (PHH, KC and LSEC) 
was confirmed by immunofluorescent staining of the cell type-specific markers: albumin for PHHs (primary 
monoclonal mouse anti-albumin antibody [clone 188835, R&D Systems, Wiesbaden, Germany]), CD68 for 
KCs (monoclonal mouse CD68 antibody, FITC-conjugated, clone Y1/82A, Miltenyi Biotec, Bergisch Gladbach, 
Germany) and LYVE-1 for LSECs (polyclonal rabbit anti-LYVE-I antibody, Santa Cruz, Heidelberg, Germany). 
Monoclonal mouse IgG2b-FITC isotype control was also used (clone IS6-11E5.11, Sigma-Aldrich-Inc., 
Saint-Louis, MO, USA). Donkey anti-rabbit IgG (DyLight 488) and donkey anti-mouse IgG (DyLight 488) were 
used as secondary antibodies (Thermo fisher scientific, Schwerte, Germany). Nuclei were counterstained with 
4′ ,6-diamidino-2-phenylindole (DAPI; Invitrogen, Carlsbad, CA, USA). Uptake of NAPs was visualized using 
Cy3-labeld REP 2055 [0.01 μ M], REP 2139 [0.05 μ M] and REP 2165 [0.05 μ M]. Fluorescent images were acquired 
using Axiovent 100 M microscope (Carl Zeiss, Jena, Germany).

Statistical analysis. Data are expressed as mean ±  SEM (standard error of mean). Statistically significant 
differences between two groups were determined with the Wilcoxon test. Statistical significance was set at the 
level of p <  0.05.
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