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Buffering Capacity and Size of siRNA Polyplexes

Influence Cytokine Levels
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Induction of cytokines by small interfering RNA (siRNA)
polyplexes has been a significant concern of research-
ers attempting to minimize the toxicity of this promising
therapy. Although cationic carriers of siRNA are known
to increase cytokine levels, few systematic studies have
been done to determine what properties of the carrier are
important to modulate cytokines. Because branched his-
tidine-lysine (HK) peptides are effective carriers of siRNA
and their sequence can be readily modified, we selected
this class of carrier to determine which sequences of the
peptide were important for cytokine induction. With
the use of peripheral blood mononuclear cells (PBMCs),
the HK peptide with a higher number of histidines
(H3K(+H)4b) in complex with siRNA induced lower lev-
els of cytokines compared with other HK (e.g., H2K4b,
H3K4b, H3K(+N)4b) siRNA nanoplexes. Notably, these
peptides’ siRNA polyplexes showed a similar pattern
of cytokine induction when injected intravenously in a
mouse model, i.e., the HK with higher content of his-
tidines induced cytokines the least. As indicated by the
pH-sensitive dye within acidic endosomes, the greater
pH-buffering capacity of H3K(+H)4b compared with
other HK peptides may explain why cytokine levels were
reduced. In addition to buffering capacity, the size of HK
polyplexes markedly influenced cytokine production.
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INTRODUCTION

Development of small interfering RNA (siRNA) silencing that
evades the innate immune responses of the cell has enabled this
therapy to be applied to mammalian cells and clinical trials. RNA
interference (RNAi) of 150bp effectively silenced their targets in
plants and lower eukaryotes, but these longer RNAi were inef-
fective in mammals because of activation of the innate immune
system. In Drosophila melanogaster, the longer RNAi were enzy-
matically cleaved to 19- to 21-mer overhangs that enabled the anti-
sense strand to combine with the RNA-induced silencing complex
system. When mammalian cells were exposed to longer RNAi
duplexes, however, activation of toll-like receptors (TLR) and/or
intracellular enzyme sensors of RNA,'- resulted in stimulation of
interferon (IFN) gene pathways and/or in marked inhibition of

protein translation. Thus, these protective antiviral activities of the
cells overshadowed the RNAI silencing activity, particularly when
RNAI was larger than 30 bp. The seminal discovery by Tuschl and
colleagues that siRNA of 30 bp or fewer had effective silencing abil-
ity with reduced cytokine induction has led to the use of siRNA to
understand gene function in mammalian cells and development
of potential treatment options.” More recently, it has been increas-
ingly recognized that siRNAs between 19 and 30bp can induce
cytokines, and this induction may be particularly marked when
siRNAs are combined with cationic carriers.®

In addition to the cationic carriers, other factors important for
induction of cytokines include the sequence patterns of the siRNA.
Judge et al. determined that the sequence “UGUGU” augments
cytokine induction which is in line with other studies showing
that single-stranded GU-rich RNAs increased cytokines in plas-
macytoid dendritic cells.® In addition, Hornung and colleagues
showed that the immunostimulatory sequence “GUCCUUCAA”
embedded within siRNA also induced cytokines."! Most siRNA
that are potent inducers of cytokines, however, have no discern-
ible sequence patterns.

For several reasons, modulation of cytokines is important in
developing improved siRNA polyplexes. In some cases, because
cytokines are not well tolerated by humans,*'? siRNA polyplexes
with decreased tendency to induce cytokines may be preferred.
On the other hand, groups have found that siRNA polyplexes
that induced cytokines coupled with siRNA silencing may have
an additive to synergistic effect on the target cell. For example,
together with its silencing effect, induction of cytokines in a
mouse model with siRNA was demonstrated to have added
benefit in reducing hepatitis B viral titers”® or in enhancing
anticancer activity.'"* Moreover, the therapeutic silencing effect
of siRNA has in some cases been due to nonspecific induction
of cytokines.!”” Regardless of whether cytokines are desired or
not, increased understanding of factors and greater flexibility to
modulate cytokine production are required for development of
siRNA polyplexes. Although siRNA sequences and modification
of their bases have been examined in attempts to affect cytokine
levels,'® there have been few studies that systematically exam-
ined the role of modification of carriers of siRNA on cytokine
induction." In the study done by Kedmi et al.,"” cytokine induc-
tion primarily reflected alterations in the carrier because carrier
alone and the carrier with siRNA increased levels of cytokines
similarly in vitro.
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To investigate the role of varying the amino acid sequences of
carriers in augmenting cytokine production, we utilized histidine-
rich peptide-based carriers of siRNA. Numerous groups have uti-
lized histidine-rich carriers of nucleic acids including siRNA.'#
Our group has focused on developing branched histidine-lysine
(HK) peptides in which the amino acid sequences can be pre-
cisely varied with use of a peptide synthesizer.?**'** Whereas
lysines within the HK polymers are responsible for binding to the
negatively charged phosphates of siRNA, histidines have a role in
buffering acidic endosomes, which is thought to be involved in
disruption of endosomal membranes. Because pH-buffering chlo-
roquine markedly reduced cytokines,* presumably by affecting
the interaction of single-stranded RNA with TLR7 within acidic
endosomes, we were particularly interested in varying the histidine
content of the peptide and the consequential effects on cytokines.
In this study, we determined that siRNA polyplexes composed of
peptides with higher histidine content reduced cytokine induc-
tion in vitro and in vivo.

RESULTS

In vivo induction of cytokines by HK siRNA polyplexes

Several four-branched HK peptides (H3K(+H)4b, H3K4b, H2K4b,
H3K(+N)4b (Figure 1; Table 1)) were compared for their ability
to induce IFN-0, interleukin (IL)-6 or proinflammatory cytokines
(IFN-vy or tumor necrosis factor (TNF)-o) in an immunocompe-
tent Balb/c mouse model. We initially examined cytokine induc-
tion by these carriers with Raf-1 siRNA (Figure 2a,b), because
this siRNA had been shown by us and others to give a potent anti-
tumor response.”* In contrast to larger siRNA polyplexes which
were trapped in the lungs of mice and did not silence extrapulmo-
nary targets, we prepared smaller polyplexes that we had found
gave effective silencing effects in our previous studies.”® Although
there were significant variations in the cytokine responses to a
particular HK siRNA nanoparticle, the HK peptide with the larg-
est number of histidines per molecule and the highest buffering
capacity had the lowest cytokine levels. Varying the charge of the
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Figure 1 Schematic structure of the four primary HK peptides. “X”
represents a C-terminal amide group of the 3-lysine core while “R” rep-
resents the amino acid sequences of the peptides. HK, histidine-lysine.
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Table 1 Amino acid content of the HK peptides

Other amino Histidine/
Peptides Histidines  Lysines? acids lysine®
H2K4b 48 32 — 1.5
H3K(+H)4b 52 20 — 2.6
H3K4b 48 20 — 2.4
H3K(+N)4b 48 12 8N 4.0
H2K4b-T 56 20 IN 2.8
H3K(+H)4b-T 60 20 IN 3.0

Abbreviation: HK, histidine-lysine; N, asparagine.
2Uncharged 3-lysine core is not included. °Histidine/lysine ratio.

HK carrier did not correlate as closely with cytokine levels, par-
ticularly for IFN-o levels. For example, siRNA polyplexes com-
prised of H2K4b and H3K(+N)4b, which had the highest and
lowest number of lysines, respectively, both induced high levels of
IEN-o. Of particular interest was the significantly lower cytokine
induction by H3K(+H)4b compared with H3K4b polyplexes.
Compared with H3K4b, H3K(+H)4b has one additional histi-
dine per branch and four additional histidines per molecule. We
focused primarily on the effects of HK polyplexes on IFN-o and
IL-6 because the HK polyplexes did not markedly increase proin-
flammatory cytokines at the 6-hour time point. Notably, the HK
peptides or Raf-1 siRNA administered separately induced little to
no cytokines (data not shown). The amino acid composition of
each peptide is given in Table 1.

Independent of the siRNA, the H3K(+H)4b carrier
induced low levels of IFN-a and IL-6

In addition to Raf-1 siRNA, we examined whether the HK poly-
mers would give similar patterns of cytokine inductions with
vascular endothelial growth factor receptor-2 (VEGFR-2) siRNA
(Figure 2a,b). Although most polyplexes with VEGFR2 siRNA
induced significantly higher cytokine levels compared to those
with Raf-1 siRNA, the patterns of cytokine induction with the var-
ious HK polymers were similar. That is, H3K(+H)4b polymer in
complex with VEGFR2 siRNA induced significantly lower levels of
IFN-o than other synthesized HK polymers, whereas the H3K4b
polyplexes induced the highest. Independent of the siRNA, the
H3(+N)K4b and H3K(+H)4b siRNA polyplexes induced very low
levels of IL-6. Compared with HK siRNA polyplexes, 1,2-dioleoyl-
3-trimethlyammonium propane (DOTAP) siRNA lipoplexes gen-
erally induced higher cytokine levels than HK siRNA polyplexes.

We also examined whether other siRNA in complex with
the H3K(+H)4b carrier showed similarly low levels of cytokine
(Figure 3). Of particular interest was the siRNA targeting sur-
vivin which has elevated number of uridines, a motif that may be
immunostimulatory. Despite differences in sequence and immu-
nostimulatory potential of the siRNAs, the H3K(+H)4b polyplexes
induced low levels of IFN-o. (Figure 3) and other cytokines tested
(IL-6, IFN-y, and TNF-o; data not shown).

Moreover, since syntheses of these polymers are demand-
ing and variation between batches may occur, we tested whether
there were variations in cytokine induction with different syn-
thetic batches of three of these polymers, H3K(+H)4b, H3K4b,
and H2K4b. Different batches of these polymers in complex with
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Figure 2 Cytokine induction by carriers of Raf-1 or VEGFR2 siRNA in Balb/c mice. Several branched carriers that varied in their histidine and/or
lysine content were examined for their ability to induce (a) IFN-o or (b) IL-6 in Balb/c mice. Six hours after the siRNA complexes were administered
intravenously, serum cytokine levels were determined. Of the carriers of siRNA, H3K(+H)4b increased cytokine levels the least. Vehicle alone values:
IFN-0, IL-6, not detectable. *P < 0.05, **P < 0.01, ***P < 0.001, H3K(+H)4b versus other HK, liposomal carriers of Raf-1 or VEGFR-2 siRNA (one-
way analysis of variance with Bonferroni t-test). HK, histidine-lysine; IFN, interferon; IL, interleukin; siRNA, small interfering RNA; VEGFR2, vascular

endothelial growth factor receptor-2.
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Figure 3 Induction of cytokines with different siRNA polyplexes.
In complex with H3K(+H)4b, various siRNAs (VEGR2, Raf-1, survivin,
luciferase, and non-targeting control (CT-1)) were examined for their
ability to increase cytokines in Balb/c mice. Independent of the siRNA,
the H3K(+H)4b polyplexes did not induce high levels of cytokines.
Vehicle value: IFN-o, not detectable. IFN, interferon; siRNA, small inter-
fering RNA; VEGFR2, vascular endothelial growth factor receptor-2.

VEGFR2 showed no significant variation in cytokine induction
(data not shown). Both batches of H3K(+H)4b induced lower
cytokine levels and the batches of H2K4b and H3K4b siRNA poly-
plexes induced higher cytokine levels.

Similar cytokine induction with mouse splenocytes
and human PBMCs

To investigate further the in vivo results and the mechanisms
of cyokine induction, we carried out in vitro experiments using
mouse splenocytes and human peripheral blood mononuclear cells
(PBMCs). siRNA polyplexes were prepared in isotonic medium
which we previously determined gave effective silencing results
in vitro.®>! Even with likely differences in their surface coating by
proteins and size of polyplexes (Table 2), the polyplexes induced
similar cytokine patterns in splenocytes and the mouse experi-
ments in vivo. For example, in both mouse splenocytes and in vivo
mouse models, H3K(+H)4b siRNA polyplexes induced low levels
of IFN-o while H2K4b and H3K4b induced significantly higher
levels (Figure 4a). An interspecies similarity also was found for
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Table 2 Size and zeta potential measurements

In vitro In vivo
Size Zeta Size Zeta
Peptide (nm) potential (nm) potential
H3K(+H)4b 698 116 +8.8 137+23 +3.9
H3K4b 817+73 +2.1 131+16 +9.2
H2K4b 854+ 125 +19 94t 15 +12.1
H3K(+N)4b 982+ 114 -7.3 117+19 +5.8

The size and zeta potential (mV) of polyplexes were measured after they were
prepared in isotonic (in vitro) and in low-salt media (in vivo).

cytokine induction between the human and mouse cells. Thus,
transfected PBMCs with H2K4b siRNA polyplexes induced more
IFN-o than did H3K(+H)4b polyplexes (Figure 4b).

The endosomal pH-buffering agent, chloroquine,
inhibited IFN-o production

Further corroboration of our findings was that addition of chloro-
quine, which increases endosomal pH, markedly reduced cytokine
induction of the H2K4b polyplex (Figure 5a). This suggested that
greater buffering capacity of H3K(+H)K4b carrier may also reduce
cytokine induction, by inhibiting endosomal acidification. To test
this directly, we compared several HK siRNA polyplexes for their
ability to inhibit endosomal acidification in human PBMCs. On
the basis of decreased fluorescence of the endosomal pH-sensitive
dye, the H3K(+H)4 polyplex was most effective in preventing
endosomal acidification in PBMCs (Figure 5b) or MDA-MB-
435 cells (Supplementary Figure S1). The pH of endosomes of
PBMCs incubated with the H3K(+H)4b polyplexes had an aver-
age pH of 6.7 while H2K4b, H3K(+N)4b, and H3K4b polyplexes
had pH values of 6.1, 6.09, and 6.02, respectively (Figure 5b).

To account for its greater buffering capacity, we examined if
the uptake of the H3K(+H)4b polyplex compared with the other
HK polyplexes. We found no significant difference of uptake by
the H3K(+H)4b siRNA polyplexes at early time points compared
with other HK polyplexes (Supplementary Figure S2). The intra-
cellular uptake of the four HK polyplexes was elevated in 80% or
more of IFN-o-inducing cell populations isolated from PBMCs

www.moleculartherapy.org vol. 20 no. 12 dec. 2012
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Figure 4 In vitro comparison of HK carriers of siRNA for their ability to induce IFN-o.. Six hours after transfection of (a) mouse splenocytes or
(b) human PBMCs with different HK carriers in complex with VEGFR2 siRNA, medium levels for [FN-o. were measured by ELISA. Vehicle alone values
for IFN-o. were 4.1 and 5.2pg/ml for splenocytes and PBMCs, respectively. ***P < 0.001, H3(+H)K4b versus H2K4b, H3K(+N)4b, H3K4b (one-way
analysis of variance, Bonferroni multiple comparison test). ELISA, enzyme-linked immunosorbent assay; HK, histidine-lysine; IFN, interferon; PBMC,
peripheral blood mononuclear cell; siRNA, small interfering RNA.
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Figure 5 Endosomal buffering reduces cytokines produced by HK siRNA polyplexes in PBMCs. (a) In the presence or absence of chloroquine
(100pmol/l), levels of IFN-o. were examined after exposure of PBMC to different carriers of siRNA. After transfection of human PBMCs, medium levels
for IFN-o. levels were measured by ELISA. Vehicle alone value: IFN-o. was 2.8 pg/ml. ***P < 0.001, chloroquine-treated cells versus untreated cells (t-test).
(b) The endosomal pH dye, pHrodo Dextran, indicates that H3K(+H)4b siRNA polyplexes more effectively buffer the endosomes of PBMCs compared
with other HK polyplexes. Three hours after the cells were incubated with dye and varied HK polyplexes (H3(+H)K4b versus H2K4b, H3K(+N)4b,
H3K4b), the cells were fixed and images were captured with a fluorescent microscope (x100). The diminution of fluorescent intensity indicates that the
H3K(+H)4b siRNA buffers the endosomal pathway more than HK siRNA polyplexes. From a pH titration curve with the pH-sensitive dye, the average pH
values of endosomes in PBMCs incubated with the varied HK polyplexes are given. See “Materials and Methods” for more details. ELISA, enzyme-linked

immunosorbent assay; HK, histidine-lysine; IFN, interferon; PBMC, peripheral blood mononuclear cell; siRNA, small interfering RNA.

(monocytes, plasmacytoid dendritic cell (pDC)-enriched).
Moreover, the uptake and fluorescence level of HK polyplexes was
particularly high in the pDC-enriched population, consistent with
marked increased IFN-o levels associated with some HK poly-
plexes (Supplementary Figure S2a). Similar to uptake in immune
cells, the uptake of HK polyplexes was also high in non-immune
MDA-MB-435 cells. Notably, although H3K4b polyplexes induced
significantly higher cytokine levels than H3K(+H)4b polyplexes,
the uptake in the several cell populations or cell lines of these two
HK polyplexes were similar.

Modification of HK carriers with increased histidine
content reduced cytokine induction in vivo

Because HK peptides with higher buffering capacity, H3K(+H)4b,
in complex with siRNA induced lower amounts of cytokines, we
synthesized analogs of H3K(+H)4b and H2K4b with additional
histidines (Table 1) and greater buffering capacity (Figure 6a).
A histidine-rich “tail” (T) containing eight histidines was inserted
off the core of these two HK peptides, where it should not interfere
with binding of the HK polymer with the siRNA. Both modified
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H2K4b and H3K(+H)4b peptides with the histidine-rich tails and
thus higher buffering capacity induced lower levels of cytokines
in mice compared with their parent peptides (Figure 6b,c). For
example, H2K4b-T and H3(+H)4b-T reduced IFN-o levels by
more than 80% compared with the H2K4b and H3(+H)4b par-
ent peptides. Levels of IL-6, TNF-o, and IFN-y were also reduced
significantly with incorporation of histidine-rich tails within HK
peptides (Figure 6, Supplementary Figure $3). In addition, the
histidine-rich polyplex analogues had similar uptake levels as
their parent HK polyplexes (Supplementary Figure S2).

Cytokine induction occurred primarily

by macropinocytosis in vitro

Because TLR7 hasbeen reported to belocalized within acidic endo-
somes, we investigated the roles of the particular endosomal path-
ways in augmenting IFN-o by HK polymers. We selected H2K4b
asa carrier of siRNA since this polyplex effectively induced IFN-c.
Although inhibition of clathrin- and calveolin-mediated endocy-
tosis did not affect IFN levels, inhibition of macropinocytosis by
wortmannin and rottlerin greatly reduced cytokine levels exposed
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to the HK polyplexes (Figure 7a). Other macropinocytosis inhibi-  polyplexes entered primarily through the clathrin-mediated path-

tors including cytochalasin D, 5-(N-ethyl-N-isopropyl)-amiloride =~ way in MDA-MB-435 cells (Supplementary Figure S5). Thus,

(EIPA), and DMA (5'-(N,N-Dimethyl)amiloride) also markedly  the cytokine pattern induced by the small and large HK siRNA

inhibited IFN-o induced by the HK polyplexes in PBMC. polyplexes in PBMC was consistent with the different pathways of
Since size of the polyplex may be important for induction,  uptake in MDA-MB-435-Luc cells.

we investigated whether smaller polyplexes (<200nm) modu-

lated cytokine levels (Supplementary Table S1). By lowering Macropinocytosis inhibitors reduced cytokine

the ionic strength of the solution in which HK polyplexes were  levels in vivo

formed, polyplexes of reduced size were made, similar to those = For in vivo studies, delineation of endosomal pathways is not

of what other investigators have reported.’®”” Although smaller  always possible because specific inhibitors are lacking for most

siRNA polyplexes and larger polyplexes were equally as effec-  pathways. Nevertheless, we determined that mice injected with

tive in silencing their luciferase targets in MDA-MB-435-Luc ~ HK siRNA polyplexes had significantly lower cytokine induction,

cells (Supplementary Figure S4), in marked contrast to find-  when the mice were first treated intraperitoneally with the macro-

ings with larger polyplexes, the smaller polyplexes did not induce  pinocytosis inhibitors, rottlerin, and wortmannin (Figure 7¢c).**

cytokines in PBMCs (Figure 7b). Moreover, the smaller HK  In the absence of these inhibitors, induction of cytokines by these
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Figure 6 Histidine-rich tails on HK peptides reduced cytokine levels in vivo. Two peptides, H2K4b-T and H3K(+H)4b-T, with eight additional
histidines attached to the C-terminal lysine core, were compared with the parent peptides, H2K4b and H3K(+H)4b. (a) Before testing their ability
to induce cytokine in vivo, the buffering capacity of these histidine-rich HK peptides and their parent HKs were tested. These peptides in complex
with VEGFR-2 siRNA were injected into Balb/c mice with cytokine measurements measured 6 hours later. (b,c) H2K4b-T and H3K(+H)4b-T poly-
plexes induced cytokines (IFN-a (in b); IL-6 (in €)) significantly less than H2K4b and H3K(+H)4b polyplexes. Vehicle alone values: IFN-o; 2.1; IL-6,
4.3pg/ml. **P < 0.01; ***P < 0.001, H2K4b versus H2K4b-T; H3K(+H)4b versus H3K(+H)K4b-T (t-test). The titration curves represent the mean of
two independent experiments. HK, histidine-lysine; IFN, interferon; IL, interleukin; siRNA, small interfering RNA; VEGFR2, vascular endothelial growth
factor receptor-2.
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Figure 7 Inhibitors of macropinocytosis reduced cytokine induction in vitro and in vivo. (a) Inhibitors of endosomal pathways (clathrin antibod-
ies, fillipin, rottlerin, wortmannin, cytochalasin D, or EIPA) were added to PBMC cells before addition of the large H2K4b siRNA polyplexes formed in
isotonic growth medium. While inhibition of the clathrin- and calveolae-mediated endocytosis did not markedly reduced cytokine, inhibition of mac-
rocytosis markedly inhibited cytokine induction. (b) In contrast to larger HK polyplexes formed in isotonic media, smaller HK polyplexes formed in
low-salt medium induced significantly less cytokines from PBMCs. Vehicle alone: IFN-o. was 2.8 pg/ml. **P < 0.01, ***P < 0.001, HK polyplexes formed
in isotonic medium versus HK polyplexes formed in low salt (one-way analysis of variance with Bonferroni t-test). (c) In vivo. Forty-five minutes before
H3K4b siRNA polyplexes, two inhibitors of macropinocytosis, rottlerin (10 or 20mg/kg) or wortmannin (1 or 2mg/kg), were injected intraperitone-
ally into mice. Six hours later, mice were euthanized and cytokines in serum were measured. ***P < 0.001, untreated versus macrocytosis inhibitors.
Ab, antibody; EIPA, 5-(N-ethyl-N-isopropyl)-amiloride; HK, histidine-lysine; IFN, interferon; PBMC, peripheral blood mononuclear cell; siRNA, small
interfering RNA.
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polyplexes occurred even though the polyplexes were smaller
than 100nm (Table 2). It is likely that the size of these polyplexes
when they reached their target in vivo may be different from their
measurements before injection.

DISCUSSION
Although TLR3 has been implicated in induction of cytokines by
“naked” siRNA, cytokine induction by siRNA (delivered by non-
viral carriers) is primarily through its interaction with TLR7 in
mice and with TLR7/8 in humans. TLR7(8) is located in acidic
endosomes and presumably, in all endosomal pathways (includ-
ing the clathrin-mediated, caveolin, non-caveolin, and macropi-
nocytosis), but this has not yet been validated by investigators.
TLRs are differentially expressed in macrophages, plasmacytoid,
and myeloid dendritic cells, and in particular, TLR7 is highly and
constitutively expressed in pDC and lymphocytes. Moreover,
uptake of siRNA lipoplexes into pDC or monocytes isolated from
human PBMCs has been found to induce high levels of IFN-o..54
In addition to TLR, cytosolic receptors such as retinoic acid induc-
ible receptor-I and oligoadenylate synthetase may be activated
by siRNA, which results in cytokine induction. Notably, since
changes in the buffering capacity of HK polyplexes are likely to
have their primary effect on the interaction of TLR7 with siRNA
within acidic endosomes, such modifications will likely not affect
the ability of siRNA to induce cytokines by cytosolic receptors.*

Despite the limited number of studies to define the essential
factors for modulating cytokines by carriers of siRNA, there have
been two commonly used methods to reduce cytokines induced
by nonviral siRNA polyplexes. The most common approach is
modification of the sense strand with 2-O methyl bases which has
been shown to interact with TLR7 and to reduce cytokine levels of
siRNA polyplexes.'® Although this modification thus far appears
safe and effective in preclinical studies, its safety has not been fully
established in clinical trials, and other options need to be explored.
The use of chloroquine is a second approach that can effectively
suppress cytokine levels induced by siRNA complexes in vitro.**
Although the exact mechanism that reduces cytokine induction
is not known, it has been postulated that the alteration of the pH
of endosomes by chloroquine may affect the interaction of siRNA
with the TLR7 receptor.® Once unprotonated chloroquine tra-
verses the endosomal membrane into the acidic environment of
endosomes, chloroquine becomes protonated, accumulates, and
buffers these vesicles. An alternative but not mutually exclusive
mechanism is that chloroquine may enable lysis of endosomes and
escape of siRNA from the endosomes,* thereby reducing the like-
lihood of siRNA interaction with TLR7. Because cationic carriers
of siRNA enter by endosomal pathways, accumulation of siRNA
within the acidic endosomes plays a role in activating cytokines
and chloroquine inhibits this induction. By affecting pH, release
of siRNA from endosomes, and/or interactions between siRNA
and TLR7, chloroquine can effectively suppress cytokine levels
induced by siRNA in vitro. Nevertheless, chloroquine did not
inhibit cytokine levels in vivo (data not shown), probably due to
lack of sufficient endosomal accumulation.*

Based on data obtained with chloroquine in vitro, we com-
pared several HK peptides that varied in their potential to affect
the pH of endosomes. Interestingly, addition of a single histidine
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to each branch of H3K4b, forming H3K(+H)4b, resulted in
a marked decrease in cytokine induction in vitro and in vivo.
While polyplexes prepared with the H3K(+H)4b peptide did
not induce the levels of cytokines significantly, the polyplexes
with fewer histidines such as H2K4b, H3K4b, and H3K(+N)4b
did induce cytokines. Although these peptide complexes varied
in their sequence patterns and their lysine content, these varia-
tions could not explain the proclivity of these particles to induce
cytokines. Moreover, HK peptides with greater histidine content
than H2K4b or H3K(+H)4b (e.g., H2K4b-T or H3K4b-T) in com-
plex with siRNA induced correspondingly lower cytokine levels.
Thus, there appears to be a tipping point in the buffering capacity
between the peptides that induce cytokines and those that do not
based on their histidine content.

In addition to buffering endosomes, we have examined other
mechanisms such as uptake that might explain variation in
cytokine production. Because IFN-o was markedly stimulated by
at least some HK polyplexes in vitro, we were particularly inter-
ested in examining uptake of polyplexes in pDCs or monocytes,
two cell populations producing high levels of this cytokine.®*
We found no significant differences in uptake of the different HK
polyplexes formed in isotonic media of these cell populations
(Supplementary Figure S2), suggesting that uptake was not a pri-
mary factor in cytokine variation. Nevertheless, both cell popu-
lations exhibited high uptake of the HK polyplexes, providing a
“necessary but not sufficient” rationale as to why IFN-o was strik-
ingly stimulated by some HK polyplexes. Similar to the immune
cell populations, we observed high uptake rates of the HK poly-
plexes in the MDA-MB-435 cells. Although other mechanisms,
such as altered stability of siRNA polyplexes within endosomes,
may be possible for induced cytokines by some HK polyplexes,
our data supports the primary role of buffering capacity of the HK
polyplexes in cytokine variation.

Even with marked difference in the sizes of polyplexes prepared
for use with in vitro and in vivo studies, their propensity for induc-
ing varied levels of cytokines was quite similar (Figures 2,4). While
some HK siRNA polyplexes of larger particle size (e.g., H2K4b,
H3K(+N)4b, and H3K4b) induced cytokines in vitro, similar in
make-up HK polyplexes but smaller in size were determined to
markedly induce cytokines in vivo. For the studies in vivo, it is
possible that the surfaces of the polyplexes are altered sufficiently
in whole blood to affect their size and/or the endosomal pathway
by which they enter their target cells. Indeed, several lines of evi-
dence support the notion that despite their small size before intra-
venous injection, a portion of the HK polyplexes increased their
size in vivo before reaching their target cells such as the pDC. First,
results in vitro demonstrated that only large polyplexes induced
cytokines whereas smaller siRNA polyplexes were significantly
less effective at inducing cytokines. Second, there was a close cor-
relation of induced cytokines observed between studies in vitro
and in vivo suggesting that the HK polyplexes injected intrave-
nously were altered and their uptake was similar to their endo-
somal uptake in vitro. Third, preliminary data indicates a marked
reduction of cytokines with pegylated H2K4b siRNA polyplexes
that may be due in part to their ability to maintain integrity and
repel proteins from altering their surface. This would be consis-
tent to what we previously reported that pegylated HK polyplexes
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were more stable in vitro and in vivo and effectively silenced their
targets in vivo.**¥ Fourth, inhibitors of macropinocytosis for in
vitro and in vivo experiments minimized induction of IFN-a, sug-
gesting larger polyplexes may induce cytokines. Since in vivo con-
ditions may alter not only the size but the stability of polyplexes, it
is likely that free siRNA and polymer are released within the blood
stream after injection of the polyplex. Nevertheless, siRNA or HK
polymers by themselves induced low levels of cytokines.

On the basis of what other investigators have suggested,’ a
critical level of siRNA within endosomes is necessary to induce
cytokines. Consequently, it is perhaps not surprising that larger
siRNA polyplexes may induce cytokines more effectively. In con-
trast, smaller H2K4b polyplexes (<200 nm) when entering endo-
somes such as the clathrin-mediated pathway may not induce
cytokines because of the reduced siRNA payload (Figure 7b).
Thus, reduction of cytokines might extend to small non-buffering
siRNA complexes (lipoplexes or polyplexes) predominantly enter-
ing via the clathrin pathway, but this has not been investigated. If
these smaller complexes entering the clathrin-mediated pathway
induce cytokines, then pH-buffering H2K4b polyplexes would be
expected to induce lower levels of cytokines. An alternative mech-
anism that may explain the variability in cytokine induction is that
TLR7 is differentially expressed (or its signal pathways activated)
in endosomal pathways. Differentially expressed TLR7 appears
less likely since larger size polystyrene-lysine complexes com-
prised of TLR-9 agonist oligonucleotides also increased cytokine
production more than smaller complexes.* Nevertheless, these
mechanisms for cytokine induction require further study.

Despite the many studies demonstrating sequence-specific
silencing of siRNA therapy, a recent study suggested that at least
some siRNA therapeutic effects were due to nonspecific off-target
effects from cytokines.'*”> More important, the investigation by
Kleinman et al. underscored that greater understanding of the fac-
tors modulating cytokine induction by siRNA polyplexes is essen-
tial for development of an improved siRNA carrier. In summary,
this study indicates that minor modifications in the sequence of
the HK carrier and changes in the particle size of the polyplexes
have marked effects on cytokine induction in the target cell. We
anticipate that these findings for HK carriers may have broader
implications for other pH-buffering and non-pH buffering carriers
of siRNA.

MATERIALS AND METHODS

Cell lines

Human PBMCs. Human PBMCs from normal healthy donors (BRT
Laboratories, Baltimore, MD.) were separated from whole blood cell
products by density gradient centrifugation in Lymphocyte Separation
Medium (ICN Biomedicals, Aurora, OH). The cells were frozen in RPMI-
1640 (Invitrogen, Grand Island, NY) containing 20% human AB serum
(Gemini Bio-Products, Woodland, CA) and 10% dimethylsulfoxide
(Sigma, St Louis, MO) by using an automated cell freezer (Gordinier
Electronics, Roseville, MI) and stored in the vapor phase of liquid nitrogen
until used.

Splenocytes. The spleen was isolated from mice and teased apart in
Dulbeccos modified Eagle’s medium. After centrifugation, the single
cell suspension was treated with ACK-lysing buffer (8.29 g/l NH,Cl, 1g/1
KHCO,, 37.2mg/l EDTA) for 10 minutes to lyse red blood cells. After
centrifugation, cells were maintained in Dulbeccos modified Eagles
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medium supplemented with 10% fetal bovine serum until they were
cultured in 24-well plates for polyplex and cytokine experiments.

MDA-MB-435 cells. MDA-MB-435 cells, a human cancer cell line
(ATCC, Manassas, VA) were stably transfected with luciferase and the
cells were maintained in Dulbecco’s modified Eagle’s medium/10% fetal
calf serum.

Synthesis of HK peptides. The biopolymer facility at the University of
Maryland (College Park, MD) synthesized the polymers as previously
described.’ The branched HK polymers were synthesized through attach-
ing the four-branches to the 3-lysine core. The following schematic repre-
sents the HK polymers:
RRR
[
R-K-K-K-X

where R = (KHKHHKHHKHHKHHKHHKHK) for H2K4b and
H2K4b-T; R = (KHHHKHHHKHHHKHHHK) for H3K4b; R = (KHHH
KHHHKHHHHKHHHK) for H3K(+H)4b and H3K(+H)4b-T; R = (KH-
HHKHHHKHHHNHHHN) for H3K(+N)4b); R = (KNKNNKNNKNN
KNNKNNKNK) for N2K4b. Both H2K4b-T and H3K(+H)4b-T had a
histidine-rich tail represented by X = (HHHHNHHHH) while for other
HK peptides the X represented a C-terminal amide group. Polymers
were first analyzed by HPLC (Beckman, Fullerton, CA) and were not
purified further if HPLC showed that the polymers were at least 95%
pure. The polymers were further analyzed by Voyager MALDI-TOF
mass spectroscopy (Applied Biosystems, Foster City, CA) and amino acid
analysis (AAA Laboratory Service, Boring, OR).

Preparation of liposomes. As previously described,”** we prepared lipo-
somes that were composed of DOTAP/cholesterol (1:1 mol:mol ratio)
(Avanti, Birmingham, AL). The lipids were hydrated and then sonicated
until clear with a Branson 1210 bath sonicator (Branson Ultrasonics,
Danbury, MA) in the presence of argon. The liposomes were then extruded
through a 50-nm pore size polycarbonate membrane with a LipsoFast-Basic
extruder (Avestin, Ottawa, Ontario, Canada).

siRNA sequences. Except for the control (CT-1) RNAi (Qiagen, Hilden,
Germany), RNAi were obtained from Dharmacon (Lafayette, CO). Their
sequences are as follows: (i) Raf-1, target sequence: 5-UGU CCA CAU
GGUCAGCACC-3,sense: 5-UGU CCA CAUGGU CAGCACCATAT-3,
antisense: 5’-GGU GCU GAC CAU GUG GAC AdTdT-3’; (ii) VEGFR2, tar-
getsequence: 5'-GCA AAT ACA ACCCTT CAG A-3’, sense: 5-GCA AAU
ACA ACCCUU CAG AdTdT-3', antisense: 5-UCU GAA GGG UUG UAU
UUG CdTdT-3 (iii) survivin, target sequence: 5-GGC AGU GUC CCU
UUU GCU A-3’, sense: 5-GGC AGU GUC CCU UUU GCU A dTdT-3,
antisense: 5-UAG CAA AAG GGA CAC UGC C dTdT-3’; (iv) luciferase,
target sequence: 5'-CUG CAC AAG GCC AUG AAG A-3/, sense: 5-CUG
CACAAGGCCAUGAAG A dTdT-3, antisense: 5-UCU UCA UGG CCU
UGU GCA GdTdT-3";(v) CT-1,sense: 5-CAGUUG CGC AGC CUG AAU
G dTdT-3’, antisense: 5’-CAU UCA GGC UGC GCA ACU GdTdT-3". For
uptake experiments with flow cytometry, the siRNA targeting luciferase
was labeled on the 5" sense strand with the fluorescent Dye547 (immune
cells) or fluorescein (MDA-MB-435 cells) (Dharmacon). The siRNAs were
reconstituted with 1x Dharmacon buffer (60 mmol/l KCl, 6 mmol/l HEPES,
0.2mmol/l MgCl,, pH 7.4) at concentrations between 1 and 2 mg/ml.

Cytokine measurements. A multiplex assay method was used to measure
levels of IL-6, IFN-y, and TNF-o in serum and medium. Briefly, a 96-well
filter plate (Millipore, Billerica, MA) was wetted with assay buffer (200 ul)
(Upstate, Lake Placid, NY), subjected to a vacuum, and then standard/
sample/control (25l) were added to the appropriate wells. After 25ul of
a mixture containing requested cytokines which had been conjugated to
beads were added to each well, the plate was placed on a shaker at 4°C
overnight, washed twice, and then a biotin-labeled mixture containing
requested cytokines (25ul) was added to each well. The plate was then
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placed on a shaker at room temperature for 60 minutes with phycoeryth-
rin (25ul) later added to each well for an additional 30 minutes. After
the plate was washed, the plate was analyzed by using the Luminex 100
System and the final concentrations were calculated with Bio-Plex soft-
ware (Bio-Rad Laboratories, Hercules, CA).

Levels of mouse (PBL Biochemical Laboratories, Piscataway, NJ) or
human IFN-o (R&D Systems, Minneapolis, MN) were measured with an
ELISA kit as described by the manufacturer.

Uptake experiments with flow cytometry. Intracellular uptake of poly-
mer-siRNA complex in MDA-MB-435 or monocytes from human
PBMCs was measured by flow cytometry. Twenty-four hours before the
treatment, cells were plated in 24-well plate. The polymer siRNA poly-
plex were formed in Opti-M at the ratio of 8:1, at room temperature for
30 minutes. Then, the polymer-siRNA (luciferase siRNA conjugated to
fluorescein (MDA-MB-435 cells) or Dye547 (PBMCs)) polyplexes were
added to the cell culture medium. At several time points (1, 2, and 3 hours),
transfected cells were harvested, fixed with 4% formalin, and resuspended
in FACS bufer for analysis. Results from the fluorescently labeled mono-
cyte population of PBMCs were then acquired using a FACSCantolI (BD
Biosciences, Franklin Lakes, NJ) and analyzed using FlowJO software
(TreeStar, Ashland, OR) on flow cytometer. To isolate pDC within the
monocyte population, carboxyfluorescein conjugated anti-human ILT7/
CD85g monoclonal antibody (1:100 dilution) (R&D Systems) was incu-
bated with polyplex-treated PBMCs at room temperature for 1 hour.

In vitro cytokine and silencing studies. Human PBMCs were obtained
from human donors, and 1 x 10° cells were placed in each well of a
24-well plate with 10% human AB serum (total volume-500 pl). Similarly,
mouse splenocytes (1 x 10°) were seeded into each well with 10% fetal
calf serum. Unless otherwise indicated, the HK peptides and siRNAs
were prepared with the weight ratio of 8:1 (N:P ratio=10:1) in isotonic
growth medium (Opti-MEM; 2 ug siRNA/well) at room temperature for
30 minutes. In some experiments, small polyplexes formed in low-salt
conditions (2 mmol/l KCI, 6.6 nmol/l MgCl,) and with different peptide to
DNA ratios (2.2:1 or 6:1) were also tested.***” After 6 hours, the superna-
tant was collected and cytokines were quantified as described above. For
silencing studies, similar ratios of HK to siRNA were prepared (2.2:1, 6:1,
and 8:1), and the polyplexes were incubated with luciferase-expressing
MDA-MB-435 cells for 48 hours. Untransfected control and transfected
cells were lysed and luciferase activity was then determined.

To determine the role of a specific endosomal pathway in cytokine
induction or in silencing, various inhibitors of endosomal pathways
(rottlerin, 5 ig/ml; wortmannin, 5 nmol/l; cytochalastin D, 1 umol/l; Filipin,
2.0 ug/ml; EIPA, 50 umol/l; and anti-human clathrin antibody (1:125 vol/vol
dilution in cell culture medium)) were added to the well 30 minutes before
the carrier siRNA complexes. The data for the in vitro siRNA experiments
are presented as the mean and SD of four experiments.

Effect of HK siRNA polyplexes on endosomal pH. Human PBMC (1 x 10°
cells/well) were placed in each well of a 24-well plate 24 hours before start-
ing the transfection experiment. HK VEGFR2 siRNA polyplexes were pre-
pared in isotonic growth medium at a ratio of 8:1, as described previously.
The endosomal pH indicator, pHrodo Dextran (cat. no. P10361, 30 ug/ml;
Invitrogen) (excitation, 560; emission, 585) was added 30 minutes before
the polymer siRNA polyplex was placed into the wells. Three hours later,
the cell culture medium was removed, the cells were washed three times
and then fixed with 4% formaldehyde for 5 minutes. Images were then
captured on the fluorescent microscope (Nikon TE2000; Nikon, Tokyo,
Japan) and maximal intensity of discreet endosomal fluorescence was
measured with MetaMorph software (Molecular Device, Sunnyvale, CA)
and reported as an average + SD (n = 25). Similarly, a pH curve was made
by adding the pHrodo Dextran to the cells for 3 hours followed by fixing
the cells with 4% formaldehyde and 0.05% Triton-100 for 5 minutes. Then
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400l of different pH-adjusted 0.1 mol/l HEPES solutions (pH 7.4, pH
7.0, pH 6.5, pH 6.0, pH 5.5) were placed in each well for 30 minutes and
the maximal intensity of individual endosomal fluorescence (n = 25) was
measured as described above. From the pH versus fluorescence data fitted
with SigmaPlot 11.0 software (Systat Software, San Jose, CA), the endo-
somal pH values of PBMCs transfected with different HK siRNA were
calculated.

In addition to measuring the intracellular fluorescence individually,
each well was read by a Victor® fluorescence plate reader (Perkin Elmer,
Waltham, MA) at 575 excitation. As a control for uptake, total intracellular
uptake was measured 3 hours after addition of the various HK peptides in
complex with a rhodamine-labeled siRNA.

In vivo experiments. Balb/c (six mice per group) were treated by injec-
tion with siRNA (40g) in complex with one of several carriers: H2K4b,
H2K4b-T, H3K4b, H3K(+H)4b, H3K(+H)4b-T, H3K(+N)4b, and
DOTAP/cholesterol liposomes. The ratios of HK polymers to DNA was
4:1 (wt:wt) while that of the liposomes to DNA was 4.3:1; the complexes
were formed in a low-salt medium (10 mmol/l KCI, 0.33nmol/l MgCL).
Six hours after injection of six mice per group with the test formulations,
serum samples were collected and cytokine levels were measured (data
presented as mean * SD). In experiments with macrocytosis inhibitors,
mice were injected with either rottlerin (10 or 20 mg/kg) or wortmannin
(1 or 2mg/kg) intraperitoneally, 45 minutes before injecting the HK siRNA
polyplexes intravenously; dosages were based on previous studies®*
with the optimal dosages then empirically derived. All experimental pro-
cedures were carried out in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and approved
by University of Maryland School of Medicine Institutional Animal Care
and Use Committee.

Measurement of particle size/zeta potential of peptide—siRNA complexes.
After the HK siRNA polyplexes were formed as described in the above
in vitro or in vivo experiments, their size was determined by measurement
of light scattering at a 90° angle on a Zetasizer (Malvern, Westborough,
MA). The size is reported as the average size obtained from unimodal
analysis carried out with software provided by the instrument manufac-
turer. The zeta potential was also measured on the Zetasizer. Each particle
size data point represents the mean * SD of three measurements whereas
the zeta potential represents the mean of two measurements.

Statistical analysis. All results, reported as means £ SD, represent at least
three separate data points for the in vitro studies and six data points for
the in vivo experiments unless indicated otherwise. Results were analyzed
using a t-test or a one-way analysis of variance followed by Bonferroni
t-test; P < 0.05 was considered statistically significant.

SUPPLEMENTARY MATERIAL

Figure S1. H3K(+H)4b siRNA polyplexes more effectively buf-
fer the endosomes of MDA-MB-435 cells compared with other HK
polyplexes.

Figure S2. Elevated uptake of HK peptide polyplexes in immune
(human monocytes, pDC) and MDA-MB-435 cells.

Figure $3. Histidine-rich tails on HK peptides reduced levels of IFN-y
and TNF-a. in vivo.

Figure $4. Silencing of luciferase by small and large HK polyplexes
in MDA-MB-435-Luc cells.

Figure S5. Uptake of small HK polyplexes is mediated primarily by
clathrin endocytosis.

Table S1. Size of HK polyplexes prepared for in vitro experiments.
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