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ABSTRACT

Interleukin 10 (IL-10) is a cytokine that is able to downregulate inflammation. Its overexpression is directly
associated with the difficulty in the clearance of chronic viral infections, such as chronic hepatitis B,
hepatitis C and HIV infection, and infection-related cancer. IL-10 signaling blockade has been proposed as
a promising way of clearing chronic viral infection and preventing tumor growth in animal models.
Recently, we have reported that peptides with a helical repeating pattern of hydrophobic and hydrophilic
residues are able to inhibit IL-10 significantly both in vitro and in vivo.' In this work, we seek to further
study the inhibiting mechanism of these peptides using sequence-modified peptides. As evidenced by
both experimental and molecular dynamics simulation in concert the N-terminal hydrophobic peptide
constructed with repeating hydrophobic and hydrophilic pattern of residues is more likely to inhibit IL10.
In addition, the sequence length and the ability of protonation are also important for inhibition activity.

Introduction

Interleukin 10 (IL-10) is a cytokine with pleiotropic effects in
immune regulation and inflammation. IL-10 is also known as
human cytokine synthesis inhibitory factor (CSIF), and is
encoded by the IL-10 gene. It is produced by many cells of the
adaptive immune system, including T helper subtype 1 (Th1),
Th2 and Th17 cell subsets, T Reg cells, CD8+ T cells and B
cells, and also expressed by cells of the innate immune system,
including dendritic cells (DCs), macrophages, mast cells, natu-
ral killer (NK) cells, eosinophils and neutrophils.” IL-10 plays a
central role in infection by limiting the immune response to
pathogens and thereby preventing excessive damage to the
host.?

IL-10 can abort T cell responses when present during prim-
ing stage of an immune response and inhibit ongoing T cell
activity to viral infections.* Also, IL-10 acts directly on T cells
to limit proliferation, functional differentiation, and effector
activity.>® Remarkable over-expression of IL-10 has been found
in the serum of patients with chronic viral infections and can-
cers, which can diminish immune responses to the viruses and
thus result in detrimental consequences, while lower IL-10 pro-
duction are associated with clearance of viral infection and
enhanced viral control during chronic HCV, HBV, HIV and
EBV infections.”

The IL-10/IL-10R pathway has been identified as a key regula-
tion check point of viral persistence. Recent reports have shown

ARTICLE HISTORY
Received 23 June 2016
Revised 5 September 2016
Accepted 13 September 2016

KEYWORDS

circular dichroism
spectroscopy; ELISA;
interleukin-10 inhibiting
peptide; interleukin-10
receptor; molecular dynamic
simulation; surface plasmon
resonance spectroscopy

that inhibition of IL-10 signaling by anti-IL-10 monoclonal anti-
bodies clears the chronic lymphocytic choriomeningitis virus
(LCMV) infection in the mouse model.**° Moreover, inhibition of
IL-10 at the time of therapeutic vaccine immunization further
improves the clearance of chronic viral infection.'’ It has been
demonstrated that IL-10 inhibition and immunization simulta-
neously prevent tumor growth in mouse tumor models." > Block-
ade of IL-10 combined with vaccination may provide a promising
alternative to increase the efficacy of therapeutic vaccines for better
control of chronic viral infection, and chronic viral infection-
related cancers, such as cervical cancer and HBV relevant liver can-
cer.”” Therefore, a clinical grade IL-10 signaling inhibitor is
urgently needed to investigate whether blocking IL-10 signaling at
the time of immunization can improve the efficacy of a therapeutic
vaccine against chronic viral infection or tumor in clinical trial.
IL-10 signals via an interaction with its IL-10 receptor (IL-
10R). IL-10R is a class II cytokine family member composed
of 2 subunits: IL-10R1 is the unique ligand-binding subunit
and IL-10R2 is the signaling subunit that is shared with other
family member cytokines, including IL-22, IL-26, IL-28, and
IL-29."*' Thus, if the binding sites important for IL-10/IL-
10R1 signaling can be determined, it will then be possible to
develop drugs (e.g., small organic molecules, peptides, proteins
and DNA segments) to block the IL-10 signaling and therefore
inhibit the effect of IL-10 overexpression. However, very few
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clinically useful molecules are suitable for this purpose; one
possible reason is that classical small molecules are not always
ideal for disrupting protein-protein interactions.'”'® Addi-
tionally, endogenous proteins or humanized monoclonal anti-
bodies are difficult to produce and are high cost.

There are no IL-10 signaling inhibitors currently available
for clinical use. Previously, a monoclonal antibody against IL-
10 or an IL-10 receptor antibody was used to block IL-10 sig-
naling in vivo using an animal model. Many attempts have
been made to develop clinical grade anti-IL-10 anti-bodies,
anti-IL-10 receptor antibodies, or IL-10 signaling inhibitors,
using different techniques such as recombinant DNA technol-
ogy, phage display and screening, and selection of short oligo-
nucleotide aptamers.” However, these techniques are time
consuming and labor intensive.

Structure-based biofunctional peptide design in drug and
vaccine development supported by computational modeling is
becoming increasingly successful.'”*> A recent report used a
structure-based approach involving rational defining of the pro-
tein interfaces of non-continuous and unstructured nature, to
design peptides that bind IL-10R1 in vitro.** We proposed a way
for designing IL-10 inhibiting peptides based on a helix segment
of IL-10 within IL-10/IL-10R1 interaction region, and demon-
strated that peptides with repeating pattern of hydrophobic and
hydrophilic residues are able to inhibit IL-10 both in vitro and in
vivo."! We have confirmed that the peptides are able to bind IL-
10R, so as to inhibit the signaling of IL-10 with high efficiency
supported by the following assays':- i) Surface Plasmon Reso-
nance (SPR) spectral analysis suggested the peptides displayed a
level of binding affinity at sub micro-molar level with IL-10R,
and in addition their binding competed with IL-10; ii) an MTT
[3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bro-
mide] assay of mouse mast cell MC/9 cells indicated that the
peptides counteracted the effect of IL-10 stimulation and limited
cell proliferation, iii) the peptides inhibited IL-10 secretion, con-
firmed by ELISA using LPS-stimulated human PBMCs and
macrophage U937 cell lines; iv) the peptides competed with
anti-IL-10R antibodies for binding with IL-10R1 while showing
negligible cytotoxicity; and v) one peptide enhanced vaccine
induced antigen specific CD8+ T cell responses. These results

Table 1. The sequences of P1, P2 and peptides modified based on P1 or P2.
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indicated that the peptides are functional, with in vivo bio-
activity, and potentially may block IL-10 signaling in human.

Though verified experimentally, the underlying inhibiting
mechanism behind our design warrants further investigation,
to help optimize the design method. In this study, using the
sequences of 2 designed IL-10 inhibiting peptides,' ie., P1
(FFKKFFKKFFKKFFKK-OH) and P2 (FFRRFFRRFFRRFFRR-
OH), as models, a number of synthetic peptides with different
sequence modifications (including sequence length, N-/C- ter-
minal hydrophobicity, protonation capability, chirality and sec-
ondary structure variation) were introduced, and the key
structural characteristics affecting IL-10 inhibition were
clarified.

Results

Rational structure-based introducing sequence
modifications

As shown in Fig. S1,' the design of P1 and P2 employed the
hydrophobic and hydrophilic pattern of the helix segment of
IL-10 (PDB 1J7V), which bends at residue Val33. Val33 is sur-
rounded by repeated hydrophilic and hydrophobic residues. To
strengthen the helical conformation, P1 or P2 don’t have the
breaking pattern observed at Val33. It has been noted that the
biophysical properties of protein-binding peptides, such as
main chain hydrogen bond forming ability with target protein,
sequence length, secondary structures, side-chain/main-chain,
salt bridge,”>*” affect its binding activity directly. In this study,
we thus synthesized sequence-modified peptides (P1.1 to 1.5,
P2.1 to 2.3 listed in Table 1) based on P1 and P2, to further
clarify the sequential characteristics that could influence IL-10
inhibitory activity. In addition, to maintain the helical confir-
mation propensity, we followed the a-helical folding principle
when carrying out the substitution, to ensure a regular turn
every 3.6 amino acids formed by the peptide carbonyl O atom
and amide proton between the i™ and (i+4)™ amino acid posi-
tions.” Briefly, the modifications to the peptides include:- i)
C-terminal truncation (P1.1 and 1.2), ii) all D-form amino acid
substitutions (P1.3) and iii) residue substitution to change the

Name Sequence Net charge MW (Da) Modification description

P1 FFKKF FKKFF KKFFK K-OH +8 2220.84 —

P1.1 FFKKF FKKFF KKFF-OH +6 1964.49 C-ter truncate (2 amino acids)

P1.2 FFKKF FKKFF KK-OH +6 1670.14 C-ter truncate (4 amino acids)

P13 D-FFKKF FKKFF KKFFK K-OH +8 2220.84 D-amino acid substitution

P14 FRKKF RKKFF KKFFK K-OH +8 2238.82 Sequence pattern, (FxKK),(FFKK),*

P1.5 FRKKF RKKFR KKFRK K-OH +12 2256.85 Sequence pattern, (FxKK),

P1.6 FFKAF FKAFF KAFFK A-OH +4 1992.45 C-ter hydrophobic substitution and sequence
pattern (FFKy),°

P2 FFRRF FRRFF RRFFR R-OH +8 244495 —

P2.1 EFRRE FRREF RREFR R-OH 0 2372.70 N-ter hydrophilic substitution and helical
structure stabilization by E-R bridges

P2.2 WYRRF YRRAH RRAHR R-OH +8 2343.72 N-ter hydrophobicity decreased & C-ter helical
structure stabilization by AH

P23 WYHHF YHHAH RRAHR R-OH +4 2267.53 N-ter hydrophobicity decreased and helical
structure stabilization by AH, HH and WH
bridge

P3 (negative control) GTELP SPPSV WFEAE F-OH -3 1792.99 —

@by and y represent hydrophilic and hydrophobic amino acids, respectively.
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hydrophobicity, helix propensity and sequence pattern
(P14, 1.5, 2.1, 2.2 and 2.3). The IL-10 inhibiting activity of
these peptides was evaluated using IL-10 ELISA of LPS stimu-
lated human U937 cells, in comparison with anti-IL-10 (aIL10)
and anti-IL-10R1 (aIL10R) as positive controls.

Modulation of P1 and P2 secondary structures using
2,2,2-Trifluoroethanol

In a previous study,’ it was shown that P1 and P2 compete with
IL-10 in binding with IL-10R1 (Fig. S2). The conformations of
these peptides, especially when they approach a near-mem-
brane environment, could shed light on their interaction mech-
anism with IL-10R1. Therefore the membrane mimetic 2,2,2-
trifluoroethanol (TFE) was used to modulate the secondary
structures of P1 and P2.

The CD spectra of the P1 and P2 in the presence of TFE at
different concentrations are shown in Fig. 1. In buffered aque-
ous solution, P1 exhibits a far-UV CD spectrum characteristic
of random coil structure, however, addition of TFE (0-50 % v/
v) to native P1 showed that an «-helical structure can be
induced, as evidenced by the characteristic negative ellipticity
maxima at approximately 210 and 220 nm (Fig. 1A). The far-
UV CD spectra demonstrate that in 10 and 30% v/v TFE, there
is a relative low degree of «-helical secondary structure
induced, which increases upon addition to 50% v/v TFE. A sim-
ilar scenario can be observed for P2 (Fig. 1B). In addition, at the
same concentration of TFE, P1 exhibited a higher helical pro-
pensity than P2 at a concentration of 4.5 uM.

P1 or P2 binds to IL-10R1 with different affinity: formation of
a (P1/IL-10R1 or P2/IL-10R1) 1:1 complex

Figure 2 shows the binding affinity analysis of P1/P2 and P3
(control peptide) with IL-10R1 by SPR spectroscopy. The sen-
sorgrams of the concentration of each peptide in relation to
time are recorded in Fig. 2A-C, from which it can be observed
that P1 and P2 forms complexes with IL-10R1, while P3 cannot
find a stable complex with IL-10R1 up to a concentration of
186 M. The speed of complex formation of P1 is higher than
that of P2 at a similar concentration. At relatively low
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concentration, P1 seemed more sensitive in binding IL-10R1.
Overall, P1 and P2 displayed a level of binding affinity at 17.8
and 63.6 uM to IL-10R1, respectively, as shown in Fig. 2D. No
binding to P3 was observed.

In our previous studies, positive-ion MALDI mass spec-
trometry of a P1/IL-10R1 or P2/IL-10R1 mixture showed the
presence of a small but reproducible peak corresponding to an
[P1/IL-10R1]H+ or [P2/IL-10R1]H+ complex.' No multiply-
charged adduct peaks, formed between P1/P2 and IL-10RI,
were detected using MALDI mass spectrometry, and no corre-
sponding peak was identified in the case of P3 (negative con-
trol). Thus, to further study the potential for the interplay of
bioactive peptides P1 and P2 with IL-10R1, molecular dynam-
ics (MD) simulation was used to model the complexes formed,
and compared to the negative control peptide P3. After individ-
ually docking P1, P2 and P3 around the defined binding zone of
IL-10/IL-10R1 (Fig. S1), the MD simulation confirmed that P1
can equilibrate to a stable 1:1 complex with IL-10R1 within
about 80 ns after being heated to 325K, with its potential energy
stabilized at about 90 kcal/mol (Fig. S3). In terms of the P2/IL-
10R1 complex, it stabilized within a much shorter duration as
the root-mean-squared-deviation (rmsd) was below 2A during
the entire equilibration after the heating process, and the poten-
tial energy showed a smaller variation of ~50 kcal/mol less
(Fig. S4). Though P3 was initially docked with a similar orienta-
tion as those for P1 and P2, it gradually moved away from IL-
10R1 at a relatively rapid pace (it started leaving after 2,000 ps,
and had a distance of ~132.19 A at 4,500 ps, see Fig. S5), sug-
gesting that it is unlikely to bind to IL-10R1 under the experi-
mental conditions (see Methods). This was in accordance with
our previous report that P1 or P2 can prevent IL10 from bind-
ing to immobilized IL10-R1, and no competitive binding was
observed for P3."

MD simulation confirms P1 or P2 binds to IL-10R1 with
higher dffinity than IL-10

The representative structures of 1:1 complexes P1/IL-10R1
and P2/IL-10R1 (shown in Fig. S3C and S4C) were selected
to evaluate the interaction mechanism. For the representa-
tive structure of the P1/IL-10R1 complex, there were 9 H-
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Figure 1. Effect of different TFE concentrations on the conformation of P1 and P2. Far-UV CD spectra of P1 (A) and P2 (B). Representative data are shown from 3 indepen-

dent experiments performed in triplicate.
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Figure 2. Interactions between P1/P2/P3 and IL-10R1 using Surface Plasmon Resonance Spectroscopy. Sensorgrams of the surface binding affinities of peptide P1 (A),
P2 (B) and P3 (C) at different concentrations in relation with time, and (D) Binding affinity measurement of P1, P2 and P3 with IL-10R1.

bonds, as listed in Table 2; the involvement of P1 in form-
ing these H-bonds only included the Lys residues of the
second and the third ‘FFKK’ units. In the case of the repre-
sentative structure of P2/IL-10R1 complex (Fig. S4), the
hydrophilic interaction was stronger, involving 15 H-bonds,
contributed by nearly every Arg residue of the 4 ‘FFRR’
units (Table S1). Almost all these H-bonds involved the
hydrogen of side chain amide of Arg residues of P2, except
for one (Phel4: O-Arg95: Hy). Basically all Phe residues
were involved in the hydrophobic interaction with either
IL-10R1 or the peptides themselves.

It was of interest to compare the stability of complexes
formed by IL-10/IL-10R1, P1/IL-10R1 and P2/IL-10R1 theo-
retically. Both MM/PBSA and MM/GBSA methods have
been proven to provide relatively accurate binding free
energies for protein/ligand interactions,’’ **  though
the accuracy largely depends on a few parameters, including
simulation length, solute dielectric constant and the number
of snapshots.”

Table 3 shows the AG’p,,;, of each complex. The different
AG’p,1, values (both PBSA and GBSA methods) of the 3 com-
plexes IL-10R1/IL-10, IL-10R1/P1 and IL-10R1/P2, suggested
that the complex involving P1 or P2 is much more stable by
7.07 or 22.93 kcal/mol respectively, using PBSA method. This
is consistent with the results obtained through the GBSA
method (for details of calculation see Table S2-S4). These
results meant that IL-10R1 would bind preferentially to P1 or
P2 rather than IL-10, further supporting the SPR assay result

that P1 and P2 compete with IL10 in binding to immobilized
IL10-R1.'

In vitro inhibition of IL-10 activity by truncated and mutated
P1 and P2 peptides: the key structural characteristics of
inhibiting peptides

IL-10 is known to negatively regulate antigen presentation cells
secreting IL-12; if IL-10 signaling is blocked, antigen presenta-
tion cells will produce more IL-12, which is critical to mount a
T helper 1 response. Strong Th1 responses correlate with viral
clearance and tumor rejection.” Using U937 cells as a model,
Fig. 3 displays the IL-10 ELISA results of the IL-10 inhibition
activity of the P1 modified peptides. Compared to the

Table 2. Hydrogen bonds between P1 and IL-10RT complex [side chain NH (Hy),
hydroxyl hydrogen (Ho); backbone amide nitrogen (H), backbone carbonyl oxygen
(0), carboxylate oxygen (Ox) and hydroxyl oxygen (or amide-connected oxygen on
side chain, Oy).

P1 IL-10R1 Bond length (A)
Lys7: Hy,1 Ser137: Oy 1.94
Lys7: Hy,2 Asp133: Ox 1.80
Lys8: Hy1 Ser137:0 236
Lys8: Hy,2 Ser140: Oy 223
Lys12: H Asp99: Ox 4 1.95
Lys12: Hy Arg95: 0 213
Lys12: Hy» Glu100: Oy 1.80
Lys16: Hy 1 Asp99: Oy, 1.75
Lys16: Hy Ser191: Oy 2.05
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Table 3. The dissociation free energy (AGOD,SO,,,, in kcal/mol) of IL-10R with IL-10,
P1 or P2 (the full calculation results were listed in S6 Table).

IL-10/IL-10R1 P1/IL-10R1 P2/IL-10R1
AG% o1y PB —39.46 —46.53 —62.39
GB —2871 —40.75 —66.39

inhibitory activity of P1, it can be clearly seen that, at same con-
centration, C-terminal truncation reduced the inhibiting mag-
nitude. P1.1 (C-terminal Lys-Lys truncated) reduced inhibition
by about 30% (P = 0.0049) and the inhibition was negligible for
P1.2 (C-terminal Phe-Phe-Lys-Lys truncated). The D-form P1
(P1.3) was able to increase the inhibitory effect by approxi-
mately 40% (P = 0.0031). To unveil the influence of the
sequence pattern, the ‘FFKK’ unit of P1 was substituted by
‘FFKA’ or ‘FRKK’ in P1.4 or P1.5, where Ala and Arg represent
hydrophobic and hydrophilic substitutions, respectively. It was
observed that neither P1.4 nor P1.5 could inhibit the IL-10
(Fig. 3). Similar truncations and D-form substitution of P2
showed consistent results with P1 (data not shown).

Previous results indicated only P2 (not P1) promoted LPS
mediated IL-12 production by human PBMCs and enhanced
CD8 T cell responses induced by an E7 peptide based vaccine
for human papillomavirus 16." Therefore, more sequence mod-
ifications were introduced to P2. The first consideration was
N-terminal hydrophobicity, i.e., the sequence starting with Phe-
Phe. To investigate this highly hydrophilic residue Glu was
substituted for Phe in P2.1. Moreover, to evaluate the impor-
tance of helix and sequence flexibility, helix stabilized residues
were introduced in P2.2 and P2.3. Their activities on the IL-10
secretion of LPS-stimulated U937 cells are displayed in Fig. 4,
together with alL10 and aIL10R as positive controls and P3 as
the negative control. It can be observed that aIL10, aIL10R and
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Figure 3. The effects of truncated and mutated P1 peptides on IL-10 level in U937
cells stimulated by LPS. Supernatants were measured for the presence of IL-10 by
ELISA. The concentration of LPS is 4 x 107> uM: 3 x 10° human U937 were either
left unstimulated (UN) or stimulated with LPS, LPS + 0.1 M of anti-IL10R, LPS +
0.3 uM of alL10, LPS + 0.1 uM of alL10R, L+P1, P1.1, P1.2, P1.3, P1.4, P1.5, P2 and
P3 at 450 uM overnight, respectively. P values were calculated using 2 tailed
Student’s t-test.
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Figure 4. The effects of mutated P2 peptides on IL-10 secretion in PBMCs stimu-
lated by LPS. Supernatants were measured for the presence of IL-10 by ELISA. The
concentration of LPS is 4 x 10> uM (100 ng): 1 x 10% human U937 were either
left unstimulated (UN) or stimulated with LPS, LPS + 0.3 uM of anti-IL10, LPS
+0.1 uM of anti-IL10 receptor (alL10R), LPS + P1, P2, P2.1, P2.2, P2.3 and P3 at
4.50 M overnight, respectively. P values were calculated using 2 tailed Student’s
t-test.

P1 inhibited IL-10 secretion significantly; the inhibition magni-
tudes of aIL10 and P1 were close to 100%, respectively. They
also seemed to eliminate any IL10 that should have been pro-
duced by untreated cells. The addition of P2 counteracted the
stimulatory effects of LPS, while the hydrophilication of its
N-terminus, by substituting the first Phe of every ‘FFRR’ unit
by Glu in sequence P2.1, eliminated the inhibitiory activity
completely. P2.2 and P2.3, in contrary, increased the secretion
of IL-10 by U937 cells, by approximately 14% (P < 0.0001) and
7% (P < 0.05) compared to LPS stimulation, respectively.

Discussion
Peptide based, clinical grade IL-10 signaling inhibitors

It has been shown that blocking IL-10 clears chronic viral infec-
tions in animal models. Furthermore, IL-10 signaling blockade
combined with immunization improves the clearance of chronic
viral infections, and controls tumor growth in vivo. Therefore, it
is worth investigating whether this strategy will improve the
efficacy of therapeutic vaccines against chronic viral infection
and cancer, especially pathogen related cancers. However, there
is no available clinical grade IL-10 signaling inhibitor. The
many attempts to develop a human IL-10 signaling inhibitor
have met with little success. Recently, we have demonstrated
that, by using a structure-based method, IL-10 signaling inhibit-
ing peptides, P1 and P2 have the ability to inhibit IL-10 signal-
ing in vitro, and P2 can increase a vaccine induced T cell
response in vivo. Therefore, P2 has the potential to be used in
the clinic. Similarly, a report by Ruiz-Gémez et al. made the
use of a regular expression syntax to define minimal descriptors



of geometric and functional constraints in IL-10/IL-10R1, to
help design IL-10R1 mimetics, which were shown to interfere
IL-10/IL-10R1 interaction in vitro.** It is now possible to inves-
tigate whether blocking IL-10 at the time of immunization can
better control chronic viral infection, and increase the efficacy
of a therapeutic vaccine against cancer. However, understanding
how P1 and P2 inhibit IL-10 signaling is a necessity.

The importance of «-helical structure, hydrogen bonding
and length for inhibiting activity

TFE is capable of destabilizing hydrophobic interactions within
polypeptide chains but is able to stabilize local hydrogen bonds
between proximal residues in a polypeptide. Consequently, as a
cosolvent it can stabilize the formation of any secondary struc-
tures.’®”” From the data of CD spectra, it can be concluded
that the degree of a-helical structure present in P1 and P2,
plays a key role in the interactions with IL-10R1 and the effect
of the flexibility of the helical structures are worthy of further
study. Given that the protein adopts a predominantly a-helical
structure in the presence of TFE, it is likely that the different
near-membrane environment affects the IL-10 inhibiting activ-
ity of P1 and P2.

We have previously shown that the interaction between IL-
10 and its receptor mainly involves 5 H-bonds and 3 hydropho-
bic interaction regions related to the peptide segment
DLDRDAFSRVKTFFQM, based on MD simulation (Fig. s1ef
1). It can be seen that several Ser residues of IL-10R1 contribute
significantly to these hydrophilic interactions, including Ser191
that forms an H-bond with IL-10. A previous study has found
that LPS-induced production of IL-10 is promoted by the ser-
ine/threonine kinase®; in addition, it has been demonstrated
that the short strong H-bond formed between enzyme and tar-
gets are important for enzymatic reactions.”® The strong hydro-
gen bonding network can increase the enzyme-resistance of a
protein.®*! In the cases of IL-10/IL-10R1 interaction, the par-
ticipation of these Ser residues in forming stable H-bonds
would reduce their propensity in enzymatic reactions catalyzed
by the kinases, so as to decrease the secretion of IL-10 com-
pared to LPS stimulation only. These results meant that a pep-
tide constructed with amino acids that are relatively easier to be
protonated, in combination with strong hydrophobic residues,
would favor the interaction with IL-10R1. This was further con-
firmed by the inhibitory activity of P2.1; the Glu substitution
neutralized the sequence (net charge 0), which reduced the pro-
pensity for H-bond formation between P2.1 and IL-10R1, as
there are more electron negative oxygen atoms exposed within
the binding-zone of IL-10R1." Although residue Glu is able to
form intra-helical salt bridges (Glu'...Arg") to stabilize the heli-
cal conformation of P2.1,* hydrogen-bond forming capability
plays a more significant role for the inhibiting activity.

Additionally, the length of the peptide also plays a key role
in the inhibition activity, as evidenced in Fig. 3. It was also of
interest to find that all D-amino acid substitution increased the
inhibiting activity. There is a report that partial D-amino acid
substitutions of membrane-active peptides can improve in vivo
activity, which may be attributed to its higher stability while
keeping the secondary structure.*> The toxicity of this peptide
ex vivo needs further clarification.

HUMAN VACCINES & IMMUNOTHERAPEUTICS 523

Balanced hydrophobic and hydrophilic residue repeating
sequence pattern

The change of sequence pattern introduced in P1.4 and P1.5
eliminated inhibiting activity. Furthermore, the amino acid
substitutions might also change the total hydrophobicity of
these peptides, as Ala is more hydrophobic than Lys, while Arg
is more hydrophilic than Phe. In terms of the structure of P1.4,
the substitution of ‘Lys’ by ‘Ala’ would largely stabilize the helix
conformation,**** especially when placing ‘Ala’ near the
C-terminus of designed helices,* thus reducing the flexibility
of the sequence; meanwhile, it would decrease the net charges
(from +8 to +4), leading to the reduction in its capacity in
forming hydrogen bond. In contrast, the introduction of ‘Arg’
in replacing ‘Phe’ of P1.5 increases the net charge of the
sequence to +12, which could reduce the stability of the peptide
with certain secondary structure due to stronger repulsion,
thus decrease its binding with IL-10R1. It has been found that
Arg side chains may regulate the biological functions of mem-
brane proteins, including sodium channels,”” acetylcholine
receptors,”® and integrins,® via charge-charge interactions,
which are implicated for regulating the voltage gating of cation
channels.”® Recently, it has been found that Arg directly associ-
ates with the opening and closing of voltage-gated proton chan-
nels, which play important roles in various physiological
processes, including the innate immune response.”* Thus, pro-
moting the effect by having more Arg may be counteracted by
simultaneously introducing structure instability.

The biological hydropathy scale devised predicts that Trp and
Tyr would be the least energetically favored of the hydrophobics,
and they are able to participate in both hydrophobic and polar
interactions with proximal residues.’>*> In P2.2 and P2.3, we
used ‘WY’ and ‘FY’ to substitute ‘FF in the first and second
‘FFRR’ units, respectively, to make the N-terminus less hydro-
phobic (but still hydrophobic overall). Additionally, stabilizing
the last helix was facilitated by 2 ‘AH’ substitutions of ‘FF’, as
Ala is able to significantly stabilize helices in short peptides®*>°
and His has been found to increase the stability of helices by H-
bonding.””** Moreover, in P2.3, we replaced ‘RR’ by ‘HH in the
first 2 ‘XXRR’ (X represents an amino acid) units, which would
also stabilize the first helix at physiological pH”’; additionally, it
has been reported that solvent-exposed intra-helical Trp and
His bridges could increase the helical conformation.” In con-
trast to P2, the ELISA results show that the secretion of IL-10
was increased in the presence of P2.2 or P2.3, These results sug-
gest that the repeating sequence pattern with balanced hydro-
phobicity similar to ‘HHPP’ was crucial to the activity.

In summary, besides the primary considerations regarding
the sequence modifications described in Table 1, there could be
potential “side-effects” raised by these changes a, contributing
to negligible activity overall, if too much effort was advocated
to improving one biophysical property.

Conclusions

In this work, we have further clarified the key structural charac-
teristics of the 2 peptides (P1 and P2) that were shown to
inhibit IL-10 secretion in vitro and in vivo."' The IL-10 inhibit-
ing peptides have the following features:- (i) a repeated
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hydrophobic and hydrophilic pattern with preferred helix-
forming propensity; (ii) a length that is crucial to the biological
function, whereby a minimum length of 14 amino acids is sug-
gested; (iii) the chirality of amino acids were less relevant; and
(iv) high N-terminal hydrophobicity appears to be vital. Finally,
the likelihood of being protonated is another important factor
for IL-10 inhibition yet the repulsion caused by being over-pos-
itively charged results in activity abolition. The results from
this study combine insight from both experimental and theo-
retical bases into the development of an IL-10 inhibiting pep-
tide, and the inhibiting characteristics of these peptides may
provide clues for designing other peptides with optimal activity.
We are currently working on the design of peptides with stron-
ger IL-10 signaling inhibition ability. If successful, these pepti-
des can be used as immune regulators to inhibit IL-10
bioactivity in vitro, and in vivo, to disrupt the tumor micro-
environment, and to enhance vaccine induced T cell responses
against chronic viral infection and cancers.

Materials and methods
Peptide synthesis and sequence confirmation by LCMS

The sequences of the peptides studied are listed in Table 1,
together with descriptions of different modifications. All designed
peptides were synthesized by GenicBio Biotech (Hongkong,
China) with the purity >95% obtained by analytical reverse
phase high performance liquid chromatography (RP-HPLC).
Their purity was confirmed by RP-HPLC and LC-MS/MS on a
Shimadzu Prominance Nano HPLC (Japan) coupled to a Triple-
ToF 5600 mass spectrometer (ABSCIEX, Canada) equipped with
a nano electrospray ion source. The protocol has been provided
in detail previously.” Briefly, peptides were re-suspended in
0.1% formic acid to the concentration of 4.5 uM. Aliquots
(6 uL) of each peptide solution were de-salted on a trap column
(Agilent Technologies, Australia), placed in-line with the analyti-
cal nanoHPLC column (Agilent Technologies, Australia). Peptide
elution used a linear gradient of 1-40% solvent [90:10 acetoni-
trile: 0.1% formic acid (aq)]. Peptide was sequenced based on the
b and y-ions of the mass spectra.

Surface plasmon resonance (SPR) spectroscopy

The binding affinities of the peptides were determined at 25°C on a
Biacore T100 SPR instrument, using an IL10R-immobilized CM5
sensor chip prepared with a GE Amine Coupling Kit. A channel
treated following the same procedure but without IL10R immobili-
zation was employed as a blank reference. The running buffer was
1X phosphate buffered saline, pH 7.4. Peptides diluted with the
running buffer at various concentrations were injected at a flow
rate of 10 uL/min for 1 min, followed by 5 min dissociation. Sen-
sorgrams from each cycle was substracted by the corresponding
blank run. Steady-state affinity analysis was performed using Bia-
core T100 Evaluation Software v2.0.3.

Circular dichroism (CD) spectroscopy

CD experiments were performed in a Chirascan CD spectro-
photometer (Applied Photophysics, Leatherhead, UK). A

quartz cuvette with a 10 mm path length was used for the
recording of spectra over a wavelength range of 190-260 nm
with a 1 nm bandwidth, 1 nm step size and time of 0.5 s per
point. A buffer (5 mM Na,HPO,) baseline was collected in the
same cuvette and was subtracted from the sample spectra. For
the CD experiment of different peptides, different concentra-
tion (0, 30% and 50%, v/v) of 2,2,2-Trifluoroethanol was used
as the mimics of near-membrane environment.

Antibodies

Anti-IL-10 (Cat. 506802), Anti-IL-10R antibodies
308802) were purchased from BioLedgend.

(Cat.

Cell line

U937 cell line (CRL1593.2) was purchased from ATCC (USA),
and their culture was followed the protocols in the product
sheets.

Human IL10 ELISA

Human IL-10 ELISA MAX™ Deluxe 5 plates (Cat. 430604),
were purchased from Biolegend, and performed following the
manufacturer’s instruction.

Molecular dynamics simulation

The structure of the complex between IL-10 and IL-10R1 was
built starting from the crystal structure, PDB entry 1J7V. It was
first subjected to a 10,000 steps of minimization in generalized
Born (GB) solvent model®"*? (igb = 5) to reach a local mini-
mum using of AMBER version 12-13.07,®> and the energy of
the complex and the binding zone were obtained and analyzed.
From the minimal complex conformation, the structures of IL-
10 and IL-10R were extracted and subjected to a further 10,000
steps minimization in GB solution, and then free energies were
calculated based on these structures, respectively.

The linear conformations of the peptides were built using
AMBER. The initial conformation of the IL-10R/peptide com-
plex was built by docking the peptide above the binding zone
in such a way, that its residues align approximately with those
in the helice of IL-10 (-DLDRDAFSRVKTFFQM-), from which
P1 and P2 were designed, and it was located about 5 A from
the corresponding binding segment of IL-10R. The LEAP mod-
ule of AMBER was used in the model building process. The
ff13 force field was employed, and the structure was initially
optimized to a nearby minimum, which was used as the restart-
ing point for subsequent heating simulation. Each complex
structure was heated to 325K over 100 ps to avoid being kineti-
cally trapped in local minima, and then subjected to simulation
at 325K for the purpose of complex equilibration, with a weak
restraint at a force constant of 1.0 kcal mol™ angstrom™ posi-
tioned on IL-10R. The simulations were continued until the
root mean square deviation (RMSD) of structures in reference
to the lowest energy structure within a reasonable time range is
SNZA, then the lowest energy structure can be considered as
the representative conformation for the complex simulated
over this particular period. H-bonds between P1, P2 and



IL-10R1 and RMSD were evaluated using PTRAJ and
CPPTRAJ modules implemented in AMBER. Visualization of
the systems was done using via VMD software version
1.9.1.54%

Then, both Molecular Mechanics/Poisson Boltzmann Sur-
face Area (MM/PBSA) and Molecular Mechanics/Generalized
Born Surface Area (MM/GBSA) methods®® were performed to
evaluate the binding affinity of IL-10/IL-10R1, IL-10R1/P1 and
IL-10R1/P2, and dissociation free energy in solution, AG’p, s,
was used here to indicate the stability of each complex. The
MM-PB(GB)SA method was used to compare the free energy
between 2 states, often representing the bound and unbound
states of 2 solvated molecules or alternatively 2 different sol-
vated conformations of the same molecule.”””*

[Alog + [Blog & [A"B'l,,

aq q
In terms of dissociation of peptide/protein complex, we

introduced the following definition.

0 _ 0
AGD, solv — T AG bind, solv>

where AG’, ,, and AG), , ., are the dissociation free energy
and binding free energy in water solution, respectively. The cal-
culation of AGY,;,; ., is performed according to the following
thermodynamic cycle®:

0
AG bind, solv

Ligands,y  +  Receptorgy, =————= Complexgy,

0 0 ()
AG solv, ligand AG solv, receptor AG solv, complex

7]
AG bind, vacuum
Receptor,,, =———— Complex, ..

Ligandvac +
The energy minimization of solvated complexes (in TIP5-
BOX model) were firstly carried out to a local minima within a
short cycle, followed by a 500 ps of heating to 300 K and then
500 ps of density equilibration with weak restraints on the com-
plexes. The equilibration was under constant pressure at 300K
for 500 ps. A total of 50 ns of production simulation was per-
formed for each complex, recording the coordinates every
10 ps. All simulations were run with shake on hydrogen atoms,
a 2 fs time step and langevin dynamics for temperature control.
The snapshots extracted were 400 for IL-10/IL-10R1 and 500
for P1/IL-10R1 and P2/IL-10R1, respectively.

For the simulation, the complexes obtained by MD simula-
tion in GB solution model were initially dissolved in TIP5P-
BOX water model, subjected to 2500 steps minimization and
followed by heating process to 325K during 50 ps. Then, they
were equilibration at 325 K for more than 12000 ps. The snap-
shots extracted were 400 for IL-10/IL-10R1 and 500 for P1/IL-
10R1 and P2/IL-10R1, respectively. Energy decomposition per
residue and binding free energy post-processing analysis of the
trajectories were performed in implicit solvent using the MM-
PBSA method as implemented in AMBER.
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Statistical analysis

Statistical analysis was performed by the 2 tailed Student’s t-test
by using Prism 5.0 (Graphpad Software, San Diego). Results are
considered as significant if P value is less than 0.05.
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