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ABSTRACT Hepatitis C virus (HCV) is characterized by a high number of chronic cases
owing to an impairment of innate and adaptive immune responses. CD81 on the cell
surface facilitates HCV entry by interacting with the E2 envelope glycoprotein. In addition,
CD81/E2 binding on immunity-related cells may also influence host response outcome to
HCV infection. Here, we performed site-specific amino acid substitution in the front
layer of E2 sequence to reduce CD81 binding and evaluate the potential of the resulting
immunogen as an HCV vaccine candidate. The modified sE2 protein (F442NYT), unlike
unmodified sE2, exhibited a significant reduction in CD81 binding, induced higher levels
of proinflammatory cytokines, repressed anti-inflammatory response in primary monocyte-
derived macrophages as antigen-presenting cells, and stimulated CD41 T cell prolifera-
tion. Immunization of BALB/c mice with an E1/sE2F442NYT nucleoside-modified mRNA-lipid
nanoparticle (mRNA-LNP) vaccine resulted in improved IgG1-to-IgG2a isotype switching,
an increase in neutralizing antibodies against HCV pseudotype virus, a B and T cell prolif-
erative response to antigens, and improved protection against infection with a surrogate
recombinant vaccinia virus-expressing HCV E1-E2-NS2aa134-966 challenge model compared
to E1/unmodified sE2 mRNA-LNP vaccine. Further investigation of the modified E2 antigen
may provide helpful information for HCV vaccine development.

IMPORTANCE Hepatitis C virus (HCV) E2-CD81 binding dampens protective immune
response. We have identified that an alteration of amino acids in the front layer of soluble
E2 (sE2) disrupts CD81 interaction and alters the cytokine response. Immunization with
modified sE2F442NYT (includes an added potential N-linked glycosylation site and reduces
CD81 binding activity)-mRNA-LNP candidate vaccine generates improved proinflammatory
response and protective efficacy against a surrogate HCV vaccinia challenge model in
mice. The results clearly suggested that HCV E2 exhibits immunoregulatory activity that
inhibits induction of robust protective immune responses. Selection of engineered E2 anti-
gen in an mRNA-LNP platform amenable to nucleic acid sequence alterations may open a
novel approach for multigenotype HCV vaccine development.

KEYWORDS hepatitis C virus, modified E2, proinflammatory response, vaccine antigen
selection, vaccine antigen

HCV causes chronic liver disease in many infected humans and is one of the contribut-
ing factors for cirrhosis and hepatocellular carcinoma. Direct-acting antiviral agents

(DAAs) have transformed the standard therapy, achieving high rates of sustained virologic
response. Unfortunately, despite antiviral efficacy, DAAs cannot fully eradicate liver cancer
risk, especially after HCV clearance in the context of advanced liver disease (1).
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HCV has evolved mechanisms to evade immune activation and resolution of infection.
Several studies of acute HCV infection demonstrate that virus clearance is associated with
broad and potent T cell activation (2), and a rapid induction of cross-reactive neutralizing
antibody responses (3). In a phase I vaccine trial of recombinant HCV E1/E2 envelope gly-
coproteins in healthy human volunteers, participant peripheral blood mononuclear cells
(PBMCs) exhibited increased secretion of interleukin-10 (IL-10), an anti-inflammatory cyto-
kine, and generated a variable range of IL-4 secretion when immunized with the candidate
HCV E1/E2 vaccine. Vaccination failed to exhibit clear dose-dependent protective immune
parameters (proinflammatory cytokine production, lymphoproliferative response, and neu-
tralizing antibody response) to escalated E1/E2 protein administration, and only ;28% of
the vaccinated human sera had a detectable virus neutralization response (4). Thus, HCV
E1/E2 did not appear to be very effective as a candidate vaccine for induction of a robust
protective immune response. A recent report on a clinical vaccine trial administering a
recombinant viral vectored vaccine expressing nonstructural proteins showed vaccination
resulted in lower HCV RNA levels but did not prevent chronic infection (5).

We have subsequently shown that HCV E2 induces the immune regulatory cytokines
IL-10 and CD163 protein from primary macrophages (6). Further, HCV E2 enhances
STAT3 and suppresses STAT1 activation, suggesting macrophage polarization toward
the M2 phenotype. HCV E2 interrupts the function of T, B, and NK cells by binding with
CD81 (7–9). HCV-specific CD41 T cell immune deficiency may be the primary cause of
CD81 T cell functional exhaustion (10).

HCV E2 contains multiple epitopes for both T and B cells (11). Here, we examine whether
impairing the E2-CD81 interaction can promote T-helper cell functions to induce a robust HCV
E2 antigen- specific immune response. Further, to examine the nature of immunogenicity of
the modified E2 antigens in comparison to wild-type sE2, we took advantage of utilizing a
mRNA-LNP vaccine platform in a preclinical mouse model and a recombinant vaccinia virus
expressing HCV proteins for challenge as a surrogate model for clearance. Our results suggest
that reduced HCV E2-CD81 interaction significantly improves immune responses. These find-
ings may contribute significantly to the development of an effective HCV vaccination strategy.

(This manuscript was deposited as a preprint in bioRxiv [12].)

RESULTS
Amino acid substitution in E2 front layer impairs CD81 binding. The front layer

of the HCV E2 glycoprotein interacts with the large extracellular loop of CD81 in the process
of viral entry (13). The front layer is located within two hypervariable regions of the HCV E2
ectodomain and exhibits flexible antigenic activity (14). We have postulated two different
approaches from an earlier report (15) on structural and CD81 binding analyses of E2 glyco-
protein to design variants to disrupt CD81 interaction in HCV genotype 1a H77 strain lacking
the hydrophobic C-terminal transmembrane (amino acids 384 to 661) domain (Fig. 1A). For
one such approach, we selected nucleotide change for one amino acid substitution by
replacing nonpolar leucine with polar tyrosine at position 427 (L427Y). In another approach,
we introduced nucleotide changes for a N-linked glycosylation site (N-X-T/S) at positions
442 on the front layer of E2 (F442NYT) to abrogate E2-CD81 binding containing an addi-
tional N-linked glycosylated site. We investigated the effect of modified E2 on CD81 in a
qualitative binding assay. sE2 or modified E2 were expressed in mammalian HEK293T cells.
We tested the E2-CD81 interaction of different E2 variant proteins from transfected cell cul-
ture medium by enzyme-linked immunosorbent assay (ELISA). A significant reduction in
CD81 binding for cell culture derived sE2L427Y (;60% loss) and sE2F442NYT (;70% loss) com-
pared to the unmodified sE2 protein was observed under our experimental conditions
(Fig. 1B). Secreted sE2 and modified E2 bearing a C-terminal hexahistidine tag were purified
from culture supernatants by immobilized nickel affinity chromatography. Purified protein
from sE2L427Y and sE2F442NYT also exhibited decreases in binding activity to ;35% and ;40%,
respectively at 2.5mg/ml E2 concentration (Fig. 1C). Thus, amino acid substitutions in the front
layer of CD81 binding domain of E2 resulted in an impairment of CD81 interaction.

Inhibition of E2/CD81 binding induces proinflammatory cytokine production. Both
macrophages and dendritic cells (DCs) play an important role in immune surveillance. We
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have previously shown that HCV E2 significantly inhibits macrophage polarization toward
the M1 phenotype, and the maturation of antigen-presenting DCs (6, 16, 17). HCV E2 binds
to its cognate receptor, CD81, on macrophages and induces the production of IL-10. We
analyzed the immune modulatory effect of modified E2 on primary human monocyte-
derived macrophages. sE2 induced significantly higher IL-10 generation in macrophages
compared to the modified sE2 (sE2L427Y or sE2F442NYT) proteins (Fig. 2A). Within the modified
sE2 group, the sE2L427Y generated more IL-10 compared to sE2F442NYT. Similar to what was
seen with IL-10, a significant increase in the production of IL-4, which induces differentia-
tion of naive T cells to the Th2 phenotype, was observed in macrophages incubated with
the sE2 protein, and this effect was mitigated with the modified sE2 proteins (Fig. 2B).
IL-10 may impair the induction of gamma interferon (IFN-g) and the associated cytokines
IL-12 and tumor necrosis factor alpha (TNF-a) (18). We observed a significant increase in
proinflammatory cytokine production with modified sE2 compared to unmodified sE2 and
unstimulated control macrophages. Among the tested proinflammatory cytokines, IL-12
induction was consistently higher in macrophages exposed to modified sE2F442NYT proteins
(Fig. 2C), while exposure of macrophages to unmodified sE2 generated little production of
IFN-g above that of the control (Fig. 2D). We measured a significant increase in IFN-g levels
from macrophages exposed to the sE2F442NYT protein. Within the treatment groups,
sE2F442NYT produced significantly higher IL-6 levels compared to sE2L427Y and sE2 (Fig. 2E).
We also observed a significantly greater TNF-a generation from sE2F442NYT protein (Fig. 2F).
These results suggest that as the E2/CD81 interaction diminishes, the ratio of proinflamma-
tory to anti-inflammatory cytokine expression increases.

M1 macrophages are characterized by high IL-12 and low IL-10 expression and express
high levels of T cell-related costimulatory molecules CD80, CD86, and CD40 for the activa-
tion of T cells (19, 20). We tested the ability of sE2, sE2L427Y, and sE2F442NYT proteins to induce
expression of the activation markers CD80, CD86, CD40, and HLA-DR on monocyte-derived
macrophages from healthy donors in the presence or absence of recombinant proteins
incubated for 24 h. The expression of the activation markers was measured by flow cytometry.
We found significantly increased CD80 and CD86 expression in sE2F442NYT-stimulated macro-
phages compared to unstimulated, sE2, or sE2L427Y macrophages (Fig. 2G). We observed
higher, although not statistically significant, CD40 expression and unaltered HLA-DR
expression upon sE2F442NYT treatment. Taken together, the results indicate that the presence
of sE2F442NYT induces a profile in macrophages associated with the classical M1 phenotype.

FIG 1 Schematic presentation of HCV sE2 ectodomain and the mutants. (A) Amino acid positions of interest for mutations in a linear
map of sE2 are indicated. Orange boxes indicate CD81 binding determinants. (B and C) Comparison of human CD81 binding with modified
E2 expressed transiently in HEK293T-transfected cell culture supernatant with increasing volumes and purified histidine tag recombinant
proteins in a dose-dependent concentration. The culture medium from mock-transfected HEK293T cells or phosphate-buffered saline was
used as a reagent control. The significance level is indicated (*, P , 0.05; **, P , 0.005; ***, P , 0.001).
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sE2F442NYT-activated macrophages promote CD4+ T cell differentiation into Th1 type.
Differentiation of naive T cells into the Th1 effector type is critical to induce a protective
immune response against intracellular pathogens (21). Polarization of Th0 into Th1- or
Th2-type effectors depends on the type and concentration of cytokines present at the
immune synapse, the strength of the T cell receptor-mediated signals, and the activation state
of the antigen-presenting cells. Based on our results, we hypothesized that the activated mac-
rophages could polarize T cells toward Th1-type effector cells. To test our hypothesis, we incu-
bated macrophages in the presence or absence of sE2 or sE2F442NYT for 24 h and cocultured
them with autologous CD41 T cells. CD69 surface expression correlates with differentiation of
CD41 T cells into Th1 effector cells (22). We observed significant increased expression of the
CD69 activation marker in both sE2F442NYT-treated cells compared to sE2-treated CD41 T cells
(Fig. 3A). CD25 is the a-chain of the IL-2 receptor and a T cell activation marker that responds
to proinflammatory cytokines. We observed higher CD25 surface expression in cells cocultured
with sE2- or sE2F442NYT-treated macrophages for 24 h (Fig. 3B). A significant increase was noted
in the Th1 marker, CXCR3, on CD41 T cells cocultured with sE2F442NYT compared to untreated
or sE2-treated macrophages (Fig. 3C). We found a significant decrease in the expression of the
Th2 marker CCR4 on CD41 T cells upon sE2F442NYT treatment (Fig. 3D). These results support
the finding that macrophages stimulated with sE2F442NYT promote differentiation of CD41

T cells toward a Th1 type compared to unmodified sE2.
Proliferative CD41 T cell response against HCV proteins is a strong immunological

correlate of the outcome of acute HCV infection (23) and are usually not detectable in
acute persisting and chronic infection. Here, we analyzed the role of modified E2 in
promoting isolated CD41 T cell proliferation. CD41 T cells isolated from healthy vol-
unteers were carboxyfluorescein succinimidyl ester (CFSE) stained and incubated
with purified sE2 or sE2F442NYT for 72 h. Fluorescence-activated cell sorting (FACS) analyses
revealed a significant impairment in CD41 T cell proliferation following sE2 treatment

FIG 2 Expression of cytokine and costimulatory molecules from macrophages of healthy donors incubated with sE2 or modified E2 for comparison. (A to F)
Monocyte-derived macrophages from healthy donors (n = 6) were incubated with 2.5 mg/mL HCV sE2 or modified proteins for 24 h. Secretory cytokines (IL-
10, IL-4, IL-12, IFN-g, IL-6, and TNF-a) in the culture supernatant were quantified by ELISA. (G) The expression of costimulatory molecules on the surfaces of activated
macrophages was quantified by flow cytometry. All results were compared to blank controls. The significance level is indicated (*, P , 0.05; **, P , 0.005;
***, P , 0.001; ns, not significant).
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(Fig. 4A). In contrast, sE2F442NYT-treated cells displayed a similar proliferation response
as a control.

We evaluated the potential for T cell expansion from secretion of IFN-g under the
influence of HCV wild-type or modulated sE2 antigen for further T cell functional evaluation.
On the other hand, IL-4 is known to promote the differentiation of CD41 T cells into IL-4-
secreting Th2 cells. IFN-g and IL-4 were analyzed separately in CD41 T cells responding to
stimulation in the presence of sE2 or sE2F442NYT (Fig. 4B). sE2 decreased IFN-g production
in CD41 T cells but showed an increase in IL-4 production. In contrast, under the same
treatment conditions, sE2F442NYT did the opposite and increased IFN-g production by 80%
over the positive control and decreased IL-4 production. Thus, the results suggest that
the sE2F442NYT variant reverses the response of CD41 T cells exhibited by unmodified sE2.

Immunization of mice with E1/sE2F442NYT mRNA-LNP vaccine induces Th1-related
cytokines. The lack of a suitable small animal model for use as a host for HCV infection
hinders evaluation for vaccine evaluation in a natural host to challenge study. Here, we
tested the immune stimulatory effect of sE2 variants in mice immunized with E1/sE2 or
E1/sE2F442NYT and protection from surrogate HCV vaccinia challenge. We observed a signifi-
cant increase in IFN-g and IL-12 expression in E1/sE2F442NYT-vaccinated mice compared to
E1/sE2 and vehicle control mice (Fig. 5A and B). Within treatment groups, E1/sE2F442NYT pro-
duced significantly less IL-4 compared to E1/sE2 (Fig. 5C). The E1/sE2 construct induced sig-
nificantly higher IL-10 production in serum compared to the E1/sE2F442NYT construct, and
this was highly significant compared to the vehicle control (Fig. 5D). This observation sup-
ports our earlier findings that the ablation of E2/CD81 interaction in macrophages reduces
E2-induced IL-10 production. Antibody isotype switching from IgM to IgG isotypes occurs
after antigen exposure. The Th1 subtype of CD41 T cells secrete IFN-g, which induces an

FIG 3 Effect of macrophage activation by sE2F442NYT on the polarization of CD41 T cells toward a Th1 type. (A and B) CD41 T cells were isolated from
healthy donors (n = 4) and treated with sE2 or sE2F442NYT for 2 h in the presence of human anti-CD3 (5 mg/mL) and anti-CD28 (1 mg/mL). The expression of
T cell activation markers CD69 and CD25 on the surfaces of CD41 T cells was quantified by flow cytometry. (C and D) Monocyte-derived macrophages
isolated from healthy donors (n = 6) were treated with sE2 or sE2F442NYT protein for 24 h, and autologous CD41 T cells were cocultured with the treated
macrophages for 4 days. Th1 and Th2 polarization was measured as the expression of CXCR3 and CCR4, respectively, on the surfaces of CD41 T cells by
flow cytometry. The significance level is indicated (*, P , 0.05; ***, P , 0.001; ns, not significant).
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isotype switch in B cells to IgG2a secretion, whereas Th2 cells are associated with enhanced
IgG1 production. Here, mice immunized with the E1/sE2-mRNA vaccine preparation exhibited
pronounced IgG1 in serum. In contrast, a distinct skew toward IgG2a was apparent in the iso-
types of the E1/sE2F442NYT mRNA-immunized mice (Fig. 5E). Taken together, these data show
that immunization of mice with the E1/sE2F442NYT mRNA vaccine promotes a Th1 response.

E1/sE2F442NYTmRNA-LNP vaccine enhances protective immune response.An HCV-lenti-
viral pseudotype particle (HCVpp) system was used to analyze relative neutralization activity
between these two immunogen preparations. Sers recovered from mice immunized with
the E1/sE2F442NYT-mRNA preparation displayed a minimum of a 2-fold enhancement in neu-
tralization efficacy on HCVpp compared to the E1/sE2-immunized mice (Fig. 6A). To further
evaluate protection generated by immunization with E1/sE2 mRNA-LNP variants, we chal-
lenged mice with a surrogate recombinant vaccinia virus expressing HCV E1-E2-NS2aa134-966
from HCV genotype 1a (clone H77). Immunized mice were sacrificed 4 days after challenge
infection. Interestingly, vehicle control or unmodified E1/sE2 mRNA vaccinated mice failed
to show a statistically different level in virus recovery from the ovary homogenate by plaque
assay (Fig. 6B). In contrast, the E1/sE2F442NYT mRNA vaccine displayed a significant reduction
($4 log) in virus recovery from the ovaries of challenged mice. Two of five mice showed
minimal virus recovery, while the remaining three displayed an undetected virus titer. We
repeated the challenge study with an additional group of mice (five in each group) under
identical immunization, challenge, and experimental protocols. All E1/sE2F442NYT mRNA-vacci-
nated mice displayed an undetected virus titer in the ovary after challenge infection. On the
other hand, vehicle control or unmodified E1/sE2 mRNA-vaccinated mice failed to show a

FIG 4 Evaluation of human CD41 T cell response isolated from healthy donors stimulated with HCV envelope E2 antigens. (A) CD41 T cells isolated by magnetic
bead separation were incubated with purified sE2 or sE2F442NYT for 72 h in the presence of CFSE, and the proliferation results from FACS analyses are shown. (B) IFN-g
and (C) IL-4 were analyzed from culture supernatants of CD41 T cells responding to stimulation with sE2 or sE2F442NYT after 72 h. The significance level is
indicated (*, P , 0.05; **, P , 0.005; ***, P , 0.001; ns, not significant).
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statistically different level in virus recovery from by plaque assay. These data indicate that
E1/sE2F442NYT mRNA-LNP vaccine preparation induced a significantly improved protective
immune response in immunized animals.

DISCUSSION

HCV E2 induces immune regulatory cytokines and interrupts the function of immunity-
related cells by binding with CD81 (7–9, 24). Here, we examined whether a modified sE2
antigen inhibiting CD81 binding induces an improved immunogenic profile for vaccine de-
velopment. We have addressed three novel aspects in this area: (i) modulation of E2 reduces
CD81 binding and alters proinflammatory cytokine response in human PBMCs and the use
of mRNA-LNP vaccine platform (ii) induces a strong immune response in a mouse model
and (iii) potentiates clearance of HCV vaccinia challenge infection. We conducted in vitro
studies using human PBMCs for comparison of response to wild-type and modified sE2 anti-
gens and subsequently included a mouse HCV vaccinia challenge model to examine
immune parameters already observed with human PBMCs. Enhanced CD41 T helper cell-
associated cytokine expression was observed in human PBMCs and in mice immunized with
mRNA-LNP vaccine expressing E1 and modified sE2 (E1/sE2F44NYT). Protective immunity
against HCV in mice was verified by challenge infection with a surrogate recombinant vacci-
nia virus. Immunity in mice is likely mediated by cytokines associated with CD41 and CD81

T cell activation. Interestingly, modified sE2F442NYT appeared as a potent inducer of cellular
immune responses compared to wild-type sE2. The cytokine profile of HCV-specific T cells
suggested an induction of a Th1 cytokine profile that may help in viral clearance.

We observed an alteration of the cytokine response and improved protection to challenge
HCV vaccinia virus in a mouse model. The use of modified sE2 resulted in a 2- to 4-fold-higher
neutralizing activity, and this approach could be used for mutations and combinations with a

FIG 5 Comparison of mouse cytokine response after immunization with E1/sE2 or E1/sE2F442NYT-mRNA-LNP candidate vaccine. (A to D) IFN-g,
IL-12, IL-4 and IL-10 levels were quantified by ELISA in the sera of vehicle control, E1/sE2-vaccinated, or E1/sE2F442NYT-vaccinated mice. (E)
Immunized mouse sera (collected after 4 weeks) were analyzed for the isotype-specific antibody response by coating purified E2 antigen on
commercially available ELISA plate for isotype antibody analyses. Results from individual sera are shown from different immunized groups of
mice. The significance level is indicated (*, P , 0.05; **, P , 0.005; ***, P , 0.001; ns, not significant).
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mRNA-LNP vaccine platform. We need to better understand the durability of neutralizing anti-
bodies and the contributions of B and T cells in the clearance of challenge HCV vaccinia virus
in immunized mice. We included E1 in our study as an additional antigen for additive antiviral
immune response, and this will require further study to determine whether it provides a pro-
tective advantage for the inhibition of an HCV vaccinia challenge infection.

Macrophages play a crucial role in antigen presentation and in the interaction between
innate and adaptive immunity. M1 macrophages promote a Th1 response and possess antivi-
ral activity, while M2 macrophages are involved in the promotion of a Th2 response and
immune tolerance (25). In a previous safety and immunogenicity vaccine study in humans,
purified HCV E1/E2 envelope glycoproteins administered with MF59 induced a weak immune
response (26). MF59 was used as an adjuvant to facilitate a Th1 cytokine profile and the induc-
tion of CD41 memory and cytotoxic T-lymphocyte responses. However, the vaccinated volun-
teers exhibited induction of IL-10, with only a minimal increase in IL-12 expression. Our in vitro
studies suggest that HCV E2 induces IL-10 in human PBMC-derived macrophages, lowers IL-12
production (6), and promotes M2 phenotype polarization of macrophages.

Glycosylation has a role in adaptive immune activation (27). Strategic glycosylation
of antigens is exploited for the development of more efficacious prophylactic and ther-
apeutic vaccines (28). Preservation of all the characterized neutralizing epitopes may
not be possible in antigen selection for potential vaccine development. The E2 front
layer constitutes most of the CD81 binding sites, remarkably flexible, and the amino
acid residues 424 to 453 may be highly immunogenic, skewing the immune response
toward nonneutralizing epitopes (29). E2 is densely glycosylated, and the CD81 recep-
tor-binding site is not obstructed by any of the 11 N-linked glycans (26). Removal of N-
linked glycosylation sites appears to alter the antigenic properties of HCV E2 (29). Our
results from the present study indicate that interruption of CD81 binding and introduc-
tion of a potential N-linked glycosylation site on the modified sE2 antigen, sE2F442NYT,
results in an improved T cell response that switches from the generation of anti-inflamma-
tory cytokines to the generation of proinflammatory cytokines compared to a single amino
acid substitution in sE2L427Y. Further examination of this altered site in future will verify the
glycosylation status of the modified E2 and gain in vaccine antigen selection. The modified
sE2F442NYT helped in the generation of proinflammatory cytokines (IFN-g, IL-12, IL-6, and
TNF-a), while sE2L427Y did not to a similar extent.

FIG 6 Immunized mouse sera induce HCV pseudotype neutralization and protection from HCV vaccinia
challenge. (A) Neutralization of lentivirus-derived HCV pseudotype particles (HCVpp) as a surrogate virus
was carried out with individual mouse sera at serial dilutions (1/400 to 1/3,200) from the immunized
animals (five in each group). (B) Immunized female BALB/c mice were examined for protection from
challenge infection by recombinant vaccinia virus expressing HCV E1-E2-NS2aa134-966. Mouse ovaries were
collected after challenge infection, homogenized in medium, freeze-thawed three times, and centrifuged
to pellet cell debris. Clear supernatant was serially 10-fold diluted and plaque assayed for virus recovery
on BSC40 cells. Crystal violet-stained plaques were counted, and the results are expressed as PFU/mL. The
significance level is indicated (*, P , 0.05; ***, P , 0.001; ns, not significant).
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IL-10 is a pleiotropic master regulatory cytokine produced by various immune cells,
primarily macrophages, DCs, and T-helper cells. IL-10 critically associates with the persistence
of viruses by suppressing cell-mediated immunity and represents a major immunosuppressive
cytokine. The role of IL-10 is to limit the extent of the activation of both innate and adaptive
immune cells to maintain a homeostatic state. IL-10 regulates the growth and/or differentia-
tion of B cells, NK cells, cytotoxic and helper T cells, mast cells, granulocytes, DCs, keratinocytes,
and endothelial cells (30). On the other hand, IL-12 orchestrates resistance against infectious
diseases through macrophage activation and the induction of IFN-g and may help in eliminat-
ing intracellular pathogens (31). In chronically HCV-infected patients, T cells are inefficient and
defective in producing IFN-g (32). IL-12 and IFN-gwork concomitantly in the development of a
Th1 immune response against viral infections. Exposure of macrophage to IL-10 suppresses
IFN-g-induced genes (17). An early protective Th1 response favoring IFN-g production in the
presence of IL-12 would be beneficial for a host to prevent virus infection. Resistance of
mice to surrogate recombinant VV E1-E2-NS2aa134-966 challenge infection after immunization
using a nucleoside-modified mRNA-LNP vaccine encoding E1/sE2F442NYT supports the poten-
tial use of modified E2 in an HCV vaccine.

HCV induces IL-10 in monocyte-derived DCs and inhibits DC-mediated antigen-specific T
cell activation. IL-12 activates NK cells and induces the differentiation of naive CD41 T lym-
phocytes to become IFN-g-producing Th1 effectors in cell-mediated immune responses to
intracellular pathogens (33). IFN-g priming is a positive-feedback mechanism for more robust
IL-12 production in certain immune responses. Th1 lymphocytes are initially activated by
antigen-presenting-cell-derived IL-12 upon pathogen infection. Individuals who spontane-
ously clear HCV display broad CD41 T cell responses, stronger T cell proliferation, and higher
IL-2, IFN-g, and TNF-a production than individuals who develop chronic infection dominated
by Tregs and IL-10 production (34, 35). Strong HCV-specific CD81 T cell responses are gener-
ated, and HCV-specific memory T cells persist after recovery from infection (36–39).

An effective vaccine is a major unmet need to achieve global elimination of HCV, and
there is potential for HCV vaccine development (3, 40). A recent report (5) suggested that an
HCV T cell-based vaccine regimen encoding nonstructural (NS) proteins generated specific
T cell responses and lowered the peak HCV RNA level but did not prevent chronic infection.
We have shown previously that cells endogenously expressing HCV proteins perturb HLA-DR
cell surface expression (16). HCV E2 induces immune regulatory cytokine IL-10 and CD163
protein expression in primary macrophages (6) and inhibits the function of T, B, and NK cells
through binding with CD81 (7, 8, 24, 41). HCV-specific CD41 T cell immune deficiency may
act as a primary cause of CD81 T cell functional exhaustion (10, 37).

HCV exhibits extensive genetic diversity. An optimal HCV vaccine probably needs broadly
cross-reactive cellular immune responses and cross-neutralizing antibodies. Priming of CD41

and CD81 T cells specific for HCV modified sE2 antigens may not induce an immune response
to all the antigenic sites or epitopes, but our approach will likely increase the efficacy of the
overall vaccine significantly to confer HCV immunity. The candidate HCV sE2 mutant mRNA-
LNP vaccine elicits innate, humoral, and T cell responses to target T and B cell determinants.
Further studies are necessary to characterize CD41 and CD81 T cell responses and the dura-
tion of immunity induced by modified HCV sE2 antigen and understanding the beneficial role
of added E1 antigen, although sE2 is unlikely to form a heterodimer with the E1 protein under
these conditions. The use of other animal models developed in the future will provide further
help for HCV vaccine evaluation. The results from our study will considerably advance highly
effective and robust vaccine development against persistent hepatotropic HCV across geno-
types by using the mRNA-LNP vaccine platform.

MATERIALS ANDMETHODS
Cells. Human embryonic kidney 293T (HEK293T), human monocyte-derived primary macrophages,

and human-derived CD41T cells were used. HEK293T cells were maintained in Dulbecco modified Eagle medium
containing penicillin-streptomycin, 10% fetal calf serum (FCS), 1% L-glutamine, and 1% nonessential amino acids.
Primary macrophages and primary CD41T cells were maintained in RPMI containing penicillin-streptomycin sup-
plemented with 10% FCS and 1% L-glutamine.

Site-specific mutagenesis of sE2. HCV (H77c genotype 1a) E2 sequence corresponding to 383 to
661 amino acids cloned into the pcDNA 3.1 vector (a gift from Heidi E. Drummer) was used as a template for
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the generation of sE2 mutants by a QuikChange Lightning site-directed mutagenesis kit (Agilent Technology)
following the supplier’s procedure. E2 was expressed as C-terminal truncations in mammalian cells, since solu-
ble and correctly folded E2 can be obtained by deleting the transmembrane domain (42).

The sE2 single mutant (L427Y) was generated by replacing a nonpolar leucine (L) amino acid residue
at position 427 with a polar amino acid tyrosine (Y). The sE2 double mutant (F442NYT) was generated on the
same E2 sequence by replacing two amino acids, as indicated. One replacement was done at position 442
with a nonpolar amino acid phenylalanine (F) to a polar amino acid asparagine (N), and another replacement
occurred at position 444 of a polar amino acid glutamine (Q) with a polar amino acid threonine (T). The altera-
tions at amino acid positions 442 and 444 (FYQ!NYT) included a N-linked glycosylation site based on an ear-
lier publication (15). The L427Y forward primer (59-GCACATCAATAGCACGGCCTATAACTGCAATGAAAGCCTTA
A-39) and reverse primer (59-TTAAGGCTTTCATTGCAGTTATAGGCCGTGCTATTGATGTGC-39) and the F442NYT
forward primer (59-ACCGGCTGGTTAGCAGGGCTCAACTATACGCACAAAT-39) and reverse primer (59-ATTTGTGC
GTATAGTTGAGCCCTGCTAACCAGCCGGT-39) were used for site-specific mutagenesis. The sequence changes in
constructs were confirmed by plasmid isolation and DNA sequencing.

Cell transfection, protein expression, and purification. The plasmid DNA isolated from clones
were transfected into HEK293T cells using Lipofectamine 3000 transfection reagent (Thermo Fisher).
Culture supernatant was harvested after 48 h, passed through a 0.45-mm-pore size filter (Nalgene), and
stored at 220°C until purification of the recombinant proteins containing a hexahistidine tag. Proteins
were purified using a nickel-NTA-affinity column (HisPur Ni-NTA spin columns; Thermo Fisher) and veri-
fied by Coomassie blue staining and Western blot analysis with anti-His antibody (Sino Biological).

E2-CD81 binding assay. Recombinant human CD81 protein (R&D Systems) was coated (4 mg/mL)
on an ELISA plate, and 100 or 200mL of sE2 or modulated HEK293T-transfected culture supernatant or 1.25,
2.5, and 5.0 mg/mL of purified protein (in triplicates) was added. Horseradish peroxidase-conjugated anti-His
antibody (Sino Biological), followed by TMB substrate, was added, and the reaction read at 450 nm in a micro-
plate reader.

Stimulation of PBMCs. PBMCs were isolated from blood by using Ficoll-Paque Plus (GE Healthcare)
density gradient centrifugation. Cells (1 � 106)/well were plated, and nonadherent cells were removed and
incubated for the maturation of monocytes to macrophages. On day 5, macrophages were stimulated with
sE2 (2.5mg/mL) or modified protein for 24 h at 37°C. Clarified cell culture supernatants and lysed adherent cells
were stored frozen.

Cytokine quantification. Secretory cytokines present in the cell culture supernatant of macrophages
exposed to HCV sE2, sE2L427Y, or sE2F442NYT after 24 h were quantified by using commercially available
paired antibodies for an IL-10, IL-12, IL-6, IFN-g, and TNF-a cytokine kit (Sino Biological). IL-4 was quantified
using a separate kit (Thermo Fisher). Culture supernatants from activated CD41T cells exposed to HCV sE2
or sE2F442NYT were similarly quantified after 72 h for IFN-g and IL-4. Mouse cytokine levels in vaccinated ani-
mals (IL-4, IL-10, IL-12, and IFN-g) were measured by ELISA (Invitrogen or R&D Systems).

Macrophage activation marker analysis. Monocyte-derived macrophages in culture were stimu-
lated with 2.5 mg/mL sE2 or modified sE2 protein for 24 h. Culture supernatants were removed, and cells
were collected by dislodging them with 5 mM EDTA, followed by centrifugation and suspension for flow
cytometry with CD80-FITC, CD86-PE, CD40-PE, or HLA-DR APC (BioLegend).

Macrophage/T cell coculture and Th1 and Th2 marker analyses. PBMCs from healthy donors were
used for CD41T cell isolation (Miltenyi Biotec) and treated with recombinant IL-2. Matured monocyte-derived
macrophages were seeded in a 48-well plate (1� 105/well) and stimulated with sE2 (2.5mg/mL) or modified sE2
for 24 h. Live T cells (2.5 � 104) and macrophages (1 � 105) were cocultured for 4 days. Cells were harvested on
day 5 and stained with CD4-FITC, CXCR3-PE, and CCR4-APC antibodies (BioLegend) for FACS analysis.

CD4+T cell proliferation. PBMCs from healthy donors were used for CD41T cell isolation (Miltenyi
Biotec) and stained with 3 mM CFSE (Invitrogen). Washed cells were activated by using 5 mg/mL human
anti-CD3 antibody and 1 mg/mL human anti-CD28 antibody (BioLegend), followed by incubation for
3 days in the presence or absence of 2.5 mg/mL sE2 or sE2F442NQT for flow analysis.

T cell activation marker analysis. Isolated CD41T cells from healthy donors were incubated with
sE2 or sE2F442NYT in the presence of 5 mg/mL human anti-CD3 antibody and 1 mg/mL human anti-CD28
antibody (BioLegend) for 2 h. Cells were harvested and stained with CD69-FITC or CD25-PE (BioLegend)
for FACS analysis.

Generation of mRNA-LNP vaccines encoding the luciferase and HCV protein. Codon-optimized
luciferase HCV E1193-351 and HCV E2386-660 specific sequences with or without mutations at residues 442
and 444 were synthesized into mRNAs, purified and loaded as LNP candidate vaccines formulated for
immunization of mice in combination for this study. mRNA-loaded LNPs were formulated using a total
lipid concentration of 40 mM, as previously described (43). The ethanolic lipid mixture comprising ioniz-
able cationic lipid, phosphatidylcholine, cholesterol, and polyethylene glycol-lipid was rapidly mixed
with an aqueous solution containing cellulose-purified N1-mW in vitro-transcribed mRNAs. The LNP formu-
lation used in this study is proprietary to Acuitas Therapeutics (US patent 10,221,127). RNA-loaded particles
were characterized for their size, surface charge, encapsulation efficiency, and endotoxin content and sub-
sequently stored at280°C at an RNA concentration of 1mg/mL (in the case of loaded particles) and a total
lipid concentration of 30 mg/mL (both loaded and empty particles). The mean hydrodynamic diameter of
mRNA-LNPs was ;80 nm, with a polydispersity index of 0.02 to 0.06 and an encapsulation efficiency of
;95%. Two or three batches from each mRNA-LNP formulations were used in these studies.

mRNA-LNP vaccine immunization and challenge infection using VV/HCVaa134-966. BALB/c mice
(Jackson Lab) were divided into groups (five mice per group) and immunized intramuscularly in the hind leg
with mRNA-LNP candidate vaccine as E1/sE2 or E1/sE2F442NTY (10 mg of vaccine antigen) twice at 2-week inter-
vals. Test bleeds (3 days before immunization and 3 days before challenge infection) from mice were analyzed.
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The HCV vaccinia challenge as a surrogate model is helpful to suggest induction of protective immunity (44).
Immunized mice were challenged intraperitoneally with live recombinant vaccinia virus expressing HCVE1-E2-
NS2134-966 (45) and sacrificed 4 days after challenge infection for collection of the ovaries for further analysis.
The recombinant vaccinia virus dose was chosen for mice inoculation used previously for other immune pro-
tection-related studies (46–48). Ovaries were homogenized in 300mL of medium by a motor-operated dispos-
able sterile homogenizer, freeze-thawed three times, and centrifuged to pellet cell debris. Clear supernatant
was serially 10-fold diluted and plaque assayed to determine the virus titer on a BSC-40 cell monolayer.
Plaques were stained after 3 days with 1% crystal violet.

Statistical analysis. A Student two-tailed paired t test or an unpaired t test was used to determine
the difference within the groups studied. One- or two-way analysis of variance (ANOVA) was used to
compare between the groups. All the data are expressed as means 6 the standard errors of the mean,
and a P value of,0.05 was considered statistically significant.
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