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ABSTRACT We previously demonstrated that the combination of synthetic small-
molecule Toll-like receptor 4 (TLR4) and TLR7 ligands is a potent adjuvant for recombi-
nant influenza virus hemagglutinin, inducing rapid and sustained immunity that is pro-
tective against influenza viruses in homologous, heterologous, and heterosubtypic
murine challenge models. Combining the TLR4 and TLR7 ligands balances Th1 and Th2-
type immune responses for long-lived cellular and neutralizing humoral immunity
against the viral hemagglutinin. Here, we demonstrate that the protective re-
sponse induced in mice by this combined adjuvant is dependent upon TLR4 and
TLR7 signaling via myeloid differentiation primary response gene 88 (MyD88), in-
dicating that the adjuvants function in vivo via their known receptors, with negli-
gible off-target effects, to induce protective immunity. The combined adjuvant
acts via MyD88 in both bone marrow-derived and non-bone marrow-derived ra-
dioresistant cells to induce hemagglutinin-specific antibodies and protect mice
against influenza virus challenge. The protective efficacy generated by immunization
with this adjuvant and recombinant hemagglutinin antigen is transferable with se-
rum from immunized mice to recipient mice in a homologous, but not a heterolo-
gous, HIN1 viral challenge model. Depletion of CD4* cells after an established hu-
moral response in immunized mice does not impair protection from a homologous
challenge; however, it does significantly impair recovery from a heterologous chal-
lenge virus, highlighting an important role for vaccine-induced CD4* cells in cross-
protective vaccine efficacy. The combination of the two TLR agonists allows for sig-
nificant dose reductions of each component to achieve a level of protection
equivalent to that afforded by either single agent at its full dose.

IMPORTANCE Development of novel adjuvants is needed to enhance immunogenicity
to provide better protection from seasonal influenza virus infection and improve pan-
demic preparedness. We show here that several dose combinations of synthetic TLR4
and TLR7 ligands are potent adjuvants for recombinant influenza virus hemagglutinin
antigen induction of humoral and cellular immunity against viral challenges. The compo-
nents of the combined adjuvant work additively to enable both antigen and adjuvant
dose sparing while retaining efficacy. Understanding an adjuvant’s mechanism of action
is a critical component for preclinical safety evaluation, and we demonstrate here that a
combined TLR4 and TLR7 adjuvant signals via the appropriate receptors and the MyD88
adaptor protein. This novel adjuvant combination contributes to a more broadly protec-
tive vaccine while demonstrating an attractive safety profile.
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nfluenza remains a major global health issue, and the efficacy of currently available

vaccines is limited (1, 2). Influenza A subtype H1 and H3 viruses and influenza B
viruses were the etiologic agents in recent seasonal outbreaks (3). Influenza A viruses
were also responsible for several global pandemics in the last century, including the
1918 Spanish influenza (H1N1), 1957 Asian influenza (H2N2), 1968 Hong Kong influenza
(H3N2), and the 2009 swine origin influenza (H1N1) pandemics (4). Current influenza
vaccines induce humoral protection that is correlated with a hemagglutination-
inhibiting (HAI) response to the immunodominant globular head (5). While the majority
of neutralizing antibodies target epitopes in the globular head domain of the viral
hemagglutinin (HA), its antigenic regions are highly variable and continually undergo
antigenic drift, resulting in evasion of neutralization induced by natural infection and
immunization (3, 5). One major focus of improved influenza vaccine development has
been rational antigen composition (6-13). However, developing an appropriate adju-
vant may be equally important in optimal vaccine design (14-18).

Current seasonal influenza virus vaccines are based on predictions of which influ-
enza virus strains will circulate in the following season. Trivalent or quadrivalent
vaccines containing HINT and H3N2 influenza A virus antigens plus one or two
influenza B virus components, respectively, are the most widely distributed (6). The
majority of influenza virus-associated mortality occurs in the elderly population. In
2015, the U.S. Food and Drug Administration (FDA) approved marketing for a vaccine
targeted toward the elderly population; this vaccine, Fluad, was the first seasonal
influenza virus vaccine containing an adjuvant (19, 20). Fluad, a trivalent vaccine
produced from three influenza virus strains (two subtype A and one type B), is
formulated with the adjuvant MF59 (Novartis), an oil-in-water emulsion of squalene oil.
The addition of an adjuvant affords a higher level of protective antibodies in at-risk
populations, such as elderly people (21).

We previously reported on a novel viral vaccine adjuvant that is comprised of two
synthetic ligands for Toll-like receptor 4 (TLR4) and TLR7 (18). 12105 is a substituted
pyrimido[5,4-blindole compound specific for the TLR4-MD2 complex (22), and 1V270 is
a phospholipid-conjugated TLR7 agonist (23, 24). The combined adjuvant was added to
recombinant chimeric HA (rHA) antigens containing the highly conserved HA stalk
domain, and immunized mice were protected against a heterosubtypic challenge virus
(18). Heterosubtypic protection is associated with broadly reactive antibodies to HA
stalk epitopes (9, 13, 17, 18, 25-29). Critically, histological examination and cytokine
profiling revealed that intramuscular (i.m.) administration of 12105 or 1V270 resulted in
a less reactogenic response than did a squalene-based adjuvant, AddaVax, which is
similar to MF59 (18). Intramuscular immunization with the new vaccines did not induce
substantial local or systemic inflammation; however, further preclinical testing is war-
ranted to better understand the adjuvant’s in vivo mechanism of action. Here, we
evaluated the combined adjuvant for off-target effects in a series of mice with muta-
tions, determined the correlates of protective immunity induced, and assessed different
dose combinations of 12105 and 1V270 for additive effects to reduce toxicity by
minimizing the adjuvant concentrations needed to provide complete efficacy.

RESULTS

The combined TLR4/TLR7 adjuvant promoted a reduction in lung viral titers
and decreased morbidity following homologous influenza virus challenge. Be-
cause weight loss and lung viral titers are indications of influenza severity in mice (30),
we closely examined the relationship between lung viral titer, morbidity, and the
adjuvants in a homologous challenge model. Briefly, wild-type (WT; BALB/c) mice were
immunized with the recombinant hemagglutinin (HA) from influenza A/Puerto Rico/8/
1934 (rPR/8) in combination with the same dose of synthetic adjuvant, 1V270, 12105,
or 1V270 and 1Z105 combined, as previously reported (18). An MF59-like squalene
adjuvant, AddaVax, and vehicle (rPR/8 without adjuvant) were used as comparators.
Three weeks after immunization, the mice were challenged intranasally (i.n.) with
homologous virus (PR/8) and monitored for morbidity, which was measured by weight
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FIG 1 1V270/1Z105-induced reduction in lung viral titers correlated with decreased morbidity from influenza virus challenge. WT (BALB/c) mice (4 to 5
animals/group) were immunized with rPR/8 HA adjuvanted with 1V270/1Z105, 1V270, 12105, AddaVax, or no adjuvant and subsequently challenged with PR/8
virus 3 weeks after immunization. (A) Virus-challenged mice were monitored for morbidity as measured by weight loss until day 6 postinfection (DPI), when
they were sacrificed. Statistical significance of weight loss was assessed by multiple t tests compared to the no-adjuvant group. (B) Lung viral titers from mice
sacrificed on day 6 postinfection were quantified by plaque assays. The limit of detection for the plaque assay was 10 PFU/ml. Statistical significance was
assessed by an ANOVA for comparison to the no-adjuvant group, and also with the Kruskal-Wallis test. (C) The percentage of body weight lost on day 6
postinfection was plotted against the lung viral titer for each mouse, and a linear regression curve was generated. The Pearson correlation coefficients (r) are
shown. *, P < 0.05; **, P < 0.01.

loss. Six days postinfection, the mice were sacrificed and lung viral titers were assessed
in a plaque assay. Mice that received 12105, 1V270, or the 1V270/1Z105 combination
had less weight loss on days 3 to 6 than did mice that received no adjuvant (P < 0.05)
(Fig. TA) or on days 4 to 6 compared to mice that received AddaVax. Interestingly, the
viral titer was significantly reduced in mice that received the 1V270/1Z105 combination
(P < 0.01) or 1V270 alone (P < 0.05), but there was only a statistical trend in the mice
that received 12105, which also trended toward more weight loss on day 6 (Fig. 1B). As
expected, the reduction in morbidity correlated with viral lung titers on day 6 in
individual mice (Pearson correlation coefficient r = 0.86; P < 0.0001) (Fig. 1C). These
results support that the previously reported increases in antiviral antibody titers elicited
with the combined adjuvant (18) are associated with the reduction in morbidity from
homologous viral challenge.

Induction of protective antiviral immunity to the combined 1V270/1Z105
adjuvant is TLR4, TLR7, and MyD88 dependent in vivo. Although 1V270 and 12105
were developed as synthetic TLR7 and TLR4 agonists, respectively, the in vivo adjuvant
effect may be due to off-target effects. To test if the adjuvant effect is restricted to the
known receptors for these compounds, mice deficient in TLR4 and its signaling adap-
tors, MyD88 and TRIF, and TLR7 (which only utilizes MyD88) were immunized and
assayed for antigen-specific IgG titers and monitored for morbidity and mortality to a
homologous viral challenge. Hence, 1V270 (the TLR7 agonist) was tested for efficacy in
WT (C57BL/6), TIr7—/—, and Myd88—/~ mice that were immunized with rPR/8 HA mixed
with adjuvant or vehicle alone. After 3 to 4 weeks, the mice were bled and challenged
with PR/8 virus. The WT mice generated an antibody titer significantly greater than that
in TIr7=/= or Myd88—/~ mice (P < 0.001) (Fig. 2A) and were significantly protected from
PR/8 virus-induced weight loss (P < 0.05) (Fig. 2B) and mortality (P < 0.001) (Fig. 2C).
All of the TIr7=/~ and Myd88~/~ mice immunized with 1V270 succumbed to viral
challenge, indicating that TLR7 and its signaling adaptor protein MyD88 are required
for 1V270 activity.

The TLR4 agonist (1Z105) was similarly tested in WT (C57BL/6), Tlr4—/—, Ticam"Ps2,
and Myd88—/— mice for its adjuvant effect. The WT and Ticam1:Ps2 mice developed
similar antibody titers (Fig. 2D); however, TIr4 =/~ and Myd88—/— mice had significantly
impaired antibody responses, indicating that 12105 is dependent upon TLR4 signaling
through MyD88, but not TRIF (P < 0.001) (Fig. 2D). Subsequent challenge with PR/8
virus resulted in significant morbidity, based on observed weight losses in the Tir4—/—
and Myd88—/~ groups compared to the WT mice (P < 0.05) (Fig. 2E). Survival of Tlr4—/—
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FIG 2 The protective efficacy of the 1V270/1Z105 combined adjuvant is dependent upon TLR4, TLR7, and MyD88. WT (C57BL/6) and Tir4—/~, Tlr7—/~, Myd88—'—,
or Ticam1tPs2 mice were immunized with rPR/8 HA with adjuvant or vehicle alone 3 to 4 weeks before being bled and challenged with PR/8 virus. (A to C) WT
(C57BL/6), Tlr7—/~, and Myd88—/~ mice (11 to 12 animals/group) were immunized with rPR/8 HA plus 1V270. (A) Total serum IgG was quantified in an ELISA
with PR/8 virus substrate, and the mice were subsequently challenged and followed for morbidity (B), based on weight loss, and mortality (C). The statistical
significance of weight loss was assessed for each group compared to the WT, as indicated by the colors of the asterisks, by multiple t tests. (D to F) WT (C57BL/6),
TLR4~/~, Myd88~/~, and Ticam1-Ps2 mice (11 to 17 animals/group) were immunized with rPR/8 HA plus 1Z105. (D) Total serum IgG was quantified by ELISA with
PR/8 virus substrate, and the mice were subsequently challenged and followed for morbidity (E), assayed by weight loss, and mortality (F). Statistical significance
of weight loss was assessed for each group compared to the WT, as indicated by the colors of the symbols, by multiple t tests. (G to 1) WT (C57BL/6), Myd88—/—,
and TIr4.Tlr7—/~ mice (6 to 11 animals/group) were immunized with rPR/8 plus 1V270/1Z105, rPR/8 in PBS, or vehicle alone. (G) Total serum IgG was quantified
by ELISA with PR/8 virus substrate, and the mice were subsequently challenged and followed for morbidity (H), assayed by weight loss, and mortality (I).
Statistical significance of weight loss was assessed for each group compared to the WT by multiple t tests, and only the statistically significant differences
between the WT animals immunized with 1V270/1Z105 and the Myd88~/— animals immunized with 1V270/1Z105 are indicated (purple asterisks). (J to L) WT
(C57BL/6), Myd88—/—, and TIr4.Tlr7—/~ mice (5 to 6 animals/group) were immunized with rPR/8 HA plus poly(l-C). A second group of WT (C57BL/6) mice (4
animals) was immunized with rPR/8 in PBS. (J) Total serum IgG was quantified by ELISA with PR/8 virus substrate, and the mice were subsequently challenged
and followed for morbidity (K), assayed by weight loss, and mortality (L). Statistical significance for IgG endpoint titers, compared to those in WT mice receiving
an adjuvanted immunization, was assessed by using the Kruskal-Wallis test. Statistical significance of survival was assessed by the Mantel-Cox test to compare
treated and WT mice receiving adjuvanted immunizations as indicated. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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and Myd88—/— mice immunized with 1Z105 was significantly impaired compared to WT
mice (P < 0.001) (Fig. 2F). The Ticam1:Ps2 mice maintained weight and survived, similar
to WT mice, indicating that this signaling adaptor is dispensable for the response to
1Z105 (Fig. 2E and F); however, TLR4 and MyD88 are necessary for the induction of
protective antiviral immunity.

The combined 1V270/1Z105 adjuvant was further examined in double-deficient
TIr4.Tlr7—/— mice and Myd88—/— mice (see Materials and Methods for further details on
the mutant mouse strains used in this study). With the combined adjuvant, the
antibody response and protective effect against viral challenge were dependent on the
presence of TLR4, TLR7, and MyD88 (Fig. 2G to ). The abilities of the TIr4.TIr7—/— and
Myd88~/~ mice to respond to adjuvanted rPR/8 HA were confirmed by using poly(l-C),
an agonist for TLR3 and melanoma differentiation-associated protein-5 (MDAS5), an
intracellular retinoic acid-inducible gene | (RIG-I)-like receptor. TIr4.TIr7—/~ and
Myd88—/~ mice immunized with rPR/8 adjuvanted with poly(l-C) generated an antibody
response comparable to that in WT mice (Fig. 2J). These immunized TIr4.Tlr7—/~ and
Myd88—/~ mice were protected from weight loss and survived PR/8 viral challenge,
similar to WT mice (Fig. 2K and L). Hence, the TIr4.TIr7—/~ and Myd88~/~ mice are
capable of mounting protective antiviral immune responses with an alternative adju-
vant, and the in vivo efficacy of 1V270/1Z105 is dependent upon intact TLR4 and TLR7
signaling via the MyD88 adaptor.

Bone marrow-derived and radioresistant cells contribute to combined 1V270/
1Z105 induction of antigen-specific humoral immunity and protective vaccine
efficacy. To ascertain whether the protective immune responses induced by 1V270/
12105 required MyD88 signaling in connective tissue cells at the i.m. injection site or in
bone marrow (BM)-derived immune cells, we generated chimeric mice. The chimeric
mice were generated with BM from WT (C57BL/6) and Myd88~/— mice and lethally
irradiated recipients. Irradiated Myd88~/— mice reconstituted with WT BM were
designated Myd88WT BM, irradiated WT mice that received Myd88—/— BM were
labeled WTMyd88 BM and recipients reconstituted with homologous bone marrow,
namely, WTWT BM and Myd88My4&8 BM, served as controls. These mice were immunized
i.m. with 1V270/1Z105-adjuvanted rPR/8 HA and assayed for HA-specific immunoglob-
ulin production in an enzyme-linked immunosorbent assay (ELISA). The Myd88Mydss BM
mice developed significantly lower antiviral IgG titers than did WTWT BM mice (Fig. 3A)
(P < 0.0001). WTMyd88 BM mijce (P < 0.0001) and Myd88WT™ BM mice (P < 0.05) developed
significantly lower IgG titers than WTWT BM mice. Myd88WT BM mice developed a signifi-
cantly higher mean titer than Myd88"v4s8 BM mijce (P < 0.01). IgG titers in WTMyd88 BM
mice trended higher than those in Myd88Vyd88 BM mice, and they were not significantly
different from IgG titers in Myd88WT BM mice. These results indicate that MyD88
signaling in both radioresistant and radiosensitive compartments contribute to the
adjuvant-induced IgG response.

To determine the contribution of these compartments to protective vaccine efficacy,
these mice were challenged with a lethal dose of PR/8 virus and followed for morbidity,
assessed by weight loss (Fig. 3B), and mortality (Fig. 3C). Mice deficient in MyD88 in
either radioresistant WT"v988 BM or radiosensitive WTMyd88 BM cell pools had signifi-
cantly greater weight loss (P < 0.05) and mortality (P < 0.01) than WTWT BM mice;
however, they survived significantly longer than Myd88"488 BM mice (WTMyd88 BM p <
0.01; Myd88WT BM, p < 0.001). The maximum percentage of body weight lost by each
animal was plotted against the IgG endpoint titer (EPT; Pearson correlation coefficient
r = 0.76, P < 0.001) (Fig. 3D). Again, these data support a role for MyD88 signaling in
1V270/1Z105-adjuvanted vaccines in both radioresistant and BM-derived cell popula-
tions.

IgG and CD4+ cells induced by 1V270/1Z105-adjuvanted rHA contribute to
protection from viral challenge. To formally assess the role of IgG in the protection
induced by the combined adjuvant, WT (BALB/c) mice were immunized at 0 and 3
weeks with either rHA from PR/8 or influenza A/California/04/2009 (pandemic H1N1)
(Cal/09) plus 1V270/1Z105 or with unadjuvanted antigen. The mice were bled 10 weeks
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FIG 3 Induction of IgG antibodies and protective efficacy are dependent upon MyD88 expression in bone marrow-derived and radioresistant
cells. (A) BM chimeric mice, including Myd88WT BM (n = 23), WTMyd88 BM (n = 21), WTWT BM (n = 24), and Myd88"»<88 BM (n = 10) mice, were
immunized with 1V270/1Z105-adjuvanted rPR/8 HA protein at days 0 and 14 and bled on day 35; sera were assayed for total IgG in an ELISA with
PR/8 virus substrate. The data shown are pooled from two independent experiments. Bone marrow chimeric mice were challenged with 10 mLD,,
of PR/8 virus on day 36 after the first immunization and assayed for morbidity (B), measured by body weight loss, and mortality (C) for each of
the following BM chimeric groups: Myd88WT BM (n = 9), WTMydss BM (n = 8), WTWT BM (n = 15), and Myd88Mvdsé BM (n = 5). Significant differences
in body weights compared to the WTWT BM mice are indicated by the asterisk colors. (D) The IgG endpoint titer was plotted against the minimum
percentage of initial body weight lost for each animal, and the Pearson correlation coefficient (r) and linear regression line are included. Statistical
significance for IgG endpoint titers was assessed by the Kruskal-Wallis test. Statistical significance of weight loss was assessed by t tests adjusted
for multiple comparisons. Statistical significance of survival was assessed by the Mantel-Cox test to compare WT mice receiving adjuvanted
immunizations, as indicated. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

after the first immunization, and sera were heat inactivated and passively transferred by
intraperitoneal (i.p.) injection into recipient WT (BALB/c) mice. Mice were challenged
with homologous PR/8 virus and followed for morbidity, assayed by weight loss (P <
0.05) (Fig. 4A) and mortality (P < 0.01) (Fig. 4B) or challenged with mouse-adapted
heterologous NL/09 and followed for morbidity (P < 0.05) (Fig. 4C) and mortality (P <
0.01) (Fig. 4D). A control group of mice immunized with rCal/09 and challenged with
influenza A/Netherlands/602/2009 (NL/09) was included to demonstrate homologous
protection in the pandemic HIN1 model. The passive transfer of antibodies from mice
immunized with 1V270/1Z105 attenuated weight loss and conferred protection from
lethal infectious homologous challenge, but not from a heterologous challenge.

The previously reported protective efficacy to heterologous challenge in the 1V270/
1Z105-immunized mice could not be entirely attributed to an in vivo neutralizing effect
of the antibody response (18). CD4™* cells are associated with high-affinity antibody
induction and isotype switching, but they also can have other effector functions. To
examine if they also play a role in the observed protective efficacy, WT (BALB/c) mice
were immunized with rPR/8 HA and 1V270/1Z105. Three weeks later, at the time when
a protective antibody response is established, the mice were then treated with a
monoclonal antibody (MAb) to deplete CD4™* cells or isotype controls. The depletion
was confirmed by flow cytometry (>99% depletion) of peripheral blood cells from a
separate cohort of unchallenged animals. The mice were treated with antibody at days
—2 and +1 relative to challenge with homologous PR/8 virus (Fig. 4E) or heterologous
NL/09 virus (Fig. 4F). Neither group of mice immunized with rPR/8 HA plus 1V270/1Z105
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FIG 4 Passive serum transfer and CD4* cells induced by 1V270/1Z105-adjuvanted rHA contribute to protection from lethal influenza virus challenge. Immune
sera were generated from mice by immunization with rPR/8 or rCal/09 HA adjuvanted with 1V270/1Z105 or no adjuvant at 0 and 3 weeks and administered
to recipient mice. Mice immunized with rPR/8 were challenged with homologous PR/8 virus and followed for morbidity (A), as assayed by weight loss, and
mortality (B). Mice receiving immune sera from either rPR/8- or rCal/09-vaccinated animals were challenged with NL/09 virus, such that heterologous protection
was assayed using homologous protection as the control group, and these animals were followed for morbidity (C), based on body weight loss, and mortality
(D). Statistical significance of weight loss was assessed by multiple t tests, comparing the 1V270/1Z015 versus no adjuvant groups (A) and the Cal/09
homologous control (C), as indicated by the colors of the asterisks. (E and F) Mice were immunized with rPR/8 HA plus 1V270/1Z105, and 3 to 4 weeks later
they were treated with the MAb GK 1.5 to deplete CD4" cells or the MAb LTF-2 (isotype) as a control. Two days after administration of the MAbs, mice were
challenged with homologous PR/8 virus and assayed for morbidity, based on weight loss, and mortality (animal survival data are shown in parentheses) (E) or
with heterologous NL/09 virus and assayed for morbidity by weight loss and mortality (animal survival data are shown in parentheses) (F). For the heterologous
challenge, two independent experiments with 10 mice/group and 19 to 20 mice/group were conducted and combined. Statistical significance of weight loss
was assessed based on multiple t tests. Statistical significance of survival was assessed with the Mantel-Cox test. *, P < 0.05; **, P < 0.01.

lost substantial weight following a lethal homologous viral challenge (Fig. 4E). Similarly,
both antibody-treated groups of mice lost significant weight with the heterologous
viral challenge, but the CD4™ cell-depleted mice recovered more slowly from the NL/09
infection than the isotype control-treated mice and demonstrated significantly lower
body weights on days 10 and 11 postinfection (P < 0.05) (Fig. 4F). Depletion of CD4"
cells did not impair protection from a lethal homologous challenge after an antibody
response had been established. However, CD4* depletion delayed the recovery from a
heterologous challenge, indicating a role for CD4* cells when cross-reactive antibodies
alone are insufficient for protection from heterologous viral exposure.

1V270 and 1Z105 work additively to induce antigen-specific IgG and protect
mice from influenza virus challenge. The above data indicated that TLR4 and TLR7
signaling via MyD88 are indispensable for the induction of influenza virus-specific
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FIG 5 1V270 and 12105 work additively to induce antigen-specific IgG and protect mice from morbidity after viral challenge. (A) WT BALB/c mice (4 to 5
animals/group) were immunized with rPR/8 HA with or without adjuvant at the indicated doses or with antigen only in the vehicle control group. Animals were
bled 3 weeks after immunization and subsequently challenged with PR/8 virus. Antigen-specific antibody endpoint titers were determined by ELISA with the
PR/8 virus substrate, and the endpoint IgG titer for all groups demonstrated a dose response to both single agents 1V270 and 1Z105. The log endpoint titer
is a linear function of the log dose of 1V270 (P < 0.05), and 1Z105 has an additive effect on 1V270 (P < 0.0001). However, 12105 does not change the 1V270
dose-response relationship, apart from this additive effect (for the overall interaction, P = 0.11), except for the very highest doses (see the text). (B) Body weight
data for each group receiving the indicated doses of adjuvant or control were plotted as a function of the endpoint titer. The percent initial body weight change

on day 6 following a lethal viral challenge correlated with the endpoint titers (Pearson correlation coefficient r = 0.91, P < 0.0001).

antibodies and survival after vaccination with the combined adjuvant. To further study
whether the combination of two agonists can provide adjuvant dose-sparing effects,
WT (BALB/c) mice were immunized with rPR/8 HA and 1V270, 12105, or the 1V270/
12105 combined adjuvant in graded doses. After 3 weeks, mice were bled and
subsequently challenged with PR/8 virus and monitored for weight loss. Increasing
doses of 1V270 or 12105 as individual adjuvants resulted in increased anti-HA antibod-
ies, determined by ELISA. The log EPT was a linear function of the log dose of 1V270
(Fig. 5A). On a log scale, 12105 had an additive effect on 1V270 [F 5, ¢, P < 0.0001];
however, 12105 did not change the general 1V270 dose-response relationship, apart
from this additive effect [test for overall interaction, Fig ¢4, P = 0.11]. A test of individual
interaction terms showed that at the 2 highest dose levels of 1V270, the additive effect
of 1V270 was attenuated at its highest dose (P < 0.02 for each term), consistent with
a threshold effect at the highest doses. The percent body weight maintained following
lethal virus challenge correlated with the endpoint titers (Fig. 5B) (Pearson correlation
coefficient r = 0.91, P < 0.0001). Near-maximal endpoint titers and protection against
the morbidity of viral challenge were seen in mice that received 1V270 (0.2 nmol) and
1Z105 (40 nmol), suggesting that the potential for toxicity could be reduced by
minimizing the adjuvant doses in the formulation necessary to induce a fully efficacious
response.

DISCUSSION

The few FDA-approved adjuvants on the market have compelled the discovery,
synthesis, and characterization of new compounds as vaccine adjuvants (16). TLR
agonists have been examined in preclinical models as target-directed adjuvants (16, 31,
32). The AS04 adjuvant licensed for use in GlaxoSmithKline’s Cervarix vaccine suggests
that TLR4-based ligands, namely, monophosphoryl lipid A (MPLA), are safe and effective
adjuvants for a recombinant viral vaccine (33). Other combinations of TLR4 and TLR7/8
adjuvants are in preclinical trials in nonhuman primates (34-36). Specific to influenza
virus vaccines, we and others have reported that combinations of TLR4 and TLR7
agonists as adjuvants successfully augment protective immune responses and can also
broaden the cross-protection to HA globular head antigens as well as HA stalk antigens,
as evidenced in heterologous and heterosubtypic murine challenge models (18, 35).
The induction of broad immunity to influenza viruses may depend upon induction of
a robust humoral and cellular immune response. Here, we have demonstrated that
1V270/1Z105 induces antigen-specific humoral and cellular immunity, both of which
contribute to in vivo efficacy.
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In addition to the role of HAI antibodies (18) in passively transferred immune sera,
we have demonstrated a role for cross-protective CD4* cells in a rHA subunit vaccine
adjuvanted with a combination of synthetic TLR4 and TLR7 ligands. CD4* cells are
known to play a role in human immunity to influenza viruses (37, 38). However, the
majority of studies have reported that upon development of CD4* immunity to internal
viral proteins generated by natural infection, namely, nucleoprotein (NP) or matrix
protein, inactivated vaccines or subunit vaccines target internal viral proteins rather
than adjuvanted rHA. Several recent clinical trials of influenza virus vaccines coupled
with adjuvants utilizing diverse mechanisms of action demonstrated that these vac-
cines induce CD4* cells (39-41), and a correlation between CD4* cell induction and the
development of HAI antibodies has been reported for influenza virus vaccines adju-
vanted with MF59 and Matrix-M, a saponin-based adjuvant (42, 43). In a murine model,
rHA adjuvanted with glucopyranosyl lipid adjuvant, a synthetic TLR4 ligand similar to
MPLA, and a stable emulsion of oil in water was dependent upon the presence of CD4+
cells at the time of immunization to induce protective immunity (14). To our knowl-
edge, however, few mouse studies have formally evaluated the protective role of
HA-specific CD4™" cells in a murine model of influenza virus immunization and chal-
lenge with CD4* cell depletion occurring after the development of a protective
immune response. Interestingly, a recent study that evaluated a trivalent virosomal
vaccine adjuvanted with Matrix-M demonstrated a cross-protective role for CD4* cells
that were primarily directed against HA and the viral neuraminidase, with a smaller
population of CD4™ cells specific for the viral NP (44). Here, we definitively showed that
a TLR4/TLR7-adjuvanted rHA influenza virus vaccine induces CD4™" cellular responses
that play an active role in protecting mice during heterologous influenza virus chal-
lenge.

Although adjuvanted vaccines may enhance immunity, regulatory agencies are
appropriately concerned with vaccine safety (16, 45, 46). Here, we examined the
combined adjuvant for off-target effects and systematically evaluated a reduction in
dose to minimize any potential toxicities. We previously reported that the combined
1V270/1Z105 adjuvant did not induce a systemic inflammatory response, and it com-
pared well to the squalene-based emulsion AddaVax in this regard (18); however,
determining the in vivo mechanism of action is a critical step in the preclinical
evaluation of novel adjuvants. With knockout mouse models, we demonstrated that
12105 and 1V270 are strictly dependent upon TLR4 and TLR7, respectively, signaling
through MyD88 without any discernible off-target effects. The combination of small
molecules targeting TLR4 and TLR7 results in the ability to substantially reduce the
adjuvant dose.

Adjuvants with multiple molecular and cellular targets are desirable if efficacy results
from preclinical models are to be translated into use in humans with genetically diverse
backgrounds. 1V270/1Z105 works via both TLR4 and TLR7 and exerts its effects on both
peripheral radioresistant cells as well as bone marrow-derived cells. Activating multiple
receptors on different populations of adaptive and innate immune cells will help to
improve vaccine responses in community-based populations. In particular, this strategy
has great potential to overcome immune senescence in older patients, who are at the
highest risk for complications from influenza virus infections. As we previously de-
scribed, the TLR4:TLR7 ratio affects the balance of Th1:Th2-type immunity (18). Moving
forward, optimization of the TLR4:TLR7 ratio should provide an opportunity to optimize
both safety and efficacy as the compounds are formulated for clinical development,
and this is an important area of research for developing next-generation adjuvanted
vaccines.

MATERIALS AND METHODS

Animals. Animal experiments performed at the University of California San Diego (UCSD), La Jolla,
CA, USA, were approved by the UCSD Institutional Animal Care and Use Committee (IACUC; S00028 and
S09331), and animal experiments performed at the Icahn School of Medicine at Mount Sinai (ISMMS)
were approved by the ISMMS IACUC (LA13-00084). Seven- to 9-week-old C57BL/6 (WT) mice were
purchased from the Jackson Laboratories (Bar Harbor, ME). Ticam1Ps?> mice were kindly provided by
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Bruce Beutler (University of Texas Southwestern Medical Center, Dallas, TX, USA). Ticam1 is the gene that
encodes the TIR domain-containing adapter-inducing interferon-g (TRIF) protein. Tlr4—/=, Tlr7=/~, and
Myd88~/~ mice were gifts from Shizuo Akira (Osaka University, Osaka, Japan). These strains were
backcrossed for 10 generations onto the C57BL/6 background at UCSD, and the TIr4=/~ and TIr7~/~
strains were intercrossed to generate the double-deficient mice (TIr4.Tlr7=/~). For immunization with
influenza virus antigens, 6- to 8 week-old WT female BALB/c and WT female C57BL/6 mice were
purchased from the Jackson Laboratories (Bar Harbor, ME). Ticam1tPs2, Tlr4—/=, TIr7=/—, and Myd88—/~
animals for immunization with influenza virus antigens at ISMMS were purchased from the Jackson
Laboratories (Bar Harbor, ME), bred in-house, and immunized at 6 to 10 weeks of age. The animals were
anesthetized with ketamine-xylazine before intranasal viral infection.

Preparation of MyD88 and WT bone marrow chimeric mice. Bone marrow chimeric mice were
generated by injecting 107 bone marrow cells intravenously into whole-body-irradiated (950 cGy)
recipient mice (47). The chimeric mice were immunized with rHA plus adjuvant 6 weeks after the bone
marrow transfer. To evaluate chimerism, CD45.1 and CD45.2 congenic markers were used in WT and
Myd88~/~ mice, respectively. Five and 11 weeks after the bone marrow transfer, peripheral blood
mononuclear cells from the recipient mice were stained for CD45 markers to analyze the percentage of
donor cells by flow cytometry. The average chimerism percentages at 5 and 11 weeks after bone marrow
transfer were determined to be 91.3% = 3.1% and 96.4% * 2.0% (means * standard deviations),
respectively.

Reagents. The compounds 1Z105 and 1V270 were synthesized in the Carson laboratory at UCSD as
previously described (22-24), dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO) as 20
to 100 mM stock solutions, and stored at —20°C. The endotoxin levels of these compounds were
determined by using Endosafe (Charles River Laboratory, Wilmington, MA, USA) and were confirmed to
be less than 10 endotoxin units (EU)/umol. AddaVax and VacciGrade high-molecular-weight (HMW)
poly(I-C) were purchased from Invivogen (San Diego, CA).

Recombinant HA was prepared as previously described (48, 49). Briefly, rHA antigens derived from
influenza virus A/Puerto Rico/8/1934 (H1N1) (PR/8) and A/California/04/2009 (pandemic H1N1) (Cal/09)
were expressed from baculovirus vectors in High Five cells (BTI-TN-5B1-4 cells; subclone from the Vienna
Institute of Biotechnology) in the laboratory as soluble trimers, by utilizing the T4 phage fibritin natural
trimerization domain and a C-terminal hexahistidine tag for purification as previously described (48, 49).
Protein was purified with Ni-nitrilotriacetic acid (NTA)-agarose beads (Qiagen, Hilden, Germany).

In vivo immunization studies. BALB/c WT, C57BL/6 WT, Tir4=/=, Tlr7=/=, TIr4.Tlr7—/~ (double
knockout), Myd88—/-, and Ticam'Ps2 mice were immunized i.m. with 1V270 (10.8 ng/injection, equivalent
to 10 nmol/animal), 12105 (89.4 ng/injection, equivalent to 200 nmol/animal), or a combination of 1V270
(10 nmol/animal) and 1Z105 (200 nmol/animal), or at doses otherwise stated in the figure legends for the
dose-response evaluation, in a total volume of 50 ul of 10% DMSO in saline (vehicle). Controls included
no adjuvant (antigen in 10% DMSO in saline), vehicle, poly(I-C) [10 ng of poly(l-C) plus antigen in vehicle],
and AddaVax (1:1 ratio with antigen in saline). An adjuvant-only control (10 nmol of 1V270 plus 200 nmol
of 12105 in vehicle) was previously evaluated and found to have no effect on challenged mice relative
to vehicle alone (18). All mice were immunized i.m. with rHA (2 ug rPR/8 HA per mouse, or 5 ug rPR/8
HA per mouse in the adjuvant dose-response experiment). All immunizations were delivered i.m. into the
gastrocnemius muscle.

Murine influenza virus challenge. Mouse-adapted (via serial passage through murine lungs in work
performed before the Gain-of-Function Moratorium) A/Netherlands/602/2009 (H1N1) (NL/09) and
A/Puerto Rico/8/1934 (H1N1) (PR/8) were grown in 8- to 10-day-old embryonated chicken eggs. The
murine 50% lethal doses (mLDs,s) were 10 PFU and 30 PFU, respectively, as determined in 8- to
10-week-old female BALB/c mice. Mice were anesthetized with ketamine-xylazine and infected i.n. in a
volume of 50 ul of phosphate-buffered saline (PBS) with 100 PFU of NL/09 or 300 PFU of PR/8. All
challenged animals were monitored daily for body weight and were sacrificed when they reached
IACUC-approved endpoints.

Passive serum transfer study. For the passive serum transfer study, 6- to 8-week-old WT BALB/c
female mice were immunized at 0 and 3 weeks with rPR/8 HA plus 1V270/1Z105 or rPR/8 HA in vehicle.
Mice were bled 10 weeks after the first immunization, and sera were purified via microcentrifugation.
Sera were heat inactivated at 56°C, and 200-ul aliquots of sera were transferred via i.p. injection to naive
6- to 8-week-old BALB/c female mice. The mice were challenged with 10 mLD,, of PR/8 virus 3 h after
passive serum transfer and monitored daily for body weight changes.

CD4+ cell depletion study. CD4* cells were depleted after vaccination. Briefly, BALB/c mice were
immunized with rPR/8 HA plus 1V270/1Z105, and 3 to 4 weeks later the monoclonal antibody (MAb) GK
1.5 (200 ng/injection; BioXCell, West Lebanon, NH) was administered i.p. on days —2 and +1 relative to
the virus challenge (day 0) to deplete CD4* cells. The MAb LTF-2 (BioXCell) was used as an isotype
control. Mice were challenged with homologous PR/8 virus or heterologous NL/09 virus and assayed for
morbidity, based on weight loss, and mortality.

Measurement of antigen-specific antibodies. Anti-influenza virus antibodies were measured in an
ELISA using as the substrate PR/8 virus purified through a 30% sucrose cushion via ultracentrifugation by
standard methods (18). EPTs were defined as the highest dilution of serum that resulted in a signal three
times above the background level. Total IgG was detected as previously described (18).

Influenza virus titers. Influenza virus titers were determined in MDCK cells via a standard plaque
assay, described previously (50).

Statistical analysis. For continuous outcomes, the data are presented as mean results and standard
errors of the means (SEM). One-way analysis of variance (ANOVA) with Dunnett’s post hoc test was used
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to compare multiple groups to a control group. Pearson’s correlation tests were used to assess the linear
association between two continuous variables. For the influenza virus ELISA endpoint titer data, the
Kruskal-Wallis test with Dunn'’s correction for multiple comparisons was used to assess significance of
differences compared to responses in WT animals that received immunizations with the indicated
adjuvant. For weight loss curves, t tests correcting for multiple comparisons by the Holm-Sidak method
were used to compare each day’s weight to the indicated control group, and no adjustment was made
for performing comparisons on multiple days for the same endpoints. For survival, Kaplan-Meier curves
were plotted, and the log rank test was performed to assess if there was a significant difference in a
survival outcome between groups. A two-way ANOVA model was applied to assess the dose-response
relationship between an endpoint and the compounds; additive effects were assessed by testing the
significance of the main effects, and a synergistic effect was assessed by testing the interaction effect of
the two compounds. Prism 6 statistical software (GraphPad Software) and R (version 3.1.0; http://www
.r-project.org) were used to obtain P values for comparisons between groups (a P value of <0.05 was
considered significant).
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