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Introduction

Summary

Influenza virus causes a contagious and potentially serious infection of the
upper respiratory tract. While neutralizing antibodies are protective against
infection, the problem of antigenic drift remains, requiring the constant mon-
itoring and development of new vaccines. The magnitude of this situation is
underscored by the emergence of new potentially human pathogenic influ-
enza strains, avian H5N1 being the most recent example. We present evidence
that antibodies against T cell immunoglobulin mucin-1 (TIM-1), a recently
identified immunomodulatory molecule, stimulate cellular immunity against
influenza viruses and cross-strain immune reactivity. To determine potential
immunostimulatory properties of anti-TIM-1, mice were vaccinated with
inactivated influenza virus in the presence or absence of TIM-1-specific mon-
oclonal antibodies. Development of cellular immunity against both the influ-
enza strain used for immunization and serotypically distinct virus strains was
monitored 3 weeks after vaccination by determining antigen-specific lympho-
cyte proliferation and cytokine production. Results show that TIM-1 antibod-
ies enhance antigen-specific cellular proliferation (P <0-05) and interferon
(IFN)-y production (P < 0-01). Using blocking anti-CD4 and CD8 antibodies,
it was observed that antigen-specific cellular proliferation is CD4-dependent
and that the majority of proliferating cells are CD4". Finally, vaccination with
inactivated influenza virus with TIM-1 antibody results in the significant
(P <0-001) induction of proliferation and IFN-y production upon stimula-
tion with one of three serologically distinct strains. TIM-1 antibodies dem-
onstrate an adjuvant effect promoting antigen-specific cellular proliferation
and IFN-y production, which are important for the promotion of cell-medi-
ated immunity. These results are the first to suggest that TIM-1 antibody may
serve as a potent adjuvant in the development of new influenza virus vaccines.
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the 1918 ‘Spanish influenza pandemic’ [4,5]. While there
exists some debate about the virulence of the current H5N1

Influenza virus is the causative agent of contagious, and
potentially serious, infections of the upper respiratory tract.
Worldwide, some 250 000-500 000 people die each year
from complications due to influenza virus [1]. Failure to
identify correctly or supply adequately a particular vaccine
for a given year, as observed for the 2003-04 and 2004-05
seasons, can have serious consequences [2,3]. The recent
outbreaks of human infections with avian influenza virus
suggests the possibility of a devastating pandemic similar to

virus in humans, there is broad consensus that a highly
virulent strain may occur in the near future. Despite the
existence of vaccines that produce protective antibodies,
influenza, in general, is still a worldwide problem. While
neutralizing antibodies are the correlate of protection against
influenza virus, rapid mutations of the haemagglutinin (HA)
and neuraminidase (NA) coat proteins of the virus necessi-
tate rigorous identification and virus-specific vaccine pro-
duction. Febrile reactions associated with higher doses of
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influenza virus antigens precludes most strategies using a
large number of serotypes in a single vaccine (reviewed in
[6]). In addition to generating neutralizing antibody
responses, another strategy is to generate protective cell-
mediated immunity against influenza virus [7]. Vaccine
adjuvants, primarily aluminium salts, have been used for
more than 70 years, and their safety and efficacy for certain
indications is well established [8]. However, one potential
drawback to the use of aluminium salts is their failure to
stimulate Th1 immunity and CD8" T cell effector function
[9]. As salts of aluminium hydroxide are the only clinically
approved adjuvants, new adjuvants with the ability to
enhance immunity, especially cell-mediated immunity, are
urgently needed.

The TIM molecules are a recently discovered class of pro-
teins with the ability to regulate the immune system. Cross-
linking of TIM-1 on T cells by TIM-1 antibodies results in
the co-stimulation of T cells [10]. Furthermore, enhanced
proliferation and cytokine secretion was observed using T
cells from DO11-10 mice cultured in the presence of the cog-
nate antigen, ovalbumin and increased interferon (IFN)-y as
well as interleukin (IL)-4 in response to antigen was reported
from mice treated with TIM-1 antibody [10]. We report here
for the first time the use of TIM-1 antibody as an adjuvant in
combination with a known infectious disease immunogen,
influenza virus. Use of TIM-1 antibody results in an antigen
dose-dependent enhancement of lymphocyte proliferation,
IFN-y production and cross-strain reactivity. We propose
that approaches targeting TIM-1 may be used to develop
novel prophylactic and/or therapeutic vaccination strategies.

Materials and methods

Viruses

Whole inactivated influenza viruses, A/Beijing/292/95
(Beijing, HIN1); A/Taiwan/1/86 (Taiwan, HIN1), A/Kiev/
301/94-like A/Johannesburg/33/94 (Kiev, H3N2), A/Pan-
ama/2007/99 (Panama, H3N2) and A/Shandong/9/93
(Shandong, H3N2), were purchased from BioDesign Inc.
(Houston, TX, USA) and Advanced Immunochemicals
(Long Beach, CA, USA).

Mice and immunizations

Six- to 8-week-old female BALB/c mice (Jackson Laborato-
ries Bar Harbor, ME, USA) were used for this study. Treat-
ment of animals was in accordance with regulations outlined
in the USDA Animal Welfare Act and specifications in the
Guide for Care and Use of Laboratory Animals [11]. Mice were
vaccinated with 10 g of whole inactivated virus mixed with
either 100 ug of TIM-1 antibody or isotype-control antibody
in a volume of 200 pul in phosphate-buffered saline (PBS). All
immunizations were conducted via the intraperitoneal route
(i.p.)-

Antibodies

Initially, preservative-free rat anti-mouse TIM-1 mono-
clonal antibody (clone 222414, rat IgG2b, low endotoxin)
and a rat anti-KLH isotype-control antibody (clone 141945,
IgG2b) were purchased from R&D Systems (Minneapolis,
MN, USA). More recent studies were performed with in-
house-generated rat anti-mouse TIM-1 monoclonal anti-
bodies, Am1-005 and Am1-006, or with the commercial
antibody RMT1-4 (e-Biosciences, San Diego, CA, USA),
yielding essentially identical results. Antibodies and antigen
reagents were evaluated for low endotoxin using a chro-
mogenic limulus amebocyte lysate endotoxin assay (Cam-
brex Bioscience, Walkersville, MD, USA). To block the
proliferation of CD4" and CD8" T cells, blocking antibodies
GK1-5 (rat anti-mouse CD4 [12]) and 53-6-7 (rat anti-
mouse CD8 [13]) were used at a final concentration of
10 pg/ml in the proliferation assays.

Proliferation assay

Twenty-one days after vaccination, spleens were harvested
from immunized and control mice and splenocytes prepared
for in vitro assays. Single-cell splenocyte suspensions were
prepared by mechanical disruption. After red blood cell
(RBC) lysis with ACK lysing solution (Invitrogen, Carlsbad,
CA, USA), the cells were washed and resuspended in com-
plete media [RPMI-1640, 10% fetal bovine serum (FBS),
GlutaMAX™, 5 um B-ME] and adjusted to 5x 10° viable
cells/ml. Cells (100 ul per well) were incubated in quadru-
plicate with increasing amounts of whole influenza virus in a
final volume of 200 pl in flat-bottomed, opaque white-wall
plates for 96 h at 37°C and 5% CO,. In other experiments,
incubating cultures for 72 h yielded similar results (data not
shown). Sixteen hours prior to harvest, the cells were pulsed
with 10 uM bromodeoxyuridine (BrdU) and processed
according to the procedures for the Delfia Proliferation Assay
(Perkin-Elmer, Wellesley, MA, USA). Anti-BrdU Europium-
based fluorescence was detected using a Wallac-1420 Victor-
2 time-resolved fluorimeter. Results are represented as rela-
tive fluorescence units (RFU) * standard error of the mean
(s.e.m.).

Cytokine assays

Supernatants were derived from the cultures described
above. Briefly, supernatants were harvested after 96 h and
assayed for the presence of IFN-y (R&D Systems, DuoSet no.
04485) and IL-4 (BD Biosciences, San José, CA, USA; cap-
ture antibody, no. 11B11; detection antibody, no. BVD6-
2462) using a sandwich enzyme-linked immunosorbent
assay (ELISA). The resulting optical density was read on a
microtitre plate reader (ELX-808, BioTek Instruments,
Winooski, VT, USA) with 540 nm wavelength correction.
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Fig. 1. T cell immunoglobulin mucin-1 (TIM-1) antibodies enhance antigen-specific cellular proliferation and interferon (IFN)-y production. BALB/

¢ mice (four per group) were vaccinated intraperitoneally (i.p.) with 10 pig whole inactivated Beijing influenza virus mixed with 100 pg TIM-1 antibody
(a-TIM-1; black triangles), isotype control (IgG2b; open triangles) or phosphate-buffered saline (PBS) (naive; open squares). After 21 days, splenocytes
were harvested and cultured in vitro with increasing amounts of whole inactivated Beijing influenza virus for 96 h and analysed for proliferation (a).
Supernatants were removed for ELISA analysis of IFN-y production (b). Data represent the mean + s.e.m. Statistical significance is denoted by asterisk

for values compared to isotype control. *P < 0-05; **P < 0-001.

Statistical analyses

In vivo experiments were conducted using four to five mice
per group. Data from all experiments were analysed with the
GraphPad Prism graphical analysis software (version 4-02,
GraphPad, Inc., San Diego, CA, USA). Plots are represented
as mean values + s.e.m. Comparisons between groups were
made by two-way aNova using Bonferroni post-tests. P-
values equal to or less than 0-05 were considered to be
significant.

Results

TIM-1 antibodies enhance antigen-specific proliferation
and IFN-y production

Previous reports have indicated that interference with the
signalling pathways for TIM-1 and its ligand TIM-4 has a
strong effect on the regulation of immune responses [10,14].
For example, immunization with antigen in combination
with TIM-1 antibody and complete Freund’s adjuvant results
in increased in vitro cellular proliferation and IFN-y and IL-
4 production [10]. In order to determine whether TIM-1
antibody can act as an adjuvant in combination with influ-
enza virus in a vaccination model, BALB/c mice were
injected with 10 pug whole inactivated Beijing HIN1 in the
presence of 100 g of TIM-1 antibody. After 21 days, spleno-
cytes from immunized mice were isolated and cultured in
vitro in the presence of homologous antigen for 96 h. Sple-
nocytes from mice immunized with inactivated Beijing virus
and TIM-1 antibody showed a significant increase in homol-
ogous antigen-dependent proliferation (Fig.1la, P <0-05).

The proliferation was both in vitro dose-dependent and anti-
gen-specific, as stimulation using an irrelevant antigen, oval-
bumin, did not induce proliferation (data not shown).
Proliferation in mice that were vaccinated with virus plus
isotype control was not significantly different from PBS con-
trols (Fig. 1a). A general trend of lymphocyte proliferation
was observed for all groups, which may be attributed to the
mitogenic effects of HA [15]. In order to determine whether
antigen stimulation produced Thl or Th2 cytokines from
these cells, supernatants were harvested and tested in both an
IFN-v or IL-4 cytokine ELISA. As shown in Fig. 1b, signifi-
cant amounts of IFN-y (6000 pg/ml, P < 0-001) were secreted
by cells upon Beijing antigen stimulation. Isotype or naive
PBS groups showed only 1000 pg/ml IFN-y at the highest
concentration of antigen. IL-4 production in all groups was
very low, and at the limit of detection of the cytokine ELISA
(< 100 pg/ml).

The proliferative effects of TIM-1 antibodies are due
mainly to CD4* T cells

To characterize further the cellular nature of the antigen-
specific proliferative response observed, T cell prolifera-
tion blocking anti-CD4 and anti-CD8 monoclonal anti-
bodies were co-incubated with some of the experimental
wells to determine whether the proliferative effect observed
was due to a particular T cell subpopulation. We found
that the majority of the T cell response was due to CD4" T
cells, as blockade with anti-CD4 antibodies greatly reduced
cellular proliferation (Fig.2a, black triangles). In the
absence of in vitro anti-CD4 antibodies (Fig. 2a, open tri-
angles), proliferation in response to antigen is enhanced
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Fig. 2. Proliferation in response to antigen is CD4 T cell-dependent. BALB/c mice (six per group) were immunized with 10 ug Beijing influenza virus

and 100 pug T cell immunoglobulin mucin-1 (TIM-1) antibody or isotype control. After 21 days, the splenocytes were harvested and cultured as

described. Antigen-stimulated proliferation of lymphocytes in the presence of anti-CD4 or anti-CD8 antibodies was compared to lymphocytes

stimulated in the absence of blocking antibodies. Antibodies specific for CD4 or CD8 were added to wells containing lymphocytes to a final

concentration of 10 pug/ml and allowed to incubate for 96 h in culture prior to analysis. (a) Open triangles, stimulation in the absence of anti-CD4;

black triangles, with anti-CD4. (b) Open circles, stimulation in the absence of anti-CD8; black circles, with anti-CD8. Control groups for both (a) and

(b): open squares, phosphate-buffered saline (PBS) vaccination; black diamonds, Beijing virus vaccination only. Data represent the mean + s.e.m.

Statistical significance is denoted by asterisk for values compared to stimulation in the presence of blocking antibodies. ***P < 0-001.

significantly in the animals vaccinated in the presence of
TIM-1 antibodies (P < 0-:001). However, in the presence of
blocking anti-CD4 antibodies, antigen-dependent prolifer-
ation is lost (black triangles). In contrast, anti-CD8 block-
ing antibodies had little or no effect on proliferation in
these experiments (Fig.2b, open circles versus black cir-
cles). Analysis of the corresponding cytokine production
yielded similar results. Anti-CD4 antibodies resulted in a
significant reduction of IFN-y production, while anti-CD8
blockade had no effect on the amount of IFN-y produced
(data not shown).

TIM-1 antibodies generate cross-strain immune
responses

To determine if the Beijing (HIN1)-dependent response was
influenza serotype-specific, the splenocytes from Beijing/
HINI1-immunized mice were stimulated in vitro with a het-
erologous inactivated Kiev influenza, an H3N2 virus. While
in some experiments high Kiev viral antigen concentrations
resulted in cellular toxicity, we still observed that splenocytes
from mice vaccinated with Beijing/HIN1, when immunized
in the presence of TIM-1 antibody, proliferated in response
to Kiev/H3N2 virus stimulation (Fig.3, P<0-001). No
cross-strain response was observed in the isotype or PBS
control groups, suggesting that the TIM-1 antibody had a
direct effect on the priming against conserved viral antigens
that could possibly include the matrix protein (MP) and
nucleoproteins (NP). IFN-y production in response to Kiev
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Fig.3. T cell immunoglobulin mucin-1 (TIM-1) antibodies enhance
cellular proliferation upon stimulation with a heterologous antigen-
BALB/c mice (four per group) were vaccinated intraperitoneally (i.p.)
with 10 pg whole inactivated Beijing influenza virus mixed with 100 pug
TIM-1 antibody (o-TIM-1; black triangles), isotype control (IgG2b;
open triangles) or phosphate-buffered saline (PBS) (naive; open
squares). After 21 days, splenocytes were harvested and cultured in vitro
with increasing amounts of whole inactivated Kiev (H3N2) influenza
virus for 96 h and analysed for proliferation. Data represent the mean
+ s.e.m. Statistical significance is denoted by asterisk for values com-
pared to isotype control. **P < 0-01; ***P < 0-001.
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Fig. 4. Vaccination with antigen and T cell immunoglobulin mucin-1 (TIM-1) antibodies induces cross-strain reactivity. BALB/c mice (four per group)

were immunized with 10 pg Beijing influenza virus and 100 pg TIM-1 antibody (black triangles), isotype control antibody (open triangles) or

phosphate-buffered saline (PBS) (open squares). After 21 days splenocytes were harvested and cultured in vitro with increasing amounts of whole

inactivated influenza viruses (a, Kiev; b, Panama; ¢, Shandong) for 96 h. Culture supernatants were collected after the incubation period and assayed

for the presence of interferon (IFN)-y by enzyme-linked immunosorbent assay (ELISA). Interleukin (IL-4) was not detectable in these experiments.

Data represent means of duplicates + s.e.m. Statistical significance is indicated by asterisk for values compared to the isotype antibody control.

P <0-001.

antigen stimulation was also increased (Fig. 4a). As with the
homologous challenge, the IL-4 levels were less than 100 pg/
ml for all groups.

TIM-1 antibodies generate heterosubtypic responses

Moran et al. demonstrated that increased IFN-y facilitated
recovery of mice from challenges with a serologically distinct
viral strain [16]. In light of our data showing increased T cell
proliferation and IFN-y production using TIM-1 antibody,
we wanted to determine whether vaccination with one sero-
type of influenza virus, e.g. Beijing HIN1, in combination
with TIM-1 antibodies, would also result in enhanced IFN-y
production when stimulated by a panel of viruses represent-
ing different serotypes. As shown in Fig. 4a, we find that sple-
nocytes from mice vaccinated with Beijing HIN1 in the
presence of anti-TIM-1 produce strongly elevated (17-fold)
amounts of IFN-y after restimulation with Kiev H3N2
(P<0:001), but not control antibody. The response was
largely Th1 in character, as IL-4 production was low to unde-
tectable for all groups (<50 pg/ml; data not shown). Fur-
thermore, mice immunized with the inactivated Beijing/
HINTI strain not only mount an immune response against
Beijing (Fig. 1) and against the Kiev H3N2 strain (Fig. 4a),
but also against other influenza strains belonging to the
H3N2 serotype (A/Panama/2007/99, Fig. 4b; A/Shandong/9/
93, Fig. 4c). The spleens from mice vaccinated with Beijing
virus + TIM-1 antibody were found to express IFN-y at levels
of up to 22 000 pg/ml when stimulated with the Panama-
inactivated influenza virus isolate (threefold, P < 0-001) and
5000 pg/ml when stimulated with Shandong (11-fold,
P<0-001).

Discussion

It has been well documented that Th1 cytokines such as IFN-
vy are required for the clearance of viral infections and, more
importantly, for immunity against distinct serological strains
of influenza virus [16]. In a successful response to certain
viral infections, such as influenza, increased production of
IFN-vy, together with cell-mediated immunity, is largely
responsible for viral clearance. Accordingly, lack of IFN-y has
been found to correlate with higher influenza viral titres and
decreased CTL activity [17]. In line with these observations,
we show that TIM-1 antibodies not only stimulate anti-viral
antigen-specific cellular proliferation and IFN-y production
against the immunization antigen, but also stimulate cross-
strain reactivity against distinct influenza subtypes. Mice
immunized with whole inactivated Beijing HIN1 virus
mixed with an isotype-matched control antibody responded
with a poor IFN-y response when stimulated with Beijing
HINI in vitro. In comparison, mice vaccinated with antigen
and TIM-1 antibody consistently showed a three- to 17-fold
higher dose-dependent IFN-y response against not only the
immunization antigen, HIN1, but also against H3N2 sero-
types. The response to the H3N2 virus, A/Panama/2007/99,
was particularly high with respect to the absolute amounts of
IFN-y produced, generating 22 000 pg/ml. Similarly, the
response to other H3N2 viruses such as Kiev and Shandong,
produced significant amounts of IFN-y that were approxi-
mately 10-fold higher than the isotype-matched control
groups. Despite the generation of influenza cellular cross-
strain immunity, the immune responses generated were
none the less antigen-dependent, as vaccination with inacti-
vated virus did not stimulate immune responses against
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unrelated antigens, such as ovalbumin or other viruses (data
not shown).

Our results indicate that the major population of cells
responsible for the observed increased cellular immunity
were CD4" T cells, as blocking anti-CD4 but not blocking
anti-CD8 antibodies strongly inhibited TIM-1 antibody-
mediated cellular proliferation in response to antigen. Lym-
phocytes were stained for CD3, CD4, CD8 and CD69 and
examined by flow cytometry. No significant differences in
populations were observed between treatment groups. In
addition, preliminary analyses of influenza virus-specific
antibody responses suggest that TIM-1 antibodies do not
affect B cell responses negatively after vaccination (data not
shown), further supporting the T cell stimulatory activity of
TIM-1 antibodies and indicating that the use of TIM-1 anti-
bodies as a vaccine adjuvant in vivo does not affect the gen-
eration of neutralizing antibodies, an essential component of
the activity of available commercial vaccines.

Our results are consistent with the recently reported
observation that TIM-1 plays an important role in the co-
stimulation of T cells [10]. Umetsu et al. suggest that TIM-1
is activated by homodimerization of the receptor through
binding of bivalent TIM-1 antibodies, as monomeric TIM-1
antibody Fabs do not stimulate T cell proliferation in their
system. Intriguingly, dimeric TIM-4/Fc is also capable of
stimulating T cell proliferation [14], suggesting that binding
of either the natural ligand TIM-4 or TIM-1 antibody leads
to dimerization of TIM-1, signalling through tyrosine
kinase-mediated signal transduction pathways [18] and sub-
sequent antigen-dependent T cell proliferation and IFN-y
production. The results reported herein clearly support this
notion.

It is probable that the majority of the cross-strain respon-
siveness observed is against conserved antigens unrelated to
HA or NA, such as MP or NP. Preliminary experiments con-
ducted using commercial vaccines such as Fluzone™ and
Fluvirin™ in combination with TIM-1 antibody have gener-
ated similar increases of lymphocyte proliferation and IFN-y
production, as reported here for recombinant inactivated
complete influenza viruses (data not shown). These vaccines
are subunit vaccines containing HA and NA proteins from
inactivated influenza strains. In addition, they contain con-
siderable amounts of NP and MP as identified by sodium
dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-
PAGE) and ELISA (data not shown). When administered in
the presence of TIM-1 antibody, it is conceivable that these
nuclear and matrix components may serve as additional
immunogens. In other experiments conducted in our labo-
ratory, TIM-1 antibodies have also enhanced the efficacy of
the hepatitis B vaccine, Engerix™, as well as recombinant
HIV p24 protein (manuscript in preparation).

This study represents the first report of the use of TIM-1
antibody to enhance T cell immune responses against a
known infectious disease pathogen, influenza virus. We rec-
ognize that it will be important to determine whether the

increase in lymphocyte proliferation and IFN-y production
is sufficient to protect mice from a live challenge using
homologous, or even heterologous, viruses. However, the
initial data presented here suggest that TIM-1 antibodies are
attractive candidates in the search for improved vaccine
adjuvants.
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