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Abstract
ANALYSIS OF THE IMMUNE RESPONSES AGAINST INFLUENZA AND
VESICULAR STOMATITIS VIRUS (VSV) USING BISPECIFIC ANTIBODIES
(BsAbs) AND CYTOKINES.
by
Advisor: Thomas Moran Ana Fernandez-Sesma.

The immune response against virus infections is dictated by the way viral
antigens are presented to the cells of the immune system and by the cytokine context in
which the infection takes place. Thl or inflammatory immune responses in which
infected cells are eliminated by T cells are believed to be optimal to clear virus
infections, while Th2 immune responses are not believed to be responsible of fighting
viruses. BsAbs which bind some molecule on the T cell receptor of T cells with one
arm and a viral protein on the other arm can be used to redirect T cells not specific for
that particular virus to kill virus infected cells.

In this thesis I show results using bispecific antibodies that bind the T cell
receptor on T cells and proteins of either influenza virus or VSV to inhibit virus
replication. This system allowed me to study inhibition of virus replication by non
virus specific T cells which can clear virus infections without standard antigen
presentation. Both BsAbs worked in vitro, and one of them, 526, could redirect
superantigen activated T cells to prolong the life of mice lethally infected with VSV.

The study of the immune response in Statl KO mice after influenza virus

infection, showed a mixed response which was slightly biased towards Th2. These
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mice were unable to clear virus infection.

I also studied the generation of immunity by mice infected with influenza virus
under different cytokine treatments. When IL-4 was added at the time of infection,
mice could not generate cytotoxic T cells against influenza virus and the cytokine
profile in supernatants from spleen cultures was clearly of the Th2 type.

When different cytokines were used in combination with either live or
inactivated influenza viruses for vaccinations the Thl response generated by live virus
could be reversed to Th2 by the addition of IL-4, unprotective upon challenge with live
virus. The addition of IL-12 to inactivated virus switched the response of vaccinated
mice from a clear Th2 to a more Thl type, protective after challenge.

This work proves the importance of generation of an adequate immune response
against viruses for efficient clearance of viruses, and how limitations that may exist in

some organisms can be overcame to efficiently fight these infections.
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Chapter 1
INTRODUCTION
IMMUNITY TO VIRUS INFECTION
1. Innate Immunity

The specific immune response initiated following virus infection is comprised of
both antibody formation and cellular immunity (Doherty and Zinkernagel, 1974,
Cambridge et al., 1976, Doherty et al., 1992, Berke, 1995, Abbas et al., 1996,
Zinkernagel, 1996). In the interval prior to maturation of the specific immune
response, innate immunity plays an important role in slowing or preventing virus
replication. Among the components of innate immunity which function against virus
infection are interferon and NK or natural killer cells (Staeheli, 1990, Brutkiewicz and
Welsh, 1995). Type I interferon is released by cells following virus infection and binds
to specific receptors on most cells. Interferon acts on other cells inducing them to
synthesize "antiviral proteins” such as the Mx protein, P1/eIF-2a protein kinase and
2’-5’oligo(A) that serve to inhibit replication of viral proteins (Staeheli, 1990). Other
important elements of the innate immune response are the NK cells, which kill virus
infected cells and release cytokines such as gamma interferon prior to the appearance of
specific cytotoxic T cells (Brutkiewicz and Welsh, 1995). These two elements of the
innate immune response probably function to slow virus progression until specific

immunity develops. The activation of the alternative pathway of complement is very
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important for immunity to bacterial infections, and it may play some role in inhibiting

enveloped viruses (Lefrancois, 1984).
2. Acquired I it

After infection by a pathogen, antigens are presented by antigen presenting cells
(APCs) to the T cells in the context of major histocompatibility complexes (MHC) class
[ and class I molecules. Antigens presented by APC using MHC class I are recognized
by the T cell receptor (TCR) on CD8" cytotoxic T cells and antigens presented through
MHC class IT are recognized by the TCR on CD4* T cells (Morrison et al., 1986).
Evidence suggests that professional APCs probably are needed to present to both CD4*
and CD8" cells since activation requires co-stimulation which is provided only by such
cells (Schwartz, 1992, Bluestone, 1995). Yet the requirements for presentation by
MHC class I are different from those for MHC class II. Class II presentation occurs
when antigen is taken up by an endosomal pathway, broken into peptides which bind to
empty class II molecules which are returned to the cell surface to interact with the
TCR of a CD4" T cell. This pathway is known as the exogenous pathway (Morrison
et al., 1986). Class I presentation occurs primarily by endogenous processing. This
pathway presents only proteins found in the cytoplasm of a cell. Cytoplasmic proteins,
both self and those produced by invading organisms are broken down by an enzymatic
organelle known as the proteasome into short peptides, transported to the endoplasmic
reticulum where they bind to nascent class I molecules and proceed to the surface

(Morrison et al., 1986, Long and Jacobson, 1989, Rock et al., 1994). The MHC class
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3
I-peptide complex interacts with CD8* T cells that mature into cytotoxic cells. CD8*

cytotoxic T cells (CTLs) once activated gain the ability to lyse virus infected cells
expressing the viral peptide in the MHC class I context (Morrison et al., 1986,
Townsend, 1986, Long and Jacobson, 1989, Abbas et al., 1996, Zinkernagel, 1996).

CTLs lyse virus infected cells by the release of granules containing complement
like molecules known as perforin. Alternatively, they bind factors expressed on the
surface of the infected cell such as Fas through their membrane bound Fas-ligand,
which trigger the infected cell to programmed cell death (reviewed in Berke, 1995,
Kagi et al., 1995, Nagata and Suda, 1995, Atkinson and Bleackly, 1997). CTLs can
sometimes be responsible for the pathology associated with virus infection (Doherty
and Zinkernagel, 1974). Non-cytotoxic mechanisms for clearance of virus by CD8* T
cells have been documented. In these cases the release of cytokines such as IFNy and
TNFa by CD8" cells has been implicated (Guidotti et al., 1996)

Although CTLs cells are believed to be primarily responsible for clearing virus
infections, in some experimental cases such as the use of mice lacking CD8* T cells,
CD4" T cells have been shown to do it, but the mechanism is not clear (Lukacher et
al., 1984, Eichelberger et al., 1991, Sarawar et al., 1994). The restriction of CD4*
cells for MHC class IT makes it difficult to understand how they are able to clear virus
from class II negative epithelial cells. Evidence suggests that their effector function is

dependent on bone marrow derived class II bearing cells (Topham et al., 1996).
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4
Antibodies are important for virus neutralization, but their effectiveness is

limited to preventing primary cell infection or following release from infected cells
(Wilson and Cox, 1990, Liang et al., 1993, Palladino et al., 1995). Some viruses
which spread directly from cell to cell avoid even this effect. Once viruses infect, only
CD8" cytotoxic T cells are able to fight them by killing the infected cells (reviewed in
Koup, 1994, Berke, 1995 and Zinkernagel, 1996, Welsh et al., 1997, Zajac et al.,
1997). The isotypes of antibodies determine their function, such as the capability to
activated the complement cascade, function as opsonins, in anti-parasitic immunity, or
antibody dependent cellular cytotoxicity (ADCC), etc. (Konterman et al., 1997). The
isotype of antibodies produced following exposure to immunogen is directly determined
by the cytokine environment created by antigen specific CD4™ T cells (Spriggs et al.,
1992, Taylor, 1995, reviewed in Abbas et al., 1996).

CD4 subsets and their functions.

When CD4" T cells are activated, they secrete soluble factors that act to
influence and direct other cells of the immune system. CD4* T cells or helper cells
(Th) are the central element in the immune system, since all specific immune reactions
are mediated by the cytokines they release. Naive CD4" cells (ThO) can be directed to
become either Thl or Th2 cells. The commitment into Thl or Th2 is dictated by the
cytokine milieu at the time of antigen presentation to the common precursor ThO cell.
This cell type secretes a mixture of Thl and Th2 cytokines including IL-2 (Salgame et

al., 1991, Swain et al., 1991, Paul and Seder, 1994, Seder and Paul, 1994, Mosmann
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5
and Sad, 1996). Cytokines such as IFNy and IL-2 are released by Thl cells and

promote the generation of CTLs, activate NK cells, and direct B cells to class switch to
isotypes of antibodies that activate the complement cascade, such as IgG2a in
mice(Zinkernagel, 1996, Coutelier et al., 1987, Bossie and Vitteta, 1991). Th2 cells
secrete cytokines such as IL-4 and IL-5. Immune responses generated by these cells
lead to the release of non-complement activating antibody isotypes such as IgG1 and
IgE and proliferation and migration of eosinophils (Finkelman et al., 1990, Mosmann
and Sad, 1996). Cytokines secreted by Thl cells inhibit the secretion of cytokines by
Th2 cells and Th2 cytokines act on Th1 cells to inhibit their cytokine release (Swain et
al., 1991). Evidence suggests that release of IL-12 directs ThO cells to become Thl
while the presence of IL-4 in the milieu during APC-T cell interaction induces ThO
cells to become Th2 (reviewed in Mosmann and Sad, 1996).
Dendritic Cells and Th1/Th2 decision

Dendritic cells are thought to be the primary APCs in virus infections (reviewed
in Pennisi, 1996, Ridge et al., 1996). They express both MHC class I and class II
proteins and also express so called costimulatory molecules, namely B7.1, B7.2. These
costimulatory molecules bind their counterparts on T cells (CD28) and provide a
second signal for T cell activation. The first signal for T cell activation is the binding
of the TCR on the T cell to MHC molecules containing antigenic peptide. Both signals

start a cascade of events in the T cell that culminate with the expression of genes
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6
encoding cytokines (CD4" T cells) or pore forming soluble factors such as perforin or

granzymes (CD8" T cells) (Schwartz, 1992).

Recent work has shown that dendritic cells have a unique maturational program
which seems to be triggered by a number of factors (Heufler et al., 1996, Winzler et
al., 1997). Stage 1 dendritic cells take up antigen aggressively, are immobile, poor T
cell stimulators, and do not release IL-12. Interaction with a number of factors such as
LPS, TNFa, CD40 ligand and probably live virus, induce stage 2 of the maturation
pathway. The stage 2 cells no longer take up antigens, are mobile, probably migrate to
lymph nodes, strongly increase expression of costimulatory molecules, and are
excellent stimulators of T cells. Most importantly, the cells now spontaneously release
IL-12. The final stage is programmed cell death.

It is not clear what determines the cytokine context at the time of antigen
presentation by APCs. Any pathogen which infects aggressively should alert the Thl
immune response and promote an inflammatory environment (Doherty et al., 1992,
Coutelier et al., 1994, Kigi et al., 1995, reviewed in Abbas et al., 1996, Welsh et al.,
1997, Zajac et al., 1997). The fact that bacteria and bacterial substances, inflammatory
cytokines, and live viruses have all been shown to induce IL-12 release from dendritic
cells suggests that this may be the key event in driving Thl immune response(Heufler
et al., 1996, Ohshima and Delespesse, 1997, Winzler et al., 1997). This is supported
by the recent discovery that the high affinity receptor for IL-12 found only on Thl cells

stimulates their proliferation and the subsequent release of IFNy. The high affinity
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receptor for IFNy is found only on Th2 cells and induces apoptosis (Welsh et al.,

1997). In general Th2 immune responses do not promote inflammation (Swain et al.,
1991, Seder and Paul, 1994, Mosmann and Sad, 1996, reviewed in Abbas et al.,
1996). It is not known what cell is responsible for secretion of IL-4 but it is not the
dendritic cell.

Release of IL-12 from dendritic cells has been shown to be mediated by binding
of NFkB in the IL-12 promoter region (Murphy et al., 1995). This pathway is known
to be activated by bacterial substances such as LPS and cytokines such as TNFa
(Baeuerle and Henkel, 1994, Winzler et al., 1997). IL-12 release following virus
infection is likely to be mediated by similar events. This was illustrated by results
showing that synthesis of influenza virus hemagglutinin (HA) activates NFkB even
when the gene was transfected by itself into 293 cells (Pahl and Baeuerle, 1995). The
fact that no viral proteins are produced when inactivated virus is used as an immunogen
may explain its failure to elicit a Thl response.

3, Bispecifi tibodi 1 redi i Ivsi

There is a time lag from the point that the immune system detects an infectious
agent to the generation of effective specific immunity. In the case of virus infections,
specific antibodies and CTLs begin to appear after 3 days. Innate immune mechanisms
such as interferon production and the activation of NK cells function during this
interval to slow the progress of the infection. These innate mechanisms are easily

evaded and many viruses primarily replicate during this interval (Koup, 1994, Gilbert
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et al., 1996, Zinkernagel, 1996). One theoretical way to use cellular immunity to attack

viruses during this early period is with the use of bispecific antibodies (BsAbs).
Bispecific antibodies are antibodies with two different binding sites. They can be
produced either by chemically linking two antibodies together or by hybridoma fusion.
Bispecific antibodies with specificity for both the T cell receptor (TCR) and for a viral
protein expressed on the surface of infected cells (Staerz and Bevan, 1986,
Lanzavecchia and Scheidegger, 1987, Fanger et al., 1991, Fanger et al., 1992), are
able to trigger T cell effector functions and unleash them on the infected cell. Bispecific
antibody mediated killing of infected cells by non virus-specific T cells is called
redirected lysis (Fanger et al., 1991, Fanger et al., 1992) and when successful can
prevent the spread of the virus and allow the immune system time to mount a proper
immune response.

In this thesis I report work done with such antibodies, which were generated to
bind proteins of influenza and vesicular stomatitis (VSV) viruses with one arm and V38
on the TCR of T cells with the other arm. In both cases the antibodies were able to
redirect superantigen activated T cells to kill virus-infected cells and to inhibit virus
replication. This allowed me to study different aspects of inhibition of virus replication
by T cells, especially in the VSV system, in which we had a syngeneic system. 3F12,
which binds the VB8 molecule of the TCR on T cells and the highly conserved
influenza virus M2 protein was able to redirect staphylococcal enterotoxin (SEB)

activated T cells to inhibit influenza virus replication in tissue culture regardless of the
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9
influenza A virus strain used to infect. Bispecific antibody 526, which binds the V(8

chain with one arm and the G protein of VSV (Indiana) with the other arm, was able to
redirect SEB activated T cells to totally inhibit VSV replication in tissue culture. It
could also redirect SEB T cells to prolong the life of mice lethally infected with VSV.
With the use of BsAbs we were able not only to successfully fight virus infections with
non-virus specific T cells, but also to study the mechanism by which T cells clear virus
from infected cells.
4. Statl knockout mice

Stat] KO mice (Durbin et al., 1996) were used as an in vivo model to test our
BsAbs. These mice are unable to fight virus due to the lack of the Statl protein. Statl
is a signal transducer and activator of transcription. It is associated with the receptors
for interferon and becomes phosphorylated upon binding of their specific ligand. Mice
deficient in Statl have been shown to be very sensitive to virus infection (Durbin et al,
1996, Meraz et al, 1996). We used these mice as a model system for virus infection
and demonstrated that we could prolong the life of mice lethally infected with VSV
with the use of BsAb 526 and SEB-activated T cells. Also, when Stat] KO mice were
infected with an attenuated strain of influenza virus and their spleen cells cultured, we
observed that their cytokine profile and their serum antibody isotypes were mainly of
the Th2 type. On the other hand, Statl KO mice were able to generate CTLs to levels

comparable with WT mice, which is an indicator of Thl responses. These mice had a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10
mixed Th1-Th2 immune response after influenza virus infection as they did develop

CTL but they could not effectively clear the virus.

Another aspect of this thesis was to investigate the immune response generated
following virus infection in the presence of the Th2 inducing cytokine, IL-4. We
created a Th2 environment by the injection of IL-4 into influenza virus infected mice,
and monitored the immune response generated by these mice. These results show that
the proper immune response to clear virus infection is of the Thl type, as well as the
importance of the cytokine context during infection and vaccination.

In most instances, the ideal vaccination protocol should mimic real infection
without being detrimental to the organism. We analyzed the type of immune response
elicited by live and inactivated influenza virus immunization. Live virus primed for a
Thl response and provided solid cellular immunity which speeds recovery upon
infection with a virus of a different subtype, a phenomenon known as heterosubtypic
immunity (Schulman and Kilbourne, 1965, Liang et al., 1993). Inactivated virus
resulted in Th2 immunity and provides no such protection. The addition of IL-12 to
inactivated virus led to the generation of Thl immunity and heterosubtypic immunity
when the mice were infected with a serologically distinct virus subtype.

This thesis is a compilation of different results which stress the importance of

the generation of the correct type of immune response and its dependence on the proper
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cytokine environment. We also show that BsAbs can be utilized as immunotherapy to

inhibit the replication of virus in vivo.
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Chapter 2

GENERAL MATERIALS AND METHODS.
Viruses.

Influenza viruses A/PR8/34 (PR8), HIN1 subtype, A/UDORN/72 (Udorn),
H3N2 subtype, A/JAPAN/305/57 (Japan), H2N2 subtype, A/HK X-31 (X31) H3N2
subtype and B/Panama were grown for 48 hours in 9 day-embryonated eggs at 37°C,
(A/BEIJING/93 (Beijing), H3N2 subtype, was grown at 35°C). Allantoic fluid was
harvested and stored at -80°C. A/WSN/33 (WSN),HINI1 subtype, viruses were grown
in Madin-Darby bovine kidney cells (MDBK) for 48 hours at 37°C. Supernatants were
collected and stored at -80°C.

Vesicular Stomatitis viruses (VSV) (Indiana and New Jersey) were expanded on
Baby Hamster Kidney (BHK) cells. Supernatants were collected and stored at -80°C.
Infectivity titers were determined by CPE on crystal violet stained monolayers of BHK
cells using different dilutions of supernatants from VSV-infected P815 cells 48 hours
after infection with the virus. Endpoint virus titers were determined by the interpolation
of the dilution that infected S0% of the wells by the method of Reed and Muench.
Cells.

MDBK cells were grown in REM (Bio Whitaker), 10% fetal calf serum (FCS)
(Hyclone), 5% NaHCO,;, 0.2 M NaH,PO,, and 100 pg/ml penicillin/streptomycin
(Gibco). Madin-Darby canine kidney cells (MDCK), P815 and Bneo cells were grown

in tissue culture medium = DMEM (Bio Whitaker), 10% FCS (Hyclone), ImM Na
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pyruvate (NaPy), 2mM L-glutamine (Gibco) and 50 pg/ml gentamicin (Boehringer

Mannheim). EL4 cells were grown in T cell medium = RPMI (Gibco), 10% FCS
(Gibco), 100 pg/ml penicillin/streptomycin (Gibco), 2mM L-glutamine (Gibco), 1mM
NaPy, 20mM non essential amino acids (Gibco), and 20mM HEPES, (Gibco). All cells
were grown at 37°C, 7% CO,.
Monoclonal antibodies (mADb).

F23.1 is an antibody specific for the VB8 molecule in the TCR of T cells ( Staerz
and Bevan, 1986), XMGIl.2 (American Type Culture Collection Rockville, MD)
(ATCC), is a neutralizing anti- [FNy antibody (Ozmen et al., 1995), BVD4-1D11.2,
BVD6-24G2.3 are anti-IL-4 monoclonal antibodies (DNAX), 11B11 is an anti-IL-4
mAb from ATCC. GKI1.5 (ATCC) binds mouse CD4 and 2.43 (ATCC) recognizes
mouse CD8. 3F12 is an anti-influenza virus M2 protein + anti-V8 (TCR) BsAb
previously generated in our lab (Fernandez-Sesma et al., 1996). The BsAb 526, as
described in this publication, is specific for the G protein of VSV and the V 8. 526 is not
neutralizing by standard methods.
Cytokines.

IL-12 was kindly supplied by Dr. M.K. Gately, (Hoffmann-La Roche, Nutley,

NJ) and the IL-4 was purchased from Intergen, Purchase, NY or provided by Dr. S.
Narula, Schering Plough, Kenilworth, NJ

Mice.
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BALB/c mice and CD1 mice were purchased from Charles River Laboratories.

Statl KO mice were bred in the New York University Animal Facility as described
(Durbin et al., 1996), Pfp (perforin) KO C57Bl/6 and C57Bl/6 mice were purchased
from Jackson Laboratories, Bar Harbor, ME. Mice were used after 8 weeks of age.
Immunization of mice.

BALB/c mice (Charles River Laboratories) were immunized with the KLH-
linked M2 peptide SLLTEVETPIRNEWGCRCND, (Lamb et al 1985), or purified
VSV (Indiana) and boosted with the same peptide or purified virus 3 weeks later.
Splenocytes from these mice were used for the fusion to generate the BsAbs.

Bispecific antibody generation.

F23.1 hybridomas (Staerz and Bevan, 1986) were grown and cloned in the
presence of 0.33 M 8-azaguanine (Gibco) to select cells that cannot use the salvage
pathway for DNA synthesis. F23.1 cells were grown in_]scove’s medium = Iscove's
(Gibco), 10% FCS (Hyclone), ImM NaPy, 2mM L-glutamine (Gibco), 20mM non-
essential amino acids (Gibco) and 50 pg/ml gentamicin (Boehringer Mannheim).

Splenocytes from a BALB/c mice immunized with either the M2 peptide
(generation of 3F12 hybridoma), or purified VSV (generation of 526 hybridoma) were
removed and a single cell suspension prepared. Red blood cells were lysed with 0.17M
tris ammonium chloride. 100x10° spleen cells were fused to 10x10° F23.1 cells by
adding 1 ml of 50% poly ethylene glycol (PEG) (Sigma) in serum free DMEM

dropwise during 1 minute while gently agitating the tube. Cells were allowed to sit for
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1 minute and then 10 ml of serum free DMEM were added dropwise for 1 minute.

Cells were spun down and resuspended in Iscove’s+HT medium = Iscove's medium
with 100mM hypoxanthine (Sigma) and 1mM thymidine (Sigma), (HT) and were plated
in 96 flat bottom well plates (Falcon) at a concentration of 2.2x10° cells/well (in 100
ul) and incubated at 37°C, 7% CO, . 24 hours after the fusion 100 pl/well of 0.1%
azaserine (Sigma) in Iscove's + HT were added. Cultures were incubated for 12-14
days before the supernatants were screened.

Radioimmunoassay (RIA).

For screening the hybridomas, 96 well flat-bottom micro Test III™ plates
(Falcon) were coated with either the M2 peptide SLLTEVETPIRNEWGCRCND at 2.5
ug/ml or purified VSV at 10 mg/ml for 90 minutes at room temperature or overnight at
4°C. After washing, plates were blocked for 30 minutes with PBS-1% BSA (PBS-BSA),
sodium azide (0.02%),(PBS-BSA +AZIDE). Supernatants from hybridomas or purified
antibodies (5 ug/ml) were added and incubated at room temperature for 90 minutes.
Nal'® (NEN) labeled goat anti-mouse IgG Ab (50,000 CPM in 50 ul) was used for
detection after washing away unbound antibodies. After 90 minutes of incubation, plates
were washed, dried and counted in a y-counter.

SEB activation of T cell cultures.

Spleens from naive BALB/c, C57Bl/6 , perforin (Pfp) KO C57Bl/6 or CD1 mice

were removed, red blood cells were lysed with 0.17M tris ammonium chloride and single

cell suspensions were prepared in T cell medium. 90x10° cells were treated with y-
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irradiation for 5 minutes (1200 rads). The irradiated cells (stimulators) were exposed to

125 pg of staphylococcal enterotoxin B (SEB), (Toxin Technology, Sarasota, FL) for 30
minutes at 37°C ,7% CO,. Then 60x10° non-irradiated, (responder) cells were added to
the stimulator cells + SEB and the culture was brought up to 25 ml with T cell medium
containing 50 mM 2-mercaptoethanol (2ME) (Sigma), (final concentration of SEB 6
pg/ml) and incubated at 37°C, 7% CO, for 36 hours.

Cytotoxicity assay with BsAbs and SEB activated T cells.

For experiments shown in chapter 3 Bneo cells were infected with PR8, WSN,
UDORN, or BEIJING viruses at a MOI of 5 for 6 hours in a 37°C water bath using
maintepance medium = DMEM with 0.35% bovine albumin (ICN), 0.12% NaCO,,
100 pg/ml penicillin/streptomycin . If only PR8 virus was used, the time of infection
was 60 minutes. For experiments shown in chapter 4, EL4 cells were infected with
either VSV (Indiana) or VSV (New Jersey) in maintenance medium for 1h at 37°C at
an MOI=40. In either case infected cells were washed and each 10° cells were labeled
with 100 mCi (*'Cr) sodium chromate (NEN) for 60 minutes in a 37°C water bath.
After washing, cells were incubated for 4 hours in the presence of SEB activated T
cells at various E:T ratios and bispecific antibodies at different concentrations,
hybridoma supernatants or medium. DMEM with 5% FCS was used as incubation
medium (assay medium) in 96 V-bottom microtiter plates (Dynatech laboratories).
Plates were spun down and supernatants were harvested to measure the *'Cr release in

a y-counter. Target cells incubated with 0.5% NP-40 (Sigma) were used to determine

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17
maximum release, and cells incubated with SEB activated T cells and medium

(routinely less than 10% of the maximum release) were used to calculate spontaneous
release. The % of cytotoxicity was calculated by the formula [%cytotoxicity =test
release-spontaneous release/maximum release-spontaneous release x 100].

PRS virus infectivity titrations in tissue culture.

Influenza A/PR/8/34 (HINI) virus was grown in the allantoic cavity of
embryonated hen eggs and stored at -80° C. Viruses were titrated by infection of
MDCK as described (Moran et al., 1991). Briefly, flat bottom 96 well plates were
seeded with 3 X 10 cells per well and 24 hours later, the serum containing medium
was washed away and 25pul of seed virus or lung homogenate, diluted from 10" to 103
were inoculated into triplicate wells. After a 45 minute incubation, 175ul of
maintenance medium with 2.5ug/ml of trypsin (Worthington Chemical, NJ) were
added to each well. Following a 48 hour incubation at 37° C, the presence or absence
of virus was determined by hemagglutination of chicken red blood cells. The virus
titers were determined by the interpolation of the dilution endpoint that infected 50% of
wells by the method of Reed and Muench. In some cases results were confirmed by
injection of lung dilutions into 9 day embryonated eggs, incubating 40 hours and
checking allantoic fluid for hemagglutinating activity.

Aerosol infections of mice.
For in vivo experiments, eight to ten week old BALB/c mice were infected in an

aerosol chamber as previously described (Schulman, 1967). Briefly, a 1:1000 dilution
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of PR8 seed virus was diluted in normal saline and added to a glass nebulizer (Tri-R

Instruments) connected to an aerosol chamber. For each infection 10 ml of the virus
mixture were added to the nebulizer and the mice were left in the chamber for thirty
minutes. Each mouse is calculated to have been exposed to 7500 TCID,, during the
thirty minute exposure. The virus is pretitered to be certain that 100% of the mice are
infected. This leads to lung titers between 10° and 10° in 25 ul on day 3 following
infection.

Cytotoxicity assays with spleen cells from influenza virus infected mice.

For this assay, effectors from secondary in vitro cultures were mixed in round
bottom 96 well plates with *'Chromium labeled P815 target cells. One million cells
were infected with PR8 virus by incubation with 50ul of allantoic fluid virus(2.8 X 10°
TCIDyy/ml) diluted 1:2 with maintenance medium (MOI of 5). Cells were incubated 45
minutes in a 37° C water bath, washed and resuspended in 100 pl (ImCi/ml) sodium
chromate (NEN) for 1 hour. Cells were washed and added to the wells. The T cells
were added at various E/T ratios 20:1,40:1 and 80:1 after which the plates were
incubated for 4 hours, harvested and counted. In all cytotoxicity assays, 5 X 10° target
cells were added to each well. Maximum release was measured from wells incubated
with 0.5% NP40, and spontaneous release from wells with medium alone. Percent
cytotoxicity was calculated using the formula % cytotoxicity = test release-
spontaneous release/maximum release-spontaneous release X 100. In all cases

uninfected P815 cells were Cr’'- labeled and incubated with effector cells. Cytotoxicity
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was routinely below 10% and was subtracted from cytotoxicity observed with infected

targets. This is reported as specific immune lysis.
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Chapter 3

A BISPECIFIC ANTIBODY RECOGNIZING INFLUENZA A VIRUS M2
PROTEIN REDIRECTS EFFECTOR CELLS TO INHIBIT VIRUS
REPLICATION IN VITRO.

(Parts of this chapter published as Fernandez-Sesma et al. 1996)

ABSTRACT.

Bispecific antibodies (BsAbs) can be used to redirect cytotoxic T cells to kill
virus infected cells. To do so they must bind the T cell receptor (TCR) on T cells with
one arm and a viral protein with the other arm. The viral protein should 1) be
expressed on the surface of infected cells, 2) ideally not be subtype specific, thus it can
be used as a target for multiple virus isolates. The M2 protein of Influenza A virus fits
these criteria. Therefore we produced a BsAb specific for influenza virus M2 protein
and for the TCR. This Ab, named 3F12, was capable of redirecting staphylococcal
enterotoxin B activated T cells to kill influenza virus infected cells. 3F12 was cross-
reactive for different strains of influenza A virus, regardless of subtype, as determined
by RIA, immunostaining or cytotoxicity. 3F12 could be greatly enriched by pH
fractionation, and when added to MDCK cells infected with influenza virus along with
SEB activated T cells, it could redirect those CTLs to inhibit influenza virus replication

in tissue culture. This antibody represents a prototypical bispecific antibody which can
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redirect superantigen activated T cells to attack virus infected cells overriding the need

for MHC restriction and avoiding problems arising from viral subtype variation.
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INTRODUCTION.

Recovery from many viral infections depends on T cell immunity, especially
cytotoxic CD8" T cells (reviewed in Doherty et al 1992, Abbas et al., 1996,
Zinkernagel, 1996). These CD8" T cells can kill cells in their immediate vicinity
following stimulation through their T cell receptor (TCR) and this cytotoxicity is MHC
restricted. Also, infusion of MHC-restricted antigen-specific T cells into infected
animals has been demonstrated to speed recovery and reduce symptoms of virus
infections (Cambridge et al 1976, Doherty et al 1974, Andrew et al., 1987). But, it is
difficult to take advantage of this phenomenon, because of the need for large numbers
of MHC-restricted antigen-specific T cells.

Some groups have shown that anti-influenza antibodies, when given very early
during the infection and/or in high concentrations can also clear the virus infection in
mice (Palladino et al., 1995). But in general antibodies alone do not lead to recovery
from influenza virus infections.

In our laboratory we have been exploring the use of BsAbs to bypass the need
for virus specific-MHC restricted T cells to inhibit experimental influenza virus
infections (Moran et al., 1991, Moran et al., 1995).

Bispecific antibodies that bind to the TCR with one arm can bring into intimate
contact cytotoxic T cells (CTL) and cells bearing the antigen for which the other arm is
specific (reviewed in Fanger et al 1992, Lanzavechia and Scheidegger, 1987). If the

antigen is a viral protein which is expressed on the surface of infected cells, BsAbs can
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be used as antiviral tools (Berg et al., 1991, Howell et al., 1994, Paya et al., 1989).

Once both cells are brought into intimate contact by the bispecific antibody the
cytotoxic cell is triggered to kill (Staerz et al., 1986, Fanger et al., 1991). Thus, BsAbs
can combine the specificity of the antibody response with the efficacy of the cellular
immune response. Antibodies such as these have been previously generated in our lab
(Moran et al 1991, Moran et al., 1995). Since we used influenza virus infection in mice
as a model to test BsAbs as antiviral agents, our first BsAb, HHA6 was constructed to
bind the TCR and the hemagglutinin (HA) of influenza virus PR8, (H1 subtype).
HHAG6 was shown to be capable of redirecting killing of PR8-infected Bneo cells by
SEB-activated CTLs (SEB T cells). It could also redirect SEB-activated CTLS to
inhibit replication of PR8 virus in MDCK cells (Moran et al 1995).

Since CD8" T cells can be strongly stimulated by superantigens such as
staphylococcal enterotoxin B, and this activation has been shown to generate cytotoxic
cells efficiently, (Fleischer and Schrezenmeier, 1988, White et al., 1989, Alber et al.,
1990, reviewed in Herman et al., 1991), we used SEB T cells as effector cells for our
experiments.

Our next goal was to generate a bispecific antibody that was crossreactive for
different strains of influenza A virus. We found that the M2 protein was an ideal
candidate for the generation of the bispecific antibodies due to its highly conserved N-
terminal amino acids and, also because this protein is expressed on the surface of

influenza virus-infected cells (Pinto et al., 1992, Wang et al., 1993, Holsinger et

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



24
al.,1994). M2 is a type III membrane protein and is capable of inducing the production

of non neutralizing as well as neutralizing antibodies (Lamb et al., 1985, Zebedee and
Lamb, 1988).

In this chapter we describe the generation of a bispecific antibody which binds
the TCR and the M2 protein of influenza A viruses. This antibody, named 3F12,
redirects SEB-activated CTLs to kill influenza A virus infected cells and, can also
redirect SEB T cells to inhibit replication of influenza virus in MDCK cells. Thus,
3F12 is crossreactive for different strains of influenza virus carrying different HA

subtypes.
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MATERIALS AND METHODS.

Antibodies.

MD11 is a non neutralizing mAb with specificity for a conserved region of the
influenza virus M2 protein (Rao and Moran, unpublished results). PY206 is a
neutralizing mAb that binds the H3 subtype of influenza virus A/HK/68 hemagglutinin
(HA); PY211 is a non-neutralizing mAb that binds the HA protein of influenza virus
(H1 subtype) present in PR8 virus (Moran et al., 1991); PY102 is neutralizing mAb
that binds the HA of influenza virus PR8. HHAG6 is a bispecific antibody which binds
the VB8 on the TCR of T cells and the HA protein of PR8 influenza virus (Moran et
al., 1991, Moran et al., 1995). 3F12 is a bispecific Ab which binds VB8 TCR and the
conserved extracellular region of the M2 protein of influenza virus. Hybridomas were
grown at 37°C ,7% CO, in Iscove's + HT medium.

Purification of BsAb. -

3F12 was purified by passing the supernatant from the hybridoma through a
protein A-agarose column (Boehringer Mannheim) using PBS at pH 7 as buffer for
washing. A pH step gradient (pH 7-3.5) 0.1M citrate buffer was used for elution.
Fractions were tested for their absorbance at 280 nm and peak fractions were dialyzed
against PBS pH 7 for 24 hours.

Immunostaining.
MDCK cells were infected with either PR8, WSN, Beijing, or Udorn viruses at

a MOI of 10 in maintenance medium and incubated overnight at 37°C, (Beijing virus
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was incubated at 35°C). After 2 PBS washes the infected cells were fixed with 1%

paraformaldehyde (25u1/well) for S minutes and then blocked with PBS-BSA (no azide)
for 15 minutes. Antibodies (Spug/ml) or medium were incubated at room temperature
for 1 hour. Plates were then washed with PBS-BSA (no azide) and a 1/500 of rabbit-
anti mouse IgG-peroxidase linked (DAKO Corporation) was added to the wells and
incubated for 1 hour at room temperature. Plates were washed with PBS-BSA and 30
pl/well of AEC substrate (DAKO Corporation) were added and incubated for 10
minutes at room temperature. Plates then were observed under the microscope for
detection of staining.

Inhibition of multicycle virus replication.

MDCK cells were plated in flat bottom 96 well microtiter plates at a
concentration of 3X10* cells per well and incubated overnight in tissue culture medium.
The monolayers were washed free of FCS and 2x10° tissue culture infectious units 5O
(TCID4) of PR8 virus in maintenance medium were added to each well in 25ul of
volume. Plates then were incubated at 37°C, 7% CO,. Four hours later, 3F12 (4ug/ml)
and SEB activated T cells (different E:T ratios) were added to each of triplicate wells.
The cultures were incubated for 48 hours in maintenance medium (final volume of
200ul/well), and samples were taken every 12 hours. Virus titers in the supernatants

were calculated by hemagglutination of chicken red blood cells.
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RESULTS.

Generation of 3F12 hybridoma. F23.1 is a hybridoma which produces an
IgG2a antibody with specificity for VB8 T cell receptor proteins which are found on
approximately 20% of BALB/c T cells (Staerz et al., 1986). We were able to make
F23.1 cells HAT sensitive and use them as a fusion partner with spleen cells from
animals immunized with the M2 peptide (SLLTEVETPIRNEWGCRCND) representing
the extracellular domain of the influenza A virus M2 protein (figure 3-1). Desirable
antibodies should be bispecific in that they bind to VB8* T cells and io the M2 protein
expressed on the surface of influenza virus infected cells simultaneously. In this way
they trigger the cytotoxic capacity of CTLs only upon encountering virus infected cells
culminating in the death of infected cells (figure 3-2).

Screening of 3F12 hybridoma. Hybridomas derived from the fusion of F23.1
cells and M2-specific splenocytes from immunized BALB/c mice were screened for
binding to the M2 peptide coated on plastic plates in a radioimmunoassay (RIA) (see
table 3-1), MDI11 (anti M2 mAb) was used as positive control. A number of
hybridomas produced antibodies which bound the peptide. Since many peptide specific
antibodies fail to bind to native protein we tested the hybridoma supernatants for
binding to influenza virus infected MDCK cells by immunostaining . We tested several
influenza virus strains by immunostaining and we found 3F12 to be positive with all of
them (PR8, WSN, Japan, Beijing, Udorn), in figure 3-3 results using PR8 and Beijing

viruses are shown. Hybridomas producing antibodies binding in both tests were
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considered positive for M2. Then the supernatants from M2 positive hybridomas were

tested for their ability to redirect VB8* CTLs to kill influenza virus infected target
(Bneo) cells to confirm that they are indeed bispecific antibodies (data not shown).
3F12 was best in binding to M2 peptide, purified virus and virus infected cells and
redirecting lysis of PR8 infected cells, therefore it was selected and cloned two times
by limiting dilution.

Purification of 3F12 BsAb. Supernatants derived from 3F12 hybridoma
expressed both, the [gG2a isotype of F23.1 as well as an IgG1, which must be derived
from the M2 specific partner. Since all BsAbs represent mixtures of parental
antibodies, mismatched pairs and bispecific antibodies (De Lau et al., 1991), we
attempted to purify the BsAbs away from the parental antibodies. IgG1 binds poorly to
protein A and IgG2a strongly, thus, we used a protein A column for purification and
eluted using a pH step gradient (between pH 7 and pH 3.5) of citrate buffer. All IgGl
parental antibodies passed through the column at pH 6 and IgG2a parents eluted at pH
4.5. We looked at fractions between these extremes for a population of antibodies
which could redirect CTLs to kill virus infected cells. Figure 3-4 shows that fraction 8,
which eluted at pH 4.9 contained most of the antibody capable of redirecting CTL lysis
on a 4 hour chromium release assay. This fraction, considered to be the most efficient
bispecific one, was used for further experiments.

Binding of 3F12 to different strains of influenza virus. The M2 protein of

influenza A virus is highly conserved among different strains of influenza A virus
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which have been isolated since 1934 to the present. We wanted to test the ability of our

BsAb to recognize the extracellular domain of the M2 of as many strains of influenza
virus as possible, thus, we would have an antibody crossreactive for all those strains.
The binding of 3F12 to cells infected by different strains of influenza virus was
checked by immunostaining of influenza A virus infected MDCK cells (figure 3-3) and
by RIA using purified viruses to coat the plates (data not shown). 3F12 bound to cells
infected with different strains of influenza A virus such as PR8, WSN, Udorn, Japan
and Beijing. Thus, 3F12 is crossreactive for different strains of influenza A viruses.
MDI11 is a mAb specific for the M2 protein of influenza virus (Rao and Moran
unpublished results) and was used as a positive control. The intensity of the staining is
weaker for 3F12 than for MD11, which may be due to the fact that 3F12 only has one
arm that binds to the M2 protein or to other avidity related differences between 3F12
and MD11.

3F12 does not inhibit influenza virus replication by itself. Since some mAb to
M2 have been reported to be neutralizing (Zebedee and Lamb, 1988 ), we wanted to
test if 3F12 had virus neutralization properties. PR8-infected MDCK cells were
incubated in the presence of either 3F12, PY206, PY211, HHA6 or PY102 for 48
hours and virus titers in the supernatants were then tested by hemagglutination of red
blood cells. Only PY102 could inhibit virus replication by itself in this assay (data not

shown).
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3F12 can redirect SEB-activated T cells to kill influenza virus-infected cells.

Bneo cells were infected for 6 hours with different strains of influenza virus such as
PR8, WSN and Udorn and then a cytotoxicity assay was performed as described in
general materials and methods. As shown in figure 3-5, 3F12 could redirect SEB T
cells to kill cells infected by any of these viruses. On the other hand, HHA6, which is a
BsAb specific for the HA prctein of PR8, could only redirect the SEB-activated T cells
to kill PR8 virus infected cells.

Inhibition of influenza virus multicycle replication in MDCK cells by 3F12.
MDCK cells were infected with PR8 virus and incubated with 3F12, SEB T cells, 3F12
+ SEB T cells or medium, (see Materials and Methods). Samples were harvested every
12 hours, and, as shown in figure 3-6, 3F12 was able to redirect the SEB T cells to
inhibit virus replication. Virus titers in the supernatants were reduced by two log,, units
when 3F12 + SEB T cells were present, compared to the titers obtained in the
presence of SEB T cells alone. This inhibition of virus replication was maintained
throughout the infection. While 3F12 clearly demonstrated the broad specificity
predicted for a monoclonal antibody to the M2 protein, the real test of this antibody
was whether it could inhibit multicycle replication of influenza virus in vitro. To test
this we used PR8 virus to infect MDCK monolayers. PR8 virus was chosen because it

replicates better than other isolates in MDCK cells.
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DISCUSSION.

While cell-mediated immunity has been shown to play a crucial role in recovery
from virus infections (Doherty et al., 1974, Doherty et al., 1992 Abbas et al., 1996,
Zinkernagel, 1996), antibodies function primarily to prevent reinfection, playing only a
minor role in viral clearance in many virus infections (Liang et al., 1993, Palladino et
al., 1995). This is clearly documented in influenza virus infection where virus
clearance begins at day 3 but neutralizing antibodies do not appear until day 7 (Wells
et al., 1981, Bender et al., 1992). Infusions of cytotoxic CD8" T cells or cytokine
releasing CD4" T cells speed recovery and reduce symptoms associated with influenza
virus infection in mice (Dobherty et al., 1974, Cambridge et al., 1976, Lukacher et al.,
1984, Andrew et al., 1987). While such immunotherapy has been successfully utilized
in laboratory experiments for years, very little advantage has been taken of this
phenomena in humans. Attempts have been made to use T cell immunotherapy to fight
CMV infection in bone marrow transplanted patients (Riddell et al., 1994). There are
two primary difficulties which must be overcome to take advantage of T cell
immunotherapy. First, the T cells must be MHC restricted and virus specific and
second, they should not elicit a host versus graft reaction in the recipient. These
drawbacks have severely restricted the usefulness of specific T cell immunotherapy.

Bispecific antibodies have the potential to bind to two different cell types
simultaneously. It has been convincingly demonstrated that BsAbs which bind to the T

cell receptor of a cytotoxic T lymphocyte with one arm and a tumor target cell with the
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other, can trigger the CTL to kill the tumor, a process known as redirected lysis (Perez

et al., 1985, Fanger et al., 1991, Gruber et al., 1994, Penna et al., 1994, Kurucz et
al., 1995). Binding to the T cell receptor is essential since this is the signal which leads
to its degranulation culminating in target cell death. Redirected lysis has two
advantages over conventional MHC restricted killing. The killer cell does not have to
be MHC restricted to the target cell and it can bind to any antigen expressed on the
surface of the infected cell, not only those presented by MHC molecules. We, and
others have shown that bispecific antibodies generated by hybridoma fusion (Kohler et
al., 1975, Milstein and Cuello, 1983, Milstein and Cuello, 1984) can redirect CTLs to
kill virus infected cells, even though those CTLs are not virus specific (Staerz et al.,
1986, Paya et al., 1989, Berg et al., 1991, Moran et al 1991, Howell et al., 1994). In
addition, we have documented that SEB-activated CTLs and BsAbs can inhibit
multicycle virus infection when added to cultures of infected cells (Moran et al 1995).
These findings have suggested that BsAbs may be used in an immunotherapeutic
protocol against virus infections in vivo. The fact that MHC restriction is not necessary
is advantageous.

In our previous work we utilized BsAbs with specificity for the hemagglutinin
protein of PR8 influenza A virus. The limitation of these antibodies and others directed
to strain or subtype specific epitopes is that they will only work against that particular
strain or subtype. Many viruses express cell surface proteins on infected cells which

are strongly conserved. The fact that they are non-neutralizing epitopes means that they
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are not subject to the same selective pressure as subtype specific epitopes. These non

variable epitopes are actually better targets for bispecific antibodies not only because
they are conserved but because they are often less highly expressed on virions and
therefore, most antibodies actually bind to infected cells. The M2 protein of influenza
virus is such a determinant. It is an ion channel which is strongly conserved in its extra
cytoplasmic domain and is underrepresented on the virion (Lamb et al.1985, Zebedee
and Lamb, 1988, Pinto et al., 1992, Wang et al., 1993,). Thus, we produced a
bispecific antibody which binds the VB8 T cell receptor protein on T cells and the M2
protein of influenza A virus. This antibody behaves as predicted by binding to cells
infected with influenza A viruses of all subtypes and isolates tested. The antibody is an
IgGI\IgG2a hybrid, which allows relatively easy purification and separation from
parental antibodies which are also produced by our hybrid hybridomas. The antibody
can redirect superantigen activated T cells to kill virus infected target cells, again
demonstrating broad crossreactivity with various virus subtypes. The crucial test was
its ability to inhibit multicycle virus replication in virus infected target cells. We
demonstrate in this chapter that it efficiently does so.

We used superantigen activated T cells as effector cells in these experiments.
Since all our bispecific antibodies have one arm specific for the VB8 molecule on the
TCR, we have chosen to use staphylococcal enterotoxin B to activate the cells. SEB
primarily activates VB8* T cells in the BALB/c mouse (Fleischer and Schrezenmeier,

1988, White et al., 1989, Herman et al., 1991). Thus, in a short three day incubation
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we can produce large numbers of activated VB8* T cells which are a combination of

CD8" killer cells and CD4" cytokine producing cells (primarily IFNy). The mechanism
by which these cells inhibit multicycle virus replication is unclear in the influenza virus
model. Our group has demonstrated in a previous publication that both CD4* and
CD8" T cells are capable of inhibiting influenza virus replication (Moran et al 1995).
This parallels the result shown by Doherty and others demonstrating that both
subpopulations have the potential to clear virus in an infected animal (Doherty et al
1992).

We envision the use of a patients own T cells which will be collected and
activated ex vivo, incubated with the antibody and returned to the patient. If such cells
can destroy a fraction of the virus infected or tumor cells they may function to help
immunosuppressed or immunocompromised patients to better cope with an ongoing or
persistent viral infection or tumor. In addition to the ability of these cells to kill virus
infected cells, they may also function (particularly the CD4* population) to release
cytokines at the site of virus infection which may aid in recovery. Even in patients
infected with HIV it may be possible to infuse antibody bearing superantigen stimulated
autologous CD8" T cells back to decrease the numbers of infected cells. If we can
show experimentally that BsAbs can be utilized in vivo, we would like to create
antibodies such as the one described in this chapter which can redirect non virus

specific T cells to inhibit virus replication.
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Figure 3-1. Generation of 3F12 hybridoma. F23.1 hybridoma cells, which make

antibodies to the VB8 molecule of the TCR and were made HAT sensitive, were fused
by PEG with splenocytes from mice immunized with the M2 peptide to generate the
bispecific hybridomas. The HAT system was used for selection. Bispecific hybridomas

will make a mixture of parental and bispecific antibodies.
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Figure 3-2. Bispecific antibodies can redirect cytotoxic cells to kill virus infected

cells. PR8 virus infected Bneo cells were used as target cells (MOI=5) for a 4h Cr"
release assay and SEB activated T cells were used as effector cells (effector: target
ratio was 20:1) in the presence of supernatant from hybridoma cultures, purified
antibodies (MD11 And HHAG6) or medium. MDI11 (anti-M2 mAb) and HHA6 (anti-
TCR + anti-HA BsAb) were used as positive controls at 2ug/ml. Results are shown in

% cytotoxicity and are the average of triplicate samples.
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Table 3-1. Screening of hybridoma supernatants for binding to the M2 peptide by

RIA. Hybridomas from the fusion of F23.1 cells and M2-specific splenocytes from

immunized BALB\c mice were screened by RIA wusing the M2 peptide

SLLTEVETPIRNEWGCRCND (2.5pg/ml) to coat the plates and '*I- labeled goat anti-

mouse [gG mAb was used to develop. MDI11 (anti-M2 mAb) was used as positive

control at Sug/ml. CPM were counted in a y-counter.

SUPERNATANTS FROM WELLS CPM BOUND
MDI11 8641
F23 supernatant 144
medium 115
1C3 304
1E9 3162
2A5 269
2D4 1958
3B6 240
3F12 3513
4E6 1703
4H10 288
5C1 643
5E7 254
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Figure 3-3. Binding of 3F12 BsAb to cells infected by different strains of influenza

virus: Immunostaining of MDCK cells infected overnight at a MOI= 10 with influenza
A/PR8/34 virus (A,B,C), A/Beijing/93 (D,E,F) or uninfected (G). In panels A, D and
G: MD11 (anti-M2 mAb) was used at Sug/ml. In B and E purified 3F12.11 BsAb was
used at Spg/ml. In panels C and F medium was added. Infected and uninfected
monolayers were fixed with 1% paraformaldehyde and incubated with either MD11,
3F12.11 or medium for 1 hour. After washing, POD-linked anti IgG antibodies and
AEC substrate were used to detect . Triplicate wells were done for each sample with
similar results. This figure was generated by scanning of microscope slides with

ADOBE photoshop.
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Figure 3-4. Killing of influenza virus infected cells by SEB activated T cells

redirected by different fractions of pH purified 3F12: Supernatants from 3F12
hybridomas were purified through a protein A column using a pH gradient of citrate
buffer (pH 7 to pH 3.5) to elute (see methods). Peak fractions were tested for their
ability to redirect SEB activated T cells to kill influenza virus infected cells in a 4 hour
SICr release assay. Influenza virus PR8 was used to infect Bneo cells at an MOI=5 for
1 hour, all antibody fractions were used at 2ug/ml, effector to target cell (E:T) ratio
was 20:1. Samples are the average of triplicates.
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Figure 3-5. 3F12 redirects SEB activated T cells to kill cells infected by different

strains of influenza virus: Bneo cells were infected (MOI=5) for 6 hours with PRS,
WSN or Udorn. A 4 hour Cr'' release assay was performed using SEB activated T cells
as effector cells. HHA6 and 3F12 were used to redirect lysis of target cells by the
effector cells at a concentration of 2ug/ml and the E:T ratio used was 20:1. Means of
triplicates are shown. Standard errors are: 1.32 (mock + HHAG6), 1.27 (mock +
3F12), 4.59 (mock), 0.39 (PR8 + HHAS®6), 1.76 (PR8 + 3F12), 0.63 (PR8 + mock),
5.26 (WSN + HHAG6), 7.1 (WSN + 3F12), 2.38 (WSN + mock), 1.33 (Udorn +

HHAG®6), 6.9 (Udorn + 3F12) and 2.32 (Udorn + mock).
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Figure 3-6: 3F12 can redirect SEB activated T cells to inhibit influenza virus

replication in tissue culture: MDCK cells were infected with PR8 virus (MOI of 0.1)
and incubated for 48 hours in the presence of medium, 3F12 (4pg/ml), SEB T cells (
E:T ratio of 20:1), or 3F12 + SEB T cells (4ug/ml + 20:1). Test points were taken
every 12 hours and tested for virus titers by hemagglutination of chicken red blood
cells. Mean values of triplicates are shown for each sample. The difference in
inhibition of virus replication by 3F12 + SEB T cells compared with SEB T cells alone
was statistically significant (two-tailed ¢ test p=0.006 for 12 hours, p=0.1 for 36

hours and p=0.002 for 48 hours.
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Chapter 4

SUPERANTIGEN ACTIVATED T CELLS REDIRECTED BY A BISPECIFIC
ANTIBODY INHIBIT VSV REPLICATION IN VITRO AND IN VIVO.

(Ana Fernandez-Sesma, et al., 1997. in press, J. Immunol.)

ABSTRACT

A bispecific antibody (BsAb) which binds the T cell receptor (TCR) on T cells
and the G protein of Vesicular Stomatitis Virus (VSV) can redirect staphylococcal
enterotoxin B (SEB) activated T cells to kill VSV-infected cells and to inhibit VSV
replication in vitro. Inhibition of virus replication in our system is dependent upon the
specificity of the antibody for the viral protein. [FNy doesn’t play a very important role
in this phenomenon, which is mainly mediated by the release of perforin from CD8* T
cells. We have used a Statl knockout (KO) mouse model in which VSV infection is
lethal. Infusion of SEB T cells and BsAb significantly slowed virus progression and

prolonged the survival of VSV infected Stat1 KO mice.
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INTRODUCTION

In many virus infections T cells have been shown to play a crucial role in
recovery, whereas antibodies predominantly protect against reinfection (Cambridge et al.,
1972, Wells et al., 1981, Bender et al., 1992, Hou et al., 1992, Koup, 1994,
Zinkernagel, 1996). The demonstrated requirements for costimulatory molecules suggest
that activation of virus specific T cells may depend on presentation by professional
antigen presenting cells (Bluestone, 1995, Zinkernagel, 1996). Once activated the
antigen-specific CTLs proliferate and attack the infected cells preventing the release of
infectious progeny. The activation step takes a few days, allowing virus replication and
invasion while the CTLs are generated.

Some viruses such as VSV which replicate quickly and have a broad tropism
would be lethal if cellular or humoral mechanisms are solely responsible for control. This
is confirmed by experiments performed infecting Stat] KO mice with VSV (Durbin et al.,
1996). These mice are unable to respond to IFN and thus, lack proper innate immunity.
All Statl KO mice died from VSV infection within 48 hours, before any cellular
immunity could be generated (Durbin et al., 1996).

Experimentally, the interval between antigen presentation by professional APCs
and the generation of CTLs can be overcome by the use of bispecific antibodies (BsAbs)
to redirect lysis of virus infected cells by activated T cells in a non MHC restricted
fashion (reviewed in Fanger et al., 1992). In previous work our group has demonstrated

that T cells activated by the SEB in the presence of a BsAb with virus and T cell receptor
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specificity, can kill infected target cells (Moran et al., 1991, Moran et al., 1995,

Fernandez-Sesma et al., 1996). Thus, these BsAb-targeted T cells combine the specificity
of an antibody with the intracellular attack capability of CTLs.

BsAbs can function without limitation as to the specificity of the T cell. Our
group has previously shown that BsAbs with specificity for the VB8 molecule on the
TCR and for the influenza virus protein (HA) can redirect SEB-activated T cells to kill
influenza virus infected cells and to inhibit influenza virus multicycle replication in tissue
culture (Moran et al., 1995). Using this approach we have targeted influenza virus
infected cells using BsAbs which bind to viral antigens subject to evolutionary drift, such
as the hemagglutinin (Moran et al., 1991, Moran et al., 1995) as well as to highly
conserved antigens such as the M2, which is found on the surface of virus infected cells
(Fernandez-Sesma et al., 1996). Though we were able to demonstrate significant
inhibition of virus replication, the influenza virus system was not optimal for the study of
BsAbs for two reasons. First, in vitro productive infections can only be efficiently
generated in xenogeneic cells (MDCK). This would make cytokines and or adhesion
molecules with restricted species specificity, ineffective. Secondly, in vivo, influenza is
believed to bud apically into the lumen of the lungs (Rodriguez-Boulan, 1983) making it
difficult to reach with BsAb and T cells infused into the blood stream.

To overcome these limitations we prepared a BsAb with specificity for VSV
which replicates productively in many cell types. We chose the mouse mastocytoma,

P815 as our in vitro culture target cell line. P815 cells are productively infected by VSV,
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but the viral titers are lower in this cell line (in our hands, 10°® VSV infectious

particles/25ul in P815 cells compared to 2.5x10° VSV infectious particles/25ul in BHK
cells) than in other non-mouse cell lines that are more commonly used to grow VSV.
P815 cells grow in suspension culture and therefore are not subject to budding polarity.
This gave us a completely syngeneic system in which to study the mechanism by which
inhibition of virus replication by non-virus specific T cells takes place. In addition, recent
work with Stat]l KO mice has demonstrated that VSV replicates efficiently and is lethal
for these mice, thus providing an in vivo model to attempt to demonstrate efficacy of
BsAb and SEB activated T cells (Durbin et al., 1996).

The VSV specific BsAb, 526 was demonstrated to be specific for VSV (Indiana)
and could mediate killing of VSV infected cells in the presence of SEB activated T cells.
In addition, it was extremely potent in inhibiting multicycle replication of VSV in vitro.
The antibody alone was incapable of neutralizing virus in the absence of activated CD8 *
T cells. Interestingly, inhibition of virus replication was dependent on perforin mediated
lysis and IFNy did not seem to play an important role.

To test our system in vivo, we used VSV infected Statl KO mice as a model.
Infusion of BsAb and SEB T cells prolonged the life of animals which were given a lethal
infection of virus. This is the first evidence that BsAb can be used in vivo as

immunotherapeutic agents to fight virus infection.
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MATERIALS AND METHODS.

Purification of BsAb.

526 VSV BsAb was purified by passing the supernatant of the hybridoma through
a protein A-agarose column (Boehringer Mannheim) using PBS at pH 7 as buffer for
washing. 0.1M citrate buffer pH 3.5 was used for elution. Fractions were tested for their
absorbance at 280 nm and peak fractions were dialyzed against PBS pH 7 for 24 hours.
Inhibition of multicycle virus replication.

3x10° P815 cells were infected in suspension with VSV at an MOI=0.1 using
maintenance medium. One hour later, 3x10* VSV-infected P815 cells with either, 526
(1pg/ml), SEB activated T cells (different E:T ratios) or a combination of both, were
added to each of triplicate wells. The cultures were incubated for 48 hours in
maintenance medium. Supernatants from each well were used to infect BHK cell
monolayers plated in 96 well plates. BHK cells were incubated with the supernatants for
24 hours and then stained with crystal violet for titration by determination of CPE of the
monolayers.

CD4-CD8 depletions.

SEB-activated T cells were prepared as described above. At day 3 of incubation,
cells were resuspended in fresh medium (5x10° cells/ml) and incubated with either anti-
CD4 antibody (GK1.5), anti-CD8 antibody (2.43) both at 10 pg/ml or medium alone for
30 minutes at 4°C. Antibodies then were washed away and cells were incubated with

freshly washed anti-IgG linked BioMag magnetic beads (Perseptive Diagnostics, INC.)
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(50 beads/cell) for 30 minutes at 4°C. The depletion of antibody-bearing cells was done

by placing the flasks on a magnet (Advanced Magnetics) and collecting unbound cells
after washing several times. CD8-depleted, CD4-depleted and unseparated cells then
were used for cytotoxicity and inhibition of virus replication.

FACS analysis.

Samples from CD4-depleted, CD8-depleted and unseparated SEB T cells (3x10°
cells/sample) were incubated with 100 ng/ml of anti-CD3-FITC Gibco BRL), anti-CD8-
FITC + anti-CD4-PE (Boehringer Mannheim) (100 ng/ml each), anti-IgG2b isotype
standard (Pharmingen) (100 ng/ml) or medium alone for 30 minutes at 4°C. Antibodies
were washed away with T cell medium and each pelleted sample was incubated for 5
minutes at RT with 50 pul of 1% paraformaidehyde. Volume of each sample was raised to
0.5 ml with PBS-BSA + AZIDE. Samples were kept at 4°C overnight and FACS analysis
was performed in an EPICS Profile Analyzer (Coulter Corporation). On average 89% of
the spleen cells were CD3*, out of which 44% were CD8* and 53% were CD4". After
each depletion there were less than 2% residual cells in each case.

Anti-IFNy ELISA.

Immulon-4 ELISA plates (Dynatech) were coated with the neutralizing anti-IFNy
antibody XMG1.5 at Spg/ml. Control IFNy (Boehringer Mannheim) was incubated at 50
ng/ml together with different concentrations of XMGI1.5 (0.01-30 pg/ml). XMGI.5

competed the binding of 50 ng/ml IFNy to the coating plate at 0.3ug/ml. Based on these
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results we used a concentration of XMG1.2 three times higher than needed to block IFNy

in the SEB T cell cultures for inhibition of virus replication (Figure 4-3).
In vivo infections and treatment of Statl KO mice.

Statl KO mice (generated in David Levy’s laboratory) were infected by
intraperitoneal (ip) injection with 1-5 LD/mouse of VSV (for each experiment a single
LDy, was used) diluted in PBS to a final volume of 1 ml/mouse. One hour after
infection, mice were injected ip again with either 95x10° SEB T cells/mouse (prepared
from CD1 mice) only, BsAb 526 only (50ug/mouse), SEB T cells (95x10° cells/mouse) +
BsAb 526 (50ug/mouse) or PBS, all injections in a final volume of 1 ml/mouse. Survival

times were recorded in hours post- infection and results are shown in table 4-1.
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RESULTS

Production of bispecific antibody, 526. The BsAb 526 was produced by fusion
of the HAT sensitive F23.1 (anti-V8) hybridoma with spleen cells from a BALB/c
mouse immunized with VSV (Indiana). Hybridomas producing bispecific antibodies were
identified by binding of supernatant to purified VSV (Indiana) coated plates in a RIA. All
bispecific hybridomas which bound the virus should also produce anti-V 38 since F23.1
was the fusion partner. To ensure that we had a bispecific antibody which could bind to
VB8 with one arm and to a VSV protein on the surface of infected cells with the other
arm, we tested it for its ability to redirect SEB activated-T cells (SEB T cells) to kill
VSV-infected cells in a 4 hour *'Cr release assay (cytotoxicity assay). This insured that
the VSV protein recognized by the BsAb 526 was expressed on the surface of the infected
cells. The hybridoma 526 was positive in both RIA and cytotoxicity assays and was
cloned. After purification of culture supernatants through protein A, 526 was used for all
subsequent assays. BsAb 526 was also tested by immunoprecipitation using lysates from
VSV-infected cells and shown to bind to the G protein from VSV (Indiana) (data not
shown).

Redirected lysis of virus infected cells by BsAb 526. Cloned and purified BsAb
526 was then tested for its ability to redirect SEB T cells to kill VSV-infected cells in a
cytotoxicity assay. Figure 4-1A shows a typical cytotoxicity assay with E:T ratios from

40:1 to 10:1. SEB T cells alone or in the presence of another bispecific antibody, 3F12,
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specific for VB8 and influenza A M2 protein (Fernandez-Sesma et al., 1996) failed to

lyse VSV infected target cells.

Inhibition of multicycle virus replication by SEB and BsAb 526. To determine
whether 526 could inhibit multicycle replication of VSV, we added it to VSV infected
P815 cells at concentrations ranging from 2.Spg/ml to 150ng/ml with or without SEB T
cells. The resuls in figure 4-1B demonstrate that in the presence of 526, SEB T cells can
be redirected to inhibit virus replication at concentrations of antibodies as low as
600ng/ml. An irrelevant BsAb (3F12), 526 alone or SEB alone have no effect on virus
replication at any concentration tested.

In the absence of inhibition, slightly higher titers of virus are observed when SEB
T cells are present. This may result from infection of SEB T cells by VSV or cytokine
mediated increase of virus replication.

Cytotoxicity and inhibition of virus replication against an irrelevant VSV
subtype. To verify the specificity of 526, we tested its ability to lyse target cells infected
with another VSV subtype. Cells were infected with either VSV (Indiana) or VSV (New
Jersey) and used in a cytotoxicity assay as targets. 526 was only able to mediate lysis of
VSV (Indiana) infected cells (data not shown). These results were confirmed by the
demonstration that 526 was able to inhibit multicycle replication of P815 cells infected
with VSV (Indiana) but not when the cells were infected with VSV (New Jersey) (Figure

4-2).
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Is IFNy released from SEB T cells responsible for inhibition of multicycle

virus replication?. IFNy has been reported to play an important role in inhibition of
virus replication in some studies (Ozmen et al., 1995, Guidotti et al., 1996). Our SEB T
cell cultures secrete very high levels of [FNy (data not shown) thus, we performed an
ELISA (see materials and methods) to check how much of the anti-IFNy antibody
XMG1.2 , which has been shown to inhibit [FNy (Ozmen et al., 1995), we needed to add
to our assay to bind all the IFNy present in the supernatant of our SEB T cell culture.
Thus we analyzed what role, if any, [FNy might play in inhibition of virus replication by
SEB T cells and BsAb. Cultures of SEB T cells, BsAb and infected P815 were set up in
the absence or presence of a neutralizing concentration of anti-IFNy antibody (XMG1.2 at
Img/ml, 3 three fold excess of the concentration needed to bind all the IFNy present in
our SEB T cell culture). The results shown in figure 4-3 indicate that inhibition of I[FNy
had no effect on the ability of SEB T cells and BsAb to inhibit virus replication in P815
cells.

Are CD8" T cells responsible for inhibition of virus replication?. SEB
activation leads to maturation of both CD4* and CD8* T cells, either of which can be
targeted by our bispecific antibody. However, there is evidence that both CD4 * and
CD8" T cells are capable of inhibiting virus replication in vivo (Eichelberger et al., 1991,
Bender et al., 1992, Hou et al., 1992, Scherle et al., 1992, and Spriggs et al., 1992,
Topham et al., 1996). Thus, either CD4* or CD8" T cells or both could be responsible

for inhibition of virus replication. Therefore, we depleted SEB T cell cultures of either
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CD4" cells or CD8" cells and tested them in assays of both cytotoxicity and inhibition of

virus replication. When these different cell populations were mixed with 526 and VSV
infected P815 cells and the release of virus progeny measured 48 hours later, mainly
unseparated and CD8" T cells (CD4 depleted) were able to inhibit multicycle virus
replication as shown in figure 4-4A. The small inhibition effect observed when only
CD4" T cells together with 526 were used may be attributed to residual CD8* T cells
after depletion or to some soluble factor different from IFNy present in the cultures.
Figure 4-4B shows that significant cytotoxicity is only observed with unseparated cells or
CD8" T cells and 526.

Analysis of the ability of SEB T cells from perforin KO mice to inhibit
multicycle replication. Inhibition of virus replication didn’t seem to be mediated by
[FNy release and was dependent on the presence of CD8* T cells. Thus, we set out to
determine whether perforin mediated cytotoxicity was essential for inhibition of virus
replication. Spleen cells from perforin KO (Pfp KO) mice were cultured for 3 days with
SEB and tested for their ability to lyse target cells infected with VSV as well as to inhibit
multicycle virus replication. Figure 4-5A shows that, as expected, Pfp KO SEB T cells
were unable to lyse the target cells in the presence of BsAb in a cytotoxicity assay.

Pfp KO T cells activated by SEB were added to infected P815 along with 526.
Under these conditions, no inhibition of virus replication was observed (figure 4-5B)

compared to SEB activated T cells from WT C57BI\6 mice and 526. From these results
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we concluded that the BsAb mediated inhibition of virus replication is dependent on

cytotoxicity resulting from the release of perforin.

Test of the ability of SEB and BsAb to inhibit virus replication in vivo. VSV is
not able to successfully infect normal mice unless inoculated directly into the central
nervous system (Bi et al., 1995). Recently, it has been demonstrated that Stat] KO mice,
which are unable to react to interferon, are extremely sensitive to VSV. These mice given
only a few hundred infectious particles die within 48 hours (Durbin et al., 1996).
Therefore, Statl KO mice were tested as a model to evaluate the ability of our BsAb and
SEB T cells to prolong the survival of mice infected with VSV. Animals were infected by
intraperitoneal injection with VSV. Independent experiments were performed using
either 1, 2.5, or 5 LDy, per mouse. Mice received SEB T cells only, BsAb only, SEB T
cells + BsAb or PBS and survival was monitored. SEB T cells were prepared from CD1
mice which is the background strain for the Statl KO mice. These effectors were tested
in our standard assays and shown to be efficient in inhibition of virus replication as other
strains. The results shown in table 4-1 demonstrate that virtually all infected animals
given SEB T cells or nothing died within 24-48 hours after infection. In contrast, infected
animals receiving SEB T cells and BsAb began to die only after 48 hours. Chi square
test showed that the differences in survival rates were statistically significant (p <0.005).
Some prolongation was observed with BsAb alone which is quite surprising since in no in
vitro experiments could we demonstrate any neutralizing ability by 526 itself. Thus, SEB

T cells and 526 were able to prolong survival of mice infected with a lethal dose of VSV
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probably by reducing virus titers and preventing spread to other tissues of the mouse.
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DISCUSSION

In this chapter we describe and analyze the properties of the monoclonal bispecific
antibody, 526, which binds the V38 molecule on the TCR of T cells and the G protein of
VSV. We have previously generated similar antibodies in our laboratory which differ
with respect to the virus protein that they bind. Two of these BsAbs, HHA6 and 3F12,
which have specificity for the influenza virus proteins HA and M2 respectively were
tested for their ability to redirect SEB activated T cells to kill virus infected cells and to
inhibit influenza virus replication (Moran et al., 1991, Moran et al., 1995, Fernandez-
Sesma et al., 1996). Our results with the influenza virus model demonstrated that BsAbs
and SEB activated T cells were capable of inhibiting multicycle virus replication in vitro.
Both HHAG6 and 3F12 could redirect SEB T cells to inhibit influenza virus replication in
tissue culture (replication (Moran et al., 1991, Moran et al., 1995, Fernandez-Sesma et
al., 1996). One of the drawbacks of the influenza system was that multicycle virus
replication could only be achieved using xenogeneic cells (canine MDCK or bovine
MDBK cells). Thus, cytokine and/or adhesion molecules with species specificity might
not be functional in this system leading to suboptimal inhibition. In addition, this might
not accurately simulate the functioning of BsAb in vivo, the ultimate goal of these studies.
Nevertheless, we observed that the addition of BsAb and SEB T cells to influenza virus
infected MDCK cells reduced virus titers by two logl0 units (3F12) throughout the 48
hour infection. These results encouraged us to develop a syngeneic system to further

study this inhibition of virus replication by non virus-specific T cells and BsAbs.
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P815, a mouse mastocytoma (DBA/2) was used for VSV infection. Thus, we now

had a completely syngeneic system to study inhibition of virus replication in vitro. The
BsAb 526, which recognizes the TCR and the G protein of VSV, was tested for its ability
to redirect SEB T cells to kill VSV infected cells and to inhibit VSV replication in P815
cells. As expected, 526 could efficiently do both and, in fact, the inhibition of virus
replication was greater in this model than with influenza virus. We proceeded to use this
model to test the requirements for inhibition of virus replication in vitro and in vivo.

Many groups, using various systems, have shown that both CD4* and CD8* T
cells are able to clear virus infections in vivo (Eichelberger et al., 1991, Bender et al.,
1992, Hou et al., 1992, Scherle et al., 1992, and Spriggs et al., 1992, Topham et al.,
1996). Since SEB activates both subsets of T cells we were able to compare the ability of
each to inhibit virus replication directly. This was particularly interesting since both
CD4" and CD8™ T cells inhibited multicycle replication of influenza virus in our system
and cytotoxicity did not correlate with inhibition (Moran et al., 1995). Thus, we tried to
manipulate the system in order to test which T cell population was capable of inhibiting
VSV replication. In contrast to the influenza virus model, with VSV we observed that
inhibition of virus replication was mediated by CD8" T cells, dependent on perforin
mediated cytotoxicity and, [FNy independent.

When we infected Statl KO mice with a lethal dose of VSV and treated them with
a single injection of SEB T cells and 526 we prolonged the life of the mice for at least 48

hours compared to controls. Although mice were not cured from our single injection
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(data not shown), the fact that we observed such a difference in survival suggests that

BsAbs are able to inhibit virus replication in vivo. We have not tested this hypothesis,
since we did not measure virus titers in this mice, but we plan on testing this to identify
the mechanism by which Statl KO mice infected with VSV and treated with SEB T cells
+ BsAb 526 show prolonged survival than the rest of the groups of mice. The fact that
we were unable to completely cure the mice may result from the failure of Statl KO mice
to generate a normal cell mediated immune response. Even very small numbers of
residual virus particles could lead to death since Statl KO mice infected with a non lethal
influenza virus fail to adequately generate a proinflammatory response, and demonstrate
impaired virus clearance (Durbin et al., 1996). In these Statl KO mice as little as 100
VSV infectious particles can be lethal.

It should be noted that BsAb alone also prolonged the lives of Statl KO mice
infected with VSV, although to a lower extent that in combination with SEB T cells. As
can be clearly seen in figures 4-1B, 4-3, 4-4B and 4-5B, 526 alone, or when bound to
CD8" depleted effector cells is not able to inhibit virus replication. Yet, in vivo it has
some inhibitory activity. This may result from the bifunctional antibody’s ability to
activate the complement cascade and its opsonizing and ADCC activity due to its isotype
(IgG2a). Effects of bispecific antibodies alone have been observed by others in an anti-
tumor model (Demanet et al., 1991, Demanet et al., 1994). Also, Statl KO mice infected
with influenza virus had good levels of antibody redirected cytotoxicity in P815 cells with

an anti-TCR antibody, which may su’ééest that self T cells from Stat] KO mice could be
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bound by 526 and be responsible for the inhibition of VSV replication in vivo. We are

presently attempting to determine which of these mechanisms may be responsible for this
effect.

Our view of BsAbs and SEB T cells is that they can efficiently inhibit virus
replication, but probably will not remain active for a prolonged period. This may result
from modulation of BsAb from the surface of the T cells or apoptosis of the SEB
activated cells (Renno et al., 1996). It is possible that repeated injections of cells might
function to reduce the virus load and in the presence of an intact immune system protect
animals from consequences of virus infection. It is also possible that BsAbs could redirect
pre-existing CTLs of different specificities (i.e. specific for existing latent viruses such as
herpes viruses) to be used as effectors for redirected lysis of virus infected cells. Fast
spreading viruses like VSV, will clearly kill infected animals in the absence of innate
immunity. Thankfully, such viruses also seem to be exquisitely sensitive to the effects of
innate immunity.

Another important aspect of this work is that it demonstrates that non-virus-
specific T cells can inhibit virus replication when redirected by BsAbs in vitro and in
vivo. It has been suggested that neither cytotoxic T cells nor perforin nor Fas ligand play
a role in recovery from VSV in normal animals (Kigi et al., 1995). The fact that the
virus would seem to be controlled by innate immune responses renders such cells
unnecessary. Our results however demonstrate that CD8* T cells using perforin mediated

cytotoxicity are very efficient at inhibiting virus replication.
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Tools such as BsAbs may prove to be of immunotherapeutic value to fight not

only fast spreading viruses, but more importantly, persistent infections (Berg et al., 1991,
Chamow et al., 1994, Howell et al., 1994). It is possible to generate BsAbs against the
TCR and viral proteins expressed on virus infected cells to be used against viruses which
are inefficient inducers of specific CTL. This may result from either a failure to infect
cells bearing costimulatory molecules or inhibition of the generation of immunity by
elaboration of factors as has been shown for a number of herpes viruses or inhibition of
MHC presentation (Koup et al., 1994, Gilbert et al., 1996).

BsAbs can also be generated to redirect other cells of the immune system to act
upon pathogens, i.e. complement binding BsAbs (Kontermann et al., 1997), those which
bind Fc receptors on cells of the immune system.( Deo et al., 1997, Holliger et al., 1997
and Kontermann et al., 1997). Also, other groups have successfully used BsAbs to target
the immune response against tumors in animal models and humans (Penna et al., 1994,
Moreno et al., 1995, Weiner et al., 1995, Robert et al., 1996 and Sahin et al., 1996).
The use of BsAbs in virus infections has been more limited, but there have been
successful results as well, against HIV (Chamow et al., 1994, Howell et al., 1994,
Mabondzo et al., 1994, and Mabondzo et al., 1995), and for targeted delivery of
adenoviruses (Wickham et al., 1996). Our in vivo results encourage further pursuit of

their therapeutic use in experimental models of virus infection.
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Figure 4-1. A) Cytotoxicity assay using SEB T cells as effector cells and the BsAbs

526 (anti-VSV and anti-TCR), 3F12 (anti-influenza virus M2 and anti-TCR), or
medium alone to redirect lysis of VSV infected EL4 cells. EL4 cells were infected with
VSV for 1 hour at an MOI=40, and then chromium labeled for another hour. Then, cells
were incubated 4 hours with either BsAb 526 (1 or 2ug/ml), 3F12 (1pg/ml) or medium
in the presence or absence of SEB T cells at different E:T ratios or no effectors. %

cytotoxicity is shown.
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Figure 4-1. B) Inhibition of VSV replication in P815 cells by SEB T cells redirected

by 526 at different concentrations, 3F12 (1ug/ml), or medium alone. P815 cells were
infected with VSV at an MOI= 0.1 for 48 hours in the presence of SEB T cells at E:T
ratio of 20:1 together with BsAbs 526, 3F12 or medium. Supernatants were then
collected and the VSV titers determined by inoculation of BHK cell monolayers for 48
hours with log 10 dilutions of the supernatants. CPE was observed following crystal

violet staining and end points determined by the method of Reed and Muench (10).
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Figure 4-2. Inhibition of VSV replication by SEB T cells (20:1) and 526 (1 pg/ml)

using either the Indiana or New Jersey strains of VSV to infect P815 cells. Both VSV
strains were used to infect P815 cells at MOI= 0.1 for 48 hours. Virus titers in the
supernatants were calculated by performing an infectivity assay on BHK cells for 48

hours and then testing for CPE using crystal violet.
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Figure 4-3. Inhibition of VSV replication by SEB T cells and 526 in the absence of

IFNy. SEB T cell cultures (20:1) + 526(1pg/ml) were incubated with either
XMG1.2(anti-IFNy) at 1pg/ml or medium and then the mixtures were added to VSV
infected P815 cells (MOI=0.1). After 48 hours, supernatants were used to infect BHK
cells for another 48 hours and infectivity titers were calculated by staining BHK

monolayers with crystal violet.
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Figure 4-4. A) Inhibition of VSV replication in P815 cells by either CD4* SEB T

cells, CD8* SEB T cells or unseparated SEB T cells, redirected by 526. P815 cells
infected with VSV (MOI=0.1) were incubated 48 hours with either CD4* SEB T cells,
CD8" SEB T cells or unseparated SEB T cells and 526 (1pg/ml) or medium.

Supernatants were then tested on BHK cells for infectivity titers.
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Figure 4-4. B) Cytotoxicity assay using CD4* SEB T cells (¢), CD8* SEB T cells

(M) or unseparated SEB T cells (A). EL4 cells were infected with VSV at an MOI =40
for 1 hour and labeled with *'Cr for 1 hour. EL4 cells were then incubated for 4 hours in
the presence of either CD4* SEB T cells, CD8* SEB T cells or unseparated SEB T cells
+ 526 (lpg/ml) or medium. Supernatants were then harvested and % cytotoxicity

calculated.
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Figure 4-5. A) Cytetoxicity assay by SEB T cells from either C57BI\6 (WT) mice or

perforin deficient mice (Pfp KO) redirected by 526 (1ug/ml). EL4 cells infected with
VSV (MOI=40) for 1 hour and chromium labeled for another hour were incubated 4
hours with 526 (1pg/ml ) and SEB T cells from either C57BI\6 (WT) mice or Pfp KO
mice. % cytotoxicity was calculated from the supernatants. When medium was used
instead of BsAb, %cytotoxicity ranged between 0-6%. Effector cells were used at 20:1

and 40:1 E:T ratios.
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Figure 4-5. B).Inhibition of VSV replication in P815 cells by SEB T cells from WT mice

or Pfp KO mice (E:T 20:1) or no SEB T cells redirected by 526 (1pg/ml). P815 cells
infected with VSV (MOI=0.1) were incubated 48 hours with SEB T cells from C57BI\6
(WT) mice or Pfp KO mice or medium together with 526 (1pug/ml) or medium.
Supernatants were used to infect BHK cells for 48 hours and virus titers were calculated

by CPE.
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Table 4-1. Survival of VSV-infected Statl KO mice after different treatments. Statl

KO mice were infected ip with -5 LDy/mouse of VSV (for each experiment a single
LD, was used). One hour later, mice were injected again ip with either 95x10° WT SEB
T cells/mouse, BsAb 526 (5S0ug/mouse), SEB T cells (95x10° cells/mouse)+ BsAb 526
(50pg/mouse) or PBS. Hours of survival after infection are shown. Values are the sum

of several experiments. The differences in the values are statistically significant (Chi

Square with p <0.005).
24h 48h 96h
alive/total alive/total alive/total
MOCK 18/18 5/18 4/18
SEB T CELLS 16/16 6/16 2/16
BSAB 16/16 7/16 7/16
SEB T CELLS + BSAB | 20/20 20/20 13/20
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Chapter 5§
IMPAIRED ANTIVIRAL IMMUNE RESPONSE OF STAT1 KO MICE AFTER
INFECTION WITH INFLUENZA VIRUS.

(Part of Durbin et al., 1997, submitted for publication)

ABSTRACT.

Statl is a protein involved in signal transduction in response to both type I and
type II interferon. Statl KO mice were infected with influenza virus and their immune
response was studied. Serum from Statl KO mice and WT CD1 mice was taken before
and after infection and immunoglobulin levels were measured by ELISA. Statl KO
mice showed higher levels of IgG1 and a lack of IgG2a antibodies specific for influenza
virus compared to WT mice. Statl KO mice also showed higher levels of total serum
IgE antibodies than WT mice even before virus infection. Spleen cells from infected
mice were restimulated in vitro and cytokine levels were measured in the culture
supernatants. Spleen cells from Statl KO Mice secreted more IL-4 and IFNy than
spleen cells from WT mice. Surprisingly, splenocytes from both Statl KO and WT
mice showed comparable levels of cytotoxic activity against influenza virus infected
cells. Statl KO mice exhibited an antiviral immune response with characteristics of
both a Thl and a Th2 response. Thus, these animals produce IL-4 and IgE but no

IgG2a and yet make a good CTL response characteristic of Thl immunity.
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INTRODUCTION.

Statl is involved in signal transduction in response to both type I and type II
interferons (Muller et al., 1993, O’Shea, 1997). Thus, disruption of the Statl gene or
malfunction of the Statl protein will render cells deficient in their response to
interferon (Horvath and Darnell, 1996). After interferons bind to their receptor on the
surface of cells, JAK kinase is recruited to the intracellular portion. This process
activates the JAK kinase by phosphorylation. Statl is then recruited to this activated
complex, becomes phosphorylated, and subsequently forms dimers which translocate to
the nucleus and activate specific genes by binding to sequences in the DNA (reviewed
in Ihle, 1996 and O’Shea, 1997).

Stat] KO mice are expected to mount an impaired immune response against
virus infection, since type I interferon is involved in early innate responses against
viruses (Staeheli, 1990, Horvath and Darnell, 1996), and type II interferon is involved
in specific immune responses (Graham et al., 1993). Such Statl KO mice were
generated by Joan Durbin in David Levy’s laboratory by disruption in the Statl gene in
CD1 mice (Durbin et al., 1996). Since they are incapable of responding to interferon,
these mice are very susceptible to bacterial and viral infections (Durbin et al., 1996,
Meraz et al., 1996). VSV is known to be very sensitive to type I interferon (Staeheli
and Pavlovic, 1991). Consistently, Statl KO mice were more susceptible to VSV

infection than their WT counterparts (Durbin et al., 1996). Influenza virus is not as
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sensitive to the action of IFN but Statl KO mice infected with influenza virus showed

an impaired (100 fold less) capability of clearing infection compared with WT in
experiments performed in David Levy’s laboratory and related to this work (Durbin et
al., 1997, submitted for publication).

For the experiments described in this chapter Statl] KO mice were infected with
either influenza A/WSN/33 virus or an attenuated virus derived from it, NA/B-NS and
the course of infection was studied by examining lesions and cellular infiltrates in lungs
on different days after infection in Dr. Levy’s laboratory. Statl KO mice showed more
extensive lung lesions than WT mice as well as greater infiltration of eosinophils in the
lung compared to WT mice. These results suggested that Statl KO mice were
generating a different immune response against influenza virus infection than WT mice
and that this response could have the characteristics of a Th2 response by the type of
cells present at the site of infection. The generation of a Th2 immune response by these
mice against influenza virus infection would explain their impaired viral clearance and
their susceptibility to this virus at doses not usually lethal for WT mice.

Serum from Statl KO and WT mice before and after infection with NA/B-NS
and spleens from Statl KO and WT mice infected with NA/B-NS were analyzed in our
laboratory. The serum from Statl KO mice was found to have higher levels of total IgE
antibody than WT mice before and after infection. Stat]l KO mice also had serum anti-
influenza virus antibodies of the IgG1 isotype while IgG2a antibodies could not be

detected in our assay. In contrast, WT mice showed both IgGl and IgG2a antibodies

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



75
against influenza virus in their serum with predominance of the IgG2a isotype. These

results alone confirm the results from Dr. Levy’s group, but we also studied the
cytokines released by spleen cell cultures restimulated in vitro from both Statl KO and
WT mice previously infected with influenza virus. We tested the cytotoxic capacity of
those spleen cells against influenza virus infected cells as well. Spleen cells from Statl
KO mice consistently showed higher levels of both IFNy and IL-4 in the supernatant
than those of WT mice at days 2 and 5 of culture. In contrast, cytotoxicity levels
against influenza virus infected cells were comparable in Statl KO and WT mice.

Based on the IL4 levels as well as the antibody isotypes and Dr. Levy’s results
with the lung infiltrates, the immune response of Statl KO mice against influenza virus
demonstrate many of the characteristics of a Th2 response. But the [FNy levels as well
as the cytotoxicity data indicate some Thl component in this immune response. Thus,
Stat] KO mice make a mixed immunc response against influenza virus, suggesting that
a loss of interferon activity results in an impairment of cytokine regulation in these

mice compared to CD1 WT mice.
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MATERIALS AND METHODS

Spleen cell cultures.

Spleen cells from influenza virus (NA-B/NS) infected Statl KO and WT CD1
mice were taken 3 weeks after infection and treated with 0.17M Tris NH ,Cl to lyse the
red blood cells. The splenocytes were then divided in 3 samples. One of the samples was
used as the stimulator cells. These cells were irradiated and then infected with influenza
virus A/PR8/34 at an MOI=4 for 1 hour at 37°C and then incubated together with
another sample (responders) from the same spleen at a concentration of 4X10°
stimulators/4X 10° responders/ml for 5 days at 37°C, 7% CO, in T cell medium. The third
sample of splenocytes was stimulated with S. fyphosa LPS (25ug/ml) (Difco) for S days
at a concentration of 2X10°cells/ml to be used as target cells in the cytotoxicity assay.
Cytokine detection.

Supernatants from spleen cell cultures were taken at different days of culture to
test for the concentration of [FNy (ELISA) and IL-4 (Bioassay).

Bioassay: IL-4 dependent CT4.S cells (5x10°/well) (kind gift from Dr. W. Paul)
were mixed with dilutions of supernatants from the spleen cell cultures, medium
containing different concentrations of recombinant mIL-4 (Boehringer Mannheim), or
medium alone in flat bottom 96 well plates and incubated at 37°C for 48h. *H-thymidine
was added (1 pCi/well) and the plates harvested 18 h later and *H incorporation

determined by counting in a Packard Matrix counter.
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ELISA: ELISA plates were coated overnight at 4°C with anti-IFNy antibody

(Pharmingen) at 4pug/ml. Plates were then blocked with PBS-BSA for 1h at RT and
supernatants from spleen cell cultures, recombinant mIFNy (Boehringer Mannheim) (3-
100 ng/ml), or medium alone were added to the plates and incubated for 3h at RT. After
washing away the supernatants, 50ul of biotinylated anti-IFNy mAb (Pharmingen) were
added to each well (0.5pg/ml) and incubated for lh at RT. Streptavidin-POD
(horseradish peroxidase) conjugate (Boehringer Mannheim) was added to the plates at
(0.05U/ml) and after washing away the unbound antibodies with PBS-BSA plates were
incubated 45 min at RT. Plates were washed with PBS-BSA and ABTS substrate
(Boehringer Mannheim) was added to wells (1mg/ml) and incubated at RT. Plates were
read after 15 minutes in an ELISA reader ELX 800 (Bio-Tek. Inc.) at 405 nm.
Cytotoxicity assays.

1.Virus-specific cytotoxicity

Cells were removed from spleen cell cultures and mixed at 40/1 E/T ratio with
autologous *'Cr-labeled LPS blasts (sodium chromate, NEN) either uninfected or infected
with PR8 influenza virus (MOI=10) in v-bottom 96 well plates. The plates were
incubated at 37°C for 4 hours, spun to pellet the cells and supernatants were harvested.
The amount of *'Cr in the supernatants was determined in a y-counter. Target cells
incubated with 0.5% NP-40 (Sigma) were used to determine maximum release, and target
cells incubated with medium alone (routinely less than 10% of the maximum release)

were used to calculate spontaneous release. The % cytotoxicity was calculated by the
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formula [% cytotoxicity =test release-spontaneous release/maximum release-spontaneous

release x 100].

2. Antibody-mediated redirected lysis.

This assay was performed exactly as above except that the target cells were *'Cr-
labeled P815 cells and anti-CD3 antibody 2C11 (1pg/ml) was added. This antibody
bridges activated T cells and Fc receptor-bearing cells leading to target cell lysis.
Immunoglobulin detection.

Detection of anti-influenza virus IgG1 and IgG2a antibodies in serum from naive
as well as influenza virus infected Statl KO and WT mice was performed by ELISA
using purified influenza virus (PR8) at 25ug/ml to coat plates overnight at 4°C.

Plates were blocked with PBS-BSA and serum dilutions, medium alone or
standard IgG antibodies (0.008-1pg/ml) (PY102 anti-PR8 IgG1, ,PY210 anti-PR8 IgG2a
and A31G10 as negative IgG) were incubated for 3 hours. POD-linked m Abs anti-IgG1-
POD, anti-IgG2a-POD and anti-IgG-POD (Boehringer Mannheim) were used as
secondary antibodies. ABTS substrate was used for the reaction as described.

Total serum IgE was determined by ELISA (all reagents kindly provided by Dr.
Seiji Haba, Brandeis University). AEI19, an A/J anti-mouse IgE was used to coat
ELISA plates overnight at Sug/ml. After blocking the wells, dilutions of serum were
added and incubated for 3 hours, plates then were washed. Bound (IgE) was identified

by the addition of biotin- labeled rabbit anti-mouse IgE antibody and Streptavidin-POD
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for 1h. Lastly, ABTS substrate was added and the reaction allowed to proceed for 15

minutes after which the plate was read on an ELISA reader at 405 nm.
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RESULTS.

Statl KO mice do not generate antibodies of the IgG2a type after infection
with influenza virus. WT CD1 and Statl KO mice were infected intranasally with an
attenuated strain of influenza virus derived from A/WSN/33 (NA/B-NS) (Muster et al.,
1991). Serum from these animals was taken before and after infection and
immunoglobulin isotypes were detected by ELISA. As shown in figure 5-1, Statl KO
mice do not make anti-influenza virus antibodies of the IgG2a isotype after infection
with the virus as do WT CD1 mice. This lack of IgG2a antibodies can be taken as an
indicator of a Th2 type of immune response after virus infection. Also, Statl KO mice
seemed to produce higher levels of IgGl antibodies against influenza virus than WT
CD1 mice. The lack of Statl protein makes these mice unable to respond to [FNy, a
known switch factor for IgG2a (Coutelier et al., 1987, Bossie and Vitteta, 1991). Thus,
B cells of Statl] KO mice are unable to class switch to the IgG2a isotype after virus
infection.

Statl KO mice make high levels of IgE antibodies both before and after
infection with influenza virus. Figure 5-2 shows levels of total IgE antibodies in
serum from mice before (prebleed) and after (infected) infection with influenza virus
NA/B-NS (Muster et al., 1991). Statl KO mice have higher levels of IgE in serum than
WT mice before the infection, but this difference is dramatically accentuated after

infection with influenza virus. When anti-influenza virus specific IgE antibodies were
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measured (data not shown) an increase was also observed after virus infection (1 fold),

but it was less dramatic than the increase in total IgE antibodies (7.5 fold). Since
production of IgE is dependent on the Th2 cytokines, IL-4 and IL-5 (Finkelman et al.,
1990), this again suggests that these animals are responding to influenza virus infection
with a Th2 response.

Statl KO mice have similar levels of antiviral cytotoxic T cells to WT mice,
but the cytokine patterns in supernatants of spleen cultures from influenza virus
infected mice are different. Spleen cells from influenza virus (NA-B/NS) infected
Stat] KO and WT mice were taken 3 weeks after infection and cultured in vitro for 5
days. At day S splenocytes were tested in either a 4h Cr’' release assay (direct
cytotoxicity) or antibody mediated cytotoxicity (ADCC) using the anti-CD3 antibody
2C11. In both assays splenocytes from both Statl KO mice and WT mice showed
similar levels of cytotoxicity against influenza virus infected spleen cells or P815 cells
(table 5-1). Samples from the supernatants were taken at days 2 and 5 and tested for the
presence of the cytokines, [L-4 (CT4.S cells bioassay) and IFNy (ELISA). Splenocytes
from Statl KO mice secreted higher levels of both IL-4 and IFNy after in vitro
restimulation with influenza virus (PR8) infected spleen cells as shown in table 5-1.
Thus, the mice secrete both Thl and Th2 cytokines.

Spleen cells from Statl KO mice proliferate faster than spleen cells from
WT mice. Spleen cells from cultures were checked for their proliferative capacity by

taking samples on a daily basis and counting the cells. Consistently there were more
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cells in the cultures of Statl KO splenocytes compared to WT (data not shown). Also,

the morphology of the Statl KO cells was different from the WT ones. It has been
reported that IFNy is an important regulator of cell growth. This may explain the rapid

growth of cultures from Statl KO mice (Novelli et al., 1997).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



83
DISCUSSION.

Statl is necessary for the signal transduction of both type I and type II
interferons (Miiller et al., 1993, reviewed in O’Shea, 1997). [FNa is able to create an
antiviral state through the action of Statl (Staeheli, 1990, Horvath and Darnell, 1996)
which is very potent in preventing the spread of viruses. Mice deficient in the Statl
protein are unable to respond to viral infection with a proper immune response (Durbin
et al., 1996, Meraz et al., 1996) and succumb to infection at extremely low number of
virus particles per mouse (Durbin et al., 1996).

The purpose of this work was to study the nature of the immune response of
Statl KO mice against influenza virus infection. In particular, the antibody isotypes
generated by these mice before and after infection and the cytokine profile and
cytotoxic functions of their in vitro restimulated spleen cultures were analyzed.

Antibody isotypes are associated with different types of immune responses.
Immunoglobulins of the IgGl isotype are generated in Th2 immune responses as are
IgE antibodies. (Finkelman et al., 1990, reviewed in Abbas et al., 1996 and Mosmann
and Sad, 1996). On the other hand, IgG2a antibodies are the predominant isotype
observed in Thl responses (Coutelier et al., 1987, Bossie and Vitteta, 1991, reviewed
in Abbas et al., 1996). IFNy is produced primarily in Thl responses and it dictates that
B cells switch to the IgG2a isotype. In its absence IgGl are exclusively made. IgE
production is induced only in response to Th2 cytokines, IL-4 and IL-5. Our data

suggest that Statl KO mice generate antibodies associated with a Th2 immune response
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against influenza virus infection. We and others have shown that Th2 immunity leads to

an immune response which is very inefficient in clearing virus from infected animals
(Moran et al., 1996, Waris et al., 1996).

The cytokine patterns in the supernatant of spleen cells from influenza virus
infected Statl KO mice was also consistent with a Th2 immune response since high
levels of IL-4 secretion was detected. The presence of equally high levels of IFNy in
these supernatants however was in contrast to what is usually observed in Th2 immune
responses. These animals seem to be making both Thl and Th2 cytokines. It should be
pointed out however that since the defect in these mice is in the response to interferon,
not in its synthesis, the cells of the immune system of these mice are not capable of
responding to the effects of their own IFNy, rendering this cytokine useless.

The most striking result was the presence of similar levels of cytotoxic T cells
against influenza virus infected target cells in both Stat] KO mice and WT mice. This
suggests that interferon does not play a major role in the generation of CTL.
Nevertheless, these CTLs are not capable of clearing the virus infection in vitro
(Durbin et al., 1996).

In trying to explain these effects in Statl KO mice we propose two not mutually
exclusive possible mechanisms. The first mechanism is the loss of negative signaling by
interferon-y. Recent work has demonstrated that Th2 cells have high affinity receptors
for interferon-y while Thl cells do not (Pernis et al., 1995). Recently, it has been

postulated that one way in which Th2 responses are inhibited during a Thl situation is
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by induction of Th2 cells into apoptosis by interferon-y (Novelli et al., 1997). In Statl

KO mice this would not occur, thus, explaining why both types of responses are
observed simultaneously.

Additionally, the failure of CTL to clear virus may occur because of inefficient
trafficking of cells to the infected area. A significant amount of evidence suggests that
IFNy is involved in upregulation of selectins, known to be involved in recruiting cells
to sites of inflammation (Austrup et al., 1997). Clearly, this signaling is also lost in
these animals. Therefore, CTL may be generated but unable to find the site of
infection. It is worth noting that receptors for selectins are found on Thl cells only.
Migration of Th2 cells to inflamed areas either uses other receptors or is independent
of selectins.

Based on our results from influenza virus infected Statl KO mice, we propose
that these mice have both Thl aad Th2 immune responses acting simultaneously, since
IFNy is not capable of downregulating Th2 immune responses. Thus, Statl KO mice
have an impaired antiviral immunity possibly due to their lack of regulation between

Thl and Th2 responses.
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Figure 5-1. IgG isotypes in serum from mice infected intranasally with an

attenuated strain of influenza virus. Statl KO and WT mice were infected
intranasally with NA/B-NS strain and serum was collected and tested for the isotypes
of the anti-influenza virus antibodies. ELISA plates were coated with 25ug/ml purified
PR8 influenza virus, sera from either influenza virus infected Stat-1 KO or CD1 mice
at a 1/1000 dilution were added to triplicate wells. Bound antibodies were identified by
the addition of biotin labeled anti-IgG (whole antibody), anti-IgG1 or anti-IgG2a. After
addition of streptavidin-POD and substrate (ABTS), plates were read at 405nm.
Immunoglobulin levels represent the means of cumulative results of sera from three

mice analyzed separately.
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Figure 5-2. IgE antibodies in serum from uninfected or influenza virus infected

mice. Mice were infected intranasally with the attenuated influenza virus NA/BNS.
Serum was taken before and after infection and tested for the IgE antibody
concentration by ELISA. Anti-IgE antibody AE19 was used to coat the plates and
biotin-labeled anti-IgE antibody was used to detect. Streptavidin-POD and ABTS
substrate were added subsequently and plates were read at 405nm. Results are means

from 4 mice in each group.
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Table 5-1. Cytotoxicity and cytokine profiles of influenza virus stimulated

splenocytes from Stat-1 KO and WT mice. The first column shows % cytotoxicity of
autologous virus- infected LPS blasts by spleen cells from influenza virus infected mice
at an E:T ratio of 40:1. (%CTX). For each group, 2 mice were used. The second
column shows % antibody mediated redirected cytotoxicity using 2C11 (anti-CD3) at
lpg/ml and P815 (FcR+) as target cells and spleen cells from influenza virus infected
mice as effectors at a 40:1 E:T ratio (%ADCC). Means from 2 mice in each group are
shown. Third and fourth columns show levels of IFNy in supernatants in spleen
cultures from influenza virus infected animals restimulated in vitro at days 2 and 5
after restimulation respectively. Columns fifth and sixth show levels of IL-4 in
supernatants of spleen cell cultures from influenza virus infected mice at days 2 and 5
after restimulation in vitro. In both cytokine detections 4 KO mice and 5 WT were
used. ND= Not detectable. Experiments were done several times with different

animals and comparable results. Results are means + standard errors.

% CTX | % ADCC | ng/ml IFNy | ng/ml IFNy | ng/ml IL-4 | ng/ml IL-4
(Day 2) (Day 5) (Day 2) (Day 5)
KO | 16.65+7.9 [39.9+13.7 | 179.7449 [74.4+2.8 [123+6.3 |6.8+5.3
WT [26+11.1 |59+2.12 |14.5+#0.6 [30.1+1.4 |[ND ND
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Chapter 6.

EFFECTS OF IN VIVO INJECTIONS OF IL-4 ON INFLUENZA VIRUS

INFECTED BALB/C MICE.

(Part of Moran et al., 1996).

ABSTRACT.

BALB/c mice infected with influenza virus are able to recover by efficiently
clearing the virus from their lungs. When IL-4 was injected at the time of infection and
subsequently on a daily basis, this response was significantly modified. The generation of
cytotoxic T cells by these mice was inhibited, while mice not treated with [L-4 generated
normal levels of cytotoxic T cells. Supernatants of spleen cultures from infected and L4
treated mice, restimulated in vitro showed high levels of IL-4 compared to mice not
treated with IL-4. In contrast, the [FNy levels in supernatants of spleen cells restimulated
in vitro were significantly lower in mice treated with IL-4 than in mice not treated. In
conclusion, the addition of IL-4 to mice infected with influenza virus switched their
antiviral immune response from Thl to Th2. CTL generation was significantly reduced

and the animals were unable to efficiently clear virus from their lungs.
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INTRODUCTION.

Influenza virus infection in mice has been used as a model to study antiviral
immunity by several groups (Schulman, 1967, Luckacher et al., 1984, Graham et al.,
1994, Topham et al., 1996). Mice become infected and are able to generate antibodies
against major proteins of the virus, and also make a cellular immune response which
clears the virus from the lungs efficiently (Cambridge et al., 1976).

The cellular immune response generated against viruses is composed of both
CD4" T cells (Th) and CD8* T cells (CTLs) (Cambridge et al., 1976, Wells et al., 1981,
Doherty et al., 1992, Hou et al., 1995, reviewed in Zinkernagel, 1996). Since Thl cells
are known to be involved in the generation of CTLs it seemed likely that they would be
the subtype most efficient in mediating recovery from virus infection (reviewed in Abbas
et al., 1996). Yet, examination of draining lymph nodes from virus infected animal
showed evidence of both Thl and Th2 cytokines (Sarawar et al., 1993, Graham et al.,
1994). The importance of T helper cells as well as CTLs for clearing viruses has been
shown using models of influenza virus infected mice in which either CD4* T cells (Allan
et al., 1990) or CD8" T cells (Scherle et al., 1992) were not functional or the infected
animals lacked specific MHC elements (Eichelberger et al., 1991, Bender et al., 1992).
In both cases, antiviral immunity against influenza virus was diminished but not
abolished. Thus, antiviral immunity against influenza viruses was most efficient when

both CD4* and CD8* T cells acted in synergy.
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Th1 responses are mediated by CD4* T cells that secrete IFNy and IL-2. These

cells develop when they are exposed to antigen in an environment containing IL-12
(Mosmann et al., 1986, Seder and Paul, 1994, reviewed in Abbas et al., 1996, Heufler et
al., 1996, reviewed in Zinkernagel, 1996) and CD8* T cells, which lyse virus infected
cells by either release of soluble substances such as perforin or by inducing apoptosis in
the infected cells (Kojima et al., 1994, reviewed in Berke, 1995, Nagata and Suda, 1995,
Atkinson and Bleackley, 1997, Zajak et al., 1997). The fact that cytokines such as IFNy
and TNFo have been shown to have direct antiviral effects (Chisari and Ferrari, 1995)
may provide an explanation for the observation that CD4" T cells can clear virus
infections in the absence of CD8* T cells (Scherle et al., 1992) or MHC class II (Topham
et al., 1996).

Th2 immune responses are generated when the cytokine milieu contains IL-4 at
the time of exposure to immunogen. Immune responses of this type are characterized by
CD4* T cells which release IL-4 and IL-5, directing B cells to make antibodies of the
IgG1 and IgE isotypes (Finkelman et al., 1990), recruitment of eosinophils, and a failure
of CTL to develop.

It has been shown in different experimental models that it is possible to
manipulate immune responses to pathogens by using cytokines or anti-cytokine antibodies
early in the infection (Haak-Fredescho et al., 1992, Romani et al., 1992, Racke et al.,
1994, Sarawar et al., 1994, Leonard et al., 1995, Mocci and Coffman, 1995, Orange et

al., 1995). We wanted to determine the effect that the Th2 inducing cytokine IL4 would
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have on immunity to influenza virus. We hypothesized that mice injected with IL-4 would

develop a Th2 immune response which might impair their ability to generate CTL and
clear virus from their lungs. Therefore, we studied different parameters of antiviral
immunity such the generation of cytotoxic T cells and the cytokine profiles of spleen cells
from infected mice either untreated or treated with IL.-4. This was compared to the level
of virus in their lungs as a measure of recovery.

Mice were injected with L4 at the time of infection and then daily until day 7.
The CTL and cytokines released from spleen cells removed from mice 7 days after
infection were restimulated with virus infected stimulator and analyzed. The animals
injected with IL-4 made Th2 cytokines while those from the control mice made Thl
cytokines. In addition, CTL generation was vastly reduced in mice treated with IL-4. The
same mice sacrificed at different days after infection showed higher virus titers in lungs
when IL-4 was injected compared with control mice (virus titrations not performed by
Ana Fernandez-Sesma). This demonstrated that injections of [L-4 can switch the immune
response of mice infected with influenza virus from a Thl to a Th2 response. This
change reduced the CTL response and significantly inhibited the ability of the mice to
clear the virus from their lungs. Moreover, this work emphasizes the importance of the

cytokine milieu in the generation of efficient immune responses.
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MATERIALS AND METHODS.

Infection Procedure.

Eight to ten week old BALB/c mice were infected by aerosol (Schulman, 1967)
as described in general materials and methods. From day 1 to day 7 mice were injected
intravenously (iv) with IL-4+anti-IL-4 complexes (Finkelman et al., 1994). Mice were
sacrificed at days 5, 7, 8, and 10 and lungs and spleens were taken.

Generation of IL-4 Immune complexes.

IL-4 has been shown to be more stable in complex with anti-IL-4 antibodies
(Finkelman et al., 1994). IL-4 immune complexes were prepared by incubating a 1:5
ratio of IL-4 to anti-IL-4(BVD4-1D11.2) in a small tube for 1 minute. The mixture
then was diluted with normal saline and 2.5ug:12.5ug (IL-4:anti-IL-4) injected into
each animal. The animals were injected iv for the first three days and intraperitoneally
(ip) in subsequent injections.

In vivo treatment with I1.-4 immune complexes.

Eight week old BALB/c mice were infected with aerosolized PRS8 virus
(approximately 7.5x10° TCID/mouse) and beginning 24 hours later were injected daily
with immune complexed IL-4. Groups of 5 animals were sacrificed on days 5, 7, 8 and
10 and pulmonary virus titers and lung lesions determined. Spleen cells removed from
day seven animals were restimulated in vitro with PR8 infected irradiated syngeneic
spleen cells and cultured for 6 days. The cultured cells then were tested in a

cytotoxicity assay and the supernatants collected and tested for cytokine content.
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Cytokine determinations.

Microtiter plates were coated with anti-cytokine XMG1.2 (IFNy) or BVD4-
1D11.2(IL-4) antibody at 1ug/ml and incubated overnight at 4°C. Plates were washed
and blocked for 30 minutes with PBS-1% BSA. Plates were washed and then control
rIL-4 or rIFNy (Boehringer Mannheim) were added at different concentrations. Test
samples also were added at different dilutions and plates were incubated 90 minutes at
room temperature. BVD6-24G2.3 anti-IL-4 and rat anti-mouse IFNy monoclonal
(Upstate Biotechnology) were I'* labeled and used for detection at 50,000 CPM in
50ul. Plates were incubated for 90 minutes at room temperature and then washed and
counted in a gamma counter. A dose response using purified IL-4 or purified INFy
was performed in each assay and results were used to calculate the absolute
concentration of cytokines using samples diluted to fall into the linear portion of the

dose response curve. .
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Cytotoxicity assay.

Spleen cells from influenza virus infected cells were taken at days 4 and 7 after
infection and restimulated in vitro with syngeneic spleen cells infected with PR8 virus
(MOI=5). Cultures were incubated in T cell medium and cells were used as effector
cells in cytotoxicity against influenza virus infected P815 cells on day 5 as described in
general materials and methods.

Virus titers determinations.

Lungs were taken from infected mice at different days after infection and virus
titers were determined by infectivity assay in MDCK cells followed by
hemagglutination of chicken red blood cells as described in general materials and
methods.

Statistical analysis.
Statistical analysis was performed using a T test for paired means. Differences

were considered significant if P < =0.05.
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RESULTS.

BALB/c mice were infected with PR8 virus by aerosol as described in general
materials and methods (7.5x10° TCID/mouse). They were also injected iv with
[L4 +anti-IL-4 complexes , which is more stable than [L-4 alone (Finkelman et al.,
1994) or saline from day 1 to 3 and ip from day 4 to 9. At day 7 after infection 5 mice
from each group were sacrificed and their spleens were cultured in T cell medium
together with freshly PR8 virus infected spleen cells from naive mice. Spleen cultures
were incubated and then tested for their cytokine profile in the supernatant as well as
their cytotoxic activity against PR8 virus infected cells.

Cytokine levels in supernatant of spleen cultures. The levels of IL-4 secretion
were found to be higher in spleen cultures from mice that were injected with 2.5 ug of IL-
4 + 12.5ug of anti-IL-4 per mouse (anti-IL-4 alone didn’t have any effect) as compared
to control mice (figure 6-1). In the case of IFNy, supernatants of spleen cultures from
control mice showed higher levels than IL-4 injected mice in RIA (figure 6-2). These two
cytokine secretion patterns by themselves showed a major difference in the type of CD4
T cells that are activated after infection in a Th2 cytokine milieu.

Ciytolytic capacity of spleen cells from influenza virus infected mice. At day 6
of culture, spleen cells from either control or [L4+anti-IL4 treated mice were tested in
a 4 hour Cr” release assay against PRS infected P815 cells. As shown in figure 6-3, only
spleen cells from control mice were able to lyse PR8 virus infected P815 cells, while

splenocytes from or IL-4+anti-IL-4 treated mice could not do so. From these results we
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conclude that the injections of IL-4 drastically impaired the ability of infected mice to

generate cytotoxic T cells.

Virus titers in lungs. Virus titrations of lungs from either control or IL-4 treated
mice were performed by other members of the laboratory showing a correlation with the
cytotoxicity and cytokine data. PR8 virus titers in lungs from IL-4 + anti-IL-4 treated
mice were consistently higher over a 10 day observation period than in lungs of control

mice, which showed decreasing virus levels from day 6 to day 10 (figure 6-4).
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DISCUSSION.

The existence of 2 different subtypes of T helper cells, namely Thl and Th2, has
been well documented (Mosmann et al., 1986, reviewed in Abbas et al., 1996,
Zinkernagel, 1996). Proinflammatory cytokines like [FNy and IL-12 in virus infections
drive the immune response towards Thl immunity, which is probably most effective in
fighting virus infections (Alwan et al., 1994, Clerici and Shearer, 1993, Graham et al.,
1994, Ozmen et al., 1995, Heufler et al., 1996). IL-4 is the key cytokine for generation
of Th2 type immunity, which is probably not as effective against virus infections (Clerici
and Shearer, 1993, Graham et al., 1994). Not only are these cytokines responsible for
generation of different types of response, but they also inhibit the generation or the
effector functions of the other type (Swain et al., 1991, Seder and Paul, 1994). IL-12
released by macrophages and dendritic cells is crucial for the development of Thl cells
which lead to the generation of CTL (Heufler et al., 1996). CTLs are believed to be the
main effector cells in Thl responses (Chisari and Ferrari, 1995 ). IL4 is not only
responsible for differentiation of cells into the Th2 phenotype but it can also inhibit the
generation of Thl immunity, thus it inhibits the generation of inflammatory responses
(reviewed in Abbas et al., 1996).

Recently, several cytokines and anti-cytokine antibodies have been used in
different experimental models for the modification of immune responses to pathogens

(Haak-Fredescho et al., 1992, Finkelman et al., 1994, Orange et al., 1994, Racke et al.,
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1994, Leonard et al., 1995, Mocci and Coffman, 1995). Results from these experiments

have proven that it is possible to switch the immune response from Thl to Th2 and vice
versa during the onset of infection. In those experimental models it has been shown to be
easier to reverse a Th1 response to Th2 than the opposite.

Our results show that it is possible to reverse a Thl immune response by the
addition of IL4 early following infection with influenza virus. These results clearly
document that Th2 responses are not efficient in responding to influenza virus infection.
Additionally, these data demonstrate that the cytokine milieu at the time of exposure to
infectious agents or vaccination may influenza the type of immune response which will be
generated. These findings may have important implication for the design of novel vaccine

protocols as well as the study of the response to infectious agents.
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Figure 6-1. IL-4 levels in spleen cultures from mice infected with PR8 virus and

either treated with daily IL-4 injections or untreated (control). Each mouse received
approximately 7.5x10° TCID,, of influenza virus strain A/PR/8/34 via aerosol. Mice
were untreated or treated with daily injections of IL.-4+anti-Il.-4 complexes from daysl
to 7. Mice were sacrificed at day 7 and spleen cells were cultured together with PR8
virus infected spleen cells from naive mice for 6 days. Levels of IL.4 in the supernatants
were detected by RIA using the antibodies BVD4-1D11 (1pug/ml) to coat and ['*-labeled
BVD6-24G2.3 (50,000 cpm/50pl) to detect. Values are shown in pg/ml. Each group had
5 mice, with means +/- standard deviations = control 0.04 +/- 0.02 pg/ml and [L-4

treated 24.22 +/- 11 pg/ml (p= 0.05).
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Figure 6-2. IFNy levels in supernatants of spleen cells from mice infected with PRS

virus and untreated or treated with [L-4. Mice infected by aerosol (7.5x10° TCID,,
/mouse of PRS8 influenza virus) and injected with IL-4 daily from day 1 to 7 were
sacrificed at day 7. Spleen cells from these mice were restimulated in vitro by
splenocytes from naive mice freshly infected with PR8 virus, and incubated for 6 days.
At day 6 supernatants from spleen cultures were tested by RIA with the antibodies
XMG1.2 (lpg/ml) to coat and rat-anti mouse IFNy at 50,000 cpm/SOul (Upstate
Biotechnology Inc.)to detect levels of IFNy. Values are shown in ng/ml. Means and
standard deviations of each group of 5 mice are 19.6 +/- 5.8 for the control mice and 3.8

+/- 1.2 ng/ml for IL-4 treated (p= 0.02).
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Figure 6-3. Lysis of PR8 virus infected cells by spleen cells from mice infected with

PRS8 virus and either untreated or treated with IL-4. Mice were infected with PR8
influenza virus by aerosol (7.5x10° TCID,, /mouse) and injected on a daily basis with IL-
4 from day 1 up to day 7. After sacrifice of the mice at day 7 spleen cells were
restimulated in vitro with PR8 virus infected splenocytes from naive mice for 6 days. At
day 6 of incubation splenocytes were tested in a 4 hour Cr®' release assay against PRS
virus infected P815 cells to test their cytotoxic capacity. Data are shown as %
cytotoxicity and means * standard deviations for each group of 5 mice are 46.2% + 8%

for controls and 14.9% + 5% for IL-4 treated mice (p= 0.03).
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Figure 6-4. Virus titers in lungs of mice infected with PR8 influenza virus. Mice

infected with PR8 virus were injected iv with IL-4 + anti-IL4 from day 0 to day 10 (IL-
4), or untreated after infection (control). Virus titers in lung homogenates were
determined by infectivity assay on MDCK cells at different days after infection. Samples

are means of triplicates with standard errors shown in vertical bars for each time point.
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Chapter 7.

VACCINATION OF BALB/C MICE WITH LIVE AND INACTIVATED
INFLUENZA VIRUS IN DIFFERENT CYTOKINE ENVIROMENTS LEADS TO
DIFFERENT IMMUNE RESPONSES.

(Part of Moran, et al., 1997, manuscript in preparation).

ABSTRACT.

BALB/c mice were immunized with either live or inactivated influenza virus
and the nature of the memory immune response was investigated. Vaccination with live
virus led to a Thl response characterized by high levels of anti-influenza virus CTLs,
IgG2a antibodies, and secretion of the cytokine, [FNy. Vaccination with inactivated
virus led to the expansion of Th2 cells as shown by the fact that spleen cells from the
mice secreted IL-4 but not IFNy upon restimulation in vitro. In addition, mice
immunized with inactivated virus were unable to generate CTLs against influenza virus
infected cells and the predominant antibody isotype was IgG1.

When immunized animals were infected with a different virus subtype only
those given live virus were able to generate heterosubtypic immunity which facilitated
the clearance of virus from their lungs. The addition of IL-12 to the immunization
protocol with inactivated virus partially switched the immune response towards Thl.
These mice demonstrated a small but significant heterosubtypic immune response. In

contrast, the addition of IL-4 to the live virus immunization abolished most of the
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protective immune response against influenza virus and led to a Th2 response with

production of IL-4 and reduced CTL generation.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



109
INTRODUCTION.

Cellular responses to immunogens include the generation of inflammatory
cytokines, such as IFNy and TNF (Thl) as well as other cytokines, like IL-4 and IL-5
(Th2). IFNy promotes not only the generation of CTLs but also the generation of
complement fixing antibodies of the IgG2a in mice (Coutelier et al., 1987, Bossie and
Vitteta, 1991, reviewed in Abbas et al., 1996). Th2 responses consist of IgG1 and IgE
(mast cell degranulation) antibody generation and expansion and migration of
eosinophils. It does not promote generation of CTLs (Finkelman et al., 1990, reviewed
in Abbas et al., 1996).

The presentation of immunogens by APCs to T cells in different cytokine
contexts has been suggested to be the determining factor for the generation of either
Thl or Th2 responses (Heufler et al., 1996, Ohshima and Delespesse, 1997, Winzler et
al., 1997). If cytokine context is high in IL-12 and low in IL-4, then Thl responses
will be generated. On the contrary, if the environment is high in IL-4 and low in IL-12
Th2 responses are made. The origins of IL-4 and IL-12 are the subject of discussion,
but recently, evidence has suggested that IL-12 may be released by APCs in response
to factors such as inflammatory cytokines, bacterial products and live viruses (Winzler
et al., 1997). The origin of IL-4 is not clear.

Our previous results have shown that IL-4 given at the time of infection
generated a Th2 response in influenza virus infected BALB/c mice (Moran et al.,

1996). These mice did not generate appropriate levels of cytotoxic T cells and were not
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able to clear viruses from their lungs. Waris and colleagues (1996) have shown in an

RSV mouse model that vaccination with inactivated virus led to the generation of a Th2
memory response that did not protect the mice against reinfection with RSV. When the
Th2 memory cells were reactivated upon subsequent infection with RSV, these mice
showed more severe disease than mice not vaccinated.

To test whether the induction of Th2 immunity by inactivated virus was
restricted to RSV, we decided to vaccinate mice with either inactivated or live influenza
viruses and analyze the make up of the immune response generated to each. In this
chapter we show results confirming that inactivated virus generated a Th2 immune
response. Live viruses used for vaccination in our influenza virus model gave a clear
Thl response, which was protective upon reinfection with a different virus subtype.

We also wanted to test if cytokines used at the time of vaccination would
change the type of response and the pattern of protection in mice upon challenge with a
different virus subtype. We chose IL-12 to use in combination with inactivated virus
vaccine since this cytokine is a potent promoter of Thl immunity (Ozmen et al., 1995).
Based on our results using IL-4 to modify the immune response of mice against
influenza virus infection (Moran et al., 1996) we used IL-4 together with live virus to
try to change the immune response generated by live virus alone.

In this chapter I present data from experiments in which we used different
vaccination protocols using influenza virus X31 in BALB/c mice. When we used live

virus for immunization, mice were able to generate a protective Thl immune response
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(confirming results of Waris et al., 1996), that was dramatically switched by the

addition of IL-4 in the vaccination protocol to a more Th2 type of response. In
contrast, the immune response to vaccinations with inactivated virus could be partially
reverted to a Thl response by the inclusion of IL-12 in the immunizations. Mice
showed different levels of protection against challenge with live virus depending on the
protocol of vaccination. Vaccination with live virus was the optimal one for protection

in this series of experiments.
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MATERIALS AND METHODS.

Virus inactivation.

For immunization X31 virus (H3N2) was diluted 1:4 in maintenance medium
and half was subjected to 6 minutes of UV irradiation on ice at a distance of 6 inches
followed by a 30 minute incubation at 37° C, pH=5.0 after which the pH was adjusted
to that of the live virus. Live virus had an infectivity titer in MDCK cells of 10’
TCIDy, in 25 ul while inactivated virus demonstrated no infectivity at a 10" dilution in
either MDCK cells or in eggs.

Immunization.

Immunization was performed by injecting 200ul of live (8x10’ TCID,, /mouse)
or inactivated X-31 virus (8x10" TCID,, /mouse) ip. In some experiments, animals
were reimmunized two weeks later in an identical fashion. For the cytokine
experiments, animals were immunized with virus plus [L-4-11B11 (anti-IL-4) immune
complex as described (Finkelman et al., 1994) (2.5ug IL-4-12.5ug 11B11/mouse) or
IL-12 (10ng/mouse) in 0.1% BALB/c serum.

Infection procedure and titrations.

Two weeks after the last immunization mice were infected with PR8 virus by
aerosol (7.5x10° TCID./mouse) as described in general materials and methods
(Schulman, 1967) and then sacrificed at days 4 and 7 after infection. Lungs were taken

and virus titers were determined as described in chapter 1. Spleen cells were
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restimulated in vitro, cytokines in supernatants were measured and at day 5 of culture

spleen cells were tested in cytotoxicity assay.
Statistical analysis.
Degrees of significance between groups of animal were determined by using the

T test: paired two sample for means.
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RESULTS.

The experiments shown in this chapter were performed by all members of the
group in a cooperative way due to the volume of samples involved. None of the
experiments were performed by Ana Fernandez-Sesma alone but she participated in all
of them.

Virus titers in lungs from mice immunized by different protocols and
challenged with live virus. Table 7-1 shows influenza virus titers in lungs from mice
immunized with either: live virus, inactivated virus, live virus+IL-4 or inactivated
virus+IL-12. All mice subsequently were infected by aerosol with live virus and lungs
were taken at days 4 and 7 after infection. Infectivity titers were calculated by infecting
either MDCK cell monolayers or 9 day embryonated eggs. Mice immunized with live
virus+]L-4 and mice immunized with inactivated virus+IL-12 show similar levels of
protection against challenge. In both cases the level of protection was higher than the
one for mice immunized with inactivated virus alone. All groups of immunized mice
with the exception of inactivated virus immunization seemed to generate heterotypic
immunity.

Cytotoxic characteristics of spleen cells from mice immunized twice with
influenza virus under different protocols. Mice were immunized twice in a two week
interval with inactivated virus, live virus, inactivated virus+IL-12 or live virus+IL-4.
Two weeks after the last immunization spleens were taken and restimulated in vitro

with syngeneic spleen cells infected with PR8 virus. Five days later spleen cells were
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tested in a 4 hour *'Cr release assay against PR8 virus infected P815 cells. As shown in

figure 7-1, mice immunized with live virus showed the highest levels of lysis of
infected cells, this activity was drastically reduced by the addition of IL-4 to the
immunization protocol. Mice immunized with inactivated virus under different
protocols didn’t show significant levels of cytotoxicity. Only mice immunized with live
virus under different protocols were able to generate cytotoxic T cells against influenza
virus infected targets.

Isotypes of anti-influenza virus antibodies in serum from mice previously
vaccinated under different protocols. Figure 7-2 shows the isotypes of antibodies
against influenza virus in serum taken from mice two weeks after the second
immunization with live influenza virus, inactivated influenza virus, live virus+IL-4 or
inactivated virus+IL-12.

Levels of [gG2a were comparable in serum from mice immunized with live
virus and with those of mice given inactivated virus+IL-12. The inclusion of IL-4 with
live virus in the immunization protocol resulted in high levels of IgGl antibodies
against influenza virus in serum from those mice. Mice immunized with inactivated
virus alone showed high levels of IgG1 antibodies in serum as well. The addition of IL-

4 to live virus immunization switched the antibody isotypes towards more Th2 type.
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DISCUSSION.

It is now generally accepted that immune responses can proceed by either of
two possible pathways, namely Thl or Th2. Both helper immune responses are capable
of negatively regulating each other (reviewed in Abbas et al., 1996, Mosmann and Sad,
1996). But that regulation has to occur early in the response, because once one type of
response is initiated the other one is inhibited (Swain et al., 1991, reviewed in Abbas et
al., 1996). The early events during the onset of an infection are crucial for the
generation of an appropriate immune response. Thus, for vaccination protocols it is
important to create the right environment to obtain the desired immune response.

One very interesting aspect of our results is the fact that live virus immunization
generated a different immune response from that elicited by inactivated virus. This
means that the right environment is created by the way the immunogen first interacts
with the immune system. Live pathogens have been suggested to induce the release of
[L-12 by APCs (Winzler et al., 1997) which initiates a Thl immune response against
them (Heufler et al., 1996). Inactivated viruses may not be able to induce the release of
IL-12 by the APC and thus, when used in vaccinations, they generate a more Th2 type
immune response.

Our results using different cytokines to change the immune response after
immunization with either live virus or inactivated virus clearly show the efficacy of this
approach. Looking at cytokine profiles and cytotoxic activity of spleen cells, the

immunization with live virus generated a clear Thl type immune response. The
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addition of IL4 in the immunization protocol changed the antiviral immune response in

these mice to a Th2 type, since these mice showed less protection upon reinfection with
a different subtype of influenza virus and less cytotoxic T cells generated.. The Th2
immune response generated after inactivated virus immunization could be partially
switched to a Th1 response by the addition of IL-12 at the time of the immunization. In
terms of heterotypic immunity, mice immunized with live virus+IL-4 and mice
immunized with inactivated virus+IL-12 showed some levels of protection against
challenge, which is a parameter for Thl immunity. Some CTL-independent mechanism
must be responsible for reducing virus titers in lungs from mice immunized with
inactivated virus+IL-12, since they could not generate influenza virus specific CTLs.
IL-12 could be having a direct effect against viruses that slows down their replication
in the lungs of these mice.

The different types of immune responses are determined by the nature of the
immunogen as well as the cytokine environment. These results can be very useful in
designing vaccination protocols for different pathogens. For some viruses, such as HIV
it is complicated to develop vaccines using live virus, due to the high rate of mutation,
which will make this approach risky for human use (Coffin, 1995). One way to
generate a Thl immune response would be to immunize with [L-12 and inactivated
virus, thus avoiding the risk of real infection with the virus. At the same time, the use
of IL-12 overcomes the need for the right signal from the APC, since it can initiate a

Th1 response (Ohshima and Delespesse, 1997)
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Another application of our results concerns the use of IL4 to “trick” the

immune system about the existence of a replicating virus, like in gene therapy using
adenovirus vectors to deliver the gene. In this case, the fact that a non-replicating virus
delivers the gene alerts the immune system to generate a Thl immune response and
particularly CTLs that can clear the virus and block the expression of the gene as well
(Yang et al., 1995). Results in this report as well as our previous demonstration
suggest that IL-4 used in combination with an adenovirus vector gene therapy could
start a Th2 immune response that does not eliminate the virus and the transgene.
Theoretically, a Th2 response of this type could permanently prevent rejection of
transgene by continuing to produce IL-4 in response to the gene product.

The results from this chapter give us a broad spectrum of possibilities in terms
of vaccination experiment as well as deviation of the immune response experiments

which we plan on performing in the near future. :
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Table 7-1. Influenza virus titers in lungs from mice immunized by indicated

protocols following aerosol infection with PRS8 influenza virus. Animals were
immunized twice in a two week interval with mock, live influenza virus X31(H3N2),
UV-inactivated X31 virus, live X31 virus+IL-4 or inactivated X31 virus+IL-12. Two
weeks after the last immunization mice were challenged by aerosol infection with PR8
influenza virus (7500 TCIDs/mouse). Animals were sacrificed at days 4 and 7 after
infection and virus titers in lungs were calculated by infectivity of dilutions of lung
homogenates in MDCK cells or 9 day embryonated eggs followed by hemagglutination
of chicken red blood cells. Virus titers shown in Log, TCIDy, in 25ul of lung
homogenate. Titers of live virus, live virus+IL-4 and inactivated virus+IL-12

immunized mice were significantly different from titers of naive mice (p <0.05).

Days naive | Live Inact. Live virus | Imact. Virus
after virus virus +IL-4 +IL-12
infection

4 6.4 4.5 6.0 5.4 5.5

7 6.0 3.0 5.8 4.8 5.0
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Figure 7-1. Only live virus immunization leads to the generation of cytotoxic T

cells. Five days after restimulation in vitro with PR8 virus infected syngeneic cells,
spleen cells from immunized mice were tested in 4 hour *'Cr release assay for lysis of
PR8 virus infected P815 cells at the indicated effector to target ratios. Results are
indicated in % lysis in which cytotoxicity versus uninfected P815 has been subtracted.

For each group the values represent means of five individual animals.
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Figure 7-2. Ratio of influenza virus specific IgG1 to IgG2a antibodies differs

following various immunization protocols. Animals immunized by the indicated
protocols were bled two weeics after the second immunization and the relative ratio of
IgG1 to IgG2a in serum was determined by ELISA. Plates were coated with 25ug/ml of
sucrose purified virus and serum from individual mice added at 10?, 10?, and 10
dilutions. Bound antibodies were identified by the addition of either biotin-labeled goat
anti-mouse IgG, IgGl or IgG2a, followed by streptavidin-HRP and substrate. Plates
were read in ELISA reader at 405Snm. The results were interpolated using standard
curves generated with anti-influenza virus HA monoclonal antibodies of the correct
isotype. Values (ng/ml) for each group are (IgGl, IgG2a)= Live virus (227451,
119430), Inactivated virus (176163, 49+18), Live+IL-4 (249464, 46+27) and

Inactivated +IL12 (143 +45, 65+ 14).
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Chapter 8.

GENERAL DISCUSSION.
Summary

The results shown in this thesis were generated using different tools to study the
immune system, such as bispecific antibodies and cytokines in the context of either
vaccination or virus infections. The goal of my work was to study and analyze different
aspects of the immune responses generated against viruses as well as to develop and
use appropriate strategies to improve and better understand these antiviral responses.

The use of BsAbs was very useful for me in order to study the mechanisms by
which virus replication is inhibited by non virus specific T cells redirected by BsAb
(chapters 3 and 4). This thesis shows that this inhibition of virus replication was mainly
due to by perforin released by CD8* T cells which did not require [FNy. I should
emphasize however, that this may not be true for all viruses, as previous results from our
laboratory using a similar system, demonstrated that both CD4 * and CD8* T cells could
inhibit influenza virus replication. The most important finding in these studies with
BsAbs was our ability to demonstrate applicability in vivo, since we could delay the lethal
effects of VSV in Statl KO mice. The concept of using BsAbs for immunotherapy is very
attractive. If one envisions their use as a treatment for persistent virus infections or
against virus infections which are resistant to host immune responses, they could be
valuable immunotherapeutic tools. The fact hat the BsAbs need not to be directed to a

neutralizing epitope makes it possible to design a single antibody which can bind to most
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virus subtypes. The use of superantigen stimulated T cells makes it conceivable that

patients own cells could be expanded ex vivo and returned along with the BsAb.

It was also very interesting to study the immune response of Statl KO mice
against influenza virus, since it showed how important innate immune responses are in
fighting virus infections (chapter 5). These mice showed cytokine disregulation. Possibly
due to the incapability of IFNy to negatively regulate the initiation of Th2 immune
responses. The fact that Statl KO mice were able to generate CTLs but failed o clear
virus infection may be related to defects in the ability of these CTLs to migrate to the site
of infection due to lack of expression of the proper adhesion molecules.

The use of cytokines such as IL-4 at the time of virus infection showed us how
potent the effect of cytokines can be at the time of infection, since we could revert the
antiviral immune response from an efficient Thl type to an inefficient Th2 type (chapter
6). These results proved to us the importance of timing when trying to modify immune
responses and they opened the door to other experiments using cytokines in vaccination.
They provided verification of the role of the cytokine milieu in dictating the nature of the
immune response which is generated. They forced us to speculate on the mechanism by
which the early cytokine environment is created . This led us to a new type of
investigation such as the vaccination studies, studies of APCs and the substances which
may be involved in the generation of this cytokine milieu.

Results from cytokines administered at the time of vaccinations show how crucial

it is to generate the right immune response, Thl, against viruses to get protection
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(chapter 7). Our results prove that inactivated viruses don’t provide the right protection,

since they didn’t promote the generation of CTLs or heterosubtypic immunity, but they
can be improved as vaccines by using IL-12 in the vaccination protocols (such as in the
case of designing of HIV vaccines).

In summary, the results emphasize the importance of the primary events after
virus infection. In particular, the way antigens are presented to the immune system. The
conclusions from my work could be summarized as follows:

1) It is possible to use tools such as BsAbs that recognize proteins on the TCR of
T cells and viral proteins to fight virus infections, since they combine the specificity of
the antibody response and the effectiveness of the cellular immune response. BsAbs can
fill in for the time lapse needed for antigen presentation by APCs and may also be useful
in situations where the immune response is of the wrong type or is not generated at all.

2) Mice witlt defects in the signal transduction responses to interferons cannot
generate an appropriate immune response to virus, thus, not only antibodies and CTLs
are crucial in a successful response against viruses, but innate immunity is also an
important part against influenza virus and VSV.

3) It is also possible to modify antiviral immune responses from Thl to Th2 by
the addition of cytokines like IL4 at the time of infection. This modification can occur if
the cytokines are added at the time of the infection. This may be a useful technique to

inhibit inappropriate immune responses.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



126
4) Live and inactivated virus used for vaccines give different immune responses.

The Thl immune response generated after live virus vaccination, which is protective
upon challenge, is reversed to Th2 by the addition of IL-4 in the vaccine. The addition of
IL-12 to the vaccination protocol with inactivated virus improved the non protective Th2
immune response to a more Th1, which was protective upon challenge. This opens up the
possibility of using inactivated virus vaccines to generate cellular immunity in situations
where live or attenuated virus is not feasible.

Future perspectives.

Regarding the use of BsAbs, we plan on trying different in vivo models to test
their efficacy as immunotherapeutic tools. Such models could be IFNy KO mice or other
models with deficiencies in the generation of Thl immune responses.

The use of IL-4 at the time of virus infection is been currently performed in our
laboratory in the context of adenovirus vector-delivery of genes into livers of mice. After
obtaining prolongation of transgene expression, our laboratory is trying to improve the
protocols using various approaches. We are trying to develop the optimal protocol to
deliver IL-4 together with the transgene.

The use of IL-12 at the time of vaccination can be very useful for development of
vaccines against viruses such as HIV. We could use this approach in order to generate the
appropriate immune response against this virus after vaccination with inactivated virus.
An interesting experiment might be to combine vaccination with inactivated virus and IL-

12 with BsAb- targeted CTLs. Since the addition of IL-12 activates Thl cells but is still
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unable to provoke the generation of CTLs, this combination might fully restore cellular

immunity.
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