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Abstract.

We have previously found that whole virus vaccine induced a higher serum IgG2a/IgG1
ratio than split virus vaccine and thus that the formulation of an influenza vaccine can affect
the T helper response. In this study we investigated how different influenza vaccine
formulations influences the resulting T helper immune responses after vaccination. Spleen
cells from vaccinated or infected mice were stimulated in vitro to determine the associated
cytokine profile. Whole virus vaccine induced more interleukin (IL)-2, interferon (IFN)-y
and IL-12, whereas split virus vaccine elicited higher levels of IL-4 and IL-5. These results
confirm and extend our earlier observations that whole virus vaccine induced a Thl biased
response and split virus vaccine elicited more of a Th2 response. Whole virus vaccine also
gave rise to higher concentrations of IFN-y, IL-6 and TNF-a, which are pyrogenic and may
explain the increased reactogenicity of whole virus vaccine. Higher concentrations of IL-10
and IL-6 were elicited by whole virus vaccine and these cytokines induce a mucosal IgA
response in mice. In conclusion, whole virus vaccine induced a more similar cytokine profile
to natural infection; a Th1 response and cytokines inducing IgA and could therefore provide

improved vaccine efficacy against influenza.
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Introduction

After encounter of an antigen, the immune system may induce specific CD4" T-helper (Th),
CDS8" T cytotoxic (Tc) cells and B-cells. Two distinct Th cell subsets, Thl and Th2, secrete
different cytokines that alters the immune response against the antigen. In the case of a viral
infection, a Th 1 response is normally induced with its main signals being interferon (IFN)-y
and interleukin (IL)-2 [1]. A Thl response leads to the generation of cytotoxic T cells,
activation of macrophages cells and increases the expression of FcR [2]. Mice with defects
in IFN-y expression [3] or the IFN-y receptor [4] have impaired Th1 response and experience
delayed viral clearance after influenza virus infection [5]. On the other hand, if the antigen is
non-replicating, a Th2 response will be induced and result in a stronger serum antibody
response. The cytokines involved in establishing a Th2 response will typically be IL-4, IL-5,

IL-6 and IL-10 [1].

Influenza infection induces a Th1 response [6, 7], which is characterised by a predominance
of the IgG2a subclass in mice [8-12]. The inactivated influenza vaccines used today elicit an
adequate immune response, but the resulting immunity will normally be biased towards a
Th2 type, characterised by IgG1 as the main IgG subclass in mice [9]. This indicates that the
immune response produced after parenteral immunisation with inactivated influenza virus
vaccines may not be optimal to prevent influenza infection. However, the formulation of an
influenza vaccine not only influences the immunogenicity [13, 14] but we have found it also
affects the resulting immune response in mice [15, 16]. Whole virus vaccine was found to
elicit an IgG2a bias, whereas split virus vaccine produced a more mixed IgGl and I1gG2a
response [15]. A vaccine that induces a Thl response may be more appropriate to contain
and resolve an influenza virus infection. We therefore compared the Th response by

investigating the cytokine profiles elicited after vaccination with split and whole virus



vaccine formulations. The data showed, as already indicated by the concentrations of serum
IgG2a and IgG1, that split and whole virus vaccines indeed elicit different cytokine profiles.
Split virus vaccine induced higher concentrations of Th2 cytokines, whilst whole virus

vaccine elicited a clear Th1 cytokine profile and also primed for an IgA response.



Materials and Methods

Mice

Female mice, six-eight weeks old BALB/c A obtained from Taconic M&B A/S, (Ry,
Denmark) were housed as previously described [15]. The animals, 2 groups with 24 mice per
group were vaccinated in both hind legs (50ul per leg) into the quadriceps muscles with 1 or
2 doses at 3-week intervals with 15ug HA of monovalent A/Panama /2007/99 (H3N2) split
or whole virus vaccine (kindly provided by Sanofi-Aventis, Lyon, France). A third group
consisted of twelve unvaccinated mice that were infected with 2000 MIDsy A/Moscow/10/99
(H3N2) whilst awake, to produce an initial upper respiratory tract infection [17]. Mice (4
animals per group) were sacrificed and the blood and spleen were collected at various time
intervals after infection or vaccination with one dose (5, 7, and 21 days), or vaccination with

two doses (4, 6 and 21 days).

Spleen cells

Lymphocytes were isolated from the spleen as previously described [18]. Harvested spleen
lymphocytes (1x10°) were resuspended in RPMI 1640 with L-glutamine, 0.lmM non-
essential amino acids, 10mM Hepes pH 7.4, ImM sodium pyruvate, 100U/ml penicillin,
100pg/ml streptomycin, 0.25ug/ml fungizone and 10% fetal calf serum. The lymphocytes
were stimulated in vitro with Spg/ml A/Panama /2007/99 (H3N2) split virus vaccine for 72
hours at 37°C and 5% CO,. The supernatant was removed from the lymphocytes and stored
at —20°C until assayed in the multiplex assay. ConA (4pg/ml) and medium alone served as

positive and negative controls, respectively.



Enzyme linked immun sorbent assay (ELISA)

The ELISA method was used to detect influenza-specific serum IgG2a and IgG1 antibodies
as previously described [15, 16] and the IgG2a/IgG1 ratio was calculated for each individual

mouse.

The Multiplex enzyme linked immuno sorbent bead assay was performed to detect secreted
cytokines in the supernatants from stimulated spleen cells, using a 10-plex kit (cat. no.
LMCO0001) from Biosource (Camarillo, USA). The kit was used according to the
manufacturers instructions with a Luminex 100 System [19]. Cytokines involved in the type
1 response (IL-2, IFN-y, and IL-12), the type 2 response (IL4, IL-5, IL-6 and IL-10) as well
as inflammatory cytokines (IL-1p, TNF-a and Granulocyte macrophage-colony stimulating

factor (GM-CSF)) were quantified (pg/ml) by using appropriate standards.

Haemagglutination inhibition (HI) assay

The assay was carried out using 8 haemagglutinating units of virus and 0.7% turkey red
blood cells as previously described [20]. HI titres are reported as inverse of the serum
dilution needed to inhibit 50% haemagglutination. Due to a low volume of serum available,
the serum dilutions started at 1 in 20 and titres < 20 were assigned a value of 10 for

calculation purposes.

Statistical analysis

Differences between the 1gG2a/IgG1 ratios and median cytokine concentration (multiplex)
were analysed by Mann-Whitney using SPSS version 12 for windows. A p value < 0.05 was

considered significant.



Results and Discussion

Whole virus vaccine has been shown to be more immunogenic than split virus vaccine in
man [13, 14]. However, relatively little information is available on how antigen presented in
different vaccine formulations influences the subsequent immune response. We have
previously reported that whole virus vaccine induced higher IgG2a/IgG1 ratio than split
virus vaccine [15]. A predominance of IgG2a antibodies indicates a Thl biased response
[10-12], which is mainly a cell-mediated immune response. Although we have found that
two doses of whole virus vaccine did not give better protection than split virus vaccine
against an antigenically closely related virus in mice [16], it is nevertheless important to
investigate the cytokine profile associated with the immune response to different vaccine

formulations.

Vaccination resulted in a more rapid and higher increase in HI titres than viral infection (Fig.
1 A). One dose of whole virus vaccine induced higher titres 5 and 7 days after vaccination
than split virus vaccine. This earlier increase in serum antibody produced after vaccination
with whole virus formulation was similar to our previous observations [15] and indicates that
whole virus vaccine may elicit protective levels of antibody more quickly after immunisation
than split virus vaccine in naive mice. Mice vaccinated with two doses of split virus vaccine
had a more rapid increase an antibody response than two doses of whole virus vaccine.

However, the HI titres were similar for both vaccine formulations at day 21.

The distribution of the serum IgG2a and IgG1 subclasses can be indicative of the type of Th
response induced by vaccination [9]. There was a clear difference in the IgG2a and IgGl
subclass distribution elicited by the two vaccine formulations. Mice immunised with one
dose of whole virus vaccine had a significantly higher IgG2a/IgG1 ratio (p<0.01) than split

virus vaccine (Fig. 1 B), confirming that the vaccine formulation influences the quality of



the subsequent humoral immune response [15, 16]. Unvaccinated mice that were infected
with virus had an IgG2a/IgG1 ratio of approximately 3 (not shown), similar to our previous

findings [16].

Whole virus vaccine elicited more IL-12 (p< 0.01), which is important in establishing a type
1 response [21], as well as the Thl cytokines IL-2 and IFN-y (p < 0.01) (Fig. 2 A). This
explains the clear difference observed in the IgG subclass distribution between the vaccine
formulations after one dose of vaccine as the two formulations elicited two distinct cytokine
profiles [15, 16]. The concentration of the Th2 cytokines IL-4 (p<0.01) and IL-6 (day 7) was
higher after one dose of split virus vaccine than after one dose of whole virus vaccine,
however, the latter formulation induced more IL-10 (Fig. 2 B). The concentration of IL-5
was low for both vaccine formulations after one dose of vaccine (Fig. 2 B). Whole virus
vaccine induced more GM-CSF (p<0.05) and TNF-a (day5), whereas split virus vaccine
elicited higher concentration of TNF-a at day 7 (Fig. 3 C). The inflammatory cytokine IL-1f3
was also detected in higher concentrations after immunisation with one dose of split virus
vaccine. Only low concentrations of secreted cytokines were detected 21 days after the last
dose of vaccine (both vaccine formulations) or after infection (data not shown).
Unvaccinated, infected mice had very low IL-4, IL-5 and IL-2 concentration, but higher
concentrations of IL-10 and IFN-y (Fig. 2 D), similar to mice vaccinated with whole virus
vaccine. Similar concentrations of IFN-y were detected at 5 days after infection and in mice

immunised with whole virus vaccine.

After two doses of vaccine the difference in IgG2a/IgG1 ratios between the vaccine
formulations was less pronounced, but the ratio was still significantly higher for whole virus
vaccine (p<0.01). The I1gG2a/IgG1 ratio remained constant after two doses of whole virus

vaccine, whereas the concentration of IgG1 increased leading to a decline in the IgG2a/IgGl



ratio in mice immunised with two doses split virus vaccine. This coincided at day 4 with a
very high concentration of IL-4, which is known to be a potent inducer of a Th2 response [1,
9]. Split virus vaccine also induced higher concentrations of IL-5 (p<0.05). Two doses of
whole virus vaccine induced higher levels of IL-10 (p<0.01) than two doses of split virus
vaccine. Lower concentrations of IFN-y were observed after two doses than after one dose of
whole virus vaccine, and this may explain the lowering of the 1gG2a/IgG1 ratio observed
after two doses. However, the concentration of IL-2 and IL-12 remained high (p<0.01).
Whole vaccine induced a higher inflammatory response shown by GM-CSF and TNF-a after

two doses of vaccine, but split virus induced higher concentration of IL-1J3 at day 6.

We have previously observed that mice immunised with whole virus vaccine had higher
numbers of IgA ASC in the spleen, bone marrow and lungs after viral challenge than mice
immunised with split virus vaccine [16]. This could be explained by the higher
concentrations of IL-10 (both after one and two doses) and IL-6 (after two doses), as these
cytokines, even in the absence of IL-4, can stimulate the production of IgA [22, 23]. This is
particularly interesting as one of the activities of IFN-y is up-regulation of poly
immunoglobulin receptor (pIgR) [24], which actively transports secretory IgA and whole
virus vaccine may therefore be better suited to mount a mucosal immune response. IgA is
believed to be more cross-reactive than IgG [25-27] and thus vaccination with whole virus
vaccine may produce a more cross-reactive antibody response, which is more appropriate to
combat infection with drifted influenza virus. If two doses of vaccine are needed to elicit
protective levels of immunity in man, the broad cross-reacting effect of whole virus vaccine
could also be use to prime an response an then combined with one dose of the more serum

IgG inducing split virus vaccine.



The use of whole virus vaccine formulation in man is largely abandoned due to a higher
level of side reactions [14, 28, 29]. The cytokines IL-1B, TNF-a, IL-6 and IFN-y have all
been identified as pyrogenic [30] and these cytokines are detected in higher concentrations
after immunisation with whole virus vaccine. However, the additional benefits of possibly
more mucosal and cross-reactive antibody responses and induction of Tc cells by
vaccination with whole virus vaccine instead of split virus vaccine, may in a pandemic
scenario outweigh the risk of mild side effects. If whole virus vaccine elicits the same
immune response in naive humans as in naive mice, whole virus vaccine may again become
the preferred influenza vaccine formulation for a pandemic vaccine and possibly also for the

yearly outbreaks of influenza.

Acknowledgements

This work has been supported by the Norwegian Department of Health and the European
Union (Flupan QLK2-CT-2001-01786). We appreciate the help and excellent care of the
mice by the staff at the animal house (University of Bergen, Norway) and the technical

assistance of Sonal Patel and Nina Harkestad.

10



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

Spellberg B, Edwards JE, Jr. Type 1/Type 2 immunity in infectious diseases. Clin
Infect Dis 2001;32(1):76-102.

Fanger MW, Shen L, Graziano RF, Guyre PM. Cytotoxicity mediated by human Fc
receptors for IgG. Immunol Today 1989;10(3):92-9.

Dalton DK, Pitts-Meek S, Keshav S, Figari IS, Bradley A, Stewart TA. Multiple
defects of immune cell function in mice with disrupted interferon-gamma genes.

Science 1993;259(5102):1739-42.

Huang S, Hendriks W, Althage A et al. Immune response in mice that lack the
interferon-gamma receptor. Science 1993;259(5102):1742-5.

Bot A, Bot S, Bona CA. Protective role of gamma interferon during the recall

response to influenza virus. J Virol 1998;72(8):6637-45.

Liang S, Mozdzanowska K, Palladino G, Gerhard W. Heterosubtypic immunity to
influenza type A virus in mice. Effector mechanisms and their longevity. J Immunol

1994;152(4):1653-61.

Fazekas G, Rosenwirth B, Dukor P, Gergely J, Rajnavolgyi E. IgG isotype
distribution of local and systemic immune responses induced by influenza virus

infection. Eur J Immunol 1994;24(12):3063-7.

Moran TM, Park H, Fernandez-Sesma A, Schulman JL. Th2 responses to inactivated
influenza virus can be converted to Th1 responses and facilitate recovery from

heterosubtypic virus infection. J Infect Dis 1999;180(3):579-85.

Stevens TL, Bossie A, Sanders VM et al. Regulation of antibody isotype secretion by
subsets of antigen-specific helper T cells. Nature 1988;334(6179):255-8.

Snapper CM, Paul WE. Interferon-gamma and B cell stimulatory factor-1
reciprocally regulate Ig isotype production. Science 1987;236(4804):944-7.

Mosmann TR, Coffman RL. Heterogeneity of cytokine secretion patterns and

functions of helper T cells. Adv Immunol 1989;46:111-47.

Coffman RL, Lebman DA, Rothman P. Mechanism and regulation of
immunoglobulin isotype switching. Adv Immunol 1993;54:229-70.

11



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Boyer KM, Cherry JD, Welliver RC et al. IgM and IgG antibody responses after
immunization of children with inactivated monovalent (A/New Jersey/76) and

bivalent (A/New Jersey/76-A/Victoria/75) influenza virus vaccines. J Infect Dis

1977;136 Suppl:S665-71.

Barry DW, Mayner RE, Staton E et al. Comparative trial of influenza vaccines. 1.
Immunogenicity of whole virus and split product vaccines in man. Am J Epidemiol

1976;104(1):34-46.

Hovden AO, Cox RJ, Haaheim LR. Whole influenza virus vaccine is more
immunogenic than split influenza virus vaccine and induces primarily an IgG2a

response in BALB/c mice. Scand J Immunol 2005;62:36-44.

Hovden AO, Cox RJ, Madhun A, Haaheim LR. Two doses of parenterally
administered split influenza virus vaccine elicited high serum IgG concentrations
which effectively limited viral shedding upon challenge in mice. Scand J Immunol

2005;62(4):342-352.

Yetter RA, Lehrer S, Ramphal R, Small PA, Jr. Outcome of influenza infection:
effect of site of initial infection and heterotypic immunity. Infect Immun

1980;29(2):654-62.

Cox RJ, Mykkeltvedt E, Robertson J, Haaheim LR. Non-lethal viral challenge of
influenza haemagglutinin and nucleoprotein DNA vaccinated mice results in reduced

viral replication. Scand J Immunol 2002;55(1):14-23.

Giavedoni LD. Simultaneous detection of multiple cytokines and chemokines from
nonhuman primates using luminex technology. J] Immunol Methods 2005;301(1-

2):89-101.

Cox RJ, Brokstad KA, Zuckerman MA, Wood JM, Haaheim LR, Oxford JS. An
early humoral immune response in peripheral blood following parenteral inactivated

influenza vaccination. Vaccine 1994;12(11):993-9.

Constantinescu CS, Hondowicz BD, Elloso MM, Wysocka M, Trinchieri G, Scott P.
The role of IL-12 in the maintenance of an established Th1 immune response in

experimental leishmaniasis. Eur J Immunol 1998;28(7):2227-33.

Lamm ME, Phillips-Quagliata JM. Origin and homing of intestinal IgA antibody-
secreting cells. J Exp Med 2002;195(2):F5-8.

12



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Okahashi N, Yamamoto M, Vancott JL et al. Oral immunization of interleukin-4 (IL-
4) knockout mice with a recombinant Salmonella strain or cholera toxin reveals that
CD4+ Th2 cells producing IL-6 and IL-10 are associated with mucosal
immunoglobulin A responses. Infect Immun 1996;64(5):1516-25.

Phillips JO, Everson MP, Moldoveanu Z, Lue C, Mestecky J. Synergistic effect of
IL-4 and IFN-gamma on the expression of polymeric Ig receptor (secretory

component) and IgA binding by human epithelial cells. J Immunol

1990;145(6):1740-4.

Asahi Y, Yoshikawa T, Watanabe I et al. Protection against influenza virus infection
in polymeric Ig receptor knockout mice immunized intranasally with adjuvant-

combined vaccines. J Immunol 2002;168(6):2930-8.

Johnson PR, Feldman S, Thompson JM, Mahoney JD, Wright PF. Immunity to
influenza A virus infection in young children: a comparison of natural infection, live

cold-adapted vaccine, and inactivated vaccine. J Infect Dis 1986;154(1):121-7.

Tamura S, Kurata T. Defense mechanisms against influenza virus infection in the

respiratory tract mucosa. Jpn J Infect Dis 2004;57(6):236-47.

Gross PA, Ennis FA, Gaerlan PF, Denson LJ, Denning CR, Schiffman D. A
controlled double-blind comparison of reactogenicity, immunogenicity, and
protective efficacy of whole-virus and split-product influenza vaccines in children. J

Infect Dis 1977;136(5):623-32.

Betts RF, Douglas RG, Jr. Comparative study of reactogenicity and immunogenicity
of influenza A/New Jersey/8/76 (Hsw1N1) virus vaccines in normal volunteers. J

Infect Dis 1977;136 Suppl:S443-9.

Brydon EW, Morris SJ, Sweet C. Role of apoptosis and cytokines in influenza virus
morbidity. FEMS Microbiol Rev 2005;29(4):837-50.

13



Figure 1

A

HI titre

1280~ 5120+
e® un L J
640- ey 2560 e == e ==
520 ° - = . —_ = @
a e n 1280+ T :
160- as
et v 640{ o
80- v v
320-
40- = x i
s v 160-
204 L] v
. I
5 7 21 4(2) 6(2) 21(2)
100- B~
Y L]
) 54
S 754
R 44 °
o . =
9, 504 34 e *
s —_ e —
S °® 2- L ° @
Q 254 L] o g
k= ° 14 -
= L -
o an > 6 | .
5 7 21 4(2) 6 (2) 21 (2)

14



Figure 2
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Figure legends

Figure 1. The serum antibody response after vaccination or infection. Serum antibody
responses were analysed at days 5, 7 and 21, after one dose of vaccine and at days 4, 6 and
21 after two doses of vaccine after vaccination with 15 pg of either split (red) or whole
(blue) virus vaccine. A) Individual HI titres and geometric mean (bar) detected after
vaccination or infection (green) with 2000MIDs, influenza virus. B) Individual IgG2a/IgGl

ratios and median (bar) observed after vaccination.

Figure 2. The cytokine response after vaccination or infection. The mean concentration (+
the standard error of mean) of cytokines secreted from in vitro stimulated splenic
lymphocytes. Lymphocytes were isolated at days 5 and 7 (one dose vaccine and infection)
and days 4 and 6 (two doses of vaccine) and stimulated for 72 hours with 5 pg/ml split
vaccine. Blue bars represent mice vaccinated with whole virus and red bars represent split
virus vaccine. The panels represent the cytokine response after vaccination as follows: A)
cytokines involved in a type 1 response, B) cytokines involved in a type 2 response, C)
cytokines involved in inflammatory responses, and the cytokines elicited after infection are

shown in D).
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