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Abstract

A conformationally-biased, response-selective agonist of human C5ags.74 (EP67) activated
antigen presenting cells (APC) from aged C57BI/6 mice in vitro and the generation of antigen
(Ag)-specific antibody (Ab) responses in aged mice in vivo. EP67, induced the release of the pro-
inflammatory cytokines IL-6, TNFa, and INFy from splenic APCs obtained from both aged and
young mice. Both aged and young mice produced high Ag-specific 1IgG Ab titers when immunized
with EP67-containing vaccines to ovalbumin (OVA-EP67) and to a protein (rPrpl) from the cell
wall of Coccidioides (rPrpl-EP67). Immunization with EP67-containing vaccines resulted in
higher 1gG titers in both young and aged mice compared to mice immunized with OVA adsorbed
to alum (OVA/alum) and Prpl admixed with CpG (rPrpl +CpG). Aged and young mice
immunized with the EP67-containing vaccines generated higher titers of IgG1 and 1gG2b relative
to their aged-matched counterparts immunized with OVA/alum or Prpl + CpG. These results
indicate that EP67 induces humoral immunity in aged mice not obtainable with alum and CpG.
These results support the use of EP67 as a potential vaccine adjuvant suited to the elderly.
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1. Introduction

A prominent manifestation of aging is a decline in immune system responsiveness. This puts
the elderly at a therapeutic disadvantage when it comes to vaccination, particularly with
vaccines that contain antigens (Ag) to which they have had no history of exposure.
Obtaining efficacious immune outcomes in an age-compromised immune system therefore
presents a significant challenge in vaccine development.

Changes in T lymphocyte function correlate with the poor responsiveness of the elderly to
vaccination. These changes include decreased proliferative responses, impaired cytolytic
activity, a shift from naive to memory phenotype, alterations in cytokine/chemokine
secretion, and an increase in suppressive regulatory T-cells (Tregs) [1-11]. Loss of T
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lymphocyte function may be, in part, a downstream manifestation of impaired/diminished
function of antigen presenting cells (APC) in the elderly. It is known that APCs from aged
individuals are less effective in their ability to process and present Ags, to up-regulate co-
stimulatory factors for engagement of CD4" and CD8* lymphocytes, and to produce and
respond to certain cytokines and chemokines [9,12-17]. The inability to induce efficient
cytokine production (IL-6, IL-12, TNF-a, and INF-y) by aged APCs is likely to play a
significant role in the inability of a vaccine to provide optimal immunity in the elderly.

We have developed a conformationally-biased, response-selective agonist of the biologically
active C-terminal region of human complement-derived component C5ags.75 (ISHKDMQ-
LGR). This analogue, EP67 (YSFKDMP(MeL)aR), is the result of residue substitutions
designed to restrict backbone flexibility in C5ags.74, which have biased specific
topochemical features that enable a conformational distinction between inflammatory
activities versus immune stimulatory activities. EP67 is devoid of C5a-like neutrophil and
neutropenic activities yet retains C5a-like activities in terms of its ability to engage and
activate antigen presenting cells (APC) and induce Ag-specific humoral and cell-mediated
immune responses (18-20). We have recently reported that EP67 significantly enhanced
OVA-specific Ab responses in young C57BI/6 mice [18]. In this paper, we extend those
findings by examining the response of aged animals to EP67 vaccine constructs. In addition,
we compared the EP67 vaccine response with two established adjuvants (alum and CpG)
with two different antigens for the ability to enhance antibody responses in aged mice.

2. Materials and Methods
2.1 Reagents

2.2 Peptides

The reagents employed in these studies were obtained from the following suppliers: RPMI
1640 (Mediatech Cellgro, Manassas, VA); fetal bovine serum and newborn calf serum
(Gibco/Invitrogen, Carlsbad CA); biotin-donkey anti-mouse 1gG (Biosource, Camarillo,
CA); AP-goat anti-mouse 1gG1, anti-mouse 1gG2a and 1gG2b (Bethyl Laboratories,
Montgomery, TX), anti-mouse 1gG2c (Beckman Coulter, Fullerton, CA); ExtrAvidin-AP,
Sigma Fast p-nitrophenyl phosphate Tablet sets, and ovalbumin (Sigma, St. Louis, MO);
unconjugated and biotin-conjugated anti-mouse 1L-6, TNFa, and INFy (BD Biosciences
Pharmingen, San Diego CA); recombinant mouse IL-6, TNFa, and INFy (eBioSciences, San
Diego CA); and Fmoc-protected amino acids, Wang resins, and reagents for peptide
synthesis (AAPPTEC, Louisville, KY). Recombinant Prp1 was provided by Dr. Garry Cole,
Department of Biology and South Texas Center for Emerging Infectious Diseases,
University of Texas-San Antonio, San Antonio, TX.

EP67 [YSFKDMP(MeL)aR] and the inactive control peptide scrambled EP67 (SEP67)
[(MeL)RMYKPaFDS] were synthesized by solid-phase methods as previously described
[19]. EP67 with an N-terminal succinimidyl-4-benzoylhydrazino-nicotinamide (S4BHyNic)
linker was synthesized as previously described [20]. Peptides were purified by analytical and
preparative reverse-phase HPLC on C18-bonded silica columns with 0.1% TFA as the
running buffer and 60% acetonitrile in 0.1% TFA as the eluant. Peptides were characterized
by molecular mass (MH*) with MALDI mass spectrometry.

2.3 Vaccine Conjugates

Conjugation of EP67 to OVA and rPrpl was accomplished by a single-step reaction using a
version of EP67 in which its N-terminus was modified with succinimidyl-4-
benzoylhydrazino-nicotinamide (S4BHyNic-EP67) as previously described [20]. These
conjugates are designated OVA-EP67 or Prp1-EP67. Vaccine constructs were depleted of
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endotoxin as previously described [21]. OVA was precipitated with, AI(OH)3/Ag using
standard methodology and these constructs designated OVA/, AI(OH)3/Ag. A 10% solution
of a, AI(OH)3 was mixed with a 1% solution of OVA, dropwise while stirring. The pH was
adjusted to 6.5 by dropwise addition, while stirring, of 1 N NaOH. THe reaction wa allowed
to stand for 30 min. The suspension was centrifuged at 1000 x g at 5 C for 10 min. Both the
supernant and pellet were assayed for the amount of OV A present. The suspended pellet was
dialyzed, sterile filtered and stored at —70 C in aliquots prior to injection.

CpG was simply admixed with the antigen and these constructs designated Ag+CpG.

Female C57BI/6 mice were obtained from Harlan Laboratories (Los Angeles, CA) and used
at 8-12 weeks of age. Aged mice (18-26 months old) were obtained through the NIA- aged
rodent colony. Animals were maintained on a 12/12 light-dark cycle and fed standard rodent
chow (Harlan #8604). All experiments were approved in advance by the institutional animal
care and use committee and performed in accordance with institutional guidelines.

2.5 Preparation of Splenic Cells

Spleens were removed aseptically in complete media (CM) consisting of RPMI 1640, 10%
FBS, 2mM L-glutamine, pen-strep, and 5 x 10~ 2 ME. Single cell preparations were
prepared as previously described [18,21]. Cells were maintained on ice in CM prior to use.

2.6 Cell Culture Procedures

For the generation of cytokines, spleen cells were cultured in CM at a concentration of 2.5 x
108/ml in 12 well or 96 well plates (Costar Corning, Cambridge, MA) in a humidified
atmosphere containing 5% CO, for 24-48 hrs. Supernatants were collected and frozen at
—20° C prior to analysis by ELISA.

2.7 Methods of Immunization

OVA—Mice were immunized IP with either 100 pg (delivered in 0.1 ml) of the OVA-EP67
or OVA/alum. For a secondary immune response mice were immunized on day 0 and
boosted on days, 14 and 28. Blood was collected on days 14 and 42.

rPrpl—Mice were immunized IP on day 0 and boosted on days 14, 21 and 28 with either 5
ug of the rPrp1-EP67, 5 ng rPrpl + 10 pug CpG, or 5 pg rPrpl alone. Blood was collected on
days 14 and 42.

2.8 Measurement of Cytokines

A sandwich ELISA was performed as previously described [18]. Samples were run in
triplicate and the data presented as pg/ml + SD. Each experiment was performed at least
three times.

2.9. Measurement of Anti-OVA and Anti-Prp-1 Ab Responses

A direct ELISA was utilized to measure OVA- and Prpl-specific Abs derived from mouse
serum as previously described [18]. Each experiment was performed at least three times.

2.10 Statistical Analysis

The student t test was utilized to evaluate the results.
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3. Results

3.1 EP67-Containing Vaccines Induce Robust Ag-Specific Antibody in Aged Mice

Young and aged mice were immunized three times at two week intervals with ovalbumin
either directly conjugated to EP67 (OVA-EP67), or precipitated with alum (OVA/alum).
Two weeks following the last injection, sera from these animals were assessed for the
presence of OVA-specific 1gG. The results presented in Figure 1A indicate that mice
vaccinated with the OVA-EP67 produced statistically higher anti-OVA Ab responses than
those vaccinated with OVA/alum (p<.01). This was true for both young and aged mice.

In a second series of experiments, we compared the adjuvant activity of EP67 to that of
CpG, using the recombinant protein rPrpl as the vaccine antigen. rPrpl is derived from the
cell wall of the fungal pathogen Coccidioides immitis. As shown in Figure 1B, the anti-rPrpl
Ab response is significantly increased in both young and aged mice vaccinated with rPrp1-
EP67 compared to age-matched animals given CpG-containing vaccines.

3.2 Immunoglobulin Subclass Distribution of Ag-Specific Inmunoglobulin

Different adjuvants drive or polarize immune responses to distinct endpoints, characterized
by different patterns of immunoglobulin subclass distribution. To determine in what manner
EP67 might polarize immunoglobulin responses, the serum of animals immunized as
described in Figure 1 were further analyzed for immunoglobulin subclass distribution
profile. The results presented in Figure 2 indicate that in aged mice EP67 adjuvanted
proteins induce increased production of both 1gG1 and 1gG2b relative to either CpG or alum.
It is important to note the serum dilutions used for ELISA analysis of 1gG subclasses varied
based on the responses observed for total 1IgG. Serum from mice immunized with OVA/
alum and rPrpl + CpG were assayed at a dilution of 1:100 whereas serum from animals
immunized with the EP67 conjugates was diluted to 1:1000 for assay in order to display all
the data on the same graph.

3.3 Effectiveness of EP67 in a Single Dose Regimen

One purpose of a vaccine adjuvant is to reduce the total Ag required to induce a productive
immune response. To evaluate EP67 in this regard, young and aged mice were administered
a single dose of OVA-EP67 or OVA/alum. Fourteen days later, the animals were bled and
the sera immunoglobulin levels quantified at a dilution of 1:100. As shown in Figure 3A, the
total 1gG response of aged mice given a single injection of OVA-EP67 is as robust as that of
young animals (Panel A). Alum-adjuvanted OVA not only induced lower IgG levels, but
was also much less effective in the aged animals than in the young. Immunoglobulin
subclass analysis, shown in Figure 3B (IgG1) and 3C (IgG2b), mirrors the results of the total
IgG analysis. Equivalent levels of both IgG1 and 1gG2b are induced in young and aged mice
by EP67, and both 1gG1 and 1gG2b levels are higher in the mice immunized with OVA-
EP67 as compared with the age-matched animals immunized with OVA/alum.

3.4 EP67 Induces the Release of Cytokines from Aged Splenic Adherent Cells

Induction of immune responses in the aged is often improved by the presence of pro-
inflammatory cytokines [1-4,7,22,23]. Here we compared the relative ability of the three
adjuvants to induce 1L-6 cytokine production by splenic adherent cells from aged and young
mice. As shown in Table 1, alum was unable to trigger the production of IL-6 by either
young or aged adherent cells. CpGs, while stimulating I1L-6 production by the aged adherent
cells, were less effective than EP67 in this regard. These results show that splenic adherent
cells derived from aged mice respond to EP67 by the release of innate immune cytokines in
a fashion similar to cells derived from young mice, and that EP67 is the most potent of the
three tested adjuvants in triggering 1L-6 production. The ability to induce other pro-
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inflammatory cytokines by aged adherent cells was further assessed. We have previously
reported that EP67 is a potent inducer of pro-inflammmatory cytokines from adherent spleen
cells derived from young (3 mo) C57BL/6 mice [18]. Our purpose here was to compare
production of the three pro-inflammatory cytokines, IL-6, IFN-y and TNF-a induced by
EP67, SEP67 and the potent toll receptor ligand, LPS in young and aged mice. Adherent
spleen cells were prepared from 18-24 mo C57BL/6 mice and stimulated with EP67, s-
EP67, or LPS for 24 hrs. Supernatants were collected and assayed for the presence of IL-6,
TNF-a, and INF-y. As shown in Figure 4, all three cytokines were effectively induced in the
aged spleen cell cultures when stimulated either by LPS or EP67, while the negative control
peptide, SEP67 was not effective. The EP67-induced cytokine response from aged mice was
comparable to that induced in the cultures containing splenic adherent cells from young (3
mo) mice exposed to EP67.

4. Discussion

A hallmark feature of advancing age is reduced immune function resulting in dramatically
lowered vaccine efficacy [24,25]. For example, the effectiveness of vaccination for
influenza ranges from 70-90% in the young, but it falls to 17-45 % in persons older than 65
[26]. Similar declines with age in the percentage of the vaccinated population that is
effectively protected occur with other vaccines as well [25]. Improving vaccines for the
elderly by addition of an appropriate adjuvant could overcome aged immune deficiencies
and improve levels of disease protection Results dissecting immune function in aged rodent
models indicate that this may be a fruitful approach. Numerous analyses demonstrate that
vaccine efficacy can be markedly improved in aged rodents by the inclusion of a potent
adjuvant. [22-24,27-30]. The results presented in this study compare EP67 with two well-
characterized adjuvants (alum and CpG ). EP67 was found to be equivalent or better than
these adjuvants in inducing Ag-specific Ab responses to multiple Ags.

The efficacy of a vaccine may be related in part to the Ig class and subclass induced by it.
The choice of an adjuvant directly affects the type of the humoral immune response that is
generated to the selected Ag. , Al(OH)3 primarily induces an 1gG1 response, while CpG, a
more potent adjuvant, shifts the humoral response towards increasing 19G2b [31,32]. The
production of the IgG2 subclasses is of particular importance in anti-viral responses. The
1gG2 subclasses are the best activators of complement, which plays an important role in
viral elimination [33-35] and the IgG2a isotype is the most effective at binding to Fc
receptors on macrophages and NK cells [36,37], enhancing their ability to eliminate virus
[38-41]. We have previously reported that EP67, when combined with Ag, induced antigen-
specific Ab responses response comprised of IgG1 and 1gG2b Abs [18]. In this paper, we
demonstrate that EP67 is equally effective in inducing 1gG1 and 1gG2b in aged mice as in

young.

The results reported here indicate that EP67 is a potent adjuvant in the aged. It is likely that
its function is due, at least in part, to the induction of inflammatory cytokine synthesis that
secondarily drives increased T cell function. This is in line with the adjuvant properties of
Toll-like receptor ligands, especially CpG, which have been shown to activate inflammatory
cytokine production and promote vigorous humoral and cell-mediated antigen specific
responses in the aged [27-30]. Using a transgenic mouse model, the Haynes group
delineated several age-associated immune function deficiencies that could be rectified by
appropriate co-stimulation or inclusion of adjuvants [22,23]. Their conclusion was that
either inflammatory cytokines or adjuvants inducing their synthesis, could reverse immune
response aging defects. Here, we demonstrate that EP67 is equal or better than CpG for
induction of inflammatory cytokine production (IL-6, TNF-a, and INFy) by splenic adherent
cells derived from aged mice. Furthermore, the quantity of cytokines produced by the aged
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cells following EP67 stimulation was comparable to that produced by young splenic
adherent cells.

Together, these results underscore several important attributes of EP67 that make it a useful
adjuvant in vaccines particularly well suited to the elderly or immuno-compromised. First,
immunization with EP67-conjugated proteins induces potent Ig production, including
antigen-specific IgG1 and 1gG2b in aged mice. Secondly, EP67 drives the activation of aged
APCs in vitro to an analogous extent as that seen with young APCs, inducing significant
inflammatory cytokine release. These results support the further development of EP67 as a
new class of adjuvant that holds particular promise for improving vaccine efficacy in the
elderly.

Acknowledgments

The authors would like to thank Dr. Libby Virts for editorial assistance, Dr. Garry Cole for providing rPrp1, and
Brandon Morgan for technical expertise. This work was supported by Grants AG031496 (J.A.P.), Al065712
(J.A.P.) and AG028077 (M.L.T.).

References

[1]. Yung RL. Changes in immune function with age. Rheum Dis Clin North Am. Aug; 2000 26(3):
455-73. [PubMed: 10989507]

[2]. Pawelec G, Solana R. Immunosenescence. Immunol Today. Nov; 1997 18(11):514-6. [PubMed:
9386344]

[3]. Miller RA. The aging immune system: primer and prospectus. Science. Jul 5; 1996 273(5271):70-
4. [PubMed: 8658199]

[4]. Chen J, Mo R, Lescure PA, Misek DE, Hanash S, Rochford R, et al. Aging is associated with
increased T-cell chemokine expression in C57BL/6 mice. J Gerontol A Biol Sci Med Sci. Nov;
2003 58(11):975-83. [PubMed: 14630877]

[5]. Hasegawa A, Miki T, Hosokawa H, Hossain MB, Shimizu C, Hashimoto K, et al. Impaired
GATAZ3-dependent chromatin remodeling and Th2 cell differentiation leading to attenuated
allergic airway inflammation in aging mice. J Immunol. Feb 15; 2006 176(4):2546-54. [PubMed:
16456016]

[6]. Chiu BC, Shang X, Frait KA, Hu JS, Komuniecki E, Miller RA, et al. Differential effects of
ageing on cytokine and chemokine responses during type-1 (mycobacterial) and type-2
(schistosomal) pulmonary granulomatous inflammation in mice. Mech Ageing Dev. Feb; 2002
123(4):313-26. [PubMed: 11744043]

[7]. Kidd P. Th1/Th2 balance: the hypothesis, its limitations, and implications for health and disease.
Altern Med Rev. Aug; 2003 8(3):223-46. [PubMed: 12946237]

[8]. Rudensky AY, Campbell DJ. In vivo sites and cellular mechanisms of T reg cell-mediated
suppression. J Exp Med. Mar 20; 2006 203(3):489-92. [PubMed: 16533888]

[9]. Chiu BC, Stolberg VR, Zhang H, Chensue SW. Increased Foxp3(+) Treg cell activity reduces
dendritic cell co-stimulatory molecule expression in aged mice. Mech Ageing Dev. Nov-Dec;
2007 128(11-12):618-27. [PubMed: 17961632]

[10]. Wolf AM, Wolf D, Steurer M, Gastl G, Gunsilius E, Grubeck-Loebenstein B. Increase of
regulatory T cells in the peripheral blood of cancer patients. Clin Cancer Res. Feb; 2003 9(2):
606-12. [PubMed: 12576425]

[11]. Tenorio AR, Spritzler J, Martinson J, Gichinga CN, Pollard RB, Lederman MM, et al. The effect
of aging on T-regulatory cell frequency in HIV infection. Clin Immunol. Mar; 2009 130(3):298-
303. [PubMed: 19008157]

[12]. Grolleau-Julius A, Harning EK, Abernathy LM, Yung RL. Impaired dendritic cell function in
aging leads to defective antitumor immunity. Cancer Res. Aug 1; 2008 68(15):6341-9. [PubMed:
18676859]

Vaccine. Author manuscript; available in PMC 2011 December 6.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Morgan et al.

[13].

[14].

[15].

[16].

[17].

[18].

Page 7

Grolleau-Julius A, Abernathy L, Harning E, Yung RL. Mechanisms of murine dendritic cell
antitumor dysfunction in aging. Cancer Immunol Immunother. Dec; 2009 58(12):1935-9.
[PubMed: 19082999]

Stoitzner P, Green LK, Jung JY, Price KM, Atarea H, Kivell B, et al. Inefficient presentation of
tumor-derived antigen by tumor-infiltrating dendritic cells. Cancer Immunol Immunother. Nov;
2008 57(11):1665-73. [PubMed: 18311487]

Rutella S, Danese S, Leone G. Tolerogenic dendritic cells: cytokine modulation comes of age.
Blood. Sep 1; 2006 108(5):1435-40. [PubMed: 16684955]

Kaleeba JA, Offner H, Vandenbark AA, Lublinski A, Weinberg AD. The OX-40 receptor
provides a potent co-stimulatory signal capable of inducing encephalitogenicity in myelin-
specific CD4+ T cells. Int Immunol. Apr; 1998 10(4):453-61. [PubMed: 9620601]

Sharma S, Dominguez AL, Lustgarten J. Aging affect the anti-tumor potential of dendritic cell
vaccination, but it can be overcome by co-stimulation with anti-OX40 or anti-4-1BB. Exp
Gerontol. Jan; 2006 41(1):78-84. [PubMed: 16289924]

Morgan EL, Morgan BN, Stein EA, Virts EL, Thoman ML, Sanderson SD, et al. Enhancement of
in vivo and in vitro immune functions by a conformationally biased, response-selective agonist of
human C5a: implications for a novel adjuvant in vaccine design. Vaccine. 2009; 28:463-9.
[PubMed: 19836478]

[19]. Taylor SM, Sherman SA, Kirnarsky L, Sanderson SD. Development of response-selective

[20].

[21].

[22].

[23].

agonists of human C5a anaphylatoxin: conformational, biological, and therapeutic
considerations. Curr Med Chem. May; 2001 8(6):675-84. [PubMed: 11281848]

Phillips JA, Morgan EL, Dong Y, Cole GT, McMahan C, Hung C-Y, et al. Single-step
conjugation of bioactive peptides to proteins via a self-contained succinimidyl bis-arylhydrazone.
Bioconjugate Chem. 2009; 20:1950-7.

Morgan EL, Weigle WO. Polyclonal activation of murine B lymphocytes by Fc fragments. I. The
requirement for two signals in the generation of the polyclonal antibody response induced by Fc
fragments. J Immunol. Mar; 1980 124(3):1330-5. [PubMed: 6965691]

Haynes L, Eaton SM, Burns EM, Rincon M, Swain SL. Inflammatory cytokines overcome age-
related defects in CD4 T cell responses in vivo. J Immunol. May 1; 2004 172(9):5194-9.
[PubMed: 15100256]

Maue AC, Eaton SM, Lanthier PA, Sweet KB, Blumerman SL, Haynes L. Proinflammatory

adjuvants enhance the cognate helper activity of aged CD4 T cells. J Immunol. May 15; 2009
182(10):6129-35. [PubMed: 19414765]

[24]. Weinberger B, Herndler-Brandstetter D, Schwanninger A, Weiskopf D, Grubeck-Loebenstein B.

[25].

Biology of immune responses to vaccines in elderly persons. Clin Infect Dis. Apr 1; 2008 46(7):
1078-84. [PubMed: 18444828]

Chen WH, Kozlovsky BF, Effros RB, Grubeck-Loebenstein B, Edelman R, Sztein MB.
Vaccination in the elderly: an immunological perspective. Trends Immunol. Jul; 2009 30(7):351-
9. [PubMed: 19540808]

[26]. Jefferson T, Rivetti D, Rivetti A, Rudin M, Di Pietrantonj C, Demicheli V. Efficacy and

[27].

[28].

[29].

[30].

effectiveness of influenza vaccines in elderly people: a systematic review. Lancet. Oct 1; 2005
366(9492):1165-74. [PubMed: 16198765]

Qin W, Jiang J, Chen Q, Yang N, Wang Y, Wei X, et al. CpG ODN enhances immunization
effects of hepatitis B vaccine in aged mice. Cell Mol Immunol. Apr; 2004 1(2):148-52.
[PubMed: 16212903]

Riedl K, Riedl R, von Gabain A, Nagy E, Lingnau K. The novel adjuvant IC31 strongly improves
influenza vaccine-specific cellular and humoral immune responses in young adult and aged mice.
Vaccine. Jun 25; 2008 26(27-28):3461-8. [PubMed: 18495302]

Lustgarten J, Dominguez AL, Thoman M. Aged mice develop protective antitumor immune
responses with appropriate costimulation. J Immunol. Oct 1; 2004 173(7):4510-5. [PubMed:
15383582]

Sen G, Chen Q, Snapper CM. Immunization of aged mice with a pneumococcal conjugate
vaccine combined with an unmethylated CpG-containing oligodeoxynucleotide restores defective

Vaccine. Author manuscript; available in PMC 2011 December 6.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Morgan et al.

[31].
[32].

[33].

[34].

[35].

[36].

[37].

[38].

[39].

[40].

[41].

Page 8

immunoglobulin G antipolysaccharide responses and specific CD4+-T-cell priming to young
adult levels. Infect Immun. Apr; 2006 74(4):2177-86. [PubMed: 16552048]

Lanzavecchia A, Sallusto F. Toll-like receptors and innate immunity in B-cell activation and
antibody responses. Curr Opin Immunol. Jun; 2007 19(3):268-74. [PubMed: 17433875]

Christopher ME, Wong JP. Broad-spectrum drugs against viral agents. Int J Mol Sci. Sep; 2008
9(9):1561-94. [PubMed: 19325820]

Balkovic ES, Florack JA, Six HR. Immunoglobulin G subclass antibody responses of mice to
influenza virus antigens given in different forms. Antiviral Res. Oct; 1987 8(3):151-60.
[PubMed: 3426185]

Coutelier JP, van der Logt JT, Heessen FW, Warnier G, Van Snick J. 1IgG2a restriction of murine
antibodies elicited by viral infections. J Exp Med. Jan 1; 1987 165(1):64-9. [PubMed: 3794607]
Ben-Ahmeida ET, Potter CW, Gregoriadis G, Adithan C, Jennings R. 1gG subclass response and
protection against challenge following immunisation of mice with various influenza A vaccines.
J Med Microbiol. Apr; 1994 40(4):261-9. [PubMed: 8151677]

Hicks JT, Ennis FA, Kim E, Verbonitz M. The importance of an intact complement pathway in
recovery from a primary viral infection: influenza in decomplemented and in C5-deficient mice. J
Immunol. Oct; 1978 121(4):1437-45. [PubMed: 701803]

Oi VT, Vuong TM, Hardy R, Reidler J, Dangle J, Herzenberg LA, et al. Correlation between
segmental flexibility and effector function of antibodies. Nature. Jan 12-18; 1984 307(5947):
136-40. [PubMed: 6690993]

Hashimoto G, Wright PF, Karzon DT. Antibody-dependent cell-mediated cytotoxicity against
influenza virus-infected cells. J Infect Dis. Nov; 1983 148(5):785-94. [PubMed: 6605395]
Lopez AF, Strath M, Sanderson CJ. Mouse immunoglobulin isotypes mediating cytotoxicity of
target cells by eosinophils and neutrophils. Immunology. Mar; 1983 48(3):503-9. [PubMed:
6219064]

Fujisawa H, Tsuru S, Taniguchi M, Zinnaka Y, Nomoto K. Protective mechanisms against
pulmonary infection with influenza virus. 1. Relative contribution of polymorphonuclear
leukocytes and of alveolar macrophages to protection during the early phase of intranasal
infection. J Gen Virol. Feb; 1987 68(Pt 2):425-32. [PubMed: 3819696]

Natuk RJ, Welsh RM. Accumulation and chemotaxis of natural killer/large granular lymphocytes
at sites of virus replication. J Immunol. Feb 1; 1987 138(3):877-83. [PubMed: 3027167]

Vaccine. Author manuscript; available in PMC 2011 December 6.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Morgan et al.

Figure 1.
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Figure 2.
Impact of Adjuvant on Immunoglobulin Subclass Distribution
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Figure 3.
Efficacy of EP67 Adjuvant Activity when Administered in a single dose.
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Induction of IL-6

Table 1

Age
Young1
Young?
Young1

Aged2
Aged2

Aged2

Activator (ng/ml)

EP67
CpG
Al(OH)3
EP67
CpG

AI(OH)3

50
5
50
50
5

50

IL-6 pg/ml =+ SD
1440 + 486
1060 + 712

BKG
787+400
22630

BKG

1 .
Young mice were 3 months of age

2 .
Aged mice were 18-24 months of age
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