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Abstract

Immunopotentiating reconstituted influenza virosomes (IR1V) are one of the few adjuvants currently licensed for human use. While their
adjuvant capacity in the induction of humoral responses is clearly documented, few data exist on their effects on T cell immune response
Here we addressed IRIV adjuvance in the induction of HLA class | restricted cytotoxic T lymphocytes (CTL) in vitro.

Lymphocyte stimulation with IMs—ss and IRIV resulted in marked expansion of specific CTL as compared to cultures performed in the
presence of either antigen alone or antigen and control liposomes (L). Studies addressing underlying adjuvant mechanisms demonstrat
that IRIV activated CD4/CD45R® T cells, induced a cytokine profile consistent with T helper 1 (Th1) stimulation and increased the
percentage of CD4 T cells expressing CXCR3. Furthermore, supernatants from IRIV stimulated PBMC cultures promoted dendritic cell
maturation. Most importantly, IRIV mediated CTL adjuvance required the presence of live- Gxglls. Powerful adjuvant effects of
IRIV were also observed in the induction of CTL specific for the melanoma associated Melan-A/MARE; HLA-A0201 restricted
epitope.

Taken together these findings indicate that IRIV are endowed with a high adjuvant capacity for HLA class | restricted CTL induction,
largely attributable to their ability to antigenically stimulate CBZ cells.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction ble of boosting class | restricted cytotoxic T lymphocytes
(CTL) responses is urgently required. Remarkably, most ad-

Immunogenic preparations suitable for preventive and juvants licensed for human use are ineffective in promoting

therapeutic vaccination purposes usually include specific CTL induction[3,4].

antigens and adjuvants. The latter are administered to enha- Immunopotentiating reconstituted influenza virosomes

nce immune responses although their mechanisms of actior(IRIV) are liposomal preparations inclusive of influenza

at the molecular level are frequently only poorly elucidated. virus A/Singapore strain derived hemagglutifinG]. After

Due to potentially severe side effects, only a limited num- cell entry through receptor mediated endocytosis, they have

ber of adjuvants are currently licensed for use in humans the capacity to fuse with the endosomal membrane and to

[1]. deliver encapsulated antigens into the cytdSef7].
A large majority of vaccine preparations induces humoral  IRIV have been shown to induce CTL responses specific
immune responsg4-3]. for encapsulated peptidgg,8] “in vitro” and “in vivo”.

However, prevention or treatment of infectious diseases These effects were largely attributed to antigen protection
and active specific cancer immunotherapy frequently require from enzymatic digestion and to cytosolic antigen delivery,
the induction of powerful cellular immune responses. In par- features also shared by other liposomal preparafioasl].
ticular, the development of immunization procedures capa- We have addressed adjuvant effects of IRIV independent

from antigen delivery and preservation of antigen integrity.
* Corresponding author. Tek:41-61-265-2376: fax+-41-61-265-3990.  Here we show that IRIV are powerful adjuvants in the in-
E-mail addressgspagnoli@uhbs.ch (G.C. Spagnoli). duction of class | restricted CTL responses. This capacity

0264-410X/$ — see front matter © 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/j.vaccine.2003.08.019



R. Schumacher et al./Vaccine 22 (2004) 714-723 715

mainly relies on the stimulation of CB4T cell reactivity then harvested. Tracer incorporation was measured by beta
specific for viral proteins. counting.

> Materials and methods 2.4. Soluble factors: gene expression and protein detection
Cultured PBMC were harvested at different times and
total cellular RNA was extracted, reverse transcribed and
. . o used in 30 cycles RT-PCR assays in the presence of primers
Egg p:ofsphatldylcholme (PC, f]Z m%), .(L||po;1d Grlan, specific for cytokine genes as previously descritjid].
Ludwigshafen, Germany) and phosphatidylethanolamine ge cyetion of soluble factors by cultured PBMC was assayed

(SPE.’ 8|mg?j, (R. Be(;_chtolld, dB_iocgzgis?hefsplngbor, Be_rn, on supernatants harvested at different times by ELISA
witzerland) were dissolved in 2.66 ml o contain- (Pharmingen, San Diego, CA).

ing 100 mM octaethyleneglycol (OEG) (Fluka Chemicals,
Switzerland), (PBS-OEG). The influenza A/Singapore
hemagglutinin was purified as described previouydlg].

A solution containing 2 mg hemagglutinin was centrifuged o ]
for 30min at 100,000« g and the pellet was dissolved Cells were phenotyped by staining with FITC or
in 1.33ml of PBS-OEG. The phospholipids and the PE-conjugated mouse monoclonal antibodies (mAb) to hu-
hemagglutinin-solution were mixed and sonicated for 1 min. Man HLA-ABC, CD86, CD83, CD8, CD4 and CXCR3
This mixture was then centrifuged for 1h at 100,00¢ (Becton ID_lpklnson, San Diego, CA). T cells bearing recep-
and the supernatant sterile filtered (0d2Virosomes were ~ t0rs specific for IMg—ge or Melan-A/MART-1p735 were
then formed by detergent removal using SM Bio-Beads (Bio detected by staining with HLA-A0201 tetramers contain-
Rad, Hercules, PA). Final influenza hemagglutinin content ing the indicated peptides (Proimmune, Oxford, UK3}].

was of 50ug/ml, as determined by single radial diffusion Data are reported as percentages of cultured cells. Pro-
[13]. Control liposomes (L) were similarly produced, in the pidium iodide (final concentration: 160 ng/ml) was added

2.1. Preparation of IRIVs

2.5. Phenotyping of cells

absence of influenza virus components. to each sample to stain dead cells before acquisition by a
flow-cytometer (FACScalibur) equipped with Cell Quest
2.2. Cell cultures software (Becton Dickinson, San Diego, CA).

Peripheral blood mononuclear cells (PBMC) were iso- 2.6. CTL induction experiments
lated from venous blood of healthy donors or from um-
bilical cord blood samples by Ficoll gradient centrifuga- Induction of HLA class | restricted CTL specific for
tion. When indicated, specific PBMC subpopulations were IMsg or Melan-A/MART-17—35 was addressed by
purified by magnetic cell separation (Miltenyi Biotech, tetramer staining and limiting dilution analysis (LDA) of
Bergisch Gladbach, Germany) according to producers’ CTL precursors (CTLp) frequencid5]. Briefly, PBMC
protocols. Cells were then cultured at 7 in RPMI or their indicated subsets were cultured in bulk cultures
1640 supplemented with Kanamycin (106/ml), Hepes for tetramer staining or in multiple wellsn(= 84) at
(10 mM), sodium pyruvate (1 mM) Glutamax (1 mM) and three different responder concentrations, for LDA, in the
non-essential amino acids (all from GIBCO Paisley, Scot- presence of HLA class | restricted peptides (Neosystem,
land, thereafter referred to as complete medium) and 5% Strasbourg, France) {dg/ml for IMsg—gg and 10wg/ml for
human serum (Blutspendezentrum Kantonsspital BaselMelan-A/MART-1,7—35) alone, or supplemented with either
Switzerland). Immature dendritic cells (iDC) were gen- IRIV or L. Phenotyping and cytotoxicity assays were per-
erated from CD14 PBMC upon culture for 5-7 days in  formed either on day seven of culture or on day 14 after one
complete medium supplemented with FCS 10% (GIBCO), restimulation with autologous CD%4cells preincubated
B-mercaptoethanol 0.004%, IL-4 (1000 U/ml, courtesy of for 2-3h in the presence of the corresponding peptide.
Dr. Lanzavecchia, Bellinzona, Switzerland) and GM-CSF These peptide pulsed APCs were irradiated, and added to the

(50 ng/ml, Novartis, Basel, Switzerland). cultures in the presence of IL-2 (20 units/ml final concentra-
tion). On day 10, cell cultures were supplemented with IL-2
2.3. Proliferation assays for a second time at a final concentration of 100 units/ml.

Cytotoxicity was assessed BY/Cr release according to
Cells were cultured in the presence of IRIV, L, or in the standard procedures. LDA wells were considered positive if
absence of any stimuli in 96-well flat bottom tissue cul- specific lysis exceeded killing of targets pulsed with control
ture plates (Becton Dickinson, Le Pont de Claix, France) at peptides by at least 12% and was at least three standard
2 x 1P cells per well in triplicates for each condition. On deviations above spontaneous release valsg6] Spe-
day five, cultures were pulsed witRH]thymidine (Amer- cific CTLp frequency was evaluated by the Poisson formula
sham, Little Chalfont, UK) (1.Ci per well) for 18 h and [17].
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3. Results served in cultures stimulated with B¢les alone (0.1%) or
with IM 5866 and liposomes (L: 0.2%). Instead, PBMC cul-

3.1. Adjuvant effects of IRIV on CB8CTL ture in the presence of soluble ¥¥lgs and IRIV, resulted

induction “in vitro” in powerful expansion of HLA-A0201/IMs66 tetramer

positive cells within CD§- population. Over 7% of all

PBMC from HLA-A0201+ healthy donors were cul- CD8+ cells showed evidence of specific tetramer binding.
tured in the presence of IRIV and influenza matrixsive Limiting dilution analysis of CTL precursor (CTLp) fre-
peptide. After a one week incubation in the absence of ex- quency demonstrated that upon one week culture, in cultures
ogenous IL-2, cells were collected and double stained with stimulated with IMg—g6 peptide in the presence of IRIV,
HLA-A0201/IMsg—g6 tetramers and anti CD8 mAbs. Data 1/22.000 CD8& T cells specifically recognized the target
from one representative experiment out of three are shown inpeptide. In contrast, no cytotoxicity was detectable in these
Fig. 1 Barely detectable percentages of HLA-A0201/break short term cultures stimulated in the presence ofdMe
IM 5866 tetramer specific positive CB8cells could be ob- alone. When PBMC were stimulated with #Mgs and
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Fig. 1. IRIV adjuvance on CTL induction. PBMC from a healthy donor were cultured in the presencesgiéMa), IMss—66 and control liposomes
(b) or IMsg—66 and IRIV (c). Afte a 7 days culture, percentages ofgde specific CTL within cultured cells were quantified by HLA-A02014Mss
PE tetramer staining (fluorescence 2) and anti CD8 FITC staining (fluorescence 1). CTL precursor frequencies deteggegh iandIRIV stimulated
cultures within the same experiment are shown in panel d.
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Fig. 2. IRIV induced antigen specific proliferation of CBB4AD45R0+ cells. Panel A: PBMC from healthy donors & 3) were cultured in the absence of stimuli (Neg), in the presence of IRIV (V)
and in the presence of control liposomes (L) at the indicated dilutions. Proliferation was measured on day six of culldutiaybyidine incorporation. Panel B: cord blood mononuclear cells from
two donors were cultured in the absence of stimuli (Neg) or in the presence of PHA, ConA, IRIV (V) or liposomes (L) at the indicated concentraiferstioRrelas measured on day three of
culture for PHA and ConA cultures and on day six for IRIV and L stimulated cultures. Panel C: Purifiedd @D@D8+ cells were cocultured with autologous irradiated PBMC in the absence of
stimuli (Neg) and in the presence of IRIV (V) at the indicated concentrations. Proliferation was measured on day six of cifliisteyyidine incorporation. Panel D: Purified CD4/CD45RAells

and CD4/CD45R@ cells were isolated from PBMC of one healthy donor and cocultured with autologous irradiated PBMC in the presence of IRIV (V) or liposomes (L)ieatttk ¢godcentration.
Proliferation was measured on day six of culture3s{thymidine incorporation.
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control L, 1/84 wells showed evidence of specific cytotoxic performed in the presence of control Eig. 2, panel B).
activity, a frequency below the treshold evaluable by Poisson These data, from two different cord blood samples, sup-

distribution. ported the antigen specific nature of IRIV induced above
described PBMC proliferation.

3.2. IRIV induce antigen specific proliferation of Experiments with purified responder cells from healthy

CD4+CD45R0+ cells donors’ PBMC demonstrated that only CBdut not

CD8+ T cells proliferated in the presence of IRIV

Since these data suggested a marked adjuvant effect ofFig. 2, panel C). Further dissection of CB4cells into
IRIV on CTL generation, we sought to clarify the under- CD45RA+ and CD45RG- cells indicated that CD4/
lying cellular mechanisms and we addressed the intrinsic CD45RO+ T lymphocytes represented the main cell pop-
immunostimulating capacities of IRIV, as suggested by a ulation responding to IRIV stimulationF{g. 2, panel D).
previous reporf18]. PBMC from healthy donors were cul- In keeping with data from cord blood experiments, this
tured in the presence of IRIV at different concentrations and Observation suggested that indeed antigen experienced cells
proliferation was measured &si-thymidine incorporation ~ proliferate upon IRIV stimulation.
after 6 days incubation.

Cell proliferation could indeed be observed in PBMC cul- 3.3. IRIV stimulate a predominantly T helper 1 response
tures from all ¢ = 10) donors tested upon IRIV stimulation.
One representative experiment is presenteBlign 2, panel To further elucidate the characteristics of IRIV stimulated
A. The extent of*H-thymidine incorporation was variable immune response we addressed cytokine gene expression
in cultures from different donors but no PBMC proliferation and secretion profiles in cells and culture supernatants.
was detectable in cultures performed in the presence of the RT-PCR demonstrated the expression of HfNGM-CSF,
control L devoid of viral proteins. TNF-a and IL-2 genes in PBMC upon IRIV stimulation

To investigate the characteristics of the proliferation ob- (Fig. 3) whereas no expression of IL-4, IL-5 and IL-10
served, we performed cord blood mononuclear cell cultures genes could be observed. Accordingly, ELISA assays
in the presence of IRIV or conventional mitogens. Both PHA demonstrated that IRIV stimulation induced the secretion
and Con A induced marked cell proliferation. In contrast, of IFN-y, GM-CSF and TNFa with different kinetics. In
IRIV only induced a marginafH-thymidine incorporation ~ contrast, as expected, IRIV did not promote IL-4 secretion
in antigen naive cells, similar to that detectable in cultures (Fig. 4, panels A-D).

IRIV Neg. IRIV Neg.
day 1 day 1 day 2 day 2

Fig. 3. Cytokine gene expression in IRIV stimulated PBMC. PBMC were cultured in the presence or absence of IRIV. On days one and two of culture,
cells were harvested and total cellular RNA was extracted and reverse transcribed. The cDNAs thus obtained were tested in RT-PCR assays in th
presence of primers specific for the indicated cytokine géhéps
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Fig. 4. Cytokine secretion in IRIV stimulated PBMC. PBMC from a healthy donor were cultured in the absence of stimuli (Neg) or in the presence of
IRIV (V, 1:50 diluted) or control liposomes (L, 1:50 diluted). On day one, two and four, supernatants were harvested and the concentratiops of IFN-
(Panel A), GM-CSF (Panel B), TN&-(Panel C) and IL-4 (Panel D) were determined by ELISA.
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Fig. 5. Increased percentages of CXCR3CD4+ T cells in IRIV stimulated PBMC. Healthy donor's PBMC were cultured in the absence of stimuli
(panel a), in the presence of liposomes (1:50 final dilution, panel b) or IRIV (1:50 final dilution, panel c). After 6 days of culture, cells were gihenotyp
for the expression of CXCR3 and CD4 by PE and FITC labelled mAbs, respectively.
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Remarkably, discrete expression of defined chemokine re-pulsed, irradiated cells in the presence of rIL-2, as detailed
ceptors appears to represent a peculiar feature of specifidn Section 2 was necessary for CTL induction.
CD4+ T cell subset$19]. In particular, CXCR3 is a marker Stimulation with soluble peptide only induced a barely
for Thl immune responses and phenotyping of IRIV stim- detectable expansion of HLA-A0201/B¥l¢¢ tetramer pos-
ulated PBMC for this chemokine receptor may provide fur- itive CD8+ T cells, irrespective of the treatment of CIBAT
ther indications on the nature of IRIV elicited immune re- cells Fig. 6 panel A). Similar results were obtained when
sponses. IRIV stimulated PBMC were double stained after liposomes devoid of viral proteins were added (data not
6 days of culture with anti CD4 and anti CXCR3 mAbs shown).

(Fig. 5. An increase in the percentage of CXCR8ells, In sharp contrast, IMh s Stimulation in the presence
as compared to unstimulated or L stimulated cultures wasof IRIV (Fig. 6 panel B) resulted in the expansion of
indeed observed within the CB4cell population. HLA-A0201/IMsg46 tetramer positive CD8 T cells when

untreated CD4 T cells were present in the cultures. In
3.4. IRIV adjuvant effects on the generation of IM 58-66 these conditions, over 14% of CB#8cells showed evi-
specific CD& CTL require live CD4 T cells dence of IMgss specificity. Pre-irradiation (30Gy) of
CD4+ cells added to the cultures, however, fully prevented
The above data indicated that IRIV are powerful antigenic IRIV mediated adjuvant effects on CTL induction.
stimulators of CD4 T helper 1 responses and suggested
that these effects could play a major role in IRIV mediated 3.5. Indirect effect on DC differentiation: induction of
adjuvance on CTL induction. To formally prove this hy- partial maturation
pothesis, we performed experiments where CTL induction
was attempted in the presence of untreated or irradiated au- Prompted by the data on adjuvance insfvse CTL induc-
tologous CD4- cells. In these experiments, a restimulation tion, we addressed these effects in a tumor specific setting,
on day seven of culture with autologous CB4,4Msg—g6 focusing on the HLA-A0201 restricted Melan-A/MART-
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Fig. 6. IRIV mediated adjuvance in CTL induction requires live GD# cells. CD8+ and CD14 cells were cultured in the presence of autologous
intact or irradiated CD4 cells. These cultures were stimulated with influenza matris (1 .g/ml) alone (A) or supplemented with IRIV (1:50) (B).
After 7 days of incubation, both cocultures were restimulated with irradiated influenza spafsipulsed CD14- cells and cultured for six further
days in the presence of IL-2 (see materials and methods). Six days after restimulation, cultures were stained with HLA-A0201/InfluesizasPairix
specific tetramers and anti CD8 FITC mAbs.
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1,735 melanoma associated epitope. In this case optimal an increased expression of CD83, CD86 and HLA class |
CTL induction has been shown to rely on the use of adequatemolecules. In a typical experiment, mean fluorescence in-
antigen presenting cells (APC), particularly mature dendritic tensities were upregulated from 9, 49 and 407 to 33, 242 and
cells (mDC)[20]. 634, respectively, as compared to incubation in the presence
First, we tested whether IRIV could induce DC maturation of supernatants from L stimulated cultures. However, no ex-
in vitro. In our hands direct addition of IRIV or Lto iDC did  pression of CCR7 could be induced (data not shown). Taken
not result in upregulated expression of maturation markerstogether these data suggest that partial maturation of iDC
(data not shown). can be induced by culture supernatants of IRIV stimulated
On the other hand, consistent with the presence of dis- PBMC.
crete cytokines (see above), incubation of iDC with super-
natants from IRIV stimulated PBMC cultures resulted in 3.6. IRIV effects on the induction of Melan-A/Mart-
15735 specific CTL

a) Melan-A/Mart-1 In order to address IRIV effects on the induction of Melan-
A/MART-127—35 specific CTL we cultured CD14- cells

wr.*='_ together with iDC in the presence of peptide and IRIV,
‘?:._ peptide and L and in the presence of peptide alone. Af-
Too 065% | 0.08% ter one restimulation with Melan-A/MARTs%35, pulsed
Tl and irradiated autologous iDC in the presence of rlL-2
= 94.22%| 5.06% (see Section 2 cells were collected and double stained
= with HLA-A0201/Melan-A/MART-1,7—35 tetramers and
ST T LT T i anti CD8 mAbs. Data from one representative experi-

FL1H ment, shown inFig. 7 indicate that hardly any expansion

of HLA-A0201/Melan-A/MART-1,7—35 tetramer positive
CD8+ cells was detectable in cultures performed in the
presence of peptide alone or supplemented with L. On
the other hand, cell culture in the presence of Melan-A/
MART-127—35 and IRIV resulted in marked expansion of
HLA-A0201/Melan-A/MART-17—35 tetramer positive cells
within the CD8t population. Over 12% of all CD8 cells
showed evidence of specific tetramer binding.

b) Melan-A/Mart-1+ liposomes
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Immunopotentiating reconstituted influenza virosomes
c) Melan-A/Mart-1+ IRIV (IRIV) are liposomal formulations used as adjuvants in vac-
cine preparations. IRIV adjuvance has been demonstrated
to enhance humoral immune respongxq. However, little
is known regarding the action of IRIV on cell mediated im-
mune responses. Here we addressed the effects of IRIV on
the induction of antigen specific cytotoxic T lymphocytes

HLA-A0201/ Melan-A/MART-1 27-35 tetramer
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93.54%| 5.14% (CTL) in vitro by using as model antigens the HLA-class
: | restricted peptides I and the tumor associated
w? 1! 102 1w0d 0d differentiation antigen Melan-A/MART-—ss.
FL1H

> PBMC culture in the presence of Bdlgs and IRIV re-
_ sulted in marked expansion of peptide specific CTL within
Anti - CD8 the CD8 T cell population as compared to cultures performed
Fig. 7. Adjuvant effects of IRIV in the induction of tumour as- in th_e presence of peptlde alone or supplemented with COI_’I-
sociated antigen specific CTL. CD14 negative cells from a healthy trol liposomes. Remarkably these effects were observed in
donor PBMC were cocultured with autologous iDC in the presence of the absence of exogenous IL-2 supplementation.
Melan-A/Mart-Ir7—35, alone (a) or supplemented with either control li- To obtain an insight into the mechanisms underlying
tPOS‘?”:eZ (b_)thorM”?I'V (A/L;(XF?T)-;” daylse‘(’je,rl‘)gf C“g“re’ltce”j ;"’ere_ res- |RIV elicited adjuvance on CTL induction we addressed
imulated wi elan- -27-35 pulsed | and cultured for six . .
further days (see material and methods). On day seven after restimula’[ion,thelr stlmul_atory eﬁect?, on PBMC' Indeed, IRIV he,‘ve been
cells were stained with FITC conjugated anti-CD8 and PE conjugated SNOWnN to induce proliferation in _healthy donprs PBMC
HLA-A0201/Melan-A/MART-1p7—35 tetramers. [18]. However, the nature of this blastogenic response,
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whether antigenic or mitogenic, has not been characterized lularly according to different modalitig3—11,25,26] These
nor was the identity of stimulated cells addressed. Our as-properties are common to different liposomal preparations.
says demonstrate that IRIV induce proliferation of antigen Our results indicate that, regardless of these features, IRIV
experienced CD4 T cells (CD4 CD45RO0O¢+). The anti- “per se” are endowed with a high adjuvant capacity for CTL
genic nature of this stimulation is further supported by the induction. Most importantly our data suggest that this ca-
absence of significant proliferation in cord blood mononu- pacity is largely attributable to their ability to antigenically
clear cells cultured in the presence of IRIV as compared to stimulate CD4 T cells. Thus, a “secondary” CB4T cell
those cultured in the presence of liposomes devoid of viral response is efficiently providing “help” for the induction of
proteins. class | restricted CD8 effector T cells.

We then investigated the cytokine profile induced by IRIV
stimulation of PBMC. Both RT-PCR and ELISA results
demonstrated that IRIV induced increased expression of T Acknowledgements
helper 1 cytokines such as IFIN-GM-CSF and TNFx in
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of CD4+ T cells expressing CXCRS3, a chemokine receptor Kommission fiir Technologie und Innovation (Bern, Switzer-
associated with discrete inflammatory Th-1 type reactions land) to MH. Critical reading of the manuscript by Anca
[19]. Thus, both, cytokine gene expression and secretion Reschner and Chantal Feder is gratefully acknowledged.
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of a prevailing T helper 1 stimulation by IRIV. Remarkably,
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