A Al

Journals.ASM.org

Delivery of Large Heterologous Polypeptides across the Cytoplasmic
Membrane of Antigen-Presenting Cells by the Bordetella RTX
Hemolysin Moiety Lacking the Adenylyl Cyclase Domain
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The Bordetella adenylate cyclase toxin-hemolysin (CyaA; also called ACT or AC-Hly) targets CD11b-expressing phagocytes and
translocates into their cytosol an adenylyl cyclase (AC) that hijacks cellular signaling by conversion of ATP to cyclic AMP
(cAMP). Intriguingly, insertion of large passenger peptides removes the enzymatic activity but not the cell-invasive capacity of
the AC domain. This has repeatedly been exploited for delivery of heterologous antigens into the cytosolic pathway of CD11b-
expressing dendritic cells by CyaA/AC™ toxoids, thus enabling their processing and presentation on major histocompatibility
complex (MHC) class I molecules to cytotoxic CD8* T lymphocytes (CTLs). We produced a set of toxoids with overlapping dele-
tions within the first 371 residues of CyaA and showed that the structure of the AC enzyme does not contain any sequences indis-
pensable for its translocation across target cell membrane. Moreover, replacement of the AC domain (residues 1 to 371) with
heterologous polypeptides of 40, 146, or 203 residues yielded CyaAAAC constructs that delivered passenger CTL epitopes into
antigen-presenting cells (APCs) and induced strong antigen-specific CD8" CTL responses in vivo in mice and ex vivo in human
peripheral blood mononuclear cell cultures. This shows that the RTX (repeats in toxin) hemolysin moiety, consisting of residues
374 to 1706 of CyaA, harbors all structural information involved in translocation of the N-terminal AC domain across target cell
membranes. These results decipher the extraordinary capacity of the AC domain of CyaA to transport large heterologous cargo
polypeptides into the cytosol of CD11b™ target cells and pave the way for the construction of CyaAAAC-based polyvalent immu-

notherapeutic T cell vaccines.

he 1,706-residue-long adenylate cyclase toxin hemolysin

(ACT; also called AC-Hly or CyaA) secreted by the whooping
cough agent Bordetella pertussis primarily targets the phagocytic
myeloid cells expressing the «,;8, integrin receptor CD11b/
CD18, such as macrophages, neutrophils, and dendritic cells (16).
The toxin directly penetrates the cytoplasmic membrane of cells,
without the need for endocytosis (13), and delivers its N-terminal
adenylyl cyclase (AC) enzyme domain, which consists of the first
373 residues, to the cytosol (18). Inside cells, the AC binds cal-
modulin and catalyzes unregulated conversion of cellular ATP to
the key signaling molecule cyclic AMP (cAMP), thereby disrupt-
ing signaling and bactericidal functions of CD11b" phagocytes
and promoting host colonization by Bordetella (50).

The 1,333 carboxy-proximal residues of CyaA constitute an
Hly moiety belonging to the RTX (repeats in toxin) family of
pore-forming hemolysins and leukotoxins of Gram-negative
pathogens (29, 51). Hly accounts for the receptor binding, mem-
brane insertion, and pore-forming activities of CyaA (6, 40). It
contains a hydrophobic domain (residues 500 to 700 of CyaA)
that forms small cation-selective pores in target cell membranes
with a diameter of only 0.6 to 0.8 nm (1, 3, 35,47). The Hly further
harbors two posttranslational palmitoylation sites at lysine resi-
dues 860 and 983 (19, 20), where acylation of at least one of them
confers on CyaA the capacity to bind its receptor, CD11b/CD18,
and penetrate cells (6, 32). Finally, the C-terminal RTX domain of
Hly harbors ~40 calcium-binding sites that are formed by
glycine- and aspartate-rich nonapeptide repeats. Loading of these
sites with Ca>* structures the toxin into the active conformation
for target cell interactions (23, 39).
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The structure of Hly has not been determined, and the mech-
anistic details of AC domain penetration across target cytoplasmic
membrane remain poorly understood. AC translocation into cells
depends on negative plasma membrane potential (36) and does
not appear to proceed through the cation-selective pore formed
by CyaA (34, 49). It depends, however, on structural integrity of
the four predicted transmembrane amphipathic a-helices located
between residues 502 to 522 and 565 to 591 of the hydrophobic
domain of CyaA (35). These harbor pairs of negatively charged
glutamate residues (Glu>*® plus Glu®'® and Glu®”® plus Glu®®')
that have been found to be directly involved in AC domain trans-
location across target cell membranes (1, 35).

It has repeatedly been demonstrated that substitution of cata-
lytic residues, or disruption of the ATP-binding site of the AC by
dipeptide insertions, does not affect the capacity of the resulting
CyaA/AC™ toxoids to translocate the enzymatically inactive AC
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polypeptide across the cell membrane (45). Moreover, the cell-
invasive capacity of CyaA was found to be mostly conserved even
upon insertion of a broad range of heterologous antigenic poly-
peptides up to 200 residues in length into defined permissive sites
within the AC domain (12, 30, 33). This has been successfully
exploited for delivery of numerous AC-inserted passenger anti-
gens into the cytosol of antigen-presenting cells (APCs) for pro-
cessing by proteasomes and subsequent presentation of the ex-
cised major histocompatibility complex (MHC) class I-restricted
epitopes on the surface of APCs to cytotoxic CD8 " T lymphocytes
(CTL) (9). Immunization with CyaA/AC™ bearing appropriate
CD8" T-cell epitopes, indeed, induced strong and epitope-
specific CTL responses, which conferred full prophylactic protec-
tion against a lethal lymphocytic choriomeningitis virus challenge
(41) or were efficient in tumor immunotherapy in mice (8, 30, 37).

It has previously been shown that the AC domain has to unfold
during translocation across the cellular membrane (12). More-
over, the versatility of the AC domain in accommodating and
delivering a broad range of heterologous polypeptides into cells
suggested that no particular tertiary structure of the AC domain
was involved in its cell-invasive capacity. However, it remained
unclear whether the AC domain harbors any specific segments
playing a mechanistic role in the AC translocation process
through interactions with the Hly moiety or the target cell mem-
brane. Here we used a systematic deletion analysis to show that no
segment of the AC polypeptide (residues 1 to 371) is essential for
its translocation into cells. We found that the AC domain is pas-
sively entrained across the cellular membrane by the Hly moiety,
which can also translocate large artificial polypeptides, instead of
the AC domain, into cells.

MATERIALS AND METHODS

Mice. Male C57BL/6 (Ly 5.2) mice were obtained from a breeding colony
at the Institute of Physiology of the ASCR in Prague, Czech Republic.
Transgenic OT-I mice and B6.SJL (Ly5.1) mice were bred and kept at the
GMO facility of the Institute of Molecular Genetics of the ASCR in
Prague. Transgenic OT-I mice were mated with B6.SJL (Ly5.1) mice, and
OT-Ipositive Ly5.17 littermates were identified. The mice were used at 12
to 20 weeks of age. All animal experiments were approved by the compe-
tent Animal Welfare Committee of the Institute of Microbiology of the
ASCR, v.v.i, in Prague, Czech Republic. Handling of animals was per-
formed according to the Guidelines for the Care and Use of Laboratory
Animals, the Act of the Czech National Assembly, Collection of Laws No.
149/2004, inclusive of the amendments, on the Protection of Animals
against Cruelty, and Public Notice of the Ministry of Agriculture of the
Czech Republic, Collection of Laws No. 207/2004, on care and use of
experimental animals.

Cell cultures, growth conditions, and handling of cells. DC2.4 and
B3Z cell cultures were maintained in RPMI medium containing 10% fetal
calf serum (FCS; Gibco) and antibiotic-antimycotic solution (0.1 mg/ml
streptomycin, 1,000 units/ml penicillin, and 0.25 pg/ml amphotericin;
Sigma-Aldrich). Only adherent cells of the semiadherent B3Z hybridoma
were used for the next passage. HLA-A*0201-expressing T2 cells (ATCC
CRL-1992) were cultured in standard Dulbecco’s modified Eagle’s me-
dium (DMEM) with r-glutamine (Lonza, Verviers, Belgium), 10% bovine
fetal serum, and 1% penicillin-streptomycin (both from Sigma-Aldrich,
Prague, Czech Republic).

Peripheral blood mononuclear cells (PBMCs) from 10 cytomegalovi-
rus (CMV)-seropositive donors (anti-CMV IgG antibodies detectable in
serum) were used. Healthy donors were positive for human leukocyte
antigen A*0201 (HLA-A*0201) and were recruited at the transfusion unit
from blood donors that signed an informed-consent form approved by
the Ethical Committee of the University Hospital of Brno. The PBMCs
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were isolated by Histopaque (Sigma-Aldrich, Prague, Czech Republic)
gradient centrifugation of anticoagulated blood buffy coats. Viable cells
were quantified, cryopreserved in Hanks’ balanced salt solution (HBSS) con-
taining 40% fetal bovine serum (FBS) and 10% dimethyl sulfoxide (all from
Sigma-Aldrich, Prague, Czech Republic), and stored in liquid nitrogen.

Deletion mutagenesis in the AC domain of CyaA. Deletionsin the AC
domain were performed according to standard protocols using the plas-
mid pT7CT7ACT1/E5-mutNdel. This was derived from pT7CACT1 (33)
by placing the ribosome binding site RBS, , from gene 10 of bacteriophage
T7 upstream of the cyaA open reading frame, thus allowing increased
production of CyaA protein in Escherichia coli. Insertion of a synthetic
BamHI linker (5'-GGATCC) between codons 188 and 189 of cyaA was
used to generate alleles for production of detoxified CyaA/AC™ toxoids, in
which the ATP binding site was disrupted by a GlySer dipeptide insert at
position 188 of the AC domain as previously described (9). Next, the Ndel
restriction site sequence (5'-CATATG), comprising the ATG initiation
codon of the cyaC gene, was removed by a T-to-A mutation, generating
the 5'-CAAATG sequence, to yield the pT7CT7ACT1/E5-mutNdel plas-
mid with a unique Ndel restriction site comprising the ATG initiation
codon of the cyaA gene. Unique BsrGI restriction sites were then intro-
duced at four different permissive sites within the cyaA gene, between
codons 107 and 108, codons 232 and 233, codons 335 and 336, and codons
423 and 424 (33). Deletions in the 5" portion of cyaA encoding the AC
domain were next performed by using combinations of the unique Ndel,
BsrGI, Bcll, Agel, and BstBI restriction sites. At the same time, double-
stranded synthetic oligonucleotides encoding the OVA,_,4, epitope SII
NFEKL, corresponding to residues 257 to 264 of ovalbumin and sur-
rounded by unique Kpnl and Nhel restriction sites, were inserted in frame
into the truncated cyaA alleles. The generated deletions in the AC domain
are summarized in Table 1, where the sequences of the modified portions
of CyaA toxoids are given. Further details will be provided upon request.

To extend the flanking sequence of the OVA,., ,., epitope (SIINF
EKL) in the A18 construct (Table 1), and to introduce a VNGLEQLESII
NEEKLTEWTSSNVMEERKIKVYLPR insert, corresponding to residues
249 to 284 of ovalbumin (OVA,,, ,4,), a corresponding double-stranded
synthetic oligonucleotide was inserted using the Kpnl and Nhel restric-
tion sites, yielding construct B18 (Table 1).

The control toxoids 108B/AC ™, 233B/AC™, and 336B/AC™ were pre-
pared by the insertion of the corresponding double-stranded synthetic
oligonucleotide, encoding the OVA,,, ,5, peptide, into the permissive
BsrGI restriction sites inserted at codons 108, 233, and 336, respectively.
The negative control 233B-KP/AC™ was prepared from a doubly mutated
CyaA/E570K+E581P/AC™ toxoid variant that was previously obtained in
frame from extensive mutagenesis of the CyaA toxin gene (1).

To generate the A+C18 and 233A+C/AC™ constructs (Table 1), the
open reading frame encoding a polypeptide composed of conserved seg-
ments of the HIV Gag protein (28) was PCR amplified from pGA15 HIV-
CON (kind gift of T. Hanke, University of Oxford, Oxford, United King-
dom).

To generate constructs B+D18 and 108A/233D/AC™ (Table 1), the
immunodominant epitopes of the human cytomegalovirus (CMV) phos-
phoprotein 65 (pp65) (46, 52) were assembled into one polyepitope poly-
peptide (Table 1), and the corresponding codon-optimized synthetic
open reading frame was purchased from GenScript (Piscataway, NJ).

The exact sequence of relevant portions of all plasmids used for pro-
tein production was systematically verified by DNA sequencing.

Production and purification of CyaA proteins. CyaA toxins and
CyaA/AC™ toxoids were produced in Escherichia coli BL21/pMM100 (lac
repressor gene lacl? carried on pMM100) and purified as described earlier
(33). During hydrophobic chromatography, the resin with bound CyaA
was repeatedly washed with several bed volumes of 60% isopropanol to
remove bacterial endotoxin (48). In the final step, the proteins were eluted
with 8 M urea, 2 mM EDTA, 50 mM Tris-HCI (pH 8.0) and stored at
—20°C. The endotoxin content of the samples was determined by the
Limulus amebocyte lysate assay (QCL-1000; Cambrex) according to the
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TABLE 1 CyaA/AC™ toxoids

Toxoid” Deletion  Sequence®

Al A233-271 SEATGG***VHGTSIINFEKLASA*”*ITDFEL

A2 A274-319  MNIGVIT?>GTSIINFEKLASS*°GESQML

A3 A321-335 VVSATG**°GTSIINFEKLASGVH***QQRGEG

A4 A108-271 SSLAHG'”VHGTSIINFEKLASA*”*ITDFEL

A5 A108-319  SSLAHG!’VHGTSIINFEKLASS*2’GESQML

A6 A233-319  SEATGG***VHGTSIINFEKLASS**°GESQML

A7 A274-335 MNIGVIT?”>GTSIINFEKLASGVH>**QQRGEG

A8 A336-371 LKEYIG***VRGTSIINFEKLAS?*”?RSKFSP

A9 A321-371  VVSATG**°GTSIINFEKLAS?”?RSKFSP

A10 A274-371  MNIGVIT?”>GTSIINFEKLAS*”?RSKFSP

All A233-371 SEATGG?**VHGTSIINFEKLAS?*"*RSKFSP

Al2 A108-371 SSLAHG'”VHGTSIINFEKLAS*"?RSKFSP

Al3 A2-107 M'GTSIINFEKLASGVH'**HTAVDL

Al4 A2-232 M!GTSIINFEKLASGVH?**)LDRERI

Al5 A2-271 M'GTSIINFEKLASA?”’ITDFEL

Al6 A2-319 M'GTSIINFEKLASS**°GESQML

Al17 A2-335 M'GTSIINFEKLASGVH?***QQRGEG

Al8 A2-371 M'GTSIINFEKLAS*”*RSKFSP

B18 A2-371 M'GTVNGLEQLESIINFEKLTEWTSSNVMEERKIKVYLPRAS*’*RSKFSP

B19 A2-424 M'VNGLEQLESIINFEKLTEWTSSNVMEERKIKVYLPRMYT**AVEAAE

A+C18 A2-371 M'EEKAESPEVIPMFTALSEGATPQDLNTMLNTVGGHQAAMQMLKDTINEEAAEWDRIYKRWIILGLNKIV
RMYSPVSILDIRQGPKEPFRDYVDRFARNSGSIINFEKLRNCRAPRKKGCWKCGKEGHQMKDCTERQA
NFLGKIWPS*”*RSKFSP

B+D18 A2-371 M'GTVNGLEQLESIINFEKLTEWTSSNVMEERKIKVYLPRASRRTSLNIPSINVHHYPSFVFPTKDVALRHVIG
DQYVKVYLESFCEDVPSGKLFMKPGKISHIMLDVAFTSHEHYSEHPTFTSQYRIQGKLEYVTTERKTPR
VTGGGAMAGASTSATWPPWQAGILARNLVPMVATVQGQNLKYQEFFWDANDIYRIFAERRAS*7>RSKFSP

108A/233D/AC™ SSLAHG'"’VLSIINFEKLVH'*®®*HTAVDL.....SEATGG***VQRRTSLNIPSINVHHYPSFVFPTKDVALRHVI
GDQYVKVYLESFCEDVPSGKLFMKPGKISHIMLDVAFTSHEHYSEHPTFTSQYRIQGKLEYVTTERKTPRVT
GGGAMAGASTSATWPPWQAGILARNLVPMVATVQGQNLKYQEFFWDANDIYRIFAERRDVH?**LDRERI

108B/AC™ SSLAHG'””VQLTGLEQLESIINFEKLTEWTSSNVMEERKIKVYLPRIVH'*HTAVDL

233A+C/AC™ SEATGG**MEEKAFSPEVIPMFTALSEGATPQDLNTMLNTVGGHQAAMQMLKDTINEEAAEWDRIYKRWIIL

GLNKIVRMYSPVSILDIRQGPKEPFRDYVDRFARNSGSIINFEKLRNCRAPRKKGCWKCGKEGHQMKDCTE
RQANFLGKIWPS***LDRERI

233B/AC™ and 233B-KP/AC~ SEATGG**VQLTGLEQLESIINFEKLTEWTSSNVMEERKIKVYLPRIVH**’LDRERI

336B/AC™ LKEYIG***VQLTGLEQLESIINFEKLTEWTSSNVMEERKIKVYLPRIVH***QQRGEG

“ The constructs were enzymatically inactive either due to a GlySer dipeptide insert between residues 188 and 189 of the AC domain (AC™) or due to deletions abolishing the AC
enzyme activity.

b Each entry includes the insertion point, insert sequence, and flanking sequence. The sequences of CD8* epitopes of OVA (SIINFEKL) and CMV (NLVPMVATYV) are underlined,
and the inserted flanking residues are in bold. In the A+C18 and 233A+C/AC™ constructs, the 135-residue artificial sequence assembled from the conserved portions of HIV Gag
protein, also comprising T cell epitopes (not used), is in italics. In the B+D18 and 108A/233D/AC™ constructs, the 155-residue sequence composed of conserved CD4" and CD8*

epitopes of the CMV pp65 phosphoprotein is in italics. The numbers indicate the corresponding residue positions in the intact CyaA polypeptide sequence.

manufacturer’s instructions and was below 100 endotoxin units (EU)/mg
of purified protein.

On-column biotinylation of CyaA/AC™ toxoids was performed after
the DEAE-Sepharose purification step as previously described (49).

Cell binding and cAMP elevation activity of enzymatically active
CyaA toxins. For determination of cell binding of enzymatically active
CyaA toxins, DC2.4 cells (2 X 10°/ml) were incubated in the presence of
30 nM CyaA in Dulbecco’s modified Eagle’s medium (DMEM) without
FCS for 30 min on ice. Cells were washed to remove unbound toxin, and
CyaA binding was assessed by determining cell-associated adenylate cy-
clase enzyme activity in the presence of 1 uM calmodulin as described
previously (26). The cAMP-elevating capacity of CyaA was assessed on
DC2.4 cells (3 X 10° per well) incubated with various concentrations of
CyaA in DMEM without FCS at 37°C for 30 min. The reaction was
stopped by the addition of 0.2% Tween 20 in 50 mM HC, and the intra-
cellular cAAMP concentration was determined by an antibody competition
immunoassay, as described elsewhere (2).

Cell binding of enzymatically inactive CyaA/AC™ toxoids. DC2.4
cells (5 X 10° per well) in 100 ul of DMEM with 1% FCS were incubated
with biotinylated CyaA/AC™ toxoids for 30 min on ice. Unbound toxoid
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was removed by repeated washing, and cells were stained with phyco-
erythrin (PE)-conjugated streptavidin (Exbio) at an 1:400 dilution (50
ul/well) for 30 min on ice. CyaA/AC™ binding was analyzed by flow cy-
tometry using a FACS LSR II instrument (BD Biosciences) and Flow]Jo
version 7.2.1 (Treestar, Inc.). To block CyaA/AC™ binding to the CD11b/
CD18 receptor, DC2.4 cells were preincubated for 30 min on ice with 10
pg/ml of the anti-mouse CD11b-specific monoclonal antibody M1/70
(eBioscience) prior to addition of CyaA (16).

Presentation of OVA,, ., epitope to the B3Z hybridoma in vitro.
For in vitro presentation of antigens, the immortalized dendritic cell line
DC2.4, generated from bone marrow cells of C57BL/6 mice, was used
(44). OVA,, ¢, presentation was determined as 3-galactosidase produc-
tion in B3Z hybridoma CD8" T cells, which carry a lacZ reporter gene
under the control of the interleukin 2 (IL-2) promoter NF-AT elements,
activated upon TCR recognition of the OVA,, ,., peptide (SIINFEKL)
on the murine H-2K® MHC class I molecules (25). DC2.4 cells (10°/well)
were seeded in DMEM with 10% FCS in 96-well plates and pulsed for 4 h
at 37°C with various concentrations of toxoids, OVA peptide (purity =
95%; Sigma-Genosys), or ovalbumin protein (albumin from chicken egg
white; Sigma-Aldrich). Alternatively, toxoids were preincubated at the
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indicated concentration in 200 ul of DMEM containing 10% FCS with 5
pg/ml of 3D1 or the control isotype TU-01 monoclonal antibody (MAb)
(Exbio, Prague, Czech Republic) at room temperature for 15 min, before
150 pl of the medium with toxoids and antibody was used to cover 10°
adherent DC2.4 cells in a 96-well plate for 4 h. The cells were then washed
with phosphate-buffered saline (PBS) and further cultured with B3Z hy-
bridoma (10° cells/well) in RPMI medium. After 18 h of incubation at
37°Cina humidified 5% CO, atmosphere, cultures were lysed by addition
of 100 ul per well of PBS containing 100 uM 2-mercaptoethanol, 9 mM
MgCl,, 0.125% Nonidet P-40, and 0.15 mM chlorophenol red-B-p-
galactopyranoside (CPRG; Sigma-Aldrich), and the 3-galactosidase activ-
ity was determined as described previously (24). Absorbance was read at
570 nm.

Measuring of intracellular concentration of Ca®>* jons. Calcium in-
flux into cells was measured as previously described (10).

Isolation of detergent-resistant membrane and Western blotting.
Detergent-resistant membranes (coalesced lipid rafts) were separated
by flotation in discontinuous sucrose density gradients, and toxoids
were detected in Western blots using the 9D4 antibody as described
previously (4).

CD8™" T cell activation in vivo. Purified CD8" T cells from OT-I
Ly5.1" mice were labeled with carboxyfluorescein diacetate succinimidyl
ester (CFSE) and injected intravenously (i.v.) into C57BL/6 (Ly5.2) mice
at 1.1 X 10° to 1.5 X 10° cells per mouse. Next day the mice were injected
intraperitoneally (i.p.) with PBS and 2 nmol of OVA,, ,, peptide (SIIN
FEKL; MBL International, Woburn, MA) plus poly(I-C) (75 ng) and i.v.
with tested purified toxoids (0.3 nmol). Each dose of tested purified tox-
oids in 8 M urea, 2 mM EDTA, and 50 mM Tris-HCI (pH 8.0) was placed
into a separate tube, kept on ice in a small volume (25 to 30 ul), and
diluted up to 300 ul with ice-cold PBS immediately before administration.
Mice were euthanized 4 days after injection of tested samples, and their
spleen cells were harvested.

To determine the expansion of adoptively transferred CD8" Ly5.17"
cells, spleen cells were resuspended in FACS buffer (PBS with 2% FCS, 2
mmol EDTA, and 0.05% sodium azide), blocked with 10% mouse
serum for 30 min on ice, and stained with fluorochrome-labeled MAbs
CD8-A700, CD8-PerCP (peridinin chlorophyll protein), CD45.1-
allophycocyanin, and CD25-PE (eBioscience, San Diego, CA) for 30 min
on ice in the dark. Cells were then washed twice in FACS buffer and
transferred into buffer with 4% paraformaldehyde.

For determination of functionality of expanded CD8* T cells, spleen
cells were restimulated in vitro with 1 uM SIINFEKL peptide for 2 h,
followed by the addition of brefeldin A (1 ug/ml) to block the extracellular
release of gamma interferon (IFN-vy) for 4 h. Cells were stained as de-
scribed above, fixed, and permeabilized in fixation and permeabilization
buffer (eBioscience, San Diego, CA), blocked with 2% mouse serum for 10
min on ice, and incubated with IFN-y—PE and granzyme B—PE (eBiosci-
ence) for 30 min on ice in the dark. Flow cytometry was performed using
an LSRII instrument (BD Biosciences, Mountain View, CA), and data
were analyzed with FlowJo software (Tree Star, Ashland, OR).

Activation of CMV-specific CD8™ T cells. To monitor CMV-specific
T cell activation, PBMCs from CMV-seropositive donors were incubated
with various toxoids (5 nM) in high-glucose DMEM with L-glutamine
(Lonza, Verviers, Belgium), 8% male human AB" serum, and 1%
penicillin-streptomycin (both from Sigma-Aldrich, Prague, Czech Re-
public) at a concentration of 2 X 10° per ml in a 10% CO, atmosphere at
37°C for 6 h. After 3 h, 1 ul/ml of BD GolgiPlug (containing brefeldin A;
BD Biosciences, San Jose, CA) was added. PBMCs were stained with
the fluorochrome-labeled MAbs CD3-PeCy7 (Immunotech, Marseille,
France) and CD8-allophycocyanin (Exbio, Prague, Czech Republic) for
20 min on ice. Cells were washed and fixed with a Cytofix/Cytoperm kit
(BD Biosciences) according to the manufacturer’s instructions. Cells were
stained intracellularly with anti-IFN-y-PE MAD (BD Biosciences) for 30
min on ice. The percentage of CD8" IFN-y™ T cells was determined by
flow cytometry using FACS Canto II (BD Biosciences). Data were pro-
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cessed using BD FACS DIVA software, version 5.0.1 (2006) (BD Biosci-
ences). In parallel, PBMCs were also incubated with toxoids in the absence
of BD GolgiPlug for 18 h, and the concentration of IFN-vy released into in
culture medium was determined by cytometric bead array (CBA) using a
human IFN-+y Flex set (BD Biosciences) according to the manufacturer’s
instructions. Data were analyzed with FCAP array software (2007) and BD
FACS array software (2007) (BD Biosciences).

Clonal expansion of CMV-specific CD8" T cells was assessed after
7 days of PBMC stimulation with 5 nM toxoids by staining with
allophycocyanin-labeled HLA-A*0201 NLVPMVATV-loaded MHC 1
pentamers according to the manufacturer’s instructions (Proimmune,
Oxford, United Kingdom). PBMCs were further stained with anti-CD3—
PeCy7 (Immunotech, Marseille, France) and anti-CD8-PE (Exbio,
Prague, Czech Republic) monoclonal antibodies for 20 min on ice. The
percentage of pentamer-specific CD8" T cells was determined by flow
cytometry using FACS Canto II and FACS DIVA software, version 5.0.1
(2006).

Functional characterization of clonally expanded CMV-specific
CD8™ T cells. PBMC suspensions from CMV-seropositive donors were
subjected to antigenic stimulation with various toxoids (5 nM) for 7 days.
T2 target cells were loaded with 10 ug/ml of CMV peptide (HLA*A0201
restricted; NLVPMVATYV) or HIV-1 reverse transcriptase (Pol) peptide
(ILKEPVHGYV) for 2 h, washed, and used for restimulation of PBMCs at
an effector-to-target ratio of 10:1 for 4.5 h. After 1.5 h, 1 ul/ml of BD
GolgiPlug (containing brefeldin A; BD Biosciences) was added. Cells were
stained with anti-CD3-PeCy7 (Immunotech, Marseille, France) and anti-
CD8-allophycocyanin (Exbio, Prague, Czech Republic) MADbs for 25 min
onice, and CD3™ T cells were sorted using a FACS ARIA instrument (BD
Biosciences). The sorted cells were fixed with a Cytofix/Cytoperm kit (BD
Biosciences) according to the manufacturer’s instructions and stained
with anti-IFN-y-PE MAD (BD Biosciences) for 30 min at 4°C. The per-
centage of CD8 " IFN-y™ T cells was determined by flow cytometry using
FACS Canto I and BD FACS DIVA software. To determine percentage of
CMV-specific CD8" IFN-y* T cells, the percentage of CD8" ITFN-y* T
cells restimulated by T2 target cells loaded with an irrelevant HIV-1 Pol
peptide (ILKEPVHGV) was subtracted from the percentage of CD8™
IFN-y" T cells restimulated by T2 target cells loaded with the CMV pep-
tide (NLVPMVATYV). In parallel, effector and target cells were cultivated
without addition of BD GolgiPlug for 9 h, and the concentration of IFN-y
released into culture supernatants was measured using a cytometric bead
array, as described above. The background production of IFN-vy resulting
from restimulation with T2 target cells loaded with irrelevant HIV-1 Pol
peptide was subtracted.

For determination of cytotoxic activity of the clonally expanded CD8 ™"
T cells, T2 cells were labeled with 1 uM CFSE in PBS with 0.1% bovine
serum albumin (BSA) for 10 min at 37°C. Labeling was stopped by addi-
tion of male human AB™ serum (Sigma-Aldrich, Prague, Czech Repub-
lic), and cells were washed twice and resuspended in DMEM with 2% male
human AB™ serum. CFSE-labeled T2 cells were loaded with 10 ug/ml of
CMV peptide (HLA*A0201 restricted; NLVPMVATYV), or the control
HIV-1 Pol peptide (ILKEPVHGYV) for 2 h and washed prior to use. Anti-
genic stimulation of PBMCs with CyaA toxoids (5 nM) was performed for
7 days, and cells were washed and coincubated with 4 X 10* of CFSE-
labeled and peptide-loaded T2 targets at effector-to-target ratios of 1:1,
5:1, and 10:1. After 3 h of coincubation, cells were stained with 1 ug/ml of
propidium iodide (PI) (Sigma-Aldrich, Prague, Czech Republic), and the
percentage of dead PI* CFSE™ cells was determined by flow cytometry
using FACS Canto I and BD FACS DIVA software. Specific cytotoxicity
was determined as the percentage of dead target cells loaded with the
CMYV peptide minus the percentage of dead target cells loaded with HIV
peptide.

Statistical analysis. The data were analyzed with STATISTICA 8 soft-
ware (StaSoft, Prague, Czech Republic). The Mann-Whitney test was used
for comparison of two groups, and the Kruskal-Wallis test was used for
comparison of three or more groups. Experimental data were compared
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FIG1 Schematic depiction of toxoid constructs. Deletions in toxoids in which
the removed portions were replaced by the inserted antigens are indicated by
thin lines (only the first 500 residues of CyaA are depicted). The individual
inserts are labeled A to D, corresponding to the names of the constructs. Con-
struct sequences are summarized in Table 1, where exact sequences of all cargo
inserts are given in full. Briefly, A stands for the CD8" CTL epitope OVA,s; 564
(SIINFEKL), used as a marker, B stands for the OVA, 4,5, (SIINFEKL with
extended flanking sequence), C stands for the artificial cargo polypeptide of
135 residues assembled from conserved segments of the HIV Gag protein (28),
and D stands for a 155-residue artificial polypeptide composed of CD8* and
CD4™" T cell epitopes from the pp65 protein of CMV.

to those obtained with the corresponding controls, and a P value of 0.05 or
less was considered statistically significant.

RESULTS
Allinformation for translocation of the AC domain is contained
within the Hly moiety of CyaA. To map the segments of the AC
domain that might be involved in its translocation across the cy-
toplasmic membrane of CD11b™ target cells, we generated a com-
prehensive set of 18 overlapping deletions within the AC domain
of CyaA. As schematically depicted in Fig. 1 and summarized in
Table 1, this construct series, designated Al to A18, comprised
toxoids with limited internal deletions of up to 46 residues (Al,
A2, and A3), as well as constructs with rather extensive internal
deletions of up to 212 residues (A4, A5, A6, and A7). Moreover,
deletions systematically extending from either the carboxy-
terminal (A8 to A12) or the amino-terminal (A13 to A18) extrem-
ity of the 371-residue AC domain of CyaA were engineered.
Since these deletions eliminated the AC enzyme activity of
CyaA, the capacity to elevate cCAMP concentration in cells could
not be used for assessment of the cell-invasive capacity of such
constructs, and a surrogate assay had to be used. To this end, the
Al to A18 toxoids were tagged by the OVA,;, ¢, epitope (SIINF
EKL) from ovalbumin (Table 1), inserted in place of the deleted
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AC domain portions. It has previously been established that CyaA
delivers its AC domain directly across the cytoplasmic membrane
into the cytosol of CD11b™ antigen-presenting cells, such as den-
dritic cells, where the AC is processed by the cytosolic proteasome.
The excised OVA,;,_,¢4 €pitope can then enter the classical path-
way for MHC class I-restricted antigenic presentation (17), which
can be measured as the extent of stimulation of the B3Z CD8" T
hybridoma cells recognizing H-2K” molecules loaded with the
OVA,5; 564 epitope (17, 33, 42). Therefore, the capacity of
CD11b™ dendritic cells to stimulate B3Z cells in vitro can be used
as ameasure of the capacity of CyaA to deliver the OVA-tagged AC
polypeptide into cytosol of APCs.

To verify that this assay can be specifically used for determina-
tion of translocation of the OVA-tagged AC segments into cytosol
of APCs, we compared the B3Z-stimulatory capacity of DC2.4
cells incubated with an intact cell-invasive 233B/AC™ toxoid or
with a doubly mutated 233B/E570K+E581P/AC™ (233B-KP/
AC™) toxoid variant. The latter harbored a debilitating
E570K+E581P combination of residue substitutions in the pore-
forming domain, which was previously shown to preserve full
receptor-binding capacity of the toxin while abolishing its capac-
ity to deliver the AC domain into cytosol of cells and form pores in
cellular membrane (4, 49). As documented in Fig. 2A, the enzy-
matically active (AC*) CyaA/E570K+E581P (CyaA-KP) con-
struct exhibited the full capacity to bind to DC2.4 cells through
CD11b/CD18, and this interaction was blocked by the CD11b-
specific antibody M1/70 (17). In contrast to intact CyaA, however,
CyaA-KP exhibited only a residual capacity (<2%) to translocate
the AC domain into the cytosol of DC2.4 cells and elevate cytosolic
cAMP (Fig. 2B) (4). As shown in Fig. SI in the supplemental
material, the enzymatically inactive AC™ toxoid constructs 233B/
AC™ and 233B-KP/AC", bearing a GlySer dipeptide insert be-
tween residues 188 and 189 to disrupt the ATP-binding site (9),
also exhibited an identical capacity to bind DC2.4 cells in an M1/
70-inhibitable manner. As shown in Fig. 3A, 233B-KP/AC™ failed
to deliver the OVA,;, 4, epitope into DC2.4 cells and failed to
promote stimulation of B3Z cells, in contrast to the three cell-
invasive 108B/AC™, 233B/AC™, and 336B/AC™ toxoids bearing
the OVA epitope inserted at residues 108, 233, and 336 of the AC
domain, respectively (33). These control toxoids promoted a
readily detectable B3Z response at a <0.1 nM concentration,
while no B3Z stimulation was observed even at 100-fold-higher
concentrations of 233B-KP/AC™. As further shown in Fig. 3B, a
molar concentration of free soluble ovalbumin protein (0.1 mM)
over five orders of magnitude higher had to be used to induce a
detectable B3Z hybridoma response. Therefore, cross presenta-
tion of OVA,5, ,¢, due to macropinocytic uptake or receptor-
mediated antigen endocytosis was undetectable under the condi-
tions used and did not interfere with the assay. It can hence be
concluded that mere toxoid binding to the CDI11b/CDI18-
expressing APCs did not result in presentation of the OVA,5; 54,
epitope and that stimulation of a B3Z T cell response strictly de-
pended on the specific capacity of the used toxoids to translocate
the epitope across the cellular membrane into the cytosol of DC2.4
cells.

Once the robustness and specificity of the used OVA/AC trans-
location assay had been demonstrated, the capacity of the Al to
A18 deletion constructs to deliver the OVA, 5, ,¢, epitope into the
cytosol of DC2.4 cells could be assessed. As shown in Fig. 4A and
Fig. S2 in the supplemental material, all but one of the 18 tested
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FIG 2 Combination of the E570K and E581P substitutions selectively abol-
ishes the AC domain translocation capacity of CyaA without affecting toxin
binding to CD11b/CD18-expressing cells. (A) Mouse CD11b" DC2.4 cells
(2 X 10%/ml) were incubated in the presence of 30 nM CyaA (AC") in DMEM
without FCS for 30 min on ice. After removal of the unbound toxin, the
cell-associated adenylate cyclase enzyme activity was determined. To block the
CD11b/CD18 receptor, cells were preincubated for 30 min on ice with 10
ug/mlof the CD11b-specific antibody M1/70 prior to addition of CyaA. DC2.4
binding activities are expressed as percentages of wild-type CyaA binding ac-
tivity and are means = standard deviations from two independent determina-
tions performed in duplicate (n = 4). (B) cAMP levels in DC2.4 cells were
determined upon 30 min of incubation of DC2.4 cells (3 X 10° per well) with
the indicated toxin concentrations. Values are means * standard deviations
from two independent determinations performed in triplicate (n = 6).

constructs (Al to A17) reproducibly exhibited a comparable ca-
pacity to deliver the OVA, 5, ., epitope for presentation on MHC
class I molecules, as the 233B/AC™ control toxoid, which was un-
affected by the size and location of the various deletions within the
AC domain. The only construct with impaired capacity to deliver
the epitope was A18 protein, in which the residues 1 to 371 were
replaced by the OVA, 5,4, epitope peptide. As shown in Fig. 4A
and Fig. S2 in the supplemental material, ~10-fold more toxoid
A18 (10 nM) than Al to A17 was needed for induction of a B3Z
response.

Interestingly, while the A17 construct had the first 335 residues
of CyaA deleted, A18 carried a larger deletion, comprising 371 of
the 373 N-terminal residues that form the minimal functional
structure of the AC enzyme (18). The segment between residues
336 and 371 of the AC was, however, unlikely to be specifically
required for AC domain translocation and OVA,5, ,¢, delivery
into DC2.4 cytosol. The same segment was missing in several con-
structs that exhibited a full capacity to deliver the OVA epitope
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FIG 3 The capacity to translocate the AC domain into the cytosol is required
for efficient delivery of the OVA, 5, _,4, epitope for presentation on MHC class
I molecules. DC2.4 cells were incubated with the indicated concentrations of
toxoids (A), the OVA,;, ¢, peptide, or free soluble ovalbumin (B) for 4 h.
After being washed with PBS, the DC2.4 cells were further cultured for 18 h
with the B3Z CD8* T-hybridoma cells selectively recognizing cell surface-
presented complexes of the H-2K® MHC class I molecules with bound
OVA,;, 564 peptide. Stimulation of B3Z cells was assayed as the amount of
accumulated B-galactosidase. The means * standard errors (SE) of duplicate
samples, representative of three independent determinations, are shown.

into DC2.4 cells, such as A8 (Fig. 4A) and A9 to A12 (see Fig. S2 in
the supplemental material). Hence, it appeared more likely that
when delivered by the A18 construct, the OVA,5, ¢, epitope re-
mained buried in the plasma membrane and was inefficiently ex-
cised by intracellular proteases.

To test this hypothesis, a 36-residue OVA, 4,4, polypeptide
(VNGLEQLESIINFEKLTEWTSSNVMEERKIKVYLPR) com-
prising the natural flanking regions from ovalbumin was used to
derive from the A18 construct the B18 protein, in which the num-
ber of residues separating the OVA,;,_,, epitope from the fusion
point at position 372 of the CyaA moiety was extended from 2 to
22 residues. As shown in Fig. 4B, this extension restored the anti-
gen delivery capacity of the truncated CyaA moiety, as the B18
toxoid exhibited a capacity to deliver OVA,;, 4, at a level com-
parable to that of the 233B/AC™ control. As further shown in Fig.
4B, however, when the N-terminal deletion in CyaA was extended
up to residue 424 in a B19 construct, still exhibiting a nearly full
(~60%) capacity to bind cells through interaction with CD11b/
CD18 (see Fig. S1 in the supplemental material), the B19 protein
was unable to deliver the OVA, 5, 4, epitope for presentation to
B3Z T hybridoma cells by APCs.

To further verify that the OVA, 5, ,¢, epitope delivered by B18
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FIG 4 The entire AC domain polypeptide sequence is dispensable for CyaA-
mediated delivery of the OVA,,_,, epitope for MHC class I-restricted anti-
genic presentation. DC2.4 cells were incubated with the indicated concentra-
tions of the toxoids, and their capacity to deliver the OVA,5,_,¢, for antigenic
presentation was assessed as described above. (C) Toxoids were preincubated
with 5 ug/ml of 3D1 or the control isotype TU-01 antibody at room temper-
ature for 15 min before addition to DC2.4 cells. The means = SE of duplicate
samples, representative of three independent determinations, are shown.

reached the cytosol of APC due to translocation across the cellular
membrane, the antigen delivery capacity of the B18 protein com-
plexed with the 3D1 monoclonal antibody was determined. 3D1
was previously shown to block translocation of the AC domain
across the cell membrane because of specific binding to the seg-
ment delimited by residues 373 to 400, which links the AC domain
to the Hly moiety of CyaA (27). Moreover, we found recently that
3D1 binding locks CyaA in a translocation-intermediate confor-
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mation, in which the AC domain remains outside the cytosol and
is inaccessible to processing by cytosolic proteases, while still being
able to conduct extracellular Ca®* ions into cells (4). As shown in
Fig. 4C, by comparison to a control isotype antibody TU-01, pre-
incubation with the 3D1 MAD reproducibly inhibited the capacity
of the B18 and 233B/AC™ toxoids to deliver the OVA,s; 564
epitope for presentation by DC2.4 cells to B3Z CD8 ™ T cells. It can
hence be concluded that extension of the N-terminal sequence of
the A18 construct by an artificial 20-residue peptide spacer con-
ferred on the B18 construct the capacity to deliver the OVA,5; 564
epitope across the cytoplasmic membrane of APCs and rendered
the cargo SIINFEKL peptide accessible for excision and presenta-
tion on APCs.

Collectively, the above-discussed results show that of the 373
residues in the AC polypeptide, the first 371 residues do not con-
tain any segments specifically involved in AC domain transloca-
tion across cell membrane. All structural information required in
this process appears to be confined within the residues 372 to 1706
of CyaA, which consists of the linker segment between residues
374 to 400 and the 1,306 C-terminal residues of the Hly moiety of
CyaA. Indirectly, these data also suggest that the linker segment
between residues 373 to 400 is inserted into the cell membrane or
may even translocate across it.

CyaAAAC, which has the AC domain replaced by an unre-
lated polypeptide, conducts Ca>* ions into cells and relocates
into the lipid rafts. Recently we showed that upon interaction
with its receptor CD11b/CD18, the CyaA toxin is inserted into
macrophage membranes as a translocation intermediate that
forms a novel path conducting extracellular Ca®" ions across the
cytoplasmic membrane (10). The incoming Ca** was then shown
to activate the cytosolic protease calpain, which by processing the
talin tether liberates the toxin-receptor complex for relocation
into lipid rafts, from which the translocation of the AC polypep-
tide across membrane is completed (4). It was therefore important
to examine whether the truncated B18 protein, lacking 371 of the
373 residues of the AC enzyme polypeptide, was still able to con-
duct Ca®" ions into cells and relocate into lipid rafts. As shown by
comparison to 233B/AC™ in Fig. 5A, the truncated B18 toxoid
exhibited a severalfold-lower but clearly detectable capacity to
conduct extracellular Ca** ions into cells. In contrast, the B19
construct, which was unable to deliver the epitope for presenta-
tion, was as unable to promote Ca>* influx as the construct 233B-
KP/AC™, which is defective in formation of the translocation pre-
cursor and delivery of the AC domain into cytosol. These results
are consistent with our previous report showing that segments of
the AC domain inserted into and translocating across the cell
membrane participate in formation of the conduit enabling influx
of extracellular Ca>" ions (10). Moreover, the structural and con-
formational alterations of the AC domain due to peptide inserts
were previously shown to also affect the calcium-conducting
properties of CyaA (10). This is also corroborated here by the
observation of different amplitudes and time courses of the Ca**
influx curves promoted by AC™, 233B/AC", and B18 constructs.

Consistent with its capacity to promote Ca>* influx, the B18
toxoid still relocated into lipid rafts in cell membranes and floated
in sucrose density gradient separations with the detergent-
resistant membrane fraction (coalesced lipid rafts), like the intact
233B/AC™ and the lipid raft marker NTAL (Fig. 5B). In contrast,
the 233B-KP/AC™ mutant remained in the bulk membrane phase
together with the marker CD71 (transferrin receptor). However,
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FIG 5 The CyaAAAC toxoid delivering OVA,s, ¢, epitope conducts Ca*"
ions into cells and associates with lipid rafts. (A) J774A.1 cells were loaded with
the calcium probe Fura-2/AM at a 3 uM final concentration at 25°C for 30
min. After cells were washed in HBSS medium, toxoid variants (17 nM) were
added at time zero (arrow), and the time course of calcium entry into the
cytosol (elevation of intracellular [Ca®>*]) was monitored by spectrofluorim-
etry (ratiometric measurement) as described elsewhere (10). (B) J774A.1 cells
were incubated for 10 min with the indicated toxoids (1 nM). Detergent-
resistant membrane microdomains were extracted with cold Triton X-100 and
separated by flotation in a sucrose density gradient. The toxoids were detected
in gradient fractions with the 9D4 antibody using Western blots. Results of one
representative experiment of two are shown.

the processing of the B18 protein present in the raft fraction could
not be assessed due to poor resolution of the full-length ~150-
kDa (1,375-residue) B18 protein and its processed form in the
7.5% acrylamide gels used for Western blot analysis.

CyaAAAC toxoids with the AC domain replaced by a CTL
polyepitope sequence prime specific mouse and human CTL re-
sponses. It was next important to examine whether the CyaAAAC
toxoids, having the first 371 residues of the AC domain replaced
by large artificial polypeptides, were still able to deliver the cargo
CTL epitopes for presentation to specific CD8™" T cells. Therefore,
an A+C18 construct was generated, in which the OVA,5; 56,
epitope was integrated into an artificial 135-residue antigen se-
quence derived from the HIV Gag protein (28). The capacity of
the A+C18 construct (for the sequence, see Table 1) to deliver the
OVA,5, .6, marker epitope for antigenic presentation was next
assessed in vivo as the capacity of the A+C18 protein to expand
naive OT-1 CD8™" T cells expressing the T cell receptor specifically
recognizing the OVA 5, »¢, epitope in complex with H-2K® MHC
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class T molecules. To this end, 1.5 X 10° purified CFSE-labeled
CD8™ T cells from OT-I (Ly5.1) transgenic mice were injected i.v.
into syngeneic C57BL/6 (Ly5.2) mice, and 24 h after the transfer,
the mice were immunized by i.v. injection of selected CyaA tox-
oids. Presentation of toxoid-delivered epitope to OT-I cells was
then measured as specific stimulation of OT-I cells. As shown by
comparison to PBS-injected mice (Fig. 6A), 4 days after adminis-
tration of 0.3 nmol of full-length control toxoids (233B/AC™ and
233A+C/AC™) or of the toxoids lacking the AC domain (B18 and
A+C18), a very strong, 100- to 200-fold in vivo expansion (mean
CFSE label intensity decrease per cell) of the adoptively trans-
ferred Ly5.17 CD8" T cells was observed. Moreover, the ex-
panded OT-1CD8™ T cells were functional in terms of IFN-vy and
granzyme B production after restimulation (Fig. 6B).

The expanded CFSE'™" cells represented 2.5% to 4.5% of all
cells in the spleens on average (Fig. 6C). Importantly, 2- to 4-fold-
higher levels of expansion of Ly5.1" CD8™ T cells were observed
in mice that received the AAC toxoids B18 (P < 0.01) and A+C18
(P < 0.05) than in mice receiving 0.3 nmol of the nontranslocating
233B-KP/AC™ toxoid or 2 nmol of free synthetic OVA, 5, 4, pep-
tide with poly(I-C). These results show that B18 and the A+C18
toxoid, which had the AC domain replaced by an artificial poly-
peptide sequence, were still able to deliver the OVA,;,_,4, epitope
into the cytosolic antigen presentation pathway of APCs in vivo,
thus priming a strong OVA,5;_,s,-specific CD8" T cell immune
response in mice.

It is noteworthy that despite being impaired in translocation of
the OVA,5, 64 epitope into cytosol of APCs for presentation in
vitro, the control 233B-KP/AC™ toxoid still exhibited a low but
statistically significant capacity to stimulate proliferation of OT-I
cells in vivo, compared to the PBS control and immunization with
mock toxoid (P < 0.01). This indicates that the capacity of the
233B-KP/AC™ toxoid to specifically bind to CD11b* APCs en-
abled sufficient levels of cross presentation to promote induction
of detectable CD8™ T cell response in vivo.

It was next important to establish the polyepitope delivery and
CD8" CTL-priming capacity of the AAC toxoids in a clinically
relevant system. To this end, advantage was taken of the facts that
50 to 85% of healthy adults are latently infected with cytomegalo-
virus (CMV) and that several strong and highly conserved CD8™
CTL epitopes of the pp65 phosphoprotein of CMV have been
identified (46, 52). Moreover, efficient tools for ex vivo expansion
of CMV-specific CD8™ cytotoxic T lymphocytes exhibit a clear
clinical potential for use in the treatment of CMV disease in recip-
ients of bone marrow transplants (15, 43). Therefore, a B+D18
construct was prepared, in which the AC domain was replaced by
a synthetic 203-residue polypeptide composed of conserved
CD4" and CD8" CTL epitope sequences (Table 1). In parallel, the
same polyepitope was placed adjacent to the OVA, 5, ,¢, epitope in
the control 108A/233D/AC™ toxoid, and it was verified that both
constructs retained the capacity to deliver the OVA,;,_,, epitope
for presentation by APCs in vitro (data not shown). The capacity
of the two constructs to activate and expand human pp65-specific
CD8™ CTLs could then be compared. As shown in Fig. 7A, incu-
bation of PBMCs from CMV-seropositive healthy HLA.A2
donors with 5 nM B+D18 or 108A/233D/AC™ toxoids for 6 h
resulted in a significant increase in the percentage of IFN-vy-
secreting CD8™" T cells (P < 0.01). Consequently, a statistically
significant (P < 0.01) increase in overall IFN-vy production by
PBMC:s from seropositive donors was detected upon 18 h of stim-
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FIG 6 The CyaAAAC toxoid delivering the OVA,;, ., epitope induces expansion of functional antigen-specific CD8" T lymphocytes in vivo. CFSE-labeled
CD8™ T cells (1.5 X 10°) were purified from OT-I mice on a Ly5.1 background and injected i.v. into C57BL/6 mice (Ly5.2 background). Twenty-four hours later,
the mice were immunized i.v. with the indicated toxoids (0.3 nmol) or i.p. with 2 nmol of OVA, ,, peptide with 75 ug of poly(I-C). Control mice received PBS
only. Mice were euthanized 4 days after immunization, and their spleens were analyzed by flow cytometry. (A) Expansion of Ly5.1* CD8™" T cells induced by
immunization with the toxoids or OVA,s 4, peptide plus poly(I-C) relative to the control is shown in bottom right corner of each dot plot. Data from one
representative mouse of two immunized mice per experimental condition are shown. Data are representative of two independent experiments. (B) In vivo-
expanded OVA,,_,4,-specific OT-1 CD8* T cells produce IFN-y and granzyme B. Spleen cells were incubated with 1 uM OVA,;_,, peptide for 6 h in vitro, and
brefeldin A (1 uM) was added for the last 4 h. The percentage of Ly5.1" cells producing IFN-y and granzyme B was determined by flow cytometry and is shown
inside the positive gate in each dot plot. Data are from one representative mouse out of two mice per experimental condition and are representative of two
independent experiments. (C) Percentage of Ly5.1" CD8™ T cells in spleens of immunized mice. Data from repeated experiments involving two mice per group
were pooled, and the horizontal bars represent the mean values. Symbols correspond to individual experiments.

ulation with B+D18 or 108A/233D/AC™ toxoids or a 118-fold-
higher molar amount of the pp65 protein, used as a positive con-
trol (Fig. 7B). In contrast, no such increase in percentage of CD8*
T cells secreting IFN-y or in total secreted amounts of IFN-y was
observed for cells treated with the mock toxoids lacking the pp65
epitopes, such as the B18 protein and AC™ toxoid (Fig. 7A and B).
It can hence be concluded that the AAC protein B+D18 delivered

March 2012 Volume 80 Number 3

the inserted pp65 polyepitope for antigenic presentation by pri-
mary human APCs as efficiently as the full-length 108A/233D/
AC™ toxoid and that both proteins were able to induce specific ex
vivo stimulation of human CMV-specific CD8™" T cells in cultures
of PBMCs of CMV-seropositive donors with a 100-fold-higher
molar efficiency than the free pp65 protein.

Therefore, we next examined the capacity of the B+D18 and
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FIG 7 CyaAAAC toxoid deliveringa CMV pp65 polyepitope effectively activates and expands human CMV-specific CD8* cytotoxic T lymphocytes. (A) Ex vivo
activation of pp65-specific CD8" T lymphocytes. PBMCs (5 X 10°) from CMV-seropositive donors were stimulated in vitro in the presence of the indicated
toxoids (5 nM) or with the pp65 protein (590 nM) for 6 h. The percentage of CD8 " T cells producing IFN-y was determined by flow cytometry. The horizontal
bars represent means of pooled values obtained for PBMC samples from 10 donors. (B) Levels of IFN-vy secreted into culture supernatants by cells stimulated for
18 h as described above were determined using a cytometric bead array. (C) Clonal expansion of pp65-specific CD8" T lymphocytes in PBMC from 10
CMV-seropositive donors cultured for 7 days with 5 nM toxoids and stained with MHC I pentamers loaded with the 495-503 peptide of pp65. (D) Frequency of
clonally expanded IFN-y-producing pp65-specific CD8 " T lymphocytes. Washed PBMCs cultured for 7 days in the presence of 5 nM toxoids were restimulated
by coincubation with T2 cells pulsed with 10 ug/ml of CMV pp65 peptide (amino acids 495 to 503) ata 10:1 ratio for 4.5 h. Background levels of IFN-+y production
resulting from restimulation with T2 cells loaded with an irrelevant HIV-1 Pol peptide were subtracted. (E) Levels of IFN-vy secreted into culture supernatants by
clonally expanded pp65-specific CD8 " T cells following restimulation for 9 h. (F) Clonally expanded pp65-specific CD8* T lymphocytes were coincubated at the
indicated target/effector (T:E) ratios with 4 X 10* CFSE-labeled T2 cells pulsed with 10 wg/ml CMV pp65 peptide (amino acids 495 to 503). T2 cell permeabi-
lization was determined after PI staining by FACS analysis. Background lytic activity on T2 cells pulsed with the irrelevant HIV-1 Pol peptide was subtracted. The
data were obtained with PBMCs from nine CMV-seropositive donors.

108A/233D/AC™ toxoids to expand CMV-specific CD8™ T cells
recognizing the HLA-A*0201-restricted pp65 epitope NLVPM
VATV (residues 495 to 503). As documented in Fig. 7C by com-
parison to mock-treated or control PBMCs, after 7 days of culture
of PBMC with 5 n1M B+D18 and 108A/233D/AC™ toxoids, a sig-
nificant expansion of CMV pp65-specific CD8™ T lymphocytes
was detected using MHC I pentamers loaded with the 495 to 503
pp65 peptide. Indeed, IFN-vy-secreting CD8 ™" T cells represented
10 to 35% of all CD8™ T cells present (Fig. 7D), and this pp65-
specific stimulation was accompanied by a 10-fold increase (up to
18,000 pg/ml) of levels of secreted IFN-vy (Fig. 7E). As further
shown in Fig. 7F, the expanded CD8™ T cells exhibited a cytotoxic
capacity and permeabilized T2 target cells pulsed with the 495 to
503 peptide of pp65, compared to control cells, which were cul-
tured with mock toxoid (P < 0.01). The ex vivo stimulation with
the B+D18 and 108A/233D/AC" toxoids therefore resulted in
comparably high levels of activation and expansion of functional
CMV pp65-specific human cytotoxic CD8" T lymphocytes
(CTLs), which were able to specifically permeabilize T2 cells
pulsed with the CMV pp65 peptide.
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DISCUSSION

We show here that the AC domain of Bordetella adenylate cyclase
toxin is entrained across the membrane of CD11b-expressing tar-
get cells as a mere passenger in a delivery step accomplished en-
tirely by the RTX Hly moiety of the toxin (last 1,333 residues of
CyaA). Unexpectedly, the deletion mapping results showed that
the AC enzyme domain does not contain any segments that would
play any active structural or mechanistic role in the process of AC
polypeptide translocation across the cytoplasmic membrane of
target cells. Indeed, the Hly moiety was also able to deliver to the
cytosol two unrelated, 146- and 203-residue long artificial poly-
peptides extending from the N-terminal end of the Hly moiety in
place of the AC domain. Delivery of the OVA,,,_,, epitope into
cells by CyaAAAC constructs was, however, inhibited upon bind-
ing of the 3D1 antibody to the segment located between residues
372 and 400 of CyaA (22, 27), which links the AC domain to the
Hly moiety. This linker segment was preserved in all CyaAAAC
constructs able to deliver to the cytosol the N-terminally attached
artificial polypeptides, and its deletion with the first 424 residues
abolished the capacity of CyaAAAC to translocate the attached
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polypeptides. Collectively, these results suggest that the segment
linking the AC and Hly moieties plays a structural role and needs
to be inserted across the cell membrane during the AC domain
delivery.

Recently, processing of the CyaA molecule upon translocation
of the AC domain across the target membrane was found to lib-
erate the AC for action inside cells (4, 38, 49). This would suggest
some resemblance of the mode of AC domain penetration into
cells to the mechanism employed by A-B toxins. These typically
consist of an enzymatic A component that is either noncovalently
associated with the receptor-binding B moiety or linked to it by a
disulfide bond that is reduced within the cytosol (7). Classical A-B
toxins, however, deliver the enzymatic A subunit to the cytosol
only upon receptor-mediated endocytosis. In sharp contrast, the
AC domain of CyaA reaches the cytosol by direct translocation
across the cytoplasmic membrane. Inhibitors of the known endo-
cytic pathways do not interfere with translocation of the AC do-
main of CyaA into cells and elevation of cytosolic cAMP or with
the AC domain-mediated delivery of inserted CD8" T cell
epitopes into the cytosol of antigen-presenting cells (4, 14, 17, 42).

Recently, we showed that AC translocation into cells occurs in
two steps, where the membrane-inserted translocation precursor
of CyaA first generates a calcium-conducting path across the cell
membrane (4). The incoming extracellular Ca>* next activates
cytosolic calpain for processing of the talin tether of CD11b/CD18
to the actin cytoskeleton, thereby mobilizing the toxin-receptor
complexes for relocation into cholesterol-rich membrane lipid
rafts (4). Indeed, as documented in this study, a reduced but read-
ily detectable capacity to conduct calcium ions into CDI11b-
expressing J774A.1 cells was still associated with the B18 construct
able to deliver the N-terminally fused OVA, 4 ,5, polypeptide into
cells. Such calcium-conducting activity is likely to also play an
important role in the capacity of the toxoids to deliver the larger
artificial polyepitopes (i.e., A+C18 and B+D18) into cells. This is
suggested by our recent observation that toxoid-mediated influx
of calcium ions into cells results in deceleration of the endocytic
uptake (removal) of CyaA with cell membrane. As a result, a pos-
itive feedback loop of exacerbated cell permeabilization is initi-
ated, where the efflux of potassium ions from permeabilized cells
through toxin pores further decelerates the clathrin-mediated en-
docytosis of the toxin-receptor complexes (R. Fiser et al., submit-
ted for publication).

Moreover, we recently observed that the CyaA-AC™ toxoid can
promote maturation of bone marrow derived dendritic cells in
vitro, and work in progress indicates that this is due to the capacity
of the toxoid to conduct calcium ions and permeabilize antigen-
presenting cells for K efflux (M. Kosova, I. Adkins, R. Fiser, J.
Masin, and P. Sebo, unpublished data). Such an adjuvant effect of
the toxoid moiety is likely to contribute to the efficacy of induc-
tion of CTL responses to the delivered epitopes. A recent study
showed that by eliciting K™ efflux from dendritic cells, and per-
haps some other CD11b-expressing phagocytes, the pore-forming
activity of CyaA contributes to activation of the NALP3 inflam-
masome (5) and thereby to induction of innate IL-18 response,
which may also be important for expansion of anti-tumor CTL
responses (11).

It will hence be interesting to explore in more detail the relation
between the capacity of CyaA toxoids to promote influx of cal-
cium and efflux of potassium ions and their capacity to deliver
CTL epitopes for MHC class I-restricted presentation to CD8™ T
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lymphocytes. Enzymatically inactive but pore-forming CyaA-
AC™ toxoids have been extensively used over the past 18 years for
delivery of AC-inserted CD8" and CD4™ T cell epitopes from
viruses, mycobacteria, and tumors into the MHC class I- and II-
restricted antigen presentation pathways of CD11b-expressing
dendritic cells (8,9, 21, 31, 41). Promising CyaA-derived vaccines
delivering within the AC domain a defined CD8* CTL epitope
from human tyrosinase or two large segments of the E7 oncopro-
tein of human papillomavirus 16 (HPV16) and HPV18 have en-
tered phase I clinical studies and are being evaluated as experi-
mental immunotherapeutic treatments for metastatic melanoma
and cervical cancer, respectively. The results presented here pro-
vide the proof of concept for construction of a second generation
of CyaA-based antigen delivery tools having the entire AC domain
replaced by large artificial CTL polyepitope strings or entire
tumor-specific antigens. This provides grounds for the design of
polyvalent CTL vaccines.
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ADDENDUM IN PROOF

After our paper was published ahead of print, it was brought to
our attention that the hemolysin moiety of CyaA (residues 373 to
1,706) was able to deliver across the cytoplasmic membrane of
erythrocytes and into cytosol of target cells also the enzymatically
active C180 fragment of the pertussis toxin subunit S1 (Iwaki M,
Kamachi K, Sato H. 1998. Biological activities of the subunit of
pertussis toxin: analysis of PTS1-ACT fusion. Zentbl. Bakteriol.
Suppl. 29:64-65). This work by Iwaki et al. is in line with conclu-
sions of our study.
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