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Modified MHC Class II–Associated Invariant Chain Induces
Increased Antibody Responses against Plasmodium
falciparum Antigens after Adenoviral Vaccination

Cyrielle Fougeroux,* Louise Turner,* Anders Miki Bojesen,† Thomas Lavstsen,* and

Peter Johannes Holst*

Adenoviral vectors can induce T and B cell immune responses to Ags encoded in the recombinant vector. The MHC class II

invariant chain (Ii) has been used as an adjuvant to enhance T cell responses to tethered Ag encoded in adenoviral vectors. In this

study, we modified the Ii adjuvant by insertion of a furin recognition site (Ii-fur) to obtain a secreted version of the Ii. To test the

capacity of this adjuvant to enhance immune responses, we recombined vectors to encode Plasmodium falciparum virulence

factors: two cysteine-rich interdomain regions (CIDR) a1 (IT4var19 and PFCLINvar30 var genes), expressed as a dimeric Ag.

These domains are members of a highly polymorphic protein family involved in the vascular sequestration and immune evasion of

parasites in malaria. The Ii-fur molecule directed secretion of both Ags in African green monkey cells and functioned as an

adjuvant for MHC class I and II presentation in T cell hybridomas. In mice, the Ii-fur adjuvant induced a similar T cell response,

as previously demonstrated with Ii, accelerated and enhanced the specific Ab response against both CIDR Ags, with an increased

binding capacity to the cognate endothelial protein C receptor, and enhanced the breadth of the response toward different CIDRs.

We also demonstrate that the endosomal sorting signal, secretion, and the C-terminal part of Ii were needed for the full adjuvant

effect for Ab responses. We conclude that engineered secretion of Ii adjuvant–tethered Ags establishes a single adjuvant and

delivery vehicle platform for potent T and B cell–dependent immunity. The Journal of Immunology, 2019, 202: 2320–2331.

A
denoviruses are a promising solution for a new genera-
tion of vaccines to replace vaccines that are either fi-
nancially and/or technically challenging to generate

(1–3) (also see the U.S. National Library of Medicine website,
https://clinicaltrials.gov/ct2/results?cond=&term=adenovirus&cntry=
&state=&city=&dist, to review the diverse array of existing adeno-
virus clinical trials). Indeed, adenoviruses are robust vehicles for

transient gene delivery (4, 5) and elicit potent and long-lasting
transgene-targeted immune responses (6–9). However, whereas
the viral capsid provides extracellular Ags for induction of CD4+ T cell
responses, the transgene is delivered solely in the adenoviral DNA.
Accordingly, the encoded Ag is preferentially presented to the immune
system through MHC class I (MHCI), and the transgene-specific T cell
response is shown to be mostly CD8+ T cell–mediated (10). Con-
versely, studies have shown that Abs play a primary role in protection
after vaccination (11–13), and CD4+ helper T cells are required after
viral infection to stimulate B cells to proliferate, affinity maturate, and
secrete Abs for weeks after immunization (14–16). Therefore, to obtain
potent and long-lasting transgene immunity after vaccination with ad-
enovirus, concomitant helper T cells and B cell priming against the
transgene might be needed to improve Ab responses.
To increase the transgene immune response after adenoviral vac-

cination, different methods have proven efficient, such as engineering
the Ag for secretion (17), oligomerization (18), or increased transgene
expression (19). Currently, one of the best genetic adjuvants is fusion
of Ags to the C terminus of the MHC class II (MHCII)-associated
invariant chain (Ii), which was shown to increase both MHCII and
MHCI presentation, inducing higher T cell responses in mice (20, 21)
and in primates (22, 23) after adenoviral vaccination. Enhancement
of MHCI presentation is not yet fully understood (24); however,
MHCII presentation is increased as a result of Ii being a direct
transporter of the Ag to the MHCII loading compartment (direct
pathway) (25–28). Additionally, tethering of the transgene to the Ii
also enables the transport of the Ii–Ag for direct presentation on the
cell surface of all infected cells. Therefore, the presence of the
complex on the cell surface allows direct presentation of the Ag as
well as reuptake into the endosomes (indirect pathway), thanks to the
endosomal sorting signal (ESS) domain (29–32). However, the Ii has
been shown to induce a limited increase in humoral responses, and
therefore we hypothesized that further secretion of an Ii–Ag complex
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would increase B cell immune responses while potentially main-
taining the T cell adjuvant effect shown with the native Ii sequence.
To test this, we designed a strategy in which a synthetic furin rec-

ognition site (fur) was inserted between the CLIP and the trimerization
domain of the Ii sequence and upstream of the C-terminal trimerization
domain (33) to direct secretion of a trimerized Ag. The Ag thus se-
creted would become tethered to the C terminus of the Ii, which was
considered beneficial, primarily to ensure oligomerization, but it would
also link it to the C-terminal part of the Ii that, in soluble form, inhibits
immune signaling pathways implicated in parasite immune evasion
(34, 35). Furin is an endoprotease that is mostly active in the trans-
Golgi network (TGN), where it cleaves preproteins containing the fol-
lowing recognition site: Arg–X–Lys/Arg–Arg in the secretory pathway
(36). From predictions, cleavage of an Ii–Ag complex in the TGN
would therefore sort the Ag to the plasma membrane for secretion to the
extracellular compartment, as shown in Fig. 1, thereby increasing Ag
accessibility to B cells. As Ii also exhibits TGN-independent sorting
to endosomes, with the ESS and a direct capacity to enhance MHCI
loading, the result might be a concomitant increase in Ag presen-
tation to CD4+ T cells, CD8+ T cells, and B cells.
To test the ability of the proposed adjuvant to increase immune re-

sponses, we used known Plasmodium falciparum virulence-associated
proteins as model Ags. P. falciparum is the causative agent of most
clinical cases of malaria, one of the most lethal infectious diseases
worldwide (37). P. falciparum malaria pathogenesis is due to parasite
sequestration in the host organs, mediated by P. falciparum erythrocyte
membrane protein 1 (PfEMP1) binding to endothelial protein C
receptor (EPCR) (38, 39). Immunity to severe malaria is thought
to be mediated through Abs targeting the EPCR-binding cysteine-
rich interdomain region (CIDR) a1 domains, which in response to
immune-mediated selection have diversified in sequence but
retained a common structure for EPCR binding (40). We chose to
work with two CIDRa1.1 domain variants, CIDRa1.1_IT4var19
and CIDRa1.1_PFCLINvar30, in the anticipation that oligo-
meric immunogens may eventually be a requirement for vacci-
nation against many of the main vaccine challenges (e.g.,
malaria, HIV, and cancer).

This paper describes the immunogenic properties of our newly
designed adjuvant, Ii adjuvant by insertion of a fur (Ii-fur), by
detecting immune responses to the fused CIDRa1.1 Ags in ade-
noviral vaccine, as well as to a panel of recombinant CIDRa1
protein variants. We show that CIDRa1.1 Ags with N- and C-
terminal extensions are secreted through the Ii-fur adjuvant and
preserve their natural conformation. When expressing Ii-fur–
linked CIDRa1.1 domains, we showed that the insertion of a fur
promoted Ag secretion while retaining Ii adjuvant capacities.
Additionally, in vivo, the Ii-fur tethering of the Ag was capable of
inducing an increased CIDRa1 Ab response compared with Ags
fused to Ii alone but was dependent on the ESS and the C-terminal
domain of the Ii to obtain the full adjuvant effect. We conclude
that the Ii adjuvant, with the fur allowing secretion of the tethered
Ag to Ii, is an efficient adjuvant system to induce both improved
T and B cell responses after adenoviral vaccination.

Materials and Methods
Ethical statements

Female BALB/c mice at the age of 6–8 wk were purchased from Taconic
M&B (Ry, Denmark) and housed at the Panum Institute (Copenhagen,
Denmark). All experiments were initiated after allowing the mice to ac-
climatize for at least 1 wk. Experiments were approved by the National
Animal Experiments Inspectorate (Dyreforsøgstilsynet, license no. 2011/
561-120) and performed according to national guidelines.

Design and production of adenoviral vaccines

Different adenoviral constructs were designed based on replication-
deficient E1-deleted human adenovirus type 5 (hAd5) (41), in which all
adjuvant–Ag complexes were inserted in the E1 region. The encoded Ags
were fused to the C terminus of five different adjuvants: albumin signal
peptide (Sp-alb), Ii, Ii-fur, Ii deleted in the first 17 aa inserted with the furin
site (Δ17-Ii-fur), and Ii with a C-terminal furin cleavage (Ii-Cterm-fur)
(Fig. 2). For MHCI- and II-restricted Ag presentation studies, the same
constructs were engineered to encode chicken OVA with its endogenous
stop site (Fig. 2A), except for the secreted form of OVA, corresponding to
the Sp-alb for the CIDRa1.1, in which no signal peptide was inserted as
OVA already contains one for secretion. For immunogenicity studies, the
adenovirus constructs were inserted with CIDRa1.1 of pfemp1 genes

FIGURE 1. Schematic theories of the intracellular mechanism and function of Ii and Ii-fur. (A) 1) After adenoviral infection, the Ii–Ag trimer (because of the Ii

trimerization domain) is either transported to the endosomes through the ESS (1–17 first peptides), where the Ii–Ag complex will be degraded due to low pH. The

presence of the complex in the endosomes increases the chances of the fused Ag peptides to be presented on MHCII and, therefore, enhances the CD4+ response to

the Ag. This is called direct presentation. 2) The indirect presentation is due to the fact that Ii–Ag complex is also sorted to the TGN and will be presented on the

surface of the cell, where it will be available for reuptake in the endosomes thanks to the ESS and follow the same route as the direct pathway from there. 3) Ii also

increases MHCI presentation; however, the mechanism is not yet known. (B) After infection of the cells with the adenovirus inserted with Ii-fur adjuvant, as seen

with the Ii, it can be transported either directly to the endosomes or through the TGN. 1) If it is directly transported to the endosomes, the direct pathway for

increased MHCII should be conserved. 2) However, when the Ii is transported to the Golgi, the furin protease will be active and cleave the fur inserted in the

complex prior to the trimerization domain. A cleaved protein in the Golgi will be sorted to the plasma membrane for secretion, and therefore a trimerized Ag fused

to a part of Ii will be transported to the extracellular compartment to be secreted out of the cell. This will increase the accessibility of our Ag to both CD4+ T cells

and B cells while retaining partly MHCII loading enhancement through the direct pathway and 3) similar to the Ii adjuvant, potential MHCI loading enhancement.
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IT4var19 and PFCLINvar30 linked by a G-S linker (referred to as “19–30”
in figures) and expressed as they would be in a polymeric vaccine by re-
moving the stop codon and using a downstream codon to add a C-terminal
tail (Fig. 2B). The inserted adjuvant–Ag complexes were flanked by the
human CMV promoter (huCMV) and an SV40 polyadenylation signal. For
all constructs, hAd5 vectors were produced by homologous recombination
in BJ5183 cells (42). In vitro expression of the encoded Ags was placed
under the control of a tetracycline operator (43). After amplification in
HEK293 cells expressing a tetracycline repressor, the adenoviruses were
purified using a caesium chloride gradient as described elsewhere (44).

Ag identification and secretion

Production and purification of recombinant Ags used for immunoassays
(recombinant CIDRa1 and recombinant human EPCR [rhEPCR]) were
produced internally as explained by Turner et al. (45). Secretion of the Ags was
investigated by infecting COS7 cells with 10 infectious units (IFU)/cell or
VERO cells with 50 IFU/cell with the different hAd5 constructs inserted with
CIDRa1.1 IT4var19–PFCLINvar30. After 24 h, incubation medium was
replaced with serum-free medium. Supernatant (SN) and cells were harvested
48 h postinfection, and cells were lysed with NP40 (Invitrogen) and
protease inhibitor mixture. SN was concentrated using Vivaspin 20 col-
umns (Sartorius). SN from infected cells were run on SDS-PAGE and
recognized by immunized rat serum against the two encoded CIDRa1.1
proteins. The primary Ab was recognized with an anti-rat alkaline phos-
phatase Ab (Calbiochem) revealed with BCIP/NBT tablets (Sigma-
Aldrich). Quantification of the Western blot was done by ImageQuant TL,
in which the number of pixels for each band was detected thanks to similar-
size squares. Functionality of IT4var19 and PFCLINvar30 CIDRa1.1 protein
domains in SN and cell lysates of COS7 cells was investigated by testing the
binding to their natural ligand, human EPCR. After coating Nunc MaxiSorp
plates with 3 mg/ml rhEPCR ectodomain, SN and cell lysates were added to
the wells. Interaction of the two proteins was revealed by recognition of
either anti-CIDRa1.1_IT4var19 or anti-CIDRa1.1_PFLCINvar30 rat sera.
Rat Abs were recognized with HRP-conjugated polyclonal rabbit anti-rat
(Invitrogen). OD was measured at 450 nm using an ELISA plate reader
(VersaMax; Molecular Devices). To further investigate the functionality of

IT4var19 and PFCLINvar30 CIDRa1.1 protein domains in SN, adenovirus
SN from COS7 cells infected with Ii-fur–IT4var19–PFLCINvar30 or
recombinant PfEMP1 protein (HB3var03) was panned on rhEPCR-coated
wells (3 mg/ml). The procedure was repeated four times to ensure complete
depletion. Fifty microliters of the EPCR-depleted and nondepleted SN or 5
mg/ml of the EPCR-depleted and nondepleted proteins were used to coat
ELISA plates. After blocking, rat polyclonal anti-CIDRa1.1_IT4var19 or
anti-CIDRa1.1_HB3var03 serum was added to the wells. Proteins were
identified with anti-rat HRP and revealed using TMB PLUS (Kem-En-Tec
Diagnostics). OD was measured at 450 nm using an ELISA plate reader
(VersaMax; Molecular Devices).

Analyses of MHCI and MHCII presentation of OVA

For MHCI Ag presentation, JAWSII cells were infected with 250 multi-
plicity of infection (MOI)/cell of the different hAd5 constructs inserted
with OVA (Fig. 2A). The next day, cells were washed and stained with
anti-mouse H-2Kb bound to SIINFEKL-PE (BioLegend). Fluorescence
was analyzed on a FACSCalibur (BD Biosciences). For MHCII Ag pre-
sentation, 105 JAWS cells were infected with 250 MOI/cell of the different
hAd5 constructs inserted with OVA (Fig. 2A). Twenty-four hours later,
cells were washed and incubated with 4 3 104 BO-97.10 cells, T cell
hybridomas that respond to a chicken OVA peptide (aa 327–339) bound
to MHCII, a generous gift from J. Kappler and P. Marrack (46). After 96 h
of coculture, SN was harvested, and Il-2 levels were measured by ELISA
(eBioscience).

Analyses of T cell responses

To measure specific T cell responses, BALB/C mice were vaccinated in the
right hind paw with 2 3 106 IFU of hAd5–Ii-fur–IT4var19–PFCLINvar30
(n = 5), hAd5–Sp-alb– IT4var19–PFCLINvar30 (n = 5), or hAd5–
Ii-IT4var19–PFCLINvar30 (n = 5). Seven days later, the spleens were
harvested, and lymphocytes were incubated with relevant peptides (1 mg/ml
PFCLINvar301822190) at 37˚C and 5% CO2 for 5 h. After incubation, cells
were stained according to standard protocols as described by Ragonnaud
et al. (47) using the following Abs (BioLegend): CD8_PerCP.Cy5.5,

FIGURE 2. Sketch of the different hAd5 constructs used in the study. (A) Five hAd5 vectors were designed, all encoding chicken OVA fused to different

adjuvants (Ii-fur, Ii, Ii-Cterm-fur, and Δ17-Ii-fur) and the standard chicken OVA secreted with the internal signal peptide (OVA). The inserted adjuvant–Ag

complexes were flanked by the huCMV and an SV40 polyadenylation signal. (B) Five hAd5 vectors were designed encoding dimeric Ags: IT4var19 and

PFCLINvar30 CIDRa1.1 domains fused to different adjuvants (Ii-fur, Ii, Sp-alb, Ii-Cterm-fur, and Δ17-Ii-fur). The inserted adjuvant–Ag complexes were

flanked by the huCMV and an SV40 polyadenylation signal. (C) Schematic representation of the Ags produced with the different adenovirus constructs.

Ii-fur and Δ17-Ii-fur will secrete a trimeric Ag and Ii-Cterm-fur and Sp-alb adjuvants will produce a secreted monomer, whereas Ii will have a trimeric

Ag–Ii complex bound to the surface of the cell.
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CD4_FITC, B220_Pacific Blue, CD44_allophycocyanin, IFN-g_allophyco-
cyanin, and TNF-a_PeCy7. The data were collected on a Fortessa 3-laser
instrument (BD Biosciences) and analyzed using FlowJo software (Tree Star,
Ashland, OR).

Vaccination in mice for assessment of Ab responses

Female BALB/c or C57BL/6 mice were vaccinated on day 0 with 2 3 109

particles i.m. with hAd5–Ii-fur–IT4var19–PFCLINvar30, hAd5–Sp-alb–
IT4var19–PFCLINvar30, hAd5–Ii–IT4var19–PFCLINvar30, hAd5–Δ17-
Ii-fur–IT4var19–PFCLINvar30, or hAd5–Ii-Cterm-fur–IT4var19–PFCLINvar30
(n = 5 per group) and boosted 8 wk later with a homologous boost (2 3 109

particles i.m.). Blood samples were harvested prior to vaccination to use as
an internal control, as well as 2, 6, and 10 wk after the first vaccination.

Detection of Abs by ELISA

Nunc MaxiSorp plates were coated with 5 mg/ml IT4var19 or PFCLINvar30
recombinant CIDRa1.1 protein domain, produced as previously described
(40). When comparing Ii-fur to Sp-alb and Ii, vaccine serum was diluted to
1:50 and analyzed at a single dilution (week 2 and week 6) or in 3-fold
dilutions (week 10). To compare between all the mutants, serum was di-
luted to 1:5 and analyzed at a single dilution (week 2 and week 6) or in
2-fold dilutions (week 10), based on previous optimization. Abs recog-
nizing specifically CIDRa1.1_IT4var19 or CIDRa1.1_PFCLINvar30 were
detected with HRP-conjugated polyclonal rabbit anti-mouse Ig (P260;
DAKO, Glostrup, Denmark). The presence of Abs was detected using
TMB PLUS (Kem-En-Tec Diagnostics). OD was measured at 450 nm
using an ELISA plate reader (VersaMax; Molecular Devices) (48).

Detection of inhibitory Abs by ELISA

To test the capacity of the induced Abs to inhibit binding of the encoded Ags to
their natural ligand (EPCR), Nunc MaxiSorp plates were coated with 3 mg/ml

rhEPCR. Mouse serum, diluted to 1:50, was mixed with recombinant
IT4var19 or PFCLINvar30 proteins, tagged with V5, and tested for the
ability of the Ab to prevent the recombinant proteins from binding
to EPCR. Binding to EPCR was identified by HRP Ig anti-V5 tag
and revealed using TMB PLUS (Kem-En-Tec Diagnostics). OD was
measured at 450 nm using an ELISA plate reader (VersaMax; Molecular
Devices).

Analyses of cross-reactive Abs by Luminex

Cross-reactive Abs were detected in serum of BALB/c mice 10 wk after
vaccination using multiplex assay. In brief, serum was diluted to 1:50 and
incubated with 45 microsphere beads, each coated with a different CIDRa1
protein variant, thus representing the sequence variation among CIDRa1
domains (40). IgG reactivity to the beads was quantified by luminescence,
as described by Cham et al. (45).

Statistical analysis

Nonparametric Mann–Whitney U tests were performed for assessing im-
mune responses using Ii-fur adjuvant as compared with the other adju-
vants. For recognition ELISA, sera from week 10 were diluted in serial
fold dilutions in the wells and analyzed with a nonlinear regression curve.
Areas under the curve (AUC) were calculated and plotted for comparison.
Statistical analyses were performed using GraphPad Prism, and p values,0.05
were considered significant.

Results
Different genetic adjuvants were inserted into hAd5 vectors to
study the properties of the Ii-fur adjuvant (Figs. 1, 2) in the context
of two different Ags (OVA for MHC-restricted Ag presentation
studies and CIDRa1.1 domains for immunogenicity studies). The

FIGURE 3. The proteins encoded with Ii-fur adjuvant are secreted as trimers. (A) Identification of CIDRa1.1_PFCLINvar30 by Western blot in de-

naturing (+DTT) and nondenaturing conditions (2DTT) in the SN of infected VERO cells with 50 IFU/cell of hAd5–Ii-fur–IT4var19–PFCLINvar30,

hAd5–Sp-alb–IT4var19–PFCLINvar30, hAd5–Ii–IT4var19–PFCLINvar30, hAd5–Δ17-Ii-fur–IT4var19–PFCLINvar30, or hAd5–Ii-Cterm-fur–IT4var19–

PFCLINvar30 virus. (B) Explanatory table showing the expected migration band size of the above secreted proteins. (C) Identification of

CIDRa1.1_PFCLINvar30 by Western blot in nondenaturing conditions (2DTT) in the SN of infected COS7 cells with 50 IFU/cell of hAd5–Ii-fur–

IT4var19–PFCLINvar30, hAd5–Sp-alb–IT4var19–PFCLINvar30, hAd5–Ii–IT4var19–PFCLINvar30, hAd5–Δ17-Ii-fur–IT4var19–PFCLINvar30, or hAd5–
Ii-Cterm-fur–IT4var19–PFCLINvar30 virus for quantification analysis. (D) Quantification analysis of the bands present on the Western blot for

hAd5–Ii-fur–IT4var19–PFCLINvar30 and hAd5–Ii-Cterm-fur–IT4var19–PFCLINvar30 virus secreted in infected COS7 cells. The above Western

blot shows the analyzed bands: 1 for monomer, 2 for dimer, and 3 for trimer. Several Western blots from the same infected cells were quantified;

each bar represents the mean of the triplicates, and the number of pixels was compared between the two viruses with nonparametric Mann–Whitney

U tests. ***p , 0.0001. ns, not significant.
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adenovirus 5 containing the Ii-fur adjuvant was compared with a
secreted encoded Ag (Sp-alb) and to Ii-tethered Ag, two well-
known adjuvants in the literature. To explore the importance of
the trimerization domain of the Ii, the fur was inserted after the
trimerization domain (Ii-Cterm-fur), thus preventing any Ii-
mediated role of the secreted C terminus in Ii attachment to the
secreted Ag while keeping the other adjuvant effects of the Ii and
secretion. ESS was deleted (Δ17-Ii-fur) from the Ii, as it has been
suggested to be important for MHCII presentation (29, 30, 32).
This will impair both indirect and direct pathways through the
endosomes, thus potentially affecting CD4+ T cell and B cell re-
sponses. All constructs and properties of each adjuvant can be
seen in Fig. 2.

Analysis of the expression of encoded CIDRa1.1 Ags

To confirm the secretion of the encoded P. falciparum–derived Ags
(CIDRa1.1_IT4var19 and CIDRa1.1_PFCLINvar30) with the Ii-
fur adjuvant, COS7 and VERO cells were infected with the five
different hAd5 constructs (Fig. 2B). SN were run on a Western
blot under both denaturing (SDS plus DTT) and partially dena-
turing (SDS minus DTT) conditions. Secretion of the coupled Ags
was analyzed from VERO cells (Fig. 3A, 3B) and COS7 cells
(Fig. 3C, 3D). Under both denaturing and nondenaturing condi-
tions (Fig. 3A), we could confirm secretion of the proteins from Ii-
fur, Sp-alb, Ii-Cterm-fur, and Δ17-Ii-fur constructs, confirming our
theory that the insertion of a furin site would induce secretion, as
opposed to the Ii construct. Additionally, the constructs with furin
inserted internally in the Ii (Ii-fur and Δ17-Ii-fur) induced a se-
creted protein of higher weight (Fig. 3B) compared with proteins
secreted without tethered Ii (Ii-Cterm-fur and Sp-alb). Under
nondenaturing conditions (Fig. 3A, 3C), we could detect a trimeric
CIDRa1.1_PFCLINvar30 of the expected size in the Ii-fur and
Δ17-Ii-fur constructs, indicating the trimerization of the Ags as
expected due to the presence of the C-terminal Ii. However, other
constructs (Sp-alb and Ii-Cterm-fur) also show some high m.w.

proteins (dimer and trimer), which is not expected but could
be explained by the multiple cysteines present in the CIDRa1
domains inducing oligomerization. To better characterize poten-
tial quantitative differences in dimer and trimer secretion of the
C-terminal Ag, we quantified the dominant secreted species of
Ii-fur– and Ii-Cterm-fur–secreted proteins from COS7 cell SN.
These results clearly indicated that dimers and trimers were the
predominant antigenic forms of both Ags, and pixel-based quan-
titation showed an equal ratio for Ii-fur and Ii-Cterm-fur trimer
(Fig. 3C, 3D). Therefore, as Ii-Cterm-fur did not produce a mo-
nomeric version of the Ag as expected, this construct will further
be used only to determine the role of the C-terminal domain in the
Ii-fur adjuvant effect. Similar results were obtained for detection
of CIDRa1.1_IT4var19 in VERO cells (data not shown). To in-
vestigate if the correct folding and accessibility of the Ags were
preserved even with multimerized Ags (Ii-fur, Δ17-Ii-fur, Ii, and
Ii-Cterm-fur) and potential aggregation as seen in the Western
blot, both cell lysates (Fig. 4A) and SN (Fig. 4B) from COS7 cells
were checked for the presence of functional CIDRa1.1 protein.
This was done by measuring the ability of the secreted proteins to
bind to their natural ligand, EPCR, using the same SN as applied
for quantitation in Fig. 3C. We could detect binding to EPCR with
both encoded Ags in the SN and cell lysates. Ii-fur constructs
(including the mutations Δ17-Ii-fur and Ii-Cterm-fur, albeit to a
slightly lesser extent) induced higher levels of EPCR-binding
secreted Ags in the SN as compared with Sp-alb. Functional Ii–
CIDRa1 Ag was only secreted at minimal levels but retained at
high levels intracellularly. These results were expected because
Ii-fur constructs Δ17-Ii-fur and Ii-Cterm-fur are secreted through
the fur, as opposed to Ii present on the cell membrane. The se-
cretion difference between the Ii constructs and the Sp-alb was
also seen when using OVA Ags (data not shown), indicating that
Ii might be also used as a chaperone protein intracellularly. These
findings confirmed that the conformation of the Ags and acces-
sibility of the EPCR-binding epitopes were not prevented by the

FIGURE 4. The proteins encoded with Ii-fur adjuvant are correctly folded. (A and B) Analysis of the capacity to bind to EPCR by expressed proteins in

the SN (extracellular) or cell lysates (intracellular) after infection of COS7 cells with 10 IFU/cell of hAd5–Ii-fur–IT4var19–PFCLINvar30, hAd5–Sp-alb–

IT4var19–PFCLINvar30, hAd5–Ii–IT4var19–PFCLINvar30, hAd5–Δ17-Ii-fur–IT4var19–PFCLINvar30, or hAd5–Ii-Cterm-fur–IT4var19–PFCLINvar30

virus. Each bar represents the mean of the triplicates with SD. (C) SN from COS7 cells infected with hAd5–Ii-fur–IT4var19–PFCLINvar30 and HB3var03

purified protein were tested for IT4var19 or HB3var03 Ab recognition in ELISA before (nondepleted) or after (depleted) sequestration of the proteins by

EPCR binding. Each bar represents the mean of duplicates done for each condition.
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trimerization induced by the Ii, which is encouraging for future
oligomeric Ag designs. Because we detected some aggregates in
the Western blot figures, we further explored the question of how
much of the Ag was fully functional, as the potential trimers seen
in Ii-fur construct could just be aggregates. As we would not
expect aggregates to bind as specifically to EPCR, we subjected
the cell SN from Ii-fur–transfected cells to Ag sequestration by
EPCR (Fig. 4C). In this experiment, 80% of the secreted Ag was
retained by EPCR binding and therefore lost when analyzing the
depleted SN. This confirms the specificity of the previous assay
and a very high degree of functionally folded EPCR, despite the
presence of multiple oligomeric forms. Notably, from these olig-
omers, we cannot rule out the possibility that only some of the
individual EPCR-binding CIDR domains within the oligomers are
functional, as this would still lead to EPCR sequestration.

Potency of the Ii-fur adjuvant to retain the T cell adjuvant
effect of Ii

In addition to verifying secretion of the Ags, it was important to
ensure that the adjuvant effect previously reported for Ii-fused Ags
(increase of MHCI and MHCII presentation as well as CD8+

adjuvant) was not altered by the insertion of a fur. To ascertain
this, similar constructs to those encoding malaria Ags were made
but encoding OVA Ag (Fig. 2A). The insertion of OVA allows direct
investigation of MHCI- and MHCII-restricted epitope presentation
at the surface of APCs. Dendritic cell–like cells (JAWSII) were
infected with the five different OVA adenoviruses and showed a
similar increase of MHCI presentation of OVA peptide, with or
without the addition of the fur, compared with the construct with
secreted OVA (Fig. 5A). However, the Δ17-Ii-fur–OVA-inserted
hAd5 showed a decreased presentation of the OVA. This is surprising,

as a previous article showed that the endosomal sorting pathway is
mainly involved in MHCII presentation and that Δ17-Ii-fur–OVA-
inserted hAd5 provides a similar or an improved immune response
compared with Ii–OVA-inserted hAd5 (49).
MHCII-restricted Ag presentation was investigated by coculture

of dendritic cell–like cells (JAWS II) with T cell hybridomas that
specifically respond to a chicken OVA peptide (aa 327–339)
bound to MHCII. IL-2 secretion was used as a correlate of acti-
vation of CD4+ T cells through MHCII plus OVA peptide as
previously described (50). IL-2 levels were higher with the Ii-fur
and Ii-Cterm-fur constructs than in the construct without Ii
(Fig. 5B), therefore retaining partly the MHCII adjuvant effect of
Ii. However, MHCII presentation was lowered in the constructs
containing the fur as compared with the nonsecreted wild-type
(WT) Ii construct. This was expected, as the secretion of the Ag
with the furin cleavage should induce a reduced availability of
Ag for endolysosomal proteolysis, impairing reuptake of the Ii
through the ESS for processing and presentation of the tethered
Ag on MHCII (51), thereby impairing the indirect pathway. The
importance of the ESS for the assay was also confirmed by the
complete disappearance of MHCII presentation on the surface of
the cells with the Δ17-Ii-fur construct, in which the ESS is de-
leted, thus impairing both the direct and indirect pathways for
endosomal sorting necessary for presentation through MHCII (52).
According to these results, the furin insertion did not alter the

adjuvant effect of Ii to increase MHCI and MHCII presentation.
However, to further confirm that T cell immune responses in vivo
were not altered by insertion of the fur, CD8+ T cell responses were
assessed by flow cytometry after hind paw vaccination in BALB/c
mice. CD8+ T cell responses were shown to be similarly increased
when using the Ii and the Ii-fur adjuvant as compared with the

FIGURE 5. The T cell adjuvant effect of the Ii is preserved after insertion of a fur. (A) MHCI presentation of OVA on the surface of JAWSII cells after

infection with 250 MOI/cell hAd5–Ii-fur–OVA, hAd5–chicken OVA, hAd5–Ii–OVA, hAd5–Δ17-Ii-fur–OVA, or hAd5–Ii-Cterm-fur–OVA virus, analyzed

by flow cytometry. (B) IL-2 levels representing MHCII presentation of OVA on the surface of JAWSII cells infected with 250 MOI/cell hAd5–Ii-fur–OVA,

hAd5–chicken OVA, hAd5–Ii–OVA, hAd5–Δ17-Ii-fur–OVA, or hAd5–Ii-Cterm-fur–OVAvirus and recognized by T cells specific for MHCII bound to OVA

peptide. Each bar represents the mean of duplicates with SD. (C) T cell responses to the encoded Ags from splenocytes 7 d after vaccination of BALB/C

mice with hAd5–Ii-fur–IT4var19–PFCLINvar30 (n = 5), hAd5–Sp-alb–IT4var19–PFCLINvar30 (n = 5), or hAd5–Ii–IT4var19–PFCLINvar30 (n = 5) were

assessed by flow cytometry after stimulation with the relevant peptide (1 mg/ml PFCLINvar301822190) and surface and intracellular staining. Each group

was compared with the Ii-fur adjuvant group with nonparametric Mann–Whitney U tests. **p , 0.001. ns, not significant.
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secreted version of the Ag with the Sp-alb (Fig. 5C). These results
showed that the overall T cell adjuvant effect of WT Ii was
maintained after insertion of the furin cleavage site, and similar
results were shown in C57B6 and CB6F1/J mice (data not shown).

Potency of the different adjuvants in inducing Ab responses

The main purpose of inducing secretion of the Ii–Ag complex by
inserting a furin cleavage site was to enhance Ab responses to our
Ag. Groups of five mice were vaccinated with the different hAd5–
CIDRa1.1 constructs (Fig. 2B), and Ab responses were assessed

and compared with the Ab responses induced by Ii-fur adjuvant.
An enhanced Ab response was detected with the Ii-fur adjuvant
as early as 2 wk postvaccination in comparison with secreted Ag
(Sp-alb) and WT Ii (Fig. 6A). We noticed that the Ab responses at
week 6 show a similar tendency but with lower power (Fig. 6B).
However, a significant enhancement of Ab responses with Ii-fur
was seen at week 6 when used in a different mouse strain
(Supplemental Fig. 1). These results demonstrated that Ii-fur ad-
juvant triggered an accelerated and enhanced immune response.
Ten weeks after first vaccination, which was 2 wk after homologous

FIGURE 6. Ii-fur adjuvant induces a stronger Ab response toward encoded malaria Ags compared with controls. (A and B) Detection of Abs recognizing

CIDRa1.1_IT4var19 (A) 2 wk or (B) 6 wk after vaccination of BALB/C mice with hAd5–Ii-fur–IT4var19–PFCLINvar30 (n = 5), hAd5–Sp-alb–IT4var19–

PFCLINvar30 (n = 5), or hAd5–Ii–IT4var19–PFCLINvar30 (n = 5). Serum was diluted to 1:50. Bars represent the median of each group. (C and E) Detection of

Abs recognizing CIDRa1.1_IT4var19 10 wk after vaccination (2 wk after homologous boost) of BALB/C mice with hAd5–Ii-fur–IT4var19–PFCLINvar30 (n = 5),

hAd5–Sp-alb–IT4var19–PFCLINvar30 (n = 5), or hAd5–Ii–IT4var19–PFCLINvar30 (n = 5). Serum was diluted to 1:50 and added to the wells in 3-fold dilutions.

(E) Absorbance and dilutions were plotted on a log(x) axis, and AUC were calculated and plotted in (C). Bars represent the mean of each group with the SD. (D and

F) Detection of Abs recognizing CIDRa1.1_PFCLINvar30 10 wk after vaccination (2 wk after homologous boost) of BALB/C mice with hAd5–Ii-fur–IT4var19–

PFCLINvar30 (n = 5), hAd5–Sp-alb–IT4var19–PFCLINvar30 (n = 5), or hAd5–Ii–IT4var19–PFCLINvar30 (n = 5). Serum was diluted to 1:50 and added to the

wells in 3-fold dilutions. (F) Absorbance and dilutions were plotted on a log(x) axis, and AUC were calculated and plotted in (D). Bars represent the mean of each

group with the SD. Each group was compared with the Ii-fur adjuvant group with nonparametric Mann–Whitney U tests. *p , 0.05, **p , 0.001.
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boost injection, the Ab response remained significantly increased
after vaccination with the Ii-fur adjuvant in comparison with Ii
and Sp-alb constructs for each encoded Ag (Fig. 6C–F). These
results showed not only that the Ii-fur adjuvant retained the
properties of the endogenous Ii, as discussed previously, but also
that the secretion of the Ag enhanced Ab responses after adeno-
viral vaccination. Similar results were demonstrated with CIDRa1.1
PFCLINvar30 (data not shown) and in the C57BL/6 strain of mice
for both Ags (Supplemental Fig. 1).
The role of two different domains of Ii was investigated with the

designed mutations (Δ17-Ii-fur and Ii-Cterm-fur) in the enhance-
ment of Ab responses, as compared with the previously used
adjuvants (Ii-fur, Ii, and Sp-alb). We found that, even though
Δ17-Ii-fur and Ii-Cterm-fur still induced an increased Ab response
as compared with Ii and Sp-alb constructs, it was significantly
lower than that induced by the full adjuvant Ii-fur (Fig. 7).
Therefore, we concluded that the deletion of the ESS sequence
and insertion of the fur after the trimerization domain negatively

impacted the adjuvant effect compared with full Ii-fur. We con-
cluded that the ESS domain is required for full adjuvant efficiency,
as this domain is most likely required for reuptake in the endo-
some and, therefore, further enhancement of MHCII, as indicated
by previous results. Because Ii-Cterm-fur produced trimeric Ags,
we cannot draw a conclusion on the requirement of trimeric
Ag for full adjuvant effect. However, our data suggest that a part
of the C-terminal domain of Ii is required for full Ab adjuvant
effect, potentially because of its interaction with CD44 and in-
volvement in MIF signaling, as described previously (34, 53).
Overall, the results nevertheless indicate that both ESS and the
C terminus of Ii were necessary for the full adjuvant effect of the
Ii-fur on Ab responses.

Cross-reactivity and inhibition of elicited IgG

To further assess the functionality of the elicited Abs, we tested
their capacity to recognize different CIDRa1 protein variants not
encoded in the vaccines. Cross-CIDRa1 variant reactivity was

FIGURE 7. ESS and trimerization domains contribute to the adjuvant effect of Ii-fur for Ab responses. (A and C) Detection of Abs recognizing

CIDRa1.1_IT4var19 10 wk after vaccination (2 wk after homologous boost) of BALB/C mice with hAd5–Ii-fur–IT4var19–PFCLINvar30 (n = 5), hAd5–Sp-

alb–IT4var19–PFCLINvar30 (n = 5), hAd5–Ii–IT4var19–PFCLINvar30 (n = 4), hAd5–Ii-Cterm-fur–IT4var19–PFCLINvar30 (n = 5), or hAd5–Δ17-Ii-fur–
IT4var19–PFCLINvar30 (n = 5). Serum was diluted to 1:5 and added to the wells in 2-fold dilutions. (C) Absorbance and dilutions were plotted on a log(x) axis,

and AUC were calculated and plotted in (A). (B and D) Detection of Abs recognizing CIDRa1.1_PFCLINvar30 10 wk after vaccination (2 wk postboost) of

BALB/C mice with hAd5–Ii-fur–IT4var19–PFCLINvar30 (n = 5), hAd5–Sp-alb–IT4var19–PFCLINvar30 (n = 5), hAd5–Ii–IT4var19–PFCLINvar30 (n = 5),

hAd5–Ii-Cterm-fur–IT4var19–PFCLINvar30 (n = 5), or hAd5–Δ17-Ii-fur–IT4var19–PFCLINvar30 (n = 5). Serum was diluted to 1:5 and added to the wells in

2-fold dilutions. Absorbance and dilutions were plotted on a log(x) axis (D), and AUC were calculated and plotted in (C). Bars represent the mean of each group

with the SD. Each group was compared with the Ii-fur adjuvant group with nonparametric Mann–Whitney U tests. *p , 0.05, **p , 0.001.
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tested in multiplex analysis using a panel of beads, each coated
with a different CIDRa1 protein variant and representing all se-
quence variant types of CIDRa1 (Fig. 8A). For all vaccination
experiments, the pattern of cross-reactivity was similar, with
cross-reactivity mainly detected between the most closely re-
lated sequence types (i.e., CIDRa1.1 and CIDRa1.8 families)
(Supplemental Fig. 2). However, the intensity of cross-reactivity
was markedly higher with the Ii-fur adjuvant compared with Ii and
Sp-alb constructs (Fig. 8B–D), specifically within the families of
CIDRa1 domains homologous to the encoded Ags (CIDRa1.1), as
we obtained Abs recognizing nine out of nine tested CIDRa1.1
family members, including the two encoded Ags (average [avg.]
identity to immunogen, 70%). Additionally, with the Ii-fur adju-
vant, five of seven of the most closely related subtype, CIDRa1.8
(avg. identity to immunogen, 49%), were recognized, but there

was only detectable reactivity to 2–4 of the remaining 29 more
distantly related CIDRa1 variants (avg. identity to immunogen
41%). The data show that cross-reactive Ab responses to CIDRa1
variants were highest in animals who received the Ii-fur adjuvant for
the closest relatives, CIDRa1.1 (Fig. 8G) and CIDRa1.8 subtypes
(Fig. 8H), and that the presence of the C-terminal part of Ii and ESS
domains were also important to obtain cross-reactivity (Fig. 8E, 8F).
For further assessment of the functionality of elicited Abs with

the Ii-fur adjuvant, their capacity to inhibit EPCR binding to the
encoded IT4var19 and PFLCINvar30 proteins was tested. As EPCR
is the natural ligand to the genes encoded in our vaccine, it was
important to confirm that the elicited Abs could inhibit the binding
of IT4var19 and PFLCINvar30 to EPCR. Compared with Abs
elicited by the Ii and Sp-alb constructs, Abs induced after vacci-
nation with Ii-fur exhibited a higher, almost 100% EPCR-binding

FIGURE 8. Ii-fur adjuvant increases the cross-recognition toward different Ags within the CIDRa1.1 family and with more distant CIDRa1 families. (A)

Table of the different subtypes of CIDRa1 used for testing the cross-reactivity of the different sera of immunized mice. Each number found on the following

bar charts corresponds to one CIDRa1 subtype. (B–F) Cross-reactive Abs were detected in serum of BALB/c mice 10 wk after vaccination (2 wk

after homologous boost) with (B) hAd5–Ii-fur–IT4var19–PFCLINvar30 (n = 5), (C) hAd5–Sp-alb–IT4var19–PFCLINvar30 (n = 5), (D) hAd5–Ii–

IT4var19–PFCLINvar30 (n = 4), (E) hAd5–Ii-Cterm-fur–IT4var19–PFCLINvar30 (n = 5), or (F) hAd5–Δ17-Ii-fur–IT4var19–PFCLINvar30 (n = 5)

by multiplex. Serum was diluted to 1:50 and incubated with beads coated with different CIDRa1 proteins. Abs binding to the beads were detected

by luminescence. (G and H) All the CIDRa1.1 subtypes (G) or CIDRa1.8 subtypes (H) were grouped and compared between the different im-

munized groups. Bars represent the mean fluorescence intensity of each group with the SD. Each group was compared with the Ii-fur adjuvant group

with nonparametric Mann–Whitney U tests. *p , 0.05, **p , 0.001, ***p , 0.0001.
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inhibition of the two encoded CIDRa1.1 Ags (Fig. 9). Similar data
were observed in the C57BL6 strain of mice (Supplemental Fig. 1).
These data suggest that Ii-fur increased the functionality of the Abs
either by increasing the quantity (as suggested with the recognition
ELISA) or potentially by increasing the quality, too.

Discussion
Recombinant adenoviruses are highly promising delivery vectors
for vaccination (54), mostly because they are capable of inducing
a high and persistent CD8 T cell response (13) and capable of
priming functional Ab responses (17, 55). Among other methods,
the MHCII-associated Ii has been shown to be a potent and reli-
able adjuvant for T cell–mediated immunity after adenoviral
vaccination (22, 56, 57). The use of Ii in hAd5 increases and
broadens CD8 T cell responses (20, 58) as well as CD4+ T cell
responses (59). However, the utility of Ii as an adjuvant for B cell
responses is weak (22, 60), and B cell responses are considered
essential for most previously successful vaccines.
In this study, we investigated the potential of a secreted version

of the Ii adjuvant for inducing B cell responses. The insertion of a
fur in the extracellular domain of the Ii was hypothesized to allow
Ii-tethered Ag to be secreted in a multimerized form through
Ii-mediated trimerization (61). We determined that the tethering
of a dimeric Ag to the Ii-fur adjuvant did induce secretion of a
trimeric Ii–Ag complex. Unfortunately, the Ii-Cterm-fur mutant,
supposed to produce a monomeric form of the Ag, produced a
trimeric Ag in a similar ratio to the Ii-fur. Thus, no conclusion on
the requirement for a trimeric Ag for the adjuvant effect could be
drawn. A complete investigation on the exact conformation of the
trimers or the aggregates could not be included in this study;
however, our results suggest that Ii-fur induced a better trimeric
conformation of the Ag, as shown by higher and specific binding
to EPCR, whereas trimeric quantity is similar to Ii-Cterm-fur.
The previously observed T cell adjuvant effect of Ii was pre-

served after insertion of a fur, and an increase of equivalent MHCI
to the surface of the cells was demonstrated. The MHCII pre-
sentation of the Ags still retained an adjuvant effect in increased
MHCII presentation but was reduced with the furin insertion in
comparison with the Ii construct. This was due to the secretion of
the Ii–Ag complex and, therefore, the impossibility of reuptake
from the surface to the endosomes, as described in previous work
(51, 52). However, MHCII presentation disappeared completely
after deletion of the ESS domain, emphasizing the role of the ESS

for the adjuvant effect, which is necessary for transport to the
endosome (for direct or indirect pathway), as predicted from the
known function of the ESS domain (31, 52, 62).
Most importantly, the newly designed adjuvant was capable of

significantly increasing the Ab response compared with both Ii and
a secreted Ag control. This was evident as early as 2 wk post-
vaccination and was further enhanced after homologous boost.
The PfEMP1 CIDRa1 proteins constitute a particularly inter-

esting vaccine target, as through evolution, in response to immune
selection pressure, the EPCR-binding CIDRa1 domains of
PfEMP1 have diversified in sequence but maintained the bio-
chemical and structural requirements for EPCR binding (40).
Therefore, by using CIDRa1-based malaria Ags we could inves-
tigate the capacity of the Abs to target a broad range of Ag var-
iants needed in most modern vaccines (e.g., influenza, cancer, and
malaria). Using the Ii-fur adjuvant, we could show that the Ab
response was not only increased to the encoded Ags but also to
heterologous CIDRa1 proteins. The breadth of reactivity of eli-
cited Abs to inhibit CIDRa1 variants not included in the vacci-
nation was similar to what was observed in a recent study
vaccinating with recombinant CIDRa1 proteins (63).
Furthermore, the increased Ab levels (to both cognate and

heterologous CIDRa1 Ags) were shown to be dependent on dif-
ferent parts of the Ii: the secretion through furin insertion, the
C-terminal domain, and use of the endosomal pathway. Although
our C-terminal construct did not permit a conclusion on the re-
quirement for trimerization of the Ag for full adjuvant effect, we
did see that the C-terminal part of the Ii has a role to play in the
enhancement of Abs. This can potentially be explained by two
different possibilities. 1) The quantification carried out on the
protein used in Fig. 4A for binding to EPCR shows that the
amount of protein is similar in Ii-fur and Ii-Cterm-fur; however,
Ii-Cterm-fur indicated a slightly lower binding to EPCR. This
could be due to a lesser amount of correctly conformed Ags and,
therefore, less efficiency in inducing structure-dependent Abs. 2)
Among various reported functions, the C-terminal part of Ii has
been shown to be a coreceptor of CD44, a receptor involved in
T cell activation, and could impact MIF signaling (53). This is
intriguing, particularly within the scope of malaria, as parasites
encode for MIF homologs that inhibit B cell responses (35). This,
or indeed a number of other Ii interactions (34) induced by the
secreted C-terminal domain, or loss from the cell surface in the
vaccine-transduced APCs might therefore explain the difference

FIGURE 9. Abs induced with Ii-fur adjuvant present a higher capacity to inhibit binding of the encoded malaria Ags to EPCR. (A) Detection of Abs

inhibiting the binding of CIDRa1.1_IT4var19 to EPCR from week 10 serum after immunization (2 wk after homologous boost) of BALB/c mice with

hAd5–Ii-fur–IT4var19–PFCLINvar30 (n = 5), hAd5–Sp-alb–IT4var19–PFCLINvar30 (n = 5), or hAd5–Ii–IT4var19–PFCLINvar30 (n = 5). Serum was

diluted to 1:50. (B) Detection of Abs inhibiting the binding of CIDRa1.1_PFCLINvar30 to EPCR from week 10 serum after immunization (2 wk after

homologous boost) of BALB/c mice with hAd5–Ii-fur–IT4var19–PFCLINvar30 (n = 5), hAd5–Sp-alb–IT4var19–PFCLINvar30 (n = 5), or hAd5–Ii–

IT4var19–PFCLINvar30 (n = 5). Serum was diluted to 1:50. Bars represent the median of each group. Each group was compared with the Ii-fur adjuvant

group with nonparametric Mann–Whitney U tests. *p ,0.05, **p , 0.001, ***p , 0.0001.
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seen in adjuvant effect between Ii-fur and Ii-Cterm-fur. With a
large number of identified Ii interaction partners (34), mapping
such functions goes beyond the scope of this manuscript but
would be of interest in future studies and could reveal insights of
direct relevance for vaccine design.
In the case of a future malaria vaccine, it is conceivable that

further breadth of reactivity and inhibition may be obtained by
immunization strategies enhancing rare Ab species, including Abs
targeting the structurally conserved EPCR-binding site on CIDRa1
domains, or by immunizing with a panel of Ags covering all
EPCR-binding CIDRa1 types. Because of its versatility, the pre-
sent adenovirus vaccine platform may facilitate both of these
scenarios. Nevertheless, the combined T cell and Ab adjuvant
effects of Ii-fur–modified adenovirus vaccines may prove useful
for targeting other Ags and pathogens, but it will require the
ability of the Ii-tethered Ags to fold correctly for induction of
conformation-specific Abs. For the work on the CIDRa1 domains,
further studies will elucidate if heterologous booster vaccinations
can further synergistically enhance the immune responses ob-
tainable after adenoviral vaccination, or if a polyvalent vaccine is
a feasible strategy. The outcome of such studies would be relevant
for T cell– and Ab-mediated protection alike and be relevant
within both malaria and cancer vaccines (17, 64–66).
In summary, we present an analysis of Ab responses induced by

the preclinically acclaimed T cell adjuvant Ii (22, 56). We dem-
onstrated that Ii-fur is a further improvement of the adjuvant that
can significantly increase MHCI and MHCII Ag presentation
as well as Ab responses after adenoviral vaccination. We also
showed that several functional parts of the adjuvant converge to
jointly increase the immune response to higher levels, includ-
ing the ESS, the secretion of the Ag via the new fur, and the
C-terminal domain attached and secreted with the Ag. Application
of this vaccine platform to the polymorphic malaria vaccine
candidate, the CIDRa1 PfEMP1 domains, demonstrated the
ability to add two diverse Ags in tandem and still elicit a balanced
response toward both of them. Thus, albeit that variant tran-
scending responses could not be demonstrated, the Ii-fur–Ag
vaccine design may offer new possibilities of achieving broad
CIDRa1-variant coverage through further improvements such as
heterologous boost, use of different Ag designs, and further
exploiting the strategy’s potential for increasing polyvalence.
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