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Toll-like receptor agonists shape the immune responses to
a mannose receptor-targeted cancer vaccine

Li-Zhen He1, Jeffrey Weidlick1, Crystal Sisson1, Henry C Marsh2 and Tibor Keler1

Previous studies have documented that selective delivery of protein antigens to cells expressingmannose receptor (MR) can

lead to enhanced immune responses. We postulated that agents that influenced the MR expression level, and the activation

and migration status of MR-expressing antigen presenting cells, would modulate immune responses to MR-targeted

vaccines. To address this question, we investigated the effect of clinically used adjuvants in human MR transgenic

(hMR-Tg) mice immunized with an MR-targeting cancer vaccine composed of the human anti-MR monoclonal antibody

B11 fused with the oncofetal protein, human chorionic gonadotropin beta chain (hCGb), and referred to as B11-hCGb. We

found that humoral responses to low doses of B11-hCGb could be enhanced by prior administration of GM-CSF, which

upregulated MR expression in vivo. However, co-administration of the Toll-like receptor (TLR) agonists, poly-ICLC and/or

CpG with B11-hCGb was required to elicit Th1 immunity, as measured by antigen-specific T-cell production of IFN-c. The
TLR agonists were shown to increase the number of vaccine-containing cells in the draining lymph nodes of immunized

hMR-Tg mice. In particular, with B11-hCGb and poly-ICLC, a dramatic increase in vaccine-positive cells was observed in

the T-cell areas of the lymph nodes, compared to the vaccine alone or combined with GM-CSF. Importantly, the absence of

the TLR agonists during the priming immunization led to antigen-specific tolerance. Therefore, this study provides insight

into the mechanisms by which adjuvants can augment immune responses to B11-hCGb and have implications for the

rationale design of clinical studies combining MR-targeted vaccination with TLR agonists.
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INTRODUCTION

Proteins can be effectively formulated to induce humoral

immunity, but new approaches to improve cellular immunity,

particularly for weakly immunogenic antigens, are required for

developing more effective cancer and infectious disease vac-

cines. We have been working with a technology pioneered by

R Steinman and M Nussenzweig that utilizes antibodies to

deliver antigens directly to endocytic receptors on dendritic

cells (DCs).1–4 This elegant method uses recombinant antibo-

dies engineered with the antigen incorporated as a fusion

protein that, in addition to targeting the antigen to antigen

presenting cells (APCs), has the advantages of a standardized

manufacturing process typical formonoclonal antibodies and a

well-defined regulatory path. Previous studies have shown the

potential for this approach to improve T-cell immunity to

vaccines, but also highlighted the importance of utilizing adju-

vants to enhance immunity and prevent tolerance.5–7

A number of C-type lectin receptors have been exploited for

developing DC-targeted vaccines with promising results in

various preclinical models.8–11 The majority of focus has been

on DEC-205 (CD205), a molecule expressed on the CD81 DC

subset in mice.12,13 However, other members of this family,

such as DC-SIGN,14–16 Langerin,17 Clec 9A18 andMR,11,19 have

also shown promising preclinical data with specific antibodies

to each receptor. A recent study demonstrated that the targeted

cellular subset (CD81 DC) was more critical than the specific

receptor itself, as targeting to DEC-205, Langerin, or Clec9A

similarly enhanced Th1 immunity to an HIV antigen, while

targeting to DCIR2 (expressed on CD82 DC) was less effec-

tive.20 Additionally, the intracellular trafficking of the receptors

may influence the efficiency of cross-presentation. Receptors

such as mannose receptor (MR) that target early endosomes

were shown to promote slower antigen degradation and better

cross-presentation in human in vitro cultures than DEC-205

targeting, which resulted in rapid antigen degradation by deli-

very to late endosomes.21

Additional studies and insight are required to optimize this

approach for human vaccination. To that end, we have
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developed vaccines for human studies targeting either DEC-

205 or MR, and have recently reported the data from the phase

1 trial of our MR-targeted oncofetal antigen, human chorionic

gonadotropin beta chain (hCGb).22 This vaccine, referred to as
B11-hCGb or CDX-1307, is composed of hCGb fused to the

MR-specific human monoclonal antibody B11. In vitro, the

B11-hCGb promoted the uptake and processing of hCGb by

human DC that, when activated with CD40 ligand, led to the

expansion of autologous hCGb-specific MHC class I- and class

II-restricted T cells, including CTL capable of lysing human

cancer cell lines that expressed hCGb in vitro.23 The clinical

study was performed in patients with advanced solid tumors

that received the B11-hCGb vaccine alone as well as in com-

bination with single or multiple adjuvants including GM-CSF,

the Toll-like receptor (TLR) 3 agonist poly-ICLC and the

TLR7/8 agonist resiquimod.22 This first in man study demon-

strated feasibility and a favorable safety profile for B11-hCGb,
and correlated higher immune responses with clinical benefit

when vaccination was combined with the local TLR agonists.

In this study, we have used our human MR transgenic

(hMR-Tg) mouse model to assess the efficiency of MR-

mediated antigen uptake and better understand how adjuvants

can shape the immune response to B11-hCGb. We have pre-

viously reported that targeting themodel antigen ovalbumin to

human MR in hMR-Tg mice induced protective immunity

against an ovalbumin-expressing tumor when combined with

the TLR9 agonist CpG oligodeoxynucleotide (CpG).19 Here we

used our clinical vaccine B11-hCGb and evaluated the effects of
GM-CSF and two TLR agonists, poly-ICLC and CpG, on the in

vivo distribution of the vaccine and the resulting immune res-

ponses. We found that GM-CSF upregulated the expression

of MR and enhanced humoral but not Th1 responses to

B11-hCGb. Furthermore, poly-ICLC andCpGpromoted the accu-

mulation of B11-hCGb-loaded DCs in the T-cell areas of draining

lymph nodes, which correlated with strong Th1 immunity.

MATERIALS AND METHODS

Antibodies and reagents

The anti-hMR antibody B11 was generated by immunizing

human immunoglobulin transgenic mice with human mannose

receptor. The monoclonal antibody (mAb) B11 binds human

mannose receptor, but not mouse mannose receptor.11 The

B11-hCGb fusion protein was generated by genetically coupling

hCGb to the carboxyl terminus of the B11 heavy chain, and

clinical grade material was manufactured from transfected

Chinese hamster ovary cells.22,23 The labeling of B11-hCGb with

Alexa-647 was performed according to the manufacturer’s pro-

tocol (Invitrogen, Carlsbad, CA, USA). Antibodies for staining of

CD3e (145-2C11), CD4 (H129.19), CD8a (53-6.7), CD11c

(HL3), MHC class II I-A/I-E (M5/114.15.2), F4/80 (BM8) and

CD103 (2E7) were purchased from BD Biosciences (San Jose, CA,

USA) or eBioscience (San Diego, CA, USA). hMR was stained

with either B11 or 19.2 (BDBiosciences), mouseMR (mMR) with

MR5D3, and DEC-205 with NLDC-145 (AbD Serotec, Raleigh,

NC, USA and BMA Biomedicals, Augst, Switzerland). Mouse

GM-CSF was from Peprotech (Rocky Hill, NJ, USA). Complete

Freund’s adjuvant (CFA) was from Sigma-Aldrich (St. Louis,MO,

USA). CpG (ODN1826) and polyinosinic-polycytidylic acid

(poly-IC) were from InvivoGen (San Diego, CA, USA). Poly-

ICLC (poly-IC stabilized with poly-lysine and carboxymethylcel-

lulose) was supplied by Oncovir, Inc (Washington, DC, USA).

Mice

hMR-Tg mice on a C57BL/6 background were generated by

BAC clone DNA microinjection and the transgene expression

was directed by the native human promoter.19 Heterozygous

hMR-Tg mice and age- and gender-matched wild-type (WT)

mice between 6 and 15 weeks of age were used in all experi-

ments. Mice were housed under specific pathogen-free condi-

tions in our animal facilities and were treated and used in

accordance with the guidelines established by the Institutional

Animal Care and Use Committee at Celldex.

Immunohistochemical (IHC) and immunofluorescence

staining

To visualize the location of the hCGb1 cells in skin and lymph-

atic organs, hMR-Tg mice were injected subcutaneously (s.c.)

at the tail base with 10 mg of B11-hCGb plus or minus adjuvant

as indicated. Skin near the injection site (local skin) and drain-

ing lymph nodes (inguinal) were collected 24 h later. The

organs were OCT-snap frozen, sectioned, fixed and stained

with rabbit anti-hCGb (Dako, USA, Carpinteria, CA, USA)

after blocking Fc receptors with c-globulin. A Dako EnVision

Kit was used to reveal the immuno-binding and hematoxylin

for counterstain. To define T-cell and B-cell areas, consecutive

sections of draining lymph nodes were stained with Texas red-

labeled anti-CD3e and anti-B220 antibodies (BD Biosciences)

as well as the fluorescent dye 49,6-diamidino-2-phenylindole

for cellular nuclei.

To examine the colocalization of hCGb and hMR, local skin

and draining lymph node sections were stained with rabbit

anti-hCGb and FITC-labeled mouse anti-hMR (clone 19.2;

BD Biosciences), and followed with donkey anti-rabbit IgG-

Cy3 (Jackson ImmunoResearch, West Grove, PA, USA) and

Goat anti-FITC/Oregon green-Alexa488 (Invitrogen). For the

colocalization of hCGb and MHC class II, rabbit anti-hCGb
and biotinylated anti-mouse I-Ab (BD Biosciences) were used

as primary antibodies, and followed by goat anti-rabbit IgG-

Alexa488 and strepavidin-Cy3 (Jackson ImmunoResearch).

Images were taken with a confocal microscope (Carl Zeiss,

Cambridge, UK).

In vivo MR regulation

hMR-Tg mice andWT littermates were injected intraperitone-

ally (i.p.) with 1 ml of 3% thioglycolate on day 1, and s.c. with

either 2mg ofGM-CSF on days 2, 3 and 4, or 20 mg of poly-ICLC
or 25 mg of CpG on day 4. Peritoneal exudate cells (PECs) and

bone marrow (BM) were collected on day 5. After BM was

dissociated with 0.2 units/ml of Liberase Blendzymes II

(Roche Applied Science, Indianapolis, IN, USA), APC were

enriched from BM by depleting lymphoid, myeloid and eryth-

roid lineages with biotin-conjugated antibodies specific for
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CD3e, B220, Gr-1 and Ter119 (BD Biosciences) using strepta-

vidin-coupled Dynabeads (Invitrogen). APC-enriched BM cells

and PEC were incubated with the Fc receptor blocker 2.4G2,

then stained with anti-hMR (19.2-PE) or anti-mMR (MR5D3-

PE). F4/80 mAb was included in PEC staining as a macrophage

(MW) marker. PEC intracellular hMR was also stained after cells

were fixed and permeabilized with BD Cytofix/Cytoperm and

BD Perm/Wash (BD Biosciences). Stained cells were acquired

and analyzed on an LSR or FACSCanto II flow cytometer (BD

Immunocytometry Systems, San Jose, CA, USA).

Immunization

hMR-Tg andWTmice were injected s.c. in the paws or i.p. with 1

or 10 mg of B11-hCGb in saline or mixed with adjuvant (poly-

ICLC 20 mg6CpG 25 mg) for one or two doses as indicated in the

figure legends. Blood samples were collected from the orbital sinus

before and 1 week after each immunization, and the isolated plas-

mas were stored for ELISA. Spleens were harvested 7 or 14 days

after the last injection to evaluate T-cell responses by ELISPOT.

ELISA

Anti-hCGb antibody titers and subclasses were examined by

standard ELISA. Microtiter plates were coated with 3 mg/ml of

hCGb (Meridian Life Science, Memphis, TN, USA) and HRP-

conjugated goat anti-mouse IgG Fc (Jackson ImmunoResearch

Lab) or goat anti-mouse IgG1, IgG2a, IgG2b, IgG2c and IgG3

(Southern Biotechnology Associates, Birmingham, AL, USA)

were used for detection. Mouse plasma was serially diluted and

titers were determined by the highest dilution giving an OD450

greater than twice that of negative control plasma and were

expressed as a log reciprocal dilution.

ELISPOT

IFN-c and IL-4 antibody sets were purchased from BD

Biosciences. Splenocytes at 0.13106–13106 per well in

RPMIco medium (RPMI 1640 with 5% FBS, 55 mM b-ME,

1 mM sodium pyruvate, 100 units/ml penicillin and 100 mg/
ml streptomycin) were dispensed in 96-well filtration plates

that had been coated with capture antibody. A pool of peptides,

15 amino acids in length, overlapping by 11 amino acids and

spanning the entire hCGb sequence (synthesized by Synpep,

Dublin, CA,USA), was added to a final concentration of 1.7 mg/
ml of each peptide and incubated at 37 uC overnight. Detection

was performed by following the BD Biosciences’ protocol. The

plates were analyzed by ZellNet Consulting, Inc. (Fort Lee, NJ,

USA). The hCGb-specific spot number of each sample was

calculated as the average of the triplicate peptide-treated wells

after spots in wells in the absence of peptides were subtracted.

Intracellular cytokine staining

Splenocyte cultures were set up as for ELISPOT assay except

using U-bottom 96-well tissue culture plates, stimulated with

or without the hCGb peptide pool in the presence of 2 mg/ml

anti-CD28 mAb (clone 37.51, NA/LE format from BD

Biosciences) for 5 h. The Golgi secretion blocker Brefeldin A

(Sigma-Aldrich) was added to cultures at final concentration of

10 mg/ml for the last 4 h. The cultured splenocytes were incubated

with Live/Dead Fixable Aqua Dead Cell Stain Kit blue fluorescent

dye (Invitrogen), blocked with CD16/CD32 antibody (2.4G2) and

stained with anti-CD3e-FITC, anti-CD8a-PerCP Cy5.5. Cells were

then fixed and permeabilizedwith BDCytofix/Cytoperm solution

and stained with PE- or APC-labeled anti-mouse IFN-c (clone

XMG1.2 from BD Biosciences). At least 300 000 live events per

sample were acquired in BD FACSCanto II flow cytometer and

analyzed with software FCS Express V3. The percentages of

hCGb-specific IFN-c-positive cells among CD31/CD82 and

CD31/CD81 gated populations were obtained after subtracting

the percentage in the absence of peptides.

Characterization of B11-hCGb-targeted cells

In order to characterize which populations of cells were effectively

targeted by B11-hCGb, hMR-Tg and WT mice were injected s.c.

in the paws with 5 mg of Alexa647-labeled B11-hCGb in 50 ml
saline per site (total 20 mg per mouse) in the presence or absence

of adjuvant as indicated. Draining lymph nodes (inguinal, bra-

chial and axillary) were harvested 24 h later and pooled to prepare

single cell suspensions. Aliquots of 1.53106 cells were stained with

four panels of antibodies after incubation with Pacific Blue fluor-

escence reactive dye (Invitrogen) and blocking Fc receptors with

2.4G2: (i) hMR-PE, MHC II-FITC and CD11c-PerCP Cy5.5; (ii)

hMR-FITC, CD8a-PerCP Cy5.5 and CD103-PE; (iii) hMR-PE

and mMR-biotin, streptavidin-FITC; and (iv) DEC-205-FITC

and mMR-biotin, streptavidin-PE. Because the majority of cel-

lular MR is found within the endocytic pathway with only 15% of

the cellular pool on the cell surface,24 and the surface hMR in our

Tg mice was barely measurable by flow cytometry under naive

conditions, hMR andmMRwere stained after cells were fixed and

permeabilized. A total of 800 000 events were acquired on a BD

FACSCanto II, and the total live cells (Pacific Blue-negative) and

hCGb-containing cells were gated and analyzed.

RESULTS

B11-hCGb is efficiently delivered to MR-expressing cells in

hMR-Tg mice

To evaluate the in vivo targeting of the B11-hCGb vaccine

which recognizes human but not mouse MR, we injected the

fusion protein s.c. into hMR-Tg or WTmice and subsequently

evaluated the distribution of the hCGb in tissues using IHC. As

shown in Figure 1a, prominent hCGb staining was observed in

the skin and draining lymph nodes of hMR-Tg mice but not

WTmice. Further characterization of the antigen-positive cells

in hMR-Tg mice was performed by dual staining for hCGb
with MR or MHC class II (Figure 1b and c). Complete con-

cordance with hCGb antigen-positive and MR expression in

both skin and lymph nodes was observed. These MR-positive

cells are known to be dermal DCs, macrophages, lymph

node interstitial DCs, capsular macrophages and sinusoidal

endothelial cells.19,24–26 On the contrary, the dual staining of

hCGb andMHC class II revealed that a portion of these hCGb-
positive cells (particularly in skin) was MHC class II-negative,

indicating that a less mature macrophage population was also

involved in antigen uptake.
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GM-CSF, but not poly-ICLC or CpG, upregulates MR

expression

One potential mechanism for adjuvant to enhance immunity

of MR-targeted vaccine could be through changing MR

expression, thus improving targeting efficiency. It has been

reported that Th1/Th2 cytokines differentially regulated MR

expression.24,27 GM-CSF is commonly used in the preparation

of DCs in vitro, and is associated with high expression of MR in

both human andmouse systems.28–31MR expression in human

monocyte-derived-DC was diminished upon maturation

induced by lipopolysaccharide, a TLR4 ligand.32 However, all

these results were derived from in vitro observations, and the in
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hCGb+

in Skins

hCGb+

in LN

b hMR

20.0 mm

hCGb merge

skin

LN

hCGb MHC II merge

skin

LN

c
20.0 mm

20.0 mm 20.0 mm 20.0 mm

20.0 mm20.0 mm20.0 mm

Figure 1 hMR-Tg and WT mice were injected s.c. at the tail base with
10 mg of B11-hCGb. Local skin and inguinal LNs were collected 24 h later
and cryopreserved. (a) hMR-mediated uptake of B11-hCGb. IHC was
performed with rabbit anti-hCGb IgG, Dako EnVision kit and hematoxylin
counterstain. The images were taken with a 320 objective lens for skin
and a 34 objective lens for LN. The inserted cropped 403 image in the
upper right corner of the Tg LN frame shows the morphology of repres-
entative hCGb-positive cells in the LN. (b) Colocalization of hCGb and
hMR. Immunofluorescence dual staining was performed with rabbit anti-
hCGb and FITC-labeled mouse anti-hMR and followed by donkey anti-
rabbit IgG-Cy3 and goat anti-FITC/Oregon green-Alexa488. The images
were taken using a confocal microscope. (c) Colocalization of hCGb and
MHC class II. Immunofluorescence dual staining was performed with
rabbit anti-hCGb and biotinylated anti-mouse I-Ab and followed by goat
anti-rabbit IgG-Alexa488 and strepavidin-Cy3. The images were taken
using a confocal microscope. hCGb, human chorionic gonadotropin beta
chain; hMR-Tg, human mannose receptor transgenic; IHC, immuno-
histochemical; LN, lymph node; WT, wild-type.
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Figure 2 GM-CSF but not TLR agonists upregulatedMR expression. (a)
hMR-Tgmicewere injected i.p. with 1ml of 3% thioglycolate on day 1 as
well as minus or plus 2 mg of GM-CSF on days 2–4. PEC and BM were
collected on day 5 and stained for flow cytometry with 19.2-PE (anti-
hMR) or 5D3-PE (anti-mMR). The data shown are the mean6s.d. per-
centages of MR1 cells in the APC-enriched BM and PEC of four mice
per treatment pooled from two independent experiments. Student’s
t-test compared mice receiving thioglycolate plus or minus GM-CSF
(**P,0.01). (b) hMR-Tg mice were injected i.p. with 1 ml of 3% thio-
glycolate on day 1. These mice subsequently received 2 mg of GM-CSF
daily on days 2–4; 25 mg of CpG on day 4; 20 mg of poly-ICLC on day 4; or
saline on day 4. PEC were collected on day 5 and stained for flow
cytometry with19.2-PE and F4/80-APC-eFluor780, with or without per-
meabilization to distinguish intracellular or surface hMR. The data
shown are the mean6s.d. of hMR1 cells percentages (left) and MFI
(right) in the PEC-MW of three mice per treatment. Student’s t-test:
*P,0.05, **P,0.01, compared to thioglycolate plus saline injection.
BM, bonemarrow; hMR-Tg, humanmannose receptor transgenic; i.p.,
intraperitoneally; MFI, mean fluorescence intensity; PEC, peritoneal
exudate cell; TLR, Toll-like receptor.
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vivo regulation ofMR expressionwas not reported. To this end,

we examined the expression level of the hMR transgene, as well

as the endogenous mMR, after administration with or without

GM-CSF, poly-ICLC or CpG. As shown by flow cytometry, the

percentage and the mean fluorescence intensity of hMR in

APC-enriched BM cells and in PEC-MW derived from hMR-

Tg mice were significantly greater after GM-CSF treatment.

The parallel increases in intracellular and surface hMR sug-

gested upregulation and not simply translocation of hMR by

GM-CSF (Figure 2). The endogenous mMR in APC-enriched

BM cells and in PECwas also elevated in hMR-Tg andWTmice

in response to GM-CSF (Figure 2a and data not shown).

However, poly-ICLC or CpG treatment did not change the

hMR expression level (in 24 h, which was relevant to our tar-

geting vaccination).

GM-CSF promotes a Th2 response to the B11-hCGb vaccine

We postulated that GM-CSF increased MR expression in vivo,

and thereby enhanced the uptake and immune responses to

MR-targeted vaccine. Therefore, we first tested the effect of

GM-CSF on immune responses to B11-hCGb. At low doses

of vaccine (1 mg32 of B11-hCGb), GM-CSF pre-treatment was

associated with consistently higher hCGb-specific IgG1 titers

in the hMR-Tg mice (Figure 3a left panel). However, the same

hCGb-specific IgG1 titers could also be achieved directly using

higher doses of vaccine in the absence of GM-CSF (2310 mg of
B11-hCGb; Figure 4a left panel). In addition, the immune

response to the B11-hCGb vaccine with GM-CSF treatment

was Th2-biased, as revealed by the lack of significant IgG2c

titer or IFN-c-producing T cells (Figure 3a right panel and b).

Poly-ICLC improves Th1 responses to the B11-hCGb
vaccine, and combined TLR agonists further enhance the

immunity

Previous studies have documented the superior activity of dou-

ble-stranded RNA as an adjuvant to improve the Th1 immunity

of DEC-205-targeted vaccines,10,33 partially due to TLR3 agoni-

stic activity. Accordingly, we investigated the ability of a stabi-

lized poly-IC adjuvant (poly-ICLC) to enhance Th1 immune

responses to B11-hCGb. In the absence of adjuvant, immuniza-

tions with B11-hCGb (10 mg32 of B11-hCGb) elicited signifi-

cantly higher IgG1 titers in hMR-Tgmice compared toWTmice,

but relatively poor IgG2c titers and no significant IFN-c induc-

tion from splenocytes stimulated with hCGb peptides (Figure 4).

Co-administration of poly-ICLC induced titers of hCGb-specific
IgG1 and IgG2c in all mice, with significantly higher IgG2c titers

when hCGb was targeted to the human MR in the transgenic

mice (Figure 4a). Consistent with humoral responses, the num-

ber of hCGb-specific IFN-c-producing splenocytes was increased
by poly-ICLC, was significantly higher when the antigen was

targeted to MR in the transgenic mice, and was further boosted

by a secondary administration (Figure 4b).
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To further enhance the Th1 immune response to the human

MR-targeted vaccine, we tested CpG in combinationwith poly-

ICLC. Similar to poly-ICLC, CpG alone induced a potent

hCGb-specific IFN-c response in hMR-Tg mice when admixed

with the vaccine. A further augmented response was achieved

when the two TLR agonists were combined with the vaccine

(Figure 5a). The response to vaccination was Th1-biased as TLR

agonists neither alone nor in combination as adjuvant induced

significant levels of the Th2 cytokine, IL-4 (Figure 5b). As dosed

in this study, the B11-hCGb combinations with TLR agonist(s)

were also more effective in generating Th1 responses (IFN-c)
compared to overlapping hCGb peptides emulsified in CFA

(Figure 5a). To characterize the IFN-c-producing splenocytes,

intracellular IFN-c staining in conjunction with cell surface

markers was performed and demonstrated that the hCGb-spe-
cific IFN-c-producing splenocytes were predominantly CD41

T cells (Figure 5c). No detectable CD81 T-cell responses were

most likely due to a lack of H-2b haplotype MHC class

I-restricted epitopes in the hCGb molecule. This may not be

relevant to hMR-targeting, since the hCGb peptide pool emul-

sified in CFA also did not elicit CD81 T-cell responses (data not

shown), whereas separate experiments targeting ovalbumin to

hMR in combination with CpG did indeed induce potent

CD81 CTL and antitumor activity.19

Lack of TLR agonist during priming with B11-hCGb induces
antigen-specific tolerance

We investigated the possibility that targeting humanMR in the

absence of adjuvantsmay induce tolerance as has been reported

for targeting antigen to DCs through DEC-205.5,7 As shown in

Figure 6a, in hMR-Tg mice that were primed with B11-hCGb
alone, there was an attenuated T-cell response to a subsequent

immunization, even when the boost was admixed with poly-

ICLC and CpG (G3). In addition, B11-hCGbwithout adjuvant

was unable to significantly boost the response after priming

with B11-hCGb and adjuvant (G4). Mice that received both

prime and boost vaccinations containing poly-ICLC and CpG

showed a dramatic increase in the IFN-c-ELISPOT number

(G5), indicating that hMR-targeted vaccines required concomi-

tant immune activation, such as that generated by TLR agonists

for optimal cellular responses to the targeted antigen. In con-

trast to the effect on the T-cell responses, the lack of adjuvant

did not significantly reduce the anti-hCGb IgG1 titers in the

boosted mice. However, a TLR agonist in the priming immu-

nization was required for optimal anti-hCGb IgG2c titers

(Figure 6b).

TLR agonists augment the number and distribution of

vaccine-loaded DCs in draining lymph nodes following B11-

hCGb vaccination

To gain more insight into the mechanism of enhanced Th1

immunity using the TLR agonists, we studied the effect of

adjuvants on the frequency of total DCs and of vaccine-

containing DCs in the draining lymph nodes following

immunization. WT or hMR-Tg mice were injected s.c. with

Alexa 647-labeled B11-hCGb in the presence or absence of

TLR agonists, and flow cytometry analysis was performed

24 h later. Addition of poly-ICLC alone or together with

CpG dramatically increased the overall number of mature

DCs (defined as CD11chiMHC IIhi) in draining lymph

nodes of both hMR-Tg and WT mice, resulting in elevated

B11-hCGb measurable cells compared to vaccine alone,

respectively (Figure 7a and b, absolute numbers and %).

However, B11-hCGb measurable cells were at least threefold

increased in draining lymph nodes of hMR-Tg compared to

WT mice upon administration of each vaccine regimen, as

shown by hCGb1 % in the DC gate (Figure 7a) and by

specifically gating on B11-hCGb-positive cells (Figure 7b).
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The increased hCGb1 cells were dual stained with hMR

(Figure 7a), indicating the greater accumulation of targeted

vaccine was indeed hMR-mediated. Further characterization

of the B11-hCGb1 DCs confirmed that they were both

hMR- and mMR-positive and distinct from the classic

DEC-2051 or CD1031 DCs (Figure 7c).

We further studied the effect of adjuvants on the B11-

hCGb vaccine by investigating the localization of hCGb-con-
taining cells by immunohistochemistry in hMR-Tg mice

(Figure 8). CD3e and B220 immunofluorescence staining

in draining lymph nodes derived from hMR-Tg mice

revealed that the T- and B-cell distribution was consistent

with the well-accepted pattern, i.e., T cells predominantly

located in paracortex and deep cortex regions (Figure 8a).

As noted previously, the non-adjuvanted B11-hCGb was

localized primarily in the subcapsular and medullar areas

with only a few scattered clusters observed in the paracortex

of the draining lymph nodes. GM-CSF treatment resulted in

an increased intensity of hCGb staining, consistent with the

increased MR expression, but these cells remained predomi-

nantly in non-T-cell areas. However, upon the co-admini-

stration of poly-ICLC with B11-hCGb, a marked increase in

the numbers of hCGb1 cells was seen in the paracortical and

deep cortex T cell regions. The staining intensity of hCGb
appeared somewhat diminished in the lymph nodes of

animals treated with the combination of poly-ICLC and

CpG. Clearly, adjuvants can impact the number of APCs

and their localization in peripheral lymph nodes.

DISCUSSION

Improving protein-based immunization remains a major

objective for generating more effective vaccines. One approach

that has been widely pursued in preclinical models involves

attaching antigens to antibodies specific for DC surface mole-

cules.8 Such antibody-targeted vaccines have shown high

efficiency in promoting antigen uptake, processing and pre-

sentation through both MHC class I and MHC class II path-

ways.3,15,19 Our studies, using anMR-specific antibody fused to

the oncofetal cancer antigen hCGb (B11-hCGb) showed that

when combined with DC activation, the vaccine could elicit T

cells in vitro that resulted in specific lysis of HLA-matched

tumor cells naturally expressing the antigen.23 Subsequently,

we translated this approach into a phase 1 clinical study, which

confirmed the feasibility, safety and immunogenicity of the

B11-hCGb vaccine in cancer patients.22 The study reported

here provided a better understanding of the effects of adjuvants

(GM-CSF, poly-ICLC and CpG) on the B11-hCGb vaccine

using mice engineered to express human MR.

A humoral response could be elicited in hMR-Tg mice by

B11-hCGb immunization independent of adjuvant, which is

consistent with reported results where the CD82DC subset was

targeted via FIRE (F4/80-like receptor) and CIRE (C-type lec-

tin receptor) in the absence of a conventional ‘danger’ signal.34

We demonstrate that GM-CSF augments IgG1 titers (at low

doses of vaccine), presumably due to the increase of MR

expression induced on APCs. However, Th1 responses were

only elicited by B11-hCGb immunization in combination with

the DC activation reagents, poly-ICLC and/or CpG. In fact, in

the absence of the DC activators, B11-hCGb led to T-cell irre-

sponsiveness, as subsequent boosting even with TLR agonists

generated a significantlymuted response compared to controls.

Using flow cytometry, we found an increase (.fourfold) in

the number of CD11chiMHC IIhi DCs in draining lymph nodes

of both hMR-Tg and WT mice vaccinated with poly-ICLC or

the combination of poly-ICLC and CpG. This finding is con-

sistent with the induction of DC migration to lymph nodes
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upon activation.26,35,36 The B11-hCGb vaccine was found pre-

dominantly in this DC population. In the hMR-Tg mice, the

accumulation of vaccine in DCs was significantly greater than

in WT mice, and was exclusively observed in hMR1DEC-

2052CD1032 DCs.

The distribution of the B11-hCGb vaccine upon sub-

cutaneous administration in hMR-Tg mice was substan-

tially impacted by combination with adjuvants. In the

absence of adjuvants, the hCGb1 cells showed the same

distribution pattern as transgenic hMR and endogenous

mMR.19,25 The vaccine-positive cells were predominantly

MHC class II1, yet some vaccine was also observed in

MHC class II2 cells, which could possibly represent a less

mature APC with the potential for tolerance induction in

the absence of adjuvants. Nevertheless, co-administration

of poly-ICLC with B11-hCGb led to a remarkable accu-

mulation of vaccine containing cells within the T-cell zones

of the lymph nodes. These MR1 B11-hCGb-containing
DCs in the T-cell zones may be similar to the monocyte-

derived DC-SIGN1 T-cell area DCs described by Cheong

et al.,36 i.e., fully functional with strong cross-presentation

activity and high expression of MR. In the Cheong et al.’s

paper, however, the expansion of this population was

induced by lipopolysaccharide or Gram-negative bacteria,
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but not by any other TLR agonists tested, including poly-IC or

CpG. Alternatively, it is very possible that the remarkable accu-

mulation of vaccine-containing DCs in T-cell zones results

from B11-hCGb-loaded APC migration from local skin to

the paracortex region of the draining lymph nodes. Using a

rat anti-mMR mAb, McKenzie et al.26 observed that by 24 h

post-injection, MR1MHC II1 cells containing anti-MR mAb

were detected within the paracortex and their frequency was

remarkably increased following systemic or local stimulation

with lipopolysaccharide and flagellin. The authors proposed

that MR1 macrophage-like cells in the dermis were potential

precursors, and during their migration, MR1 cells acquired a

DC phenotype (increased MHC II expression) and lost a

macrophage phenotype (CD68 downregulated). Therefore,

MR1 APC migration from peripheral tissues to the draining

lymph node T-cell area and differentiation to fully mature DCs

may be induced by a variety of TLR agonists. In our study,

lower hCGb staining intensity was observed with the combina-

tion of TLR agonists, poly-ICLC and CpG, which suggests

either that different kinetics (tissue was collected only at 24 h

post-vaccination in our study) or that alternate mechanisms

may be involved.

Our recently reported clinical study demonstrated con-

sistent humoral and T-cell responses to hCG-b when the

B11-hCGb vaccine was co-administered with TLR agonists

(poly-ICLC and/or resiquimod) compared to giving the

vaccine alone.22,37 In general, the stronger immune res-

ponses and clinical benefit, including the longest duration

of stable disease, were observed when immunization of the

B11-hCGb vaccine was combined with local TLR agonists.

The small sample size and the significant variability in

patient population with advanced cancer, however, pre-

clude a definitive interpretation. Using our hMR-Tg

mouse model, we have shown that indeed TLR agonists

can have profound effects on the distribution and func-

tional consequences of our MR-targeted vaccine. We have

shown that DC activation through TLR agonists can pre-

vent tolerance induction and drive Th1 immunity. We

showed that GM-CSF treatment in combination with the

B11-hCGb vaccine, on the other hand, was limited to

enhancing the Th2 humoral response. These results sup-

port the rational design of future clinical studies with

B11-hCGb and other MR-targeted vaccines in order to

optimize protein-based immunization.
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