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Abstract
Targeting dendritic cell mannose receptors by mannosylating antigens represents a promising
vaccination strategy. Using the model antigen ovalbumin (OVA) expressed recombinantly in
bacterial and yeast vectors, we have previously demonstrated fungal mannosylation enhances antigen
immunogenicity in the context of CD4+ T cell responses. However, because protection against many
tumors and pathogens is thought to require MHC class I-restricted T cell responses, the capacity of
differentially mannosylated OVA antigens to induce antigen-specific CD8+ T cell proliferation was
determined. We found that mannosylated yeast-derived OVA antigens were more potent than their
unmannosylated counterparts at inducing antigen-specific T cell proliferation. However, the type of
mannosylation was critical as addition of extensive O-linked mannosylation increased
lymphoproliferative responses while the presence of N-linked mannosylation was associated with
decreased responses. Mannosylated OVA failed to stimulate TNF-α and IL-12 production from
dendritic cells. These data suggest that vaccines incorporating mannosylation must take into account
how the mannose groups are linked to the core antigen and may need to include an adjuvant to
stimulate cytokine production.
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1. Introduction
Numerous vaccines which protect by inducing antibody responses are currently licensed for
use in humans [1,2]. However, for some pathogens (e.g., human immunodeficiency virus and
Mycobacterium tuberculosis) and tumors, antibody responses are thought to be insufficient for
complete protection [3]. By comparison, few vaccines are available which protect by inducing
T cell-mediated immune responses [4]. In an effort to develop vaccines which induce cell-
mediated immune responses, antigen mannosylation represents a promising strategy for
enhancing antigen immunogenicity by targeting mannose receptors (MRs) on antigen-
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presenting cells (APCs) [5]. Mannosylation of antigens can be accomplished by chemical
conjugation or by exploiting the natural capacity of fungi to preferentially use mannose groups
when adding O- and N-linkages [6]. Using the model antigen OVA expressed in the yeast
Pichia pastoris, we have demonstrated that fungal mannosylation enhances antigen
immunogenicity in the context of major histocompatibility complex (MHC) class II-restricted
CD4+ T cell responses [7]. Moreover, the presence of either O-linked or N-linked
mannosylation was sufficient to boost antigen-specific CD4+ T cell stimulation. Optimal
protection against many tumors and pathogens is thought to require the induction of MHC class
I-restricted CD8+ T cell responses [8,9]. Recognizing the value of priming cytotoxic T
lymphocyte responses, Stubbs et al. have shown that vaccination of mice with yeast engineered
to express tumor antigens induced protective antigen-specific CD8+ T cell responses [10].

The purpose of this study was to evaluate the capacity of fungal mannosylation to: 1) enhance
antigen immunogenicity in the context of MHC class I-restricted CD8+ T cell responses and,
2) stimulate DC proinflammatory cytokine production. Unmannosylated OVA antigens were
produced in Escherichia coli; whereas mannosylated OVA antigens were produced in the yeast
P. pastoris. To examine the relative contributions of the type of mannosylation, the degree of
N- and O-linkages was manipulated by site-directed mutagenesis of the asparagine-X-serine/
threonine sequences responsible for N-linkages and the addition of a serine/threonine-rich
region to provide extensive O-linkages. We found that mannosylated OVA antigens were
significantly more potent than their unmannosylated counterparts at inducing antigen-specific
CD8+ lymphoproliferation. Additionally, N-linked mannosylation decreased the
immunogenicity of OVA antigens, whereas extensive O-linked mannosylation was
stimulatory. Surprisingly, despite their less potent capacity to stimulate antigen-specific
lymphoproliferation, unmannosylated antigens stimulated higher levels of tumor necrosis
factor alpha (TNF-α) and interleukin 12 (IL-12) p70 production than mannosylated antigens.

2. Methods
2.1. Materials and cell culture

All chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise
noted. Native OVA was purchased from Worthington Biochemical Corporation (Lakewood,
NJ). Heat-killed, formalin-fixed Staphylococcus aureus Cowan 1 (SAC) bacterial cells were
purchased from Calbiochem (La Jolla, CA). Tissue culture media were obtained from
Invitrogen Life Technologies. R10 medium consisted of RPMI 1640 supplemented with 10%
FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, 2 mM L-glutamine, and 50 μM 2-
mercaptoethanol. Cells were cultured at 37°C, 5% CO2 in a humidified incubator.

2.2. Recombinant OVA antigens
Recombinant OVA antigens were produced as previously described [7]. Briefly, mannosylated
antigens (ppOVA, ppOVANQ, ppOVAST and ppOVASTNQ) were produced in P. pastoris.
Cells were grown at 30°C for 72 h prior to induction of protein expression by methanol.
Supernatants were collected, concentrated and purified over a Ni-NTA column (Qiagen) using
fast performance liquid chromatography (FPLC). Unglycosylated antigens (ecOVA and
ecOVAST) were produced in E. coli. Cells were grown overnight prior to induction of protein
expression by isopropyl β-D-thiogalactoside. Supernatants were collected, concentrated and
purified over an amylose column using FPLC. E. coli- and P. pastoris-derived samples were
filter-sterilized, and protein concentrations were determined by the bicinchoninic acid assay
(Pierce, Rockford, IL). Table 1 lists select characteristics of recombinant OVA antigens
produced in P. pastoris and E. coli.
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2.3. Mice
OT-I mice were purchased from The Jackson Laboratory. OT-I TCR-transgenic mice express
an α/β TCR specific for OVA aa 257-264 (SIINFEKL) in the context of MHC class I
(H2Kb). Mice were maintained under specific-pathogen free conditions in the Laboratory
Animal Science Center at Boston University School of Medicine (BUSM). All animal
procedures were reviewed and approved by the Institutional Animal Care and Use Committee
of BUSM.

2.4. CD8+ T cells and Bone-marrow derived DCs (BMDCs)
Mouse splenocytes were isolated as in our previous studies [11]. Naïve CD8+ T cells were
purified from the splenocytes by positive selection with CD8a magnetic beads (Miltenyi
Biotec). Purity was typically greater than 90%, as determined by flow cytometry. BMDCs were
generated according to the protocol of Lutz et al. [12]. Briefly, bone marrow cells were obtained
from femurs and tibiae of 8- to 16-wk-old mice and cultured in R10 medium supplemented
with 10% supernatant from the GM-CSF-secreting J558L cell line. Cells were fed with fresh
supplemented R10 medium on days 3, 6 and 8. BMDCs were used on day 9.

2.5. T cell proliferation assays
Lymphoproliferation was assayed by [3H]-thymidine incorporation. All antigens were
preincubated with 20 μg/ml polymyxin B to minimize potential effects of endotoxin.
Mitomycin C (0.5 ng/ml)-treated BMDCs served as the source of APCs and were seeded in
U-bottom tissue culture plates at 3×103 cells/well. Antigens were added at 1 μM to each well
in triplicate per group. Purified CD8+ T cells (3 ×104) were added to each well and cocultured
with APCs for 72 h, before pulsing with [3H]-thymidine (1 μCi/well) for an additional 18 h.
Cells were harvested onto filters, and [3H]-thymidine incorporation was measured using a beta
counter.

2.6. Cytokine measurements
TNF-α and IL-12 p70 production were measured by ELISA, using kits obtained from
eBioscience (San Diego, CA). Briefly, all antigens were preincubated with 20 μg/ml polymyxin
B prior to coculture. BMDCs were cultured with antigens at 0.1 μM per well in triplicate per
group for 18 h. SAC was used as a positive control at 0.0075%. Tissue culture plates were
centrifuged for 5 min at 360 × g, and cell-free supernatants were collected for analysis.

2.7. Statistical analysis
Means and SEMs were compared using the Student's t test. Values of p<0.05 were considered
statistically significant.

3. Results
3.1. Effect of antigen mannosylation on OT-I lymphoproliferation

To determine the relative potency of unmannosylated versus mannosylated antigens at inducing
antigen-specific T cell proliferation, BMDCs were cocultured with naïve OVA-specific
CD8+ T cells in the presence of recombinant OVA antigens. BSA and native OVA served as
negative and positive controls, respectively. Mannosylated ppOVA and ppOVAST were
significantly more potent at inducing OT-I lymphoproliferation than unmannosylated ecOVA
and ecOVAST (Fig. 1A). Because ppOVA and ppOVAST were engineered to express both N-
and O-linkages, it was unclear from the data which form of mannosylation was primarily
responsible for enhancing the antigens' immunogenicity. Therefore, we next compared four
P. pastoris-derived OVA antigens that differed in the type and extent of mannosylation.
Interestingly, these experiments revealed opposing effects of fungal N- and O-linked
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mannosylation on antigen immunogenicity (Fig. 1B). The OVA antigens lacking N-linked
mannosylation, ppOVANQ and ppOVASTNQ, were more immunogenic than their fully
mannosylated corresponding antigens, ppOVA and ppOVAST. In addition, OVA antigens
bearing extensive O-linked mannosylation, ppOVAST and ppOVASTNQ, induced greater
lymphoproliferation than their counterparts lacking extensive O-linkages, ppOVA and
ppOVANQ.

3.2. Effect of antigen mannosylation on TNF-α and IL-12 p70 production
Protection against many tumors and pathogens is thought to require induction of
proinflammatory cytokine production, including TNF-α and IL-12 [13,14]. Therefore, the
levels of these immunological mediators were determined following stimulation of BMDCs
with unmannosylated and mannosylated OVA antigens. Unstimulated BMDCs and BMDCs
stimulated with SAC served as negative and positive controls, respectively. Unmannosylated
ecOVA induced significantly higher levels of TNF-α and IL-12 p70 heterodimer than
mannosylated ppOVA (Fig. 2). Moreover, ppOVA failed to induce cytokine release above that
seen with unstimulated BMDCs. ppOVA did not inhibit cytokine production induced by
ecOVA or Staphylococcus aureus Cowans strain (data not shown).

4. Discussion
We evaluated the capacity of fungal mannosylation to enhance antigen immunogenicity in the
context of MHC class I-restricted CD8+ T cell responses. Unmannosylated and differentially
mannosylated OVA antigens were used to stimulate antigen-specific T cell proliferation. Our
results demonstrated a three-fold enhancement of OVA-specific CD8+ T cell proliferation
induced by mannosylated ppOVA and ppOVAST versus unmannosylated ecOVA and
ecOVAST, respectively (Fig. 1A). These data extend our previous findings that mannosylation
augments the MHC class II-restricted CD4+ T cell response to OVA [7], and lends further
support to the utility of antigen mannosylation in T cell-stimulating vaccines.

While both N-linked and O-linked glycans on P. pastoris are terminally mannosylated, there
are significant differences in the chemical structure. The typical P. pastoris N-linked glycan
structure, (GlcNAc)2 (Man)9-14, has a high-mannose configuration with (α-1,2), (α-1,3), and
(α-1,6) linkages [15,16]. In contrast, the predominant O-linked glycans attached to Ser/Thr are
short (2-3 mannoses) and consist solely of (α-1,2)-linked mannose [16]. Because ppOVA
contains both N- and O-linked mannosylation [7], it was unclear what the relative contributions
of each form of mannosylation were to the CD8+ T cell response. The results of additional
experiments provided evidence in support of an inhibitory effect of N-linked mannosylation.
Antigen-specific OT-I lymphoproliferation was significantly higher in cocultures stimulated
with ppOVANQ and ppOVASTNQ, which are devoid of N-linked glycosylation, when
compared with ppOVA and ppOVAST, respectively, which contain N-linked mannosylation
(Fig. 1B). This attenuating effect of N-linkages was not observed when the identical
glycoproteins were utilized to stimulate CD4+ T cell responses [7], perhaps a reflection of the
differences between cross-presentation and MHC class II processing and presentation
pathways [7,17]. In addition, disparate peptide fragments of OVA stimulate CD4+ and CD8+

responses [18,19].

The mechanisms by which N-linked mannosylation decreases antigen immunogenicity remain
to be determined. There are no N-linkages on SIINFEKL, the OVA peptide fragment which is
presented by MHC Class I. Thus, glycosylation is not impairing the ability of SIINFEKL to
fit into the MHC binding groove. However, glycosylation could selectively interfere with Class
I MHC-restricted antigen-processing and presentation by impairing the ability of cellular
proteases to break down OVA into SIINFEKL or by interfering with the chaperone functions
of heat-shock proteins [20-22].
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In contrast to N-linked glycans, extensive O-linked mannosylation enhanced the
immunogenicity of recombinant OVA antigens. Significant increases in antigen-specific OT-
I lymphoproliferation were observed when ppOVAST and ppOVASTNQ were compared to
ppOVA and ppOVANQ, respectively (Fig. 1B). Despite bearing N-linked glycans, extensive
O-linked mannosylation was sufficient for enhancing the immunogenicity of ppOVAST.
Interestingly, ppOVASTNQ, the antigen engineered to have no N-linkages and extensive O-
linked glycans, was the most immunogenic of the antigens tested. We postulate that extensive
O-linked mannosylation enhances antigen immunogenicity by efficiently targeting MRs which
results in enhanced antigen capture. The location of the ST-rich region (near the C-terminus
far from SIINFEKL) may make it less likely to interfere with the antigen processing and
presentation machinery involved in cross-presentation. Alternatively, due to their dissimilar
structures, N-glycans and O-glycans may be preferentially taken up by different MRs. In this
regard, DC-SIGN appears to preferentially recognize high-mannose structures, such as is found
in P. pastoris N-glycans [23].

In addition to efficient antigen uptake, processing and presentation by DCs, optimal T cell
responses require cytokine production. The demonstration that ppOVA did not induce TNF-
α and IL-12 production suggest that in order to be effective, P. pastoris-derived vaccine
candidates would need to be given with adjuvants that induced proinflammatory cytokine
production [24]. Cross-linking the mannose receptor, CD206, has been shown to inhibit DC
IL-12 release and induce IL-10 and IL-1R [25]. However, we have found that ppOVA did not
inhibit DC secretion of TNF-α and IL-12.

Unglycosylated ecOVA potently induced TNF-α and IL-12 p70 production in BMDCs. These
results cannot be attributed to endotoxin contamination, as polymyxin B was included in all
incubations. However, we cannot eliminate the possibility that the ecOVA preparation
contained other stimulatory bacterial products, such as the TLR2 ligands, lipopeptides [26]. In
addition, ecOVA and ecOVAST were produced as fusion proteins containing MBP. Recently,
it was demonstrated that MBP stimulates DC to produce proinflammatory cytokines, including
TNF-α and IL-12 p70, apparently by acting as a ligand for TLR4 [27].

In summary, fungal mannosylation enhanced antigen immunogenicity in the context of MHC
class I-restricted CD8+ T cell responses. Whereas both N-linked and extensive O-linked fungal
mannosylation augmented CD4+ T cell responses, only extensive O-linked mannosylation
proved effective at boosting cross-primed CD8+ T cell responses [7]. Future studies need to
explore the in vivo correlates of these findings, particularly whether vaccines incorporating
fungal mannosylation induce protective immunity against microbial pathogens and tumors.
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Figure 1. Effect of mannosylation on CD8+ MHC I-restricted lymphoproliferation
BMDCs were cocultured with CD8-purified T cells from OT-I mice in the presence of the
indicated antigens for 72 h before pulsing with [3H]-thymidine for 18 h. A. Comparison of E.
coli and P. pastoris-derived antigens. Data are the mean ± SEM (n=3) of a representative of
three independent experiments. *, p<0.01 (comparing ppOVA with ecOVA and ppOVAST
with ecOVAST). B, Comparison of antigens with varying degrees of N- and O-linked
mannosylation. Data are the mean ± SEM (n=15) of five independent experiments, each of
which was performed in triplicate. *, p<0.01 (comparing ppOVANQ with ppOVA and
ppOVASTNQ with ppOVAST). δ, p<0.05 (comparing ppOVASTNQ with ppOVANQ). δδ,
p<0.01 (comparing ppOVAST with ppOVA).
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Figure 2. Stimulation of TNF-α and IL-12 p70 production by OVA antigens
BMDCs were cocultured for 72 h in the presence of the indicated antigens. Cellfree
supernatants were assayed for cytokine production by ELISA. Data are the mean ± SEM (n=12)
of four independent experiments, each of which was performed in triplicate. White bars
represent TNF-α production. **, p<0.0001 (comparing ppOVA with ecOVA). Grey bars
represent IL-12 p70 production. *, p<0.01 (comparing ppOVA with ecOVA).
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