
Vaccine (2008) 26, 509—521

avai lab le at www.sc iencedi rec t .com

journa l homepage: www.e lsev ier .com/ locate /vacc ine

Recombinant Saccharomyces cerevisiae (yeast-CEA)
as a potent activator of murine dendritic cells�

Michael B. Bernsteina, Mala Chakrabortya, Elizabeth K. Wansleya,
Zhimin Guob, Alex Franzusoffb, Sven Mostböcka, Helen Sabzevari a,
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Summary Recombinant Saccharomyces cerevisiae (yeast) represents a unique and attractive
vehicle to deliver antigens in vaccine immunotherapy protocols for cancer or infectious dis-
ease, in that it has been shown to be extremely safe and can be administered multiple times
to hosts. In the studies reported here, we describe the effects of treatment with recombinant
yeast on murine immature dendritic cells (DCs). Yeast expressing human carcinoembryonic anti-
gen (CEA) as a model antigen was studied. Injection of mice subcutaneously with yeast-CEA
resulted in rapid increases in MHC class II+ cells and total antigen-presenting cells in draining
lymph nodes. Post-treatment with yeast-CEA, DCs rapidly elevated both MHC class I and class
II, numerous costimulatory molecules and other DC maturation markers, and secreted a range
of Type I inflammatory cytokines. Gene expression arrays also revealed the rapid up-regulation
of numerous cytokine and chemokine mRNAs, as well as genes involved in signal transduction
and antigen uptake. Functional studies demonstrated enhanced allospecific reactivity of DCs
following treatment with yeast-CEA or control yeast. Additionally, treatment of DCs with yeast-

CEA resulted in specific activation of CEA-specific CD8+ T cells in an MHC-restricted manner
in vitro. Lastly, vaccination of CEA-transgenic mice with yeast-CEA elicited antigen-specific
CD4+ and CD8+ immune responses in vivo. Thus, these studies taken together form a scientific
rationale for the use of recombinant yeast in vaccination protocols for cancer or infectious

diseases.
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ntroduction

mmunotherapy represents an exciting new area of research
evoted to the discovery of new methods of treatment
or cancer patients. As opposed to more traditional forms
f cancer therapy, the specificity and lack of toxicity of
mmune responses makes immunotherapeutic approaches
xtremely attractive [1]. Previous studies have investigated
arious types of vaccine strategies, including the use of
iral vectors [2] as well as DNA-based vaccines [3]. Although
iral vectors offer the ability to efficiently deliver antigen
nto the cytosol, and therefore into the conventional major
istocompatibility complex (MHC) class I processing path-
ay, concerns regarding safety and existing immunity to
any potential viral vaccine vector strains may limit the

pplication of such vectors [4]. Similarly, there remain sig-
ificant safety concerns regarding the use of DNA vaccines
ith respect to possible host—genome recombination and
utation [4]. Recent work, however, has focused on the non-
athogenic yeast species, Saccharomyces cerevisiae, which
ossesses numerous characteristics that make it a desirable
andidate for use in immunotherapy. Clinical studies to date
sing heat-killed recombinant yeast have shown minimal
oxicity, with a maximum tolerated dose yet to be estab-
ished [1,5—7]. Recombinant S. cerevisiae can also be easily
ngineered to express antigens for infectious diseases or
ancer [1,4,8]. Additionally, recombinant yeast is extremely
table, easily transported and stored, and generally easy to
dminister [4]. In vitro studies have also reported increased
roduction of interleukin (IL)-12, interferon-gamma (IFN-
), and granulocyte-macrophage colony-stimulating factor
GM-CSF) following S. cerevisiae administration, which may
bviate the need for coadministration with immune adju-
ants [1]. These characteristic advantages have been the
asis for preclinical and clinical investigations into using S.
erevisiae as a vaccine vehicle.

To effectively generate antigen-specific T-cell responses,
vaccine must be able to deliver whole protein antigens to
oth MHC class I and class II antigen-processing pathways of
rofessional antigen-presenting cells (APCs) [4]. In a study
onducted by Owais et al. and later confirmed by Stubbs
t al., recombinant S. cerevisiae was shown to be phagocy-
osed and internalized by DCs, which results in release of the
ecombinant protein in the phagolysosome. Subsequently,
he released protein gains access to the cytosol, leading to
fficient delivery of exogenous antigen to both MHC class I
nd class II through cross-presentation, and stimulation of
oth humoral and cell-mediated immune responses in vivo
8,9]. The ability of recombinant S. cerevisiae to effectively
licit immune responses in vivo prompted further investiga-
ion into the interactions between yeast and dendritic cells
DCs) in vitro [8]. In one study using murine DCs, uptake of
hole recombinant S. cerevisiae was shown to increase sur-

ace expression of several costimulatory molecules and to
ncrease production of IL-12 [8]. Murine DCs treated with
ecombinant S. cerevisiae designed to express chicken oval-
umin (OVA) were shown to efficiently prime MHC class I-

nd class II-restricted antigen-specific T-cell responses [8].
o our knowledge, this [8] was the only study to investigate
he effects of whole recombinant yeast on murine DCs in
itro. We therefore sought to extend these findings and to
lucidate potential mechanisms for the induction of immune
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esponses observed in vivo, using murine DCs and recom-
inant S. cerevisiae designed to express carcinoembryonic
ntigen (designated yeast-CEA) as a model antigen. CEA is
linically relevant as a target for immunotherapy since it
s expressed on 95% of colorectal, gastric, and pancreatic
ancers, as well as on 70% of non-small cell lung tumors
10,11].

We show here for the first time that (a) subcutaneous
s.c.) injection of yeast-CEA results in significant increases
n total cell number, number of class II+ cells, and total APCs
t the draining lymph node in vivo; (b) yeast-CEA treatment
f DCs significantly increases expression of MHC class I and
lass II, CD11c, CD40, CD80 (B7-1), CD86 (B7-2), CD54 (ICAM-
), and CD58 (LFA-3) as measured by percent-positive cells or
ean fluorescence intensity (MFI); (c) yeast-CEA treatment

f DCs significantly increases production of IL-12, tumor
ecrosis factor-alpha (TNF-�), IFN-�, monocyte chemotac-
ic protein-1 (MCP-1), IL-6, and IL-10; (d) DCs treated with
east-CEA have altered RNA expression levels of numerous
enes involved in cytokine and chemokine production, sig-
al transduction, and antigen uptake and presentation; (e)
Cs treated with yeast-CEA greatly enhance proliferation
nd IFN-� production of allogeneic T cells; (f) DCs treated
ith yeast-CEA (and not control yeast) can effectively stim-
late CEA-specific CD8+ T cells in vitro, and do so in an MHC
lass I-dependent manner; and (g) vaccination with yeast-
EA can break tolerance and elicit antigen-specific CD4+ and
D8+ T-cell responses in a transgenic mouse model.

aterials and methods

ice

or in vivo lymph node studies, 6- to 8-week-old female
57BL/6 (H-2b) mice were obtained from the National Can-
er Institute, Frederick Cancer Research and Development
acility (Frederick, MD). For lymphocyte proliferation and
ytotoxic T lymphocyte assays, a breeding pair of C57BL/6
ice that were homozygous for expression of the human
EA gene, designated transgenic (CEA-Tg) mice, was gen-
rously provided by Dr. John Shively (City of Hope Medical
enter). Transgenic mice were generated as previously
escribed [12]. Homozygosity for CEA expression was tested
nd verified using PCR analysis on mouse tail DNA [13]. Mice
ere housed and maintained in microisolator cages under
athogen-free conditions.

east constructs

ecombinant S. cerevisiae constructs without antigen (con-
rol yeast) or designed to express CEA (yeast-CEA) were
ngineered by methods similar to those previously described
11] (GlobeImmune, Inc., Louisville, CO).

oxvirus constructs
ecombinant vaccinia (rV) and recombinant fowlpox (rF)
iruses containing murine B7-1, ICAM-1, and LFA-3 genes
n combination with human CEA (CEA/TRICOM) have been
reviously described [14,15]. The rF virus containing the
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gene for murine GM-CSF (rF-GM-CSF) has also been pre-
viously described [16]. Therion Biologics (Cambridge, MA)
kindly provided all of the orthopoxviruses as part of a Col-
laborative Research and Development Agreement with the
National Cancer Institute/National Institutes of Health.

Injections and regional lymph node analyses

Female C57BL/6 mice were injected s.c. on day 0 with PBS
or 1 yeast unit (YU) of yeast-CEA (1 YU = 1 × 107 yeast par-
ticles) on the medial aspect of the right thigh. On days 2
and 4 post-injection, mice were sacrificed and right inguinal
lymph nodes were isolated. Cells were mechanically dis-
persed and a single-cell suspension was created. Cells were
washed three times in cold PBS/BSA, counted by Auto T4
Cellometer Reader (Nexcelom Bioscience LLC, Lawrence,
MA), and resuspended at a concentration of 0.5—1.0 × 106.
Cell-surface staining utilized 2-color immunofluorescence.
Staining was performed with primary fluorescein isothio-
cyanate (FITC)-labeled antibodies CD11c, CD3, CD8, DX5,
and IAb, as well as primary phycoerythrin (PE)-labeled anti-
bodies directed against H2-Kb, CD4, CD19, CD11b, and
CD80 (B7-1). All antibodies were purchased from PharMin-
gen (Mountain View, CA). Cell fluorescence was analyzed
and compared with that of appropriate isotype controls
(PharMingen) with a FACScan cytometer using Lysis II soft-
ware (Becton Dickinson, Mountain View, CA).

Preparation of DCs

DCs were harvested from C57BL/6 mice as previously
described [14]. Briefly, bone marrow was flushed from
the long bones of the limbs and passed over a Ficoll-
Hypaque gradient. Bone marrow cells were subsequently
depleted of lymphocytes and Ia+ cells using a cocktail of
magnetic beads coated with monoclonal antibodies spe-
cific for CD4, CD8, and MHC class II antigens (MiniMACS;
Miltenyi Biotec, Auburn, CA). Cells were plated in 6-well cul-
ture plates (106 cells/mL, 5 mL/well) in complete medium
supplemented with 10 ng/mL GM-CSF and 10 ng/mL IL-4
(R&D Systems, Minneapolis, MN). Cells were replated with
fresh cytokine-supplemented medium on day 2 and cul-
tured for 5 days. Cells were then harvested from wells,
washed twice in LPA medium, counted by Auto T4 Cellome-
ter Reader (Nexcelom Bioscience LLC), and resuspended at
1.5 × 106 cells/mL. For in vitro studies, cells were placed in
a new 6-well plate (1.5 mL/well) and either left untreated
or incubated with yeast-CEA or control yeast at a ratio of
1:1 at 37 ◦C in 5% CO2 for 48 h.

Flow cytometry analysis

Cell-surface staining of DCs for analysis of phenotypic
expression was performed as previously described [17].
Briefly, staining was performed with primary FITC-labeled

antibodies Pan-NK, CD11b, CD4, CD19, and CD8, and primary
PE-labeled antibodies IAb, CD58 (LFA-3), CD86 (B7-2), CD11c,
and CD45 (B220). Biotin-labeled antibodies CD80 (B7-1),
CD54 (ICAM-1), CD40, H2-Kb, and H2-Db were subsequently
labeled with streptavidin-Cy-chromeTM. As a control in
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elected experiments, DCs were matured with lipopolysac-
haride (LPS; 50 �g/well). Cell fluorescence was analyzed
nd compared with that of appropriate isotype-matched
ontrols with a FACScan cytometer using Lysis II software
Becton Dickinson). All antibodies were purchased from
harMingen.

valuation of cytokine production

Cs plated in a 6-well plate were incubated with 1 YU of
east-CEA on day 5 of culture, as described above. Super-
atant was harvested from the wells after 48 h and analyzed
or production of TNF-�, IFN-�, MCP-1, IL-2, IL-4, IL-5, IL-6,
L-10, and IL-12 using protocols provided by BDTM Cytomet-
ic Bead Array (CBA) Mouse Inflammation and Mouse Th1/Th2
ytokine Kits (PharMingen, San Diego, CA). Limit of detec-
ion was 4 pg/mL. Cytokine production was subsequently
nalyzed with a FACScan cytometer using BDTM CBA soft-
are. To confirm the level of IL-12 production, an ELISA was
lso performed (R&D Systems) using the protocol provided.

NA isolation

Cs were cultured in GM-CSF and IL-4 for 5 days, as described
bove. On day 5, DCs were incubated with yeast-CEA at a
atio of 1:1 at 37 ◦C in 5% CO2. After 8 h, cells were harvested
rom the wells and total RNA was extracted and purified from
× 107 cells with the RNeasy Midi Kit (Qiagen, Inc., Valencia,
A) according to the manufacturer’s instructions.

DNA oligoarray

DNA oligoarray, which focuses on 260 genes involved
n DC activation and maturation (SuperArray, Bioscience
orp., Frederick, MD), was used to analyze gene expression
hanges pre- and post-treatment with yeast-CEA. Post-
reatment, genes were considered to be up-regulated or
own-regulated if their normalized intensity ratio was ≥2 or
0.5 (2-fold cutoff) and ≥3 or ≤0.33 (3-fold cutoff) respec-

ively. Hierarchical clustering was applied to genes with a
ormalized intensity ratio of ≥3 or ≤0.33, as previously
escribed [18].

ixed lymphocyte reaction (H-2d vs. H-2b) and
FN-� production

he mixed lymphocyte reaction was used to assess the stim-
latory function of DCs for allogeneic (H-2d) and syngeneic
H-2b) näıve T cells. T cells were isolated from BALB/c (H-
d) or C57BL/6 (H-2b) mice, as previously described [15,17].
riefly, stimulator cells consisted of DCs from C57BL/6 (H-2b)
ice that were either untreated or incubated with con-

rol yeast or yeast-CEA for 48 h. Complete medium was
dded and cells were incubated at 37 ◦C for 18 h. Cells
ere then irradiated to achieve 20 Gy and washed. T cells

4
5 × 10 /well) were cocultured with graded numbers of stim-
lator cells (5 × 103 to 6.25 × 102) in complete medium
n flat-bottomed, 96-well culture plates. Cells were then
ncubated at 37 ◦C in 5% CO2 for 4 days, labeled for the
nal 12—18 h of incubation with 1 �Ci/well [3H] thymidine
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New England Nuclear, Wilmington, DE), and harvested with
Tomtec cell harvester (Wallac, Inc., Gaithersburg, MD).

he incorporated radioactivity was measured by liquid scin-
illation counting (Wallac 1205 Betaplate; Wallac, Inc.).
esults of the triplicate wells were averaged and reported
s mean counts/min with 95% confidence intervals. For anal-
sis of IFN-� production, supernatants from wells of the
at-bottomed, 96-well plate were harvested 48 h after allo-
eneic or syngeneic näıve T cells were exposed to stimulator
Cs. The level of IFN-� produced by näıve T cells was
easured using BDTM Cytometric Bead Array (CBA) Mouse

nflammation Kit (PharMingen), as described above.

timulation of CEA-specific CD8+ T cells

Cs were incubated with either control yeast or yeast-
EA at a ratio of 1:1 for 48 h, as described above. DCs
ere then irradiated to achieve 20 Gy, washed, and set at
concentration of 2.5 × 105 cells/mL. Irradiated DCs were

hen cocultured with CAPm8 (H2-Db-restricted CEA peptide-
pecific CD8+ T-cell line) at a ratio of 4:1 in a flat-bottomed,
4-well culture plate at 37 ◦C in 5% CO2 for 24 h. Super-
atants were then harvested from the wells and analyzed
or IFN-� production by BDTM Cytometric Bead Array (CBA)
ouse Inflammation Kit (PharMingen), as described above.
or MHC class I blocking studies, anti-H2-Db or appropri-
te isotype control antibody was added at 10 �g/mL for the
uration of the experiment.

ymphocyte proliferation assays

o evaluate T-cell immune responses to CEA following vac-
ination, splenic T cells were analyzed for cell proliferation
n response to CEA protein. Splenocytes were harvested and
ispersed into single-cell suspensions in 10% FCS/RPMI1640,
ollowed by lysis of red blood cells. Lymphocytes were
ubsequently separated by centrifugation through a Ficoll-
ypaque gradient. CD4+ or CD8+ cells were then isolated by
egative selection and determined to be >90% pure (Miltenyi
iotec). Purified T cells (2 × 105 cells/well) were cultured
or 5 days in 96-well flat-bottomed plates with näıve
yngeneic splenocytes irradiated with 2000 rads as antigen-
resenting cells (APCs) (5 × 105 cells/well), and with CEA
rotein in 10% FCS/RPMI1640. Cells were incubated at 37 ◦C
n 5% CO2 for 4 days, labeled for the final 24 h of incubation
ith 1 �Ci/well [3H] thymidine (New England Nuclear), and
arvested with a Tomtec cell harvester (Wallac, Inc.). The
ncorporated radioactivity was measured by liquid scintilla-
ion counting (Wallac 1205 Betaplate; Wallac, Inc.). Results
f the triplicate wells were averaged and reported as mean
ounts/min with 95% confidence intervals.

n vivo CEA-specific CD8+ T-cell response

o determine CEA-specific CD8+ T-cell responses follow-

ng vaccination, spleens were harvested, dispersed into
ingle-cell suspensions, and stimulated with 1 �g/mL of
2-Db-restricted CEA peptide CEA572—579 (GIQNSVSA) (CPC
cientific, San Jose, CA) [19]. After 6 days of incubation,
ulk splenic cells were separated by centrifugation through
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Ficoll-Hypaque gradient. The recovered lymphocytes
ere then incubated for 5 h with 51Cr-labeled target cells

EL-4, 5 × 103 cells/well) pulsed with the CEA572—579 pep-
ide or vesicular stomatitis virus nucleoprotein VSV-NP52—59

RGYVYQGL) peptide as a control (CPC Scientific). Follow-
ng the incubation period, radioactivity in supernatants
as measured using a gamma-counter (Cobra Autogamma,
ackard Instruments, Downers Grove, IL). The percent-
ge of tumor lysis was calculated as follows: % tumor
ysis = [(experimental cpm − spontaneous cpm)/(maximum
pm − spontaneous cpm)] × 100.

accination regimens

äıve CEA-Tg mice were vaccinated with either 1 YU yeast-
EA or recombinant poxviral vaccines. Yeast-CEA mice were

njected subcutaneously on days 0 and 7 with 1 YU yeast-
EA. Mice vaccinated with poxviral vectors received 108 pfu
V-CEA/TRICOM admixed with 107 pfu rF-GM-CSF on day

and boosted with 108 pfu rF-CEA/TRICOM admixed with
07 pfu rF-GM-CSF on day 7. Spleens were harvested 2 weeks
ost-treatment (day 21) and used in CEA-specific immune
ssays.

tatistical analysis

tatistical significance was calculated using ANOVA, with
epeated measures using Statview 4.1 (Abacus Concepts,
nc., Berkeley, CA). In graphic representations of data, y-axis
rror bars indicate the S.D. for each point on the graph. Sig-
ificant differences in distribution of flow cytometry analysis
ata were determined using the Kolmogorov—Smirnov test.

esults

ellular changes in draining lymph nodes of mice
reated with recombinant yeast-CEA

he effects of a whole recombinant yeast vaccine on
mmune-cell populations at the draining lymph node have
ot been investigated. In this study, C57BL/6 mice were
iven a single s.c. injection on the medial aspect of the
ight thigh of either PBS or 1 YU of recombinant yeast-CEA.
n days 2 and 4 post-vaccination, draining inguinal lymph
odes were harvested and analyzed for changes in total cell
umber and in number of immune-cell populations (Table 1).
wo days post-vaccination, the total number of cells at the
raining lymph node doubled in mice receiving yeast-CEA,
ompared to mice receiving PBS. This increase in lymph
ode cellularity was maintained for at least 4 days post-
accination. To determine the immune-cell population(s)
esponsible for these cellular changes, we examined 4 dis-
inct lymph node cell populations: class II+ cells, T cells,

cells, and natural killer (NK) cells (Table 1). There was
2.3-fold increase in class II+ cells 2 days post-vaccination

ith yeast-CEA, and a 1.5-fold increase in T cells at the
raining lymph node, as defined by CD3+ staining (Table 1).
more in-depth analysis of the T-cell population revealed
slight bias toward CD4+ T cells (3.4-fold increase) vs.

D8+ T cells (2-fold increase). There were also significant
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Table 1 Effect of yeast vaccine on lymph node cell populations

Cells Treatment Post-treatment

Day 2 Day 4

Total/node PBS 7.5 × l06 8.3 × l06

Yeast-CEA 1.5 × l0−7 1.3 × l07

IAb+ PBS 24% 1.8 × l06 29% 2.4 × l06

Yeast-CEA 27% 4.1 × l06 26% 3.4 × 106

CD3+ PBS 78% 5.8 × l06 76% 6.3 × l06

Yeast-CEA 57% 8.6 × l06 68% 8.8 × l06

CD4+ PBS 41% 1.7 × l06 47% 3.9 × l06

Yeast-CEA 38% 5.7 × l06 39% 5.1 × l06

CD8+ PBS 23% 1.7 × l06 23% 1.9 × l06

Yeast-CEA 23% 3.4 × 106 22% 2.9 × l06

CD19+ PBS 22% 1.6 × l06 19% 1.6 × l06

Yeast-CEA 26% 3.9 × 106 18% 2.3 × 106

DX5+ PBS 2% 1.5 × l05 2% 1.7 × l05

Yeast-CEA 2% 3.0 × l05 2% 2.6 × l05

APC (CD11c+IAb+) PBS 1.6% 1.2 × l05 2% 1.76 × 105

Yeast-CEA 2% 3.15 × 105 2% 2.47 × 105

C57B6 mice (n = 5/group) were given 1 YU/mouse s.c. in the right thigh on day 0. Control mice received PBS only. Mice were sacrificed 2
and 4 days post-yeast administration. Total cells from the draining inguinal lymph nodes were counted after lysis of red blood cells and
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stained for MHC-II+ cell populations (IAb+, CD19+), T-cells (CD3+, C
IAb+/CD11c+-stained cells. Cells were analyzed by flow cytometry

increases in B cells (2.4-fold) and NK cells (2-fold) 2 days
post-vaccination with yeast-CEA. While trends were similar,
increases in overall cellularity and individual immune-cell
populations were not as substantial at day 4 as they were
at day 2 (Table 1). For instance, there was only a 1.4-fold
increase in class II+ cells on day 4 compared to a 2.3-fold
increase on day 2. This observation was consistent for T
cells, B cells, and NK cells as well, indicating that the
immune system started to return to baseline 4 days after
yeast-CEA vaccination.

A single s.c. injection of yeast-CEA also increased the
APC population (IAb+/CD11c+ cells) at the draining lymph
node (Table 1). Approximately 1.5% of lymph node cells
from untreated mice expressed the phenotype consistent
with that of APCs. Two days post-vaccination, mice receiving
yeast-CEA showed approximately a 3-fold increase (P < 0.05)
in the total number of APCs at the draining lymph node, com-
pared to control mice. This increase in the APC population
was maintained for 4 days post-vaccination. However, con-
sistent with trends previously observed in other immune-cell
populations, the level of APCs began to return to baseline
by day 4 post-vaccination (1.4-fold increase on day 4 vs.
2.6-fold increase on day 2). Injection of control yeast pro-

duced results similar to those seen with yeast-CEA (Table 1),
demonstrating that the yeast vehicle was responsible for
the lymph node changes observed. This experiment was
repeated two times with similar results. Data depicted
in Table 1 is representative of one experiment and the

w
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CD8+), and NK cells (DX5+). APC populations were quantified by
numbers indicate significant difference (P < 0.05).

tatistical test for trend is representative of two experi-
ents.

nhanced expression of cell surface markers and
ncreased cytokine production following treatment
ith yeast-CEA

he sustained increase in the APC population at the drain-
ng lymph node in vivo following yeast-CEA vaccination
Table 1) provided the rationale for a more in-depth inves-
igation, specifically examining the effects of recombinant
east on DC maturation and activation in vitro. A prior in
itro study had shown that uptake of recombinant yeast by
Cs increased surface expression (presented as fold increase

n mean fluorescent channel [MFC]) of MHC class II, CD40,
D80, CD86, and CD54, as well as production of IL-12 [8,20].
e sought to extend these findings by analyzing the effects
f recombinant yeast-CEA on the expression of 10 cell-
urface markers indicative of DC maturation and activation
n terms of two different parameters — percent-positive
ells and MFI — and on the production of 9 inflammatory
ytokines. For these studies, immature DCs were incubated

ith yeast-CEA for 48 h at a ratio of 1:1, as described in
ection ‘Materials and Methods’. Following the 48-h incu-
ation period, DCs and supernatants were harvested and
nalyzed for changes in phenotypic expression and cytokine
roduction. Similar results in phenotypic changes and levels
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f cytokine production were seen in immature DCs exposed
o control yeast and yeast-CEA (data not shown). For brevity,
nly results employing yeast-CEA are shown here.

As seen in Table 2A, DCs treated with yeast-CEA showed
ignificant increases (75—89%, P < 0.001) in class II (IAb) cell-
urface expression. The MFI of these cells, an additional
ndicator of cellular maturation, also increased. Similarly,
hile the percentage of class I+ cells (defined by H2-Kb/Db)

ncreased only 1% following treatment with yeast-CEA, there
as a statistically significant increase (P < 0.001) in MFI

rom 923 to 1274. The up-regulation of MHC class I and
lass II expression following treatment with yeast-CEA was
ccompanied by significant increases in expression of CD11c
nd the costimulatory molecules CD40, CD86 (B7-2), CD80
B7-1), CD54 (ICAM-1), and CD58 (LFA-3) (Table 2A). By com-
arison, DCs treated with LPS, a classic activator of DCs in
itro [2,3], also showed increases in the same surface mark-
rs (Table 2A). However, the percent cell expression and/or
FI of MHC class I and class II, CD11c, CD40, B7-2, B7-1,

CAM-1, and LFA-3 were greater for cells treated with yeast-
EA compared to those treated with LPS. Finally, to ensure
he purity of the DC population, we examined changes in
xpression of CD4+ and CD8+ (T cells), CD19+ (B cells), and
an NK (NK cells). All DC populations were negative for these
cell-surface markers pre- and post-treatment with yeast-
EA (data not shown).

We next examined the effects of yeast-CEA exposure
n DC cytokine production, an additional marker of DC
ctivation (Table 2B). As mentioned above, DCs were also
reated with LPS, which served as a positive control. Fol-
owing exposure to yeast-CEA for 48 h, DCs approximately
oubled production of IL-12. This level of IL-12 production
y DCs treated with yeast-CEA was subsequently confirmed
y ELISA. There were also increases in production of IFN-� (5-
old), IL-10 (4.5-fold), and MCP-1 (1.2-fold), and substantial
ncreases in TNF-� (84-fold) and IL-6 (23-fold) by DCs treated
ith yeast-CEA. Levels of 3 cytokines — IL-5, IL-4, and IL-2
were undetectable pre- and post-exposure to yeast-CEA

Table 2B). The same experiments using DC:yeast particle
atios ranging from 1:20 to 1:0.1 yielded similar results (data
ot shown).

ligoarray analysis reveals numerous additional
enes differentially expressed in DCs following
reatment with recombinant yeast-CEA

DNA oligoarray analyses were employed to better define
hanges in gene expression patterns of DCs treated with
ecombinant yeast-CEA. To recognize early changes in gene
xpression, total RNA from DCs treated with yeast-CEA was
solated after an 8-h incubation period and compared with
NA from untreated DCs. Using an Oligo GEArray®, quanti-
ative analysis of different levels of expression of 260 genes
nvolved in DC activation and maturation revealed a total
f 33 genes that were up-regulated by at least 2-fold and
nly one gene that was down-regulated at least 2-fold. Addi-

ional analysis focused on the 15 genes that exhibited a
hange in expression of at least 3-fold after treatment with
east-CEA (Table 3); genes were grouped according to their
unction. Of the 14 genes up-regulated at least 3-fold at 8 h,
7% (8 genes) encoded proteins that participate in the pro-
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Table 3

Functional group Gene Description Fold-change after 8 h

Cytokine/chemokine IL-12b IL-12b 4.7
CXCL10 Chemokine ligand 10 4.5
IL-6 IL-6 4.4
CXCL2 Chemokine ligand-2 4.2
CCL4 Chemokine ligand-4 4
IFN-g IFN-gamma 3.5
IL-1b IL-1beta 3.5
CSF2 GM-CSF 3.4

Signal transduction IFIT1 IFN-induced protein 8.2
ISG15 ISG15 ubiquitin-like modifier 4
IFI204 IFN-activated gene 204 3.3
IFIT3 IFN-induced protein 3

Antigen presentation CD80 CD80 (B7-1) 3.3

Antigen uptake MX2 Myxovirus resistance 2 5.6
PFN1 Profilin 1 −3.2

Genes differentially expressed in yeast-CEA-treated DCs vs. untreated DCs. DCs were derived from C57B6 mouse bone marrow treated
with GM-CSF and IL-4. On day 5, DCs were incubated with yeast-CEA at a ratio of 1:1. After 8 h, RNA was harvested and a cDNA oligoarray
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was performed. Genes were considered differentially expressed
hierarchical cluster of differentially expressed genes in yeast-CEA

duction and release of cytokines and chemokines, including
IL-12, IL-6, and IFN-�. This result accords with observa-
tions at the protein level shown previously (Table 2B). Of
the 14 genes up-regulated at least 3-fold, 29% (4 genes)
are involved in signal transduction, including IFIT1, whose
expression increased the most (8.2-fold) following treat-
ment with yeast-CEA. IFIT1 encodes an IFN-induced protein
that contributes to the induction of an immune response.
Another gene up-regulated at least 3-fold, CD80 (B7-1),
encodes for a protein involved in antigen presentation. This
increase in B7-1 gene expression is also consistent with our
previous observations at the protein level, as seen from the
phenotypic data presented in Table 2A. The myxovirus resis-
tance 2 gene, which encodes for a protein in the GTPase
family, showed a 5.6-fold increase in expression following
treatment with yeast-CEA. This gene is in the category of
genes involved in antigen uptake and therefore, like many
GTPases, likely participates in the intracellular trafficking
of proteins and receptors to and from the cell surface [21].
The single gene that was down-regulated at least 3-fold after
treatment with yeast-CEA, profilin 1, is also grouped in the
antigen uptake category and is involved in the stabilization
of actin polymerization [22].

To further characterize the ability of yeast-CEA to
activate signal transduction pathways, subsequent studies
focused on the Toll-like receptor (TLR) signaling pathway,
as it has been implicated in the recognition of various yeast
species and yeast cell-wall derivatives. To our knowledge,
activation of murine DCs by whole recombinant S. cerevisiae
through the TLR pathway has not been investigated. Stud-

ies were therefore conducted to determine if stimulation of
DCs by yeast-CEA, as evidenced by (a) enhanced phenotypic
expression (Table 2A), (b) increased inflammatory cytokine
production (Table 2B), and (c) up-regulation of immunoreg-
ulatory genes (Table 3), involves the TLR signaling pathway.

o
l
t
e
n

eir levels of expression differed at least 3-fold. Depicted is a
ted vs. untreated DCs.

pecifically, DCs were treated with yeast-CEA in the pres-
nce or absence of 20 �g/mL blocking antibodies for TLR2 or
LR4. In the absence of either blocking antibody, DCs incu-
ated with yeast-CEA produced 3500 pg/mL TNF-�, similar
o that shown in Table 2B. DCs incubated with yeast-CEA
n the presence of anti-TLR2 or anti-TLR4 expressed 3400
nd 3300 pg/mL TNF-�, respectively. These data indicate
hat other TLR pathways could be involved in DC activa-
ion by yeast or that yeast could be activating DCs in a
LR-independent manner.

nhanced allostimulatory activity by DCs treated
ith recombinant yeast

he studies described above demonstrate that recombinant
east effectively matures and activates DCs in vitro and
n vivo. To determine if these effects would translate into
nhanced function, the stimulatory capacity of untreated
nd yeast-treated DCs was assessed by an allospecific mixed
ymphocyte reaction. Immature DCs from C57BL/6 (H-2b)
ice were treated with recombinant yeast-CEA or control

east at a ratio of 1:1 for 48 h, as previously described. To
erve as a positive control, DCs were once again treated
ith LPS (Fig. 1A and B, gray bar). Untreated and treated
Cs were then coincubated for 48 h with näıve allogeneic
cells from BALB/c (H-2d) mice and subsequently assessed

or changes in proliferation and IFN-� production. As seen
n Fig. 1A, DCs treated with yeast-CEA (black bar) or con-
rol yeast (hatched bar) significantly increased proliferation

f allogeneic T cells (P < 0.05). Both yeast-treated DC popu-
ations induced a 2-fold increase in proliferation compared
o untreated DCs (open bar). As an additional measure of
nhanced DC function following treatment with recombi-
ant yeast, we examined the level of IFN-� production by
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Figure 1 Yeast-CEA enhanced allostimulatory (H-2d vs. H-2b)
activity by DCs. DCs were derived from C57BL/6 mouse bone
marrow treated with GM-CSF and IL-4. DCs were incubated on
day 5 with either yeast-CEA or control yeast at a ratio of 1:1 for
48 h, then cocultured with BALB/c allogeneic (H-2d) T cells for 5
days. For proliferation (A), 3H-thymidine was added during the
final 18 h. For IFN-� production (B), supernatants were analyzed
after 5 days by cytometric bead array. Solid line: proliferation of
DCs without added T cells; open bars: proliferation of allogeneic
T cells cultured with untreated DCs; black bars: DCs treated
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ratios (Fig. 3C). For comparison, CEA-Tg mice were also
ith yeast-CEA; hatched bars: DCs treated with control yeast;
ray bars: DCs treated with LPS.

äıve allogeneic T cells. As seen in Fig. 1B, DCs treated
ith yeast-CEA or control yeast increased IFN-� production
y T cells > 3-fold compared to untreated DCs. As expected
n an allogeneic mixed lymphocyte reaction, there were no
ignificant differences in stimulatory capacity between DCs
reated with yeast-CEA or those treated with control yeast.

Cs treated with yeast-CEA effectively stimulate
EA-specific CD8+ T cells in a class I-dependent
anner

e next sought to determine if yeast-CEA-treated DCs
ould stimulate CEA-specific T cells. As previously described,
mmature DCs were left untreated or treated with either
east-CEA or control yeast for 48 h. These 3 DC popu-
ations were then coincubated with CEA-specific T cells

23] for 24 h, after which supernatants were harvested
nd analyzed for IFN-� production. First, to ensure that
FN-� production by the DC populations could not account
or the results, supernatants were also harvested from

v
u
a
M
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ells in which no T cells were added. As seen in Fig. 2,
evels of IFN-� production by the DC populations alone
ere undetectable. The addition of CEA-specific T cells

Fig. 2), whether stimulated by untreated DCs (open bar)
r DCs treated with control yeast (hatched bar), pro-
uced similar levels of IFN-�. However, CEA-specific CD8+

cells stimulated by DCs treated with yeast-CEA (black
ar) showed a substantial increase in IFN-� production
elative to untreated DCs or DCs treated with control
east.

To ensure authentic presentation of the relevant CEA
eptide by MHC class I expressed on the surface of
east-CEA-treated DCs, an MHC class I-blocking antibody
anti-H2-Db) was added for the duration of the coincuba-
ion (Fig. 2). Anti-H2-Db greatly diminished the amount
f IFN-� produced by CEA-specific T cells incubated with
east-CEA-treated DCs, reducing IFN-� production to a level
imilar to those of untreated DCs and DCs treated with
ontrol yeast (Fig. 2). In contrast, no such reduction was
een when an isotype-control antibody was substituted for
he MHC class I-blocking antibody (Fig. 2). Taken together,
hese data demonstrate that only DCs treated with recom-
inant yeast-CEA are capable of effectively stimulating
EA-specific CD8+ T cells, and that these stimulatory effects
re dependent on interactions with antigen-loaded MHC
lass I.

accination with yeast-CEA produces CEA-specific
mmune responses in vivo

he studies described above show that yeast-CEA acti-
ates and matures DCs, which can subsequently stimulate
ntigen-specific T cells in vitro. Therefore, we next sought
o determine if vaccination with yeast-CEA could elicit
EA-specific immune responses in vivo. For these experi-
ents, we utilized a transgenic mouse model in which CEA

s expressed as a self antigen in fetal tissues and vari-
us parts of the intestinal tract [24]. These CEA-Tg mice
xhibit CEA expression levels analogous to those seen in
atients presenting with CEA+ carcinomas. Mice were vac-
inated s.c. with 1 YU of yeast-CEA, control yeast, or PBS
n days 0 and 7 and sacrificed 14 days later. Spleens were
hen harvested and CD4+ proliferation and CD8+ cell killing
ssays performed. As shown in Fig. 3A, vaccination with
ontrol yeast (closed triangles) or PBS (open squares) pro-
uced negligible CD4+ proliferation at all concentrations of
EA. In contrast, vaccination with yeast-CEA (closed circles)
esulted in a 8-fold increase CD4+ proliferation at 50 �g/mL
EA compared to that of control yeast or PBS. Higher levels
f proliferation were also observed at 25 �g/mL CEA (6-fold
ncrease) and 12.5 �g/mL CEA (3-fold increase) following
east-CEA vaccination compared to controls (Fig. 3A). Sim-
larly, vaccination with yeast-CEA produced greater levels
f CD8+-mediated cell lysis (between 10% and 20% lysis)
ompared to that observed when mice were injected with
ontrol yeast or PBS (<5% lysis) for all effector:target (E:T)
accinated with a well-defined CEA-based vaccine, which
tilizes poxviruses as delivery vehicles for tumor-associated
ntigens in combination with TRIad of T cell COstimulatory
olecules (designated TRICOM; B7-1, ICAM-1, and LFA-3)
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Figure 2 DCs treated with yeast-CEA stimulate CEA-specific T cells. DCs were derived from C57BL/6 mouse bone marrow treated
with GM-CSF and IL-4. DCs were incubated on day 5 with either yeast-CEA or control yeast at a ratio of 1:1 for 48 h, then cocultured
with CEA-specific T cells at a ratio of 4:1 for 24 h. Supernatants were then analyzed for IFN-� by cytometric bead array. For
MHC blocking studies, anti-H2-Db monoclonal antibody or isotype control antibody was added at 10 �g/mL for the duration of the
experiment.

Figure 3 Vaccination with yeast-CEA induces antigen-specific T-cell responses. CEA-Tg mice were vaccinated with 1 YU yeast-CEA
on days 0 and 7. For comparison, CEA-Tg mice were vaccinated with rV-CEA/TRICOM + rF-GM-CSF on day 0, and boosted with rF-
CEA/TRICOM + rF-GM-CSF on day 7. On day 21, mice were sacrificed, spleens were harvested, and splenocytes were used for assays.
(A and B) CD4+ cell proliferation. Purified CD4+ T cells were cultured with irradiated APCs and CEA protein for 5 days. 3H-thymidine
(1 �Ci/well) was added to the wells for the last 24 h, and proliferation was assayed by measuring incorporated radioactivity. (C and
D) CD8+ CTL activity after vaccination. Splenocytes were stimulated with CEA572—579 peptide for 6 days before assays. Lymphocytes
were incubated for 5 h with 51Cr-labeled target EL-4 cells pulsed with CEA or VSV-NP control peptide. Radioactivity in the supernatant
was measured and specific lysis calculated. Shown is %specific lysis after subtraction of lysis noted against VSV-NP peptide.
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25]. Similar to yeast vaccines, TRICOM-based vaccines have
een shown to elicit antigen-specific immune responses by
nhancing the ability of DCs to activate both näıve and effec-
or T cells in vitro and in vivo [17,26]. Vaccination with
EA-TRICOM (closed squares) resulted in slightly higher lev-
ls of CD4+ proliferation (Fig. 3B) compared to that seen
n mice vaccinated with yeast-CEA (Fig. 3A). However, the
evel of CD8+-specific lysis induced following vaccination
ith CEA-TRICOM (Fig. 3D) was equivalent to that seen with
east-CEA injection (Fig. 3C). Taken together, these data
how that vaccination with yeast-CEA elicits CEA-specific
D4+ and CD8+ immune responses in a ‘‘self’’ antigen system

n vivo.

iscussion

ecombinant S. cerevisiae has numerous characteristics that
ake it a desirable candidate for use as a vaccine platform

or immunotherapy. Paramount among these is the fact that
epeated administration of heat-killed recombinant S. cere-
isiae has been shown to be well-tolerated, with no report
f serious adverse events in preclinical or clinical studies
20,27,28]. Furthermore, recombinant S. cerevisiae can be
asily engineered to express clinically relevant antigens, is
asily transported and stored, and can be cultured rapidly in
arge quantities [1,4]. An added benefit of S. cerevisiae is its
nherent adjuvant properties, which could potentially abro-
ate the need for coadministration with expensive immune
djuvants [1,8].

Several recent studies have investigated the use of
ecombinant S. cerevisiae as a vaccine vehicle. It has been
hown that, while nonpathogenic, recombinant S. cerevisiae
an elicit potent immune responses and stimulate both
umoral and cell-mediated immunity [1,4,8,20]. Through
ross-presentation, recombinant S. cerevisiae can deliver
xogenous antigen to MHC class I and class II presentation
athways, with subsequent activation of antigen-specific
D4+ and CD8+ T cells [1,8]. Knowing that recombinant yeast
an induce robust immune responses, we sought to investi-
ate its local effects not only on CD4+ and CD8+ T cells,
ut also on several other immune-cell populations, includ-
ng MHC class II+ cells, B cells, NK cells, and total APCs. To
hat end, mice were injected with recombinant S. cerevisiae
esigned to express CEA, and draining lymph nodes were
arvested and examined for changes in cellularity 2 and 4
ays post-vaccination. While no preferential increase in any
articular immune-cell population was observed at these
imes, the absolute number of all cell populations signifi-
antly increased (Table 1), indicating effective recruitment
f immune-mediated cells to the draining lymph node fol-
owing yeast-CEA vaccination. While trends were similar,
ncreases in overall cellularity and individual immune-cell
opulations were not as marked at day 4 as they were at
ay 2, possibly indicating that the immune system starts
o return to baseline 4 days post-vaccination. This obser-
ation may help to pinpoint optimal timing and scheduling

f a yeast-based vaccine.

To better understand how these immune responses are
nduced in vivo [1,4,8,20], we undertook several studies to
xamine the interactions between recombinant yeast and
Cs in vitro. DCs are widely recognized as the key to initi-

r
e
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ting any immune response [1] and are capable of priming
äıve T-cell responses [29]. They have also been shown to
e the only APCs capable of efficiently processing exogenous
ntigen for presentation to näıve precursor CD8+ T cells via
he MHC class I pathway [4,30]. It has previously been shown
hat recombinant yeast activates and matures DCs, defined
y increased surface expression of MHC and costimulatory
olecules [4]. Stubbs et al. observed increased surface

xpression of class II, CD40, CD80, CD86, and CD54 on DCs
ollowing treatment with recombinant S. cerevisiae [8]. The
ame study also showed that interactions between recom-
inant yeast and DCs lead to increased IL-12 production, an
dditional marker of DC activation [8]. In a parallel study,
heng et al. showed that mannan, an extract from yeast cell
alls, can also enhance surface expression of CD40, CD80,
nd CD86 on DCs and increase production of several inflam-
atory cytokines involved in Th1 and Th2 immune responses

31].
We sought to extend the findings of Stubbs et al. [8]

y analyzing the effects of recombinant yeast-CEA on 5
dditional DC surface markers (10 in all) in terms of
ercent-positive cells and MFI, and on the production of 9
nflammatory cytokines. DCs treated with yeast-CEA showed
ignificantly increased expression of MHC class I and class
I, as well as CD11c, CD40, CD80 (B7-1), CD86 (B7-2), CD54
ICAM-1), and CD58 (LFA-3) (Table 2A), which accords with
reviously published results [8,31]. We also found that
east-CEA significantly increased production of IL-12, TNF-
, IFN-�, MCP-1, IL-6, and IL-10 by DCs (Table 2B), which

s consistent with prior reports [8,20,31]. In these studies,
PS was used as a positive control for DC activation. The
henotypic studies reported here showed greater increases
y yeast-CEA in percent-positive cells and/or MFI in all
arkers examined compared to LPS (Table 2A). Similarly,
Cs treated with LPS increased production of the same

nflammatory cytokines as yeast-CEA-treated DCs, albeit to
greater degree (Table 2B). These varying results are not

urprising since yeast and LPS have been shown to activate
nd mature DCs through different mechanisms. Huang et al.
32] examined the effects of LPS and Candida albicans on
uman DCs and reported discordance between the genes
p-regulated by the two stimuli. Furthermore, it is note-
orthy that in the cytokine studies reported here, TNF-�
nd not IL-12, the traditional cytokine marker for DC activa-
ion [8,33,34], showed the greatest increase in production
ollowing treatment with yeast-CEA. For instance, Stubbs
t al. [8] reported IL-12 levels close to 5000 pg/mL follow-
ng exposure to yeast. Therefore, we sought to confirm the
evel of IL-12 production reported in Table 2B with an ELISA,
hich subsequently revealed similar results. While not com-
letely clear, these differences in IL-12 production could be
ue to the methods in which the DCs are prepared and/or
he state of maturation of DCs used in the assays. In the
tudies reported here, DCs were obtained from highly puri-
ed bone marrow depleted of CD3+, IAb+, and CD19+ cells.
astly, because there was such a substantial increase in
NF-� production following exposure to yeast-CEA and some

eports have shown increased cell death due to high lev-
ls of TNF-� [35,36], follow-up annexin and propium iodide
tudies were performed but failed to show any accelera-
ion of apoptosis or necrosis by DCs following treatment with
east-CEA.
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Recombinant yeast activates dendritic cells and enhances th

To our knowledge, only one prior study has exam-
ined the effects of yeast on DC gene expression levels
[32]. In that study, oligonucleotide microarrays were uti-
lized to measure gene expression profiles of human DCs
in response to the pathogenic yeast C. albicans. At early
time points, human DCs showed increased expression of
immune cytokines, chemokines, and receptors, as well
as induction of signaling genes and transcription fac-
tors. That study [32] employed a genus and species of
yeast different from the S. cerevisiae studied here. In
the study reported here, we demonstrate that following
exposure to yeast-CEA, murine DCs up-regulate a num-
ber of genes involved in inducing an immune response.
We found that most of the early-response genes up-
regulated encoded for proteins involved in the production
and release of cytokines, chemokines, and their receptors
(Table 3). Up-regulation of these genes likely contributes
to the recruitment of monocytes, macrophages, and other
immune-mediated cells to regional lymph nodes in order to
initiate an immune response. Furthermore, increases in the
expression of genes participating in signal transduction path-
ways (especially IFN-related genes) following exposure to
yeast-CEA (Table 3) may help prepare DCs to receive reg-
ulatory signals for appropriate modulation of the immune
response.

We have shown here that yeast-CEA vaccination enriches
CD11c/MHC-II+ (IAb) cells (consistent with DCs) at the drain-
ing lymph node in vivo (Table 1) and that yeast-CEA strongly
activates DCs in vitro (Tables 2 and 3). We next investi-
gated whether these effects would translate into enhanced
DC function. While it has been shown that yeast cell-wall
extracts can enhance proliferation of allogeneic T cells [31],
the capacity of DCs treated with whole recombinant yeast
to stimulate allogeneic T cells had not been previously
reported. We therefore treated DCs from C57BL/6 (H-2b)
mice with yeast-CEA or control yeast and exposed them to
T cells extracted from BALB/c (H-2d) mice in an allospe-
cific mixed lymphocyte reaction (Fig. 1A). DCs treated with
recombinant yeast significantly enhanced the proliferative
capacity of allogeneic T cells relative to untreated controls.
We also showed that such T cells produce significantly higher
levels of IFN-� when incubated with yeast-treated DCs rel-
ative to untreated controls (Fig. 1B). Of note, DCs treated
with yeast-CEA induced comparable levels of T-cell prolifer-
ation and IFN-� production as DCs treated with LPS. These
results are in accordance with those of previous studies,
which found enhanced stimulatory capacity of DCs treated
with mannan, a yeast cell-wall extract [31]. Because these
studies were performed with allogeneic T cells as opposed
to antigen-specific T cells, no significant differences in the
stimulatory capacity of DCs treated with yeast-CEA or con-
trol yeast were observed (Fig. 1A and B).

Recombinant yeast has been shown to efficiently prime
MHC class I- and class II-restricted, antigen-specific T-cell
responses [8]. In one prior study, DCs pulsed with recom-
binant yeast expressing OVA effectively stimulated näıve
OVA-specific T cells [8]. We sought to determine if DCs

treated with yeast-CEA could effectively stimulate CEA-
specific CD8+ T cells (Fig. 2). Our results show that only DCs
treated with yeast-CEA significantly enhanced production
of IFN-� by CEA-specific T cells, indicating an antigen-
specific T-cell response. Furthermore, the observation that
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he addition of an MHC class I-blocking antibody drastically
iminished the amount of IFN-� produced by CEA-specific
cells helped to confirm that CEA peptide was efficiently

resented by the MHC class I receptor expressed on DCs
Fig. 2).

While previous studies have reported induction of
ntigen-specific immune responses in vitro and in vivo
ollowing injection with yeast [1,8,20,31,37], to our knowl-
dge, the ability of a recombinant yeast vaccination to
reak tolerance and stimulate antigen specific T cells in
‘‘self’’ antigen system has not been investigated. We

howed here that vaccination with yeast-CEA significantly
ncreased the level of CEA-specific CD4+ T cell proliferation
s well as enhanced CEA-specific CD8+ cell lysis (Fig. 3A and
). Interestingly, the level of antigen-specific T-cell stimula-
ion following vaccination with yeast-CEA was comparable to
hat of CEA-TRICOM (Fig. 3B and D), a well-established CEA-
ased vaccine currently being utilized in numerous clinical
rials for cancer immunotherapy [25,38—40]. While further
imilarities and differences between yeast-CEA and CEA-
RICOM are currently being investigated, both share the
ritical ability to activate and mature dendritic cells as well
s stimulate antigen-specific immune responses. However,
he safety profile and ease of production of recombinant
east may make it a more desirable candidate for use in the
linic.

As mentioned previously, the data reported here
egarding phenotypic maturation, inflammatory cytokine
roduction, and stimulation of immune responses are in
ccord with prior murine studies. Notably, our results also
orrelate with previous studies that investigated the inter-
ctions between recombinant yeast and human DCs. In

paper published in 2006, Barron et al. showed that
east directly induced phenotypic maturation of monocyte-
erived DCs (MDDCs) and enriched blood myeloid DCs by
ncreasing expression of MHC I and II, ICAM, CD40, and CD86
37]. Furthermore, yeast-pulsed MDDCs and blood myeloid
Cs produced inflammatory cytokines, including IL-12, IL-10,
nd TNF-�, and stimulated allo-reactive T-cell proliferation.
uman DCs pulsed with yeast recombinant for HIV-1 Gag pro-
ein were also capable of stimulating in vitro expansion of
ag-specific CD8+ memory T cells [37]. By showing that our

esults using murine models closely mirror those reported
sing human cells, these data, taken together, form the
ational basis for the use of yeast-based vaccines in the
linical setting.

In summary, the data presented here show that vacci-
ation with yeast-CEA results in effective recruitment of
mmune-mediated cells to the draining lymph node, a nec-
ssary precursor to a potent immune response. In vitro
nvestigations demonstrated that treatment with yeast-CEA
fficiently matures and activates DCs. Furthermore, these
tudies also revealed many of the genes that are altered as
art of the DC activation and maturation process. Subse-
uent functionality studies showed that yeast-CEA-treated
Cs exhibit an enhanced ability to stimulate antigen-specific
cells in vitro. Finally, vaccination with yeast-CEA resulted

+ +
n effective stimulation of both CEA-specific CD4 and CD8 T
ells in a transgenic mouse model. These results provide sup-
ort for the development of recombinant yeast constructs
or immunotherapeutic approaches to cancer and infectious
iseases.
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