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KEYWORDS Summary Recombinant Saccharomyces cerevisiae (yeast) represents a unique and attractive
Saccharomyces vehicle to deliver antigens in vaccine immunotherapy protocols for cancer or infectious dis-
cerevisiae; ease, in that it has been shown to be extremely safe and can be administered multiple times
Yeast; to hosts. In the studies reported here, we describe the effects of treatment with recombinant

CEA; 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 | and class
Il, numerous costimulatory molecules and other DC maturation markers, and secreted a range
of Type | 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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Introduction

Immunotherapy represents an exciting new area of research
devoted to the discovery of new methods of treatment
for cancer patients. As opposed to more traditional forms
of cancer therapy, the specificity and lack of toxicity of
immune responses makes immunotherapeutic approaches
extremely attractive [1]. Previous studies have investigated
various types of vaccine strategies, including the use of
viral vectors [2] as well as DNA-based vaccines [3]. Although
viral vectors offer the ability to efficiently deliver antigen
into the cytosol, and therefore into the conventional major
histocompatibility complex (MHC) class | processing path-
way, concerns regarding safety and existing immunity to
many potential viral vaccine vector strains may limit the
application of such vectors [4]. Similarly, there remain sig-
nificant safety concerns regarding the use of DNA vaccines
with respect to possible host—genome recombination and
mutation [4]. Recent work, however, has focused on the non-
pathogenic yeast species, Saccharomyces cerevisiae, which
possesses numerous characteristics that make it a desirable
candidate for use in immunotherapy. Clinical studies to date
using heat-killed recombinant yeast have shown minimal
toxicity, with a maximum tolerated dose yet to be estab-
lished [1,5—7]. Recombinant S. cerevisiae can also be easily
engineered to express antigens for infectious diseases or
cancer [1,4,8]. Additionally, recombinant yeast is extremely
stable, easily transported and stored, and generally easy to
administer [4]. In vitro studies have also reported increased
production of interleukin (IL)-12, interferon-gamma (IFN-
v), and granulocyte-macrophage colony-stimulating factor
(GM-CSF) following S. cerevisiae administration, which may
obviate the need for coadministration with immune adju-
vants [1]. These characteristic advantages have been the
basis for preclinical and clinical investigations into using S.
cerevisiae as a vaccine vehicle.

To effectively generate antigen-specific T-cell responses,
a vaccine must be able to deliver whole protein antigens to
both MHC class | and class Il antigen-processing pathways of
professional antigen-presenting cells (APCs) [4]. In a study
conducted by Owais et al. and later confirmed by Stubbs
et al., recombinant S. cerevisiae was shown to be phagocy-
tosed and internalized by DCs, which results in release of the
recombinant protein in the phagolysosome. Subsequently,
the released protein gains access to the cytosol, leading to
efficient delivery of exogenous antigen to both MHC class |
and class Il through cross-presentation, and stimulation of
both humoral and cell-mediated immune responses in vivo
[8,9]. The ability of recombinant S. cerevisiae to effectively
elicit immune responses in vivo prompted further investiga-
tion into the interactions between yeast and dendritic cells
(DCs) in vitro [8]. In one study using murine DCs, uptake of
whole recombinant S. cerevisiae was shown to increase sur-
face expression of several costimulatory molecules and to
increase production of IL-12 [8]. Murine DCs treated with
recombinant S. cerevisiae designed to express chicken oval-
bumin (OVA) were shown to efficiently prime MHC class I-
and class ll-restricted antigen-specific T-cell responses [8].
To our knowledge, this [8] was the only study to investigate
the effects of whole recombinant yeast on murine DCs in
vitro. We therefore sought to extend these findings and to
elucidate potential mechanisms for the induction of immune

responses observed in vivo, using murine DCs and recom-
binant S. cerevisiae designed to express carcinoembryonic
antigen (designated yeast-CEA) as a model antigen. CEA is
clinically relevant as a target for immunotherapy since it
is expressed on 95% of colorectal, gastric, and pancreatic
cancers, 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
in total cell number, number of class II* cells, and total APCs
at the draining lymph node in vivo; (b) yeast-CEA treatment
of DCs significantly increases expression of MHC class | and
class Il, CD11c, CD40, CD80 (B7-1), CD86 (B7-2), CD54 (ICAM-
1), and CD58 (LFA-3) as measured by percent-positive cells or
mean fluorescence intensity (MFI); (c) yeast-CEA treatment
of DCs significantly increases production of IL-12, tumor
necrosis factor-alpha (TNF-a), IFN-y, monocyte chemotac-
tic protein-1 (MCP-1), IL-6, and IL-10; (d) DCs treated with
yeast-CEA have altered RNA expression levels of numerous
genes involved in cytokine and chemokine production, sig-
nal transduction, and antigen uptake and presentation; (e)
DCs treated with yeast-CEA greatly enhance proliferation
and IFN-y production of allogeneic T cells; (f) DCs treated
with yeast-CEA (and not control yeast) can effectively stim-
ulate CEA-specific CD8* T cells in vitro, and do so in an MHC
class I-dependent manner; and (g) vaccination with yeast-
CEA can break tolerance and elicit antigen-specific CD4* and
CD8* T-cell responses in a transgenic mouse model.

Materials and methods
Mice

For in vivo lymph node studies, 6- to 8-week-old female
C57BL/6 (H-2P) mice were obtained from the National Can-
cer Institute, Frederick Cancer Research and Development
Facility (Frederick, MD). For lymphocyte proliferation and
cytotoxic T lymphocyte assays, a breeding pair of C57BL/6
mice that were homozygous for expression of the human
CEA gene, designated transgenic (CEA-Tg) mice, was gen-
erously provided by Dr. John Shively (City of Hope Medical
Center). Transgenic mice were generated as previously
described [12]. Homozygosity for CEA expression was tested
and verified using PCR analysis on mouse tail DNA [13]. Mice
were housed and maintained in microisolator cages under
pathogen-free conditions.

Yeast constructs

Recombinant S. cerevisiae constructs without antigen (con-
trol yeast) or designed to express CEA (yeast-CEA) were
engineered by methods similar to those previously described
[11] (Globelmmune, Inc., Louisville, CO).

Poxvirus constructs

Recombinant vaccinia (rV) and recombinant fowlpox (rF)
viruses containing murine B7-1, ICAM-1, and LFA-3 genes
in combination with human CEA (CEA/TRICOM) have been
previously 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 1yeast unit (YU) of yeast-CEA (1YU=1 x 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 x 10°.
Cell-surface staining utilized 2-color immunofluorescence.
Staining was performed with primary fluorescein isothio-
cyanate (FITC)-labeled antibodies CD11c, CD3, CD8, DX5,
and IAP, as well as primary phycoerythrin (PE)-labeled anti-
bodies directed against H2-KP, 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 Il 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 la* cells using a cocktail of
magnetic beads coated with monoclonal antibodies spe-
cific for CD4, CD8, and MHC class Il antigens (MiniMACS;
Miltenyi Biotec, Auburn, CA). Cells were plated in 6-well cul-
ture plates (10° cells/mL, 5mL/well) in complete medium
supplemented with 10ng/mL GM-CSF and 10ng/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 x 10° cells/mL. For in vitro studies, cells were placed in
a new 6-well plate (1.5mL/well) and either left untreated
or incubated with yeast-CEA or control yeast at a ratio of
1:1 at 37°C in 5% CO, 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 IA®, CD58 (LFA-3), CD86 (B7-2), CD11c,
and CD45 (B220). Biotin-labeled antibodies CD80 (B7-1),
CD54 (ICAM-1), CD40, H2-K°, and H2-DP were subsequently
labeled with streptavidin-Cy-chrome™. As a control in

selected experiments, DCs were matured with lipopolysac-
charide (LPS; 50 wg/well). Cell fluorescence was analyzed
and compared with that of appropriate isotype-matched
controls with a FACScan cytometer using Lysis Il software
(Becton Dickinson). All antibodies were purchased from
PharMingen.

Evaluation of cytokine production

DCs plated in a 6-well plate were incubated with 1 YU of
yeast-CEA on day 5 of culture, as described above. Super-
natant was harvested from the wells after 48 h and analyzed
for production of TNF-«, IFN-y, MCP-1, IL-2, IL-4, IL-5, IL-6,
IL-10, and IL-12 using protocols provided by BD™ Cytomet-
ric Bead Array (CBA) Mouse Inflammation and Mouse Th1/Th2
Cytokine Kits (PharMingen, San Diego, CA). Limit of detec-
tion was 4pg/mL. Cytokine production was subsequently
analyzed with a FACScan cytometer using BD™ CBA soft-
ware. To confirm the level of IL-12 production, an ELISA was
also performed (R&D Systems) using the protocol provided.

RNA isolation

DCs were cultured in GM-CSF and IL-4 for 5 days, as described
above. On day 5, DCs were incubated with yeast-CEA at a
ratioof 1:1 at 37°Cin 5% CO,. After 8 h, cells were harvested
from the wells and total RNA was extracted and purified from
5 x 107 cells with the RNeasy Midi Kit (Qiagen, Inc., Valencia,
CA) according to the manufacturer’s instructions.

cDNA oligoarray

cDNA oligoarray, which focuses on 260 genes involved
in DC activation and maturation (SuperArray, Bioscience
Corp., Frederick, MD), was used to analyze gene expression
changes pre- and post-treatment with yeast-CEA. Post-
treatment, genes were considered to be up-regulated or
down-regulated if their normalized intensity ratio was >2 or
<0.5 (2-fold cutoff) and >3 or <0.33 (3-fold cutoff) respec-
tively. Hierarchical clustering was applied to genes with a
normalized intensity ratio of >3 or <0.33, as previously
described [18].

Mixed lymphocyte reaction (H-29 vs. H-2P) and
IFN-vy production

The mixed lymphocyte reaction was used to assess the stim-
ulatory function of DCs for allogeneic (H-29) and syngeneic
(H-2°) naive T cells. T cells were isolated from BALB/c (H-
29y or C57BL/6 (H-2P) mice, as previously described [15,17].
Briefly, stimulator cells consisted of DCs from C57BL/6 (H-2P)
mice that were either untreated or incubated with con-
trol yeast or yeast-CEA for 48h. Complete medium was
added and cells were incubated at 37°C for 18h. Cells
were then irradiated to achieve 20 Gy and washed. T cells
(5 x 10*/well) were cocultured with graded numbers of stim-
ulator cells (5x10® to 6.25x 10%) in complete medium
in flat-bottomed, 96-well culture plates. Cells were then
incubated at 37°C in 5% CO, for 4 days, labeled for the
final 12—18h of incubation with 1 wCi/well [3H] thymidine
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(New England Nuclear, Wilmington, DE), and harvested with
a Tomtec cell harvester (Wallac, Inc., Gaithersburg, MD).
The incorporated radioactivity was measured by liquid scin-
tillation counting (Wallac 1205 Betaplate; Wallac, Inc.).
Results of the triplicate wells were averaged and reported
as mean counts/min with 95% confidence intervals. For anal-
ysis of IFN-y production, supernatants from wells of the
flat-bottomed, 96-well plate were harvested 48 h after allo-
geneic or syngeneic naive T cells were exposed to stimulator
DCs. The level of IFN-y produced by naive T cells was
measured using BD™ Cytometric Bead Array (CBA) Mouse
Inflammation Kit (PharMingen), as described above.

Stimulation of CEA-specific CD8* T cells

DCs were incubated with either control yeast or yeast-
CEA at a ratio of 1:1 for 48h, as described above. DCs
were then irradiated to achieve 20 Gy, washed, and set at
a concentration of 2.5 x 10° cells/mL. Irradiated DCs were
then cocultured with CAPm8 (H2-DP-restricted CEA peptide-
specific CD8* T-cell line) at a ratio of 4:1 in a flat-bottomed,
24-well culture plate at 37°C in 5% CO, for 24h. Super-
natants were then harvested from the wells and analyzed
for IFN-y production by BD™ Cytometric Bead Array (CBA)
Mouse Inflammation Kit (PharMingen), as described above.
For MHC class | blocking studies, anti-H2-D° or appropri-
ate isotype control antibody was added at 10 wg/mL for the
duration of the experiment.

Lymphocyte proliferation assays

To evaluate T-cell immune responses to CEA following vac-
cination, splenic T cells were analyzed for cell proliferation
in response to CEA protein. Splenocytes were harvested and
dispersed into single-cell suspensions in 10% FCS/RPMI1640,
followed by lysis of red blood cells. Lymphocytes were
subsequently separated by centrifugation through a Ficoll-
Hypaque gradient. CD4* or CD8"* cells were then isolated by
negative selection and determined to be >90% pure (Miltenyi
Biotec). Purified T cells (2 x 10° cells/well) were cultured
for 5 days in 96-well flat-bottomed plates with naive
syngeneic splenocytes irradiated with 2000 rads as antigen-
presenting cells (APCs) (5 x 10° cells/well), and with CEA
protein in 10% FCS/RPMI1640. Cells were incubated at 37°C
in 5% CO, for 4 days, labeled for the final 24 h of incubation
with 1 wCi/well [*H] thymidine (New England Nuclear), and
harvested with a Tomtec cell harvester (Wallac, Inc.). The
incorporated radioactivity was measured by liquid scintilla-
tion counting (Wallac 1205 Betaplate; Wallac, Inc.). Results
of the triplicate wells were averaged and reported as mean
counts/min with 95% confidence intervals.

In vivo CEA-specific CD8* T-cell response

To determine CEA-specific CD8* T-cell responses follow-
ing vaccination, spleens were harvested, dispersed into
single-cell suspensions, and stimulated with 1ug/mL of
H2-DP-restricted CEA peptide CEAs7_s79 (GIQNSVSA) (CPC
Scientific, San Jose, CA) [19]. After 6 days of incubation,
bulk splenic cells were separated by centrifugation through

a Ficoll-Hypaque gradient. The recovered lymphocytes
were then incubated for 5h with 3'Cr-labeled target cells
(EL-4, 5 x 103 cells/well) pulsed with the CEAs;_s79 pep-
tide or vesicular stomatitis virus nucleoprotein VSV-NPs;_so
(RGYVYQGL) peptide as a control (CPC Scientific). Follow-
ing the incubation period, radioactivity in supernatants
was measured using a gamma-counter (Cobra Autogamma,
Packard Instruments, Downers Grove, IL). The percent-
age of tumor lysis was calculated as follows: % tumor
lysis = [(experimental cpm — spontaneous cpm)/(maximum
cpm — spontaneous cpm)] x 100.

Vaccination regimens

Naive CEA-Tg mice were vaccinated with either 1 YU yeast-
CEA or recombinant poxviral vaccines. Yeast-CEA mice were
injected subcutaneously on days 0 and 7 with 1 YU yeast-
CEA. Mice vaccinated with poxviral vectors received 108 pfu
rv-CEA/TRICOM admixed with 107 pfu rF-GM-CSF on day
0 and boosted with 102 pfu rF-CEA/TRICOM admixed with
107 pfu rF-GM-CSF on day 7. Spleens were harvested 2 weeks
post-treatment (day 21) and used in CEA-specific immune
assays.

Statistical analysis

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

Results

Cellular changes in draining lymph nodes of mice
treated with recombinant yeast-CEA

The effects of a whole recombinant yeast vaccine on
immune-cell populations at the draining lymph node have
not been investigated. In this study, C57BL/6 mice were
given a single s.c. injection on the medial aspect of the
right thigh of either PBS or 1 YU of recombinant yeast-CEA.
On days 2 and 4 post-vaccination, draining inguinal lymph
nodes were harvested and analyzed for changes in total cell
number and in number of immune-cell populations (Table 1).
Two days post-vaccination, the total number of cells at the
draining lymph node doubled in mice receiving yeast-CEA,
compared to mice receiving PBS. This increase in lymph
node cellularity was maintained for at least 4 days post-
vaccination. To determine the immune-cell population(s)
responsible for these cellular changes, we examined 4 dis-
tinct lymph node cell populations: class II* cells, T cells,
B cells, and natural killer (NK) cells (Table 1). There was
a 2.3-fold increase in class II* cells 2 days post-vaccination
with yeast-CEA, and a 1.5-fold increase in T cells at the
draining lymph node, as defined by CD3* staining (Table 1).
A more in-depth analysis of the T-cell population revealed
a slight bias toward CD4* T cells (3.4-fold increase) vs.
CD8* 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 x 10° 8.3 x 10°
Yeast-CEA 1.5 x 107 1.3 x 107
JAP* PBS 24% 1.8 x 10° 29% 2.4 x 10°
Yeast-CEA 27% 4.1 x 10® 26% 3.4 x 10°
CD3* PBS 78% 5.8 x 10° 76% 6.3 x 10°
Yeast-CEA 57% 8.6 x 106 68% 8.8 x 106
CD4* PBS 41% 1.7 x 10° 47% 3.9 x 10®
Yeast-CEA 38% 5.7 x 108 39% 5.1 x 108
CD8* PBS 23% 1.7 x 10° 23% 1.9 x 10°
Yeast-CEA 23% 3.4 x10° 22% 2.9 x 106
CD19* PBS 22% 1.6 x 10° 19% 1.6 x 10°
Yeast-CEA 26% 3.9 x 10° 18% 2.3 x 10°
DX5+ PBS 2% 1.5 x 10° 2% 1.7 x 10°
Yeast-CEA 2% 3.0x 10° 2% 2.6 x 10°
APC (CD11c*1AP*) PBS 1.6% 1.2 x 10° 2% 1.76 x 10°
Yeast-CEA 2% 3.15x 103 2% 2.47 x 103

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
stained for MHC-II* cell populations (IAP*, CD19*), T-cells (CD3*, CD4*, CD8*), and NK cells (DX5*). APC populations were quantified by
IAP*/CD11c*-stained cells. Cells were analyzed by flow cytometry. Bold numbers indicate significant difference (P<0.05).

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 (IA**/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

statistical test for trend is representative of two experi-
ments.

Enhanced expression of cell surface markers and
increased cytokine production following treatment
with yeast-CEA

The sustained increase in the APC population at the drain-
ing lymph node in vivo following yeast-CEA vaccination
(Table 1) provided the rationale for a more in-depth inves-
tigation, specifically examining the effects of recombinant
yeast on DC maturation and activation in vitro. A prior in
vitro study had shown that uptake of recombinant yeast by
DCs increased surface expression (presented as fold increase
in mean fluorescent channel [MFC]) of MHC class II, CD40,
CD80, CD86, and CD54, as well as production of I1L-12 [8,20].
We sought to extend these findings by analyzing the effects
of recombinant yeast-CEA on the expression of 10 cell-
surface markers indicative of DC maturation and activation
in terms of two different parameters — percent-positive
cells and MFI — and on the production of 9 inflammatory
cytokines. For these studies, immature DCs were incubated
with yeast-CEA for 48h at a ratio of 1:1, as described in
Section ‘Materials and Methods’. Following the 48-h incu-
bation period, DCs and supernatants were harvested and
analyzed for changes in phenotypic expression and cytokine
production. Similar results in phenotypic changes and levels
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of cytokine production were seen in immature DCs exposed
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tative analysis of different levels of expression of 260 genes 218 | = n Q9 Sy %j =
involved in DC activation and maturation revealed a total o= ene g
of 33 genes that were up-regulated by at least 2-fold and g © §g 5
only one gene that was down-regulated at least 2-fold. Addi- & = @ = E < ES
tional analysis focused on the 15 genes that exhibited a L o g' o g L B 2 ;';g'
change in expression of at least 3-fold after treatment with ~ | B e ; = 2o ; vy S a
yeast:CEA (Table 3); genes were grouped according to their % g é E g3 g 5 g S § (‘; g ]
function. Of the 14 genes up-regulated at least 3-fold at 8 h, s < = = 9 = = > 2285

57% (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
CcCL4 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
IF1204 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
was performed. Genes were considered differentially expressed if their levels of expression differed at least 3-fold. Depicted is a
hierarchical cluster of differentially expressed genes in yeast-CEA-treated vs. untreated DCs.

duction and release of cytokines and chemokines, including
IL-12, IL-6, and IFN-y. 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.

Specifically, DCs were treated with yeast-CEA in the pres-
ence or absence of 20 pg/mL blocking antibodies for TLR2 or
TLR4. In the absence of either blocking antibody, DCs incu-
bated with yeast-CEA produced 3500 pg/mL TNF-a, similar
to that shown in Table 2B. DCs incubated with yeast-CEA
in the presence of anti-TLR2 or anti-TLR4 expressed 3400
and 3300 pg/mL TNF-a, respectively. These data indicate
that other TLR pathways could be involved in DC activa-
tion by yeast or that yeast could be activating DCs in a
TLR-independent manner.

Enhanced allostimulatory activity by DCs treated
with recombinant yeast

The studies described above demonstrate that recombinant
yeast effectively matures and activates DCs in vitro and
in vivo. To determine if these effects would translate into
enhanced function, the stimulatory capacity of untreated
and yeast-treated DCs was assessed by an allospecific mixed
lymphocyte reaction. Immature DCs from C57BL/6 (H-2°)
mice were treated with recombinant yeast-CEA or control
yeast at a ratio of 1:1 for 48 h, as previously described. To
serve as a positive control, DCs were once again treated
with LPS (Fig. 1A and B, gray bar). Untreated and treated
DCs were then coincubated for 48 h with naive allogeneic
T cells from BALB/c (H-29) mice and subsequently assessed
for changes in proliferation and IFN-y production. As seen
in Fig. 1A, DCs treated with yeast-CEA (black bar) or con-
trol yeast (hatched bar) significantly increased proliferation
of allogeneic T cells (P<0.05). Both yeast-treated DC popu-
lations induced a 2-fold increase in proliferation compared
to untreated DCs (open bar). As an additional measure of
enhanced DC function following treatment with recombi-
nant yeast, we examined the level of IFN-y production by
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Figure 1  Yeast-CEA enhanced allostimulatory (H-29 vs. H-2°)
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-24) T cells for 5
days. For proliferation (A), *H-thymidine was added during the
final 18 h. For IFN-vy 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
with yeast-CEA; hatched bars: DCs treated with control yeast;
gray bars: DCs treated with LPS.

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

DCs treated with yeast-CEA effectively stimulate
CEA-specific CD8* T cells in a class I-dependent
manner

We next sought to determine if yeast-CEA-treated DCs
could stimulate CEA-specific T cells. As previously described,
immature DCs were left untreated or treated with either
yeast-CEA or control yeast for 48h. These 3 DC popu-
lations were then coincubated with CEA-specific T cells
[23] for 24h, after which supernatants were harvested
and analyzed for IFN-y production. First, to ensure that
IFN-y production by the DC populations could not account
for the results, supernatants were also harvested from

wells in which no T cells were added. As seen in Fig. 2,
levels of IFN-y production by the DC populations alone
were undetectable. The addition of CEA-specific T cells
(Fig. 2), whether stimulated by untreated DCs (open bar)
or DCs treated with control yeast (hatched bar), pro-
duced similar levels of IFN-y. However, CEA-specific CD8*
T cells stimulated by DCs treated with yeast-CEA (black
bar) showed a substantial increase in IFN-y production
relative to untreated DCs or DCs treated with control
yeast.

To ensure authentic presentation of the relevant CEA
peptide by MHC class | expressed on the surface of
yeast-CEA-treated DCs, an MHC class I-blocking antibody
(anti-H2-DP) was added for the duration of the coincuba-
tion (Fig. 2). Anti-H2-DP greatly diminished the amount
of IFN-y produced by CEA-specific T cells incubated with
yeast-CEA-treated DCs, reducing IFN-y production to a level
similar to those of untreated DCs and DCs treated with
control yeast (Fig. 2). In contrast, no such reduction was
seen when an isotype-control antibody was substituted for
the MHC class I-blocking antibody (Fig. 2). Taken together,
these data demonstrate that only DCs treated with recom-
binant yeast-CEA are capable of effectively stimulating
CEA-specific CD8* T cells, and that these stimulatory effects
are dependent on interactions with antigen-loaded MHC
class I.

Vaccination with yeast-CEA produces CEA-specific
immune responses in vivo

The studies described above show that yeast-CEA acti-
vates and matures DCs, which can subsequently stimulate
antigen-specific T cells in vitro. Therefore, we next sought
to determine if vaccination with yeast-CEA could elicit
CEA-specific immune responses in vivo. For these experi-
ments, we utilized a transgenic mouse model in which CEA
is expressed as a self antigen in fetal tissues and vari-
ous parts of the intestinal tract [24]. These CEA-Tg mice
exhibit CEA expression levels analogous to those seen in
patients presenting with CEA* carcinomas. Mice were vac-
cinated s.c. with 1YU of yeast-CEA, control yeast, or PBS
on days 0 and 7 and sacrificed 14 days later. Spleens were
then harvested and CD4* proliferation and CD8* cell killing
assays performed. As shown in Fig. 3A, vaccination with
control yeast (closed triangles) or PBS (open squares) pro-
duced negligible CD4* proliferation at all concentrations of
CEA. In contrast, vaccination with yeast-CEA (closed circles)
resulted in a 8-fold increase CD4* proliferation at 50 ug/mL
CEA compared to that of control yeast or PBS. Higher levels
of proliferation were also observed at 25 pg/mL CEA (6-fold
increase) and 12.5ug/mL CEA (3-fold increase) following
yeast-CEA vaccination compared to controls (Fig. 3A). Sim-
ilarly, vaccination with yeast-CEA produced greater levels
of CD8"-mediated cell lysis (between 10% and 20% lysis)
compared to that observed when mice were injected with
control yeast or PBS (<5% lysis) for all effector:target (E:T)
ratios (Fig. 3C). For comparison, CEA-Tg mice were also
vaccinated with a well-defined CEA-based vaccine, which
utilizes poxviruses as delivery vehicles for tumor-associated
antigens in combination with TRlad of T cell COstimulatory
Molecules (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 24h. Supernatants were then analyzed for IFN-y by cytometric bead array. For
MHC blocking studies, anti-H2-D° monoclonal antibody or isotype control antibody was added at 10 pg/mL for the duration of the
experiment.
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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. *H-thymidine
(1 nCi/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 CEAs7,_s79 peptide for 6 days before assays. Lymphocytes
were incubated for 5 h with >'Cr-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
been shown to elicit antigen-specific immune responses by
enhancing the ability of DCs to activate both naive and effec-
tor T cells in vitro and in vivo [17,26]. Vaccination with
CEA-TRICOM (closed squares) resulted in slightly higher lev-
els of CD4* proliferation (Fig. 3B) compared to that seen
in mice vaccinated with yeast-CEA (Fig. 3A). However, the
level of CD8*-specific lysis induced following vaccination
with CEA-TRICOM (Fig. 3D) was equivalent to that seen with
yeast-CEA injection (Fig. 3C). Taken together, these data
show that vaccination with yeast-CEA elicits CEA-specific
CD4* and CD8* immune responses in a ‘‘self’’ antigen system
in vivo.

Discussion

Recombinant S. cerevisiae has numerous characteristics that
make it a desirable candidate for use as a vaccine platform
for immunotherapy. Paramount among these is the fact that
repeated administration of heat-killed recombinant S. cere-
visiae has been shown to be well-tolerated, with no report
of serious adverse events in preclinical or clinical studies
[20,27,28]. Furthermore, recombinant S. cerevisiae can be
easily engineered to express clinically relevant antigens, is
easily transported and stored, and can be cultured rapidly in
large quantities [1,4]. An added benefit of S. cerevisiae is its
inherent adjuvant properties, which could potentially abro-
gate the need for coadministration with expensive immune
adjuvants [1,8].

Several recent studies have investigated the use of
recombinant S. cerevisiae as a vaccine vehicle. It has been
shown that, while nonpathogenic, recombinant S. cerevisiae
can elicit potent immune responses and stimulate both
humoral and cell-mediated immunity [1,4,8,20]. Through
cross-presentation, recombinant S. cerevisiae can deliver
exogenous antigen to MHC class | and class Il presentation
pathways, with subsequent activation of antigen-specific
CD4* and CD8" T cells [1,8]. Knowing that recombinant yeast
can induce robust immune responses, we sought to investi-
gate its local effects not only on CD4* and CD8" T cells,
but also on several other immune-cell populations, includ-
ing MHC class II* cells, B cells, NK cells, and total APCs. To
that end, mice were injected with recombinant S. cerevisiae
designed to express CEA, and draining lymph nodes were
harvested and examined for changes in cellularity 2 and 4
days post-vaccination. While no preferential increase in any
particular immune-cell population was observed at these
times, the absolute number of all cell populations signifi-
cantly increased (Table 1), indicating effective recruitment
of immune-mediated cells to the draining lymph node fol-
lowing yeast-CEA vaccination. While trends were similar,
increases in overall cellularity and individual immune-cell
populations were not as marked at day 4 as they were at
day 2, possibly indicating that the immune system starts
to return to baseline 4 days post-vaccination. This obser-
vation may help to pinpoint optimal timing and scheduling
of a yeast-based vaccine.

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

ating any immune response [1] and are capable of priming
naive T-cell responses [29]. They have also been shown to
be the only APCs capable of efficiently processing exogenous
antigen for presentation to naive precursor CD8* T cells via
the MHC class | pathway [4,30]. It has previously been shown
that recombinant yeast activates and matures DCs, defined
by increased surface expression of MHC and costimulatory
molecules [4]. Stubbs et al. observed increased surface
expression of class Il, CD40, CD80, CD86, and CD54 on DCs
following treatment with recombinant S. cerevisiae [8]. The
same study also showed that interactions between recom-
binant yeast and DCs lead to increased IL-12 production, an
additional marker of DC activation [8]. In a parallel study,
Sheng et al. showed that mannan, an extract from yeast cell
walls, can also enhance surface expression of CD40, CD80,
and CD86 on DCs and increase production of several inflam-
matory cytokines involved in Th1 and Th2 immune responses
[31].

We sought to extend the findings of Stubbs et al. [8]
by analyzing the effects of recombinant yeast-CEA on 5
additional DC surface markers (10 in all) in terms of
percent-positive cells and MFI, and on the production of 9
inflammatory cytokines. DCs treated with yeast-CEA showed
significantly increased expression of MHC class | 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
previously published results [8,31]. We also found that
yeast-CEA significantly increased production of IL-12, TNF-
a, IFN-y, MCP-1, IL-6, and IL-10 by DCs (Table 2B), which
is consistent with prior reports [8,20,31]. In these studies,
LPS was used as a positive control for DC activation. The
phenotypic studies reported here showed greater increases
by yeast-CEA in percent-positive cells and/or MFI in all
markers examined compared to LPS (Table 2A). Similarly,
DCs treated with LPS increased production of the same
inflammatory cytokines as yeast-CEA-treated DCs, albeit to
a greater degree (Table 2B). These varying results are not
surprising since yeast and LPS have been shown to activate
and mature DCs through different mechanisms. Huang et al.
[32] examined the effects of LPS and Candida albicans on
human DCs and reported discordance between the genes
up-regulated by the two stimuli. Furthermore, it is note-
worthy that in the cytokine studies reported here, TNF-a
and not IL-12, the traditional cytokine marker for DC activa-
tion [8,33,34], showed the greatest increase in production
following treatment with yeast-CEA. For instance, Stubbs
et al. [8] reported IL-12 levels close to 5000 pg/mL follow-
ing exposure to yeast. Therefore, we sought to confirm the
level of IL-12 production reported in Table 2B with an ELISA,
which subsequently revealed similar results. While not com-
pletely clear, these differences in IL-12 production could be
due to the methods in which the DCs are prepared and/or
the state of maturation of DCs used in the assays. In the
studies reported here, DCs were obtained from highly puri-
fied bone marrow depleted of CD3*, 1A, and CD19* cells.
Lastly, because there was such a substantial increase in
TNF-a production following exposure to yeast-CEA and some
reports have shown increased cell death due to high lev-
els of TNF-a [35,36], follow-up annexin and propium iodide
studies were performed but failed to show any accelera-
tion of apoptosis or necrosis by DCs following treatment with
yeast-CEA.
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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* (IAP) 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-2)
mice with yeast-CEA or control yeast and exposed them to
T cells extracted from BALB/c (H-29) 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-y 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-y 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 ll-restricted, antigen-specific T-cell
responses [8]. In one prior study, DCs pulsed with recom-
binant yeast expressing OVA effectively stimulated naive
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-y by CEA-specific T cells, indicating an antigen-
specific T-cell response. Furthermore, the observation that

the addition of an MHC class I-blocking antibody drastically
diminished the amount of IFN-y produced by CEA-specific
T cells helped to confirm that CEA peptide was efficiently
presented by the MHC class | receptor expressed on DCs
(Fig. 2).

While previous studies have reported induction of
antigen-specific immune responses in vitro and in vivo
following injection with yeast [1,8,20,31,37], to our knowl-
edge, the ability of a recombinant yeast vaccination to
break tolerance and stimulate antigen specific T cells in
a ‘‘self’”’ antigen system has not been investigated. We
showed here that vaccination with yeast-CEA significantly
increased the level of CEA-specific CD4* T cell proliferation
as well as enhanced CEA-specific CD8" cell lysis (Fig. 3A and
C). Interestingly, the level of antigen-specific T-cell stimula-
tion following vaccination with yeast-CEA was comparable to
that of CEA-TRICOM (Fig. 3B and D), a well-established CEA-
based vaccine currently being utilized in numerous clinical
trials for cancer immunotherapy [25,38—40]. While further
similarities and differences between yeast-CEA and CEA-
TRICOM are currently being investigated, both share the
critical ability to activate and mature dendritic cells as well
as stimulate antigen-specific immune responses. However,
the safety profile and ease of production of recombinant
yeast may make it a more desirable candidate for use in the
clinic.

As mentioned previously, the data reported here
regarding phenotypic maturation, inflammatory cytokine
production, and stimulation of immune responses are in
accord with prior murine studies. Notably, our results also
correlate with previous studies that investigated the inter-
actions between recombinant yeast and human DCs. In
a paper published in 2006, Barron et al. showed that
yeast directly induced phenotypic maturation of monocyte-
derived DCs (MDDCs) and enriched blood myeloid DCs by
increasing expression of MHC | and I, ICAM, CD40, and CD86
[37]. Furthermore, yeast-pulsed MDDCs and blood myeloid
DCs produced inflammatory cytokines, including IL-12, IL-10,
and TNF-a, and stimulated allo-reactive T-cell proliferation.
Human DCs pulsed with yeast recombinant for HIV-1 Gag pro-
tein were also capable of stimulating in vitro expansion of
Gag-specific CD8" memory T cells [37]. By showing that our
results using murine models closely mirror those reported
using human cells, these data, taken together, form the
rational basis for the use of yeast-based vaccines in the
clinical setting.

In summary, the data presented here show that vacci-
nation with yeast-CEA results in effective recruitment of
immune-mediated cells to the draining lymph node, a nec-
essary precursor to a potent immune response. In vitro
investigations demonstrated that treatment with yeast-CEA
efficiently matures and activates DCs. Furthermore, these
studies also revealed many of the genes that are altered as
part of the DC activation and maturation process. Subse-
quent functionality studies showed that yeast-CEA-treated
DCs exhibit an enhanced ability to stimulate antigen-specific
T cells in vitro. Finally, vaccination with yeast-CEA resulted
in effective stimulation of both CEA-specific CD4" and CD8* T
cells in a transgenic mouse model. These results provide sup-
port for the development of recombinant yeast constructs
for immunotherapeutic approaches to cancer and infectious
diseases.



520

M.B. Bernstein et al.

Acknowledgements

The authors acknowledge the excellent technical assistance
of Marion Taylor and the editorial assistance of Bonnie L.
Casey in the preparation of this manuscript. We thank Dr.
Yingnian Lu, Dr. Tom King, Dr. Deb Quick, Carol Walker, and
Aline Oliver of Globelmmune for their contributions to the
characterization, process development, and assay develop-
ment work for engineering and manufacturing yeast-CEA and
control yeast.

References

[1] Franzusoff A, Duke RC, King TH, Lu Y, Rodell TC. Yeasts encod-
ing tumour antigens in cancer immunotherapy. Exp Opin Biol
Ther 2005;5(April (4)):565—75.

[2] Brossart P, Goldrath AW, Butz EA, Martin S, Bevan MJ. Virus-
mediated delivery of antigenic epitopes into dendritic cells
as a means to induce CTL. J Immunol 1997;158(April (7)):
3270—6.

[3] Murphy KM, Heimberger AB, Loh DY. Induction by antigen of
intrathymic apoptosis of CD4+CD8+TCRlo thymocytes in vivo.
Science 1990;250(December (4988)):1720-3.

[4] Stubbs AC, Wilson CC. Recombinant yeast as a vaccine vector
for the induction of cytotoxic T-lymphocyte responses. Curr
Opin Mol Ther 2002;4(February (1)):35—40.

[5] Ballou CE. A study of the immunochemistry of three yeast man-
nans. J Biol Chem 1970;245(March (5)):1197—203.

[6] Franzusoff A, Schekman R. Functional compartments of the
yeast Golgi apparatus are defined by the sec7 mutation. EMBO
J 1989;8(September (9)):2695—702.

[7] Lu Y, Bellgrau D, Dwyer-Nield LD, Malkinson AM, Duke RC,
Rodell TC, et al. Mutation-selective tumor remission with
Ras-targeted, whole yeast-based immunotherapy. Cancer Res
2004;64(August (15)):5084—8.

[8] Stubbs AC, Martin KS, Coeshott C, Skaates SV, Kuritzkes DR,
Bellgrau D, et al. Whole recombinant yeast vaccine activates
dendritic cells and elicits protective cell-mediated immunity.
Nat Med 2001;7(May (5)):625—9.

[9] Owais M, Masood AK, Agrewala JN, Bisht D, Gupta CM.
Use of liposomes as an immunopotentiating delivery system:
in perspective of vaccine development. Scand J Immunol
2001;54(July—August (1—2)):125—32.

[10] Gold P, Freedman SO. Demonstration of tumor-specific anti-
gens in human colonic carcinomata by immunological tolerance
and absorption techniques. J Exp Med 1965;121(March (1)):
439—-62.

[11] Shuster J, Thomson DM, Fuks A, Gold P. Immunologic
approaches to diagnosis of malignancy. Prog Exp Tumor Res
1980;25:89—139.

[12] Clarke P, Mann J, Simpson JF, Rickard-Dickson K, Primus
FJ. Mice transgenic for human carcinoembryonic antigen
as a model for immunotherapy. Cancer Res 1998;58(April
(7)):1469—77.

[13] Greiner JW, Zeytin H, Anver MR, Schlom J. Vaccine-based
therapy directed against carcinoembryonic antigen demon-
strates antitumor activity on spontaneous intestinal tumors in
the absence of autoimmunity. Cancer Res 2002;62(December
(23)):6944—51.

[14] Grosenbach DW, Barrientos JC, Schlom J, Hodge JW. Syn-
ergy of vaccine strategies to amplify antigen-specific immune
responses and antitumor effects. Cancer Res 2001;61(June
(11)):4497—-505.

[15] Hodge JW, Sabzevari H, Yafal AG, Gritz L, Lorenz MG, Schlom J.
A triad of costimulatory molecules synergize to amplify T-cell
activation. Cancer Res 1999;59(November (22)):5800—7.

[16] Kass E, Panicali DL, Mazzara G, Schlom J, Greiner JW.
Granulocyte/macrophage-colony stimulating factor produced
by recombinant avian poxviruses enriches the regional lymph
nodes with antigen-presenting cells and acts as an immunoad-
juvant. Cancer Res 2001;61(January (1)):206—14.

[17] Hodge JW, Rad AN, Grosenbach DW, Sabzevari H, Yafal AG,
Gritz L, et al. Enhanced activation of T cells by dendritic cells
engineered to hyperexpress a triad of costimulatory molecules.
J Natl Cancer Inst 2000;92 (August (15)):1228—39.

[18] Garnett CT, Palena C, Chakraborty M, Tsang KY, Schlom J,
Hodge JW. Sublethal irradiation of human tumor cells modu-
lates phenotype resulting in enhanced killing by cytotoxic T
lymphocytes. Cancer Res 2004;64(November (21)):7985—94.

[19] Mennuni C, Calvaruso F, Facciabene A, Aurisicchio L, Storto
M, Scarselli E, et al. Efficient induction of T-cell responses to
carcinoembryonic antigen by a heterologous prime-boost regi-
men using DNA and adenovirus vectors carrying a codon usage
optimized cDNA. Int J Cancer 2005;117(November (3)):444—55.

[20] Haller AA, Lauer GM, King TH, Kemmler C, Fiolkoski V, Lu Y,
et al. Whole recombinant yeast-based immunotherapy induces
potent T cell responses targeting HCV NS3 and Core proteins.
Vaccine 2007;25(February (8)):1452—63.

[21] Staeheli P, Pitossi F, Pavlovic J. Mx proteins: GTPases with
antiviral activity. Trends Cell Biol 1993;3(8):268—72.

[22] Bulinski JC. Cell biology. Actin discrimination. Science
2006;313(July (5784)):180—1.

[23] Schmitz J, Reali E, Hodge JW, Patel A, Davis G, Schlom J,
et al. Identification of an interferon-gamma-inducible car-
cinoembryonic antigen (CEA) CD8(+) T-cell epitope, which
mediates tumor killing in CEA transgenic mice. Cancer Res
2002;62(September (17)):5058—64.

[24] Eades-Perner AM, van der Putten H, Hirth A, Thompson J, Neu-
maier M, von Kleist S, et al. Mice transgenic for the human
carcinoembryonic antigen gene maintain its spatiotemporal
expression pattern. Cancer Res 1994;54(August (15)):4169—
76.

[25] Garnett CT, Greiner JW, Tsang KY, Kudo-Saito C, Grosenbach
DW, Chakraborty M, et al. TRICOM vector based cancer vac-
cines. Curr Pharm Des 2006;12(3):351—61.

[26] Schlom J, Sabzevari H, Grosenbach DW, Hodge JW. A triad of
costimulatory molecules synergize to amplify T-cell activation
in both vector-based and vector-infected dendritic cell vac-
cines. Artif Cells Blood Substit Immobil Biotechnol 2003;31(2,
May):193—228.

[27] Everson G, Tong M, Jacobson |, Jensen D, Haller A, Lauer G, et
al. Interim results from a randomized, double-blind, placebo-
controlled phase Ib study in subjects with chronic HCV after
treatment with GI-5005, a yeast-based HCV immunotherapy
targeting NS3 and core proteins [abstract]. American Associ-
ation for the Study of Liver Disease; 2006. p. LB17.

[28] Whiting S, Cohn A, Morse M, O’Neil S, Bellgrau D, Duke R, et
al. Treatment of Ras mutation-bearing solid tumor using whole
recombinant S. cerevisiae yeast expressing mutated Ras: pre-
liminary safety and immunogenicity results from a phase | trial
[abstract]. In: Gastrointestinal cancers symposium. 2006. p.
105.

[29] Banchereau J, Steinman RM. Dendritic cells and the control of
immunity. Nature 1998;392(March (6673)):245—52.

[30] Rodriguez A, Regnault A, Kleijmeer M, Ricciardi-Castagnoli P,
Amigorena S. Selective transport of internalized antigens to
the cytosol for MHC class | presentation in dendritic cells. Nat
Cell Biol 1999;1(October (6)):362—8.

[31] Sheng KC, Pouniotis DS, Wright MD, Tang CK, Lazoura E,
Pietersz GA, et al. Mannan derivatives induce phenotypic and
functional maturation of mouse dendritic cells. Immunology
2006;118(July (3)):372—83.

[32] Huang Q, Liu D, Majewski P, Schulte LC, Korn JM, Young RA,
et al. The plasticity of dendritic cell responses to pathogens



Recombinant yeast activates dendritic cells and enhances their function 521

and their components. Science 2001;294(October (5543)):
870-5.

[33] Cella M, Scheidegger D, Palmer-Lehmann K, Lane P, Lanzavec-
chia A, Alber G. Ligation of CD40 on dendritic cells triggers
production of high levels of interleukin-12 and enhances T cell
stimulatory capacity: T-T help via APC activation. J Exp Med
1996;184(August (2)):747—-52.

[34] Koch F, Stanzl U, Jennewein P, Janke K, Heufler C, Kamp-
gen E, et al. High level IL-12 production by murine dendritic
cells: upregulation via MHC class Il and CD40 molecules and
downregulation by IL-4 and IL-10. J Exp Med 1996;184(August
(2)):741—6.

[35] Stephens KE, Ishizaka A, Larrick JW, Raffin TA. Tumor necrosis
factor causes increased pulmonary permeability and edema.
Comparison to septic acute lung injury. Am Rev Respir Dis
1988;137(June (6)):1364—70.

[36] Strieter RM, Kunkel SL, Bone RC. Role of tumor necrosis
factor-alpha in disease states and inflammation. Crit Care Med
1993;21(October (Suppl. 10)):5447—63.

[37] Barron MA, Blyveis N, Pan SC, Wilson CC. Human dendritic
cell interactions with whole recombinant yeast: implications
for HIV-1 vaccine development. J Clin Immunol 2006;26(May
(3)):251—64.

[38] Marshall JL, Gulley JL, Arlen PM, Beetham PK, Tsang KY,
Slack R, et al. Phase | study of sequential vaccinations with
fowlpox-CEA(6D)-TRICOM alone and sequentially with vaccinia-
CEA(6D)-TRICOM, with and without granulocyte-macrophage
colony-stimulating factor, in patients with carcinoembryonic
antigen-expressing carcinomas. J Clin Oncol 2005;23(4, Feb
1):720-31.

[39] Schlom J, Arlen PM, Gulley JL. Cancer vaccines: moving
beyond current paradigms. Clin Cancer Res 2007;13(July
(13)):3776—82.

[40] Tsang KY, Palena C, Yokokawa J, Arlen PM, Gulley JL, Mazzara
GP, et al. Analyses of recombinant vaccinia and fowlpox vaccine
vectors expressing transgenes for two human tumor antigens
and three human costimulatory molecules. Clin Cancer Res
2005;11(February (4)):1597—607.



	Recombinant Saccharomyces cerevisiae (yeast-CEA) as a potent activator of murine dendritic cells
	Introduction
	Materials and methods
	Mice
	Yeast constructs
	Poxvirus constructs
	Injections and regional lymph node analyses
	Preparation of DCs
	Flow cytometry analysis
	Evaluation of cytokine production
	RNA isolation
	cDNA oligoarray
	Mixed lymphocyte reaction (H-2d vs. H-2b) and IFN-gamma production
	Stimulation of CEA-specific CD8+ T cells
	Lymphocyte proliferation assays
	In vivo CEA-specific CD8+ T-cell response
	Vaccination regimens
	Statistical analysis

	Results
	Cellular changes in draining lymph nodes of mice treated with recombinant yeast-CEA
	Enhanced expression of cell surface markers and increased cytokine production following treatment with yeast-CEA
	Oligoarray analysis reveals numerous additional genes differentially expressed in DCs following treatment with recombinant yeast-CEA
	Enhanced allostimulatory activity by DCs treated with recombinant yeast
	DCs treated with yeast-CEA effectively stimulate CEA-specific CD8+ T cells in a class I-dependent manner
	Vaccination with yeast-CEA produces CEA-specific immune responses in vivo

	Discussion
	Acknowledgements
	References


