
Abstract We have investigated the tumour thera-

peutic efficacy of homologous and heterologous prime-

boost vaccine strategies against the 5T4 oncofoetal

antigen, using both replication defective adenovirus

expressing human 5T4 (Ad5T4), and retrovirally

transduced DC lines (DCh5T4) in a subcutaneous B16

melanoma model (B16h5T4). In naı̈ve mice we show

that all vaccine combinations tested can provide

significant tumour growth delay. While DCh5T4/

Adh5T4 sequence is the best prophylactic regimen

(P > 0.0001), it does not demonstrate any therapeutic

efficacy in mice with established tumours. In active

therapy the Adh5T4/DCh5T4 vaccination sequence is

the best treatment regimen (P = 0.0045). In active

therapy, we demonstrate that B16h5T4 tumour growth

per se induces Th2 polarising immune responses

against 5T4, and the success of subsequent vaccination

is dependant on altering the polarizing immune re-

sponses from Th2 to Th1. We show that the first

immunization with Adh5T4 can condition the mice to

induce 5T4 specific Th1 immune responses, which can

be sustained and subsequently boosted with DCh5T4.

In contrast immunisation with DCh5T4 augments Th2

immune responses, such that a subsequent vaccination

with Adh5T4 cannot rescue tumour growth. In this

case the depletion of CD25+ regulatory cells after tu-

mour challenge but before immunization can restore

therapeutic efficacy. This study highlights that all

vaccine vectors are not equal at generating TAA im-

mune responses; in tumour bearing mice the capability

of different vaccines to activate the most appropriate

anti-tumour immune responses is greatly altered com-

pared to what is found in naı̈ve mice.
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Introduction

Cancer vaccination may be defined as specific active

immunotherapy of cancer as opposed to adoptive or

passive immunotherapy, which entails immunising pa-

tients against antigens that are expressed in cancer with

the goals of eradicating these cancer cells and distant

metastases by the generation of robust cellular immune

responses and immunological memory. The tumour

employs several mechanisms to escape recognition

by the immune system including; down regulation of

components of the antigen-processing and antigen-

presentation ‘machinery’ [1, 2], the production of

cytokines that inhibit or divert productive effector

responses [3], and the induction of tumour antigen

specific T cell tolerance through normal pathways of

self-tolerance generation [4–6]. Thus, a successful

vaccine must be capable of channelling tumour anti-

gens to appropriate dendritic cell (DC) (abbreviations

see Appendix) subsets, and providing the optimal

conditions for the maturation of DC into potent

immunostimulatory antigen presenting cell (APC),

generating antitumour immune responses capable of

overcoming or reversing the level of T cell tolerance.
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The choice of tumour rejection antigen is another

important consideration in the optimal design of can-

cer vaccine strategies. Various classes of tumour asso-

ciated antigens (TAA) are being exploited including

those derived from viral and mutated genes, differen-

tiation or embryonic antigens. In principle tumour

antigens corresponding to fetal gene products or

products that are expressed in immunoprivileged sites,

will have triggered little or no tolerance therefore

making them excellent tumour rejection antigens [7].

The human 5T4 oncofoetal antigen was originally de-

fined by a monoclonal antibody made against human

trophoblast glycoproteins [8]. 5T4 is an attractive tu-

mour target showing only low expression in normal

tissues but is frequently expressed by carcinomas of

diverse origin [8, 9]. In colorectal, gastric and ovarian

cancer the tumour associated expression of this mole-

cule has been shown to correlate with poorer clinical

outcome [10–15]. Several approaches to developing

immunotherapies against this target are under devel-

opment; homologous prime-boost vaccination with

modified vaccinia ankara (MVA) h5T4 have shown

efficacy in animal models of human 5T4 expressing

tumour protection and active therapy [16]. This and the

establishment of a repertoire of human CD8 T cell

responses in normal individuals has supported ongoing

clinical trials in colorectal cancer patients [17].

We have investigated the potential of replication

defective recombinant adenoviruses (Ad) as vectors

for a 5T4 cancer vaccines used in combination with a

DC line (DC2.4) constitutively expressing the 5T4

oncofoetal antigen. Such prime heterologous boost

approaches can obviate the limitations generated by

antivector immunity and maximise the anti-TAA re-

sponse [18–21]. Several studies have demonstrated the

advantages of DC or adenovirus vectors for delivery of

TAA to the immune system and elicitation of tumour

antigen specific CD8 T cell responses [22–28]. The

DC2.4 cell line is an immortalised dendritic cell line,

which can be as effective as bone marrow derived DCs

in providing increased tumour survival in prophylactic

and therapeutic model of MK16 tumour transplants

[29–31]. The availability of DC cells expressing 5T4

offers the opportunity for better in vitro restimulation

of lymphocytes from immunised animals when analy-

sing the generation of CD4+ and CD8+ specific re-

sponses.

We utilize the B16 melanoma tumour model

(B16F10) [32] stably expressing the human 5T4 antigen

under neomycin selection to evaluate the efficacy of

these 5T4 vaccines. Such a genetically engineered

model of tumour immunity directed at human 5T4 is a

first step in preclinical evaluation of different vacci-

nation regimes. The B16 melanoma is an attractive

tumour model for evaluation of immunotherapies for

several reasons; principally because of its relative

resistance to immunotherapy. In this study we have

compared homologous and heterologous prime-boost

vaccine strategies with first generation adenovirus

vectors and DC lines expressing h5T4, for the optimal

induction of h5T4 immunity, and tumour protection

against 5T4 positive B16 melanoma in both prophyl-

axis and active therapy.

Materials and methods

Mice Six to 8 week female C57Bl/6 mice were ob-
tained from Charles River. The mice were bred and
housed under specific pathogen free conditions. All
experimental procedures were conducted in accor-
dance with the British Home office guidelines.

Cell lines B16F10 are melanoma cells derived from
spontaneous melanoma tumours in C57Bl/6 mice [32].
A B16 cell line expressing human 5T4 (= h5T4,
B16h5T4 was isolated by transfection using a PCMVa
neo vector encoding h5T4 cDNA [33]. B16.neo was
generated by transfecting with empty vector. DC2.4
(H-2b) is a DC line established by transducing bone-
marrow derived DCs from C57Bl/6 with GM-CSF,
followed by super transfection with myc and raf onc-
ogenes (kindly provided by K.Rock, Dana Farber
Cancer Institute, Boston). The 293 cell line (ATCC),
the Hela cell line (ATCC) and the Cre8 (provided by
S. Hardy, Somatix, Alamada, CA), were used for re-
combinant adenovirus amplification and purification.
All these cell lines were cultured in DMEM, supple-
mented with 10% FCS, 2 mM glutamine, 100 U/ml
penicillin and 100 U/ml streptomycin. The transfected
B16 cell lines were routinely cultured in medium
supplemented with G418 (100 lg/ml). All media was
obtained from Sigma (Dorset, UK) and all supple-
ments from Life Technologies (Paisley, UK).

Hybridomas For CD4+depletion rat anti CD4
(ATCC TIB207) was used. The hybridoma was cul-
tured in Iscoves medium supplemented with sodium
bicarbonate (1.5 g/l), 20% FBS and 100 U/ml
penicillin and 100 U/ml streptomycin. For CD8+

depletion rat anti CD8 (ATCC TIB 105) was used.
This hybridoma was cultured in RPMI supplemented
with 10% FBS, 2 mM glutamine, 100 U/ml penicillin
and 100 U/ml streptomycin. For depletion of CD25+

rat anti CD25 clone PC615.3 (ECACC 88041902)
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was used and this was cultured in RPMI supple-
mented with 10% FBS, 2 mM glutamine, 100 U/ml
penicillin and 100 U/ml streptomycin The anti CD4,
anti-CD8 and anti-CD25 antibodies were puri-
fied from hybridoma supernatant by Sepharose G
purification. Protein concentration was assessed by
spectrophotometry.

Generation of Recombinant adenovirus expressing
h5T4 oncoprotein Recombinant replication defec-
tive E1-E3 deleted w5 viruses were constructed as
previously described [34] by co transfection of Cre 8
with w5 viral DNA and Sfi 1 digested pAdloxh5T4.
Recombinant viruses were passaged twice in Cre8
cells to reduce contamination of with w5 adenovirus.
The Adh5T4 was expanded on Cre8 cells and purified
by cesium chloride gradient centrifugation. The
virus titre was determined by end-point dilution, a
cytopathic effect assay, and spectrophotometry
(Abs 630 nm, 1 mg/ml protein = 3.4 · 1012particles/
ml = 3.4 · 1010 pfu/ml). Stocks of Adh5T4 had titres
of 3.7 · 1010 pfu/ml. AdGFP was used as a control
and this virus was grown in 293 cells [35]. Expression
of h5T4 by Adh4T4 was confirmed by Facscan anal-
ysis of BHK cells infected with Ad.h5T4 (MOI 300)
using the mab5T4 antibody.

Retroviral transfection and cloning of

DC2.4h5T4 For retroviral expression, the h5T4 was
cloned as a BamH1 fragments into the retroviral pLX
plasmid [36]. Briefly, the full length h5T4 was ampli-
fied by PCR from the plasmid pBS2.1, using the fol-
lowing conditions; 5% DMSO, 2 mm MgSO4, 1 ml ·
10 mM dNTPs, 1 ml · 50 pmol primers, and 1 · Taq
polymerase. The primers used; forward = GACTCG
GATCCAGCCGCGATGCCTG M/H Fret, which
has a start codon BamHI site, and the reverse primer
used was the following; TTGGTGGATCCTCTAA
TATTTCTCCAG HRRET, which contains BamHI
site and the stop codon. Positive pLX-h5T4 clones
were then transfected into amphotrophic GP-AM12
cells. Five milliliter of filtered supernatant from the
viral producer cells and 2 mg/ml polybrene was used
to transduce 2 · 105 DC2.4 cells. Three rounds of
FACS sorting for 5T4 positive cells was followed by
dilution cloning. Several DC2.4h5T4 clones were
stained with a panel of RPE- or FITC-conjugated
monoclonal antibodies against typical DC surface
markers. Isotype matched monoclonal antibodies
were used as negative controls. RPE labelled anti-
bodies were against CD80, CD86 and CD40 (Serotec,
Oxford, UK). FITC labelled antibodies included
CD11C, I-Ab, H2Kb (BD Pharmingen, Heidelberg,

Germany). Immunostained cells were analysed on a
Facsan flow cytometer (BD Biosciences) using
PCLysys Software (BD Biosciences). A clone with
stable high h5T4 expression and good expression
of fDC surface markers was selected. The DCh4T4
expresses high levels of MHCI, MHCII, and high
levels of the co-stimulatory antigen B7.2, but low
levels of B7.1 and CD40. This phenotype is consistent
with a more mature DC with antigen presenting
capabilities. Treatment with mitomycin C does not
change the phenotype.

In-vivo tumour assays

Protection Groups of 13 mice were primed with
either 1 · 109 pfu Adh5T4 (sc and im) or 1 · 106

DC2.4h5T4 on day 0. On day 7 mice were boosted
with either homologous, Adh5T4/Adh5T4 or
DCh5T4/DCh5T4; or heterologous Adh5T4/DCh5T4
or DCh5T4/Adh5T4 vector combinations. Control
vaccinations used appropriate AdGFP and DC2.4
combinations. Twenty-one days after boost vaccina-
tion, seven mice were challenged with 5 · 105

B16.h5T4 cells/200 ll/sc. The product of perpendi-
cular tumour dimensions was determined essentially
every other day until reaching 1.24 cm2. At least two
separate experiments were performed in each tumour
challenge scenario. The remaining mice were used to
characterise the immune responses to h5T4 after
priming and boosting.

Active therapy Groups of seven mice were chal-
lenged with, 1 · 105 B16h5T4 cells/200 ll/sc on day 0.
Following tumour challenge the mice were immunised
on day 7 with either 1 · 109pfu Adh5T4 (sc and im) or
1 · 106 DCh5T4 or the appropriate controls. On day
14 the mice were boosted with either the homologous,
Adh5T4/Adh5T4 or DCh5T4/DCh5T4; or heterolo-
gous Adh5T4/DCh5T4 or DCh5T4/Adh5T4 vaccines.
Tumour growth analysis in these experiments, were
measured from day 3, and then every alternative day
until reaching 1.24 cm2.

Antibody depletion of T cell subsets Following im-
munisation, T cell subsets were depleted in vivo using
rat antibodies to CD4, CD8 or CD25 starting 3 days
before tumour challenge on day 25, using 0.3 mg/
0.5 ml, and then on day 30 followed by once weekly
depletion with 0.3 mg/0.5 ml antibody thereafter. In
the active therapy, mice were depleted of CD25 lym-
phocytes with 0.5 mg/ml on days 4 and day 11 following
tumour challenge, 3 days before each vaccination.
Deletion efficacy was confirmed by FACs analysis of
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splenocytes 5 days after the antibody treatment were
the target subsets were essentially undetectable.

Statistical analysis Survival in protective and active
treatments was analyzed with standard Kaplan–Meier
plots. The log rank test was used to analyse the
statistical differences between the vaccine groups
versus controls. In all experiments a P < 0.05 was
considered significant.

The one-way ANOVA test with the Turkeys mul-
tiple range test was used to compare whether there
were any statistical differences between the cytokine
release obtained with each vaccine treatment.

Immune analysis

In naı̈ve mice immune responses to single and prime-

boost vaccinations were measured by harvesting spleens

7 days post prime and 7 and 21 days post prime-boost on

days 14 and 28, respectively. For each vaccination two

spleens were pooled and the splenocytes harvested

tested simultaneously in all assays described below. Each

of the immune assays was repeated two or more times.

In tumour challenged mice immune responses were

characterised following a single and prime-boost vac-

cination by harvesting blood and spleen 7 days post

prime and 7 days post prime boost on days 14 and 21,

respectively. In this instance three mice were used per

treatment and the spleens harvested tested as individ-

ual responses to treatment using the assays described.

This was repeated twice.

Immune assays

ELISA Flexible ELISA plates were coated with
0.5 mg/ml of h5T4-Fc [37] overnight at 4�C, washed
and blocked with 2% Marvel in PBS for 1 h at 37�C.
Doubling dilution of sera were added for 2 h at 37�C
and following washing incubated for 1 h at 37�C with
rabbit anti mouse HRP labelled secondary antibody
diluted at 1:1,000 in PBS, 2% Marvel (DAKO,
Glostrup, Denmark). To further delineate the isotype
response the following HRP labelled antibodies were
used: Goat anti-mouse IgG1 (c) polyclonal, Goat anti-
mouse IgG2a (c) polyclonal, Goat anti-mouse IgG2b

(c) polyclonal (AMS Biotechnology, Abingdon, UK).
The reactions were developed using 100 ll of a
0.1 mg ml–1 solution of 3,3¢,5,5¢,-tetramethylbenzidine
(TMB) (Sigma, MO, USA) in 50 mM phosphate–
citrate buffer, pH 5. The reaction was stopped by
the addition of 50 ll of 1 M H2SO4, and absorbance
was read at 450–650 nm on the E max precision
microplate reader (Molecular Devices, CA, USA).

Cytokines in culture supernatants were measured by

ELISA using kits for INF-c (Th1 type), IL–5, and IL-10

(Th2 type) (OptEIA; BD PharMingen). Briefly, 96-well

plates were coated with the appropriate anti-cytokine

antibodies overnight. After the plates were blocked with

bovine serum albumin (BSA), plates were incubated

for 2 h with culture supernatant or standard, the plates

were developed with biotin-conjugated anti-cytokine

Abs. Horseradish peroxidase-conjugated streptavidin

was added before development with ELISA substrate

solution (TMB) (Sigma, MO, USA).

Lymphocyte restimulation in vitro Splenocytes were
plated in six well plates (1 · 107 cells), along with
DCh5T4 (1 · 106 cells) at a ratio of 10:1 in 5 ml
complete medium. DC2.4 cells when used as stimu-
lators were treated with mitomycin-C (50 lg ml–1,
30 min incubation). Two milliliter of fresh medium
was added on day 3. After 5 days, splenocytes were
used in a cytotoxicity assays. For characterisation of
cytokine profiles, splenocytes (4 · 106 cells) were
plated in 12 well plates along with DCh5T4 or DC2.4
(2 · 105 cells) at a 20:1 ratio in 2 ml of complete
medium. After 96 h supernatant was harvested and
analysed using INF-c, IL-5, and Il-10 specific ELISA.

51Cr cytotoxic assay The B16 cells were pre-treated
with 1 (g ml–1 murine INF-( (R&D Systems, Abing-
don, UK) to maximise MHC class I expression. Target
cells (B16neo, B16h5T4) were labelled with Cr51

20 ml (100 lCi) (ICN, Belgium) for 1.5 h at 37�C
washed and distributed as 1 · 103 cells/well/50 ll in
V-96-well plates. Effector cells were then added at
various E:T ratios (100:1, 50:1, 25:1 etc.) to a final
volume of 150 ll with each ratio tested in triplicates.
Maximum 51Cr release from targets was determined
from supernatants of cells lysed with 100 ll PBS 2%
Tween, whilst spontaneous release was obtained by
incubating target cells in medium alone. The plates
were incubated at 37�C/5% CO2 for 4 h. A total of
90 ll of supernatant was collected from each well and
placed on 96 well LumaPlates (Yttrium Silicate scin-
tillator coated plates, Packard Bioscience, Groningen,
Netherlands), left to dry overnight, and then counted
by a Packard TopCount instrument. Percentage of
specific lysis was calculated by comparing the radio-
active counts relative to the maximum and back-
ground counts according to the following formula:

% Specific Lysis

¼ 100�ðexperimental count� background countÞ
ðmaximum count� background countÞ :
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In order to characterise the lymphocyte population

responsible for cell cytotoxity, effector cells (same

source as above) were incubated for 30 min with anti-

rat CD4 or anti-rat CD8 monoclonal antibodies before

targets were added to an E:T ratio of 100:1.

Results

Immunogenicity of Adh5T4 and DCh5T4 vaccine

combinations in naı̈ve mice

In the first instance we were interested in characteris-

ing the range of 5T4 specific immune responses

generated following homologous and heterologous

prime-boost immunisation with Adh5T4 and DCh5T4

vaccines. The dose for each vaccine used was prede-

termined by previous studies [22] and pilot experi-

ments established that 109 pfu Adh5T4 given via the

sc + im was the optimal single dose for the induction of

5T4 specific antibody and CTL responses (data not

shown). A dose of 1 · 106 DCh5T4 given sc was used

based on previous studies [30].

The induction of cytotoxic T cell responses is con-

sidered important for the control of tumour growth.

Splenocytes from vaccinated mice were restimulated

in vitro for 5 days with DCh5T4 and subsequently

assessed for their ability to lyse B16h5T4 using a

standard 4 h chromium release assay. Splenocytes

harvested following a single Adh5T4 vaccination but

not DCh5T4 could specifically lyse B16h5T4 (Fig. 1a),

whilst these failed to show any specific lysis of B16neo

control tumours (data not shown). Following boost

vaccination, cytotoxic killing could be reproducibly

demonstrated in mice vaccinated with DCh5T4/

Adh5T4 (E:T=100:1; range of killing 25–60%) or

Adh5T4/DCh5T4 (E:T=100:1; range of killing 15–

60%). It was more difficult to demonstrate reproduc-

ible cytotoxic killing (greater than 10% at E:T 100:1),

with splenocytes treated with Adh5T4/Adh5T4 and

DCh5T4/DCh5T4 (Fig 1b). We show that the cytotoxic

killing is CD8+ T cell mediated as co-culture of

splenocytes with CD8 specific antibody prior to incu-

bation with B16h5T4 completely abrogates cytotoxic

killing, while co-culture with CD4 antibody has little or

no effect (Fig. 1c, d).

Fig. 1 Cytotoxic cellular response measured by 51CR release
from B16h5T4 targets. a, b Cytotoxic killing of B16h5T4 by
splenocytes harvested 7 days after a single vaccination with
Adh5T4 or DCh5T4 (a) or by splenocytes harvested 7 days after
prime-boost (b) (pooled from two mice). c, d cytotoxic killing of
B16h5T4 by the same splenocytes harvested after single
vaccination (c) or prime-boost (d) immunization but in the
presence of antibody blocking. Specific cytotoxic killing of

B16h5T4 targets after prime only occurs following vaccination
with Adh5T4, whilst after boost significant killing is observed
with the treatments Adh5T4/DCh5T4, and DCh5T4/Adh5T4.
Cytotoxic killing is CD8+ specific in all cases as pre-incubation of
splenocytes with monoclonal antibodies against CD8+ com-
pletely abrogate cytotoxic killing, whilst CD4 blocking has little
or no effect (c, d). Data from one of four experiments is
presented
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The induction of T helper responses polarising to-

ward Th1 or Th2 was demonstrated by characterising

antibody isotypes (IgG2b = Th1 versus IgG1 = Th2) in

sera and measuring cytokine release (INF-c = Th1, or

IL-5 and IL-10 = Th2) from splenocytes restimulated

in vitro with either DCh5T4 or DC2.4. Analysis of

7 day post boost sera, shows that with each treatment

the antibody isotype profiles are IgG2b > IgG1, but

with differential induction. Increasing antibody titres

are observed with time, with maintenance of antibody

isotype polarisation except for DCh5T4/DCh5T4

where the titres are consistently low (Fig. 2 and leg-

end).

In terms of cytokine release (Fig. 3a), vaccination

with Adh5T4/Adh5T4 generates a Th1 type response

with significant production of INF-c compared with

control vaccinations and little or no IL-5 or IL-10.

Vaccination with Adh5T4/DCh5T4 or DCh5T4/

Adh5T4 induces a mixed Th1/ Th2 response, with

significant production of INF-c, IL-5 and IL-10. The

interpretation of Th1/Th2 bias from these data is partly

compromised by the significant release of INF-c with

the control DC vaccinations. Polarising immune re-

sponses to DCh5T4/DCh5T4 vaccination were difficult

to assess because there is similar production of cyto-

kines by therapeutic and control vaccinated spleno-

cytes. This probably reflects immune responses to FCS

antigens which may be presented by the DCs used as

the vaccine component. We used the one way ANO-

VA test with Turkeys comparison to test whether the

cytokine release for each treatment was statistically

different to each other at day 7. Statistical comparison

of INF-c release between Adh5T4/Adh5T4, Adh5T4/

DCh5T4, DCh5T4/Adh5T4, illustrates that there is no

difference between Adh5T4/DCh5T4 and DCh5T4/

Adh5T4, but both of these are significantly different

from Adh5T4/Adh5T4 (P = 0.006). In terms of IL-5

secretion between Adh5T4/Adh5T4, Adh5T4/

DCh5T4, DCh5T4/Adh5T4 treatments, each of the

treatments are significantly different to each other

Fig. 2 T helper responses indicated by isotype antibody
responses (IgG1 vs. IgG2b) to the different Adh5T4 and
DCh5T4 vaccine regimens, following a 7 days post prime,
b 7 days post P + B and c 21 days post P + B. There is significant
induction of IgG2b (115,200) versus IgG1 (25,600) responses
following a single vaccination with Adh5T4 indicating a Th1 bias.
Seven days following homologous or heterologous P + B, the
isotype responses for all treatments is IgG2b > IgG1, but with
differential induction. Following homologous or heterologous
boost 5T4 specific isotype antibodies are increased with a bias of
IgG2b versus IgG1 for all treatments including an Adh5T4
immunisation (Fig. 1a) [IgG1(10,000–150,000) : IgG2b(200,000–
500,000) titre range] . The homologous DC vaccinations produce

significantly less antibodies (titre IgG1(800) IgG2b(26667)), but
are still biased towards IgG2b. Further increases in antibody titre
are observed 21 days post boost, where the IgG2b/IgG1 bias is
maintained for those vaccinations with Adh5T4 as the priming
immunisation whereas the DCh5T4 + Adh5T4 showed increased
levels of both IgG1 and IgG2b; antibody responses to homolo-
gous DCh5T4 + DCh5T4 vaccinations stay low. The figure
represents average titres (±SE) from four independent experi-
ments carried out on serum samples immunized with the vaccine
combinations on four separate occasions. Analysis of the
individual independent experiments shows the trends (antibody
polarization) remain the same for each experiment, although the
antibody titre measured differs each time
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(P < 0.0005). In terms of IL-10 secretion between

Adh5T4/Adh5T4, Adh5T4/DCh5T4, DCh5T4/Adh5T4

treatments, each of the treatments are significantly

different to each other (P < 0.0005). Cytokine release

from DCh5T4/DCh5T4 restimulated splenocytes was

not compared because of the non-specific background.

Analysis of cytokine production by splenocytes

harvested 21 days after boost, showed no IL10 secre-

tion following any treatment. INF-c was no longer

detectable in the Adh5T4/Adh5T4 vaccination group.

Interestingly the mixed Th1/Th2 cytokine profile is

sustained with DCh5T4/Adh5T4 vaccination, whilst

Adh5T4/DCh5T4 appears polarised to a Th1 response

(Fig. 3b). Statistically the Adh5T4/DCh5T4 and

DCh5T4/Adh5T4 are similar in terms of INF-c release,

but are both different from Adh5T4/Adh5T4

(P < 0.0005), whilst for IL-5 secretion there is no

statistical difference between Adh5T4/Adh5T4 and

Adh5T4/DCh5T4, but these are both different

from DCh5T4/Adh5T4 restimulated splenocytes

(P < 0.0005). This cytokine polarisation data appears

consistent with the Th1 or Th2 profiles reflected from

the antibody isotype analysis for the different vaccine

combinations.

In conclusion, the different vaccine combinations

can engage a broad range of immune effectors, with

differential induction and persistence of antibodies,

CD4+ and CD8+ T cell responses reactive against the

h5T4 antigen. The heterologous prime-boost regimens

are more efficient in inducing and sustaining 5T4

Fig. 3 T helper responses indicated by cytokine Release of
INF-c, IL-5, IL-10 from splenocytes harvested a 7 days post
prime-boost and b 21 days post prime-boost, restimulated in
vitro with DCh5T4. Cytokine release determined from culture
supernatant from splenocytes restimulated in vitro for 96 h with
DCh5T4 at an E;T ratio of 20:1 was tested using the cytokine
Elisa kits from BD Pharmingen. Early cytokine responses
represent a mixture of Th1 and Th2 cytokines. Splenocytes
vaccinated Adh5T4/Adh5T4 only secrete INF-c, whilst spleno-
cytes vaccinated with DC5T4/Adh5T4 or Adh5T4/DCh5T4
secrete all three cytokines. It is difficult to interpret cytokine

profiles from the DCh5T4/DCh5T4 as there is non-specific
release of cytokines with DC2.4 restimulation in vitro. 21 days
following boost there is no IL-10 secretion by splenocytes. IFN-c
secretion is no longer detectable in the Adh5T4/Adh5T4
vaccination group. Interestingly the mixed Th1/Th2 cytokine
profile is sustained with DCh5T4/Adh5T4 vaccination, whilst
Adh5T4/DCh5T4 appears polarised to a Th1 biased response.
(1 Adh5T4/Adh5T4 vs. AdGFP/AdGFP, 2 DCh5T4/DCh5T4
vs. DC2.4/DC2.4, 3 Adh5T4/DCh5T4 vs. AdGFP/DC2.4,
4 DCh5T4/Adh5T4 vs. DC2.4/AdGFP)
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specific CD8+ T cells with cytokine and antibody

isotype ratios consistent with a bias to a Th1- type

response.

Efficacy of prophylactic vaccination against

B16h5T4 (tumour protection)

Next we tested the efficacy of the different prime-boost

vaccine combinations to provide tumour protection.

Mice were pre-immunised with the following treatment

combinations; Adh5T4/Adh5T4, DCh5T4/DCh5T4,

Adh5T4/DCh5T4, DCh5T4/Adh5T4 or appropriate

vector controls and then challenged with a lethal dose

of B16h5T4 melanoma. Essentially all treatment com-

binations tested can provide a statistically significant

delay in tumour growth compared to control vector

vaccinations (P < 0.05) (Fig. 4a–d). In prophylaxis,

vaccination with DCh5T4/Adh5T4 provided the best

protection as 5/7 mice were tumour free at the end of

the study followed by, Adh5T4/Adh5T4 (3/7 tumour

free), DCh5T4/DCh5T4 (3/7 tumour free), and lastly

Adh5T4 /DCh5T4 (0/7). Thus despite differences in

magnitude and persistence of immune effectors reac-

tive against h5T4 that can be measured in vitro, all

treatment combinations are able to induce protective

tumour immunity.

Immune protection: in-vivo mechanisms

A range of immune effectors can be measured in vitro

following vaccination. In order to gain more mecha-

nistic insight into the role of different immune effectors

in delaying B16h5T4 tumour growth following the best

vaccination, DCh5T4/Adh5T4, groups of immunised

mice were selectively depleted with rat anti mouse

monoclonal antibodies against CD4, CD8, CD4/CD8

populations starting 3 days before tumour challenge.

In Fig. 5a depletion of CD4+ T cells resulted in a sta-

tistically significant enhancement in tumour growth

delay (P = 0.012) with more mice tumour free at the

end of the study. By contrast, depletion of CD8 T cells

made no impact on the vaccination induced protection

(Fig. 5b), while removal of both CD4 and CD8 effec-

tors obviates the improved protection offered by CD4

depletion alone, suggesting that CD8 maybe important

for the anti-tumour effect (Fig. 5c). However, the

combined depletion of CD4+CD8 lymphocytes does

not alter the level of tumour protection compared with

DCh5T4/Adh5T4 (undepleted) suggesting that anti-

bodies and other innate immune effectors may also

contribute to tumour growth delay. In support of this

we have shown that adoptive transfer of sera from

immunised mice to naı̈ve mice can provide tumour

Fig. 4 Vaccinations with
DCh5T4/DCh5T4, Adh5T4/
Adh5T4, DCh5T4/Adh5T4
and Adh5T4/DCh5T4 induce
protective tumour immunity
to B16h5T4 tumour
challenge. Groups of seven
mice were primed on day 0
and then boosted on day 7
with the above vaccine
combinations. Mice were
challenged with 5 · 105

B16h5T4 21 days post boost
and tumour growth
monitored until the product
of perpendicular tumour
diameter reached 1.24 cm2.
The data is presented as a
Kaplan–Meier survival curves
and representative two
independent studies. Log
Rank test was used to
determine whether vaccine
mediated survival was
significant versus respective
control vaccinations
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protection against subsequent challenge with B16h5T4

(Fig. 5e)

The potentiation of immune protection by CD4

depletion suggests that vaccination with DCh5T4/

Adh5T4 induces cells within the CD4 population with

a suppressor phenotype. To study whether ‘‘conven-

tional’’ CD4+CD25+ regulatory cells are involved in

the suppression of vaccine-mediated immunity, groups

of immunised mice were depleted of CD25+ cells. In

Fig. 5d, the depletion of CD25+ cells leads to a statis-

tically significant increase in tumour free survival.

Anti-tumour efficacy of therapeutic vaccination

(active therapy)

Therapeutic immunity following vaccination in

tumour-bearing mice is much more difficult to

establish. With the knowledge that both positive and

negative immune effectors may be generated following

prophylactic vaccination, we tested the relative efficacy

of the different prime-boost regimens in mice with

established B16h5T4 tumours (Tumour size is 0.3 cm2

at day 7, with median survival 19 days to reach tumour

limit of 1.24 cm2). Surprisingly, in active therapy

DCh5T4/Adh5T4, the regimen that afforded the best

protection against tumour challenge, showed no effect

compared to control treatment (median survival 21 vs.

19 days, P = ns). By contrast, the reciprocal order of

prime boost vaccination Adh5T4/ DCh5T4 provided

the greatest delay in tumour growth compared to

control treatment (median survival 26 vs. 19 days,

P = 0.005). The homologous immunisations were also

somewhat effective compared to controls with

DCh5T4/DCh5T4 (median survival 27 vs. 19 days,

P = 0.026) or Adh5T4/Adh5T4 (median survival 21 vs.

19 days, P = 0.015) (Fig. 6a–d). In a repeat experiment

Fig. 5 In-vivo lymphocyte
depletion and adoptive
transfer for characterisation
of tumour immune
mechanism. Following
vaccination with DCh5T4/
Adh5T4 groups of mice were
depleted of, a CD4, b CD8,
c CD4 + CD8, and d CD25
starting 3 days before tumour
challenge. In the absence of
CD8 cells or combined
depletion of both CD8 and
CD4 mice are still protected.
Depletion of CD4 enhances
protective efficacy but
depletion of CD25 provides
the greatest tumour
protection. Adoptive transfer
of sera from vaccinated mice
can also delay tumour growth
significantly compared to
nonvaccinated sera (e). Data
from separate depletion
studies (3 · CD4 and CD8,
2 · CD4/CD8, 1 · CD25)
which gave the same basic
result in the repeats but
provided increased statistical
power when pooled (n = 7–18
for each group), are presented
as Kaplan–Meier survival
plots, and the log rank test
was used to compare
influence of DCh5T/Adh5T4
(depleted) versus DCh5T4/
Adh5T4 (undepleted)
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the same rank order of therapeutic effect was obtained

except with homologous DC vaccination which failed

to provide any significant tumour delay compared to

control.

Characterisation of h5T4 immunity in tumour

bearing mice following heterologous prime-boost

vaccination

To understand the differences in efficacy between

DCh5T4/Adh5T4 versus Adh5T4/DCh5T4 in tumour

bearing mice, the effect of therapeutic vaccination

on 5T4 immune responses (Th1/Th2) was tested by

examining the 5T4 specific IgG isotype, cytokine

profile and CTL generation 7 days following a single

(Fig. 7a–d) and prime-boost immunisations. Impor-

tantly we show that B16h5T4 tumour growth in the

absence of therapeutic vaccination is not immunolog-

ically ignored. Low levels of 5T4 specific IgG1 and

IgG2b antibodies can be detected in the sera. Consis-

tent with this we show that splenocytes from these

mice secrete IL-5 when restimulated in vitro with

DCh5T4 and restimulated splenocytes are unable to

lyse B16h5T4 tumour in vitro, suggesting that tumour

growth polarises to a Th2 phenotype.

A single vaccination with Adh5T4 in tumour bearing

mice polarises the immune response from Th2 to Th1.

This is demonstrated by the antibody isotypes which

are biased IgG2b > IgG1 (Fig. 7a, b); the splenocytes

restimulated in vitro secrete in addition to IL-5 statis-

tically significant amounts of INF-c compared to PBS

and DCh5T4 treated splenocytes (P = 0.023) (Fig. 7c)

and are able to specifically lyse B16h5T4 tumour

in vitro (Fig. 7d). In contrast, the DCh5T4 immunisa-

tion potentiates the Th2 phenotype which is reflected

by the induction of mixed IgG1/IgG2b antibody iso-

types, secretion of in addition to IL-5 statistically

increasing amounts of IL-10 by splenocytes restimu-

lated in vitro compared with PBS and Adh5T4 treated

splenocytes (P £ 0.0005). Consistent with this DCh5T4

treated splenocytes demonstrate a complete absence of

cytolytic T cell activity. Statistically there is no differ-

ence in the levels of Il-5 secreted between the three

treatments.

Analysis post heterologous boost immunisation at

day 21 showed the same Th1/Th2 profiles were main-

tained (data not shown). Thus the different efficacy

of vaccination in prophylaxis and therapy models

of B16h5T4 tumours may relate to the naı̈ve or

antigen/tumour exposed status of the animals. In

Fig. 6 Comparing vaccine
efficacy of DCh5T4/DCh5T4,
Adh5T4/Adh5T4, DCh5T4/
Adh5T4 and Adh5T4/
DCh5T4 in active therapy.
Adh5T4/DCh5T4, DCh5T4/
DCh5T4 and Adh5T4/
Adh5T4 can delay tumour
progression, but DCh5T4/
Adh5T4 provides no survival
advantage. Groups of seven
mice were challenged with
tumour on day 0 and then
treated on day 7 and 14 with
the above treatment and
tumour growth monitored
until the product of
perpendicular tumour
diameter reached 1.24 cm2.
The data is presented as a
Kaplan–Meier survival curves
and is representative two
independent studies. Log
Rank test was used to
determine whether vaccine
mediated survival was
significant versus respective
control vaccinations
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tumour-bearing mice, the induction of Th1 polarising

immune responses is pivotal in the control of 5T4+

tumour growth, and the choice of vaccine used to im-

munise after tumour challenge is critical for deter-

mining efficacy of subsequent immunisations.

Role of regulatory T cells in modulating tumour

regression in active therapy

As the tumour growth polarises 5T4 immune reactivity

to a Th2 phenotype it is possible that this may induce

regulatory T cells. We hypothesised that because both

positive and negative immune effectors are generated

following vaccination even in naı̈ve mice, the same

vaccinations in the context of therapy may selectively

expand the number and activity of regulatory T cells.

Thus the difference in vaccine efficacy in active therapy

between DCh5T4/Adh5T4 versus Adh5T4/DCh5T4

may reflect differential induction of regulatory cells as

a consequence of tumour growth and the priming

vaccination. To test this hypothesis, tumour bearing

mice were depleted of CD25+ cells with 1 mg/0.5 ml

anti CD25 antibody starting 4 days prior to treatment

with Adh5T4/DC5T4 or DC5T4/Adh5T4. Figure 8a

shows that the specific therapeutic activity of the

Adh5T4+DCh5T4 vaccination is not enhanced by

CD25 depletion although the control vaccination is

potentiated. Importantly Fig. 8b, shows that the inef-

fective DCh5T4/Adh5T4 treatment is dramatically

improved by the depletion CD25 cells. This suggests

that the removal of CD25 cells can be used to improve

suboptimal immunisation regimens in cancer vaccine

immunotherapy.

Discussion

The goal of this study was to evaluate the immune

response in protective and active tumour therapy to

homologous and heterologous prime boost vaccina-

tions consisting of first generation adenoviral vectors

and DC2.4 cells encoding 5T4 oncofoetal antigen. In

naı̈ve mice, there were differences in the magnitude of

immune responses and polarising potential (Th1 vs.

Th2) of the different regimens tested but all provided

significant tumour protection against lethal challenge

with B16h5T4. The prime heterologous combination

DCh5T4/Adh5T4 was the best prophylactic treatment

Fig. 7 Comparing 5T4 immune responses following a single
vaccination with either, Adh5T4, DCh5T4, or PBS in mice with
pre-existing tumour. a, b represents isotype antibody response.
c Cytokine release by splenocytes after re-stimulation with
DCh5T4 versus DC2.4 (results are presented as cytokine release
after DCh5T4 restimulation—release after DC2.4 restimulation).
ND is not detected. d Cytotoxic killing of B16h5T4 measured by
51CR release. In terms of antibody responses there is production
of both IgG1 and IgG2b in sera from mice treated with PBS and

DCh5T4, whilst vaccination with Adh5T4 shows a polarization of
IgG2b > IgG1 (a, b). Statistical analysis of the cytokine release
from splenocytes treated with either PBS/Adh5T4/DCh5T4,
shows there is no difference in IL-5 secretion between the
different groups using the one-way ANOVA test (P = 0.138).
Adh5T4 treated splenocytes secrete significant amounts of INF-c
and are able to lyse B16h5T4 targets. In contrast DCh5T4
treated splenocytes secrete in addition to IL-5 significant amount
of IL-10 and are unable to lyse B16h5T4 targets
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but did not provide any therapeutic benefit while

Adh5T4/ DCh5T4 was efficacious. Critically, these

alternative vaccine regimens elicited very different

immune responses in mice with pre-existing tumours

with the demonstration of CTL and Th1 polarisation

following priming with Adh5T4 and not DCh5T4.

Further experiments showed the important role for

CD25+ regulatory cells in both prophylaxis and active

therapy with their depletion yielding enhancement of

tumour therapy.

The activation of immune effectors to target anti-

gens is dependent on several factors including the

choice of the vaccine vector, dose and route used for

immunisation [38]. In naı̈ve mice we show that each of

the homologous and heterologous prime-boost vaccine

regimens, comprising Adh5T4 and DCh5T4 can elicit a

broad range of immune effectors reactive against the

h5T4 antigen in naı̈ve mice, including antibodies, CD4+

and CD8+ T cells, which can be readily measured

in vitro using classical immune assays. However we

show that each vaccine combination is not equal at

inducing or sustaining similar levels of 5T4 immunity.

The heterologous prime-boost combinations are the

most efficient at sustaining 5T4 specific CTL responses,

with cytokine and antibody isotype responses consis-

tent with a polarisation to Th1, which has been re-

ported for other targets [18–21].

The failure to reproducibly to demonstrate CTL

activity to homologous vaccinations with Adh5T4/

Adh5T4 may reflect competition between and selected

expansion of CTLs to more immunogenic viral vector

proteins such that specific target antigen CTLs are not

appropriately activated and/or become anergised [20]

or may lead to their rapid functional exhaustion and

deletion [39]. The failure to elicit CTLs with the

DCh5T4/DCh5T4 was surprising as other studies with

similar dosing schedule have used DC2.4 successfully

to induce CTLs to alternative target antigens [25, 40].

It is possible that further optimisation of the dose and

time of vaccinations together with the optimisation of

DC phenotype [41, 42] in terms of activation status is

required to properly evaluate the efficacy of DC vac-

cines as vectors for 5T4. However despite these dif-

ferences in magnitude and persistence of 5T4 immune

responses each vaccine regimen is able to provide tu-

mour growth delay to a subsequent lethal challenge

with B16h5T4.

The evaluation of the role of the different immune

effectors following vaccination with the best preven-

tative vaccine sequence DCh5T4/Adh5T4 using anti-

body depletion and adoptive transfer of specific

immune effectors before tumour challenge, shows that

each of the 5T4 specific immune effectors generated

including antibodies, CD4+, CD8+ T cells as well as

innate mechanisms can provide some level of tumour

protection. The induction of antibodies may be useful

clinically and it is significant that 5T4 specific anti-

bodies are induced following MVAh5T4 immunisa-

tions in cancer patients [43].

Importantly our depletion studies demonstrate

induction of 5T4 specific CD4+ cells which can have

dual effects. We show that these CD4 responses may

be required to support the efficient function of CD8+

cells (Fig. 5b), but simultaneously there is evidence of

a suppressor population which maybe regulating the

overall immune reactivity against 5T4 (Fig. 5a). We

demonstrate that these CD4 suppressors are classical

‘‘CD4+CD25+’’ regulatory cells, and their depletion

significantly potentiates anti-tumour immunity

(Fig. 5d). Thus it can be concluded that the differential

Fig. 8 Investigating the synergistic effects of vaccination
Adh5T4/DCh5T4 versus DCh5T4/Adh5T4 with in-vivo deple-
tion of CD25+ lymphocytes in mice with pre-existing tumours.
Depletion of CD25+ cells does not alter survival when combined
with Adh5T4/DCh5T4 (a), but dramatically improves the
efficacy of DCh5T4/Adh5T4 vaccinations (b)
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induction of 5T4 immune responses with each vacci-

nation treatment is a representation of the integrated

sum of both positive and negative immune responses

generated. The demonstration that vaccine regimens

may induce cells with a regulatory phenotype, even in

naı̈ve mice is important, as the potentiation of these

negative immune responses clearly needs to be avoided

in effective cancer vaccine protocols. While the results

presented derive from a genetically engineered model

of h5T4 tumour expression, the amino acid sequences

of h- and m5T4 are 81% identical and so it is possible

that induction of T cells with h5T4 vaccination may

cross react with m5T4 targets although this was not

seen for antibody induction against m5T4 using

MVAh5T4 vaccination [16].

There has been limited vaccine success in patients

with large cancer burdens tested in the last 10 years un

humans, despite successful pre-clinical efficacy [44–47]

[http://www.clinicaltrials.gov/]. Most studies test immu-

notherapies in tumour models which are either slowly

growing, or soon after tumour challenge, which makes

it much easier to achieve therapeutic success in these

models as opposed to models with established tumour

burdens and tumour immune phenotypes. In the active

therapy setting we established an aggressive tumour

model, to rigorously test the efficacy of our vaccination

protocols. In the current study although the treatments

tested only provide modest tumour growth delay, they

highlight important immunological differences be-

tween the vaccines Adh5T4 versus DCh5T4 used for

immunisation. The consequences of generating posi-

tive and negative 5T4 immune responses are not so

critical or important in prophylactic tumour models,

but the generation of negative immune responses be-

comes more important in tumour bearing mice, which

are no longer antigen naı̈ve.

We show in tumour bearing mice that, the best pro-

phylactic treatment DCh5T4/Adh5T4 is no longer

effective, whilst significant tumour growth delay can be

achieved with the Adh5T4/DCh5T4. Analysis of the

immune responses generated against h5T4, shows that

the B16h5T4 tumour growth per se is not immunologi-

cally ignored, driving a Th2 response against h5T4, with

the induction of CD25+ regulatory cells. Similar results

have been obtained in other studies of B16 melanoma

tumour immunity, and have shown that the outgrowth

of tumours is frequently not associated with strong

‘‘danger signals’’ which are required to alert the immune

system via the activation of DCs, favouring the induc-

tion of tolerance [48–51]. The difference in therapeutic

efficacy between DCh5T4/Adh5T4 and Adh5T4/

DCh5T4 is correlated with the ability of the latter to

drive a Th1 polarised 5T4+ immune response with CTL

activity, which can be induced soon after vaccination

with Adh5T4, and sustained by subsequent boost with

DCh5T4. The efficacy of adenoviral vectors may be

associated with differences in the duration and level of

5T4 expression, and the differential activation of DCs by

virus associated TLRs and subsequent antigen presen-

tation driving efficient induction and expansion of rel-

evant antitumour immunity [52, 53]. In contrast the

DCh5T4 priming vaccination augments Th2 immune

responses and expansion of CD25+ T regulatory cells,

such that tumour growth of an aggressively growing

tumour cannot be rescued by subsequent vaccination

with Adh5T4, but may be if CD25+ cells are depleted

in-vivo. Similar studies exploiting the potential of DC

vaccines have demonstrated CD25+ T cells as important

barrier to their efficacy [5, 54].

In conclusion this study highlights that active

tumour therapy models are more relevant for the

evaluation of cancer vaccines than prophylactic mod-

els. Clearly the sequence of the vaccine vectors can

offer differential tumour growth delay in prophylaxis

and therapy presumably reflecting different tumour

specific responses in the two immunological settings.

This is seems to derive from the immune activating

capabilities of the vectors together with maintenance

of appropriate tumour immune phenotypes in the

context of immune modulation by the tumour. The use

of antigen naı̈ve mice can be used to indicate the

immunogenicity of the vectors in terms of evaluating

both positive and negative TAA immune responses. In

tumour bearing mice some therapeutic vaccinations

may expand tumour induced regulatory cells. The

potentiation of CD25+ T regulatory cells represents

one mechanism of tumour and vaccine induced

immunosuppression. Immunotherapy using anti CD25

monoclonal antibodies to deplete these represents

one approach to increasing TAA specific immune re-

sponses. This might be avoided if appropriate vacci-

nation regimens are used for immunisation in the first

instance. Several recent studies have demonstrated

that classical CD4+CD25+ regulatory T cells are not

the only barrier to effective cancer vaccines, and

acquisition of regulatory T cell function by other CD4

T cells may occur concomitantly with the induction of

anti-tumour effector T cells in the same lymph nodes

[55–57], and act to promote tumour growth through the

inhibition of tumour specific CD8+ T cell responses

[58]. The presence of alternative regulatory T cell

populations, together with the stage of tumour growth

challenged in the current study may explain the modest

vaccine responses observed. Any future studies, to-

gether with clinical trial protocols should be designed

to address both positive and negative influences of
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vaccination. A more detailed analysis of the negative T

cell populations would need to consider at least three

distinct types of T regulatory cells which have distinct

cytokine profiles and probable modes of action. These

include CD4+/CD25 + /Foxp3 + T lymphocytes (Treg)

of thymic origin, TR1 lymphocytes able to release

IL-10, and TGF-beta producing TH3 lymphocytes all

of which could influence tumour growth by inhibiting

the immune responses. Future studies will focus on

understanding the modulation of vaccine induced im-

mune responses to 5T4 together with the optimisation

of dosing and scheduling of vaccinations such that

better tumour-free survival can be obtained.

Ultimately, the development of potent immuno-

therapeutic vaccination strategies, which increase the

frequency and function of tumour-specific T cells, in

conjunction with strategies to inactivate or remove

regulatory T cell populations and the immuno-

suppressive nature of the tumours are required. The

choice of vaccine vector used for immunisation is

clearly pivotal in terms facilitating optimal antigen

presentation by DCs and the induction of effective

anti-tumour immune responses that can challenge

tumour growth in-vivo.
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Appendix: Abbreviations

Ad Adenovirus

AdGFP First generation E1/E3 deleted

adenovirus expressing green fluorescent

protein

APC Antigen presenting cell

B16h5T4 B16 melanoma cells stably expressing

human 5T4

CTL Cytotoxic T lymphocyte

CpG motif Adenovirus

Ad DNA sequences which can act as

adjuvants to activate immune responses

Th1/Th2 T helper type 1/2 cells

DC Dendritic cell

DCh5T4 DC2.4 cells expressing human 5T4

E:T Effector to target ratio

FCS Fetal calf serum

h5T4 Human 5T4

h5T4-FC Fusion protein of FC conjugated to the

exogenous region of 5T4 protein

INF-c zInterferon gamma

IL-5 Interleukin 5

IL-10 Interleukin 10

I.P Intraperitoneal

LPS Lipopolysaccharide

ND Not detected

MVA Modified Vaccinia Ankara

h5T4 Human 5T4

SC Subcutaneous

Sc and im Subcutaneous and intramuscular

TAA Tumour Associated Antigen
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