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A recombinant Listeria monocytogenes vaccine 
expressing a model tumour antigen protects mice 

against lethal tumour cell challenge and causes 
regression of established tumours 
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Listeria monocytogenes is an intracellular organism that has the unusual ability to live in 
the cytoplasm of the cell. It is thus a good vector for targeting protein antigens to the 
cellular arm of the immune response. Here we use a model system, consisting of colon 
and renal carcinomas that express the influenza virus nucleoprotein and a recombinant 
L. monocytogenes that secretes this antigen, to test the potential of this organism as a 
cancer immunotherapeutic agent. We show that this recombinant organism can not 
only protect mice against lethal challenge with tumour cells that express the antigen, 
but can also cause regression of established macroscopic tumours in an antigen-specific 
T-cell-dependent manner. 

Listeria monocytogenes is a Gra m-positive, facultative intracellu
lar bacterium that has the unusual ability to live in the cyto
plasm of the cell' . L. monocytogenes enters the host cell and is 
taken up in a phagosome but, unlike most other intracellular 
bacteria, it escapes into the cytoplasm of the cell by disrupting 
the phagosomal membrane, primarily through the action of a 
secreted virulence factor, listeriolysin 0 (LLO)'-'. It thus targets 
its own antigens to both the MHC class I and class II pathways 
of the infected cell for antigen presentation, a rare property rel
ative to most viruses and bacteria, and thus induces strong cel
lular immune responses'·'-''. In previous studi.es we have 
verified that stable recombinants of L. rnonocytogenes that ex
press foreign viral and bacteria l antigens can elicit strong CDS' 
T-cell respon ses to that antigen!-''. This opens up the exciting 
possibility of using this organism as a cancer vaccine. 

It is now well accepted that tumour cells express antigens 
that can be recognized by the immune system with the genera
tion of antigen-specific CDS' cytotoxic T cells (CTLs) and CD4· 
T-helper-cell responses"H'. These antigens may include mu
tated self antigens, re-expressed embryonic antigens, ti ssue 
specific differentiation antigens or viral antigens")-['. Here we 
show that a recombinant L. monocytogenes that secretes a tu
mour-specific antigen can n ot only protect mice against chal
lenge with a tumoricidal dose of tumour cells that express the 
antigen, but can also cause regression of esta blished macro
scopic tumours, in an antigen-specific, T-Gell-dependent man
ner. This therapeutic respon se h dependent on the generation 
ill vivo of bo th CD4' and CDS ' effector T celb. 

The ability of L. mo11ocytogenes to confer prophylactic and 
therapeutic immunity to tumour challenge was assessed by 
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using a previously described' L. monocytogenes recombinant 
(Lm-NP) that stably expresses and secretes a fusion protein 
consisting of the first 420 amino acids of LLO fused to the in
fluenza nucleoprotein sequence l--49S (NP) from influenza 
virus strain A/PRS/34. We have shown that Lm-NP effectively 
targets NP to the class I pathway for the induction of Cos· 
T cells'. The tumour cells chosen for study are CT26, an 
N-nitroso-N-methylurethane-induced murine colon tumour 
line" and the spontaneously arising renal cell carcinoma 
Renca " . Both cell lines are derived from BALB/c mice, express 
H-2" class I MHC molecules but not class II MHC and are 
highly tumorigenic. They were transduced with the same NP 
gene (A/PRS/34) that Lm-NP secretes by using a defective 
Moloney murine leukaemia retrovirus containing both the NP 
gene and a neomycin phosphotransferase gene. 

Results 
L. monocytogenes-NP can protect against tumour challenge 
First, we tested the ability of Lm-NP to protect agaimt tumour 
challenge (Fig. la and b) . BALB/c mice were immunized with 
wild-type L. monocytogenes (l.m), sterile saline or the recombi
nant L. monoc:ytogenes vaccine vector (l.m-NP). Two weeks after 
the last immunization, ten animals in each immunization 
group were challenged subcutaneously with 100 times the tu
moricidal dose of CT26, Renca, CT26-NP or Renca-NP. As Fig. 
la shows none of the animals that received the Lm-NP vaccine 
showed any sign of Renca-NP growth. Six animals that re
ceived CT26-NP remained tumour-free, three had tumours of 
less than S mm and one had a tumour of 9 mm (Fig. lb) . All of 
the contro l groups of animals showed continuous tumour 
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Fig. 1. Protection against tumour challenge with L. monocytogenes. 
a, Tumour gr9wth in BALB/c mice challenged with Renca-NP. b, Tu
mour growth 1n' BALB/c mice challenged with CT26-NP. Animals re
ceived either wild-type Lm (open diamonds), or the recombinant 
Lm-NP vector (filled triangles) or saline (filled circles) before chal
lenge. Data are not shown for the corresponding control groups of 
animals that received either the parental Renca or CT26 tumour cell 
lines for which no difference in growth among the animals immu
nized with Lm, Lm-NP or saline was detected. 

growth between 1.5 and 3.0 em; growth of Renca and CT26 
parental lines in animals immunized with Lm, Lm-NP and 
saline was equivalent (data not shown). 

lm-NP can cause regression of established tumours 
In most animal studies, although tumour vaccines have been 
shown to protect against challenges with limited numbers of 
tumour cells, the vaccines have not been able to cure the ani
mals of established tumours18

• Previous attempts to treat 
macroscopic tumours by using either a whole tumour cell or 
recombinant vaccine approach have been unsuccessful. When 
therapeutic effects have been observed, they have generally 
applied only to microscopic and not to macroscopic tumours. 
We thus tested the therapeutic potential of our vacdne vector 
to limit tumour growth. Tumour cells (5 x 105

) of either Renca
NP or CT26-NP were introduced into BALB/c mice subcuta
neously. After measurable macroscopic tumours had grown in 
the mice, ten animals in each group received Lm-NP, Lm or no 
further treatment. Ten days later the mice were immunized 
again with either Lm-NP or Lm. Only the mice receiving the 
Lm-NP vaccine showed changes in tumour growth (Fig. 2a and 
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b). In the case of the mice challenged with Renca-NP (Fig. 2a), 
only one out of ten mice showed any sign of visible tumour 
growth by four days after the last immunization, whereas con
trol groups showed rapid progressive growth. This remission 
proved to be long-lasting and antigen-specific, in that the tu
mour-free mice showed no signs of regrowth for a further 
month, after which they were re-challenged on each flank 
with 5 x 10' cells of either Renca-NP or Renca. They showed no 
sign of Renca-NP growth, whereas Renca grew aggressively to 
the point where it was necessary to kill the animals. 

In the case of animals challenged with the colorectal CT26-
NP tumour (Fig. 2b), we saw a significant slowing of tumour 
growth to a near standstill (P < 0.001 at day 17 and P < 0.0001 
at day 19) for the animals that received the Lm-NP vaccine 
compared with the control groups. There was, however, no re
gression with CT26-NP as there was for the Renca-NP renal car
cinoma, probably because CT26-NP is a much faster growing 
tumour than Renca-NP and is more unstable in its expression 
of NP. It seems probable, therefore, that CT26-NP tumours 
grown in vivo for three weeks in the absence of neomycin 
(G418) lose NP expression. To confirm this, CT26- NP tumours 
were explanted from BALB/c mice on days 12 and 28 after sub
cutaneous injection of 10' CT26-NP and tested for their ability 
to be lysed by secondary cultures of lymphocytes from mice 
immunized with vaccinia-NP. At a 60:1 effector:target ratio, 
the specific lysis of CT26-NP on day 28 was only 14% com
pared with 35% for tumour cells removed on day 12. At a 10:1 
effector:target ratio, 8% of day 28 CT-26 cells were killed com
pared with 18% of day 12 tumour cells. Thus, it appears that 
expression of NP by CT26-NP is lost between day 12 and day 
28 of in vivo growth. 

The ability of an antigen-based therapy to eliminate 
.macroscopic tumours in mice (Fig. 2a) is unprecedented in 
cancer immunotherapy in the absence of adjunctive therapy. 
For example, immune responses induced to the im
munoglobulin idiotype of B-cell lymphomas were shown to 
cause regression of established tumours but only when com
bined with chemotherapy19

• Currently, vacdnia virus is the 
only recombinant vaccine system that has been evaluated as 
a cancer vaccine10

• The efficacy of a recombinant vaccinia 
virus that expresses NP as a vaccine against the tumours used 
in the current study was, therefore, evaluated. Although prior 
vaccination with this recombinant virus protected against 
subsequent challenge with Renca-NP (20 out of 20 mice pro
tected) and CT26-NP (14 out of 20) when used to treat estab-

Table 1 Number of mice with detectable serum antibody levels 
against NP and LLO before and after Lm-NP.immunizatlon. Mice 

are grouped on the basis of their serum antibody titres. 

Number of mice with antibody levels of 
Antisera/antigen + ++ +++ 

Pre-immune/LLO 29 0 1 0 
Pre-immune/NP 30 0 0 0 
Post-immune/LLO 2 8 14 6 
Post-immune/NP 11 19 0 0 

'Levels of antigen-specific antibody in the serum samples were 
scored thus: titre (t) < 40 (-); 40 < t < 1150 (+); 160 < t < 640 (++); 
640 < t < 1280 (+++). In the case of the anti-NP responses, antibody 
levels were quantified by reference to an affinity-purified anti-NP 
monoclonal antibody; t = 160 ( +) is equivalent to 1 Jlg ml-' of anti
NP antibody. 
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lished tumours, there was no impact even on 5-day estab
lished microscopic tumours for either tumour line (0 out of 
20 mice showed a change in tumour growth in each group). 
In addition, influenza virus was also incapable of influencing 
tumour growth in microscopic 5-day tumours (data not 
shown). 

Antitumour effects of lm-NP are not antibody mediated 
The exquisite antigen specificity of the protection we observe 
in Figs 1 and 2 argues against protection being mediated by 
natural killer cells. The properties of L. monocytogenes are 
such that it does not induce a good humoral response'. Nev
ertheless 1to assess the role of antibody in the anti tumour re
sponse, we measured both the anti-NP and anti-LLO 
antibody levels in the mice that had received either Lm-NP 
or Lm. As Table 1 shows, the 30 mice that received the Lm
NP immunizations had serum anti-NP antibody levels of 
<1 mg mJ·' and low titres to both the natural L. monocytogenes 
antigen, LLO, and the recombinant NP. Thus, we feel that 
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Fig. 2. Elimination of established Renca-NP tumour growth and inhi
bition of established CT26-NP tumour growth by the Lm-NP vac
cine. Tumour cells (5 x 1 0') of either Renca-NP (a) or CT26-NP (b) 
were introduced subcutaneously into two groups of 30 mice. After 
measurable tumours had grown in the mice, ten mice in each group 
received Lm-NP (darkly shaded bars), ten mice received wild-type 
Lm (striped bars) and ten received saline (filled bars). The mice re
ceived immunizations on the days indicated by the arrows. 
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antibodies probably do not play a major role in the antitu
mour properties of Lm-NP. 

Tumour immunity is T-cell dependent 
We next investigated the role ofT cells in the Lm-NP-induced 
immunity to Renca-NP and CT26-NP. First, we performed a 
histologic analysis of NP-expressing tumours excized from Lm
NP immunized mice (Fig. 3). This revealed extensive lympho
cyte infiltrates as well as macrophages and granulocytes (Fig. 
3). Infiltrates were most extensive at the tumour borders (Fig. 
3b), although immunohistochemical staining also revealed 
significant numbers of CD3' lymphocytes interspersed within 
the interstitium of the tumour (Fig. 3d), which were both CD8' 
(Fig. 3f) and CD4' (Fig. 3e). In contrast, NP-expressing tumours 
from Lm-immunized mice, as well as parental (NP-) tumours 
from Lm-NP-immunized mice, demonstrated only a mild peri
tumour lymphocyte-poor infiltrate (Fig. 3a) and no lympho
cytes within the tumour interstitium (Fig. 3c). Thus, the 
infiltration of both CD4' and CD8' cells into the tumour was 
dependent on NP expression by both the tumour and the 
vaccine. 

The infiltration of both CD4' and CD8' T cells suggested 
that both T-cell subsets might in fact play an effector role in 
the antitumour response. Both tumours are MHC class I'/11-, 
and class II expression on CT26 is not induced by cytokines 
such as interferon-y (IFN-y). Thus, CDS' cells might be ex
pected to be the most critical effector cells. To verify that CDS' 
NP-specific T cells were cytotoxic for Renca-NP and CT26-NP, 
we next examined mice that had received the vaccine protocol 
for the presence of CTLs that could specifically lyse these tu
mour cell lines. Both NP' cell lines, but not the parental cell 
lines, were efficiently lysed by secondary CfL cultures from 
Lm-NP immunized mice (see Fig. 4) demonstrating the pres
ence of cytotoxic T cells in the periphery of mice immunized 
with Lm-NP, which could have eliminated the tumour by a di
rect killing mechanism. Shown as a positive control, in Fig. 4, 
is the ability of these CTLs to kill the standard target cell P815 
in the presence of the K•-restricted NP epitope. 

Finally, in order to evaluate the role for each T-cell subset as 
antitumour effectors in vivo, naive BALB/c mice were immu
nized with Lm-NP using the same protocol as used in Fig. 1. 
Ten days later, ten mice each were depleted of either CDS' 
cells, or CD4' cells by in vivo antibody administration, and ten 
were left with a complete T-cell repertoire. After T-cell deple
tion, the mice were challenged with CT26-NP. As a control, 
ten naive mice were also challenged. As Fig. 5 shows, the mice 
with a complete T-cell repertoire show protection against tu
mour growth induced by the Lm-NP vaccine, whereas deple
tion of the CDS' T-cell subset totally abrogated the vaccine 
effect. Indeed tumour growth in the Lm-NP immunized mice 
in which cos· T cells were depleted was significantly in
creased (P < 0.017 at day 22) compared with the control 
(naive) group of mice. In addition, the mice in which the CD4' 
T-cell subset was depleted showed reduced protection indicat
ing that CD4' T cells also play an important role in the control 
of tumour growth. 

Discussion 
In this article, we have shown that L. monocytogenes has the 
ability to deliver a foreign antigen to the immune system and 
to invoke cell-mediated immunity that is sufficiently strong to 
eliminate established tumours that express the same antigen. 
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The rejection of macroscopic tumours purely on the basis of 
an antigen-specific immune response and in the absence of 
adjunctive therapy is, to our knowledge, unprecedented. 

The frequent failure of the immune system to respond to tu
mour antigens and the subsequent outgrowth of transformed 
cells in cancer has been thought to be due to the poor im
munogenicity of naturally occurring tumours or tolerance 
mechanisms acting upon tumour-specific T cells 10

'
20

• This defi
ciency has been attributed to inadequacies in the CD4' T-cell 
response to tumour-specific antigens and can be remedied by 
transfecting the tumour cells with certain cytokine genes, such 
as those for the interleukins IL-2, IL-3, IL-4, IL-6, and IL-7, or 
granulocyte-macrophage colony-stimulating factor 10·'0-2' or by 
costimulatory ligands10·'<, which either activate or bypass the 
requirement forT-cell help in mounting a protective tumour 
antigen-specific cos• CTL response. These cosignals can also 
be provided by fusing tumour cells with activated B cells, re
sulting in an effective cancer vaccine25

• However, an effector 
mechanism for CD4' T cells in the protective responses we ob
serve for Lm-NP cannot be restricted to their role in priming 
antigen-specific CDS' T cells since, as seen in Fig. 5, they were 
depleted after the induction of antigen-specific cellular im
mune responses by Lm-NP, immediately before tumour chal
lenge. Nor is a role for CD4• T cells in assisting 

antibody-dependent tumour protection probable, given the 
data shown in Table 1. The L. monocytogenes-induced helper re
sponse is known to be biased toward the T helper 1 subset as a 
consequence of lL-12 inductionu. Thus one role of CD4' T cells 
could be to increase levels of IFN-y, which could enhance ex
pression of accessory molecules that are known to play a role in 
CDS' CTL lysis of tumour cells'0

·
24 and/or MHC molecules"-29

• 

Escape of tumour cells from immune attack due to loss of MHC 
class I molecules has been frequently observed'"·"'. This has been 
attributed to a reduction in class I a-chain transcription30

'
31 or to 

low levels of the antigen-processing proteosomes encoded by 
LMP-7 and LMP-2 and the peptide transporters TAP-1 and 
TAP-2 (ref. 27). Upregulation of these molecules by treating the 
tumours with IFN-y reverses these deficits27

• L. monocytogenes is 
known to induce strong T helper 1 CD4' T-cell responses, 
which will result in the release of IFN-y. However, we observe a 
heavy infiltration of CD4' T cells only into the tumours that ex
press NP from the mice that received the Lm-NP vaccine (Fig. 
3e). This suggests that, rather than merely enhancing the ability 
of CDS' T cells to kill NP-expressing tumour cells, there is an 
antigen-specific antitumour role for CD4' T cells. Indeed, quan
tification of the T cells infiltrating the tumour shown in Fig. 3d 
indicates that about one-third of them are CD4 positive. We are 
currently investigating the role of L. monocytogenes-induced 

Fig. 3. Histologic analysis of CT26-NP tumours excized 23 days post challenge from mice immunized with Lm-NP and Lm. a, Lm-immunized 
mice, haematoxylin and eosin . b. Lm-NP-immunized mice, haematoxylin and eosin. c, Lm-immunized mice, CD3 immunoperoxidase stain. d, 
Lm-NP-immunized mice, CD3 immunoperoxidase stain. e, Lm-NP-immunized mice, CD4 immunoperoxidase stain . f, Lm-NP-immunized 

mice, CDS immunoperoxidase stain. Magnification, x400. 
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Fig. 4 CTLs generated by immunizing BALB/c mice with Lm-NP can 
kill the tumour cells CT26-NP and Renca-NP that express NP in vitro. 
Target cells were Renca, Renca-NP, CT26, or CT26-NP. As positive 
and negative controls for the lytic ability of the Lm-NP-specific CTLs, 
P815 cells, with and without the K" -restricted NP peptide, were also 
used as targets. Plots of per cent specific lysis at two effector:target 
ratios (72:1 and 24:1) are shown. 

CD4' T cells in antigen-specific inhibition and regression of tu
mour growth. Given that vaccinia-NP, which is known to in
duce strong COS' T-cell responses had a far weaker antitumour 
response, it is probable that it is the collaboration of antigen
specific CD4' T helper 1 and CDS' CTLs induced by L. monocy
togenes that generates potent enough responses to protect 
against tumour challenge and to destroy established tumours. 

The use of L. monocytogenes as a cancer therapeutic is predi
cated on the presence of natural tumour-specific antigens to 
which a cellular immune response can be directed. However, a 
number of candidate T-cell-dependent antigens have already 
been defined for certain tumour types10

• In addition, the power
ful technique of sequencing naturally processed peptides from 
MHC class I molecules12

'
32 isolated from tumour cells is likely to 

identify many more in the future. In particular, two groups of 
shared tumour antigens have been identified in human 
melanoma. MAGE-l is the prototype for one group, which in 
normal adult tissues is expressed only in the testes33

• The second 
group involves melanocyte-specific differentiation antigens 
such as tyrosinase. Tyrosinases have recently been shown to be 
a target for C04' as well as cos· melanoma-reactive T cells H>-l'. 
Tissue-specific differentiation antigens shared by the tumour 
may in fact be quite appropriate targets for immunotherapy of 
cancers derived from dispensable tissues. 

Some of the most important human cancers against which 
antigen-specific immunotherapy may be efficacious are the 
virus-associated cancers such as human papilloma virus (cervi
cal cancer), Epstein-Barr virus (Hodgkin's and nasopharyngeal 
cancers) and hepatitis (hepatoma). It is now recognized that 
10-20% of cancer worldwide is virus associated. For example 
90% of cervical cancers express the E6 and E? oncoproteins de
rived from either HPV16 or HPVlS (refs 32,33). Indeed, some 
of the most important human cancers to which antigen deliv
ery by L. monocytogenes could be applied are the virus-associ
ated cancers, in which the viral antigens should be effective 
target antigens. The best example - cervical cancer - is the 
second leading cancer killer among women. 

NATURE MEDICINE, VOLUME 1, NUMBER 5 MAY 1995 

There are always safety concerns in using live vaccines for 
therapeutic use. However, L. monocytogenes is a relatively be
nign Gram-positive organism, which does not produce endo
toxin and which is susceptible to a wide range of antibiotics 
including penicillin. In addition, when administered orally, 
the natural route of infection, we have shown that a recombi
nant L. monocytogenes can induce COS' CTL responses in the 
periphery to the foreign antigen ', thus opening up the excit
ing possibility of an oral anticancer therapy. We are currently 
exploring the potential of L. monocytogenes as an oral cancer 
vaccine using the model system described in these studies. 

Methods 
Cell lines. CT26, an N-nitroso-N-methylurethane-induced murine 
colon tumour line16 and the spontaneously arising renal cell carci
noma Renca" are derived from BALB/c mice, express H-2' class I 
MHC molecules but not class II MHC and are highly tumorigenic. 
They were transduced with the same NP gene (A/PRS/34) that 
Lm-NP secretes by using a defective Moloney murine leukaemia 
retrovirus containing both the NP gene and a neomycin phospho
transferase gene as previously described"·". Transductants were 
selected in G418 and retain the NP gene in vitro in the presence of 
G418. Expression of NP was confirmed in individual Renca-NP and 
CT26-NP clones by staining of permeabilized cells with an 
NP-specific monoclonal antibody and by their ability to be lysed by 
NP-specific CTLs (P. Golumbek, D. Pardoll, unpublished observa
tions). The morphology of Renca-NP and CT26-NP is similar to that 
of the parental lines but the Renca-NP tumour grows more slowly 
than the parental line when injected subcutaneously into BALB/c 
mice. However, the expression of NP in Renca and CT26 does not 
enhance their immunogenicity or decrease their intrinsic tumori
genicity, and the minimal tumoricidal doses for Renca-NP and CT26-
NP in BALB/c mice are identical to the parent lines (5 x 1 O' per 
mouse). Furthermore, animals in which Renca-NP and CT26-NP are 
growing do not have functionally detectable NP-specific CTLs. Thus, 
when expressed in the tumours, NP behaves indistinguishably from 
an endogenous tumour antigen. 
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Fig. 5 Role of CD4' and CDS' T-cell subsets in protection against tu
mour challenge. Mice were immunized with Lm-NP using the same 
protocol as used in Fig. 1. Ten days after the last immunization, ten 
mice in each group were depleted of cos· (filled bars) or CD4' T 
cells (darkly shaded bars) or were left with an intact T-cell repertoire 
(striped bars) and then challenged with CT26-NP as in Fig . 1. Ten 
naive mice that did not receive Lm-NP were challenged with CT26-
NP on the same day as the test groups (white bars). 
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L. monocytogenes strains and propagation. The L. monocytogenes 
strains used in this study are the haemolytic wild-type strain 1 0403S 
and DP-l202S, which was constructed from 1 0403S to stably ex
press and secrete a fusion protein of LLO-NP (ref. S). In this article, 
we refer to these strains as lm and lm-NP to draw attention to their 
antigenic difference. The construction of the L. monocytogenes re
combinant DP-L202S (lm-NP) has been previously described'. 
Briefly, a DNA fragment encoding the full-length influenza NP (de
rived from plasmid pAPR502, a gift of P. Palese) was cloned as an in
frame fusion with the first 1,260 base pairs of hly and its promoter, 
along with upstream regulatory sequences. The construction re
sulted in an in-frame fusion plus the addition of two amino acids at 
the site of the fusion junction. The fusion and prfA gene were cloned 
into the shuttle plasmid pAM401 and introduced into a prfA-Iacking 
strain of L. monocytogenes (DP- l1 075) by electroporation to ensure 
its retention in vivo. The LLO-NP fusion protein was secreted and ap
peared, as predicted, at 1 05 kD on a western blot developed either 
with an anti-LLO polyclonal antiserum or an anti-NP monoclonal an
tibody. Further details can be found in ref. S. 

The dose lethal to 50% of animals tested (LD,J of 1 0403S is -3 x 
10' in BALB/c mice and that of lm-NP is 1-2 x 10' . The bacteria are 
propagated in brain-heart infusion medium, broth and agar. lm-NP 
is maintained at a concentration of 25 11g ml·' of chloramphenicol in 
order to enforce the retention of the LLO-NP-containing plasmid. 
Measurement of tumour growth. Tumour growth was measured 
using calipers every two days and was recorded as the narrowest 
and longest surface length. Values shown for tumour size (milli
metre) are the mean of these two lengths per animal averaged over 
ten animals in each group. Error bars represent standard deviations. 
The P values quoted in the text for tumour growth differences be
tween groups of mice were calculated using Statworks Student's t
test, unpaired and two sided. 
Protection against tumour challenge with lm-NP. BALB/c mice 
(n = 120) were divided into three groups of 40. One group was im
munized with 0.1 LD,0 (3 x 10' colony-forming units (CFU)) of wild
type Lm, one group was immunized with sterile saline and the third 
group was immunized with 0.1 LD,0 (2 x 1 o• CFU) of the recombi
nant lm-NP vaccine vector. After two weeks each group received a 
similar booster immunization. Two weeks after the last immuniza
tion, ten animals in each group were challenged subcutaneously on 
the left flank with either CT26 or Renca that had been transfected 
with the same influenza nucleoprotein gene that was used to trans
form the L. monocytogenes vector (CT26-NP or Renca-NP) or with 
the parental CT26 or Renca line. The number of tumour cells used 
for each mouse was 5 x 1 0', which is 1 00 times the tumoricidal 

dose. 
Effects of Lm-NP on established tumour growth. Tumour cells 
(5 x 1 0') of either Renca-NP or CT26-NP were introduced subcuta
neously to two groups of 30 mice. After measurable (5-mm) tu
mours had grown in the mice (day 1 0 for the mice that had received 
CT26-NP and day 1 3 for Renca-NP) they were divided into groups of 
ten. Ten mice received 0.1 LD50 of lm-NP, ten mice received 0.1 LD50 

of wild-type Lm, and ten received saline. The mice received boosting 
immunizations on day 1 7 for the CT26-NP group and day 23 for the 

Renca-NP group. 
NP expression by CT26-NP after in vivo growth in BALB/c mice. 
CT26-NP tumours were grown in BALB/c mice by subcutaneous in
jection of 1 o• cells. These were explanted at days 1 2 and 2S and es
tablished in vitro tor 7 days in the presence of G418 to prevent any 
further loss of NP. Their ability to be lysed by NP-specific lymphocytes 
was determined in a standard " Cr release assay' with NP-specific 
effector cells. CTls were generated by immunizing BALB/c mice intra-
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peritoneally with 2 x 1 o• plaque-forming units of vaccinia-NP. Spleen 
cells were removed 10 days later, stimulated for 7 days with irradi
ated CT26-NP and 1 0 U ml·' ll-2, and purified by Ficoii-Hypaque 
centrifugation before being used as effector cells. 
Measurement of antibody titres. Thirty mice were bled before im
munization. They then received lm-NP according to the protocol 
described for the protection experiments. Sera samples were taken 
B days after the second immunization and titred by serial dilution, 
between lOx and 1 ,280x, for reactivity to LLO and NP by using an 
ELISA assay that can detect antibody levels down to 10 ng ml·' 
(ABTSr"' ELISA kit from Boehringer). LLO was purified from the cul
ture supernatant of lm-NP as previously described" and used at a 
concentration of 30 119 ml·' to coat the ELISA plates. A/PR/S virus 
was used as a source of NP and was dried down on ELISA plates at a 
concentration of 32 HAU per well. The plates were developed ac
cording to the manufacturers instructions. 

To quantify the level of anti-NP antibody, serial dilutions of a 
known concentration of affinity-purified anti-NP monoclonal anti
body were applied to the A/PR/S-coated plates. A plot of antibody 
concentration against optical density was linear up to 120 ng ml·'. 
The values for levels of anti-NP antibody quoted in the text are cal
culated by reference to the linear phase of this standard curve. 
Histological analysis. Haematoxylin and eosin sections were fixed 
in 1 Oo/o formalin and embedded in paraffin wax. For immunoperox
idase staining, tissue blocks were embedded in OCT compound 
(Tissue-Tek, Miles, Elkhart, Indiana) and snap frozen in liquid N,. 
Frozen sections were fixed in acetone, blocked with goat or rat 
serum, incubated for 45 min with primary monoclonal antibody, 
washed in phosphate-buffered saline and then stained with biotiny
lated secondary antibody (goat anti-rat for CD4 and CDS, goat anti
hamster for CD3). localization of the antigen-antibody complexes 
was then done with Vectastain ABC (Vector laboratories) and di
aminobenzidine developer. Primary monoclonal antibodies were 
500A.2 (anti-CD3), GK1.5 (anti-CD4) and 2.43 (anti-CD8). 
Analysis of cytotoxic T-cell activity against CT26-NP and Renca-NP. 
Mice were immunized with 0.1 LD,. of lm-NP. Two weeks later the 
mice were killed, and secondary cultures were set up of spleen cells 
with syngeneic splenocytes and a synthetic peptide known to repre
sent the K• epitope of the NP protein (sequence 147-158), as previ
ously described'. After four days in culture, the cytolytic activity was 
measured against CT26-NP, Renca-NP and the parental cell lines 
CT26 and Renca by using a " Cr release assay as previously de
scribed'. A positive control was included, PS15, a mastocytoma tu
mour cell line known to be efficiently lysed by H-2•-restricted 
NP-specific CTls in the presence of the peptide. Released " Cr was 
calculated as (experimental c.p.m. - spontaneous c.p.m.)/(total 
c. p.m. -spontaneous c.p.m.) x 1 00%. All assays were performed in 
triplicate or quadruplicate. Plots of per cent specific lysis at two ef
fector:target ratios (72:1 and 24:1) are shown. Other experiments in 
which the secondary cultures were stimulated with influenza 
(A/PRS/34)-infected splenocytes, instead of the NP peptide, gave 
similar results (data not shown). Immunization with wild-type 
L. monocytogenes did not induce effector cells that could lyse any of 
the tumour cell lines under the conditions used in these experiments 

(data not shown). 
Depletion of T -cell subsets. Mice were depleted with antibody 
2.43 specific for the CDS molecule or with GK 1.5 specific for the 
CD4 molecule by immunizing daily intraperitoneally for four days 
with 0.5 mg of affinity-purified antibody as described". After T-cell 
depletion, the mice were challenged subcutaneously with 5 x 1 0' 
CT26-NP cells per mouse. As a control, ten naive mice were also 
challenged with the same dose of CT26-NP (white bars). After chal-
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lenge the cos- and Co4- mice were maintained on 0.5 mg of 2.43 

or GK 1 .5 intra peritoneally at 3-day intervals. This protocol results in 
a depletion of C04+ or COS+ T cells of >98% (ref. 39). 
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