
NATURE MEDICINE • VOLUME 7 • NUMBER 8 • AUGUST 2001 967

NEW TECHNOLOGY 

Many biological processes result in either cell death or cessation of
cell growth. However, plasmid- and retrovirus-based mammalian
expression vectors in which it has been possible to construct repre-
sentative cDNA libraries cannot be readily recovered from cells
that are not actively dividing. This has limited the efficiency of se-
lection of recombinant genes that mediate either lytic events or
growth arrest. Examples include genes that encode the target
antigens of cytotoxic T cells, genes that promote stem-cell differ-
entiation and pro-apoptotic genes. We have successfully con-
structed representative cDNA libraries in a poxvirus-based vector
that can be recovered from cells that have undergone lethality-
based selection. This strategy has been applied to selection of a
gene that encodes a cytotoxic T-cell target antigen common to
several independently derived tumors.

Prospects for development of broadly effective cancer vaccines
have been advanced by evidence that some non-mutated, normal
gene products are recognized as tumor antigens by immune T
cells1–7. Such gene products may serve as common target antigens
in tumors of certain types arising in different individuals. Using a
novel method for functional gene selection in cells that undergo a
lytic event, we have identified an alternate germ-line–encoded
gene for the ribosomal protein L3 that is systematically deregulated
in multiple murine tumors and serves as a tumor-rejection antigen.

We have previously reported that cross-protective immunity is
induced among three independently derived murine tumor cell
lines8. These cell lines, BCA 22, BCA 34 and BCA 39, were derived
by in vitro mutagenesis of independent subcultures of B/C.N, an im-
mortalized, anchorage-dependent, contact-inhibited, non-tumori-
genic cloned fibroblast cell line derived from a BALB/c embryo9,10.
Immunization with any of these tumor cell lines, but not with
B/C.N, protects against challenge with not only homologous
tumor cells, but also against challenge with the heterologous tu-
mors. Following immunization with any of the three tumor cell
lines, CD8+ cytotoxic T lymphocytes (CTLs) are induced that are
cross-reactive in vitro with all three tumors, but not with the non-
tumorigenic B/C.N cells from which the tumors were derived8.

Selection of specific recombinants in a vaccinia-based vector
In order to progress from an immunological to a molecular defini-
tion of this shared tumor antigen, we developed a novel and effi-
cient method for the identification of genes that encode CTL target
epitopes. In this strategy, we constructed a representative tumor
cDNA library in a modified vaccinia virus expression vector. A
monolayer of antigen-negative cells is infected with this library
such that on average a single viral plaque-forming unit (p.f.u.) in-
fects each cell (multiplicity of infection (MOI) = 1). Following a 12-
hour incubation to permit expression of recombinant genes, we
added tumor-specific CTLs to the target-cell monolayer. Cells in-

fected with a vaccinia virus recombinant that encodes the target
antigen will process and present that antigen to tumor-specific
CTLs and undergo specific lysis. As adherence is an energy-depen-
dent process, cells that undergo a CTL-mediated lytic event are re-
leased from the monolayer and can be recovered in the floating
population. We enriched virus collected from the floating cell pop-
ulation for recombinants that sensitize host cells to lysis. This selec-
tion process can be reiterated. The virus collected following one
cycle of enrichment can be used as input for additional cycles of se-
lection using fresh monolayers of target cells and fresh CTLs until
the desired level of enrichment has been achieved. In a model ex-
periment with CTLs specific for a known recombinant, we demon-
strated that the specific recombinants could be enriched from an
initial dilution of 0.001% to approximately 20% in six cycles of se-
lection (Fig. 1a). At this level of enrichment, it is a simple matter to
pick individual viral plaques for further characterization.

Construction of cDNA libraries in vaccinia virus
The ease of cloning and propagation in a variety of host cells has
led to the widespread use of poxvirus vectors for expression of for-
eign proteins and as delivery vehicles for vaccine antigens11. The
frequency of recombinants generated by homologous recombina-
tion, the most commonly used method to generate recombinant
vaccinia virus, is of the order of 0.1% (ref. 12). This is sufficient to
recover a recombinant of a specific DNA clone but far too low to
permit construction of a representative cDNA library. Other meth-
ods generate recombinants at higher frequency but very low titer13.
We have developed an alternative strategy to generate vaccinia
virus recombinants at high frequency and good titer.

The rationale is that a high frequency of recombinants would be
obtained if cells are transfected with defective vaccinia DNA that
can be packaged into infectious particles only if it has undergone
recombination. One way to accomplish this is to cut the vaccinia
DNA in the middle of the thymidine kinase (tk) gene. As there is no
homology between the two tk gene fragments, the two vaccinia
arms cannot be linked by homologous recombination, except by
bridging through the homologous tk sequences that flank the in-
sert in the recombinant transfer plasmid. Because naked vaccinia
DNA is not itself infectious, production of infectious particles re-
quires transfection of cells also infected with a helper virus. As re-
ported, fowlpox virus (FPV) does not replicate in mammalian cells
but provides the necessary helper functions required for replication
and packaging of mature wild-type or recombinant vaccinia virus
particles13,14.

A vaccinia vector, v7.5/tk, was constructed that incorporates the
early/late 7.5k vaccinia promoter, as well as unique NotI and ApaI
restriction sites downstream of the promoter13 (Fig. 1b). Digestion
with NotI and ApaI restriction endonucleases results in two large
fragments approximately 80 and 100 kb, respectively. Each of the
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Fig. 2 CML-selected recombinant vaccinia cDNA clones stimulate tumor-specific
CTLs. a, B/C.N cells infected with CML-selected vaccinia clones were assayed for the
ability to stimulate tumor-specific CTLs to secrete IFN-γ. Cytokine secretion was mea-
sured by ELISA and is represented as OD490. An OD490 of 1.4 and 0.65 are approxi-
mately equal to 4 ng/ml and 1 ng/ml of IFN-γ, respectively. b, CML-selected clones
sensitize host cells to lysis by tumor-specific CTLs. Monolayers of B/C.N in wells of a 6-

well plate were infected with the indi-
cated vaccinia virus clones at MOI = 1.
After 14 h of infection the cells were
collected and labeled with 51Cr along
with the indicated control targets.
Target cells were incubated with
tumor-specific CTLs at the indicated
effector:target ratio for 4 h at 37 °C
and the percent specific lysis was de-
termined. This experiment was re-
peated 3 times with similar results.
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digested viral arms includes a non-overlapping fragment of the tk
gene for bridging by a transfer plasmid. Almost all infectious vac-
cinia virus produced in FPV-infected cells triply transfected with
the two vaccinia arms and a specific transfer plasmid are recombi-
nant for a DNA insert as determined by BrdU resistance (Fig. 1c).
Individual clones were confirmed to be recombinant by PCR analy-
sis using primers that flank the insertion site in the tk gene (data
not shown). We have termed this strategy for selection of a high
frequency of viral recombinants tri-molecular recombination.

Selection of virus encoding tumor rejection antigen 
We constructed a cDNA expression library in a vaccinia transfer
plasmid from poly A+ RNA of BCA 39 tumor cells. Titration of the
relative amount of plasmid DNA used for tri-molecular recombina-
tion again demonstrated that although the recombination fre-
quency remains close to 100% at all concentrations, excess plasmid

DNA results in lower viral titers (Fig. 1d). Analysis of individual vac-
cinia clones demonstrated that cDNA inserts were of diverse size,
with a predominant distribution between 300 and 2,000 bp, which
is indistinguishable from the size range of inserts observed in the
plasmid cDNA library employed as an intermediate to construct
the vaccinia library (data not shown). To construct a high-titer li-
brary, 39 tri-molecular recombination reactions were carried out at
the optimal plasmid concentration as described in Fig. 1d. The titer
of the library of pooled recombinants was 5 × 106 p.f.u. To identify
the tumor antigen, we infected a monolayer of 5 × 105 antigen-neg-
ative B/C.N cells with an equal number of recombinant p.f.u. of the
tumor library (MOI = 1). CTLs specific for BCA 34 tumors cells were
added to the target-cell monolayer at an effector-to-target ratio that
gives approximately 50% lysis of tumor cells in a standard 51Cr-re-
lease assay. We used CTLs specific for the heterologous BCA 34
tumor cells to select recombinants from the BCA 39 library in order
to focus selection on antigens common to at least these two tu-
mors. Following four cycles of selection with tumor-specific CTLs,
individual recombinant viral plaques were expanded and used to
infect separate cultures of non-tumorigenic, antigen-negative

Enrichment 
Cycle # Expt. 1 Expt. 2 Expt. 3

% VVova in Floating    cells*

moi = 1 0

1
2

3

4

5

6

0.2

2.1
4.7

9.1

14.3

48.8

0.01

0.3
1.1

4.9

17.9

39.3

 0.001 

nd
nd

nd

1.4

3.3

18.6

Tri-molecular recombination

MIX

Recombinant 
plasmid

Left arm Right arm

Transfect

TK

Fowlpox- virus– infected host cell

v7.5/tk DNA

Digest with NotI and ApaI

NotI ApaI

TKL  cDNA  TKR

Nucleus

100% recombinant virus

Titer  (p.f.u .x103)    
without     with     Percent 

DNA              recombinant

v7.5/tk untreated          2500      6 0.2

v7.5/tk NotI/ApaI -digested     0.2      0    0

v7.5/tk N/A + 30-ng pELova/tk        68             74 100

v7.5/tk N/A + 300-ng pELova/tk       21                29 100

BrdU BrdU
Titer (p.f.u. x103)

       without with
Sample         

v7.5/tk DNA untreated              2200    0

v7.5/tk DNA NotI/ApaI + 15ng cDNA plasmid library       92   92

v7.5/tk DNA NotI/ApaI  +30ng cDNA plasmid library        77   75
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Fig. 1 Selection of lethal recombinants and library construction in vaccinia virus by tri-
molecular recombination. a, Multiple cycles of enrichment for VVova. A vaccinia virus
cocktail composed of wild-type vNotI/tk (ref. 13) spiked with the indicated concentrations
of VVova (tk-) was subjected to CML selection. Percent VVova (titer with BrdU/titer without
BrdU) × 100. ND, not determined. b, Tri-molecular recombination. Genomic DNA from
vaccinia strain v7.5/tk is digested with ApaI and NotI. Digested vaccinia ‘arms’ are mixed
with recombinant vaccinia transfer plasmid and transfected into FPV-infected BSC1 cells13.
Virus is collected 72 h post transfection. c, 0.5 µg digested vaccinia ‘arms’ were mixed with
either 30 ng or 300 ng of pELova/tk recombinant transfer plasmid (ref. 13) for transfection
into FPV helper virus infected confluent monolayers of approximately 5 × 105 BSC1 cells.
One sample was transfected with 600 ng uncut genomic v7.5/tk DNA. 72 h later, cells
were collected and packaged virus was extracted. The frequency of recombinant virus was
determined by plaque assay on tk-143 B cells in the presence and absence of BrdU. d,
Vaccinia tumor cDNA library. The titer and frequency of vaccinia recombinants was deter-
mined following transfection with the indicated amount of DNA from a plasmid tumor
cDNA library.

a

b

c d

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

None

BCA 39

B/C.N
B/C.N + wt VV

B/C.N + vA4.8

B/C.N + vA4.13

B/C.N + vB2.8

B/C.N + vB2.16

B/C.N + vF2.8

B/C.N + vF2.16

B/C.N + vF5.8

B/C.N + vF5.9

B/C.N + vH2.11

B/C.N + vH2.16

St
im

ul
at

o
r

OD490

Target
     Effector : Target

BCA 34

BCA 39

B/C.N

B/C.N + vF5.8

B/C.N + vH2.16

B/C.N + vaccinia vector

2:1
54.8

23.4

0.3

34.6

56.2

0.2

10:1
68.4

36.6

0.2

47.5

67.8

0

a

b

©
20

01
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/m

ed
ic

in
e.

n
at

u
re

.c
o

m
© 2001 Nature Publishing Group  http://medicine.nature.com



Fig. 3 The tumor antigen is encoded by a ribosomal protein L3 gene. a,
Sequence of tumor (clone H2.16) and normal ribosomal protein L3 genes
from aa45 to aa56. The amino acid (in single letter code) and nucleotide se-
quence of cDNA clone rpL3 are shown. b, B/C.N cells were pulsed with
peptides at the indicated concentrations and use as target cells in a 51Cr-re-
lease assay with BCA 34 tumor-specific CTLs (as in Fig. 2b). c, Sau3AI map
of the published normal ribosomal protein L3 and the tumor L3(C170T)
clone (H2.16). Shown are the Sau3AI restriction map for the L3 gene pre-
dominantly expressed in normal cells (top) and for the H2.16 clone,
L3(C170T)-encoded cDNA, overexpressed in tumors (bottom). d, L3-spe-
cific RT-PCR products from each indicated sample were generated using a
32P-labeled 5′ PCR primer and an unlabeled 3′ primer. No PCR product was
observed when RNA for each sample was used as PCR template without RT,
indicating that none of the samples was contaminated with genomic DNA.
The PCR products were gel-purified, digested with Sau3AI and resolved on
a 3% agarose gel. No PCR product was observed in a control PCR sample
that had no template added to it. This result was reproduced 3 times.
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B/C.N cells. Each culture of infected cells was assayed for the ability
to stimulate tumor-specific CTLs to secrete interferon (IFN)-γ (Fig.
2a), or for sensitization to lysis by tumor-specific CTLs (Fig. 2b). We
isolated ten viral clones, all of which conferred upon B/C.N the
ability to stimulate a line of tumor-specific CTLs to secrete IFN-γ.
Neither uninfected B/C.N nor B/C.N infected with empty vector
induced significant IFN-γsecretion by tumor-specific T cells. All ten
clones contained a similar size cDNA insert of approximately 
1,300 bp. Sequence analysis confirmed that these all represented
the identical full-length cDNA.

Deregulated L3 gene is the tumor target antigen
A homology search of the cloned sequence revealed that except for
a single nucleotide substitution at position 170, this cDNA is iden-
tical to the murine ribosomal protein L3 gene15 (GenBank
Accession no. Y00225). The single C170T nucleotide substitution
results in a threonine-to-isoleucine substitution at aa54 of the
translation product. The tumor gene encoding ribosomal protein
L3 was designated L3(C170T). In all, 6/6 CTL lines that were gener-
ated by immunization with BCA 34 demonstrated specificity for
the antigen encoded by this gene product.

It seemed likely that the altered amino acid (Ile 54) in L3(C170T)
might be part of a tumor-specific peptide that binds to class I major
histocompatibility complex (MHC) for presentation to tumor-spe-
cific CTLs. This hypothesis was supported by the demonstration
that a vaccinia virus recombinant for a gene fragment encoding the
first 63 amino acids of the L3(C170T) tumor gene sensitizes B/C.N
to lysis by tumor-specific CTLs (data not shown). Two peptide epi-
topes encoded within this region were identified that are predicted
to bind with relatively high affinity to the class I MHC molecule
H2-Kd using a computer algorithm (Fig. 3a)16. These two peptides,
L345–54(I54) and L348–56(I54) were synthesized and tested for the abil-

ity to sensitize B/C.N cells to lysis by tumor-specific CTLs. As
shown in Fig. 3b, peptide L348–56(I54) sensitizes B/C.N to lysis,
whereas L345–54(I54), and the normal L3 gene, L348–56(T54), do not. It
was determined that 10 nM L348–56(I54) is sufficient to sensitize tar-
gets to lysis by CTLs, whereas 100 µM L348–56(T54) or L345–54(I54)
does not. These results demonstrate that peptide L348–56(I54) is a tar-
get epitope recognized by tumor-specific CTLs.

There are two ways to account for the origin of the new L3 RNA
in tumor cells. Either the L3(C170T) gene expressed in these tu-
mors is a somatic mutant of the wild-type gene or there are multi-
ple germ-line genes of L3, at least one of which is deregulated
during the process of tumor transformation and gives rise to an im-
munogenic product. We considered the first hypothesis unlikely
because the cross-reactive BCA 39, 34 and 22 tumors were each in-
dependently derived. It would be remarkable if the same mutant
epitope was randomly generated in all three tumors. In support of
the alternative hypothesis of differential gene regulation, Southern
blots of different restriction digests of genomic DNA from BCA 39
and B/C.N indicated that there are multiple L3 genes in the murine
genome. This is consistent with previous reports of multiple copies
of L3 in genomes of both the rat and the cow17,18. It remained to be
demonstrated that different L3 genes in the germ line are subject to
differential regulation in tumors and normal cells.

The published L3 nucleotide sequence from position 168 to 171
is GACC. The sequence of L3(C170T) in this same region is GATC

     

    

                           

           

     

    

                           

           

 

 

Target 10:1 2:1
       (% specific lysis)

BCA 34 62.4 32.1

BCA 39 49.7 23.6

B/C.N 3.3 0.2

B/C.N + L3 peptide 48–56 (I54) (1 µM) 46.0 16.1

B/C.N + L3 peptide 48–56(I54) (10 nM) 35.2 9.3

B/C.N + L3 peptide 48–56 (T54) (100µM) 2.0 0

B/C.N + L3 peptide 45–54(I54) (100µM)

 

0 0

Effector: Target

168 bp

200 bp

H2 223439 13 N Thy
Thy
-RT

a b

c

d

©
20

01
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/m

ed
ic

in
e.

n
at

u
re

.c
o

m
© 2001 Nature Publishing Group  http://medicine.nature.com



970 NATURE MEDICINE • VOLUME 7 • NUMBER 8 • AUGUST 2001

NEW TECHNOLOGY 

(Fig. 3c). This new palindrome is the recognition sequence for a
number of restriction endonucleases, including Sau3AI. A Sau3AI
digest of normal L3 cDNA is expected to generate fragments of 200,
355, 348, 289 and 84 bp, whereas a Sau3AI digest of the H2.16
clone of L3(C170T) cDNA would generate a 168-bp fragment in
place of the 200-bp fragment (Fig. 3c). This difference in the Sau3AI
digestion products was used to confirm that the three immunolog-
ically cross-reactive tumor cell lines BCA 39, 34 and 22 express at
least two different L3 genes. L3 reverse transcriptase (RT)-PCR prod-
ucts from cell lines and from thymus RNA were synthesized using a
32P-labeled 5′ L3 sequence-specific primer and unlabeled 3′ L3 se-
quence-specific primer. PCR products were digested with Sau3AI
and analyzed on an agarose gel. The predicted 168-bp fragment is
generated from the cloned H2.16 cDNA recombinant, whereas
both the 200- and 168-bp fragments are generated from cDNA de-
rived from the three immunologically cross-reactive tumors BCA
39, 34 and 22, indicating approximately equivalent expression of
the two different L3 genes (Fig. 3d). In contrast, normal cells, thy-
mus and the unrelated BCB13 tumor express predominantly the
200-bp fragment with low but clearly detectable levels of the
L3(C170T) tumor gene derived 168-bp fragment. Quantitative
analysis indicated that the ratio of 200- to 168-bp fragments in the
BCA tumors is 2:1, whereas the ratio of the same fragments de-
tected in B/C.N, BCB13, and thymus is approximately 18:1. We
also observed equivalent low levels of expression of this immuno-
genic L3(C170T) tumor gene relative to the normal L3 gene when
RNA from kidney, heart and skeletal muscle was analyzed.
Expression of the L3(C170T) gene product in normal tissues indi-
cates that it is encoded in the germ line and is not a product of so-
matic mutation in tumor cells. Evidently, in some tumors, gene
deregulation associated with the transformation process results in
upregulated expression of this germ line gene by a factor of nine
and renders the corresponding gene product immunogenic.

If broadly effective vaccines are to be developed based on ex-
pression of shared tumor antigens, then it is critical to demon-
strate that such antigens can be immunoprotective. So far, most
shared antigens have been identified in human tumors. Clinical
trials employing these antigens for immunotherapy are still at
an early stage. In mice, where immunotherapeutic strategies

could be more thoroughly investigated, very few shared tumor
antigens have been identified. It was therefore important to de-
termine whether immunization with L3(C170T) recombinant
vaccinia virus would induce tumor-specific CTLs that are im-
munoprotective against tumor challenge19. Immunization of
BALB/c mice with vaccinia virus recombinant for the L3(C170T)-
encoded cDNA (H2.16) induces CTLs that are able to lyse targets
sensitized with the specific L348–56 (I54) peptide epitope.
Importantly, they also lyse both BCA 34 and 39 tumor cells, but
not normal B/C.N (Fig. 4a). This confirms that the target peptide
is appropriately processed and presented in tumor cells. To test
the immunoprotective potential of this antigen in a prophylactic
model, we immunized mice with vaccinia virus recombinant for
L3(C170T) before challenge with viable BCA 34 tumor cells.
Immunization with L3(C170T) results in significant protection
against tumor challenge (Fig. 4b). In contrast, mice immunized
with empty viral vector or a control vaccinia recombinant were
unable to reject this tumor challenge. Importantly, immuniza-
tion with L3(C170T) recombinant vaccinia virus is also immuno-
protective against challenge with viable BCA 22 tumor cells (data
not shown). This is a formal demonstration that L3(C170T) is a
shared tumor rejection antigen.

It is particularly intriguing that the immunogenic L3 gene is also
expressed, albeit at a nine-fold reduced level, in normal thymus.
This level of expression is evidently not sufficient to tolerize all T
cells with functional avidity for the nine-fold higher level of
L3(C170T) expressed in some tumors. Nevertheless, the observa-
tion that although B/C.N and BCB13 express low levels of the
tumor L3 gene they are not susceptible to lysis by tumor-specific
CTLs suggests that higher affinity T cells have been tolerized. These
observations emphasize that tolerance to a self-protein is not ab-
solute but must be defined in relation to quantitative levels of ex-
pression20,21.

Lethality-based selection
Our strategy for selection of recombinant genes that encode tar-
get antigens of cytotoxic T cells has several advantages over ex-
pression cloning methods that have been previously applied for
this purpose. Viral infection is a far more efficient means than

Fig. 4 A shared murine tumor antigen is immunogenic and immunopro-
tective. a, Mice were immunized with either vaccinia recombinant for the
tumor L3 gene (vH2.16) or with empty vector (v7.5/tk). Splenocytes were
collected, restimulated and tested in a 51Cr-release assay. b, Female
BALB/cByJ mice were immunized twice as indicated. The mice were chal-
lenged by subcutaneous injection of 200,000 viable BCA 34 tumor cells into

the abdominal wall 14 d following the secondary immunization. Results are
tabulated as number of mice with tumor/total number of mice in each
group. Mice were killed when their tumors grew large enough (> 100 mm2)
to result in skin breakage with attendant risk of infection. Animals that re-
jected tumor have remained tumor-free for more than 6 mo. Data are from
3 independent experiments.
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DNA transfection for introducing recombinant genes into anti-
gen presenting cells (APCs). Moreover, because of the broad
poxvirus host range, it is possible to employ readily available au-
tologous APCs such as fibroblasts or Epstein–Barr-virus-trans-
formed B cells. This obviates the need for prior identification
and cloning of MHC restriction elements for expression in the
few available highly transfectable cell lines. Autologous APCs
used in this method naturally express all the relevant MHC re-
striction elements that might be required for T-cell recognition.
Finally, the strategy described is based on selection rather than
labor-intensive screening. Selection is intrinsically more efficient
than screening as it is not necessary to assay numerous negative
clones or pools. By employing specific CTLs to select recombi-
nant virus from multiple cultures of 500,000 cells each infected
with an equal number of viral recombinants, a library with a
titer of several million can be readily surveyed.

A limitation of the selection strategy described here is that it is
dependent on lytic activity. However, as will be described else-
where, even without the advantage of selection, the sensitivity of
epitope detection using the poxvirus expression system is such that
this method has been successfully employed to screen for target

antigens with a polyclonal population of human tumor-infiltrating
lymphocytes that are induced to secrete lymphokines by autolo-
gous tumor cells but have low cytolytic activity (E.S.S. et al., manu-
script in preparation). The ability to identify target specificities in a
polyclonal population has the significant advantage that it avoids
the loss of specificities associated with relatively low T-cell cloning
efficiencies. Specific T cells can be more readily isolated and their
MHC-restriction specificities determined once the target antigens
are known.

Construction of representative cDNA libraries in a poxvirus vec-
tor creates the opportunity for lethality-based selection strategies
that cannot be efficiently applied using alternative mammalian ex-
pression vectors. Selection strategies such as that described here for
identification of the target molecules recognized by cytotoxic T
cells are enabled because fully packaged and infectious poxvirus
can be recovered—even from cells that have undergone lytic or
apoptotic death. As examples of further applications of this tech-
nology, we have developed additional strategies employing this
vector system to express and select human antibodies in mam-
malian cells and for functional selection of genes that regulate ter-
minal differentiation of stem cells.

Methods
Generation of recombinant viruses by tri-molecular homologous re-
combination. Viral genomic DNA of v7.5/tk (ref. 13) (0.5 µg/sample) was
digested with ApaI and NotI restriction endonucleases. Digested vaccinia
DNA was transfected alone, or mixed with the indicated amount of transfer
plasmid pELova/tk (ref. 13), or plasmid purified from the BCA 39 cDNA li-
brary. The DNA was transfected using lipofectamine into confluent mono-
layers of approximately 5 × 105 BSC1 cells, which had been infected 2 h
previously with FPV HP1 at MOI = 1. One sample was transfected with 500
ng untreated genomic v7.5/tk DNA. 72 h later the cells were collected, and
the virus extracted by 3 cycles of freeze/thaw. Recombinant virus in crude
stocks was titered by plaque assay on tk-143 B cells in the presence and ab-
sence of 125 mg/ml BrdU.

Construction of cDNA library. Total RNA was isolated from BCA 39 tumor
cells and used to construct a dT-primed cDNA library in plasmid p7.5/tk
(ref. 13) following standard procedures.

Generation of CTLs. BALB/cByJ mice (Jackson Laboratories, Bar Harbor,
Maine) were immunized twice with 2 × 106 irradiated (6,500 cGy) BCA 34
cells. One week following the second immunization splenocytes were col-
lected, and stimulated in vitro with irradiated, mitomycin C-treated BCA 34
cells. Viable T cells were purified weekly using Lympholyte-M and restimu-
lated with irradiated (5,000 cGy) BALB/c spleen cells and irradiated, mito-
mycin C-treated BCA 34 cells.

CML selection for VVova. A specific vaccinia recombinant, VVova, encod-
ing the well-characterized ovalbumin 257–264 peptide (SIINFEKL) was di-
luted with non-recombinant virus so that it initially constituted either
0.2%, 0.01% or 0.001% of total viral p.f.u. Adherent monolayers of
MC57G cells (H-2b) were infected with each viral mix at MOI = 1. Following
a 12-h infection, target cells were incubated with ovalbumin peptide-spe-
cific CTLs. The monolayer was then gently washed, and both floating cells
and the remaining adherent cells were separately collected. Virus extracted
from each cell population was titered for the frequency of recombinant
(BrdU-resistant) viral p.f.u. In the presence of BrdU only the tk- recombi-
nant VVova give rise to p.f.u. on tk- 143B host cells. Following the fourth
cycle of selection, more rapid enrichment was obtained if the MOI was re-
duced from MOI = 1 to 0.1. Virus extracted from floating cells was then
used as input to another enrichment cycle with fresh adherent MC57G
cells and ovalbumin peptide-specific CTLs.

CML selection with tumor-specific CTLs. A confluent monolayer of B/C.N
in a well of a 12-well plate was infected with vaccinia BCA 39 cDNA library

at MOI = 1. At 12 h post-infection, the monolayers were washed 3 times
with media, and 2.5 × 106 CTLs were added to the wells in a 250-µl vol-
ume. The T cells and targets were incubated at 37 °C for 4 h. Following the
incubation, the supernatant of floating cells was collected, and the mono-
layer gently washed 3 times with media (250 µl). Virus was released from
cells in the pooled supernatant by freeze/thaw. Titers were determined by
plaque assay on BSC1 cells. The selected virus population (floating cells in
cultures that received specific T cells) was subjected to 3 additional enrich-
ment cycles.

Identification of tumor antigen recombinant clones. Virus from the
fourth enrichment cycle was divided into 40 pools of 5 p.f.u. each. Each
pool was amplified on BSC1 cells in a 96-well plate and used to infect
monolayers of B/C.N in a 96-well plate. As a control, a monolayer of B/C.N
was infected with vNotI/tk (ref. 13). At 5-h post-infection, 2 × 104 washed
CTLs were added to each well. The cells were incubated at 37 °C for 18 h.
The cells were then pelleted by centrifugation, supernatant was collected
and assayed for IFN-γ by ELISA. Individual clones were picked from 5 posi-
tive pools and assayed as above.

Analysis of L3 mRNA expression. Total RNA (2 µg) was converted to
cDNA using an oligo-dT primer. cDNA was used as the template for PCR
amplification with L3 sequence-specific primers. Before the PCR reaction
the upstream primer was end-labeled using 32P and T4 kinase. These PCR
products contained the region of L3 between nucleotide position 3 and
1252. The PCR products were gel purified, digested with Sau3AI, and re-
solved on a 3% agarose/ethidium bromide gel.

Immunization with L3(C170T). Adult female BALB/cByJ mice (n = 2 per
group) were immunized by subcutaneous injection of 5 × 106 p.f.u. of
vH2.16, or v7.5/tk (empty vector). 7 d following the immunization, spleno-
cytes were collected and cultured with 1 µM peptide L348–56(I54). After 7 d,
the viable T cells were purified using Lympholyte-M, and stimulated with 1
µM peptide and irradiated (5,000 cGy) BALB/c spleen cells. The T cells
were tested in a 51Cr-release assay 5 d following this second restimulation.
Mice were maintained in compliance with federal and state law, and NIH
policy.

Tumor challenge. Adult female BALB/cByJ mice were immunized by sub-
cutaneous injection of 10 × 106 p.f.u. of vH2.16, vPKIa (non-specific control
recombinant of PKI-α; ref. 22), v7.5/tk or PBS. A secondary boost with the
same immunogen was given 21 d later. Mice were challenged by subcuta-
neous injection of 2 × 105 BCA 34 tumor cells 14 d following the last im-
munization.
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ON THE MARKET

MICROARRAY PARAPHERNALIA

InnoGenex has introduced tissue mi-
croarrays for high-throughput screening
of the in situ gene expression for target
validation. The microarrays are available
from diseased and normal human tissues,
and mouse and rat normal tissues. These
histologically characterized slides are in-
tended for the rapid screening of in situ
differential expression of genes, identify-
ing novel antibody markers, animal
model studies, or for any other applica-
tion that would use traditional tissue sec-
tions. Low-density arrays contain 20 to 50
elements per slide; high-density arrays
have 100–200.
Tel. (+1) 925-543-1400
Fax (+1) 925-543-1405
www.innogenex.com

The new NEN TSA microarray labeling
and detection kits are designed to allow
researchers to use as little as 0.5–1.0 µg
total RNA starting sample — a 100- to 200-
fold decrease compared to conventional
cDNA labeling protocols, says Perkin-Elmer
Life Sciences. This is said to allow differen-
tial gene expression analysis on minute
samples, such as tissue biopsies. The kits

enable two-color fluorescent hybridization
on the same slide and come in three ver-
sions: one that contains enough reagent
for 10 labeling reactions, one for 40 label-
ing reactions, and one that contains
reagents for 10 labeling reactions, two
2,400-gene microarray glass slides and two
practice slides.
Tel. (+1) 617-482-9595
Fax (+1) 617-482-1380
www.perkinelmer.com/lifesciences

HIT PICKING

The new Biomek FX Hit Picking Solution
from Beckman Coulter is an automated sys-
tem designed to rapidly transfer ‘hits’
for subsequent compound screening
applications. A new software wizard pro-
vides a quick and easy tool for developing
the appropriate labware handling and
pipetting methods. The Biomek FX system
can be configured with one or two liquid
handling arms and a flexible array of sta-
tions. Pipetting options include multi-
channel and the new independent
eight-channel pipettors, both of which can
be integrated into a single system. The for-
mer is available with interchangeable 96-
channel, or new 384-channel disposable tip
pipetting heads. Automated labware posi-

tioners, such as a shaker, stirrer, tip washer
and barcode reader, facilitate the optimum
configuration of labware on the deck for
each assay or protocol. All of the supported
labware functions can be performed di-
rectly on the deck, in up to 20 plate posi-
tions. Stacker carousels can be added for
increased walkaway automation.
Tel. (+1) 714-871-4848
Fax (+1) 714-773-6611
www.beckmancoulter.com

GENE EXPRESSION ANALYSIS

Imaging Research, a majority owned sub-
sidiary of Amersham Pharmacia Biotech,
has announced today the availability of
version 6.0 of ArrayVision — software
for the analysis of gene expression
arrays. This new version incorporates
new features that enable true auto-align-
ment for high-throughput fluorescent
array processing and automatic export to
ArrayStat, the company’s statistical in-
formatics program for gene expression
arrays. ArrayVision 6.0 features automa-
tion wizards and alignment algorithms
for walk-away batch processing. The pro-
gram automatically finds the array, cal-
culates array rotation, positions the
template and aligns each spot for analy-
sis. Additional features include simpli-
fied gene name import for clone
tracking, and automatic and rapid export
to a variety of file formats, including
XML and Microsoft Excel.
Tel. (+1) 905-688-2040
Fax (+1) 905-685-5861
www.imagingresearch.com

Tissue 
microarrays
for high-
throughput
screening.

System for
automated
high-speed
hit picking.
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