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Finally, the authors applied the strategy to
the identification of drug-resistant mutants
from the Saccharomyces cerevisiae deletion
collection. A total of 128 strains were smart-
pooled into 14 pools of 64 with a sevenfold
redundancy, and assayed against two drugs.
Both previously known resistant strains
were unambiguously identified despite the
ninefold increase in efficiency.

Although the smart-pooling design used
by the authors is intuitive and highly effi-
cient, it can be optimized further. It can be
described as the n-dimensional hypercube
extension of the grid design illustrated in
Figure 1, restricted to side length 2 and
without the diagonal pools. Two poten-
tial weaknesses are that the pool sets of
some pairs of probes are too similar and
others are complementary. Consequently,
decoding is ambiguous in the presence of
noise or of multiple positives. Another
limitation is that choosing the pools’ size
entirely determines the design: for exam-
ple, pools of 8 probes necessarily have a
fourfold redundancy. This is problematic
in the two-hybrid experiment for instance,
in which small pools are required for sen-
sitivity but the high error rates would call
for more redundancy.

Alternative designs®=>, which have been
described and await experimental validation,
may overcome these limitations. For example,
a recently proposed design® can be precisely
adapted to the characteristics of any experi-
ment (for example, pool size and redundancy
are set independently). Of course, these more

2\°A mathematical constructions are less intuitive,
= and decoding must be done in silico, but they

scale up extremely well.

Naturally, the biological characteris-
tics drive the choice of the smart-pool-
ing design. The expected fraction of
true positive probes and the error rates
should be carefully estimated before-
hand, and one must also determine the
maximal pool size that can be used with-
out excessive degradation of the assay’s
sensitivity: in many applications, this
essentially determines the achievable
efficiency. Based on this information, an
optimized design—powerful enough yet
not wasteful—can be selected and the
method applied on a large scale.

Smart-pooling can reduce the num-
ber of experiments and yet considerably
increase sensitivity and specificity, because
the redundancy allows the investigator to
identify and correct both false positive and
false negative observations. This strategy's

feasibility and versatility in real-world
applications is now demonstrated, using
three different high-throughput technolo-
gies. It opens new perspectives for systems
biology experiments seeking to detect
low-frequency events in the presence of
noise: substantial improvements in the
quality and breadth of such datasets are
now within close reach.
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Retroviral TCR gene transduction:

2A for two

Rémy Bosselut

A recently developed multigene viral expression system is put

to work to generate mice carrying a single T-cell receptor (TCR)
specificity. Complementing the transgenic-mice technique, this
method offers new practical options to researchers studying T-cell

development.

Receptors and ligands that mediate T
cell-antigen recognition are remarkable
because of their staggering diversity. Thus,
a defining breakthrough in T-cell immu-
nology was the generation of transgenic
mice whose T cells all carry the same anti-
gen receptor!, thereby fixing the ‘receptor
side’ of the interaction. An elegant trick
reported in this issue of Nature Methods
should facilitate the generation of mono-
specific T-cell populations by retrovi-
ral transduction of hematopoietic stem
cells?.

Most T cells use a TCR comprising two
antigen-specific chains (o and B) to rec-
ognize antigenic peptides bound to clas-
sical major histocompatibility complex
(MHC) molecules’. Neither the o. nor the
B chain is germline encoded; rather, each
is produced from an open reading frame
generated by random rearrangement of
TCRo and TCR loci during T-cell devel-
opment in the thymus* (a process called
V(D)J recombination). This process
results in extensive TCR diversity, so that
each developing T cell (thymocyte) carries
a distinct TCR specificity.

Because of the extreme allelic diversity
of MHC genes, most TCRaf} specificities

generated in any given individual are of
inappropriate avidity for self peptide—self
MHC complexes® (Fig. 1). Low-avidity
receptors are useless and fail to rescue thy-
mocytes from death by neglect, whereas
receptors with high avidity for self are
potentially harmful and trigger active thy-
mocyte deletion (negative selection). In
the end, only the small subset of thymo-
cytes carrying intermediate-avidity TCRs
survive and differentiate into mature T
cells (a process called positive selection),
which normally react against foreign pep-
tide—self MHC complexes.

Key to the study of T-cell development
and responses has been the development
of mice in which all (or most) T cells
express the same TCRo specificity, medi-
ating either positive or negative selection
and responding to a defined antigen'.
Note that expression of such recombi-
nant TCR chains prevents or substantial-
ly impairs endogenous TCR gene rear-
rangement*. Such mice have so far been
generated using conventional transgenic
procedures, by introducing into the mouse
genome recombinant TCRo and TCRf
minigenes controlled by their own regu-
latory elements. More recently®, retroviral
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Figure 1 | Generating mice with the same T cell receptors. The fate of thymic T-cell precursors (normally expressing diverse TCR specificities; top) is dictated
by the avidity of their TCR for self-MHC peptide complexes: death by neglect, active deletion (death by negative selection) or survival and differentiation
(positive selection), followed by colonization of peripheral lymphoid organs and immune responses to antigenic peptides. Analyses of T-cell differentiation
are facilitated in mice in which precursors all carry the same TCR specificity, mediating either positive (middle) or negative (bottom) selection. A new
procedure bypasses the need for transgenesis to achieve this goal, using instead retroviruses to express both TCRo. and 3 from a single composite open

reading frame.

vectors have been used to transduce TCR
genes into bone marrow stem cells whose
development into T cells is subsequent-
ly analyzed after transfer into recipient
mice (irradiated beforehand to eliminate
their own hematopoietic cells—in effect,
a bone marrow transplant). In such vec-
tors, however, one of the two chains must
be translated from an internal ribosome
entry site (IRES), resulting in somewhat
reduced TCR expression®.

An elegant improvement by Holst et
al.? bypasses this obstacle by retrovi-
rally expressing both polypeptides from
a single composite open reading frame.
The strategy involves insertion of short
protein motifs, referred to as 2A or 2A-
like, between TCRo.- and TCRB-encoded
sequences (these motifs are present in
some viral genomes, such as that of the
foot and mouth disease virus). As the poly-
peptide is synthesized, the local structure
of the nascent chain apparently prevents
peptide-bond formation at the last amino

acid of the motif, without arresting trans-
lation”:8. The lack of peptide bond releases
the upstream polypeptide chain (TCRo.-
2A), but ribosomes remain on the mRNA
and translate sequences downstream of the
motif into a separate polypeptide (TCRP).
As a result, near stoichiometric amounts of
both chains are produced from the single
open reading frame’.

The composite cDNA is carried by a
conventional retroviral vector, upstream
of an IRES—fluorescent protein cassette to
identify transduced cells. Surface expres-
sion of the receptor remains T cell-specific
because it requires association of TCRo.3
with endogenous T lineage—specific CD3
chains®. Using several previously charac-
terized TCRs, Holst et al. demonstrate that
their approach reconstitutes T-cell devel-
opment (both positive and negative selec-
tion) in a manner similar to that in the
corresponding TCR transgenic strain.

The obvious benefit of this ‘retrogenic’
approach is to streamline in vivo analyses

of TCR-induced responses, bypassing the
labor-intensive generation of new TCR
transgenic lines, or saving the time and
resources needed to breed existing ones
onto new genetic backgrounds. Another
potential advantage of retrogenic mice
is the ability to control the frequency of
transduced precursors in the transplant-
ed bone marrow; this should avoid the
massive imbalance between receptor and
ligand observed in TCR transgenic mice,
in which, for instance, thymic selection
efficiency is reduced because of limiting
MHC-peptide ligands'?. Finally, because
multiple 2A-like motifs can be intro-
duced in a single cDNA, retrogenic vec-
tors can simultaneously carry additional
genes. Building on that possibility, Holst
et al. transduced selecting MHC peptides
together with TCRa.f, thereby provid-
ing both receptor and ligand specifici-
ties?. Although this approach improved
positive selection, such experiments must
be interpreted with caution, as positive
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selection is normally driven by the thymus
epithelium®, whereas retrogenic vectors
express MHC-peptide in donor-derived
bone marrow cells.

Are the days of TCR transgenic mice
numbered? Not yet. Retrogenic mice have
their limitations as well. Although the 19
2A-motif residues appended carboxy-
terminally to TCRo. should not affect TCR
assembly or signaling?, it is necessary to
irradiate the recipient mouse before trans-
plantation and this is not without delete-
rious effects on lymphoid organs. Perhaps
more significant, however, are workload
considerations, and the fact that bone
marrow transduction and transplanta-
tion introduce their own experimental

@ © 2006 Nature Publishing Group  http://www.nature.com/naturemethods

variability. As a result, the convenience
and reproducibility of TCR transgenic
strains will probably remain paramount
for large-scale or long-term projects. But
retrogenic TCRs should find multiple
niches, for instance in pilot studies, to
conduct TCR mutagenesis studies in vivo
or to introduce TCR specificities on com-
plex genetic backgrounds. In addition, ret-
rogenic vectors should facilitate investiga-
tions inaccessible to TCR transgenic mice,
for instance immunotherapy attempts by
transferring into mature T cells TCRs
of defined specificity (including those
that would fail intrathymic selection, for
example, high-avidity receptors against
infectious or tumor antigens)!!.
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