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In mammals, several gene families encode peptides with antibac-
terial activity, such as the b-defensins and cathelicidins1±3. These
peptides are expressed on epithelial surfaces and in neutrophils,
and have been proposed to provide a ®rst line of defence against
infection by acting as `natural antibiotics'4,5. The protective effect
of antimicrobial peptides is brought into question by observa-
tions that several of these peptides are easily inactivated6±8 and
have diverse cellular effects that are distinct from antimicrobial
activity demonstrated in vitro9±13. To investigate the function of a
speci®c antimicrobial peptide in a mouse model of cutaneous
infection, we applied a combined mammalian and bacterial
genetic approach to the cathelicidin antimicrobial gene family14.
The mature human (LL-37)15 and mouse (CRAMP)16 peptides are
encoded by similar genes (CAMP and Cnlp, respectively), and have
similar a-helical structures, spectra of antimicrobial activity and
tissue distribution. Here we show that cathelicidins are an
important native component of innate host defence in mice and
provide protection against necrotic skin infection caused by
Group A Streptococcus (GAS).

To assess directly the function of cathelicidins in vivo, we
generated mice that are null for Cnlp by targeted recombination.
A targeting vector was constructed in which exons 3 and 4, encoding
the entire mature domain of CRAMP, were replaced with PGK-neo
¯anked 59 by a genomic Xba/R1 fragment and 39 by a 5.5-kilobase
(kb) R1 fragment of Cnip (Fig. 1a). This construct was introduced
into 129/SVJ embryonic stem cells by electroporation and subjected
to G418 selection. Recombinant clones were screened by polymer-
ase chain reaction (PCR) using a forward primer 59 to the deletion
construct and reverse primer within the neomycin resistance gene.
Embryonic stem cell clones were injected into C57BL/6 blastocysts
and transferred to foster mothers. Chimaeric offspring were crossed
with C57BL/6 females, whose heterozygous progeny were identi®ed
by PCR (Fig. 1b), and these were immediately backcrossed into
129/SVJ. Northern blot analysis con®rmed the absence of CRAMP
in Cnlp-null bone marrow (Fig. 1c). Cnlp-null mice had normal
fetal development, were fertile, survived into adulthood, and
demonstrated no obvious phenotype when housed under aseptic
barrier-controlled conditions.

The cathelicidins CRAMP and LL-37 (refs 15, 16) are greatly
increased in the skin after wounding, owing to their release from
neutrophil granules and increased synthesis by keratinocytes17. We
chose to use GAS for our mouse infection model because the injury
accompanying this pathogen leads to a large increase in the local
accumulation of CRAMP17. Moreover, GAS are highly sensitive to
cathelicidin antimicrobial action, even under culture conditions
that inactivate peptide killing of other bacteria frequently described
as sensitive (for example, Escherichia coli)17. Subcutaneous injection
of GAS in mice induces a necrotic lesion that is histopathologically
similar to that seen with invasive human infections. After identical

injections of cathelicidin-sensitive GAS in wild-type, heterozygous
and homozygous-null mice, CRAMP-de®cient mice were observed
to develop much larger areas of infection (Fig. 2a, b). Lesion areas
increased more rapidly, reached larger maximal size, and persisted
longer in CRAMP-de®cient mice than in normal littermates while
heterozygotes tended to have lesions of intermediate size (Fig. 2c).
Cultures of equal amounts of tissue from lesions biopsied at day 7
after injection demonstrated persistent infection with b-haemolytic
GAS in CRAMP-de®cient mice but not in normal mice (Fig. 2d). No
difference in GAS lesion size was seen when wild-type parental
strains C57BL/6 and 129/SVJ were compared.

A complementary approach to demonstrating the importance of
cathelicidins in host defence is to examine the effects in vivo of
altering bacterial sensitivity to CRAMP. If the antimicrobial action
of cathelicidin is essential to control a GAS skin infection, as
suggested by the experiments with Cnlp-null mice, then CRAMP-
resistant GAS should be more pathogenic than CRAMP-sensitive
GAS in normal mice. A transposon mutant library was generated
from wild-type GAS strain NZ131 by random integration of Tn917
into the bacterial chromosome. In contrast to the parent strain,
bacterial growth was observed in a pooled library of transposon
mutants exposed to increasing concentrations of the cathelicidin
antimicrobial peptide. Southern blot analysis of several isolated
colonies demonstrated clonality. The sequence ¯anking the single
chromosomal integration of Tn917 in the cathelicidin-resistant
mutant (NZ131-CR)was identi®ed and compared to the recently
completed GAS genome database18. The Tn917 insertion mapped to
an open reading frame (GenBank AAK34584) encoding a predicted
product of relative molecular mass 28,200 (Mr 28.2K) with the
signature helix-turn-helix motif of the GntR family of bacterial
transcription regulation proteins19 (Fig. 3a). To demonstrate that
Tn917 disruption at this locus was reproducibly associated with an
inducible cathelicidin-resistance phenotype, targeted plasmid inte-
grational mutagenesis of the gntR-related open reading frame was
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Figure 1 Disruption of the Cnlp gene encoding CRAMP in mice. a, Gene targeting

strategy: structure and partial restriction map of Cnlp. Top line, ®lled boxes represent

exons 1±4. X, Xho I; R, EcoRI. Second line, Targeting construct replaces exon 3±4 R

fragment with PGK-neo and retains 59 X±R fragment and 5.5-kb 39 R fragment. Dotted

lines, gene fragment replaced by PGK-neo; crosses, ¯anking regions in construct to target

homologous recombination; bottom line, inactivated allele; arrowheads are PCR primers.

b, PCR genotype results of tail DNA ampli®ed with primers shown in a. c, Northern blot

results of total RNA extracted from bone marrow. Cnlp probe is directed to exon 4 alone.

28S RNA is shown as a loading control.
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performed in the parent GAS NZ131 (Fig. 3a). The putative cathe-
licidin-resistance regulatory gene was designated crgR (for cathelici-
din resistance gene regulator) and the targeted plasmid integrational
mutant was designated NZ131:crgR.KO. NZ131:crgR.KO exhibited
inducible CRAMP-resistance to identical minimal inhibitory con-
centrations (MICs) when compared to the original Tn917 mutant
(Fig. 3b). Comparison of the kinetics of bacterial killing upon
exposure to CRAMP further demonstrated that mutant bacteria
were resistant to the bactericidal action of the peptide (Fig. 3c). Both
the transposon and targeted CRAMP-resistant mutants exhibited
slight growth inhibition in enriched culture media compared to the
parent GAS strain (data not shown), suggesting a metabolic cost to
the bacteria associated with acquired antimicrobial peptide resis-
tance and possible pleiotropic effects of this regulatory gene muta-
tion. We note that mutations in transcriptional regulatory genes of
Salmonella20 and Burkholderia pseudomallei21 have also been asso-
ciated with a change in susceptibility to cationic antimicrobial
peptides.

CRAMP-resistant mutants of GAS were compared to wild-type
GAS for their ability to produce necrotizing cutaneous infection in a
normal mouse model. Mice infected with Tn917 mutant NZ131-CR
or targeted mutant NZ131:crgR.KO had lesions of larger size
and longer duration than those infected with the parent GAS
strain (Fig. 3d±f). Biopsy and quantitative culture of the lesions
from mice infected with the CRAMP-resistant mutants showed
persistent infection at day 7 in contrast to the microbial clearing
observed with the CRAMP-sensitive parent GAS. Thus, cathelici-
din-resistant mutants demonstrated increased virulence in vivo. In
effect, induction of cathelicidin resistance in the bacterial pathogen
reproduced the phenotype of the CRAMP gene knockout in the
mouse infection model.

At day 3, histological examination of GAS-induced skin lesions
from CRAMP-de®cient mice showed abundant neutrophilic in®l-
trates comparable to those seen in the wild-type mice (data not
shown). No differences were seen in the circulating peripheral
leukocyte morphology or count as determined by microscopic
examination of blood smears (data not shown) or by ¯uores-

cence-activated cell sorting (FACS) analysis (Fig. 4a, b). Further-
more, leukocytes derived from CRAMP-de®cient mice were
functionally competent and similar to wild-type leukocytes in
oxidative burst activity (Fig. 4c). These observations suggest that
although CRAMP-de®cient mice appear to have normal recruit-
ment of an acute neutrophil in¯ammatory response, the absence of
the antimicrobial peptide in the neutrophil granule and epidermal
keratinocyte leads to defects in the control of GAS infection. The
importance of CRAMP in phagocytic clearance of GAS was re¯ected
in results of whole-blood killing assays (Fig. 4d). Fresh blood from
wild-type mice reduced bacterial counts after incubation for one
hour, whereas fresh blood from CRAMP-de®cient mice allowed
bacterial replication. Bacterial replication was also seen when
CRAMP-resistant GAS was incubated in wild-type mouse blood.
As expected, the CRAMP-resistant phenotype of GAS did not affect
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Figure 2 Cnlp-deletion renders mice susceptible to severe GAS infection. a, Wild-type

(WT) and b, Cnlp-null mice following subcutaneous inoculation with GAS. Scale bar is in

centimetres. c, Area of necrotic ulcer in individual WT (circle), CRAMP +/- (triangle), and

CRAMP -/- (square) mice shown against days after infection. d, GAS bacteria cultured

from tissue biopsies of WT, CRAMP -/+ and CRAMP -/- mice. The experiment shown is

representative of ®ve studies in which similar differences were observed (n � 12,

P , 0:001).
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the degree of bacterial replication in the blood of CRAMP-de®cient
mice. Similarly, CRAMP-de®cient mice showed no difference in
skin lesion size when injected with wild-type or CRAMP-resistant
GAS (data not shown).

We have thus demonstrated in vivo that endogenous expression of
a mammalian antimicrobial peptide provides defence against an
invasive bacterial infection. Bacterial resistance to cathelicidins
altered disease outcome in a similar fashion to elimination of host
cathelicidin production. These paired ®ndings suggest that the
speci®c antimicrobial activity of the cathelicidin is itself necessary
for bacterial clearance and innate skin immunity. Some earlier
studies22±25 have also suggested in vivo protection by mammalian
antimicrobial peptides. For example, inhibition of antimicrobial
peptide activation leads to increased wound colonization by
Staphylococcus epidermidis in pigs22, natural resistance to antimi-
crobial peptide action appears to contribute to Salmonella virulence
in mice23, downregulation of enteric cathelicidin and b-defensin-1
expression is correlated with Shigella infections in humans24, and
improved lung clearance of Pseudomonas aeruginosa is associated
with overexpression of a human antimicrobial peptide gene in
transgenic mice25. These observations, combined with our own,
suggest that the study of the effects of cathelicidin de®ciency at other
epithelial surfaces will further de®ne the function of this family of
antimicrobial peptides in disease. Other antimicrobial peptides
(such as the defensins) that are co-expressed with cathelidicins act
synergistically in vitro, and may have a similar role in vivo.

Furthermore, the in¯uence of cathelicidins and defensins on cell-
mediated immunity through leukocyte recruitment26,27 may also
contribute to their defense properties. Finally, analysis of the
bacterial genetic basis of cathelicidin sensitivity can shed light on
the mechanism(s) of action of this class of antimicrobial peptides
and the reasons why resistance has not emerged in the evolution
of certain pathogenic bacterial species. We believe a combined
genetic approach, studying the susceptibility factors of both host
and pathogen, to be fruitful in understanding these important
components of the innate immune system. M

Methods
Generation of Cnlp-de®cient mice

Cnlp-null mice were generated by targeted disruption of Cnlp through homologous
recombination. Embryonic stem cell culture and blastocyst injection were performed at
Genome Systems (St Louis, Missouri), now Incyte Genomics (Palo Alto, California).
Screening for positive recombinant embryonic stem cells was performed by PCR and
con®rmed by Southern blot. Selected embryonic stem cell clones were karyotyped and two
normal clones were used for germline transmission. Male chimaeras were bred with
C57BL/6 females and germline mice were identi®ed using PCR analysis with the following
Cnlp primers: (59-CCAGGGACTTCCATCCAGTAGAC-39, 59-TGTTTTCTCAGATCCTT
GGGAGC-39, 59-AATTTTCTTGAACCGAAAGGGC-39) and neo reverse primer (59-
AGACTGCCTTGGGAAAAGCG-39). Correct insertion was con®rmed using a primer 59
to the Xba site at the start of the targeting construct (59-GTCAGGTCACATAGG-
CAATGGG-39) and the reverse neo primer. The identity of PCR products was con®rmed
by direct sequencing. Heterozygote offspring from chimaeric matings were backcrossed
into 129/SVJ for two generations.

Bacterial mutagenesis

GAS strain NZ131 is a well characterized T14/M49 patient isolate that produces the
virulence factors streptolysin S and O, and pyrogenic exotoxin (SPE) B28. NZ131 was
randomly mutated with Tn917 using the temperature-sensitive delivery vector pTV1OK
(ref. 28). Mutant clone NZ131-CR was identi®ed by Southern analysis following serial
passage of the pooled library in increasing concentrations of CRAMP (4±16 mM). Single-
primer PCR29 with a Tn917-speci®c outward primer was used to identify the NZ131-CR
mutation site, and a BLAST (http://www.ncbi.nlm.nih.gov/BLAST) homology search
against the GAS genome (see http://www.genome.ou.edu/strep.html)18 revealed identity
with the open reading frame we have designated crgR. For targeted mutagenesis of crgR, an
intragenic fragment was ampli®ed by PCR and cloned into the temperature-sensitive
vector pVE6007D. The resultant `knockout' plasmid was introduced into NZ131 by
electroporation, and chloramphenicol (Cm)-resistant transformants identi®ed at the
permissive temperature for plasmid replication (30 8C). Single-crossover Campbell-type
chromosomal insertion was selected by shifting to the non-permissive temperature (37 8C)
while maintaining Cm selection; ®delity of the site-directed recombination event and
disruption of the targeted open reading frame was con®rmed by PCR28.

Antimicrobial assays

For MIC determination, serial dilutions of the peptide were made in H2O and 10 ml of each
concentration added to replicate wells of a 96-well ¯at-bottom tissue-culture plate. GAS
were grown in Todd Hewitt Broth (THB, Difco) to early log phase (absorbance at 600 nm,
A600 � 0:2). Bacteria were diluted in THB to A600 � 0:001 (,2 3 105 colony-forming
units (c.f.u.) ml-1). In triplicate, 90 ml of this bacterial suspension was added to each well
containing antimicrobial peptide. Growth was monitored at A600 through overnight
incubation at 37 8C, and MIC was calculated as the lowest peptide concentration yielding
no detectable growth. For antimicrobial killing kinetics, ,2 3 105 c:f :u: of each strain
were exposed to 32 mM CRAMP and incubated at 37 8C. Dilutions were plated at time
points from 3 to 60 min for determination of surviving c.f.u.

Mouse model of GAS infection

Invasiveness of GAS in mouse skin was measured by modi®cation of a previously
described GAS infection model30. Procedures were approved by the Veterans Affairs (VA)
San Diego Healthcare System subcommittee on animal studies. For Cnlp-null mice
experiments, the backs of sex-matched adult littermates were shaved and hair removed by
chemical depilation (Neet) then injected subcutaneously with 50 ml of a mid-logarithmic
growth phase (A600 � 0:6, ,5 3 107 c:f :u:) of GAS NZ131 complexed to Cytodex beads as
a carrier. For experiments with CRAMP-resistant GAS, 12-week-old Balb/c female mice
were similarly prepared and injected with equal numbers of NZ131, NZ131-CR, or
NZ131:crgR.KO. Lesion sizes were measured daily and statistical signi®cance between
groups evaluated by multiple regression analysis on VassarStats (http://faculty.vassar.edu/
lowry/VassarStats.html).

Flow cytometry

Some 200±500 ml of whole blood was collected into 12 ml cold phosphate-buffered saline
(PBS) heparin (2 U ml-1) (Sigma number H3393). Cells were centrifuged and erythrocytes
lysed using Becton Dickinson FACS Lysis Buffer (number 349202). Unlysed cells were
washed once with 1 ml DMEM 2% BSA (Sigma number A2153), then resuspended in
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Figure 4 Cnlp-null mouse blood leukocytes are equivalent in relative number and

oxidative burst capacity, but de®cient in bacterial killing when compared to leukocytes

derived from wild-type mice. Flow cytometry of leukocytes derived from a, Cnlp-null mice

and b, wild-type mice. Granulocyte population is indicated (R1). Data are representative of

the results obtained for seven individuals per genotype. The proportion of leukocytes,

monocytes and lymphocytes were not signi®cantly different by analysis with paired t-test.

c, Oxidative burst capacity as measured by ¯uorescence before (0±40 s) and after

(,75±250 s) the addition of a reagent designed to stimulate leukocyte phagocytic and

oxidative activity as described in Methods. The mean log ¯uorescence per time is

indicated for wild-type (dashed line) and Cnlp-null (solid line) mice with error bars

indicating the range of .95% of ¯uorescent readings collected at each time point. Data

are representative of three individual experiments. d, GAS killing activity of whole mouse

blood. Data are expressed as growth index (c.f.u. bacteria after 1 h incubation in blood

versus initial bacterial c.f.u.) and represent the mean of four mice tested in each group.

Asterisk, P , 0:02; double asterisk, P , 0:01 versus normal mouse/wild-type GAS.
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200±400 ml 4% paraformaldehyde (PFA) (number S898-07 JT Baker). Approximately
2 3 104 cells were evaluated for forward and side scatter characteristics by ¯ow cytometry
under the direction of J. Nordberg at the VA Core Flow Facility to determine the relative
percentage of lymphocytes, monocytes and granulocytes. For oxidative burst assay, blood
was collected and lysed as above then resuspended at 4 8C in approximately 200 ml
endotoxin and pyrogen-free PBS without Ca2+ and Mg2+ (number 70013-032, Gibco BRL)
containing 5 mM glucose (Sigma number G5146). Before the oxidative burst assay, 200 ml
of PBS at 37 8C containing 1.5 mM Mg2+ and 1.0 mM Ca2+ was added to the cell
suspension. The Fc OxyBURST Green Assay Reagent (Molecular probes number F-2902)
was used to evaluate cell uptake and oxidative burst activity. Background ¯uorescence was
recorded, then oxidative burst reagent added to a concentration of 30 mg ml-1 (5 ml).

Whole blood killing assay

Fresh mouse blood was collected as above and 35 ml added to 10 ml of THB containing
�1±2� 3 102 c:f :u of freshly diluted log-phase GAS. The mixture was incubated for 1 h at
37 8C with gentle agitation, and dilutions of the mixture plated on agar plates for
enumeration of c.f.u. The growth index was calculated as the ratio of bacterial c.f.u.
recovered versus the initial bacterial inoculum. Student's t-test analysis was performed
using the Microsoft Excel statistical package.
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The retinoblastoma tumour suppressor (Rb) pathway is believed
to have a critical role in the control of cellular proliferation by
regulating E2F activities1,2. E2F1, E2F2 and E2F3 belong to a
subclass of E2F factors thought to act as transcriptional activators
important for progression through the G1/S transition3. Here we
show, by taking a conditional gene targeting approach, that the
combined loss of these three E2F factors severely affects E2F target
expression and completely abolishes the ability of mouse embry-
onic ®broblasts to enter S phase, progress through mitosis and
proliferate. Loss of E2F function results in an elevation of p21Cip1

protein, leading to a decrease in cyclin-dependent kinase activity
and Rb phosphorylation. These ®ndings suggest a function for
this subclass of E2F transcriptional activators in a positive feed-
back loop, through down-modulation of p21Cip1, that leads to the
inactivation of Rb-dependent repression and S phase entry. By
targeting the entire subclass of E2F transcriptional activators we
provide direct genetic evidence for their essential role in cell cycle
progression, proliferation and development.

The delineation of a pathway controlling the progression of cells
out of quiescence, through G1 and into S phase, has been
established1,2. Principal events in this pathway include the activation
of cyclin-dependent kinases (CDKs), the coordinated phosphoryla-
tion of Rb and p130 by cyclin±CDK complexes, and the subsequent
release and accumulation of E2F activities1,2. Although E2F has an
essential role in control of cell growth during Drosophila
development4,5, current knockout mouse models have failed to
demonstrate a similar requirement for any E2F family member in
mammals6±12. One interpretation of these observations is that under
normal circumstances, loss of a single E2F member can be func-
tionally compensated by other related E2F activities.

Of the six known E2F family members, E2F1, E2F2 and E2F3
can speci®cally interact with Rb, and their expression is cell-cycle
regulated13,14. To test for functional redundancy among this subclass
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