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Antibiotics from within: 
antibacterials from human 

and animal sources 
Peter Elsbach 

The isolation of potent antibacterial proteins and peptides from 
human and animal phagocytes has raised the possibility that these 
'antibiotics from within' can be used as therapeutic agents. Problems 
in delivery to and toxicity towards the host must be faced, but rapid 
progress in defining the structural determinants of the cytotoxic 
action of these naturally occurring cytotoxins provides a basis for 

biotechnological development of new classes of  antibiotics. 

organisms. In higher organisms, dif- 
ferent types of phagocytes can be 
distinguished; polymorphonuclear 
leukocytes (PMN), many types of 
macrophages and eosinophils. 

One component of the granule- 
associated proteins that has little or 
no cytotoxic activity by itself, but that 
plays a major role in the phagocyte's 
antimicrobial functions is myeloper- 
oxidase (MPO). MPO amplifies the 
effects of the cytotoxic O2-derivatives 
produced during the respiratory 
burst that accompanies phagocytosis, 
presumably by aiding their delivery 
and that of C1- or other halide ions to 
target cells with binding affinity for 
MPO (Ref. 1). In addition, the MPO- 
mediated formation of highly re- 

All living organisms exist in an 
environment teeming with poten- 
tially harmful microbes. Neverthe- 
less, there are only relatively few 
major disruptions (epidemics) in the 
natural balance between a given 
animal species and its microbial 
pathogens, and this reflects a highly 
effective host-defense system against 
serious infections. In humans, this is 
also evident from the fact that most of 
us escape major infectious disease, 
after early childhood and before the 
last stages of our lives, if our 
resistance is not impaired by other 
illness. 

During the past decade, proteins 
and peptides that are potent anti- 
microbial agents have been isolated 
in pure form from multicellular 
organisms, including man. These 
'antibiotics from within' bear little or 
no structural resemblance to the 
commercial available antibiotics. In 
this review I consider: 

• the salient structural and func- 
tional features of the best-defined of 
these naturally occurring antimicro- 
bial proteins and peptides; and 

• the prospects for their use as 
pharmacological agents, or as model 
compounds upon which the design 
and construction of new classes of 
antibiotics can be based. 

Endogenous antimicrobials in the 
context of host defense 

Endogenous antimicrobials oper- 
ate in an extraordinarily complex 
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setting of integrated anti-infec- 
tion host-defense, consisting of both 
cellular and extracellular (humoral) 
systems (broadly categorized in 
Table 1). 

Among the cellular elements are 
the phagocytes, cells that have a 
highly developed endocytic appar- 
atus, enabling the host to sequester 
foreign invaders intracellularly in 
phagocytic vacuoles. These vacuoles 
fuse with cytoplasmic granules (Fig. 
1), which store a broad mix of 
bioactive substances, mostly cyto- 
toxic proteins and peptides, and 
digestive enzymes that contribute to 
the destruction of ingested micro- 

active hypohalous acids creates a 
toxic environment. 

Two other essential elements of 
defense against infection are parts of 
the immune systems and are ex- 
pressed in the circulating fluids: 

• antibodies contribute greatly to 
the specificity of the phagocytic 
cellular response; 

• the components of the comple- 
ment system that produce protein 
mediators which direct mobile 
phagocytes to their targets, promote 
phagocytosis (opsonization) and 
form a cytotoxic complex that partici- 
pates in microbial destruction. 

~ T a b l e  I 

Host defense against microbial invaders 

Main components Equipment Function 

Phagocytes Endocytic apparatus 

/ Respiration producing 
toxic O2-derivatives 

Proteins and peptides 
stored in granules Polymorphonuclear } 

leukocytes (PMN) 
Macrophages 
Eosinophils 

Lymphocyte system 

Cells producing 
complement 
components 

Cells producing other 
mediators 

G ranule-associated 
degradative enzymes 

Activation of microbial 
degradative enzymes 

Immunoglubulins 
Perforins 

Complement cascade 

e.g. Interleukins 

Intracellular 
sequestration 

Microbicidal action 

Microbial disassembly 

Recognition 
cell-mediated 
immunity 

Amplification or 
modulation of host 
defense (including 
phagocyte function) 
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Phagocytosis and the role of  the phagocyte's granules. Ingested bacterial 
invaders, Q are enclosed in phagocytic vacuoles. The vacuoles fuse 
with cytoplasmic granules which contain cytotoxic proteins and digestive 
enzymes. Various types of granules may be present, including primary 
(azurophil) granules, Q and specific granules, Q . 

Finally, the functions of this 
defense network are further modu- 
lated by messengers such as the 
interleukins, tumor necrosis factors, 
interferons and other signals. 

One corollary of the complexity 
of these interactive antimicrobial 
defense systems is that the action(s) 
of an isolated component in vitro 
need not reflect a similar role in vivo, 
where biological effects may be the 
outcome of competition, potentiation 
or inhibition among many factors. 

Despite this caveat, enough has 
now been learned about the structure 
and function of a range of naturally 
occurring antimicrobial proteins and 
peptides to justify exploring the 
application of these endogenous 
antibiotics as pharmacologic agents. 

Cytotoxic (antibiotic) proteins and 
peptides have been isolated from 
organisms all along the evolutionary 
scale. This seems to imply an 
important defensive/offensive func- 
tion. However, the size, structure and 
effects of the many proteins and 
peptides are so variable that common 
molecular determinants of cytotoxic 
action have not become apparent 
(except that amphipathy may bear on 
the membrane-perturbing effects of 

many, if not all, cytotoxins). Some of 
the agents show very narrow target- 
cell specificity, and many are indis- 
criminate in their cytotoxicity. 

I will now review, in the order of 
the degree of their molecular charac- 
terization, the defined proteins and 
peptides isolated from animal 
sources that can be viewed as 
antibiotics from within. More com- 
prehensive reviews have appeared 
recently 2,3. 

Defensins 
Like all the phagocyte's antimicro- 

bial proteins and peptides, the 
defensins are stored in the cyto- 
plasmic granules where they are, by 
far, the most abundant protein. The 
defensins are a highly conserved 
family of peptides; they have an Mr 
<4000 and have been isolated from 
PMN of humans, rabbits, guinea pigs 
and rats, and from the lung macro- 
phages of rabbits 4. The amino acid 
sequences of eleven of these basic, 
arginine- and cystine-rich com- 
pounds have been determined. The 
cDNA and genomic sequences of two 
human and two rabbit defensins have 
been reported recently 5'6. One of the 
rabbit PMN defensins has been 

crystallized 7 and the (unusual) di- 
sulfide array in a human PMN defen- 
sin has been determined, revealing a 
cyclic structure 8. The three disul- 
fides, one arginine and a glycine in 
the primary structure are shared by 
all defensins. 

The defensins vary in their potency 
and breadth of cytotoxicity, both 
increasing with higher arginine con- 
tent. They are toxic at relatively high 
concentration (10 -5 M) in vitro towards 
bacteria (both Gram-negative and 
Gram-positive), fungi, some viruses, 
and mammalian cells. Their toxicity 
is highest at neutral pH and at low 
salt concentrations. However, physio- 
logical salt concentrations are inhibi- 
tory, raising questions about their 
action in vivo. Because the defensins 
are so abundant in the PMN and the 
lung macrophages (the only cells 
known to carry them), it has been 
proposed that the high concen- 
trations needed for their action do not 
contradict their making an important 
contribution to the antimicrobial 
function of these cells. The anti- 
bacterial action of the defensins, on 
E. coli at least, apparently rests on 
their interaction with both outer and 
inner envelope layers 9. 

Very recently, it has become 
evident that the defensins or related 
molecules are not confined to 
myeloid cells, but are also present in 
other ceils, including the Paneth cells 
of the small intestinal crypts 1°. This 
is interesting for at least two reasons. 
First, this is not the first demon- 
stration of the presence of anti- 
bacterial peptides in non-myeloid 
cells: peptides called magainins were 
identified in frog skin and these form 
part of an epithelial barrier against 
microbial invaders 11. Second, there 
is growing evidence that the func- 
tions of defensin-like molecules are 
not limited to antimicrobial action 1°. 

The broad cytotoxicity of the 
defensins (extending to the host's 
own cells) may limit their potential 
use as pharmacological agents. The 
construction of biologically active 
defensin analogues may be compli- 
cated by the strict dependence of 
activity on the proper alignment of 
the disulfide bridges 8. 

Bactericidal/Permeability 
Increasing protein (BPI) 

BPI is a 50-60 kDa basic (pI > 9.6), 
lysine-rich, apparently non-catalytic 
protein which has been purified from 
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human and rabbit PMN. The two BPI 
variants have very similar structures 
and functions. The human BPI gene 
has been cloned and the amino acid 
sequence of the molecule is now 
known 12. In combination with frag- 
mentation of human BPI by limited 
proteolysis 13, the initial dissection of 
BPI into functional domains has now 
been completed. BPI appears to be 
encoded by a single gene that is 
expressed only in cells of the myeloid 
series (i.e. precursors of PMN) 2n2. 

On a molar basis, BPI is the most 
potent of the known mammalian 
cytotoxins. Its target cell specificity is 
also remarkable: BPI inhibits the 
growth of numerous Gram-negative 
bacterial species as soon as the 
protein is added in vitro but seems to 
have no damaging effects on Gram- 
positive bacteria or eukaryotic cells. 
This cytotoxic specificity of BPI is 
due to its high binding affinity for the 
outer envelope lipopolysaccharides 
(LPS) which are unique to Gram- 
negative bacteria. This preferential 
binding of BPI to LPS of intact E. coli, 
which essentially excludes the bind- 
ing of the other cationic granule 
proteins in crude PMN extracts, has 
allowed us to purify BPI in a single- 
step process. LPS-bound BPI can 
then be (roughly) quantitatively 
eluted with high concentrations of 
Ms-salts 14. 

The actions of BPI can be divided 
into two categories: nearly immedi- 
ate, sublethal (reversible, i.e. bacterio- 
static) effects and later, irreversible 
growth arrest (i.e. bactericidal 
effects) 15. The former category in- 
cludes discrete outer envelope alter- 
ations (increased permeability to 
normally impermeant hydrophobic 
substances, and selective activation 
of bacterial enzymes hydrolysing en- 
velope phospholipids and peptido- 
glycans) and cessation of growth. 
The transition from reversible to 
irreversible growth arrest correlates 
closely with the impairment of 
biochemical functions that are linked 
to an intact cytoplasmic (inner) 
membrane 25. 

All these biological effects of BPI 
are reproduced by a 25kDa N- 
terminal fragment. The C-terminal 
portion of BPI is devoid of anti- 
bacterial activity, but may serve as an 
anchor into the granule membrane 
(BPI is more tightly bound to the 
membrane than other granule 
proteins) 16. 

The action of BPI on its target cells 
is strikingly similar to that of intact 
PMN. This, and other findings, 
suggests that BPI has a prominent 
role in the antimicrobial functions of 
PMN against BPI-sensitive, Gram- 
negative bacteria 2,3n7. 

Other BPI-like proteins have been 
isolated from human PMN, though it 
is unclear whether these are BPI or 
distinct proteins (reviewed in Refs 2 
and 3). 

Antimicrobial proteins of 
eosinophils 

The chief function of eosinophils is 
in the defense against multicellular 
parasites such as helminths. Two 
extremely cationic proteins, Major 
Basic Protein (MBP) and Eosinophil 
Cationic Protein (ECP), are considered 
to be critical for this role. 

Major Basic Protein 
MBP is another arginine and 

cystine-rich basic (pI>10)  small 
protein (Mr - 13 kDa) that comprises 
almost half of the protein in the large 
specific granules of human, guinea 
pig, horse and rat eosinophils. Two of 
the six cystine residues have free 
sulfhydryls that apparently are not 
involved in biologic activity. The 
amino acid sequence of MBP has 
been determined both by direct 
analysis and from the nucleotide 
sequence of cDNA clones 18n9. At 
high concentrations (10 ~ M--10 6 M) 
in vitro, MBP is toxic to many 
helminths, and also to mammalian 
cells. Contrary to previous reports, 
MBP also inhibits bacterial growth 
(E. coli and Streptococcus fae- 
ca]is) 20'21. The nature of the toxic 
effects on parasites is unknown, but 
includes envelope damage that 
develops slowly (up to several days). 
Generally speaking, the anti-parasitic 
action of MBP in vivo may not cause 
host-tissue damage because the 
eosinophil delivers the protein very 
locally, to ingested or attached target 
organisms. On the other hand, in 
localized or general states of hyper- 
eosinophilia, immunoreactive MBP 
is abundantly present in various 
tissues and this could cause host- 
tissue damage. 

Eosinophil Cationic Protein 
ECP is an arginine-rich Zn-contain- 

ing protein, the carbohydrate content 
of which varies, giving rise to 
heterogeneity in apparent Mr 

(17-21 kDa) during SDS-PAGE 
electrophoresis. The cytotoxicity of 
ECP towards parasites and mam- 
malian cells is evident at concen- 
trations as low as 10 -7 M and is 
manifested as membrane alterations 
that are more discrete than those 
caused by MBP 21'22. No antibacterial 
activity of ECP has been reported. 
One striking feature of ECP and of a 
related eosinophil neurotoxin is its 
RNAse activity and the correspond- 
ing structural homology with 
RNAses from various s o u r c e s  23'24. 
However, the demonstration of 
prominent channel-forming activity 
of ECP towards artificial and natural 
membranes 25 leaves the biological 
implications of the nuclease activity 
uncertain. 

Lysozyme 
This well-characterized and abun- 

dant - 1 4  kDa protein, capable of 
digesting bacterial peptidoglycans, is 
a major constituent of the granules of 
phagocytes. By itself, lysozyme can 
only reach its substrate in the cell 
walls of non-pathogenic Gram- 
positive bacteria. Whether lysozyme 
contributes greatly to the destruction 
of ingested pathogens as part of the 
complete antibacterial apparatus of 
the PMN is not clear. The absence of 
lysozyme in some animal species is 
not associated with decreased 
resistance to infection. 

Bactenecins 
A new group of cationic bacteri- 

cidal polypeptides, the bactenecins, 
has been isolated from the granules of 
bovine PMN 3'26. They occur only in 
myeloid cells and, so far, have only 
been found in cows. The first one 
isolated was a dodecapeptide with 
four arginines, six hydrophobic resi- 
dues and a disulfide bridge between 
the two cysteine residues. Two 
additional arginine-rich (20%) poly- 
peptides (5 kDa and 7 kDa; called 
Bac5 and Bac7) have been purified 
and are unrelated to the dodeca- 
peptide. Both Bac5 and Bac7 contain 
an extraordinarily high proline 
content (> 45%) but, although their 
amino acid composition is similar, 
their amino acid sequences differ 
substantially 3. Bac5 and 7 are both 
synthesized as higher Mr pre-pro- 
peptides. 

The dodecapeptide kills both 
Gram-negative and Gram-positive 
bacteria in vitro at 10-5--10-6M, 
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resembling the defensins in potency. 
Bac5 and 7, in a dose range of 
1-50 ggm1-1 apparent ly kill only 
Gram-negative bacteria. Growth inhi- 
bit ion may be due to cytoplasmic 
membrane  damage that is manifested 
as decreased rates of respiration and 
macromolecular  synthesis wi th in  5 
minutes  3. Bac7 neutralizes herpes 
simplex virus, but not a rhinovirus 3'26. 

Cathepsin G 
The granules of phagocytes contain 

substantial  amounts  of different 
proteases (Mr 24-30 kDa range) with 
dist inct  substrate specificities. One 
of these, cathepsin G exhibits rela- 
t ively weak antibacterial activity that 
is independen t  of the protease acti- 
vity (reviewed in Refs 2 and 3). The 
amino acid sequence of cathepsin 
G has been determined from iso- 
lated cDNA 27. Its rather broad anti- 
bacterial activities (against Gram- 
positive as well as Gram-negative 
bacteria, including gonococci) may 
be media ted  by cytoplasmic m e m -  
brane damage 2'3. Recent evidence 3° 
indicates that cathepsin G also alters 
mammal i an  cells. 

Lactoferrin 
The gene of this 80 kDa iron- 

b inding protein has recently been 
cloned 28. In contrast to most of the 
antibacterial proteins of PMN that are 
located in the azurophil  granules, 
lactoferrin is associated with the 
specific granules (Fig. 1). Its roles in 
host defense against infection appear 
complex because it may inhibit  
bacterial growth both by competing 
for iron, an essential bacterial growth 
factor, and also by a mechanism 
independen t  of its iron-binding 
properties. Further, lactoferrin may 
also act by modula t ing  PMN funct ion 
(reviewed in Ref. 2). 

Azurocidin 
Very recently,  a novel major 

29 kDa protein const i tuent  of azuro- 
phil  granules of human  PMN, azuro- 
cidin, has been purified 29. It is 
dist inct  from previously identif ied 
proteins in its N-terminal sequence. 
It resembles BPI in its preferential 
cytotoxici ty towards Gram-negative 
bacteria (E. coli), but its specific 
activity is less by 10-fold 29. Azuro- 
cidin also shows growth inhibi tory 
activity toward S. faecal is ,  but only 
under  condi t ions of low ionic 
strength. 

Towards pharmacological agents? 
What does this brief synopsis of 

antimicrobial  proteins and peptides 
of mammal i an  phagocytes, cells that 
are crucial for host defense against 
infection, reveal about their potential  
usefulness as pharmacologic agents? 

The most critical issue facing the 
therapeutic use of these 'antibiotics 
from wi th in '  is their target-cell 
specificity. Many, if not most, of 
these cytotoxins from mammal ian  
(and from more primitive) cells 2,15 
lack specificity and can damage host 
cells. Because the granule-associated 
antimicrobials usual ly  only reach 
cytotoxic concentrat ions wi thin  the 
confines of the phagocytic vacuole, 
the host cells are usual ly protected 
from damage. Systemic adminis-  
tration of these substances may pose 
a serious threat, however. 

Another  major issue, related to 
target cell specificity, is delivery to 
the desired site of action. Even if the 
protein or peptide adminis tered 
orally or intravenously escapes 
destruction in the gut and in the 
circulation, and is not rapidly 
removed by the liver or kidney,  or 
prevented from action by complexing 
to serum consti tuents,  is the 
attraction to the microbial target 
sufficient for effective competi t ion 
with  sites in the host? 

Even for BPI, the most target- 
specific mammal ian  cytotoxin yet 
recognized which is apparent ly  
devoid of cytotoxicity towards cells 
other than Gram-negative bacteria, it 
is uncertain whether  the complete 
protein or biologically active frag- 
ments  would  be effective as admin- 
istered agents. In the whole animal,  
BPI's funct ion appears to be solely an 
intracellular one and the survival and 
biological effectiveness of BPI in the 
circulating fluids remains to be 
determined.  BPI might be useful as a 
topical antibiotic against Gram- 
negative infections of skin and 
urinary tract. 

While it is not possible to predict 
whether  the recent rapid progress in 
the identif icat ion of endogenous 
antibiotics will lead to their pharma- 
cological use, there should  be 
no doubt that the further analysis 
of the structural determinants  of 
their action, coupled wi th  state-of- 
the-art biotechnology, will be the 
basis on which  the design of new 
classes of pept ide antibiotics can be 
built. 
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