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INNOVATION

Discovery of modulators of HIV-1
infection from the human peptidome

Jan Miinch, Ludger Stdndker, Wolf-Georg Forssmann and Frank Kirchhoff

Abstract | Almost all human proteins are subject to proteolytic degradation, which
produces a broad range of peptides that have highly specific and sometimes
unexpected functions. Peptide libraries that have been generated from human bodily
fluids or tissues are a rich but mostly unexplored source of bioactive compounds that
could be used to develop antimicrobial and immunomodulatory therapeutic agents.
In this Innovation article, we describe the discovery, optimization and application of
endogenous bioactive peptides from human-derived peptide libraries, with a
particular focus on the isolation of endogenous inhibitors and promoters of HIV-1

infection.

The human genome contains only about
21,000 distinct protein-coding genes',

which is substantially fewer than originally
expected. However, owing to alternative
splicing mechanisms and many post-
translational modifications, these ~21,000
genes are estimated to produce more than
one million different proteins®. Although the
proteome (that is, the whole set of proteins
that are expressed in a specified cell, tissue or
organism) is highly complex, it is outnum-
bered by the many smaller peptides that are
generated from full-length proteins by pro-
teolytic cleavage. The largest fraction of the
peptidome (that is, all of the peptides that
are present in a specific cell, tissue, organ-
ism or system) comprises peptide fragments
that are generated by the proteolysis of larger
precursor molecules. Only a small fraction
of the peptidome has been functionally char-
acterized, owing to its enormous complexity
and the lack of broadly applicable methods
that enable its unbiased analysis.

For many years, the peptidome was
commonly regarded as ‘biological trash’
However, it has recently been recognized
that the expression and activities of the more
than 500 human proteases that generate
these peptides are altered under pathologi-
cal conditions’. Furthermore, accumulat-
ing evidence suggests that some cleavage
products of larger precursor proteins exert

specific and sometimes highly unexpected
activities against human pathogens*'*. Thus,
the human peptidome is a rich source of
disease-specific biomarkers. It has long been
known that humans and other mammalian
species have evolved various antimicrobial
peptides as a first line of defence against
viruses, bacteria and fungi'>~'®. Although the
role of some antimicrobial peptides, such as
defensins and cathelicidins, in innate immu-
nity, immune modulation and inflamma-
tion is well-established'*-"%, it seems highly
likely that many important peptidic immune
modulators and effectors in the human body
remain to be identified.

Thousands of antimicrobial peptides
have been isolated from various natu-
ral sources (for example, bacteria, fungi,
plants and animals). Furthermore, several
inhibitors of bacterial infections have been
isolated from human immune cells (for
example, a-defensins)®, skin (for exam-
ple, B-defensins)®, saliva (for example,
histatins)?', nasal secretions (for example,
lysozyme)*, seminal plasma (for example,
cathelicidins)®* and sweat (for example,
dermicidin)®. The various types of anti-
microbial peptides’*? and their possible
clinical applications*-*! have been the topics
of several recent reviews. In this Innovation
article, we discuss the discovery of novel
antimicrobial peptides by the systematic

screening of highly complex peptide libraries
that are derived from human bodily fluids

or tissues. In particular, we focus on the
isolation of endogenous agents that affect
HIV-1 infection by unexpected mechanisms
and that may have implications beyond
HIV/AIDS. Furthermore, we present the
advantages and disadvantages of this strategy.
Finally, we discuss how endogenous peptides
that have been isolated from the human pep-
tidome can be optimized for therapeutic or
basic research applications, and we highlight
future directions and challenges.

Human-derived peptide libraries

Peptide libraries that have been generated
from human bodily fluids or tissues, such

as blood or lymphoid tissues, contain essen-
tially all peptides and small proteins of the
respective source in their final processed
and physiologically relevant forms*>*. Thus,
they are an excellent source for the identifi-
cation of as-yet-unknown bioactive peptides.

Bioactive peptides from human sources.
Most clinically approved drugs are small
molecules, and most of these compounds
have a molecular weight of much less than
1kDa. Such a small size is one of the require-
ments for uptake through the gastrointesti-
nal tract and thus oral application. By con-
trast, large protein drugs, such as antibodies,
have molecular weights of up to 150kDa
and need to be administered parenterally.
The size of peptides, which are usually up

to 50 amino acids in length, is between
these two drug classes, although there is

no strict demarcation®*-*'. Antimicrobial
molecules are found in all three size classes,
including small molecules such as penicil-
lin (which is 0.334kDa), the glycopeptide
vancomycin (which is 1.449kDa) and large
rabies-specific immunoglobulins (which are
about 150-170kDa)*. Other examples of
clinically approved antimicrobial peptides
are the antibiotics polymyxin B and poly-
myxin E (also known as colistin) and the
antiviral agent interferon-a. Owing to the
increasing resistance of microorganisms to
conventional antibiotics, there is currently a
growing interest in the development of anti-
microbial peptides for clinical applications,
and several candidates are in clinical trials or
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Box 1 | Generation of a peptide library from human haemofiltrate

Haemofiltration is carried out to remove uraemic toxins from the blood of patients with renal failure.
During this process, blood is filtered through a membrane with a molecular weight cut-off of

20-30 kDa. Peptides and small proteins are filtered without restriction and are therefore present at
concentrations that correspond to those that are found in blood plasma, whereas larger proteins
and cells do not cross the membrane owing to their size and are returned to the patient (see the
figure). Owing to the removal of large and abundant proteins, such as serum albumin, the total
concentration of proteins in haemofiltrate is about 1,000-fold reduced compared with the entire
plasma protein content®?*>. The remaining peptides and small proteins include key modulators and
effectors of innate and adaptive immune responses, such as cytokines, chemokines, proteases,
protease inhibitors, hormones, ribonucleases and defensins, as well as many unknown compounds®.
Thus, haemofiltrate, which is a waste product that is obtained in nephrological clinics, is an excellent
source of bioactive peptides and small proteins that are circulating in the bloodstream.

A standardized large-scale method for the separation of peptides from up to 10,000 litres of
haemofiltrate has been developed. This involves a two-step procedure: cation-exchange
separation, followed by reverse-phase chromatography (see the figure) — which are techniques
that are used to separate and purify peptides and proteins on the basis of their size and charge or
their hydrophobic character, respectively®”°. In the first step, the haemofiltrate is diluted, acidified
and applied to a large cation-exchange column. Stepwise batch elution of bound peptides is
carried out using seven or eight buffers with increasing pH (from 2.5 to 9.0). The resulting pH-pool
fractions are subsequently separated by reverse-phase chromatography in about 40-50 different
peptide-containing fractions that are concentrated by lyophylization. The final product — the
haemofiltrate-derived peptide library — comprises about 300-500 dry fractions that represent
essentially the entire blood peptidome in a highly concentrated, salt-free and bioactive form.
Although each fraction still contains thousands of different peptides, the complexity is greatly
reduced compared with human plasma. Furthermore, aliquots of these peptide mixtures can be
tested in bioassays at concentrations that are several orders of magnitude higher than those that
are originally present in human blood. Thus, these peptide libraries facilitate the identification and
isolation of bioactive molecules from the circulating blood peptidome.
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under development®'. The Antimicrobial
Peptide Database (see Further informa-
tion) provides an overview of bioactive
antibacterial and antiviral peptides that have

been isolated from natural sources. Peptide
drugs may be less toxic and are less likely
to cause allergic or inactivating immune
responses than small-molecule or protein

drugs, particularly if they are derived from
a human source'®. However, the isolation of
individual bioactive peptides from highly
complex human bodily fluids or tissues is a
challenging task.

Generating peptide libraries from human
haemofiltrate. Human tissues and bodily
fluids are usually only available in very lim-
ited quantities, and standardized methods
to purify bioactive agents from the large
number of highly diverse peptides and
proteins that are contained in these tissues
and fluids are mostly unavailable. Large
quantities of starting materials are advanta-
geous from a technical and experimental
standpoint. One abundant source of human
peptides is haemofiltrate, which is a waste
product of dialysis that contains essentially
all blood components that have a molecu-
lar weight of less than 20-30kDa (BOX 1)
and is available from patients with chronic
renal failure at quantities of thousands of
litres. A combination of ultrafiltration, fol-
lowed by cation-exchange separation and
reverse-phase chromatography, enables the
standardized separation and concentration
of all of the peptides and small proteins
that are present in haemofiltrate into about
300-500 fractions®>*® (BOX 1). The analysis
of these fractions does not require the high-
throughput methodologies and facilities that
are required for the testing of other libraries,
which often comprise hundreds of thou-
sands of compounds. For example, specific
assays that test the inhibition of a particular
pathogen, the modulation of specific cel-
lular functions or the induction of selected
immune factors can be used to identify and
purify the most active agents that are present
in these fractions. Such peptide libraries are
a useful source for the discovery of novel
bioactive agents, as they represent the enor-
mous structural and functional diversity of
the human peptidome and the peptides are
present in their final processed, and thus
bioactive, forms®*. Notably, haemofiltrate
contains not only endocrine peptides but
also peptides that function in a paracrine
or autocrine manner, as a small fraction of
these peptides are released into the extracel-
lular space and are found in the blood**.
Thus, haemofiltrate-derived peptide librar-
ies contain essentially the entire circulating
blood peptidome in a lyophilized, bioactive
and highly concentrated form. However, in
addition to peptides that naturally exist in
the human body, these libraries may also
contain proteolytic cleavage products that
specifically arise and accumulate during
the collection or storage of body fluids or
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Table 1 | Modulators of microbial infections identified from human peptide libraries*

Peptide Source Precursor Activity Target Refs
VIRIP Haemofiltrate al-antitrypsin Blocks HIV-1 fusion peptide HIV-1 8,73
CCL14(9-74) Haemofiltrate CCL14 CCR1, CCR3 and CCR5 agonist HIV-1 6,42
CYVIP Haemofiltrate Neutrophil-activating Binds to heparan sulphate HCMV 64
peptide 2 proteoglycans to prevent HCMV entry
LEAP1 Haemofiltrate None Microbicidal activity Bacteria and yeast 86
hBD1 Haemofiltrate None Microbicidal activity Gram-negative bacteria 78,87
hBNP(1-32) Haemofiltrate BNP Microbicidal activity Bacteria and yeast 88
Casein-K(63-117) Milk Casein K Microbicidal activity Bacteria and yeast 89
Casocidin| Milk as2 casein Microbicidal activity E.coliand S. carnosus 4
GAPDH(2-32) Placenta GAPDH Microbicidal activity E. coliand C. albicans 13
hHEMp(111-146) Placenta Haemoglobin B-chain Microbicidal activity Bacteria and yeast 7,90
PAP(248-286) Semen PAP Forms amyloid fibrils that promote Retroviruses 57
HIV-1 infection
PAP(85-120) Semen PAP Forms amyloid fibrils that promote Retroviruses 60

HIV-1 infection

C. albicans, Candida albicans; CCL14, CC-chemokine ligand 14; CCR, CC-chemokine receptor; CYVIP, a recently discovered derivative of the neutrophil-activating
peptide 2; E. coli, Escherichia coli; hBD1, human p-defensin 1; hBNP, human brain-type natriuretic peptide; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
HCMYV, human cytomegalovirus; hHEMB , human B-chain of haemoglobin; LEAP1, liver-expressed antimicrobial peptide 1; S. carnosus, Staphylococcus carnosus;
PAP, prostatic acid phosphatase; VIRIP, virus-inhibitory peptide. *This table only lists peptides that have been identified by the systematic screening of human
peptide libraries, which is outlined in FIG. 1. Many other important antimicrobial peptides have been discovered by different approaches and are described in
recent reviews'> '8, Peptides that are in clinical development or have recently been approved by the FDA are described in REFS 28-31, 91.

tissues. Nonetheless, these peptide libraries
are an excellent source for the identification
of endogenous bioactive peptides.

Alternative human sources. Large quantities
of starting material are advantageous but
not always obligatory for the identification
of novel endogenous bioactive peptides. In
fact, many peptides or proteins only become
active and exert their respective functions
in specific compartments or at sites of infec-
tion and/or inflammation; for example,
saliva, genital fluid, milk and sweat contain
particularly large numbers of antimicrobial
peptides'®. To isolate agents that are not cir-
culating in the bloodstream, it is important
to generate peptide libraries from sources
other than haemofiltrate, and in principle,
they can be produced from any tissue or
bodily fluid. Using ultrafiltration and cation
exchange followed by reverse-phase chroma-
tography, peptide libraries have been gener-
ated from human plasma, milk, placenta,
sweat, seminal plasma and saliva (J.M., L.S.,
W.-G.E and EK., unpublished observations),
and some antimicrobial peptides that have
been isolated from these libraries are listed
in TABLE 1.

Human peptides that affect HIV-1 infection
Most clinically used antiretroviral drugs are
small molecules that have been selected to
specifically target and inhibit viral proteins

that are essential for HIV-1 replication.
Enfuvirtide (also known as T-20; Trimeris)
is the only currently licensed peptidic
antiretroviral drug®. Enfuvirtide is derived
from an a-helical region in the viral trans-
membrane glycoprotein known as heptad
repeat 2 (HR2). By mimicking HR2 and
competitively binding to another a-helical
region of gp41, known as HR1, enfuvirtide
prevents the interaction between HR1 and
HR?2 and thus prevents the conformational
change that is required for virion fusion
with the host cell”. Although this protein

is not from a human source, enfuvirtide
provides an example of the feasibility of
developing peptide antiretroviral agents.

In addition, chemokines, such as CXC-
chemokine ligand 12 (CXCL12; also known
as SDF-1) and CC-chemokine ligand 3
(CCL3; also known as MIP-1a), CCL4 (also
known as MIP-1f) or CCL5 (also known as
RANTES), bind to the G protein-coupled
receptors (GPCRs) CXC-chemokine recep-
tor 4 (CXCR4) and CC-chemokine recep-
tor 5 (CCR5), respectively, and they prevent
infection by HIV-1 strains that use the same
receptors for viral entry. In fact, these inhibi-
tory activities were crucial for the discovery
of CCR5 as the main co-receptor for HIV-1
entry***. Modified derivatives of CCL5 are
extremely potent inhibitors of R5-tropic
HIV-1 strains in vitro®, but they have a low
efficiency in vivo. Several intracellular host

proteins that inhibit HIV-1 replication at dif-
ferent steps of the viral life cycle*' — which
are known as restriction factors — have more
recently been discovered, and it seems highly
likely that additional antiretroviral peptides
and/or proteins remain to be discovered.

Identification of novel endogenous HIV-1
inhibitors. An initial screen of a haemo-
filtrate-derived peptide library for CCR5
ligands identified a naturally occurring
truncated form of the abundant human
chemokine CCL14 as a potent agonist of
the receptor, which inhibits infection by
R5-tropic HIV-1 strains®*2. Notably, other
chemokines, such as CXCL4 and specific
fragments of CXCL4, also inhibit HIV-1
(REF. 43) and other important pathogens,
such as Plasmodium falciparum®™. Screen-
ing of further haemofiltrate-derived peptide
fractions identified another HIV-1 inhibitor:
a 20-residue C-proximal subfragment of the
serine protease al-antitrypsin, which has
been designated virus-inhibitory peptide
(VIRIP). This peptide was purified by mul-
tiple rounds of peptide separation and anti-
viral screening® (FIC. 1). VIRIP specifically
interacts with the viral fusion peptide that
is located at the amino terminus of the gp41
transmembrane domain, which is a region
that is distinct from the HR1 region that is
targeted by enfuvirtide. VIRIP blocks an
entry step before membrane fusion — that
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Figure 1| Use of human-derived peptide libraries for the isolation of bioactive peptides.
Schematic outline of the general strategy to isolate unknown antiviral peptides from human peptide
libraries. The isolation of the HIV-1 inhibitor virus-inhibitory peptide (VIRIP)® is shown as an example.
pH pools that have been obtained using cation exchange are subjected to reverse-phase chromato-
graphy, and the resulting fractions are assayed for antiviral activity (for example, effects on HIV-1
replication). The active fraction (indicated in red) is further purified by multiple rounds of chromato-
graphy. Each cycle of separation and screening reduces the complexity of the peptide samples until
the purified bioactive agent can be identified by mass spectrometry analysis and peptide sequencing.
VIRIP was shown to be a 20-residue (LEAIPMSIPPEVKFNKPFVF) fragment of the serine protease
al-antitrypsin®. The identified peptides can be functionally characterized and optimized for clinical

development.

is, penetration and insertion of the viral
fusion peptide into the host cell membrane
(FIC. 2). This is a novel and unexpected mech-
anism, as the fusion peptide only becomes
accessible during the viral entry process after
conformational changes of gp41 (REF. 45);
thus, it was assumed that this anchoring step
cannot be inhibited®. The finding that viral
fusion peptides can be targeted by an antivi-
ral agent may offer perspectives beyond HIV/
AIDS, as many enveloped viruses, such as
influenza virus, hepatitis C virus, filovirus,
coronavirus, arenavirus and hepadnaviruses,
use fusion peptides to infect their target
cells*~*. Owing to this distinct inhibitory
mechanism, VIRIP is active against HIV-1
strains that are resistant to other antiretro-
viral drugs, including other entry inhibitors®.
A proteomics approach identified VIRIP in
plasma from patients with acute HIV-1 infec-
tion, which suggests that it may contribute
to the earliest systemic antiviral response

in HIV-1 infection®'. Thus, screening of
haemofiltrate-derived peptide libraries
enabled the isolation of two novel HIV-1
inhibitors: a CCR5 agonist and a peptide
that targets the HIV-1 gp41 fusion peptide
(FIC. 2). It is remarkable that this approach did
not identify the well-known CCR5 ligand
CCL5 but instead identified a novel agonist,
and this suggests that other relevant peptide
ligands of GPCRs that are targets of many
modern drugs remain to be discovered.

Endogenous peptides that promote HIV-1
infection. The success of screening haemo-
filtrate-derived peptide libraries encouraged
the screening of smaller-scale libraries from
other sources for novel antiviral agents. The
efficiency of virus transmission by sexual
contact is surprisingly low, which suggests
that inhibitors of HIV-1 infection are present
in semen. Furthermore, it has been reported
that semen contains various antimicrobial
agents™***>-%° and cationic peptides that
have anti-HIV-1 activity**. However, unex-
pectedly, screening of a semen-derived
peptide library only identified fractions that
promoted HIV-1 infection®, which might
reflect the specific adaptation of the virus for
efficient transmission in this environment.
Further analyses showed that C-proximal
fragments of prostatic acidic phosphatase
(PAP), which is an abundant enzyme in
semen, self-assemble into cationic amyloid
fibrils*’. These fibrils, which are known as
semen-derived enhancers of virus infection
(SEVTs), increase the infectious virus titre in
cell culture by several orders of magnitude™
and can facilitate virus infection in non-
human primate models after exposure to
low viral doses that approximate the in vivo
situation®. Virus attachment is usually inef-
fective as the densities of the viral envelope
glycoproteins on the virion and the CD4
receptor on the target cell are low and the
surfaces of viral and cellular membranes

are negatively charged and usually repel
each other. Both SEVI fibril formation and
its positive surface charge are crucial for
increased HIV-1 infection®, which suggests
that SEVI promotes the attachment of the
virus to target cells by neutralizing the repul-
sion between negatively charged viral and
cellular membranes (FIG. 2). Interestingly, fol-
low-up studies showed that an N-proximal
fragment of PAP, as well as peptides that are
derived from semenogelin 1 and semeno-
gelin 2, which are the most abundant pro-
teins in semen, also form amyloid fibrils that
increase HIV-1 infection®**'. Endogenous
amyloid fibrils have recently been detected
in fresh non-modified ejaculates and struc-
turally characterized®?. Notably, their levels
correlate with the efficiency of semen-
mediated promotion of HIV-1 infection

in vitro®%. Thus, semen, which is the main
vector for HIV-1 transmission, contains
amyloid fibrils that boost viral infectivity
and are therefore novel targets to reduce the
risk of sexual transmission. In fact, several
agents that block the formation or infection-
promoting activity of semen-derived fibrils
have been reported®-*. Such amyloids may
also be exploited by other pathogens, as
recent data show that semen amyloids also
increase cytomegalovirus (CMV) infec-
tion®. Semen is the first bodily fluid that has
been identified to naturally contain amyloid
fibrils in a non-diseased state®?. The physi-
ological role of seminal amyloids in healthy
individuals remains to be defined; however,
it is tempting to speculate that they might
be involved in both innate immunity” and
fertility.

Optimization and development. VIRIP

and CCL14(9-74) are both active against
HIV-1 in the lower micromolar range. This
concentration may well be physiologically
relevant, as it can readily be achieved by
proteolytic cleavage of their highly abun-
dant al-antitrypsin and CCL14 precursors.
However, this concentration is suboptimal
for therapeutic applications, which usually
require activities in the nanomolar range”.
Specific modifications of these natural
HIV-1 inhibitors increased their antiviral
activity by about two orders of magnitude.
Chemical modifications of the N termi-
nus of CCL14(9-74) rendered the peptide
resistant to degradation and thereby strongly
increased its antiretroviral potency’. In the
case of VIRIP, the introduction of amino
acid alterations that stabilize the active con-
formation of the peptide and increase its
hydrophobic interactions with the HIV-1
fusion peptide greatly increased its antiviral
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Figure 2 | Endogenous peptides that affect HIV-1 infection. Overview
of the HIV-1 entry steps that are targeted by peptides. Amyloidogenic
peptides that are derived from human semen, such as fragments of pros-
tatic acidic phosphatase (PAP), can self-assemble into amyloid fibrils that
promote the attachment of the virus to target cells by neutralizing the
repulsion between negatively charged viral and cellular membranes®®'.
Unlike these semen-derived enhancing agents, human peptides that are
isolated from haemofiltrate have antiviral activity. The truncated form of
the abundant human chemokine CC-chemokine ligand 14 (CCL14(9-74))
inhibits entry of R5-tropic HIV-1 strains by binding to the CC-chemokine
receptor 5 (CCR5) co-receptor®*?. Human-derived virus-inhibitory
peptide (VIRIP; which is a subfragment of the serine protease inhibitor

Insertion inhibitor: VIRIP

Fusion inhibitor:
Enfuvirtide

al-antitrypsin) also targets the fusion peptide by specifically interacting
with the amino terminus of its transmembrane domain to block penetra-
tion and insertion of the viral fusion peptide®. Enfuvirtide is a synthetic
peptide that is derived from an a-helical region in the HIV-1 transmem-
brane glycoprotein®®. This inhibitor binds to helical repeat region 1 (HR1)
of gp41, which is a region that is distinct from the region that is targeted
by VIRIP, and prevents the formation of a hairpin structure that is required
for membrane fusion, thereby blocking HIV-1 infection. The target sites
for VIRIP and enfuvirtide in gp41 are indicated. From Forssman, W.-G. et al.
Short-term monotherapy in HIV-infected patients with a virus entry
inhibitor against the gp41 fusion peptide. Sci. Transl. Med. 2, 63re3 (2010).
Reprinted with permission from AAAS.

potency®. Notably, short-term monotherapy
with one of these optimized derivatives
(known as VIR-576) was well tolerated and
reduced plasma viral loads in treatment-
naive patients with HIV-1 (REF. 73). This
provides proof-of-concept that naturally
occurring antiviral peptides can be opti-
mized for therapeutic applications. Owing to
their mode of application (that is, injection)
and the high costs that are involved in pep-
tide synthesis, VIRIP derivatives are not

yet competitive with the many highly effec-
tive and orally available small-molecule
drugs that are available for the treatment of
HIV/AIDS. Several strategies are underway
to further increase the efficacy and applica-
tion of VIRIP derivatives, including packag-
ing them into nanoparticles to improve their
delivery and stability, as well as structure-
based optimization.

Semen-derived amyloid fibrils have also
been developed for further applications; as
they boost HIV-1 infection, they could be
used to improve retroviral gene delivery.
Indeed, SEVI increases the efficiency of
retroviral gene transfer, although only with
moderate and variable efficiency’. On the
basis of these findings, broader screens were
carried out for amyloidogenic peptides that
function as promoters of retroviral transduc-
tion. These studies led to the development
of a synthetic 12-residue peptide known as
EF-C (Protransduzin; Pharis Biotec GmbH)

that instantaneously self-assembles into
nanofibrils and promotes retroviral gene
transfer more efficiently than semen-derived
fibrils”. Furthermore, EF-C captures virions
and thus enables retroviral particles to be
concentrated by conventional low-speed
centrifugation instead of the more labori-
ous ultracentrifugation, which has so far
been used for virus concentration. These
developments pave the way for a new class of
promoters of retroviral gene transfer in basic
research and clinical applications.

Proteolytic cleavage as a common defence
mechanism? It is remarkable that a single
assay system (that is, the inhibition of HIV-1
infection) led to the discovery of three novel
endogenous agents that affect HIV-1 entry
by distinct mechanisms (FIC. 2). As discussed
above, these peptides are structurally and
functionally distinct from other positively
charged amphipathic antimicrobial peptides
and might have implications in addition to
HIV/AIDS in innate and adaptive immunity
as well as in sperm function and fertility. It
is also striking that these newly identified
modulators of HIV-1 infection are generated
from highly abundant precursor proteins:
al-antitrypsin, PAP and semenogelins. The
proteases that generate the bioactive pep-
tides remain to be fully defined. However,

at least in some cases, these proteases are
released from immune cells and are induced

or activated by inflammation; for example,
VIRIP is generated by matrix metallopro-
teinase 9 (MMP9)® and CCL14(9-74) is
generated by serine proteases®. Furthermore,
these endogenous peptides interact with
their respective targets in a highly specific
manner, and subtle structural changes at the
N terminus (for example, removing or add-
ing single amino acid residues) disrupt their
functional activities®®. Thus, it is tempting
to speculate that the cleavage of abundant
precursors may be a more common, fast and
effective means to generate immunomodula-
tors and antimicrobial peptides at the loca-
tions and times that they are actually needed,
and it is likely that such peptides have roles
in various biological processes. Moreover,
the rapid generation of specific effectors

by the proteolysis of abundant precursor
proteins instead of de novo protein synthe-
sis may be particularly advantageous for
innate defence mechanisms against invading
pathogens for which immediate responses
are crucial for effective counteraction.
Notably, the local extracellular acidification
that activates various proteases is currently
emerging as a key regulatory concept of
innate immunity’®”".

Other antimicrobial peptides. The use of
peptide libraries from human sources for
the discovery of novel factors that modu-
late HIV-1 infection is a prime example of
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peptide drug discovery; however, in prin-
ciple, such libraries can be used to identify
endogenous peptides that have any activ-
ity of interest. The main prerequisite is a
robust bioassay that enables the reliable
screening of several hundreds of peptide
fractions. A list of antiviral and antibacterial
peptides that have been identified by screen-
ing human peptide libraries is provided in
TABLE 1. These agents were isolated from var-
ious sources, such as haemofiltrate, placental
tissue, milk and semen, and target various
bacterial and viral pathogens. This list also
includes human B-defensin 1 (REF. 78) — the
first member of the family of p-defensins to
be discovered in humans — which medi-
ates the resistance of epithelial surfaces to
microbial colonization. Several agents that
have been isolated from human-derived
peptide libraries show the typical features of
most antimicrobial peptides — that is, they
are cationic and amphipathic, and destabilize
the membranes of pathogens (TABLE 1). The
microbicidal action of other endogenous
peptides that were identified in this screen
was less predictable; for example, a recently
discovered derivative of the neutrophil-
activating peptide 2 (known as CYVIP)
inhibits human CMV (HCMYV) infection by
binding to heparan sulphate proteoglycans,
which function as attachment receptors for
CMV?”. Moreover, an endogenous human
glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) peptide has been isolated from
human placental tissue. This fragment is
internalized by Candida albicans and kills
the pathogen by inducing rapid apoptotic
death®. As these discoveries are based on
only a limited number of antimicrobial
screens, this suggests that the human pepti-
dome might yield more surprising findings.

Obstacles to purifying bioactive peptides.
Currently, a key challenge is the purification
and identification of the active compounds
from the complex peptide mixture in active
fractions of the generated peptide libraries.
However, rapid progress has been made in
the development of improved methodolo-
gies for peptide separation and analysis®; for
example, state-of-the-art mass spectrometry
methods enable the convenient deduction of
peptide sequences from complex fragmenta-
tion spectra. Furthermore, highly sensitive
time-of-flight (TOF) mass spectrometers for
matrix-assisted laser desorption—ionization
(MALDI) and electrospray ionization (ESI)
already enable accurate mass determina-
tion of peptides at femtomolar concen-
trations. The combination of automated
high-throughput sample handling, together

with miniaturized liquid chromatography
approaches and powerful mass spectrometric
technologies, will greatly facilitate the iden-
tification and characterization of bioactive
endogenous peptides in future studies.

Endogenous peptides in the clinic

There are several disadvantages that limit the
use of peptides as therapeutic agents, includ-
ing the fact they are usually not orally availa-
ble and are often unstable. Nonetheless, they
are already used in the treatment of cancer,
diabetes and cardiovascular diseases®®.
There is a growing interest in using peptides
in other therapeutic areas, particularly as
antimicrobial agents, owing to the increas-
ing number of multidrug-resistant bacteria
and viruses. Many antimicrobial peptides are
broadly active, as they often target conserved
components of bacterial membranes'>.
Furthermore, such peptides neutralize endo-
toxins and it is difficult for most pathogens
to develop resistance®'; for example, HIV-1
variants only showed reduced sensitivity to
VIRIP after more than 1year of cell culture
passage in the presence of the inhibitor®.
Accumulating evidence also suggests that
antimicrobial peptides have immunomodu-
latory and antineoplastic properties and
thus offer prospects for the treatment of
inflammation and cancer®-*. Other poten-
tial advantages of peptides are that they are
usually easy to synthesize and can be readily
modified to optimize their activity, specific-
ity and stability. Notably, the costs of peptide
syntheses are rapidly decreasing and novel
delivery methods may increase their efficacy
and eventually even enable oral application.
As a consequence, the number of peptidic
compounds that are entering clinical trials

is steadily increasing and many candidates
are in clinical and preclinical development®.
Thus, although low stability under physi-
ological conditions and lack of oral bioavail-
ability are still important challenges®*-*, the
strategy to optimize bioactive endogenous
peptides for clinical applications seems to

be highly promising. Alternatively, it may

be possible to induce or apply the proteases
that generate the active peptides from their
abundant precursors to treat infectious or
inflammatory diseases.

Conclusions and perspectives

The human peptidome probably contains
many unknown factors that may have

key roles in antimicrobial immunity and
inflammatory processes. These bioactive
peptides cannot be identified by genomics
and transcriptomics approaches, as they do
not detect post-translational modifications.

Peptide libraries that are derived from bodily
fluids or tissues will facilitate the systematic
and unbiased identification of these ‘hid-
den treasures. Some activities may certainly
be missed because they are relatively weak
or because some antimicrobial agents may
be degraded or inactivated during sample
processing or storage. Nonetheless, this
methodology seems to be suitable to identify
the most potent and stable endogenous anti-
microbial peptides. In the longer term, we
envision the highly reproducible generation
of peptide libraries from multiple sources in
combination with robust assays for the iden-
tification of factors that affect key pathogens
and biological activities. We also speculate
that novel powerful techniques for the
purification, optimization, production and
delivery of endogenous peptides will greatly
facilitate their future clinical development.
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