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SCHOOL of nature: ligand-independent
immunomodulatory peptides

Alexander B. Sigalov

Groundbreaking studies in protein biophysics have identified the mechanisms of transmembrane
signaling at the level of druggable protein-protein interactions (PPIs). This resulted in the development
of the signaling chain homooligomerization (SCHOOL) strategy to modulate cell responses using
receptor-specific peptides. Inspired by nature, these short peptides use ligand-independent mechanisms
of receptor inhibition and demonstrate potent efficacy in vitro and in vivo. The SCHOOL strategy is
especially important when receptor ligands are unknown. An example is the triggering receptor
expressed on myeloid cells-1 (TREM-1) receptor, an emerging therapeutic target involved in the
pathogenesis of most inflammatory diseases. Here, I discuss advances in the field with a focus on TREM-1
inhibitory SCHOOL peptides that offer new hope for a ‘magic bullet’ cure for cancer, arthritis, sepsis,

retinopathy, and other medical challenges.

Introduction

Cell surface receptors use a complex funda-
mental process called transmembrane signal
transduction to translate extracellular informa-
tion into intracellular signaling sequences and
further into physiological cell response. This
process has a crucial role in health and disease,
which makes its therapeutic control of both
fundamental and clinical importance. Until re-
cently, progress in this field was impeded by a
lack of understanding of transmembrane sig-
naling at the PPI level.

Here, | describe how novel insights at the
interface of protein biophysics, immunology,
virology, and molecular evolution resulted in our
deep understanding of receptor triggering and
opened new opportunities in innovative drug

E-mail address: sigalov@signablok.com.

discovery and development. These included the
development of receptor-specific immuno-
modulatory peptides that use a novel, ligand-
independent mechanism of action (the so-called
‘SCHOOL peptides’). Ligand-independent mod-
ulation is especially important for those recep-
tors the ligands of which are still unknown (e.g.,
TREM-1). For this reason, the main focus is on
ligand-independent TREM-1 inhibitory peptides
and their use in multiple cell and animal model
systems.

Multichain immune recognition receptors:
different players, same SCHOOL game
Cell receptors the extracellular ligand-binding
domains and intracellular signaling domains of
which are located on separate subunits are often
referred to as multichain immune recognition
receptors (MIRRs) (Fig. 1) (reviewed in [1]; see

also [2]). These receptors all have one or more
copies of the immunoreceptor tyrosine-based
activation motif (ITAM) or the YxxM motif in their
cytoplasmic signaling domains [1]. Upon re-
ceptor triggering, the ITAM/YxxM tyrosine resi-
dues are phosphorylated in an early and
obligatory event in the signaling cascade.

One of the main challenges in this field that
affects drug discovery is that researchers still
cannot come to an agreement on how MIRRs
signal. As a result, we continue discussing nu-
merous, seemingly unrelated and mostly de-
scriptive but not predictive, models of MIRR
triggering (reviewed in [1]). The most evident
example is the T cell receptor (TCR) (Fig. 1).
Multiple models of TCR triggering include ki-
netic proofreading, serial triggering, serial en-
counter, conformational, permissive geometry,
clustering, segregation, and mechanosensor
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Examples of immune receptors with the extracellular ligand-binding domains and intracellular signaling domains located on separate subunits (multichain
immune recognition receptors, MIRRs). The inset depicts a schematic representation of the MIRR structure with noncovalent, electrostatically driven interactions
between the ligand binding and signaling subunits in the cell membrane (black double-headed solid arrow). Curved lines depict the intrinsic disorder of the
cytoplasmic domains of MIRR signaling subunits. ITAMs/YxxM signaling domains are shown in green. Red rectangles depict the receptors for which ligand-
independent inhibitory peptides were reported to date (Table 1). Abbreviations: BCR, B cell receptor; CLR, C-type lectin receptor; DAP-10 and DAP-12, DNAX
adapter proteins of 10 and 12 kD, respectively; DCAR, dendritic cell immunoactivating receptor; GPVI, glycoprotein VI ; ILT, Ig-like transcript; KIR, killer cell Ig-like
receptor; LIR, leukocyte Ig-like receptor; MAIR-Il, myeloid-associated Ig-like receptor; MDL-1, myeloid DAP12-associating lectin 1; NITR, novel immune-type
receptor; NK, natural killer cells; SIRP, signal regulatory protein; TCR, T cell receptor; TREM receptors, triggering receptors expressed on myeloid cells.

models (reviewed in [1]; see also [3]). However,
none of these models explain the mechanisms
of TCR triggering at the PPI level, and most are
seemingly contradictory. For example, whereas
the clustering model cannot explain the exis-
tence of TCR oligomers on resting T cells, the
conformational model cannot explain why
multi- but not monovalent ligands trigger TCR.
The failure of the existing models of MIRR

triggering to describe and explain the data
accumulated to date as well as to predict ac-
curately can be probably explained by the ‘Blind
men and an elephant’ paradigm limitations,
when each model considers a different but only
one part of the process.

Another challenge is the continuing lack of
recognition of how important the translation of
the structural similarity of MIRRs to the similarity

of MIRR triggering mechanisms is. An example is
the important role of ligand-induced oligo-
merization of MIRRs in their triggering, with
dimerization of MIRRs being the most frequent
(reviewed in [1]). Although for TCR this has been
known at least since 1995 [4], despite extensive
studies since TREM-1 was discovered in 2000 [5],
the importance of multimerization for TREM-1
triggering was found only recently [6].

www.drugdiscoverytoday.com 1299
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SCHOOL model of transmembrane
signaling

First reported in 2004 [7], the unique and pre-
viously unreported phenomenon in the field of
protein biophysics, namely the existence of
specific homotypic interactions between in-
trinsically disordered proteins (IDP), which is
strongly distinct from the nonspecific aggre-
gation of IDPs, remains a matter of debate in the
field [8]. Nevertheless, researchers considered
the observed homooligomerization of the cy-
toplasmic domains of MIRR signaling subunits
[7] as a missing piece of the longstanding puzzle
of MIRR triggering and developed a novel, all-
inclusive platform of MIRR triggering, the

SCHOOL model [9]. The main SCHOOL concept
is that the similar structural architecture of
MIRRs (Fig. 1) dictates similar molecular mech-
anisms of their triggering.

In Fig. 2a, the SCHOOL platform is exemplary
illustrated for TREM-1 triggering. Multivalent li-
gand binding outside the cell induces (or tunes)
receptor oligomerization (clustering), which is
then translated across the membrane into for-
mation of competent DAP-12 signaling homoo-
ligomers in the cytoplasmic milieu, a force that
drives transmembrane signaling and is necessary
and sufficient to trigger TREM-1 and activate the
cell (Fig. 2a). As mentioned earlier, the importance
of ligand-induced oligomerization for TREM-1

triggering (Fig. 2a) predicted by the SCHOOL
platform [9,10] was recently experimentally con-
firmed [6], illustrating the predictive power of this
platform.

SCHOOL immunomodulation strategy
Within the SCHOOL drug discovery platform, the
similarity of the MIRR-triggering mechanisms
provides the similarity of the drug targets
revealed at the level of specific PPIs, that is,
biochemical processes that can be influenced
and controlled for therapeutic purposes [10,11].
The intramembrane PPIs between MIRR ligand-
binding and signaling subunits represent one of
these targets (Fig. 1).

[}

Monomeric TREM-1

+ SCHOOL peptide GF9

Dimeric TREM-1

Ligand-induced TREM-1 clustering and reorientation
(receptor reorientation in preexisting TREM-1 multimers)

Ligand-induced TREM-1 clustering and reorientation
(reorientation in pre-existing TREM-1/DAP-12 multimers)

(@ SCHOOL model of TREM-1 signaling

Unknown
TREM-1 ligand

B4 ¥ 4 » 'l
v . VY V W DAP12 W
¥ <> [=a > oy | & oligomers =
$.2d Fos e . T  ET o

Activation

Homooligomerization
and activation of DAP-12

IC>

(b) Ligand-independent (SCHOOL) inhibitors

Unknown
TREM-1 ligand
84 ¥. 4 »
| <q> L >y | 1
e SEelo ok kel > - \ -
Y +=0 Seig s =+ +=

t{®

NO DAP-12 oligomers
NO DAP-12 activation

>

i“’ ® Phosphate group
‘ e |TAM

Ll

+ *

‘.‘"
i

Activation

Dissociation of activated
DAP-12 signaling oligomers

I

(¢ Current inhibitors

Unknown
TREM-1 ligand

.

T@W@z

v/
*

N/ Peptides LR12 or LP17
Y Anti-TREM-1 antibody

All attempt to block binding of
TREM-1 to its unknown ligand

Drug Discovery Today

FIGURE 2

Triggering receptor expressed on myeloid cells-1 (TREM-1) signaling and therapeutic inhibition. (a) Signaling chain homooligomerization (SCHOOL) model of
TREM-1 signaling: formation of competent DNAX adapter protein 12 (DAP-12) signaling oligomers in the cytoplasmic milieu is the necessary and sufficient event
to trigger TREM-1 and induce cell activation. (b) Ligand-independent TREM-1 blockade: SCHOOL inhibitors interrupt the intramembrane interactions between
TREM-1 and DAP-12 and prevent formation of DAP-12 signaling oligomers upon binding to the multivalent TREM-1 ligand. Example shown for TREM-1 inhibitory
SCHOOL peptide GF9. (c) Ligand-dependent TREM-1 blockade: conventional inhibitors attempt to block binding of TREM-1 to its still uncertain ligand(s).

Example shown for anti-TREM-1 blocking antibodies

and TREM-1 inhibitory peptides LR12 and LP17.
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As illustrated for TREM-1, disruption of the
intramembrane PPIs between TREM-1 and DAP-
12 by short synthetic peptide sequences derived
from the transmembrane domains (TMDs) of
TREM-1 or DAP-12 (not shown) allows a novel,
ligand-independent (‘freedom to bind not to
signal’) approach to TREM-1 inhibition (Fig. 2b).

Discovered by man, invented by nature
The potential for the development and evolu-
tion of the immune system that nature provided
by separation of recognition and signaling
functions in the MIRR machinery (Fig. 1) [12]
came at the cost of risk-taking. As revealed
recently [13,14], several different viruses that are
pathogenic for humans can uniformly target
MIRRs (e.g., TCR). Although we cannot avoid
these risks, we can benefit from learning from
nature and use this billion years-old immuno-
modulation strategy to target the immune
system for therapeutic purposes (reviewed in
[15,16]).

Ligand-independent (SCHOOL)
immunomodulatory peptides

Examples of use of the SCHOOL peptides that
target cell receptors other than TREM-1 are
discussed in this section.

Science

Peptides capable of inhibiting TCR-mediated cell
activation in a ligand-independent manner have
been known since 1997 [17] (Table 1). However,
despite extensive studies (reviewed in [1]), the
mechanism of their action remained enigmatic
until the SCHOOL model was first introduced
and applied to this field in 2004 [9]. Since then,
the SCHOOL mechanism remains the only one
that is consistent with all data reported so far for
these peptides (reviewed in [1]). For example, no
other model of TCR triggering can explain why
the peptide GLRILLLKV derived from the TCR-a
TMD (Table 1) inhibits antigen- but not anti-
body-mediated T cell activation [18] (see [1] for
more details). Another striking example is that
the SCHOOL model is the only one that explains
mechanistically why the apparent discrepancy
between in vitro and in vivo T cell inhibition
results observed for the peptides derived from
the TMDs of CD3g, CD39, or CD3y signaling
subunits ([19], Table 1) is not a ‘discrepancy’ (see
[1] for more details). Collectively, these and other
numerous examples (reviewed in [1]) suggest
that rationally designed SCHOOL peptides can
be successfully used to study multiple aspects of
MIRR-mediated cell activation. This is especially
important for the studies of those MIRRs that
signal through more than one signaling subunit

(e.g., TCR and B cell receptor, BCR) because it
provides means for modulating specific signals
and, as a result, specific cell responses.

Medicine

The peptide GLRILLLKV has been reported to
inhibit T cell-mediated diseases, such as arthritis,
neuritis, and diabetes, in relevant animal models
[17,18,20-23] (Table 1). In humans, topical
treatment with this peptide resulted in a marked
improvement or cure of psoriasis, atopic ecze-
ma, lichen planus, or contact dermatitis, indi-
cating that this therapy might be a proper
treatment for human T cell-mediated dermato-
ses substituting for corticosteroids [24] (Table 1).
The peptides derived from the CD3w, CD39, or
CD37y TMDs effectively inhibit an immune re-
sponse and reduce signs of inflammation in the
adjuvant arthritis rat model [19]. Although not
tested in vivo, the peptides derived from the
TMDs of different natural killer (NK) cell recep-
tors have been reported to inhibit NK activity in
vitro [25]. The treatment of whole-blood human
samples with the glycoprotein VI (GPVI) inhibi-
tory peptide GNLVRICLGAV designed using the
SCHOOL drug discovery platform resulted in
significant and specific reduction in both the
percentage of P-selectin-positive platelets and
the expression of the platelet activation markers,
P-selectin and PAC-1 [26], suggesting a potential
use of this inhibitor to inhibit thrombosis
without affecting hemostatic plug formation.

TREM-1 receptor: magic bullet in medicine
Infectious and non-infectious diseases
TREM-1, an inflammation amplifying receptor,
was initially shown to have a role in sepsis [27].
Currently, the crucial pathophysiological role of
TREM-1 is defined not only in infectious diseases
[28], but also in both acute and chronic forms of
aseptic inflammation (reviewed in [29,30]) as
well as in cancer (reviewed in [31]). Examples are
ischemia-reperfusion, hemorrhagic shock, pan-
creatitis, brain and spinal cord injuries, inflam-
matory bowel diseases, autoimmune and
cardiovascular diseases, retinopathy, liver dis-
eases, psoriasis, cystic fibrosis, Parkinson’s dis-
ease, as well as lung, pancreatic, liver, brain,
breast, and colon cancers.

Furthermore, at the time of writing, the WHO
had reported 2 544 792 worldwide confirmed
cases of coronavirus disease 2019 (COVID-19)
caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), including 175 694
deaths (www.who.int/docs/default-source/
coronaviruse/situation-reports). Acute respira-
tory distress syndrome (ARDS), sepsis, and septic
shock are life-threatening complications of

SARS-CoV-2 and common causes of death re-
lated to COVID-19 in intensive care units (ICU)
[32]. Although most experimental COVID-19
therapeutics and vaccines currently aim to block
the spread of the viral infection and treat early
stages of the disease, therapeutics that slow
down the progression from pneumonia to sepsis
and ARDS in patients with COVID-19 could re-
duce the mortality rate in infected risk groups. In
patients with cancer, who occupy up to 15% of
all ICU beds, the incidence of ARDS is 11.9% of
patients with cancer in the ICU, and 17.8%
among those on mechanical ventilation [33].
Mortality caused by ARDS in patients with
cancer is greater than that of other ICU popu-
lations [34]. In experimental ARDS, TREM-1
blockade has been shown to significantly reduce
the lung inflammatory response and extend
survival [35], highlighting the potential of TREM-
1 as an emerging target for neutrophilic lung
inflammation and ARDS in patients with COVID-
19 and/or cancer.

Importantly, TREM-1 blockade blunts excessive
inflammation, while preserving the capacity for
microbial control, in contrast to currently widely
used anti-single-cytokine therapies [e.g., anti-tu-
mor necrosis factor (TNF)-a[3, anti-interleukin
(ID-18, anti-IL-6, or anti-IL-6 receptor blockers]
[36]. Recently, TREM-1 blockade was demon-
strated to be safe and well tolerated in patients
with septic shock [37]. Collectively, this implicates
TREM-1 blockade as a new, highly promising
therapeutic approach, a potential ‘magic bullet’
cure for a plethora of inflammation-associated
diseases, disorders and conditions.

Uncertainty of TREM-1 ligand(s)
Conventional TREM-1 blockers, such as TREM-1
inhibitory peptides LP17 and LR12, first reported
in 2006 [38] and 2013 [39], respectively, as well
as an anti-TREM-1 blocking antibody first
reported in 2016 [40], all attempt to block the
receptor binding to its ligand(s) (Fig. 2c).
However, since the discovery of TREM-1 in
2000 [5], the actual nature of the TREM-1 ligand
(s) remains uncertain (reviewed in [29]). In ad-
dition, different TREM-1 ligands are possibly
involved in the pathogenesis of different in-
flammatory disorders [29]. This emphasizes the
hurdles that need to be overcome before TREM-
1-targeted therapy can become a clinical reality.
In this regard, ligand-independent TREM-1 in-
hibitory peptides developed using the SCHOOL
drug discovery platform can represent a clinically
advantageous avenue to modulate TREM-1
function for therapeutic purposes. Examples of
the successful use of these inhibitors in vitroand in
vivo are discussed in the following sections.
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TABLE 1

Ligand-independent inhibitory SCHOOL peptides/peptide sequences reported to

date and their in vitro and in vivo activities?

Receptor Sequence® Origin Mechanism of action  /n vitro activity In vivo activity Disease Refs
in cell membrane
TCR GLRILLLKV MTCR 116124 Disrupts TCRa—~CD35¢, Inhibits T cell Inhibits diseases in Arthritis, [17,18,20
and TCRa~((¢ activation® mice and humans  neuritis, -24]
interactions diabetes,
dermatoses
MWKTPTLKYFG SARS CoVy70.780 Disrupts TCRa—CD338¢, Not tested Inhibits disease in  Arthritis [14]
(SARS CoV FP) and TCRo-CC mice
interactions
IVIVDICIT hCD3&133-141 Disrupts TCRa—CD35¢ Not tested Inhibits disease in  Arthritis [19]
and TCRB-CD3ye mice
interactions
IIVTDVIATL hCD38110-116 Disrupts TCRa—CD38¢ Does not inhibit T Inhibits disease in  Arthritis [19]
interactions cell activation rats
FLFAEIVSI hCD3y115126 Disrupts TCRB-CD3ye Does not inhibit T  Inhibits disease in  Arthritis [19]
interactions cell activation rats
NKp46 LLRMGLAFLV hNKp46,56 265 Disrupts NKp46-FcRy Inhibits NK Not tested - [25]
(¢¢) interactions cytotoxicity
NKp44 GLLVAKSLVLSA hNKp44i4 210 Disrupts NKp44- Inhibits NK Not tested - [25]
DAP12 interactions cytotoxicity*
NKp30 GTVLLLRAGFYA hNKp30i37.148 Disrupts NKp30-£( Inhibits NK Not tested - [25]
interactions cytotoxicity
NKG2D AMGIRFIIMVA hNKG2Dg¢,.7, Disrupts NKG2D- Inhibits NK Not tested - [25]
DAP10 interactions cytotoxicity
NKG2C MATVLKTIVLI hNKG2Cg, o4 Disrupts NKG2C- NS Not tested - [25]
DAP12 interactions
KIR2DS VLIGTSVVKIPFTILL hKIR2DS 46 61 Disrupts KIR2DS- Inhibits NK Not tested - [25]
DAP12 interactions cytotoxicity
GPVI GNLVRICLGAV hGPVl,es 275 Disrupts GPVI-FcRy Reduces platelet Not tested Thrombosis [26]
interactions activation
TREM-1 GLLSKSLVF MTREM-1,1 218 Disrupts TREM1- Inhibits LPS- Extends survival in  Sepsis, [41]
DAP12 interactions induced cell mice NSCLC
activation
GFLSKSLVF hTREM-1 315551 Disrupts TREM1- - Inhibits disease in  Arthritis [42]
DAP12 interactions mice
GFLSKSLVF hTREM-1 41322 Disrupts TREM1- - Synergizes with Pancreatic [48]
DAP12 interactions chemotherapies; cancer
extends survival in
mice
GFLSKSLVF hTREM-1315.221 Disrupts TREM1- - Reduces TGF-$; Glioma [51]
DAP12 interactions sensitizes tumor to
radiation; extends
survival in mice
GFLSKSLVF hTREM-1 413221 Disrupts TREM1- - Prevents retinal Retinopathy [43]
DAP12 interactions neovascularization
in mice
GFLSKSLVF hTREM-1 315551 Disrupts TREM-1- - Reduces fibrosis ALD [44]
DAP12 interactions and inflammation;
inhibits disease in
mice
GFLSKSLVF hTREM-1 213 221 Disrupts TREM1- - Overcomes anti-PD- Liver cancer [45]
DAP12 interactions L1 resistance;
extends survival in
mice
LSKSLVF hTREM-1 315551 Disrupts TREM1- Inhibits LPS- Extends survival in  Sepsis [49]
DAP12 interactions induced cell mice
activation

®Abbreviations: FP, fusion peptide; h, human; m, mouse.

PPositively charged amino acid residues are indicated by red, negatively charged residues are indicated by blue.
Stimulated by antigen but not by anti-CD3 or anti-TCR3 antibodies.
dOnly when five N-terminal Lys residues are added to the peptide sequence: KKKKKGLLVAKSLVLSA.

Ligand-independent therapeutic
inhibition of TREM-1 in vitro and in vivo
Working from outside and inside the cell
The unique feature of ligand-independent
immunomodulatory SCHOOL peptides to reach
their site of action in the cell membrane from

both outside and inside the cell enables their
use in free form or incorporated into cell-tar-
geted delivery vehicles.

As shown for a 9-amino acid TREM-1
inhibitory SCHOOL peptide (GF9), this peptide,
when administered in free form, reaches its

intramembrane site of action from outside the
cell by self-inserting into the cell membrane and
colocalizing with the TREM-1/DAP-12 receptor
complex (Fig. 3, route 1). TREM-1 inhibitory
SCHOOL peptides mimic natural transmem-

brane protein sequences that are highly

1302 www.drugdiscoverytoday.com
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FIGURE 3

Two delivery routes of signaling chain homooligomerization (SCHOOL) inhibitors to their intramembrane site of action. SCHOOL inhibitors used in free form or
formulated into cell-specific delivery vehicles can reach their site of action from either outside (route 1) or inside the cell (route 2), respectively. Example shown of
TREM-1-expressing macrophages and TREM-1 inhibitory SCHOOL peptide GF9 in free form and formulated into macrophage-targeted lipopeptide complexes (LPC).

conserved between species. Thus, good tolera-
bility and low toxicity of these short synthetic
peptides can be anticipated. Indeed, when ad-
ministered short- or long-term at doses up to at
least 300 mg/kg, free GF9 was well tolerated by
healthy and diseased mice with no toxicity signs
and symptoms observed [41-45].

Alternatively, cell-specific delivery systems
and/or constructs can be used to deliver these
peptides to TREM-1-expressing cells, such as
macrophages. In this scenario, the intracellularly
released peptides (peptide constructs) self-in-
sert into the membrane from inside the cell and
colocalize with the TREM-1/DAP-12 receptor
complex (Fig. 3, route 2). Examples include the
use of nature-inspired lipoprotein or lipopeptide
complexes (LPC) that mimic human high-density
lipoproteins (HDL). In contrast to native HDL,
which is not normally endocytosed by macro-
phages, these complexes contain the synthetic
22-mer fragment(s) of the apolipoprotein (apo)
A-l molecule, the main protein constituent of
HDL, rationally designed and modified to pro-
vide targeted delivery of imaging agents and/or
drugs, such as TREM-1 inhibitory SCHOOL
peptides (e.g., GF9) to macrophages, enabling
the detection and/or treatment of inflammation
[41-44,46-48].

In other studies, a 9-amino acid sequence of
GF9 was combined with that of the apo A-l 22-
mers to generate so-called ‘trifunctional’ pep-
tides (GA31 and GE31). These peptides were
able to assist in the self-assembly of LPC, tar-
geting these complexes to macrophages and
inhibiting TREM-1 in vitro and in vivo [42-44,48].
Recently, other researchers used a similar
strategy and embedded a 7-amino acid se-
quence LSKSLVF (GF9 sequence with two trun-
cated N-terminal residues, Table 1) into a
construct capable of inhibiting TREM-1 in the
endothelium [49].

Confocal microscopy revealed that free GF9 as
well as intracellularly delivered GF9 or GE31
colocalize with TREM-1 in the macrophage
membrane [43,48]. This further confirms the
SCHOOL mechanism of their action as well as
two routes of reaching their intramembrane site
of action (Fig. 3). Later, colocalization of
LSKSLVF-containing construct with TREM-1 in
the endothelial cell membrane was reported
[49], expanding findings in macrophages [43,48]
to other TREM-1-expressing cells.

Cell-specific delivery of systemically adminis-
tered TREM-1 SCHOOL peptides could have
several advantages: (i) striking the target cell
population; (ii) sparing other cells that have no

(or only marginal) effects on the TREM-1-in-
volved disease or condition; (iii) minimizing off-
target effects; and (iv) reducing the therapeutic
dose. Although some in vivo data generated to
date and discussed below support this view,
further studies are needed to elucidate whether
the potential pharmacological advantages in
specific applications outweigh more complex
manufacturing and regulatory requirements
and challenges for the cell-targeted products.

All in vitro and in vivo studies of ligand-in-
dependent TREM-1 inhibitory peptides reported
to date are summarized in Table 1.

Sepsis

The first successful use of a TREM-1 inhibitory
SCHOOL peptide (GF9) in sepsis was reported in
2014 [41] (Table 1). Systemically administered
free GF9 at 25 mg/kg and macrophage-targeted
LPC-formulated GF9 (GF9-LPC) at 5 mg GF9/kg
both suppressed TREM-1-mediated production
of proinflammatory cytokines TNF-c, IL-1 B and
IL-6 in vitro [lipopolysaccharide (LPS)-stimulated
J774 macrophages] and in vivo (mice with LPS-
induced endotoxemia). Both formulations sig-
nificantly extended the survival of mice with
sepsis. The effect was concentration dependent
and specific: neither free GF9 at 5 mg/kg nor
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free control peptide GLLSGSLVF with a single
amino acid substitution of functionally impor-
tant lysine (highlighted in red in Table 1) for
glycine (underlined) at 25 mg/kg were effective
[10,41].

Later, the efficacy of TREM-1 ligand-inde-
pendent inhibition in sepsis was confirmed in
another mouse model, the cecal ligation and
puncture (CLP) polymicrobial sepsis model [49].
The authors used a construct containing the E-
selectin targeting domain and the translocation
domain of Pseudomonas aeruginosa exotoxin A
to deliver the TREM-1 inhibitory SCHOOL se-
quence LSKSLVF (Table 1) to endothelial cells.
The sequence was demonstrated to reduce LPS-
induced endothelial cell activation in vivo and to
confer protection during experimental perito-
nitis in mice [49].

Cancer

Ho et al. [50] observed that patients with non-
small cell lung cancer (NSCLC) with low TREM-1
expression on tumor-associated macrophages
(TAMs) had more than a three times higher
chance of surviving the first 4 years after diag-
nosis compared with those with high TREM-1
expression. To establish whether a cause-effect
relationship underlies these observations, GF9
therapy was tested in experimental NSCLC [41]
(Table 1). The data generated in two NSCLC
xenograft models in nude mice demonstrated
for the first time a therapeutic efficacy of ligand-
independent inhibition of TREM-1 in the treat-
ment of cancer. Whereas 5 mg/kg GF9 did not
exhibit any therapeutic activity, 25 mg/kg GF9
and GF9-LPC at 5 mg GF9/kg suppressed tumor
growth as effectively as 20 mg/kg paclitaxel
(PTX) used as a positive control [41]. In addition,
this study also demonstrated the utility of xe-
nograft models in nude mice (with intact mac-
rophage function) for studying macrophage-
targeted agents.

By linking inflammation, immunity, and can-
cer, TAMs have a crucial role in fostering tumor
growth and progression in multiple types of
tumor. Successful use of GF9 therapy in exper-
imental pancreatic cancer [48] further confirmed
the pan-cancer nature of the TREM-1 target. All
TREM-1 SCHOOL inhibitory formulations used in
this study strongly suppressed the tumor
growth and extended animal survival in several
xenograft models [48]. The long-lasting antitu-
mor response to GF9 therapy persisted after
treatment and correlated significantly with re-
duced TAM infiltration [48]. As anticipated, the
noncytotoxic TREM-1 inhibitory SCHOOL pep-
tides were well tolerated during long-term ad-
ministration when deployed either in free form

or formulated into macrophage-targeted LPC
for peptide half-life extension and targeted
delivery. The study revealed for the first time
that, in mice with cancer, TREM-1 blockade using
TREM-1 inhibitory SCHOOL peptides signifi-
cantly reduced serum levels of IL-1a, IL-6, and
macrophage colony-stimulating factor (M-CSF
or CSF-1), but not vascular endothelial growth
factor (VEGF), suggesting a possible contribu-
tion of CSF-1-dependent antitumor mechanisms
to the observed therapeutic activity [48]. Fur-
thermore, in xenograft models, GF9 therapy
standalone was as effective as a first-line stan-
dard chemotreatment (gemcitabine + nano-
particle albumin-bound PTX, Abraxane; GEM

+ ABX), whereas, in combination with GEM

+ ABX, it synergistically suppressed pancreatic
tumor growth and increased survival more than
threefold over chemotherapy alone (Alexander
Sigalov, unpublished observations, 2018). Future
studies need to elucidate whether TREM-1 in-
hibitory SCHOOL peptides synergize with stan-
dard cancer immunotherapy (e.g., anti PD-1/PD-
L1), which is largely ineffective in patients with
pancreatic cancer.

By mimicking native HDL, LPC are able to
cross the blood-brain barrier (BBB). In the
mouse glioma 261 tumor model, macrophage-
specific LPC-formulated GF9 sensitized glio-
blastoma tumors to radiation and significantly
(up to sixfold) lowered TGF-[3 levels in brain
TAMs, which is consistent with data from in vitro
studies of TREM-1 [51].

Recent independent studies in experimental
hepatocellular carcinoma (HCC) [45] (Table 1)
revealed that TREM-1 blockade using GF9 at 25
mg/kg significantly attenuated CD8 + T cell
dysfunction and abrogated the resistance to PD-
L-L1 blockade. This suggests TREM-1 inhibitory
SCHOOL peptides as novel mechanism-based
drug candidates to improve anti-PD-L1 thera-
peutic efficacy in HCC and other resistant can-
cers (e.g., pancreatic and triple-negative breast
cancers).

Collectively, these data encourage further
studies of TREM-1 inhibitory SCHOOL peptides
as safe and noncytotoxic effective therapies to
be used stand alone or in combination with
current first-line chemo- and immunotherapies
for the treatment of multiple types of cancer.

Arthritis

In mice with collagen-induced arthritis, free GF9
(but not control peptide GFLSGSLVF at the same
dose) and macrophage-targeted LPC containing
either GF9 or trifunctional peptides GA31 and
GE31 significantly suppressed release of plasma
TNF-af3, IL-13, IL-6, and CSF-1, decreased

inflammation and strongly protected against
bone and cartilage destruction [42]. This
expands the range of potential therapeutic
applications for TREM-1 inhibitory SCHOOL
peptides to autoimmune diseases, such as
rheumatoid arthritis, systemic lupus erythema-
tosus, atopic dermatitis, colitis, and inflamma-
tory bowel disease, where TREM-1 blockade is of
clinical importance.

Retinopathy

In a mouse model of oxygen-induced retinop-
athy (OIR), systemically administered macro-
phage-targeted LPC formulations of GF9 (alone
or as a part of trifunctional peptides GA31 and
GE31) were well tolerated and significantly (up
to 95%) reduced pathological retinal neovas-
cularization [43]. This indicates that ligand-in-
dependent TREM-1 inhibition can be used in the
prevention and treatment of retinal neovascular
diseases. The study also demonstrated the
ability of the TREM-1 inhibitory formulations
used to not only cross the BBB, but also to
penetrate the blood-retina barrier (BRB). Im-
portantly, TREM-1 blockade using GF9 therapy
substantially downregulated retinal levels of
TREM-1 and CSF-1 but not VEGF [43], suggesting
that the mechanisms of TREM-1-dependent
suppression of pathological but not physiolog-
ical angiogenesis involve CSF-1. Thus, GF9
therapy can represent a safe and effective al-
ternative to the current VEGF-targeted therapy
that is complicated by damage of healthy ves-
sels, potential adverse effects on neurons, rapid
vascular regrowth upon interrupting VEGF
blockade, and limited effectiveness in some
patients.

Liver disease

Therapeutic activity of macrophage-targeted
LPC formulations of GF9 (alone or as a part of
trifunctional peptides GA31 and GE31) recently
demonstrated in an alcoholic liver disease (ALD)
mouse model [44] further confirmed the po-
tential of ligand-independent TREM-1 inhibition
to create therapeutic opportunities for multiple
inflammation-associated diseases. The TREM-1
inhibitory SCHOOL formulations used in this
study all ameliorated early phases of inflam-
mation and neutrophil and macrophage re-
cruitment and activation in the liver, and
attenuated hepatocyte damage and liver stea-
tosis [44]. Given that ALD and nonalcoholic
steatohepatitis (NASH) are similar in terms of
pathological observations and pathogenesis,
these findings suggest that GF9 therapy repre-
sents a promising therapeutic approach for the
treatment of both liver diseases.
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Concluding remarks

By uncovering the molecular mechanisms of
transmembrane signal transduction and re-
vealing key points of its therapeutic control at
the level of druggable PPIs, the SCHOOL drug
discovery platform significantly contributes to
the development of novel pharmacological
approaches.

Importantly, the platform suggests that the
common structural architecture of functionally
unrelated cell receptors dictates the same
molecular mechanisms of their triggering. This
not only overcomes the limitations of the
decades-long ‘Blind men and an elephant’
paradigm in our molecular understanding of
transmembrane signaling, but also suggests for
the first time the similarity of therapeutic tar-
gets in seemingly unrelated diseases. This, in
turn, makes possible the development of global
pharmacological approaches by transferring
and exchanging our scientific and clinical
knowledge, experience, and therapeutic strat-
egies between these diseases.

One of the most interesting and important
features of the SCHOOL platform-revealed
immunomodulatory strategies is their indepen-
dence on ligand binding. This is especially im-
portant in therapeutic targeting of TREM-1
receptor, the ligand(s) of which remain uncertain.

Successful applications of the SCHOOL strat-
egy in vitro and in vivo to therapeutically target
the intramembrane PPIs involved in triggering
of unrelated receptors that are expressed on
different cells (e.g., TCR, GPVI, NK receptors, and
TREM-1) provided compelling evidence to sup-
port the utility of the SCHOOL platform in the
drug discovery and development. Furthermore,
the use of the SCHOOL mechanisms by different
viruses to disarm the immune system and es-
cape the host immune response provides a
unique example of how, by learning from na-
ture, we can elucidate the billions years-old
strategies that nature uses in organismal evo-
lution and function and utilize them for thera-
peutic purposes.
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