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Abstract  Historically, peptide drug discovery has been very successful in the 
development of receptor-targeted medicines such as related to insulin and glucagon-
like peptide 1 agonists as well as many other examples with respect to many recep-
tors and other extracellular targets. In recent years, there has been significant 
progress to advance new peptide modalities focused especially on macrocyclic 
design and leveraging lead molecules from biological and/or chemical diversity 
approaches, including mRNA-display libraries, phage-display libraries, DNA-
encoded synthetic libraries, and one-bead-one-compound synthetic libraries. Such 
work builds upon existing peptidomimetic and peptide analog optimization strate-
gies involving a native cognate peptide (or protein fragment) and iterative structure-
based design. Likewise, there has been incredible progress in structural biology and 
computational modeling that is contributing to peptide drug modalities, including 
linear and macrocyclic peptides as well as peptidomimetic analogs thereof. 
Collectively, this armamentarium of peptide modalities has contributed to the accel-
eration of breakthrough preclinical molecules. A greater understanding of drug-like 
properties to tackle an increasing number of intracellular targets (e.g., enzymes and 
protein–protein interactions) as well as deeper insights related to cell uptake mecha-
nisms, including passive transport and both cationic and lipophilic partitioning 
models, is being achieved. This chapter exemplifies a few specific cases of intracel-
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lular targets and varying peptide drug modalities which illustrate success toward a 
new wave of novel peptide therapeutics.

Keywords  Cell-penetrating peptides · Macrocyclic peptides · Peptidomimetics · 
Intracellular targets · Protease · Proteasome · Phosphatase · Farnesyl transferase · 
GTPase · Src SH2 · XIAP · MCL-1 · HIF-1α · NEMO · CFTR · MDM2 · MDM4 · 
Protein · protein interactions

8.1 � Introduction

One of the most extraordinary adventures for peptide drug discovery since the 
beginning of the twenty-first century has been the pioneering efforts across aca-
demia, biotech, and pharma to advance the generation, optimization, and develop-
ment of breakthrough peptide therapeutics for intracellular targets. In this chapter, 
it is my intention to reflect upon key scientific concepts and innovative technologies 
that have contributed to some very hopeful emerging peptide modalities for intracel-
lular target space. I have been blessed to have seen this phenomenal story take place 
from the time of the discovery of cyclosporine A (CsA) and my graduate studies in 
the field of peptide science at the University of Arizona which began in the 
mid-1970s. Although my earliest foray into what may now be defined as peptide 
drug discovery was actually focused on G protein-coupled receptors, I acquired a 
multidisciplinary mindset from my mentor, Professor Victor Hruby, which enabled 
me to do “the deep dive” into the abyss of intracellular space to tackle many differ-
ent types of therapeutic targets over my career, including proteases (e.g., HIV-1 
protease, interleukin-converting enzyme), phosphatases (e.g., PTP1b), transferases 
(e.g., Ras farnesyl transferase), kinases (e.g., Src), GTPases (e.g., K-Ras), apoptotic 
modulatory proteins (e.g., Mcl-1), and transcription/translation factors (e.g., p53, 
β-catenin, eIF4E, and Myc). This work has integrated and leveraged chemistry, biol-
ogy, structural biology, biophysical chemistry, computational chemistry, cell biol-
ogy, and pharmacology in rather fascinating ways to develop both tools and rules to 
design novel peptides having cell permeability, stability, and in vivo efficacy that 
may be further advanced as clinical candidates.

Relative to the varying intracellular targets which I have abovementioned, the 
diversity of peptide modalities that have been advanced as key tools or preclinical 
and/or clinical development candidates include peptidomimetics (including de novo 
designed nonpeptides), macrocyclic peptides (incorporating α-helical, reverse-turn, 
and β-strand motifs), and both classic and highly modified linear peptides (incorpo-
rating unusual amino acids, backbone surrogates, and/or non-amino acid building 
blocks) and, with increasing focus, conjugates thereof with other therapeutic modal-
ities. Several examples of such diversity will be shared in this chapter. Of course, 
CsA well-illustrates a macrocyclic peptide incorporating unusual amino acids (e.g., 
non-canonical side chains and a D-isomer) and multiple N-methylation of the pep-
tide backbone. In fact, CsA has inspired many academic, biotech, and pharma 
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efforts to leverage macrocyclic peptides for intracellular targets with respect to 
seeking CsA-like passive permeability properties. Such endeavors have led to a 
deeper understanding of biophysical, conformation, and structural principles cor-
relating with cellular uptake for such macrocyclic peptides. It will be the overarch-
ing goal of this chapter to highlight key learnings from peptide drug discovery 
efforts that have been especially exploited by innovative macrocyclization design 
concepts and platforms.

8.2 � Intracellularly Targeted Peptides: Some 
Historical Milestones

In retrospect, drug discovery efforts to advance intracellularly targeted peptides 
have gone through many different pathways, both conceptually and experimentally, 
in terms of how to traverse the cell membrane (vide infra). Consequently, the design 
of peptides having cell permeability properties and the ability to modulate intracel-
lular therapeutic targets has required in most cases a tour de force to successfully 
advance peptides, including peptidomimetics and de novo designed nonpeptides.

Cyclosporine A (CsA)  The macrocyclic peptide, natural product CsA (Fig. 8.1) has 
several chemical attributes to understand its structure-activity and structure-
permeability relationships. The N-to-C backbone cyclized structure of CsA includes 
several N-methylated amino acids and one D-amino acid (Stahelin 1996). It exhibits 
passive permeability, despite having >500 molecular weight, and such has been 
attributed to its conformational flexibility and ability to exhibit intramolecular 

Fig. 8.1  Chemical structures of some historical intracellularly targeted peptides and peptidomi-
metics including CsA, AP22408, HIV-1 TAT, U-81749, bortezomib, and grazoprevir
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H-bonding favorable to lipid membrane interaction as well as intermolecular 
H-bonding with water. The impact of CsA on the field of intracellularly targeted 
peptide drug discovery has been extraordinary, especially with respect to its intrinsic 
cell permeability properties. In fact, CsA is a key benchmark macrocyclic peptide 
for passive transport (e.g., cell permeability and/or oral bioavailability) for macro-
cyclic peptide drug discovery efforts (Nielsen et al. 2017; Naylor et al. 2017; Pye 
et  al. 2017; Chatterjee et  al. 2012; Kelly et  al. 2021; Naylor et  al. 2018). 
Mechanistically, CsA binds to the cytosolic protein cyclophilin (also known as 
immunophilin) within lymphocytes (e.g., T cells). The CsA–cyclophilin complex 
then inhibits calcineurin and subsequent calcineurin-dependent production of inter-
leukin-2 (Azzi et al. 2013).

Src SH2 Antagonist, AP22408  In the early 1990s, unique noncatalytic domains 
were identified with the first being the tyrosine kinase and Sr and then for many 
intracellular proteins, including kinases, phosphatases, and adapter proteins such as 
Grb-2 (Sawyer et al. 2002). Historically, the biotech company Ariad Pharmaceuticals 
was founded to explore the signal transduction role of such Src homology (SH) 
domains, including both SH2 and SH3. In the specific case of SH2 domains, the 
cognate ligand was determined to be phosphotyrosine (pTyr) containing proteins 
and with sequence specificity about the pTyr residue, particularly those immediately 
C-terminal to it (Sawyer et al. 2002). Noteworthy was a series of novel peptidomi-
metic and de novo nonpeptide designs that ultimately led to the first potent, in vivo 
active Src SH2 antagonist AP22408 (Fig. 8.1) (Bohacek et al. 2001; Shakespeare 
et  al. 2000). Based on a co-crystal structure of the noncatalytic Src homology 2 
(SH2) domain of Src complexed with citrate in the phosphotyrosine (pTyr) binding 
pocket, the design of a novel 3′,4′-diphosphonophenylalanine (Dpp) as a pTyr 

Fig. 8.1  (continued)
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Fig. 8.2  Chemical structures of some intracellularly targeted peptide modalities focused on 
PTP1B, XIAP, MCL-1, MDM2/4, K-Ras, NEMO, CTFR-CAL, and HIF/p300

mimic was achieved. AP22408 also incorporates a bicyclic nonpeptide template to 
replace the tripeptide sequence C-terminal to the pTyr.

Ras Farnesyl Transferase Inhibitor, L-744,832  The highly coveted cancer target 
family of Ras proteins requires lipid modification by farnesyl isoprenoid by the 
farnesyltransferase (FTase) as a primary pathway and by an alternative process 
involving geranylgeranyltransferase (GGTase). Both enzymes are capable of effect-
ing prenylation of Ras proteins as a so-called CAAX motif in an irreversible manner 
at the tetrapeptide’s cysteine sulfhydryl group (Appels et al. 2005). Albeit the ratio-
nal design of FTase inhibitors has successfully generated many potent molecules, 
including clinical candidates, this strategy has not shown efficacy against KRAS-
driven cancers in humans. Hence, the pursuit of dual-specific inhibitors of both 
FTase and GGTase became a new strategy for next-generation clinical candidates, 
assuming they may overcome toxicity limitations (Appels et al. 2005). Exemplary 
of designed peptidomimetic CAAX-based FTase inhibitors is L-744,832 (Fig. 8.2) 
which was shown to be effective in combination with taxane-induced mitotic arrest 
and apoptosis in breast cancer cell lines (Lobell et al. 2002).

Cell-Penetrating Peptide (CPP) Progenitor, HIV-1 TAT49–57  Investigations on 
HIV-1 showed that the TAT protein contained a cell membrane transduction motif 
enabling permeability which might be exploited as a carrier modality if conjugated 
to drug payloads (Vives 2003). The HIV-1 Tat49–57 peptide RKKRRQRRR (Fig. 8.1) 
was the progenitor of what is now a superfamily (>100) of CPPs and the first of 
major subclass that is structurally characterized as having arginine-rich sequences. 
Other noteworthy CPPs discovered subsequently included antennapedia homeodo-

8  Emerging Peptide Drug Modalities for Intracellular Target Space
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main protein43–58, viral protein VP22267–300, and nuclear localization signal sequences 
(Pooga and Langel 2015; Milletti 2012; Koren and Torchilin 2012). Furthermore, 
beyond the more widely used term CPPs, other names are found in the literature 
protein transduction domains (PTDs) and membrane translocating sequences 
(MTSs). All may be classified into three groups: (i) basic peptides such as Tat pep-
tide, (ii) basic/amphiphilic peptides such as Antp, and (iii) hydrophobic peptides 
such as MTS (Futaki et al. 2003). More recently, a new class of hybrid macrocyclic 
CPPs has been developed (Appiah Kubi and Pei 2020) to further expand the poten-
tial therapeutic utility of this modality (vide infra).

HIV-1 Protease Inhibitors, U-81749 and Saquinavir  One of the most promising 
targets that were first identified as critical to HIV-1 cellular infection and processing 
to enable replication of the retrovirus was an aspartyl protease, namely HIV-1 pro-
tease (Debouck et al. 1987). Noteworthy, HIV-1 protease was unique in that it was 
a C-2 symmetric homodimer with its two catalytic aspartyl residues being part of an 
active site created upon homodimerization of the two relatively small-sized (99 
amino acids) monomers. HIV-1 protease inhibitor drug discovery became a world-
wide effort throughout the 1990s (Debouck 1992). The first reported synthetic pep-
tidomimetic inhibitor of HIV-1 protease exhibiting cellular activity was U-81749 
(Fig. 8.1) (McQuade et al. 1990). It was essentially a tripeptide template incorporat-
ing a nonhydrolyzable amide isostere (i.e., CH(OH)CH2) that was exemplary of 
diverse amide bond surrogates that were designed to advance highly potent peptido-
mimetic as well as novel nonpeptide inhibitors of HIV-1 protease (Ghosh et  al. 
2016; Roberts et al. 1990). The peptidomimetic saquinavir was the first HIV-1 pro-
tease inhibitor that was FDA-approved for the treatment of HIV infection in AIDS 
patients.

Fig. 8.2  (continued)

T. K. Sawyer



273

Bortezomid, the Proteasome Inhibitor  A rather unique intracellular protease is the 
proteasome, and by way of the well-known ubiquitin-proteasome pathway, there 
exists targeted destruction of cellular proteins. With respect to cell cycle regulation 
and both cell proliferation and survival, especially in cancer cells, the proteasome 
was first recognized as a compelling therapeutic target for cancer cell therapy (Fogli 
et al. 2021). The first proteasome inhibitor that was advanced into clinical trials was 
bortezomib (Fig. 8.1), a boronic acid-containing peptidomimetic that was designed 
to effectively inhibit the serine protease active site of the proteasome (Adams 2002, 
2004). Bortezomib was highly potent (Ki <1 nM) and effective across a broad range 
of cancer cell lines.

HCV Protease Inhibitor, Grazoprevir  A breakthrough for the treatment of chronic 
hepatitis C was achieved by treatment by a combination of NS3/4A protease inhibi-
tors and NS5A inhibitors such as exemplified by grazoprevir (Fig. 8.1) and elbasvir, 
respectively (Matthew et al. 2020). The structure-based design of grazoprevir illus-
trates drug design focus on the substrate-binding active sites of NS3/4A to achieve 
optimal molecular recognition for both increased potency and decreased resistance 
(Harper et al. 2012).

Fig. 8.2  (continued)
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8.3 � Expanding Intracellular Target Space: Emerging 
Peptide Modalities

In the beginning, the most compelling therapeutic targets for peptide drug discovery 
were receptors (e.g., G protein-coupled receptors). However, as advancements in 
molecular and cell biology were being achieved during the latter half of the twenti-
eth century, it was increasingly obvious that a universe of intracellular targets 
existed for the discovery of peptide modalities. Varying approaches, including the 
generation of synthetic or biological peptide libraries, target reporter cellular screen-
ing, and structural biology (X-ray, NMR, HDX-MS, and, more recently, cryo-EM) 
are each significantly contributing to an expanding treasury of intracellular thera-
peutic targets. Several peptide modalities have been advanced to interrogate intra-
cellular target space. Such efforts generally first identify high-affinity binding leads 
that may then be tested in cellular assays to initiate the early lead optimization 
process. Unquestionably, this is where the proverbial “rubber hits the road” in terms 
of translating intracellular target druggability from binding to cellular efficacy as 
well as cellular permeability and cellular metabolic stability.

The most powerful approaches that are enabling such lead identification efforts 
include super-diverse macrocyclic peptide library screening derived from synthetic 
(e.g., one-bead, one-compound) or biologic (e.g., phage-, mRNA-, or DNA-display) 
technologies (Qian et al. 2015; Chen and Heinis 2015; Bashiruddin and Suga 2015; 
Zhu et al. 2018; Appiah Kubi et al. 2019). Exemplary peptide and peptidomimetic 
modalities, including macrocyclic and CPP-conjugate peptides, are described (vide 
infra) relative to several intracellular targets (e.g., PTP1B, XIAP-BIR3, Mcl-1 BH3, 
p53-MDM2/4, Ras GTPase–Raf, NEMO, CTFR-CAL, and HIF-1α).

PTP1B Phosphatase  The tyrosine phosphatase PTP1B is ubiquitously expressed, 
including in tissues such as the liver, muscles, and fat that are responsive to insulin 
(Zhang and Zhang 2007; Zinker et al. 2002). There exists a great deal of biochemi-
cal, genetic, and pharmacological evidence implicating PTP1B as a negative regula-
tor in insulin signaling. Specifically, PTP1B can interact with and dephosphorylate 
activated insulin receptor or insulin receptor substrates. Aberrant expression of 
PTP1B can contribute to diabetes and obesity in humans. Antisense-based oligo-
nucleotides targeting PTP1B have advanced to clinical trials and have shown effi-
cacy in type 2 diabetes (Elchebly et  al. 1999). A highly potent peptidomimetic 
inhibitor (Fig. 8.2) of PTP1B has been discovered (Shen et al. 2001) which lever-
aged a nonhydrolyzable pTyr moiety and optimized interactions at adjacent binding 
pockets to the active site of PTP1B. Noteworthy is the potency and high selectivity 
of this peptidomimetic for PTP1B versus other phosphatases. Such PTP1B inhibi-
tors may enhance insulin signaling and augment insulin-stimulated glucose uptake.

XIAP-BIR3  The X-chromosome-linked inhibitor of apoptosis (XIAP) and cyto-
solic inhibitor of apoptosis (cIAP) represent a family of proteins that act as inhibi-
tors of caspases by direct interaction through their baculoviral IAP repeat (BIR) 
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domains with caspases. Peptide, peptidomimetic, and small-molecule drug discov-
ery has been focused on the BIR domains to identify inhibitors that would displace 
caspase-bound XIAP proteins (Abbas and Larisch 2020). TL32711 (Birinapant) is 
a novel bivalent peptidomimetic inhibitor (Fig. 8.2) that shows preferential binding 
to cIAP1 versus cIAP2 and XIAP, and it has advanced to clinical trials (Seigal 
et al. 2015).

MCL-1  The BH3 domain of proapoptotic intracellular protein BIM can bind to the 
BH3 hydrophobic groove of BCL-2 antiapoptotic proteins and directly activate the 
apoptotic effector proteins BAK and BAX. The hydrocarbon-stapled α-helical pep-
tide BIM-SAHBA (Fig. 8.2) was designed relative to replacing a key salt bridge in 
an i to i + 4 manner to incorporate alpha-methylated amino acids having terminal 
alkene moieties on each of the two amino acid side chains that would undergo ring-
closing metathesis (Edwards et al. 2015). BIM-SAHBA was found to primarily bind 
the intracellular antiapoptotic BCL-2 family protein MCL-1. Specificity studies 
showed MCL-1 knockout mouse embryonic fibroblasts were resistant to apoptosis 
induced by BIM-SAHBA (Hadji et al. 2019).

HIF-1α  Cells express a family of hypoxia-inducible transcription factors (HIFs) 
when under a state of reduced oxygen levels. HIFs are heterodimeric basic helix–
loop–helix proteins composed of a regulatory α (HIF1α) and a constitutively 
expressed β (HIF1β; also termed ARNT) subunit. Furthermore, the C-terminal 
transactivation domain (CTAD) of HIF1α interacts with coactivator protein p300 
(or its ortholog CREB binding protein [CBP]) (Semenza 2012). It is the HIF/p300 
complex which then mediates transactivation of hypoxia-inducible genes that play 
major roles in cancer (e.g., angiogenesis, invasion, and altered energy metabolism 
(REF)). Relative to the discovery of inhibitors of the protein–protein interaction 
between HIF and p300, the structure-based design of novel oxopiperazine helical 
mimetic (OHM) HIF inhibitor OHM-1 (Fig. 8.2) was found to exhibit high binding 
affinity to p300 and both cellular and in vivo efficacy to reduce tumor burden in a 
triple-negative breast cancer xenograft mouse model (Lao et al. 2014). Noteworthy 
is the chiral OHM peptidomimetic template which bridges peptide backbone NH 
groups via ethylene to conformationally constrain OHM-1 into α-helix.

K-Ras GTPase  Another sought-after cancer target is that of Ras mutations, such as 
those occurring in K-Ras, N-Ras, and H-Ras (Khan et al. 2020). Recently, a small-
molecule drug, sotorasib, which covalently forms a covalent bond to Cys-12 of 
mutated K-Ras, has been FDA approved for K-Ras G12C-mutated lung cancer 
(Skoulidis et al. 2021). A more desirable drug modality that may be able to target a 
greater range of mutated Ras in tumors remains a focus of intense research world-
wide. A compelling macrocyclic peptide, KRpep-2d, that was first discovered from 
phage-display libraries was found to be the first selective inhibitor of K-Ras G12D, 
a predominant K-Ras mutation (Sakamoto et al. 2017). Subsequent lead optimiza-
tion studies led to the bicyclic peptide, KS-58 (Fig. 8.2), that was shown to be active 
in vivo against K-Ras G12D-driven human pancreatic tumor xenografts (Sakamoto 
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et  al. 2020). It was also shown that a combination of KS-58 with gemcitabine 
resulted in enhanced antitumor activity. KS-58 incorporates N-to-C cyclization and 
a dithioether bridge between two Cys residues to create the conformationally con-
strained bicyclic peptide inhibitor.

NEMO  Nuclear factor kappa B (NF-κB) represents a family of transcription fac-
tors involved in the regulation of immune response, inflammation, cell differentia-
tion, and cell survival (Zhang et al. 2017). Two different signaling pathways, one 
canonical and one canonical, lead to the NF-κB activation. With respect to canonical 
NF-κB signaling, cellular receptor activation results in an active inhibitor of κB 
(IκB) kinase (IKK) complex which consists of IKKα, IKKβ, and NEMO (a.k.a. 
IKKγ). Relative to IKK, inhibition of NEMO interaction is viewed compelling for 
anti-inflammatory and anticancer strategies as it may not modify basal NF-κB activ-
ity required for normal B- and T-cell function (Baima et al. 2010). Exploiting the 
concept that macrocyclic peptides may bind challenging protein–protein interac-
tions, the design of a bicyclic NEMO-targeted peptide (Fig.  8.2) simultaneously 
incorporating cell-permeability properties was shown to effectively inhibit NEMO–
IKKβ interaction as well as exhibit inhibition of canonical NF-κB signaling in 
mammalian cells and the proliferation of cisplatin-resistant ovarian cancer cells 
(Rhodes et al. 2018). The NEMO inhibitor incorporated a 1,3,5-tricarboxy-benzene 
moiety to provide a cross-linking bicyclic structure, and its cell permeability prop-
erties correlated with its cationic substructure (i.e., Arg residues) as well as its 
hydrophobicity and conformational constraints to ultimately confer partitioning 
into lipid membranes and triggering of endocytosis to drive cellular uptake.

CFTR-CAL  Mutations in the cystic fibrosis transmembrane conductance regulator 
(CFTR) gene, which encodes for a chloride ion channel, is causative of cystic fibro-
sis (Dechecchi et al. 2018). Membrane expression of CFTR is negatively regulated 
by CFTR-associated ligand (CAL). Therefore, designing an inhibitor of CAL may 
rescue mutant CFTR function. Recently, the macrocyclic peptide PGD97 (Fig. 8.2) 
incorporating a disulfide capable of intracellular reduction was found (Dougherty 
et al. 2020) to have potent (low nM) and selective binding to CAL, good stability in 
serum, and efficacy in mutant F508del homozygous cells to increase short circuit 
currents as well as potential therapeutic effects of small-molecule correctors (e.g., 
VX-661). Therefore, PGD97 exemplifies a promising lead for the treatment of cys-
tic fibrosis. This work provides incentive to further design strategies to create mac-
rocyclic peptide “prodrugs” exploiting intracellular S-S ring opening to enable 
target binding properties.

p53–MDM2/4  The human transcription factor protein p53, and so-called guardian 
of the genome, is well known to induce cell cycle arrest and apoptosis in response 
to DNA damage and cellular stress and therefore has a critical role in protecting 
cells from malignant transformation (Eskandari et al. 2021; Ng et al. 2018; Carvajal 
et al. 2018). Inactivation of p53 by deletion or mutation or through overexpression 
of inhibitory proteins is most common in human cancers. Furthermore, cancers that 
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overexpress the suppressor proteins MDM2 and MDMX, but have wild-type p53, 
provide the opportunity to restore p53-dependent cell cycle arrest and apoptosis if 
the MDM2 and MDM4 may be effectively blocked by inhibitors. Both aberrant 
MDM2 overexpression and gene amplification as well as that of MDM4 exist in 
many tumors. The first potent and selective small-molecule inhibitors of MDM2, 
the so-called Nutlins (Vassilev 2005), provided proof of concept that restoration of 
p53 activity is a promising approach to cancer therapy. Nevertheless, these and 
other small-molecule efforts were limited to only MDM2 specificity, and essentially 
all were inactive against MDM4. In contrast, p53 mimicry via the design of the 
potent and in vivo effective stapled α-helical peptide ATSP-7041 (Chang et al. 2013) 
(Fig. 8.2) exemplified a key benchmark for this peptide modality as related to its 
collective structural features (e.g., α-methyl-amino acids and cyclization by hydro-
carbon stapling), cell uptake properties (e.g., lipophilic partitioning and transloca-
tion from membrane to the cytosolic compartment), metabolic stability, and 
pharmacokinetic properties (Sawyer et al. 2018).

8.4 � Unlocking the Secrets of Cell Permeability: Exploiting 
Innovative Tools

Of no surprise, over the past two decades there has been a profound focus on peptide 
modalities for intracellular targets in terms of drug design strategies that are becom-
ing increasingly sophisticated in terms of exploiting innovative tools to tackle cell 
permeability and, with yet greater aspiration, oral bioavailability (Rosania and 
Thurber 2021; Hochman et al. 2021; Peier et al. 2021; Peraro et al. 2018; Furukawa 
et  al. 2016, 2020; Sahni et  al. 2020; Qian et  al. 2014; Dougherty et  al. 2019; 
Schwochert et al. 2016; Ahlbach et al. 2015; Bockus et al. 2015; Hewitt et al. 2015; 
Goetz et al. 2014; Wang et al. 2015; Aubry et al. 2010; Gordon et al. 2016). Such 
efforts include an increasing number of macrocyclic peptides being advanced with 
academia, biotech, and pharma focused on intracellularly targeted drug discovery 
and, along with it, oral bioavailability (Nielsen et  al. 2015; Rafi et  al. 2012; 
Guimaraes et  al. 2012; Herce et  al. 2014; Rezgui et  al. 2016; LaRochelle et  al. 
2015). It is anticipated that accumulation of data from this work will enable QSAR 
models and predictive design in the future to exploit peptide modalities as novel 
therapeutics. Key physicochemical and biophysical properties of structurally diverse 
peptide and peptidomimetics can be systematically analyzed to support lead optimi-
zation (Table 8.1). Some properties that are being woven into QSAR models and 
predictive design strategies include molecular weight (e.g., 500–2000 dalton range), 
lipophilicity (experimental and/or calculated LogP and typically in the 2–5 range), 
H-bond donor and acceptors (typically seeking less H-bond donors to solvent via 
intramolecular H-bonding and/or masking by N-methylation), and polar surface 
area ([PSA], typically seeking lower PSA) (Holm et al. 2011). In this regard, bench-
mark peptides such as CsA and/or other well-characterized macrocyclic peptides 
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having cell permeability properties by varying mechanisms would be highly 
recommended.

As illustrated in this chapter, the design of peptides and peptidomimetics is one 
of the most intriguing opportunities nowadays because of the opportunistic avail-
ability of chemically diverse amino acid building blocks as well as novel conforma-
tional constraints by backbone modifications and/or macrocyclization. Such 
unnatural amino acids include D-enantiomers, Nα-methylated amino acids, cyclic 
amino acids, Cα-methylated amino acids, β-amino acids, and a host of novel side 
chain modifications for many of these building blocks. Indeed, conformational 
diversity is deemed especially critical to such multifaceted design strategies for both 
target binding, cellular permeability, and metabolic stability as related to macrocy-
clic peptides of varying ring size, bicyclization, and related innovative chemistries 
for cyclization that may impact their overall physicochemical and biophysical 
properties.

As a relatively simplistic model to map the likely multiple ways by which pep-
tides and peptidomimetics may achieve cell uptake, it is apparent that three major 
mechanisms for cell permeability include passive transport, lipophilic partitioning, 
and cationic partitioning (Fig. 8.3). First, in the case of CsA and an emerging con-
stellation of CsA-like macrocyclic peptides that are achieving cell permeability via 
passive transport (Furukawa et  al. 2016, 2020; Schwochert et  al. 2016; Ahlbach 
et al. 2015; Bockus et al. 2015; Hewitt et al. 2015), there is great promise for this 
peptide modality to tackle targets which have been deemed virtually undruggable 
with small molecules. Likewise, highly modified peptidomimetics such as previ-
ously exemplified by those targeting HIV-1 protease, proteasome, HCV protease, 
and HIF/p300 (vide supra) provide framework for designing such molecules. 
Second, in the case of ATSP-7041 (vide supra) and other stapled α-helical peptides 
targeting intracellular protein–protein interactions (Levin 2015; Guerlavais and 
Sawyer 2014; Sawyer et al. 2018; Chang et al. 2013; Peier et al. 2021), the design 
of amphipathic molecules having a high propensity to partition into cell membranes 
and then undergo translocation to the cytosol is being recognized as another mecha-
nism of cell uptake that has similar attributes to passive transport albeit yet different. 
In contrast to what may be considered somewhat counter-intuitive in terms of its 
physicochemical and biophysical properties, ATSP-7041 is both a lipophilic and 
quite soluble peptide of which the latter may be attributed to a single Glu within is 
sequence. Third, in the case of Arg-rich linear and macrocyclic CPPs (Appiah Kubi 
and Pei 2020; Rhodes et al. 2018; Dougherty et al. 2019, 2020; Sahni et al. 2020; 
Qian et al. 2014; Herce et al. 2014; LaRochelle et al. 2015; Holm et al. 2011), this 
peptide modality is well recognized to leverage cationic partitioning into cell mem-
branes and undergo delivery into the cytosolic compartment via endocytic mecha-
nisms. Obviously, the requirement for endosomal escape is critical to the optimization 
of such CPPs, and as exemplified by the macrocyclic CPP inhibitors of NEMO and 
CFTR-CAL (vide supra), there is significant promise to both intracellular targeted 
design and to create novel conjugates with other modalities (e.g., peptide, protein, 
and oligonucleotide) as is being pursued by Entrada Therapeutics.
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Table 8.1  Some computational, biophysical, and cell-based screening tools to explore cell 
permeability as well as enable peptide and peptidomimetic lead optimization

Permeability screening tool Some key features and properties evaluated

Exposed polar surface area 
(EPSA)

Experimental EPSA values are determined using supercritical 
fluid chromatography
Low EPSA values have been shown to correlate with high passive 
permeability and predicted oral bioavailability

ΔG (insertion) ΔG (insertion) is a calculated value that refers to the solvent-free 
difference for transferring peptide in a low-dielectric conformation 
(LDC) from water to a low-dielectric environment (membrane-
like) and is predictive of passive permeability

Parallel artificial membrane 
permeability assay 
(PAMPA)

PAMPA uses mixtures of phospholipids infused into lipophilic 
microfilters with a net negative charge (surrogate model system to 
correlate with experimental bioavailability)

Lipid: water phase 
partitioning

Both octanol: water phase partitioning and recent modification to 
incorporate fatty acid and pH gradient as shown for a 
guanidinium-rich peptide to be predictive of energy-independent 
translocation

Cell monolayer transcytosis Caco-2 cells, or other cell types, are used to measure passive 
permeability from donor to acceptor compartments to correlate 
with in vivo oral bioavailability

Cell-based, target agnostic 
penetration assay (CAPA, 
NanoClick)

CAPA and nanoClick measure cytosolic delivery of specifically 
tagged peptides (chloroalkyl and azide, respectively) into cells that 
stably expresses a haloenzyme-reporter fusion protein (i.e., fusion 
with GFP and luciferase, respectively)

Radius of gyration (R-gyr) R-gyr is calculated as the root-mean-square distance between a 
peptide’s atoms and its center of gravity.
R-gyr is an alternative property for MW for beyond-Rule-of-5 
(bRo5) molecules

NMR analysis of 
intramolecular versus 
solvent H-bonding

Solution NMR studies using hydrogen/deuterium (H/D) exchange 
to determine peptide backbone amide temperature coefficients and 
intramolecular hydrogen bonding

Label-free mass 
spectrometric and 
fluorescently tagged cell 
uptake analysis

Direct measurement methods for cell uptake of peptides using MS 
methods and/or imaging studies (e.g., fluorescence correlation 
microscopy) to quantitate intracellular exposure

Adapted from Sawyer (2017) with permission from the Royal Society of Chemistry

Drug delivery remains integral to the future development of intracellularly tar-
geted peptide and peptidomimetic therapeutics (Lemmer and Hamman 2013; Maher 
et al. 2016; Danielsen 2021; Brayden et al. 2020; Di 2015; Rader et al. 2018; Zizzari 
et al. 2021). Opportunities here include varying routes of administration, such as 
intravenous, subcutaneous, oral, and nasal. Collectively, biophysical, pharmacoki-
netic (PK), and absorption-distribution-metabolism-excretion properties remain 
extremely important for translating preclinical lead molecules to clinical candidates. 
Such properties may generally be “target agnostic” and have more to do with opti-
mizing solubility, permeability, stability, and exposure levels in vivo to enable pos-
sible correlation between pharmacological efficacy and PK/ADME properties. 
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Fig. 8.3  Lipophilic partitioning, cationic partitioning, and passive transport models of cell perme-
ability of intracellularly targeted peptides and peptidomimetics

Ultimately, the oral bioavailability potential to exploit to the high diversity of pep-
tide modalities may also leverage formulations with permeability enhancers for 
either transcellular or paracellular transport.

8.5 � Future Intracellularly Targeted Peptide Drugs: Clinical 
Trials and Beyond

Several intracellularly targeted peptidomimetics and peptides have been success-
fully advanced into clinical trials and/or FDA-approved. They include many FDA-
approved peptidomimetics targeting HIV-1 protease (e.g., saquinavir by 
Hoffmann-La Roche, ritonavir by AbbVie, indinavir by Merck & Co., nelfinavir by 
Hoffman-La Roche, amprenavir by GlaxoSmithKline, lopinavir by AbbVie, ata-
zanavir by Bristol-Myers Squibb, fosamprenavir by GlaxoSmithKline, tipranavir by 
Boehringer Ingelheim, and darunavir by Janssen Therapeutics), proteasome (e.g., 
bortezomib by Millennium Pharmaceuticals, carfilzomib by Onyx Pharmaceuticals, 
and ixazomib by Takeda), and HCV protease (e.g., grazoprevir by Merck, telaprevir 
by Vertex Pharmaceuticals and Johnson & Johnson, glecaprevir by AbbVie, and 
paritaprevir by Abbvie). Noteworthy is the Phase 2 clinical development of the sta-
pled α-helical peptide ALRN-6924. Furthermore, numerous other macrocyclic pep-
tides are undergoing intense preclinical development or are entering clinical trials 
for various intracellularly targets, including both enzymes and protein–protein 
interactions as described in this chapter and others (e.g., transcription factors 
β-catenin and Myc/Max). Lastly, albeit not intracellularly targeted in the classic 
sense, but cell membrane targeted in terms of known mechanisms of action, are the 
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FDA-approved antibiotic peptides (e.g., Orbactiv by the Med Company, Dalvance 
by Vicuron, and Cubicin by Cubist/MSD).

Beyond the realm of specific preclinical and clinical development of promising 
novel peptide and peptidomimetic therapeutics for intracellular targets, it is of the 
utmost importance to also highlight the fact that many biotech companies have con-
tributed significantly in terms of innovative platforms to advance such peptide 
modality-inspired medicines. Examples of these companies include (A–Z listing) 
Aileron Therapeutics, Aplomex, Circle Pharma, Entrada Therapeutics, FAKnostics, 
Fog Pharma, IDP Pharma, Nimble Therapeutics, Orbit Discovery, PeptiDream, 
Polyphor, Promakhos Therapeutics, ProteXase Therapeutics, Ra Pharma (now 
UCB), SyntheX, Spotlight Therapeutics, and Unnatural Products.
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