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Nanoscale Dynamics of Methylene Blue at the PD-1/SHP2
Interface: Evidence for Non-Specific Protein-Protein
Interaction Disruption
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The clinical success of monoclonal antibodies targeting programmed cell death protein 1/programmed
death-ligand 1 (PD-1/PD-L1) has transformed cancer immunotherapy. However, resistance, immune-
related toxicity, limited tumor penetration, and prolonged systemic exposure continue to motivate
complementary therapeutic strategies. The intracellular recruitment of Src homology 2 (SH2) domain-
containing protein tyrosine phosphatase 2 (SHP2/PTPN11) to phosphorylated motifs in the PD-1
cytoplasmic tail represents an attractive but pharmacologically challenging point of intervention because it
links extracellular checkpoint engagement to T-cell exhaustion. Methylene blue (MB), a clinically used
phenothiazinium dye, has been proposed as a small-molecule modulator of the PD-1/SHP2 interaction.
Preclinical studies suggest that MB can reduce SHP2 recruitment, restore cytotoxic T-lymphocyte function,
and suppress tumor growth. However, characterizing MB as a target-selective immunotherapeutic agent
remains uncertain. Pharmacological studies have also reported MB activity against structurally unrelated
protein-protein interactions (PPIs), including viral and cytokine-related interfaces, within overlapping low-
micromolar ranges. This hypothesis-driven critical narrative review examines the mechanistic biology of
the PD-1/SHP2 signalosome and evaluates evidence supporting and challenging MB as a PD-1/SHP2
modulator. Available evidence supports the possibility that MB activity may involve broad physicochemical
PPIl-interference mechanisms in addition to, or instead of, target-selective PD-1/SHP2 modulation,
depending on assay context. Therefore, MB may be useful as a mechanistic probe for intracellular checkpoint
modulation, but its classification as a selective PD-1/SHP2 inhibitor requires orthogonal structural,
biophysical, and functional validation. Finally, we propose a target-validation framework to distinguish
genuine PPI disruption from chemical or assay-related artifacts and to guide the rational development of
next-generation small-molecule checkpoint modulators.

1. Introduction

1.1. Scope and Rationale

Over the past decade, the oncology field has been
fundamentally reshaped by the advent of immune
checkpoint blockade (ICB). Monoclonal antibodies
that target programmed cell death protein 1 (PD-1)
or its ligand (PD-L1) have validated the principle
that releasing endogenous antitumor immunity can
produce meaningful and durable clinical benefits.
Agents such as nivolumab and pembrolizumab have
produced sustained clinical responses across
multiple cancers, including melanoma and non-
small cell lung cancer (NSCLC), by reversing
immunosuppressive signaling within the tumor
microenvironment (TME) [1]. Mechanistically,
these antibodies sterically block the extracellular

interaction between PD-1 on T cells with PD-L1
expressed on tumor and/or antigen-presenting
cells, thereby preventing transmission of the
inhibitory (“off”) signal that dampens T-cell
receptor and CD28 co-stimulatory pathways and
compromises cytotoxic T-lymphocyte (CTL)
effector function[1, 2].

Despite these transformative successes, the
clinical benefit of antibody-based immune
checkpoint blockade remains limited by several
biological and pharmacological constraints. A
significant number of patients show primary or
adaptive resistance to immune checkpoint
inhibitors and some initial responders acquire
resistance later [3]. In addition, systemic checkpoint
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blockade can disrupt peripheral immune tolerance
and cause immune-related adverse events (irAEs),
which may affect multiple organs and require
careful clinical management [4]. From a
pharmacological perspective, the large molecular
size of monoclonal antibodies can contribute to
limited penetration and heterogeneous distribution
within solid tumors, particularly in lesions with
dense stromal architecture or abnormal vasculature
[5]. Their prolonged systemic exposure and slow
clearance may reduce dosing frequency, but they
can also complicate rapid reversal of drug exposure
when severe toxicity occurs [6]. These limitations
do not reduce the clinical value of antibody-based
immunotherapy. Instead, they encourage the
exploration of additional methods which include
small molecules, peptides, nucleic acid therapies,
and cell-based approaches to modulate the tumor
microenvironment and improve treatment options.

To complement antibody-based approaches,
drug discovery efforts have increasingly explored
small-molecule inhibitors (SMIs) capable of
modulating intracellular signaling nodes. SMIs are
generally low-molecular-weight organic
compounds whose permeability, solubility, and oral
drug-likeness are influenced by physicochemical
properties such as molecular weight, lipophilicity,
hydrogen-bonding capacity, and polarity [7].
Compared to antibodies, properly optimized small
molecules can mediate membrane permeability and
access intracellular signalling compartments that
are not readily accessible by extracellular biologics.
These properties may allow modulation of signaling
events downstream of immune checkpoints,
including cytoplasmic effector recruitment and
phosphatase-mediated suppression of T-cell
activation. However, their therapeutic value
depends on adequate exposure, selectivity, target
engagement, and manageable off-target effects.

The inhibitory function of programmed cell
death protein 1 (PD-1) is mediated primarily
through the intracellular recruitment of Src
homology 2 (SH2) domain-containing protein
tyrosine phosphatase 2 (SHP2/PTPN11). In this
review, the PD-1/SHP2 interface refers specifically
to the intracellular interaction between
phosphorylated tyrosine motifs in the PD-1
cytoplasmic tail, particularly the immunoreceptor
tyrosine-based switch motif (ITSM; pY248) and the
immunoreceptor tyrosine-based inhibitory motif
(ITIM; pY223), and the SH2 domains of SHP2. This
interface is mechanistically distinct from the
extracellular PD-1/PD-L1 ligand-receptor interface
targeted by monoclonal antibodies. Upon
engagement of PD-1 by PD-L1, the PD-1 cytoplasmic
tail becomes phosphorylated, allowing SHP2
recruitment to the phosphorylated ITSM/ITIM
motifs. Once recruited, SHP2 inhibits T-cell

activation by dephosphorylating key proximal
signaling molecules, including ZAP70 and CD28,
thereby suppressing T-cell activation and cytokine
production [2, 8-11].

These events position extracellular antibody
blockade and intracellular PD-1/SHP2 modulation
at distinct points along the same inhibitory
pathway. Monoclonal antibodies targeting PD-1 or
PD-L1 act upstream by preventing ligand-receptor
engagement at the cell surface. By contrast,
proposed intracellular modulators such as
methylene blue (MB) are hypothesized to act
downstream of ligand binding and receptor
phosphorylation by interfering with SHP2
recruitment to phosphorylated PD-1 motifs or with
assembly of the PD-1/SHP2 signalosome. Therefore,
MB should not be interpreted as a blocker of the
extracellular PD-1/PD-L1 interface; rather, the
proposed mechanism concerns disruption of the
intracellular recruitment and activation step that
transmits the inhibitory signal. Because SHP2
activation requires coordinated engagement of its
N-SH2 and C-SH2 domains and release from the
autoinhibited closed conformation, distinguishing
SHP2 recruitment blockade, catalytic inhibition, and
allosteric modulation is essential when interpreting
small-molecule effects on this pathway [9, 12-14].

Despite a strong biological rationale,
pharmacologically targeting the PD-1/SHP2
interface has proven difficult due to the inherent
structural challenges characteristic of protein-
protein interaction (PPI) surfaces [15]. These
complexities, which distinguish PPIs from
traditional enzyme targets, are discussed in detail in
Section 3.2. In the search to identify tractable
modulators of this axis, a high-throughput
screening campaign identified methylene blue
(MB), a phenothiazine dye with a long clinical
history, as a potent inhibitor of the interaction [10].
Fan et al. (2020) reported that MB selectively
blocked SHP2 recruitment to the PD-1 ITSM at low
micromolar concentrations, restored CTL
cytotoxicity, and suppressed tumor growth in vivo,
thereby advancing MB as a putative small-molecule
PD-1 inhibitor with immediate clinical potential.

However, the characterization of MB as a
selective inhibitor has been complicated by
subsequent findings in virology and pharmacology.
In screening studies for therapeutics for COVID-19,
MB was identified as an effective inhibitor of
interaction between SARS-CoV-2 and Spike protein
and angiotensin-converting enzyme 2 (ACE2) [16].
Moreover, MB has been shown to inhibit a broad
range of unrelated PPIs, including those involving
hepatitis C virus (HCV) and interleukin-2 (IL-2)
signaling (IL-2/IL-2R), with strikingly similar
micromolar potencies [17]. Given MB’s redox
activity, cationic amphiphilicity, and strong
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absorbance and fluorescence properties, these
findings raise a central question of specificity: does
MB act as a selective allosteric modulator within the
PD-1 signaling axis, as initially claimed, or is it better
classified as a  “promiscuous” pan-assay
interference compound (PAINS) that disrupts PPIs
through nonspecific mechanisms such as redox
cycling, colloidal aggregation or assay interference?

1.2. Article Scope and Literature Search
Strategy

To clarify its conceptual scope, this article is
structured as a hypothesis-driven critical narrative
review rather than a systematic review. It therefore
does not aim to provide an exhaustive catalogue of
all emerging PD-1/PD-L1- or SHP2-targeting
chemotypes. Instead, it uses the methylene blue
debate as a molecular lens through which to
examine the broader challenges of modulating the
intracellular ~ PD-1/SHP2 signalosome. By
integrating evidence from immuno-oncology,
contemporary virology, chemical biology, and
biophysical pharmacology, this review critically
evaluates the extent to which methylene blue can be
interpreted as a target-selective PD-1/SHP2
modulator versus a compound whose activity may
be influenced by assay-dependent  or
physicochemical PPl-interference mechanisms.
Ultimately, this framework defines the level of
orthogonal target-engagement evidence required to
distinguish genuine protein-protein interaction
disruption from chemical or assay-related artifacts.

Literature was selected through a structured
narrative search of PubMed, Scopus, Web of Science,
and Google Scholar for publications available up to
May 2026. Search terms were used alone and in
combination and included “methylene blue,” “PD-1,”
“PD-L1,” “SHP2,” “PTPN11,” “protein-protein
interaction,” “small-molecule checkpoint inhibitor,”
“SHP099,” “TNO155,” “PAINS,” “assay interference,”
and “Spike-ACE2.” Reference lists of relevant
primary and review articles were also screened.
Older seminal papers were included when they
provided mechanistic context for methylene blue
pharmacology, redox cycling, dye-class behavior, or
pan-assay interference.

Studies were included if they generated
mechanistic, structural, biochemical, cellular,
pharmacological, or assay-based evidence relevant
to PD-1/SHP2 signaling, methylene blue mediated
PPl  modulation, SHP2-targeting strategies,
checkpoint-modulating small molecules, or assay-
interference mechanisms. Studies were excluded
when they were not mechanistically relevant to the
review question, consisted only of clinical case
reports or epidemiological reports without target-
level interpretation, or lacked interpretable target-
engagement, assay, or pharmacological

information. This approach was intended to support
a transparent and balanced critical analysis while
remaining consistent with the hypothesis-driven
narrative scope of the article.

2. Mechanistic Foundation: Target Biology

2.1. Structural Components: The PD-1
Scaffold and SHP2 Architecture

PD-1 is a single-pass transmembrane receptor
lacking intrinsic enzymatic activity. Its checkpoint
function depends on the capacity of its cytoplasmic
tail to recruit cytosolic effectors that suppress T-cell
receptor (TCR) signaling at the plasma membrane.
The functional core of this scaffold resides within
the cytoplasmic tail that contains two conserved
tyrosine-based motifs: the immunoreceptor
tyrosine-based inhibitory motif (ITIM) and the
immunoreceptor tyrosine-based switch motif
(ITSM) [8, 9, 11]. Signal initiation begins when
ligand binding triggers Lck-mediated
phosphorylation of these motifs [8, 9]. The
observation that mutation of the ITSM tyrosine
(Y248) abolishes PD-1 function indicates that this
site is the dominant “anchor” for SHP2 recruitment
Fig.1; [8, 9, 11].

The functional consequences of this recruitment
depend inherently on the structural configuration of
the effector itself. SHP2 comprises two tandem Src
homology 2 domains (N-SH2 and C-SH2), a catalytic
protein tyrosine phosphatase (PTP) domain, and a
C-terminal tail. In its basal state, SHP2 adopts a
“closed,” autoinhibited conformation in which the
N-SH2 domain inserts into the catalytic cleft of the
PTP domain, physically blocking substrate access
[12, 14]. Activation of SHP2 requires release of this
intramolecular lock, that is, displacement of the N-
SH2 domain away from the PTP domain [12]. This
autoinhibitory N-SH2 /PTP interface is stabilized by
contacts involving residues such as Asp61 and
Tyr62; therefore, allosteric agents targeting SHP2
must be evaluated in terms of how they shift the
equilibrium between the ligand-induced “open”
conformation and the basal “closed” state [12, 14].

2.2. Activation Mechanism: Anchor and
Switch

The transition of SHP2 from the autoinhibited
closed state to the catalytically competent open
state is mediated not by a single interaction, but
rather by a finely tuned “bidentate” binding
mechanism that requires coordinated engagement
of both SH2 domains. Detailed structural analyses
by Marasco et al [9]. demonstrated that the two PD-
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Triggers Lck-mediated
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Figure 1. Schematic representation of PD-1 signal
initiation and SHP2 recruitment. Upon ligand (PD-
L1) binding, the Src family kinase Lck
phosphorylates tyrosine motifs within the PD-1
cytoplasmic tail. The phosphorylated ITSM (pY248)
serves as the primary docking site for SHP2 SH2
domains (primarily C-SH2), promoting recruitment
and release of SHPZ autoinhibition to enable PTP-
domain activation and initiation of inhibitory
checkpoint signaling. ITIM, immunoreceptor
tyrosine-based inhibitory motif; ITSM,
immunoreceptor tyrosine-based switch motif; PTP,
protein tyrosine phosphatase.

1 cytoplasmic motifs (ITIM and ITSM) play distinct
yet complementary roles in this process. Under this
model, activation follows a two-step “anchor and
switch” logic: Anchoring (recruitment): The
phosphorylated ITSM (phosphotyrosine 248;
pY248) on PD-1 binds the C-SH2 domain of SHP2
with high affinity. This interaction serves as an
“anchor” that stably tethers SHP2 to the receptor
but, by itself, is often insufficient to fully relieve
autoinhibition (Fig.2), [8, 9]. Switching (activation):
Subsequent engagement of the phosphorylated
ITIM (pY223) by the N-SH2 domain displaces N-SH2
from the PTP catalytic cleft, thereby exposing the
catalytic active site and initiating phosphatase
activity (Fig. 2;7). This hierarchy explains why ITSM
(Y248) is indispensable: without the anchor (ITSM),
SHP2 is not efficiently recruited to PD-1. Yet even
when recruited, SHP2 cannot reach its full catalytic
potential without the second step triggered by ITIM
(Y223).

Furthermore, the PD-1-SHP2 interaction is not
necessarily restricted to a 1:1 complex. Patsoukis et
al. [8] provided biophysical evidence that SHP2 can
bridge two distinct PD-1 molecules. In this
“bridging” model, SHP2 binds phosphotyrosines on
two adjacent PD-1 receptors (trans-binding). Such
interactions may promote PD-1 dimerization or

clustering at the membrane, concentrating
phosphatase activity within the immunological
synapse and efficiently extinguishing activating
signals.

2.3. Remaining Mechanistic Uncertainties

Although the PD-1/SHP2 axis provides a strong
mechanistic rationale for intracellular checkpoint
modulation, several uncertainties remain important
when interpreting pharmacological inhibition of
this pathway. First, SHP2 recruitment to
phosphorylated PD-1  motifs should be
distinguished from SHP2 catalytic activation. The
bidentate anchor-and-switch model suggests that
ITSM-mediated recruitment and ITIM-mediated
conformational activation represent related but
separable steps in SHP2 regulation [9]. Therefore, a
compound that reduces SHP2 proximity to PD-1
does not necessarily inhibit SHP2 enzymatic
activity, and a compound that alters SHP2
phosphatase output does not necessarily bind
directly at the PD-1/SHP2 interface. Recruitment
blockade, catalytic inhibition, and allosteric
modulation should therefore be interpreted as
mechanistically distinct modes of pathway
interference [9].

Second, the PD-1/SHP2 signaling complex may
not behave as a simple 1:1 receptor-effector
interaction in living cells. Biophysical evidence
suggests that SHP2 can bridge phosphotyrosine
motifs on adjacent PD-1 receptors, supporting a
model in which receptor clustering and spatial
organization influence checkpoint signaling output.
Accordingly, PD-1 phosphorylation level, receptor
clustering, membrane organization, local kinase and
phosphatase activity, and cell type may all influence
SHP2 recruitment and downstream signaling [9].

These uncertainties are particularly relevant for
interpreting studies of proposed small-molecule
modulators such as methylene blue. Reduced SHP2
recruitment, altered proximity signals, or
restoration of T-cell reporter activity can support
involvement of the PD-1 pathway, but they should
not automatically be interpreted as definitive
evidence of direct inhibitor binding at the PD-
1/SHP2 interface. In this context, Fan et al. provide
important functional and pathway-level evidence
for MB activity, but the direct molecular target and
binding mode require confirmation through
orthogonal biochemical, biophysical, structural, and
cellular assays capable of distinguishing direct
target engagement from indirect signaling effects or
assay-dependent artifacts [10].
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3. Drugging the Axis: The Pharmacological
Landscape

3.1. Current Modalities and Small Molecules

Clinical validation of the PD-1 pathway has been
achieved primarily through monoclonal antibodies
(mAbs). FDA-approved agents targeting either PD-1
(e.g., pembrolizumab, nivolumab) or PD-L1 (e.g,
atezolizumab, durvalumab) have established
checkpoint blockade as a cornerstone of modern
oncology [18]. While these biologics have
revolutionized cancer treatment, they also possess
intrinsic pharmacological limitations that small-
molecule inhibitors (SMIs) are uniquely positioned
to address. Antibodies are large molecules (~150
kDa) that require intravenous administration and
can exhibit restricted tissue penetration [10]. By
contrast, small molecules can offer superior tissue
distribution and the potential for oral
bioavailability, enabling more flexible dosing and
potentially more uniform intratumoral exposure
[1]. Crucially, whereas antibodies are spatially
restricted to extracellular interactions, small
molecules can cross the plasma membrane to access
the intracellular "black box" of signal transduction
[10]. This access is fundamental because the
suppressive output of PD-1 arises specifically from
the recruitment of cytosolic effectors, such as SHP2,
to phospho-motifs (ITIM/ITSM) within the
cytoplasmic tail (7, 13). Consequently, this
distinction reframes PD-1 targeting from simply

—~
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"interrupting  ligand-receptor  contact”  to
"disrupting the assembly of an intracellular
signaling complex,” creating a unique conceptual
niche for small molecules (5).

3.2. The Challenge of PPI Drugability

Targeting the PD-1/SHP2 axis requires
pharmacological modulation of a protein-protein
interaction (PPI), which differs substantially from
inhibiting a conventional enzyme active site. Many
PPI interfaces are broad, shallow, and solvent-
exposed, with binding energy concentrated in
limited “hot spot” regions rather than in a single
deep pocket [15]. For the PD-1/SHP2 interaction,
the relevant recognition surfaces involve
phosphorylated PD-1 motifs and the SH2 domains
of SHP2, making selective disruption challenging
but mechanistically attractive [8, 9, 11].

Three main pharmacological strategies can be
considered for this axis. First, orthosteric inhibition
of the SHP2 catalytic PTP domain can suppress
phosphatase activity, but this strategy is limited by
conservation among phosphatase active sites and
drug-likeness challenges associated with highly
polar phosphotyrosine-mimetic chemotypes [12,
14].

Second, allosteric SHP2 inhibitors such as
SHP099 stabilize the autoinhibited closed
conformation of SHP2 by binding outside the
catalytic site, thereby indirectly limiting SHP2

N-SH2

MM displaced

(pY223

PTP site
exposed

\/

STEP 2: SWITCH
(Activation)

Figure 2. Schematic representation of the bidentate “anchor-and-switch” mechanism for SHP2 activation
by the PD-1 cytoplasmic tail. SHP2 activation is proposed to proceed through coordinated engagement of
two PD-1phosphotyrosine motifs. (Left) Step 1-Anchor: the phosphorylated ITSM motif (pY248) binds the
C-SH2 domain (orange), recruiting SHP2 to PD-1 while the enzyme remains in a closed, autoinhibited
conformation in which the N-SH2 domain (green) occludes the PTP catalytic site (blue). (Right) Step 2-
Switch: phosphorylation-dependent binding of the ITIM motif (pY223) to N-SH2 displaces N-SH2 from the
PTP active site, relieving autoinhibition and exposing the catalytic pocket, with both SH2 domains engaged
in a bidentate complex. This model emphasizes distinct contributions of ITSM-mediated recruitment and

ITIM-mediated conformational activation [9, 12].
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activation [14]. Third, PPI-disrupting approaches
aim to prevent SHP2 recruitment to phosphorylated
PD-1 motifs or destabilize assembly of the PD-
1/SHP2 signalosome. Methylene blue has been
proposed to act through this third category,
although distinguishing selective PPI disruption
from assay-dependent or  physicochemical
interference remains a central challenge [10].

3.3. Alternative Pharmacological Agents:
Allosteric SHP2 Inhibitors and PD-L1
Dimerizers

Small-molecule strategies related to the PD-
1/SHP2 pathway can be grouped into several
mechanistically  distinct  categories. = Some
compounds target SHP2 directly through defined
allosteric pockets, whereas others act on the
extracellular PD-1/PD-L1 axis by stabilizing PD-L1
dimers. This distinction is important because these
agents are often supported by different types of
evidence, including structural binding data,
biochemical inhibition assays, cellular pathway
assays, or early clinical evaluation. In this context,
methylene blue (MB) should not be compared only
as another “small molecule,” but as a proposed PD-
1/SHP2 recruitment disruptor whose evidence base
differs from optimized allosteric SHP2 inhibitors
and structurally characterized PD-L1 dimerizers.

SHP099 represents a prototypical allosteric
SHP2 inhibitor that binds a defined pocket formed
at the interface of the N-SH2, C-SH2, and PTP
domains, stabilizing SHP2 in its autoinhibited
closed conformation and thereby limiting
phosphatase activation [14]. TNO155 follows the
same broad pharmacological logic but represents a
more translationally advanced, optimized allosteric
SHP2 inhibitor evaluated in clinical settings [12, 19].
These compounds differ from MB because they are
designed around a defined SHP2 binding site rather
than a proposed disruption of the phosphorylated
PD-1/SHP2 recruitment interface.

A separate strategy is represented by BMS-202
and related BMS compounds, which target the
extracellular PD-1/PD-L1 checkpoint axis by
binding PD-L1 and promoting PD-L1
homodimerization. This dimer-locking mechanism
masks the PD-1-binding surface and prevents
receptor-ligand engagement [20, 21]. CA-170
provides a useful cautionary comparison: although
it has been described as an orally available PD-
L1/VISTA-targeting small molecule, subsequent
biophysical studies questioned whether it directly
binds human PD-L1, highlighting the importance of
orthogonal target-engagement validation [21, 22].
Compared with these agents, MB has functional and
assay-level support as a proposed PD-1/SHP2
modulator, but its direct structural binding mode
remains less clearly established. Therefore, MB is

best evaluated not simply by reported activity, but
by the strength of evidence linking that activity to
selective PD-1/SHP2 target engagement.

Overall, this comparison shows that small-
molecule checkpoint modulation is not a single
mechanistic category but a spectrum of target-
engagement strategies. SHP099 and TNO155 are
supported by defined allosteric SHP2 binding
modes, whereas BMS-202/BMS-8 act through a
structurally characterized extracellular PD-L1
dimerization mechanism [13, 20]. CA-170
illustrates that biological or clinical activity alone is
not sufficient to establish direct checkpoint target
engagement when orthogonal biophysical evidence
remains uncertain [21, 22].

In this context, MB differs from optimized SHP2
inhibitors and structurally characterized PD-L1
dimerizers because its proposed PD-1/SHP2
activity is supported mainly by functional and PPI-
assay evidence, while direct structural validation of
selective binding at the PD-1/SHP2 interface
remains limited [10]. Therefore, MB should be
evaluated not only by its reported activity, but also
by the strength of evidence linking that activity to
selective intracellular target engagement.

4. The Candidate: Methylene Blue as a
Chemical Entity

4.1. Physicochemical Profile and Clinical
Repurposing Rationale

MB  (3,7-bis(dimethylamino)phenothiazin-5-ium
chloride) is composed of a planar, tricyclic
phenothiazine ring system [23, 24]. Its behavior in
biological systems is dictated by its distinctive
hydrophobic and cationic architecture. Under
physiological conditions, MB functions as a redox-
active dye that reversibly cycles between an
oxidized, blue cationic form (MB*) and a reduced,
colorless leuco form (leuco-MB) (Figure 3,[23, 24]).
This transition involves the bidirectional transfer of
two electrons and one proton, an electron-shuttling
property that is central to its pharmacological
activity but also creates significant challenges in
drug discovery. Specifically, this redox cycling can
generate reactive oxygen species (ROS) in assay
buffers and facilitate non-specific binding to
negatively charged protein regions or nucleic acids
via intercalation [16, 23, 25].Therefore, the
molecule's tendency for electron transfer and
aggregation necessitates careful differentiation
between specific binding and chemical interference
artifacts.

Clinically, intravenous MB (PROVAYBLUE®) is
an FDA-approved oxidation-reduction agent for
acquired methemoglobinemia in pediatric and adult
patients [26, 27]. Historically, MB was the first fully
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Table 1. Comparative pharmacological features of small-molecule approaches related to the PD-1/SHP2

axis.

Compound Primary Binding mode Evidence type Potency/activity Development Key limitation Relevance to

target stage MB

SHP099 SHP2 Allosteric Structural and Reported potent  Preclinical Resistance Provides
pocket at the N-  biochemical allosteric SHP2 mechanisms and contrast to MB
SH2/C- SHP2 inhibition  inhibition in context- because
SH2/PTP evidence; biochemical and dependent SHP099 acts
domain cellular cellular systems pathway through a
interface; pathway studies [14]. dependence [13, defined SHP2
stabilizes the [13, 14]. 14]. pocket rather
autoinhibited thana
closed proposed PD-
conformation 1/SHP2
[14]. recruitment

interface [10,
14].

TNO155 SHP2 Optimized Preclinical Pharmacological ~ Clinical Limited single- Represents a
allosteric SHP2  pharmacology SHP2 pathway agentefficacy and  translationally
inhibitor acting  and clinical inhibition pathway/adaptive optimized
through closed- evaluation [13,  reported in resistance SHP2 inhibitor,
conformation 19]. preclinical and concerns (6, 8). unlike MB,
stabilization clinical- whichisa
[13]. development repurposed

contexts [13, 19]. dye with less
clearly defined
target
engagement
[10,13].

BMS-202/ PD-L1 Binding to PD-  Structural, Reported potent  Preclinical Targets Shows how

BMS-8 L1 and biochemical, disruption of the extracellular PD- structural
stabilization of  and cell-based extracellular PD- L1 rather than evidence can
PD-L1 PD-1/PD-L1 1/PD-L1 intracellular PD- support small-
homodimers; disruption interaction [20]. 1/SHP2 signaling  molecule
masks the PD-  evidence [20]. [20]. checkpoint
1-binding modulation;
surface [20]. contrasts with

MB’s less
defined binding
mode [10, 20].
CA-170 Claimed Proposed oral Cellular/clinical Immune- Clinical Mechanism-of- Useful
PD- dual checkpoint activity reports, stimulatory action uncertainty comparison
L1/VISTA  modulation; but disputed activity reported, and limited direct  because, like
direct human NMR/HTRF but direct target biophysical MB, biological
PD-L1 binding  binding engagement validation [21, 22]. activity does
remains evidence [21, remains debated not by itself
controversial 22]. [21, 22]. establish direct
[21, 22]. checkpoint
target
engagement
[10, 21, 22].
Methylene Proposed Proposed Functional Reported low- Repurposing /  Direct structural Central case
blue PD-1/SHP2  disruption of assays, micromolar preclinical validation is study of this
recruitment SHP2 proximity/PPI activity in PD- immuno- limited; possible review;
interface recruitmentto  assays, and 1/SHP2-related oncology assay-dependent  highlights the
phosphorylated  preclinical assays [10]. evidence or need to
PD-1 motifsor  antitumor physicochemical distinguish
PD-1/SHP2 evidence [10]. PPl-interference functional
signalosome mechanisms [10,  pathway effects
assembly [10]. 16, 17]. from selective
target
engagement
[10,16,17]

Note: Exact IC50 values are reported in the separate quantitative activity table. This table is intended as a qualitative comparison of target-
engagement evidence, mechanism, and relevance to methylene blue (MB).
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Figure 3. Schematic representation of MB redox cycling under physiological conditions. The diagram
illustrates the reversible equilibrium between two primary forms of the compound. On the left is the
oxidized, blue cationic form (MB*). On the right is the reduced, colorless leuco form (leuco-MB). The
transition between these distinct structures involves the bidirectional transfer of two electrons and one
proton (2e” + HY), as indicated by the central arrows. This electron-shuttling property is a key determinant
of both pharmacological activity and the potential risk of in vitro artifacts, such as reactive oxygen species

generation and thiol oxidation.

synthetic drug used in medicine and was initially
deployed against malaria in 1891 [23, 28]. Its
repurposing rationale in oncology rests on an
established safety profile and favorable
pharmacokinetics, including oral bioavailability and
blood-brain  barrier penetration [23, 24].
Pharmacokinetic studies highlight a complex
disposition: mean plasma concentrations around 5
uM have been reported after intravenous bolus
dosing (1.4 mg/kg), whereas oral dosing (e.g., 100
mg) yields much lower whole-blood concentrations;
a single-dose comparison reported an absolute oral
bioavailability of 72.3% [24]. Accordingly, whether
systemic exposure reaches the micromolar range
depends strongly on route, dose, and sampling
matrix (plasma vs whole blood), and should not be
assumed when interpreting in vitro IC50 values
[29].

4.2. Polypharmacology and Assay
Interference Mechanisms

In early-stage discovery, separating true target
engagement from assay-dependent artifacts
remains a central challenge. Pan-assay interference
compounds (PAINS) are not a definitive mechanistic
category, but rather a set of chemical liabilities and
assay-alert features that may complicate
interpretation when compounds appear active
across multiple unrelated biological systems [25,
30]. In this context, methylene blue (MB) should not
be described simply as a PAINS compound. Rather,
its planar phenothiazinium scaffold, redox activity,
strong optical absorbance, and cationic amphiphilic
character give it PAINS-associated liabilities that
require careful experimental control [24, 25, 30].

Several mechanisms may contribute to apparent
or context-dependent MB activity under some assay
conditions. First, MB can undergo redox cycling
between oxidized and reduced forms, which may
generate reactive oxygen species or modify redox-

sensitive residues in biochemical systems [24, 29].
Second, because MB is strongly colored and
optically active, it may interfere with absorbance-,
fluorescence-, or luminescence-based readouts if
assay design does not adequately control for
compound signal effects [25, 30]. Third, like other
planar aromatic dyes, MB may interact with protein
surfaces through nonspecific adsorption, -
stacking, or aggregation-related effects in some
experimental settings. These possibilities do not
exclude genuine target-level activity, but they
indicate that apparent inhibition should be
interpreted cautiously unless supported by
orthogonal assay formats.

This issue is particularly relevant for PPI-
focused assays because MB has been reported to
affect several structurally unrelated interfaces,
including SARS-CoV-2 Spike-ACE2 and other viral
or cytokine-associated PPIs [17, 31]. Such findings
do not prove that MB acts nonspecifically in every
context, but they raise a selectivity concern when
similar activity is observed across unrelated
interfaces. Therefore, MB activity at the PD-1/SHP2
interface should be evaluated using complementary
approaches, including non-optical orthogonal
assays, detergent-sensitivity or aggregation
controls, counterscreens against unrelated PPIs,
and direct target-engagement methods. This
cautious interpretation allows MB to be considered
as a biologically active and mechanistically
informative compound while avoiding premature
classification as a selective PD-1/SHP2 inhibitor.

5. The Selectivity Argument: Methylene
Blue as a PD-1 Inhibitor

The potential of MB to serve as a
groundbreaking small-molecule inhibitor of the PD-
1 axis was highlighted by Fan et al. [10]. Fan et al.
identified MB through high-throughput screening
using a cell-based reporter system designed to
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monitor PD-1 signaling intensity. MB emerged as
the top hit capable of restoring nuclear factor of
activated T cells (NFAT) activity suppressed by PD-
L1 engagement [10]. In their initial screen, Fan et al.
[10] established a functional co-culture system in
which PD-1-expressing Jurkat T cells carrying an
NFAT response element-driven luciferase reporter
were incubated with PD-L1-expressing Raji cells;
the goal was to identify small molecules that restore
the NFAT-luciferase signal suppressed by PD-1/PD-
L1 signaling. Following this phenotypic ‘hit’ phase,
they moved to PPI-focused assays that directly
quantified SHP2 recruitment to the PD-1
cytoplasmic tail, thereby localizing the effect to
intracellular complex assembly rather than
receptor-ligand contact.

The central argument for MB’s selectivity is that
it targets a specific biochemical step within the PD-
1/SHP2 interaction. Fan et al. [10] demonstrated
that MB does not interfere with the extracellular
ligand-receptor interaction; instead, it disrupts
intracellular recruitment of SHP2 to PD-1.
Experimental support for this step was established
at two levels: (i) in an enzyme-linked
immunosorbent assay (ELISA)-like PPI format
measuring binding to a pY248-ITSM peptide, the
association of recombinant SHP2 with phospho-
ITSM decreased in the presence of MB; and (ii) in
cellular readouts of intracellular binding, such as
luciferase complementation, confocal imaging, and
co-immunoprecipitation, PD-1-SHP2 proximity was
reduced. The lack of effect on the extracellular PD-
1/PD-L1 interaction further supports the
conclusion that inhibition is positioned at the
intracellular recruitment step [10].

The molecular meaning of this inhibition
becomes clearer when integrated with the bidentate
activation mechanism described in Section 2.3. Fan
and colleagues showed that MB specifically reduced
the amount of SHP2 bound to the phosphorylated
ITSM (pY248) peptide of PD-1. In the model of
Marasco et al. (2020), ITSM (pY248) is the high-
affinity ‘anchor’ site for the SHP2 C-SH2 domain. Fan
et al.’s data therefore suggest that MB interferes
with this anchor point. If MB disrupts the ITSM
binding to the C-SH2 domain, the first and strongest
tethering event, then the initial step of the bidentate
‘lock’ is blocked, preventing complex formation
altogether. The study further supported the
selectivity claim by showing that MB did not inhibit
SHP2 interactions with other receptors such as
epidermal growth factor receptor (EGFR) or
fibroblast growth factor receptor 1 (FGFR1) [10].
Ultimately, Biochemical disruption of the PD-
1/SHP2 axis translated into functional restoration
of T cells. MB treatment restored cytokine
production and cytolytic activity in PD-1* T cells,
but had no effect in PD-1 knockout cells. In vivo, MB

inhibited tumor growth in syngeneic mouse model
[10].

However, these findings should be interpreted
as evidence of PD-1 pathway involvement rather
than definitive proof of direct MB binding at the PD-
1/SHP2 interface. The PD-1 knockout experiments
indicate that the observed functional effect depends
on the PD-1 signaling context, but they do not
establish whether MB directly engages PD-1, SHPZ2,
the phosphorylated ITSM motif, or another pathway
component [10]. Similarly, reporter-based NFAT
rescue, ELISA-like peptide binding assays,
proximity readouts, confocal imaging, and co-
immunoprecipitation provide important functional
and pathway-level support, but each assay format
may be influenced by concentration-dependent
effects, redox activity, optical interference, indirect
modulation of signaling nodes, or other assay-
dependent variables. Therefore, the Fan et al. study
provides important evidence that MB can modulate
PD-1/SHP2-associated signaling, but the direct
molecular target and binding mode require
confirmation through orthogonal biochemical,
biophysical, structural, and cellular validation.

6. Evidence for Non-Specific Interference:
Methylene Blue as a Broad-Spectrum PPI
Disruptor

While the immuno-oncology data are
compelling, parallel work in virology and
pharmacology paints a different picture, suggesting
that MB acts as a non-specific PPI disruptor. During
the COVID-19 pandemic, MB was identified as a
potent inhibitor of the SARS-CoV-2 Spike-ACE2
interaction. Bojadzic et al. [16] reported that MB
inhibited this PPI with an ICso (~3.0 pM) strikingly
similar to that reported for PD-1 pathway
inhibition. Because the PD-1/SHP2 interface
(intracellular, phosphotyrosine-dependent) and the
Spike/ACE2 interface (extracellular, glycosylated)
share no structural homology, these data imply that
MB binds protein surfaces based on general
physicochemical properties rather than a target-
specific pharmacophore [17].

Antiviral screening further reported that MB
inhibits multiple PPIs within a similar micromolar
range: for example, an ICso = 3.06 pM for SARS-CoV-
2 receptor-binding domain (RBD)-human ACE2
(hACE2) and = 2.42 pM for Delta RBD-hACEZ2; in
parallel, entirely unrelated interfaces such as HCV E
protein-CD81 (ICso = 0.80 pM) and IL-2-IL-2
receptor alpha (IL-2Ra) (ICso = 0.37 uM) were also
suppressed (12). This “broad-spectrum” profile
suggests that the anti-Spike activity may reflect a
physicochemical interference mechanism that coats
large/flat interfaces rather than a specific
pharmacophore match.
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These broad-spectrum observations directly
challenge previous claims of target specificity;
generally, for a compound to be considered
‘selective,” its activity against the intended target
should be markedly greater than against other
targets. In this context, Fan et al. [10] cited MB'’s
ability to disrupt PD-1/SHP2 without inhibiting
SHP2 interactions with other partners such as EGFR
and FGFR1 as evidence of selectivity. However,
Chuang et al. [17] showed that within the same
narrow micromolar range in which MB inhibits
SARS-CoV-2 Spike-ACE2 (ICso = 0.3-3.0 pM), it also
inhibits structurally unrelated PPIs such as hepatitis
C virus E protein-CD81 and IL-2/IL-2Ra.

This creates an apparent contradiction: if MB is
‘non-selective,” why did it fail to inhibit EGFR-
related interactions in Fan’s experiments? One
possibility is that MB does not bind indiscriminately
to all proteins, but instead exhibits a
physicochemical preference (‘stickiness’) for large,
flat, hydrophobic interfaces such as PD-1/SHP2 and
Spike/ACE2. Interfaces with different structural
characteristics, such as those involving EGFR, may
be more resistant to this ‘coating’ effect. Thus, the
‘apparent selectivity’ observed by Fan et al. [10]
may reflect differences in interface topology rather
than true lock-and-key recognition.

MB’s behavior is consistent with that of
compounds carrying PAINS-associated liabilities.
Its planar, aromatic structure may enable non-
specific stacking or adsorption onto hydrophobic
protein surfaces under some assay conditions [30].
This pattern resembles the broad-interference
behavior frequently observed for dye-like
compounds in PPI screens, driven by high aromatic
planarity and charge. Indeed, various dyes (e.g.,
erythrosin B) have been classified among chemical
classes that can inhibit diverse PPIs in the
micromolar range and generate assay-dependent
false positives [30, 32].For MB, a plausible common
denominator is that mechanisms such as
hydrophobic surface adsorption/stacking, colloidal
aggregation, and redox-driven ROS generation can
produce a ‘coating’ effect on PPI surfaces under
specific buffer conditions. Consequently, PAINS
controls, such as detergent supplementation, redox
buffering, and orthogonal biophysical validation,
become as critical as the mechanistic claims
themselves when evaluating MB-like candidates.

7. Integrated Discussion: Reconciling
Phenotypic Efficacy with Mechanistic
Uncertainties

The current literature presents a mechanistic
paradox regarding MB as a proposed intracellular
modulator of PD-1 signaling. Fan et al.[10] report a
coherent immuno-oncology phenotype, including

restoration of T-cell function and antitumor activity,
consistent with  relief of PD-1-mediated
suppression. However, multiple independent
studies show that MB inhibits several structurally
unrelated protein-protein interactions (PPIs)
within a similar low-micromolar range, raising the
possibility that apparent PD-1/SHP2 disruption
reflects broad physicochemical interference rather
than selective engagement of the PD-1 ITSM-SHP2
interface [16, 17]. The key implication is that
phenotypic efficacy can be genuine while
mechanistic attribution remains underdetermined
without orthogonal evidence of target engagement.

A central source of skepticism is the coincidence
of potency across unrelated PPIs. MB has been
reported to inhibit Spike/ACE2 with an IC50 in the
low micromolar range [16], and comparative
datasets show inhibition of other unrelated
interfaces such as HCV E-CD81 and IL-2-IL-2Ra
within overlapping concentration windows [17].
When an intracellular phosphotyrosine-dependent
signaling interaction (PD-1/SHP2), a viral entry
receptor interaction (Spike/ACEZ2), and a cytokine-
receptor interaction (IL-2-IL-2Ra) are all inhibited
in a narrow low-micromolar range, the likelihood of
a unique, target-defined pharmacophore decreases,
while the probability of class-typical, target-
agnostic PPI interference increases [16, 17]. This
does not invalidate Fan et al.’s phenotype; rather, it
raises the evidentiary bar for interpreting that
phenotype as proof of selective interfacial
inhibition.

7.1. Evidence Supporting Biologically
Meaningful or Context-Dependent MB
Activity

Although the nonspecific-interference
hypothesis is important, MB should not be
interpreted as biologically inactive or merely
artifactual. The Fan et al. study provides several
lines of evidence supporting biologically meaningful
activity within a PD-1 signaling context. MB
restored NFAT reporter activity suppressed by PD-
1/PD-L1 engagement, reduced SHP2 recruitment to
phosphorylated PD-1 motifs, decreased PD-1/SHP2
proximity in cellular assays, and restored cytokine
production and cytolytic activity in PD-1-positive T
cells [10]. In addition, the lack of comparable
functional rescue in PD-1 knockout cells supports
the interpretation that the observed immune
phenotype depends, at least in part, on the PD-1
signaling context [10]. These findings argue against
dismissing MB activity as a simple assay artifact.

The broader pharmacology of MB also supports
the possibility that the compound can produce
genuine target-associated biological effects under
defined conditions. For example, MB has been
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Table 2. Reported activity of methylene blue across unrelated protein-protein interaction assays

Interface / Reported IC50
target or activity Assay type Experimental context Interpretation Reference
range
PD-1/SHP2 Low-micromolar NFAT reporter Immuno-oncology PD-1  Supports functional activity in  [10]
activity reported assay; ELISA-like signaling model; SHP2  the PD-1/SHP2 pathway, but
PD-1ITSM/SHP2 recruitment to direct binding mode requires
PPI assay; phosphorylated PD-1 orthogonal validation
proximity and cytoplasmic motifs
cellular binding
readouts
SARS-CoV-2 IC50~3.0-3.06  Protein-based Viral attachment Supports MB activity at a [10, 31]
Spike/RBD- uM ELISA-type PPI interface between structurally unrelated
ACE2 assay SARS-CoV-2 Spike/RBD  extracellular PPI and raises
and human ACE2 selectivity concern
Delta RBD- IC50 = 2.42 uyM ELISA-type PPI SARS-CoV-2 Delta Suggests overlapping potency  [17]
ACE2 assay variant RBD binding to  across variant Spike/RBD-
human ACE2 ACE?2 interfaces
HCV E-CD81 IC50 ~ 0.80 M ELISA-type PPI Viral protein-host Indicates activity against an [17]
assay receptor interaction unrelated viral PPI, supporting
used by hepatitis C the need for counterscreens
virus
IL-2-IL-2Ra IC50~0.37 uM ELISA-type PPI Cytokine-receptor Indicates activity against an [17]

assay

interaction unrelated to
PD-1/SHP2 or viral
entry

unrelated cytokine-receptor
PPI and strengthens the need
for selectivity-window

profiling

reported to inhibit MAO-A4, indicating that it can act
as a true enzyme-target inhibitor in some
biochemical systems [33]. Molecular modeling
studies have proposed possible interaction sites
between MB and SARS-CoV-2 envelope
components, suggesting that MB may engage
protein or membrane-associated targets in a
context-dependent manner [34]. NMR-based
studies of tau proteins also indicate that MB can
perturb aggregation-related protein systems,
although this should be interpreted as evidence of
broader protein-associated reactivity rather than as
direct evidence for PD-1/SHP2 binding [35].

A more balanced interpretation might suggest
that MB is neither biologically inactive nor purely
artifactual, but rather that our understanding of its
PD-1/SHP2-directed mechanism is incomplete. The
available data support pathway-relevant activity,
while the overlapping activity across unrelated PPIs
and the absence of direct structural or Kkinetic
target-engagement evidence prevent confident
classification of MB as a selective PD-1/SHP2
interfacial inhibitor.

Specifically, both Methylene Blue and
Erythrosine B share prominent aromatic cores that
can plausibly increase “stickiness” at hydrophobic
protein surfaces [16]. Consequently, while Fan et al.
[10] interpret Methylene Blue’s effect on PD-
1/SHP2 as a specific allosteric blockade,
comparative datasets from virology-oriented PPI
assays support an alternative explanation in which

inhibition can arise from a broader tendency to coat
or mask interface regions, a behavior also reported
for other promiscuous dyes such as Evans Blue and
Rose Bengal [17, 32].To bridge this gap between
robust phenotypes and promiscuous chemistry, a
mechanistically conservative reconciliation is that
MB can produce genuine PD-1-like phenotypes
without being a selective interfacial inhibitor. MB is
redox-active and interconverts between oxidized
and reduced forms under physiological conditions
[17, 23]. SHP2 catalytic function depends on a
redox-sensitive cysteine, and oxidation can reduce
phosphatase activity [14]. Under this “chemical
knockout” model, MB-driven redox processes could
reduce the effective function of SHP2 (and
potentially other cysteine-sensitive nodes), yielding
apparent PD-1 pathway relief without requiring
selective pocket engagement at the PD-1/SHP2
interface. This interpretation preserves the
biological plausibility of the in vivo phenotype
reported by Fan et al. [10] while remaining
consistent with the dye-class promiscuity patterns
described across unrelated PPI assays [17, 32].

7.2. Dye-Class Promiscuity and the
Chemical Knockout Model

Drug-like specificity is usually supported by an
informative structure-activity relationship (SAR),
in which modest chemical modifications produce
systematic changes in potency. In contrast, planar
aromatic dyes frequently exhibit “flat SAR” behavior
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across PPI assays, where distinct dye scaffolds can
inhibit multiple PPIs with broadly comparable
potencies, consistent with a physicochemical class
effect rather than target-defined binding [17, 32].
The inhibitors listed in Table 2 share a defining
physicochemical feature: large, planar, aromatic
ring systems (tricyclic phenothiazines or
polyaromatic azo/xanthene structures). This
structural feature enables -1t stacking interactions
and adhesion to broad, hydrophobic interfaces
typical of many PPIs [16]. Accordingly, many such
dyes are classified as PAINS (Pan-Assay
Interference Compounds) because inhibition often
arises from non-specific effects, such as colloidal
aggregation and surface coating, rather than from
precise “key-in-lock” binding [30, 32]. Table 3
provides a compact visualization of this dye-class
pattern and highlights why selectivity claims for MB
require unusually stringent validation.

Overall, Table 3 shows that several dye-like
compounds can appear active in PPI-oriented
screening systems, but the strength and type of
evidence differ across compounds and assays. For
MB, the key issue is not whether biological activity
exists, but whether the observed PD-1/SHP2-
related activity reflects selective target engagement
or a broader compound-class tendency to affect
protein interfaces under certain assay conditions.
Therefore, dye-class comparisons should be
interpreted as selectivity warnings rather than as
definitive proof of nonspecific inhibition.

Specifically, both Methylene Blue and
Erythrosine B share prominent aromatic cores that
can plausibly increase “stickiness” at hydrophobic
protein surfaces (11). Consequently, while Fan et al.
[10] interpret Methylene Blue’s effect on PD-
1/SHP2 as a specific allosteric blockade,
comparative datasets from virology-oriented PPI
assays support an alternative explanation in which
inhibition can arise from a broader tendency to coat
or mask interface regions, a behavior also reported
for other promiscuous dyes such as Evans Blue and
Rose Bengal (12, 29).

To bridge this gap between robust phenotypes
and promiscuous chemistry, a mechanistically
conservative reconciliation is that MB can produce
genuine PD-1-like phenotypes without being a
selective interfacial inhibitor. MB is redox-active
and interconverts between oxidized and reduced
forms under physiological conditions (20). SHP2
catalytic function depends on a redox-sensitive
cysteine, and oxidation can reduce phosphatase
activity (16). Under this “chemical knockout” model,
MB-driven redox processes could reduce the
effective function of SHP2 (and potentially other
cysteine-sensitive nodes), yielding apparent PD-1
pathway relief without requiring selective pocket
engagement at the PD-1/SHP2 interface. This

interpretation preserves the biological plausibility
of the in vivo phenotype reported by Fan et al. [10]
while remaining consistent with the dye-class
promiscuity patterns described across unrelated
PPl assays (12, 30).

7.3. Structural and Biophysical Evidence:
What Is Known and What Remains
Unresolved

A key distinction in evaluating MB as a proposed
PD-1/SHP2 modulator is the difference between
structural evidence for the PD-1/SHP2 signaling
mechanism and direct structural evidence for MB
binding to this interface. The PD-1/SHP2
mechanism itself is supported by structural and
biophysical studies showing that phosphorylated
motifs in the PD-1 cytoplasmic tail engage the SH2
domains of SHP2 and promote recruitment,
bidentate binding, receptor bridging, and SHP2
activation [8, 9]. These studies establish the
biological plausibility of the PD-1/SHP2 interface as
a regulatory node, but they do not by themselves
define how a small molecule such as MB binds to or
disrupts this complex.

For MB specifically, the main limitation is not the
absence of functional evidence, but the limited
availability of direct structural or kinetic evidence
showing selective engagement of the PD-1/SHP2
interface under conditions that exclude redox,
optical, or aggregation-based artifacts. The current
evidence includes functional restoration of PD-1-
suppressed reporter activity, reduced SHP2
recruitment to phosphorylated PD-1 motifs,
proximity-based cellular readouts, and antitumor
activity in preclinical models [10]. However, these
approaches do not provide the same level of target-
engagement resolution as co-crystal structures,
cryo-EM complexes, NMR chemical-shift mapping,
surface plasmon resonance (SPR), biolayer
interferometry  (BLI), isothermal titration
calorimetry (ITC), or direct binding kinetics using
purified PD-1/SHP2 components.

Evidence from other systems indicates that MB
can interact with biological targets in measurable
ways, but these findings should not be transferred
directly to the PD-1/SHP2 interface. MB has been
reported to inhibit MAO-A, supporting the idea that
it can produce genuine enzyme-target activity in
some biochemical contexts [33].

Molecular modeling studies have proposed
possible interaction sites between MB and SARS-
CoV-2 envelope components [34], and NMR-based
studies of tau proteins suggest that MB can perturb
aggregation-related protein systems [35]. These
examples support MB’s broader capacity for target-
or protein-associated activity, but they do not
demonstrate selective PD-1/SHP2 binding.
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Table 3. Analytical comparison of dye-like compounds with reported PPI-interference potential.

. Proposed .

Compound Structural - Target/interfac Reported activity Assay type interference Evidence Caveat
class e . strength

mechanism

Methylene Phenothi  PD-1/SHP2 [10]; Low-micromolar NFAT Proposed surface Functional Supports

blue azinium SARS-CoV-2 activity reported reporter masking, redox- assay pathway-
dye Spike/RBD— across PD- assay; linked effects, evidence and  relevant activity

ACE2 [16, 17]; 1/SHP2-related ELISA-like optical biochemical but does not

HCV E-CD81 and unrelated PPl PD-1 interference, or PPl assay establish

and IL-2—-IL-2Ra.  assays [10, 16, 17] ITSM/SHP2 context- evidence; selective PD-

[17] PPI assay; dependent limited direct  1/SHP2 binding;
proximity/c adsorption to structural requires
ellular broad PPI surfaces binding orthogonal
readouts; [16, 17] evidence for structural and
protein- PD-1/SHP2 biophysical
based PPI [10, 17] validation [10,
assays [10, 25, 30]
17]

Erythrosine B Xanthene CD40- Micromolar PPI Biochemica Proposed colloidal  Biochemical Useful as a dye-

dye CD40L[32]; inhibition | PPl assays aggregation, PPI assay like comparator,
SARS-CoV-2 reported in dye- [32] surface coating, or  evidence; but not direct
Spike/RBD— like PPI screening nonspecific compound- evidence for
ACE2-related contexts [16, 32] adsorption to class PD-1/SHP2
assays [16] protein interfaces  interference inhibition [32]
[30, 32] evidence [32]
Rose Bengal Xanthene SARS-CoV-2 PPI-disrupting Protein- Proposed dye-like  Biochemical Assay-format
dye Spike/RBD— activity reported based PPI surface PPl assay dependent;
ACE2-related in viral assays [16] interaction, optical evidence; should not be
assays [16] attachment assay interference indirect extrapolated
contexts [16] potential, or compound- directly to PD-
nonspecific class evidence 1/SHP2 without
protein-interface [16] target-specific
adsorption [25, 30] validation [30]

Evans Blue Azo / SARS-CoV-2 Activity reported  Protein- Proposed broad Structural/mo  May reflect
polyarom  Spike/ACE2- in Spike/ACE2- binding protein-surface deling and compound-class
atic dye related binding  related screening  and PPI- association or biochemical behavior; not

systems [16, 36] or binding related masking of screening direct evidence
contexts [16, 36] screening interface regions evidence, for PD-1/SHP2
assays [36] [36] depending on  selectivity or
assay context inhibition [36]
[36]

Congo Red Azo / SARS-CoV-2 Activity reported Protein- Proposed Indirect Amyloid-related
amyloid-  Spike/RBD— in protein- binding, intercalation, pharmacologi  behavior is not
binding ACE2-related interface or aggregatio  stacking, or cal and direct PPI
dye assays [31]; aggregation- n-related,  supramolecular protein- evidence and

aggregation- prone systems or PPI- association with interaction should not be

prone protein [23, 31] related planar/aggregation evidence [23, used as proof of

systems [23] assay -prone protein 31] PD-1/SHP2
contexts surfaces [23, 30] interference
[23,31] [23]

The next critical step is to test MB's mechanism
using independent structural and biophysical
approaches that differentiate direct target
engagement from assay-related artifacts. Useful
approaches would include NMR chemical-shift
perturbation mapping of SHP2 SH2 domains and
phosphorylated PD-1 peptides, SPR or BLI binding
kinetics with immobilization and optical-
interference controls, ITC to measure direct binding
thermodynamics, mutagenesis of ITSM/ITIM and

SH2-domain residues to test binding-site
dependence, non-optical PPl assay formats,
detergent and aggregation controls, redox-

quenching conditions, and orthogonal cellular

assays using PD-1/SHP2 pathway mutants. Such
experiments would clarify whether MB selectively
engages the PD-1/SHP2Z recruitment interface,
indirectly modulates SHP2 activity, or produces
pathway-level effects through broader
physicochemical mechanisms.

7.4. Decision Framework for Target
Validation

Given the elevated prior probability of dye-like
interference, any claim that MB is a selective PD-
1/SHP2 inhibitor should be supported by
diagnostic, orthogonal evidence: Orthogonal target
engagement: demonstrate direct engagement using
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methods less sensitive to optical artifacts and dye-
like interference (e.g, NMR or structural
approaches) [9, 14]. Interference controls: test
sensitivity to conditions that reveal nuisance
mechanisms, including detergent effects on
colloidal behavior and appropriate controls for
surface adsorption [30]. Redox disentanglement:
evaluate whether activity persists under conditions
that decouple redox chemistry from functional
readouts, and test whether SHP2 redox
susceptibility accounts for inhibition [14, 24].
Selectivity window profiling: quantify activity
across unrelated PPIs and phosphatases to
determine whether a meaningful potency
separation exists between the proposed target
interaction and broader promiscuity [17, 32].
Working conclusion: MB is best treated as a useful
probe that supports the tractability of intracellular
PD-1 pathway perturbation, while its classification
as a selective PD-1/SHP2 interfacial inhibitor
remains unconfirmed in light of repeated dye-class
promiscuity and PAINS-like behavior [17, 20, 32].

8. Conclusion

Methylene blue (MB) remains an important and
biologically active probe for investigating
intracellular checkpoint modulation at the PD-
1/SHP2 axis. The study by Fan et al. provides
functional evidence that MB can reduce SHP2
recruitment to phosphorylated PD-1 motifs, restore
PD-1-suppressed T-cell activity, and produce
antitumor effects in preclinical models [10]. These
findings support the relevance of MB to the PD-1
signaling context and should not be dismissed as
merely artifactual.

At the same time, the available evidence does not
yet establish MB as a selective PD-1/SHP2
interfacial inhibitor. Reports of MB activity across
structurally unrelated PPIs, including SARS-CoV-2
Spike/RBD-ACE2, HCV E-CD81, and IL-2-IL-2Rq,
within overlapping low-micromolar ranges raise a
significant selectivity concern [16, 17]. This pattern
does not prove that MB lacks pathway-relevant
activity, but it indicates that broad physicochemical
PPl-interference mechanisms, including surface
masking, redox-linked effects, optical interference,
or aggregation-related behavior, may contribute to
its observed activity under some assay
conditions[17, 20, 23, 30].

Therefore, the most balanced interpretation is
that MB is biologically active but mechanistically
unresolved as a PD-1/SHP2-directed modulator. Its
value is currently strongest as a benchmark or tool
compound for probing intracellular PD-1 pathway
perturbation, rather than as a validated scaffold for
selective PD-1/SHP2 inhibitor development. Future

studies should prioritize direct target-engagement
assays, including NMR, SPR/BLI, ITC, structural
methods, mutational mapping of the PD-1
ITIM/ITSM and SHP2 SH2-domain interface, and
non-optical orthogonal PPl assays. These
experiments should be combined with systematic
detergent, redox-buffering, aggregation, and
selectivity-window controls across unrelated PPIs.
Only through such orthogonal validation can MB or
related dye-like molecules be confidently advanced
from biologically active probes toward selective
small-molecule checkpoint modulators.
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