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ABSTRACT: Galectins play significant roles in regulating immune responses, posing challenges for cancer immunotherapy. The
development of galectin inhibitors has been limited by their high structural homology and the lack of noninvasive imaging tools to
identify potential responsive patients. We developed 12 galectin-7-specific inhibitors using nanobodies (Nbs) and identified G7N8 as
the lead Nb. G7N8 was conjugated with the NOTA chelator, labeled with copper-64 ([64Cu]Cu), and used as a radiotracer for PET
imaging in a triple-negative breast cancer (TNBC) mouse model. Nbs demonstrated high affinity for galectin-7, with no binding
activity for other galectins tested. The lead Nbs inhibited galectin-7 binding to T-cell glycoreceptors and reduced subsequent
apoptosis. PET imaging with [64Cu]Cu-NOTA-G7N8 showed selective radiotracer accumulation at 20 h (P = 0.001). We developed
galectin-7-specific Nbs that inhibit T-cell apoptosis and enable PET imaging of TNBC, providing novel tools for investigating
immune regulation and enhancing cancer immunotherapy.

■ INTRODUCTION
Galectins (GALs) are a family of highly conserved proteins that
share a characteristic carbohydrate recognition domain (CRD).1

They are known for their ability to bind β-galactosides, although
their selectivity for glycoconjugates varies depending on the
structure and organization of their CRD. Galectins are generally
classified into three main types. The first group, prototype
GALs, contains a single CRD from approximately 14−20 kDa.
These GALs typically form homodimers, enabling them to
cross-link glycoproteins and glycolipids on cell surfaces or within
extracellular matrices. The second group, tandem-repeat GALs,
contains two distinct CRDs connected by a peptide linker, giving
them molecular weights ranging from approximately 29−35
kDa. The third group consists of a single member, GAL-3, which
has a molecular weight of approximately 26 to 30 kDa. GAL-3
contains a single CRD linked to a nonlectin N-terminal domain.

Although GALs have been shown to accomplish several
intracellular and extracellular functions, they are best known for
their immunoregulatory role.2−6 One of the hypotheses often
raised to explain this immunoregulatory activity is that the pro-
apoptotic activity of GALs on activated T cells is responsible, at

least in part, for the immunosuppression observed in the tumor
microenvironment.7−10

While the roles of GAL-1 and GAL-3 in cancer are well
documented, GAL-7 has received less attention. This is mainly
because GAL-1 and GAL-3 were identified first, and their
expression is more ubiquitous than that of GAL-7, which is
mostly found in stratified squamous epithelia, including tissues
such as the skin, esophagus, tongue, trachea, and rectal
mucosa.11−13 Its physiological role has been well documented
in corneal injury repair, wound healing, and placentation, among
others.13−16 In cancer, we and others have shown that cancer
cells, including triple-negative breast cancer (TNBC), often
express abnormally high levels of GAL-7.13,17−20 The specific
role of GAL-7 can vary depending on the type of cancer, but it
generally involves modulation of cell adhesion, apoptosis,
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proliferation, and immune response. Emerging in vivo
indications supports the hypothesis that GAL-7, like other
GALs, may contribute to the establishment of an immunosup-
pressive microenvironment. For instance, Wu and colleagues
have shown that GAL-7 depletes CD4+ T cells by binding to
membrane-anchored PD-1.21 This is consistent with the work of
An et al., which indicates that GAL-7 is released from tumor cells
in vivo during the later stages of tumor development and that its
expression is notably elevated in areas lacking CD8+ T cells.22

However, it is important to note that most current findings are
based on models using knockout techniques or the admin-
istration of exogenous GAL-7, which do not fully replicate the
complex interactions and concentrations of endogenously
produced GAL-7 within the tumor microenvironment.

Given their critical role in cancer, considerable efforts have
been directed toward the development of GAL inhibitors.
However, despite nearly two decades of research, progress has
been limited. In most cases, these inhibitors were high-

molecular-weight, naturally occurring polysaccharides or chemi-
cally modified glycans.23 The most significant challenge in
designing such inhibitors is achieving high selectivity, a
formidable task given the striking structural similarity between
the glycan-binding sites (GBS) of GALs, which has significant
implications for off-target effects. Moreover, compelling
evidence shows that GALs have noncarbohydrate-binding
partners, particularly intracellular galectins, which perform
crucial intracellular functions.2,24 Another obstacle to targeting
GALs in cancer is the lack of noninvasive methods to detect the
expression of GALs in primary tumors.

In this study, we used a synthetic naıv̈e camelid single-domain
antibodies (sdAb) phage library to generate high-affinity
nanobodies (Nbs/VHH) that specifically target and inhibit
GAL-7 functions. These Nbs show promising results for both
tumor imaging and cancer treatment.

Figure 1. Generation, production, and purification of GAL-7 VHH. (A) Schematic representation of VHH selection using a synthetic library and
production in E. coli expression systems. (B) SDS−PAGE analysis of the imidazole gradient following Nbs purification. (C) SDS−PAGE analysis of the
12 selected and purified VHHs. (B,C) Molecular weight (MW) markers are shown in kilodaltons (kDa). Results are representative of at least three
independent experiments. Gel images were cropped for clarity.

Table 1. CDR Sequences of the 12 Nbs Targeting GAL-7a

Nb a.a. MW (Da) pI CDR1 CDR2 CDR3

G7N1 181 19,672.52 5.71 TTSNSSG WDHGIL HGYVHFNMTHR---HISD
G7N2 175 19,273.06 5.31 RYSRIEI STPSSN R---WDWHS------WDT
G7N3 175 18,629.40 5.29 AGSRDV GFWGWT LGGAPCQTG---------
G7N4 175 18,940.69 5.07 RTSSQDI DYSGGN FLGEEKTS---------W
G7N5 178 19,632.54 5.45 DTSRFDV WWSSDH YGEYPPRMNR------RP
G7N6 178 19,007.71 5.16 TTSNGEV FGAGSS ASWYHSSIG------SMS
G7N7 169 18,190.74 5.03 GGYDWDA SNNNGS AD---------------Q
G7N8 184 20,058.02 5.05 STSYSST FDGTSK AGEWEALMNPPVHDFWIY
G7N9 175 18,695.36 4.85 AYSFESG SDADLF A---FSSGG------ELS
G7N10 184 20,067.05 5.61 STSYGET YYSTRK IVAYIYADGVRGYHQKID
G7N11 181 19,627.44 5.05 DTSESTS RSSTWD MADIFDNPQNASFMK---
G7N12 181 19,639.46 5.09 TYSSIEV FEPNEF SSVEWRQNGKPNTAS---

aNb, nanobody; a.a., amino acids; MW, molecular weight; Da, Dalton; pI, isoelectric point; CDR, complementarity-determining region.
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Figure 2. Binding affinity and specificity of Nbs to GAL-7 and other GALs. (A) Binding of Nbs to human GAL-7 directly coated on ELISA plates. *P <
0.001. (B) Binding of Nbs to GAL-7 bound to ASF-coated ELISA plates. *P < 0.05; ***P < 0.001. (C) BLI analysis of Nbs binding to GAL-7. (D)
Binding of lead Nbs (G7N1, G7N2, and G7N8) to GAL-1, GAL-3, GAL-7, and GAL-13, measured by ELISA. *P < 0.001. (A−D) Results are
representative of at least three independent experiments. (A,B,D) Data are presented as mean ± standard deviation (SD). Analyses were performed
using one-way ANOVA followed by Dunnett’s multiple comparisons test and statistical significance was assessed at the highest tested concentration for
each experiment.
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■ RESULTS
Generation and Characterization of GAL-7 Nbs. Nbs

were generated following three rounds of selection on
Hybrigenics’ synthetic hsd2Ab VHH library consisting of 3 ×
109 clones expressed at the surface of M13 phages, as previously
described25 (Figure 1A). Selection was performed using
biotinylated GAL-7, allowing the identification of Nbs that
recognize the nonadsorbed antigen in its native form. A total of
462 VHHs were randomly selected and analyzed after three
rounds. The 12 best clones were retained after validation by
enzyme-linked immunosorbent assay (ELISA). Sequencing
analyses of the CDR1 and CDR2 regions of the Nbs showed
that they were encoded by short sequences of 6−8 amino acids
(Table 1). In contrast, significant structural variability was

observed for the CDR3 loop, which showed a much broader
distribution in length (3−18 amino acids).

The 12 selected clones were subcloned into the pHEN2
vector for expression in Escherichia coli (E. coli) and purified
using standard His-tag purification protocols (Figure 1B,C).
Nbs were first tested for their ability to bind human GAL-7,
which was immobilized either by passive adsorption on ELISA
plates or on asialofetuin (ASF) (Figure 2A,B). Our results
demonstrated that several Nbs bound to GAL-7 at the tested
concentrations. Specifically, G7N1, G7N2, and G7N8 showed
the strongest binding to GAL-7 directly coated onto ELISA
wells, while G7N6, G7N7, and G7N8 showed the strongest
binding to GAL-7 immobilized on ASF (Figure 2A,B). Further
evidence of Nbs binding to human GAL-7 was obtained by

Figure 3.Characterization of Nbs and cross-reactivity with mouse GAL-7. (A) Dose−response inhibition of GAL-7-induced apoptosis of Jurkat T cells
by the 12 Nbs. *P < 0.05 by two-tailed t-test. (B) Apoptosis of Jurkat T cells induced by human GAL-1 or GAL-7 preincubated with lead Nbs (G7N1,
G7N2, G7N8, and G7N10) at 50 μM. Controls include cells incubated with GAL-1 or GAL-7 alone (GAL) and with lactose as a positive inhibition
control. ***P < 0.001 by two-way ANOVA. (C) Dose−response inhibition of FITC-labeled GAL-7 binding to Jurkat cells after preincubation with the
lead Nbs (G7N1, G7N2, G7N8, and G7N10). *P < 0.001 by two-tailed t-test. (D) Binding of the 12 Nbs to mouse GAL-7, as measured by ELISA. *P <
0.05; **P < 0.01; ***P < 0.001 by one-way ANOVA, followed by Dunnett’s multiple comparisons test. (E) Dose−response inhibition of mouse GAL-
7-induced apoptosis of Jurkat T cells by the selected lead Nbs G7N2, G7N8 and G7N10. *P < 0.001 by one-way ANOVA, followed by Dunnett’s
multiple comparisons test. (A−E) Results are representative of three independent experiments. Data are presented as mean ± SD (A,C−E) Statistical
significance was assessed at the highest tested concentration for each experiment. (F) Structural comparison between human and mouse GAL-7.
Differences in primary structure are mapped onto the 3D structure of human GAL-7 (PDB 2GAL). Identical residues between mice and human GAL-7
are shown in white, while distinct residues are colored blue. Galactose molecules in the GBS are shown as red sticks. Most primary structure differences
are observed at the dimer interface, while the GBS environment is largely identical in both proteins.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.5c00071
J. Med. Chem. 2025, 68, 8484−8496

8487

https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00071?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00071?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00071?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00071?fig=fig3&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.5c00071?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


biolayer interferometry (BLI) (Figure 2C). Except for G7N12,
all Nbs exhibited a similar association curve. Notably, G7N8
generated a stronger signal, which aligned with our ELISA data.
Importantly, we assessed the specificity of the lead Nbs G7N1,
G7N2, and G7N8 for GAL-7 in comparison to GAL-1 and GAL-
3, which are commonly coexpressed with GAL-7 in cancer
tissues26−29 (Figure 2D). The results demonstrated significant
stronger binding to GAL-7 over GAL-1, GAL-3, and GAL-13.

Inhibition of GAL-7-Induced Apoptosis. Extracellular
GALs, including GAL-7, are well-known for their ability to
induce apoptosis of activated T cells. To assess whether our Nbs
could inhibit GAL-7-induced apoptosis, we used Jurkat T cells, a
well-established in vitro model to study GAL-induced
apoptosis.30−33 Jurkat T cells were incubated with recombinant
human GAL-7 alone or with increasing concentrations of the 12
Nbs. T cell apoptosis was measured by flow cytometry using

Figure 4. AlphaFold3-predicted epitopes targeted by the 12 Nbs on the surface of the GAL-7 homodimer. All AlphaFold3 predictions confirmed the
expected back-to-back homodimer architecture of GAL-7 (dark blue), consistent with its crystal structure. The 12 distinct Nbs were found to bind
different epitopes on the surface of GAL-7, with preferred sites determined from statistical analysis of 120 independent predictions (see the
Experimental section for details). (A) Schematic side-view representation of a GAL-7 homodimer (dark blue), with GBS residues of protomer A shown
as red sticks. The preferred Nb binding epitopes on the surface of GAL-7 clustered into six primary regions, ranked by occurrence (Table 2): (1) at the
bottom of the GAL-7 dimer interface (54/120 predictions), (2) near the GBS of protomer A (34/120), (3) in front of the GAL-7 homodimer (13/
120), (4) at the back of the GAL-7 homodimer (15/120), and (5) near the GBS of protomer B (2/120). (B) AlphaFold3-predicted formation of
structural complexes between GAL-7 and the 12 individual Nbs. Each panel displays an overlay of 10 distinct AlphaFold3 predictions. The GAL-7
homodimer is shown in blue, with GBS residues of protomer A in red sticks. For clarity, Nb binding predictions with distinct orientations and/or
unique GAL-7 epitopes are color-coded differently in each panel (yellow, green, cyan, orange, magenta, brown), though colors are not consistent across
panels. Some Nbs exhibit highly consistent and reproducible binding predictions (e.g., G7N1, G7N2, and G7N8), while other Nbs randomly scatter
across multiple epitopes on the surface of GAL-7 (e.g., G7N5, and G7N12).
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standard annexin V/propidium iodide (PI) staining. Our results
showed that among the 12 Nbs, G7N1, G7N2, G7N8, and
G7N10 were the most potent (Figure 3A). The inhibition of
GAL-7-induced apoptosis was highly specific, as no significant
inhibition was observed in GAL-1-induced apoptosis with the
lead Nbs (G7N1, G7N2, G7N8, and G7N10) (Figure 3B). Our
results suggest that this inhibition of apoptosis is likely due to the
ability of the Nbs to prevent GAL-7 from binding to T cell
surface receptors (Figure 3C). Furthermore, we confirmed that
the binding of three selected lead Nbs (G7N1, G7N2, and
G7N8) to GAL-7 was not inhibited by lactose or N-
acetyllactosamine (LacNAc) (Supporting Information Figure
S1A). Because the ability of the Nbs to bind the mouse target is
crucial for understanding its mechanism of action, such as
immune effector functions or receptor signaling, we next
evaluated whether the generated Nbs could bind to the mouse
homologue of GAL-7 (Figure 3D). Most notably, G7N8 showed
the strongest binding to mouse GAL-7 and inhibited Jurkat
apoptosis induced by mouse GAL-7 (Figure 3D,E).
G7N8 Primarily Binds to the GBS Environment of GAL-

7.To better understand the mechanism of action of our lead Nb,
G7N8, and its ability to modulate the activity of both human and
mouse GAL-7, we acquired and compared nuclear magnetic
resonance (NMR) 1H−15N HSQC spectra of free GAL-7 and
GAL-7 in complex with G7N8. These NMR experiments
measure local atomic-scale perturbations in GAL-7 residues
upon G7N8 binding, allowing us to experimentally validate
which GAL-7 residues are involved in the formation of the GAL-
7/G7N8 protein−protein complex.

Our NMR results illustrate that the primary residues targeted
by G7N8 on the surface of GAL-7 are located near the GBS,
forming a preferred epitope within this functional environment
(Supporting Information Figure S1B). Targeting residues near
the GBS in human GAL-7 also provides a plausible explanation
for the dual binding affinity of G7N8 to mouse GAL-7. Indeed,
comparative surface analysis between human GAL-7 and mouse
GAL-7 shows that both proteins share a nearly identical
sequence and structural epitope in their GBS environment, in
contrast to significant sequence variations near their dimer
interface (Figure 3F). Combined with AlphaFold3 structural
predictions performed with other Nbs (see below), these results
may explain why Nbs that primarily target the dimer interface of
GAL-7 (e.g., G7N1, G7N2) do not exhibit the same dual affinity
and functional modulation between the mouse and human
GAL-7 homologues.
AlphaFold3 Structural Predictions of GAL-7/Nbs

Interactions. Given that Nbs distinctively inhibit apoptosis
and exhibit significant binding heterogeneity, we hypothesized
that they likely have distinct mechanisms of action and target
unique epitopes on the surface of GAL-7. To investigate this, we
used AlphaFold3, an advanced artificial intelligence model that
significantly improves predictions of protein interactions with
other biological molecules.34

GAL-7 is biologically active as a homodimer and also
crystallizes in this form (e.g., PDB entry 1BKZ). In contrast,
Nbs are sdAb active in their monomeric state, often serving as
crystallization chaperones.35 To investigate complex formation
and determine the most probable Nb binding epitopes on the
surface of GAL-7, we used AlphaFold3 to predict hetero-
complexes between GAL-7 and each individual Nb (G7N1 to
G7N12). These predicted structures provide an overall
framework for understanding the most likely higher-order
architectures formed between these protein partners, offering

further insight into the distinct mechanisms of action of each
Nb. Our results showed that all 12 GAL-7/Nbs complexes
predicted by AlphaFold3 accurately validated the experimental
3D architecture of GAL-7, maintaining a conserved homodi-
meric GAL-7 structure bound to a single monomeric Nb (Figure
4A,B). These results are supported by very high pLDDT scores
(>90) for the respective protein cores of the GAL-7 homodimer
and Nb monomer. As expected, lower confidence metrics were
primarily concentrated in Nb loops that form the CDR1, CDR2,
and CDR3 variable regions, which are surface-exposed and
flexible paratopes.

Predictions of GAL-7/Nbs complexes also yielded respect-
able template modeling (pTM) and interface predicted template
modeling (ipTM) scores, which measure the accuracy of the
entire structure.36,37 pTM and ipTM scores for the top-ranked
prediction in each of the 5-seed runs are presented in Table 2.

pTM values are well above 0.6, suggesting that the overall
predicted fold of the complexes is likely similar to the true
structure. However, significant variability was observed in the
preferred binding sites for the 12 Nbs (Figure 4). This binding
heterogeneity is likely reflected by lower ipTM scores, which
measure the accuracy of the predicted relative positions of the
subunits within the complex.

It would be presumptuous to assume that AlphaFold3-
predicted structures of all GAL-7/Nbs complexes illustrate their
exact atomic positioning. However, the comparative binding site
analysis between distinct Nbs provides key molecular
information regarding preferred target epitopes on the surface

Table 2. AlphaFold3 Predictions of GAL-7/Nbs Complex
Formation

Preferred Nb target epitopes on the surface of
the GAL-7 homodimer

Nb ipTM/pTM GBS-A bottom front back top

G7N1 0.61/0.72 0 10 0 0 0
0.68/0.77

G7N2 0.74/0.81 0 10 0 0 0
0.60/0.72

G7N3 0.48/0.64 1 9 0 0 0
0.49/0.65

G7N4 0.52/0.66 4 5 1 0 0
0.51/0.66

G7N5 0.49/0.65 5 1 3 1 0
0.48/0.64

G7N6 0.47/0.63 3 6 0 1 0
0.51/0.66

G7N7 0.60/0.72 3 6 0 0 1
0.53/0.68

G7N8 0.48/0.64 9 1 0 0 0
0.48/0.64

G7N9 0.50/0.65 3 6 0 1 0
0.50/0.65

G7N10 0.43/0.61 1 0 6 3 0
0.46/0.63

G7N11 0.51/0.66 0 0 1 9 0
0.53/0.67

G7N12 0.46/0.63 7a 0 2 0 1
0.45/0.62

a5 hits in GBS of protomer A and 2 hits in GBS of protomer B. Nb,
nanobody; ipTM, interface predicted template modeling; pTM,
predicted template modeling; GBS, glycan-binding site.
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of GAL-7. Indeed, we identified 6 primary epitopes on the GAL-
7 homodimer, with preferred Nb binding sites located at the
bottom of the GAL-7 dimer interface (54/120 predicted
structures) and within the GBS of protomer A (34/120)

(Table 2, Figure 4B). Fewer predictions favored Nb binding to
the front (13/120) or back (15/120) of the GAL-7 dimer, and
only two predictions targeted the GBS of protomer B. These
latter results illustrate differences in GBS geometry between

Figure 5. In vivo and ex vivo distribution of [64Cu]Cu-NOTA-G7N8 and PET imaging in a TNBC mouse model overexpressing GAL-7. (A) GAL-7
expression in E0771 cells was analyzed by Western blot (captured image was cropped). Recombinant GAL-7 was used as a positive control (CTRL),
and Jurkat cells were used as a negative control. (B) Biodistribution of [64Cu]Cu-NOTA-G7N8 in unblocked and blocked mice (coinjection of 17
nmol cold G7N8) at 20 h postinjection (n = 4 for unblocked mice and n = 6 for blocked mice). *P < 0.05 by two-tailed t-test. (C) Axial and coronal
views of mice showing the accumulation of [64Cu]Cu-NOTA-G7N8 in unblocked and blocked mice (coinjection of cold G7N8 at 17 nmol) at 1, 4, and
20 h postinjection. Arrows indicate E0771 tumors. (D) Time-activity curves of unblocked and blocked [64Cu]Cu-NOTA-G7N8 in the tumor, kidney,
liver, and muscle. *P < 0.001 by two-tailed t-test. (B,D) Data are presented as mean ± SD.
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protomers A and B within the apo GAL-7 homodimer structure.
They further support previously observed long-range effects,
suggesting positive cooperativity and allosteric communication
upon ligand binding to this scaffold.38,39

Interestingly, our experimental results strongly correlate with
the consistency of AlphaFold3 structural models. Although
some Nbs (e.g., G7N5 and G7N12) are predicted to randomly
scatter across multiple epitopes on the surface of GAL-7, our
most potent Nbs (G7N1, G7N2, and G7N8) are consistently
predicted by AlphaFold3 to bind specific epitopes on GAL-7
(Figure 4B). Indeed, while G7N1 and G7N2 both appear to
selectively target the bottom interface of the GAL-7 dimer (10/
10 predicted structures each), our lead Nb, G7N8, is predicted
to bind within the GBS environment of GAL-7 (9/10
structures). Among the 12 Nbs, G7N8 is the only to
systematically favor binding to the GBS, which may explain its
unique molecular properties. This observation further illustrates
how the most potent Nbs, G7N1, G7N2, and G7N8, likely act
through distinct molecular mechanisms of action when targeting
GAL-7. In summary, AlphaFold3 structural predictions offer
essential insights that enhance our understanding and enable the
optimal use of our 12 Nbs as molecular tools to investigate the
biological functions of GAL-7.
GAL-7-Specific Nbs for Imaging.To our knowledge, there

is currently no noninvasive research or clinical imaging tools to
detect the presence of GALs in primary tumors. Because Nbs are
considered very promising for noninvasive imaging, especially
for cancer detection, we explored the possibility of using G7N8
to detect GAL-7 accumulation in a solid tumor. Given that GAL-
7, like other GALs, is known to modulate antitumor immune
response, we used an immunocompetent syngeneic model, in
this case E0771 cells implanted in C57BL/6 mice. This model is
well established for preclinical studies of TNBC, a cancer
subtype known to express abnormally high levels of GAL-7.40 As
observed in humans, E0771 cells constitutively express GAL-7
(Figure 5A). We developed [64Cu]Cu-NOTA-G7N8 and
evaluated its stability, biodistribution, and pharmacokinetics
by positron emission tomography (PET) imaging in E0771
tumor-bearing mice. The 1,4,7-triazacyclononane-1,4,7-triacetic
acid (NOTA) conjugation yield was 76%, and the average
number of NOTA per G7N8, measured using an isotopic
dilution assay, was 0.9 ± 0.3. NOTA-G7N8 was subsequently
labeled with [64Cu]Cu with a radiolabeling yield of 99% and an
apparent specific activity of 0.78 ± 0.11 GBq/mg (Supporting
Information Table S1 and Figure S2). The half-life of [64Cu]Cu
matches well with the biological half-life of Nbs. By PET/CT
imaging, we observed an optimal tumor uptake at 20 h after
administration of [64Cu]Cu-NOTA-G7N8 (Figure 5B−D). The
tumor uptake decreased when mice were coinjected with an
excess of G7N8 (Figure 5B,D). We also observed high
accumulation of [64Cu]Cu-NOTA-G7N8 in the kidneys,
followed by renal-urinary clearance after 20 h (Figure 5C,D).
On the other hand, liver accumulation was observed over 20 h
postinjection, possibly due to the trans-chelation of [64Cu]Cu to
liver proteins. Ex vivo distribution studies also showed
significant differences in tumor uptake values between
unblocked and blocked mice at 20 h postinjection, as well as
in kidneys and, to a lesser extent, the pancreas and heart (Figure
5B).

■ DISCUSSION AND CONCLUSIONS
Given the critical role of GALs in many diseases, considerable
efforts have been made to develop specific GAL inhibitors for

research purposes and therapeutic applications. In the present
work, we report the successful generation of specific and potent
Nbs targeting human GAL-7, a member of the GALs family
involved in tumor progression of many cancers, including
aggressive subtypes of breast cancer such as TNBC. We
generated 12 Nbs, among which G7N1, G7N2, G7N8, and
G7N10 were particularly potent in inhibiting GAL-7-induced
apoptosis of human T cells. Notwithstanding the potential of
these Nbs to inhibit the biological functions of GAL-7, we
leveraged the cross-reactivity of G7N8 with mouse and human
GAL-7 to study the possibility of detecting tumors expressing
GAL-7 by PET/CT imaging. Our results with [64Cu]Cu-
NOTA-G7N8 are promising and hold out the prospect of 1 day
using these Nbs for diagnostic and theranostic purposes. GAL-7,
like most GALs, is predominantly expressed in the cytoplasm of
cancer cells and is passively released into the extracellular space.
Our results demonstrate Nbs can effectively detect GAL-7 in the
tumor microenvironment. Of course, this approach remains to
be optimized before this tracer can be used in the clinic. There
are many ways to optimize the pharmacokinetic properties of
Nbs to make them better detection agents, whether by
modifying surface charges, pegylation, and other ways.41

Particular attention should be given to reducing nonspecific
accumulation in the liver. Interestingly, our results measuring ex
vivo biodistribution confirmed that the constitutive expression
of GAL-7 in human tissues is minimal. Expression in the
pancreas, although low, aligns with previous findings indicating
that human pancreatic cells express GAL-7.42 Our results open
the possibility of targeting pancreatic cancer with Nbs against
GAL-7. These findings also open new opportunities for
developing theranostic applications for diseases where GAL-7
plays a central role, including high-fatality cancers.43,44 Nano-
bodies are emerging as valuable imaging tools for stratification of
cancer patients. Because of their small size, they are particularly
effective at penetrating solid tumors and providing important
information to clinicians. A case in point is detecting a PD-L1
positive tumor, enabling the identification of patients likely to
respond to immune checkpoint inhibitors.45−47 We thus foresee
the use of G7N8 to identify patients who respond to specific
treatments, particularly in TNBC, where GAL-7 expression
varies among tumors. Additionally, G7N8 could confirm GAL-7
presence in other cancer types, paving the way for the
development of GAL-7-targeted therapies.

Therapeutically, GAL-specific Nbs can be used as neutralizing
agents, like a receptor−ligand antagonist, or a vehicle for effector
delivery and targeted drug therapy. The therapeutic potential of
camelid sdAb for treating diseases is a rapidly evolving field.48 In
addition to their small size, which makes them highly efficient for
noninvasive imaging, the fact that Nbs can be produced in cost-
effective large-scale bacterial production systems and that they
are known for their low immunogenicity makes them attractive
as research tools and for therapeutic applications. Moreover, the
biochemical and structural properties of Nbs confer them with
high versatility.49 For example, Nbs against PD-L1 can be
adapted for chimeric antigen receptor (CAR) T cell therapy.50

They can also easily be used to generate minibodies by fusing the
Nb to a human IgG1 framework, thereby extending their in vivo
half-life while enabling antibody-dependent cell-mediated
cytotoxicity (ADCC) and complement-dependent cytotoxicity
(CDC). The resulting multivalent construct may enhance
avidity toward the target antigen, leading to improved target
binding and potentially greater biological activity. Another
interesting advantage of Nbs is their potential application in
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blocking intracellular functions. This is an important issue in the
case of GALs, which perform diverse intracellular functions.24

For example, Nbs have been recently used as intrabody
homologues to block protein kinase activity in human cells.51

This opens the way to new strategies to target the intracellular
functions of galectins, a challenge historically difficult to
overcome with traditional inhibitors. These intrabodies could
either inhibit certain specific actions by targeting distinct
epitopes or facilitate the degradation of intracellular galectins,
similar to protein knockdown.

Our results suggest that our Nbs bind to sites that are
topographically distinct from the GBS and likely act via entirely
different mechanisms of action. This represents another
advantage when compared to traditional GAL inhibitors.
There is compelling evidence that GALs, including GAL-7,
interact with noncarbohydrate binding partners.52−56 Such
GBS-independent functions represent a paradigm shift in our
understanding of the biology of GALs and the development of
GAL-targeted therapeutics. Although our hierarchical validation
pipeline focused on inhibiting GAL-7-induced apoptosis, such a
pipeline could be easily modified to target other biological
activities of GAL-7 or its interactions with specific ligands,
including intracellular ligands, as discussed above, using our
modeling data as a starting point. However, future studies will be
necessary to validate the modeling data predicted by
AlphaFold3. Our results thus open an entirely new area for
research into the fundamental roles of GAL-7 and its therapeutic
potential across various diseases.

Our study paves the way for the development of Nbs targeting
other GAL family members. This is an important issue, most
notably for those less well-known GALs and their involvement
in unexpected diseases, using an out-of-the-box approach.57

Finally, from a methodological perspective, our study further
supports that synthetic libraries are suitable for generating GAL-
specific neutralizing Nbs and do not require the construction of
immune libraries. Moreover, if needed, it is also possible to use
directed evolution in vitro maturation techniques to improve the
affinity of a given Nb or modify their specificity.

In summary, our study provides a proof-of-concept for a novel
generation of inhibitors targeting GAL family members. It also
introduces a new set of research tools to better understand the
biological roles of GALs, most notably those whose cellular
functions remain elusive.

■ EXPERIMENTAL SECTION
General Procedures. All proteins were expressed in E. coli

BL21(DE3) cells and purified using affinity chromatography. In vitro
biological and binding assays were conducted using various methods to
characterize the specificity and efficacy of Nbs, including ELISA, BLI,
flow cytometry, and NMR spectroscopy. Western blot was performed
to verify GAL-7 expression in cell lines for in vivo assays. Structural
predictions of GAL-7/Nbs complexes were determined using
AlphaFold3. For in vivo and ex vivo assays, G7N8 was conjugated to
NOTA and radiolabeled with copper-64 acetate [64Cu]Cu(OAc)2.
[64Cu]Cu-NOTA-G7N8 was administered to female C57BL/6 TNBC-
bearing mice. The plasma stability of the radiolabeled compounds was
evaluated using radio-thin layer chromatography (radio-TLC) on a
C18 plate. PET imaging was performed using LabPET 8 scanner and
biodistribution across different tissues was assessed using a gamma
counter.
Production and Purification of Recombinant GALs. Codon-

optimized vectors encoding human and mouse GALs were cloned into
pET-22b(+). GAL-1, GAL-3, and GAL-7 were purified using standard
lactose affinity chromatography, as previously described.30 Human
GAL-13 was produced using the same expression system but purified by

affinity chromatography on a mannose column (Sigma) and eluted with
a NaCl gradient in 50 mM Tris buffer.
Generation of Nbs. GAL-7-specific Nbs were generated by

Hybrigenics. A synthetic library of humanized Nbs was screened
against biotinylated recombinant full-length human GAL-7 protein.
After three rounds of selection, VHH clones were randomly selected
and tested using a nonabsorbed phage ELISA assay with avidin-coated
plates and biotinylated-GAL-7 antigen for cross-validation. Twelve
clones were identified based on their amino acid sequences, and their
cDNA was cloned into the pHEN2 expression vector, as previously
described.25

Production and Purification of Nbs. Competent E. coli
BL21(DE3) cells were transformed with pHEN2 constructs, and
expression of Nbs was induced as previously described.25 Nbs were
purified from the cell lysate using standard immobilized metal affinity
chromatography with prepacked Cytiva His GraviTrap columns
(Sigma) and eluted with an imidazole gradient. Purified Nbs were
dialyzed in phosphate-buffered saline (PBS) to remove imidazole.
ELISA Assay. For ELISA, human recombinant GAL-1, GAL-3,

GAL-7, GAL-13, mouse GAL-1, and mouse GAL-7 were diluted to 10
μg/mL in PBS and coated onto flat-bottom 96-well polystyrene plates
(Costar) for 1 h at room temperature (RT). After washing with PBS,
wells were blocked with PBS/1% bovine serum albumin (PBA) for 1 h
at RT. Following washes, Nbs were diluted at indicated concentrations
in PBA and incubated for 1 h at RT. The binding of Nbs was measured
by direct ELISA using HRP anti-Myc tag antibody (cat.: ab62928;
Abcam), incubated for 1 h at RT (1:10,000 dilution in PBA). After
washes, 3,3′,5,5′-tetramethylbenzidine (TMB) liquid substrate system
(Sigma) was added. The reaction was stopped after 30 min with 0.16 M
sulfuric acid. Absorbance at 450 nm was measured using a Tecan plate
reader. This protocol was also used for ELISA with human recombinant
GAL-7 immobilized on ASF. Briefly, ASF was coated at 1 μg/mL in
carbonate-bicarbonate buffer (pH 9.2) overnight at 4 °C. After blocking
with PBA, 10 μg/mL of GAL-7 was added to wells for 1 h at RT.
BLI Analysis. Binding analysis of GAL-7 was performed using BLI

with ForteBio Octet K2 (Pall ForteBio). Recombinant GAL-7 (10 μg/
mL) was immobilized on AR2G2 sensors, which were subsequently
incubated with Nbs (40 μg/mL) and PBS as a negative control.
Apoptosis Assay.Apoptosis was measured by flow cytometry using

FITC Annexin V (cat.: 640906; Biolegend) and PI (cat.: P4170;
Sigma). Jurkat T cells were treated for 4 h at 37 °C with 15 μM of GAL-
7 or 2.5 μM of GAL-1, preincubated with or without Nbs overnight at 4
°C. After incubation, cells were washed with binding buffer (0.01 M
HEPES, 0.14 M NaCl, 2.5 mM CaCl2, pH 7.4) and centrifuged. Cell
pellets were resuspended and incubated with FITC-labeled Annexin V
(0.63 μg/mL) for 15 min at RT in the dark. PI (0.25 μg/mL) was added
to cells prior to flow cytometry analysis, which was carried out on a
FACSCalibur flow cytometer (BD Biosciences). 5000 events were
recorded for each sample.
Binding Assay. GAL-7 was conjugated with FITC using standard

method. To test the inhibition of GAL-7 binding to Jurkat cells, 2 μM of
FITC-conjugated GAL-7 was preincubated with 5 μM or 25 μM of lead
Nbs G7N1, G7N2, G7N8, or G7N10 and PBS (negative control) or
100 mM of lactose (positive control) overnight at 4 °C. After
preincubation, Jurkat cells were incubated with the indicated conditions
for 30 min at 4 °C. The samples were analyzed using a FACSCalibur
flow cytometer (BD Biosciences).
NMR Spectroscopy. 15N-labeled human GAL-7 was expressed and

purified as previously described.38 The 15N-GAL-7/G7N8 complex was
prepared by preincubating 200 μM of each protein in 50 mM Tris, 150
mM NaCl (pH 8.0) at 45 °C for 5 h to achieve a stoichiometric ratio of
1:2 of dimeric GAL-7 to G7N8. To study the unbound protein, 15N-
GAL-7 was preincubated alone under the same conditions. 1H−15N
HSQC spectra were acquired on a Bruker AVANCE III spectrometer at
a working 1H frequency of 600 MHz, equipped with a 5 mm QCIF
helium cryoprobe. Spectra were processed and analyzed using Bruker
Topspin v3.5pL7 and CcpNmr AnalysisAssign v2.4.58 Backbone NMR
chemical shift assignments for 15N-GAL-7 were obtained from the
Biological Magnetic Resonance Bank (BMRB Entry 17826) and
adjusted according to the different buffer conditions, with only minor
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changes observed. Chemical shift variations are a composite of amide
1H and 15N chemical shift values calculated according to the
relationship Δδ = [(δHN

2 + (δN/5)2)/2]1/2, in which Δδ is the
difference in the chemical shift between free and G7N8-bound 15N-
GAL-7 for amide 1HN and 15NH nuclei.59,60

AlphaFold3 Structural Predictions. The formation of the
complex between GAL-7 and Nbs was predicted using two independent
GAL-7 monomers and one Nb monomer as input sequences, with the
default parameters of the AlphaFold3 server.34 All 12 Nbs were
subjected to two independent AlphaFold3 runs against GAL-7,
generating five individual predictions per run, resulting in 10
independent GAL-7/Nb complexes per Nb. The pTM and ipTM
scores for the top-ranked predictions in each 5-seed run are presented in
Table 2. All Nb models were structurally overlaid using the GAL-7
protomer A as a target and analyzed using the open-source PyMOL
Molecular Graphics System, Version 2.5.0.
Cell Culture. E0771 and Jurkat cells were maintained at 37 °C, with

high humidity and 5% CO2. Jurkat cells were cultured in RPMI 1640
medium and E0771 cells in DMEM, both supplemented with 10% [v/
v] fetal bovine serum (FBS). Cell lines were purchased from the
American Type Culture Collection (ATCC).
Western Blot Analysis. Cells were lysed in radioimmunoprecipi-

tation assay (RIPA) buffer with phenylmethylsulfonyl fluoride (PMSF)
as a protease inhibitor for 30 min at 4 °C. Lysates were centrifuged at
15,000g for 15 min at 4 °C. Protein lysates were resolved by SDS-PAGE
and transferred to PVDF membranes (Bio-Rad) by electroblotting at
100 V for 1 h. PVDF membranes was blocked using PBS buffer with 5%
(w/v) nonfat dry milk and 0.1% (v/v) Tween-20. The primary
antibodies, human anti-GAL-7 (cat.: AF1339; R&D Systems) and anti-
β-tubulin (cat.: 2128; Cell Signaling Technology), were incubated
overnight at 4 °C. After washing, membranes were incubated with
HRP-conjugated secondary antibodies for 1 h at RT. Detection was
performed using ECL Western Blotting Detection Reagents (Cytiva)
and ImageQuant LAS 500.
NOTA Conjugation. Conjugation of G7N8 with NOTA was

carried out using a 10-fold excess of NOTA-NHS in 0.1 M sodium
bicarbonate buffer, pH 9.0, at room temperature for 2 h. The
purification was performed by ultrafiltration (Centriprep, 3000 Da) at
8000 rpm for 10 min with 500 μL of trace-metal free PBS (pH 7.4)
(5×). Protein concentration was measured using a BCA protein assay.61

The number of NOTA was determined by isotopic dilution after [64Cu]
Cu labeling, using the method described by Meares et al.62

Radiolabeling of NOTA-G7N8. Copper-64 acetate [64Cu]Cu-
(OAc)2 was prepared at the Centre d’imagerie molećulaire de
Sherbrooke (CIMS). For labeling, 25 nM of NOTA-G7N8 was
added to 390 MBq of [64Cu]Cu(OAc)2 in 0.1 M ammonium acetate
buffer (pH 5.5) for a final volume of 400−500 μL and was incubated at
room temperature for 20 min. The reaction was followed by radio-TLC
using C18 plates and 0.1 M sodium citrate pH 5.5 as eluent. In this
system, the free [64Cu]Cu migrated with the solvent front, while
[64Cu]Cu-NOTA-G7N8 remained at the origin. The radiotracer was
used without further purification.
Animal Model. Female C57BL/6 mice (6−8 weeks old) were

purchased from Charles River Laboratories and were housed in sterile
cages, maintained in a temperature-controlled room with ad libitum
access to water and food. For orthotopic tumor implantation, E0771
tumor cells (1 × 106 cells/mouse) were injected into the fourth
mammary fat pad. Mice were monitored daily for signs of disease and
end point criteria. All experiments were conducted following a protocol
approved by the Animal Ethics Committee of Universite ́ de Sherbrooke
and complied with the Canadian Council on Animal Care guidelines
(Protocol ID�2022−3704R). All procedures that could cause pain,
stress, or immobilization were performed under isoflurane anesthesia
(2% in 2 L/min oxygen) with a heating pad or bed. Euthanasia was
performed by CO2 inhalation under isoflurane anesthesia when
required.
Plasma Stability of [64Cu]Cu-NOTA-G7N8. Plasma stability

analysis was conducted by incubating [64Cu]Cu-NOTA-G7N8 (100
MBq in 250 μL PBS) with 250 μL of mouse plasma at 37 °C for 24 h.
The plasma was then mixed with 500 μL of pure acetonitrile to

precipitate proteins. A 1 mL aliquot was transferred into two ultra-15
centrifugal filter units (30 kDa), followed by ultrafiltration at 8000 rpm
for 20 min. The filtrate with [64Cu]Cu-NOTA-G7N8 (MW ∼ 20 kDa)
was analyzed by radio-TLC on C18 plates, as described above.
PET Imaging. All PET images were acquired using a LabPET 8

scanner, while CT scans were performed on the preclinical MILabs U-
CT scanner (b.v. Houten). A 60 min dynamic scan started immediately
before the injection of 20 MBq (0.3 mL) of [64Cu]Cu-NOTA-G7N8
via the tail vein. Static PET images were captured 30 min, 4 h, and 24 h
postinjection. A subset of mice was coinjected with 100 mol equiv of
unlabeled G7N8 (17 nmol). Throughout the scans, all animals’
respiratory rate and temperature were monitored. PET images were
reconstructed using the three-dimensional maximum likelihood
expectation maximization (MLEM-3D) algorithm with 20 iterations
and converted to percent injected dose per gram (% ID/g) based on a
calibration phantom with a known activity concentration, assuming a
tissue density of 1 g/cm3. Using PMOD software (version 3.8, PMOD
Technology Ltd.), each mouse’s PET image was coregistered with the
corresponding CT image through rigid matching transformation. To
quantify tumor uptake of the radiotracer, a volume of interest (VOI)
was manually delineated on the CT image around the tumor and
applied to the PET images. Uptake was calculated as the mean intensity
of VOI voxels in the upper quartile. Additional VOIs were drawn for the
kidneys, liver, and muscle. For the kidneys, an interactive thresholding
method was employed to delineate the hot cortex on the PET image,
while manual contours were drawn on CT slices for the liver and
muscle. Uptake values for the kidneys, liver, and muscle were
determined as the mean intensity of their respective VOI voxels.
Biodistribution. After the last PET scan, blood and organs mice

were harvested. Blood was collected by femoral vein puncture using a
heparin-coated syringe. The mice were then euthanized and dissected.
Harvested tissues were rinsed, blotted dry, weighed, and their
radioactivity was measured using a gamma counter (HIDEX AMG
Gamma Counter 425−601). Results were reported as % ID/g.
Statistical Analysis. Data are presented as mean ± (SD) and were

analyzed using one-way ANOVA, two-way ANOVA, or two-tailed t-test
in GraphPad Prism software. P ≤ 0.05 was considered significant for all
analyses.
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