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Highlights
e Nanobodies, natural camelid small antibody products, can be
used as PET tracers

e Nanobodies against HIV protein gp120 were radiolabeled and
evaluated in mice models

e Site-specific '8F-radiolabeling improved tracer binding to
gp120 positive tumors

e '8F-labeled J3 nanobody was identified as best candidate for
imaging gp120
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SUMMARY

Radiolabeled antibodies against the HIV-1 envelope protein, gp120, have been previously tested in animal
models and in people with HIV (PWH). Nanobodies offer advantages over antibodies, including smaller
size and faster clearance, which allow labeling with fluorine-18. In this study, three nanobodies (J3, 3E3,
B9) chosen based on their binding properties to the conserved CD4-binding site of gp120 were labeled
with fluorine-18 and used for PET imaging in mice bearing wild-type (WT) and/or gp120-expressing (Env+)
tumors. ['®F]J3 and ['®F]3E3 selectively targeted Env+ tumors and not WT tumors, with minimal background
signal. Switching from non-site-specific radiolabeling method to sortase A-mediated site-specific conjuga-
tion at the C-terminus improved binding to Env+ tumors for all nanobodies. Site-specifically '®F-labeled J3
nanobody is the most promising candidate with the highest level of binding. These results establish an
Env+ imaging method that will enable next stage testing in an HIV-1 preclinical infection model and potentially
in PWH.

INTRODUCTION

Human immunodeficiency virus type-1 (HIV-1) replication can
be effectively controlled with antiretroviral therapy (ART). How-
ever, latent HIV-1 persists in long-lived infected cells (e.g.,
CD4* T cells, macrophages), in peripheral lymphoid tissues
and in central nervous system (CNS) microglia of people with
HIV (PWH)." These HIV-1 reservoirs prevent complete eradica-
tion of the virus, and latent proviral DNA can re-activate to pro-
duce virions and perpetuate cycles of infection upon ART
interruption.®

Current approaches for HIV cure include strategies to
completely eradicate (sterilizing) or effectively neutralize (func-
tional cure) HIV®*; any approach will require sensitive detection
of residual HIV, not simply in blood but in tissue as well. The
molecular imaging toolbox for HIV-1 evaluation at the whole-
body level includes positron emission tomography (PET) tracers
that provide important information about cellular metabolic ac-
tivity, cellular activation, ART toxicity, immune cell distribution,

neurologic complications, and cardiovascular disease, among
others.”'> More targeted imaging approaches have been
used to localize regions of viral persistence and quantify burden
of infection. Examples include the use of [**Cu]7D3, a mono-
clonal antibody targeting simian immunodeficiency virus (SIV)
gp120 in macaques and [®°Zr[VRCO1, a broadly neutralizing
monoclonal antibody that targets the CD4 binding site of
HIV-1 gp120, in humans, demonstrating that PET is a promising
noninvasive approach for the identification of anatomical re-
gions with viral persistence/re-activation in real time."**
Radiolabeled monoclonal antibodies (mAbs), however, have
limitations mostly due to their Fc-dependent non-specific bind-
ing and large size, resulting in increased circulation times and
the need for using long half-life isotopes, such as zirconium-89
(ti/» = 78.4 h) and copper-64 (t;/» = 12.7 h).'® Nanobodies, on
the other hand, are smaller (~15 kDa compared to ~150 kDa
for mAbs) heavy chain-only antibodies that are naturally derived
from camelids and are characterized by high antigen-binding af-
finity, low immunogenicity, thermal stability, and straightforward
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synthesis.'®"” These characteristics enable deep tissue pene-
tration, homogeneous distribution, and quick clearance.
Perhaps the most important advantage of using nanobodies is
their shorter serum half-life which allows the convenient use
of short half-life radioisotopes such as fluorine-18 (ti, =
109.7 min)."'® With fluorine-18, more frequent longitudinal imag-
ing of the acute/subacute phases of the infection and viral reac-
tivation can be performed, compared to 8°Zr-labeled antibodies,
for example, where waiting for the equivalent of seven half-lives
decay prohibits a close temporal evaluation of the infectious
process. This would be extremely valuable in SHIV infected
monkeys, for example, where pre-infection imaging can be fol-
lowed by multiple imaging sessions covering the early stages
of the infection and revealing dynamic temporal and spatial pro-
gression of the infection. The same imaging can be performed
following treatment to demonstrate the decline in gp120 expres-
sion in different anatomic compartments until suppression is
achieved. During this period, residual binding in various organs
compared to pre-infection scans might help identify sites of
viral persistence. Similarly, closer imaging time-points enabled
by '®F-labeled nanobodies to HIV-1 would facilitate evaluation
of viral reactivation sites during human treatment interruption
studies.

Radiolabeled nanobodies have been used in preclinical, trans-
lational, and even theranostic applications in cancer, with proven
superior quality and improved clinical outcomes compared to full
antibodies.'® "' No such work has been reported yet for the
use of nanobodies to image HIV-1 despite the fact that nanobod-
ies with broad neutralizing capacity of various HIV-1 strains are
available.?**°

The HIV envelope consists of two subunits, gp41 and gp120,
and is organized in the form of a trimer. Upon infection, the
gp120 subunit interacts with the CD4 receptor on the host cell
to mediate the first step in HIV-1 entry.?® Here, we investigated
the potential of gp120-specific nanobodies as effective radio-
tracers of gp120 expression in vitro and in vivo. Three nanobod-
ies (J3, 3E3, and B9), which are known to neutralize 77-96% of
tested HIV-1 strains by binding to gp120,°>>° were labeled
with fluorine-18 using two approaches. The first approach was
non-site-specific labeling with a prosthetic group targeting
various lysines of the nanobody. The second method was site-
specific labeling at the C-terminus of the nanobody using sortase
A (SrtA)-mediated conjugation, with the aim of preserving the
ability of the complementarity-determining regions (CDRs) to
bind to their target.

To test the ability of the above-listed radiolabeled nanobodies
to image gp120 in vivo, we used an Env-expressing HEK293T
cell line (Env+) to induce flank tumors in nude mice. As with
HIV-infected cells and virions, these Env+ cells express the
trimeric form of the HIV-1 envelope glycoprotein on their sur-
face, including the subunit gp120, which is the target antigen
of the nanobodies evaluated in this study. The wild-type (WT)
HEK293T cell line was used as a control. The tumor-bearing an-
imals underwent dynamic and static PET/CT imaging to monitor
the distribution and presence of specific binding in vivo. Our
goal was to identify the optimal nanobody and radiolabeling
strategy (non-site-specific vs. site-specific) to image gp120
expression in vivo.
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RESULTS

Fluorine-18 radiolabeled nanobodies are produced with
high radiochemical purity

Nanobodies were radiolabeled either non-specifically or via site-
specific methods. For the non-site-specific method, indirect la-
beling was done using a prosthetic group that targets the epsilon
amino group of lysine residues to produce ['®F]nanobody. The
overall radiochemical yields were 10-15% (n = 15, decay-cor-
rected) in 50 min. The radiochemical purity was >98% with
average specific activity (all scanned animals) of 452 + 372 Ci/
mmol. A representative high-performance liquid chromatogram
(HPLC) of ['®F]J3 is presented in Figure S1A.

For the site-specific method, SrtA mediated labeling at an
LPETG motif on the C-terminus of the nanobody was per-
formed?’ to generate ['®F]sortag-nanobody. As a result of
the terminal-based labeling, the CDRs of the nanobody remain
undisturbed and available for binding to the target. The antici-
pated outcome is a reduction of background activity and preser-
vation of epitope function.’® The overall radiochemical yields
were 25-40% (n = 12, decay-corrected) in 50 min. The radio-
chemical purity was >98% with average specific activity (all
scanned animals) of 498 + 172 Ci/mmol. A representative
HPLC of ['®F]sortag-J3 is presented in Figure S1B.

J3 and 3E3 nanobodies have high binding affinities to
the CD4-binding site of gp120

Bio-layer interferometry (BLI) was used to ascertain the binding
affinities of the J3, 3E3, and B9 nanobodies with or without the
sortag (LPETG motif), since it has been shown that high-affinity
binders (lower Kp) are more efficient in targeting tumors in vivo
compared to those with lower binding.?® It was also important
to confirm that nanobody modification (addition of LPETG motif)
for the purposes of sortagging does not negatively affect the
binding affinities of the corresponding nanobodies.***' Based
on the BLI graphs showing the association and dissociation
curves of different concentrations of nanobodies to gp120, the
association and dissociation rate constants (kon and ke are
then derived from the fitting curves. Finally, the Kp values are
calculated as the quotient of k¢ and kon (Kofi/Kon)-

The Kp values of J3, LPETG-J3, 3E3, LPETG-3E3, B9, and
LPETG-B9 were all in the low nanomolar range. The average
Kp values (nM) for each nanobody listed above were 1.12,
1.92, 3.33, 2.51, 23.7, and 18.7, respectively. J3 and LPETG-
J3 demonstrated higher binding affinities than the rest of the
tested nanobodies whereas B9 had approximately 10 times
lower binding affinity than J3 and 3E3 (Figure S2A).

To evaluate the two radiolabeling techniques, competition
binding assays were performed using non-site specifically
labeled J3 (['®F]J3) and site-specifically labeled (sortagged) J3
(["®F]sortag-J3) with the gp120 protein and the Env+ cells. Using
the gp120 protein, binding assay curves for ['®F]J3 and ['®F]sor-
tag-J3 were not appreciably different with comparable ICsq
values (5.30 nM for ['®F]J3 and 3.27 nM for ['®F]sortag-J3)
across the different concentrations of gp120 (Figure S2B).
With the Env+ cells, competition binding assays showed ICsq
values of 20.96 nM for ['®F]J3 and 12.49 nM for ['®F]sortag-J3
(Figure S2C).
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Figure 1. Biodistribution of non-site-specifically labeled nanobodies in control mice
(A-C) Representative PET/CT dynamic (1-60 min) and static scan (at 120 min) for each nanobody: (A) ['®F1J3 (n = 5), (B) ['®FI3E3 (n = 4), and (C) ['®FIB9 (n = 2).
(D-F) Time activity curves are shown for the kidneys, brain, lungs, heart, liver, and muscle. Error bars reflect standard deviation (SD) values. Also see Figure S1A

for details related to non-specific radiolabeling of the nanobodies.

In both sets of experiments, however, the ICsq values were
lower for ['®F]sortag-J3 compared to ['®F]J3, which suggests
that specific radiolabeling at the C-terminus slightly improves
binding to gp120, likely due to lack of interference of the isotope
and prosthetic group with the CDRs.

Immunostaining confirms gp120 expression in cell line
and Env+ tumors

Immunofluorescence staining was performed to assess gp120
expression in the cell lines and later in the implanted tumors.
We used the well-established gp120 antibody, VRCO1, as
well as our most promising nanobody, J3. First, fluorescent
signal was shown in Env+ cells stained with VRCO1 (gp120)
and counterstained with DAPI (nucleus) while WT cells were
not immunoreactive (Figure S3A). After PET/CT imaging ses-
sions were completed, the mice were euthanized, and their

tumors collected and stained. Env+ tumors showed gp120
expression using VRCO1, although heterogeneously, espe-
cially in larger tumors, while WT tumors were not immunoreac-
tive (Figure S3B). In addition, J3 showed specific staining of
gp120 in Env+ tumors that colocalized with VRCO1 antibody
signal, with no immunoreactivity seen in the WT tumors, as ex-
pected, further indicating the specificity of J3 for gp120 pro-
tein (Figure S3C).

In vivo ['®F]J3 and ['®F]3E3, but not ['8F]B9, clear from
the background by 120 min

When developing new radiotracers, an important step is to
assess the pharmacokinetics of the radiotracer. Molecular size/
weight and conjugation/labeling methods are some of the factors
that affect in vivo biodistribution of radiotracers. Smaller mole-
cules (in this case nanobodies) have faster clearance than

iScience 28, 111795, February 21, 2025 3
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Figure 2. Biodistribution of site-specifically labeled nanobodies in control mice
(A-C) Representative PET/CT dynamic (1-60 min) and static scan (at 120 min) for each nanobody: (A) ['®F]sortag-J3 (n = 3), (B) ['®Flsortag-3E3 (n = 2), and (C) ['®F]

sortag-B9 (n = 3).

(D-F) Time activity curves are shown for the kidneys, brain, lungs, heart, liver, and muscle. Error bars reflect standard deviation (SD) values. Also see Figure S1B

for details related to site-specific radiolabeling of the nanobodies.

larger ones (e.g., antibodies) allowing the use of shorter half-life
isotopes, such as fluorine-18, which results in earlier imaging
time points. Different conjugation methods, such as random
(targeting lysines) or site-specific labeling (targeting N- or
C-terminus) can also affect the biodistribution and clearance of
the nanobodies.

Here, healthy mice underwent 60 min dynamic scans followed
by static scans at ~120 min after injection of the radiolabeled
nanobodies. Organ time activity curves (TACs) with mean stan-
dardized uptake values (SUVmean) showed that ['®F]J3 and
['®F]3E3 were renally excreted and cleared from the background
by 120 min. In contrast, ['®F]B9 showed high residual back-
ground signal especially in the liver and kidneys, both decreasing
slowly over 120 min (Figure 1).

4 iScience 28, 111795, February 21, 2025

Organ time activity curves (TACs) for the site-specifically
labeled nanobodies showed faster clearance of background
signal compared to the original nanobodies, including ['®F]sor-
tag-B9, which showed better clearance than ['®F]B9. All the
site-specifically labeled nanobodies, however, showed higher
kidney retention compared to the non-site-specifically labeled
nanobodies as depicted at 120 min following injection (Figure 2).

['8F]J3 and ['®F]3E3, but not ['®F]B9, show higher
binding in Env+ tumors compared to WT tumors

The Env+ tumor model used in our study allowed us to noninva-
sively compare the performance of the various radiolabeled
nanobodies and their labeling methodology, so that the best
combination of nanobody and labeling strategy can be further
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tested and eventually used to assess gp120 expression in more
relevant infectious models such as SHIV-infected monkeys
and PWH.

In this study, using dynamic ['®F]J3 PET/CT imaging, the WT
tumors showed initial non-specific radioactive signal, due to
increased vascularity and enhanced permeability and reten-
tion (EPR) effect associated with tumors.®> The unbound
radiotracer eventually washed out of the WT tumors over the
course of 2 h. On the other hand, the radioactive signal in
Env+ tumors continued to increase over time with SUV values
at 60 min being lower than SUV values at 120 min in most an-
imals. This indicates a cumulative specific binding of the
ligand in tumors with gp120 protein expression rather than de-
layed washout. Average TACs from both types of tumors are
shown in Figure 3.

On the delayed static scans, we elected to use SUVpeak
defined by calculating the mean SUV in a sphere with a diam-
eter of 1 mm within the tumor region with the highest activity,
instead of SUVmean, to account for the heterogeneity of some
tumors as far as gp120 expression. The highest SUVpeak
values were seen on images obtained approximately 2 h after
tracer injection. ['®F]J3 and ['®F]3E3 showed significantly
higher SUVpeak values in Env+ tumors compared to WT tu-
mors, while ['®F]B9 PET showed no significant difference in
binding between Env+ and WT tumors (Figure 4). As such,
['8F]B9 which has much lower affinity to gp120 than J3, can
be potentially considered a negative control nanobody, further
supporting the specificity of binding of ['®F]J3 and ['®F]3E3 to
gp120.

When comparing the three nanobodies, there was no signifi-
cant difference in SUVpeak values between ['®F]J3 and ['®F]
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Figure 3. Dynamic and static PET/CT imag-
ing of mice with WT and Env+ tumors using
['®F1J3 nanobody

(A) Dynamic PET/CT scan up to 60 min followed by
15 a static 120-min scan of ['®F]J3 nanobody in a
| | nude mouse with wild-type (left) and Env+ (right)
tumors.

(B) Time activity curves of Env+ (n = 10) vs. wild-
type tumor (n = 6) are shown. Ex vivo immunoflu-
orescent staining confirmed gp120 expression in
Env+ tumors (Figure S3). Error bars reflect stan-
dard deviation (SD) values. Unpaired t-test for the
120 min time point, *p = 0.0011.

(minutes)

['8F1J3

3E3; however, both had significantly
higher SUVpeak values compared to
['®FIB9 (one-way ANOVA with Tukey’s
multiple comparison tests; p < 0.0001
for both) (Figure S5A).

Site-specifically labeled

nanobodies show higher binding in

Env+ tumors than non-site-

specifically labeled nanobodies

The site-specifically labeled nanobodies

exhibited higher SUVpeak values

compared to the respective non-site-
specifically labeled nanobodies in Env+ tumors. Those differ-
ences were statistically significant between ['®F]sortag-3E3
and ['®FJ3E3, and between ['®F]sortag-B9 and ['®F]B9.
Even though there was improved binding for ['®F]sortag-J3
compared to ['®F]J3, the differences were not statistically
significant (Figure 5). Among all nanobodies, ['®F]B9 and ['®F]
sortag-B9 had the lowest SUVpeak values in the Env+ tumors.
No binding was observed in the WT tumors with the site-specif-
ically labeled nanobodies (Figure S4).

No significant differences in SUVpeak values between ['8F]
sortag-J3 and ['®F]sortag-3E3 were detected, however, they
both showed higher SUVpeak values compared to ['®F]sortag-
B9 (Figure S5B). Site-specific labeling of B9 increased its binding
to gp120 but this was not enough for ['®F]sortag-B9 to outper-
form ['®F]sortag-J3 or ['®F]sortag-3E3.

DISCUSSION

ImmunoPET is a powerful non-invasive imaging tool that has
been previously used to better understand the pathogenesis of
HIV-1 infection in vivo and more recently, to visualize HIV-1 res-
ervoirs in animal models and in PWH."®"* Nanobodies, which are
naturally produced by camelids, maintain the antigen targeting
properties of antibodies without the inherent limitations of the
latter, such as large size, prolonged circulation time and non-
specific Fc interactions. In this study, we radiolabeled three
nanobodies that target the CD4-binding site of gp120 and tested
their ability to selectively visualize gp120 expression in vivo in a
mouse model. Specific binding of the radiolabeled J3 and 3E3
nanobodies to Env+ tumors but not to WT tumors was demon-
strated, and improved binding of J3 and 3E3 was seen when
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using site-specific radiolabeling at the C-terminal of the nano-
bodies compared to non-site-specific radiolabeling.
Persistence of HIV in reservoirs represents a major hurdle to
curing HIV infection. Those reservoirs can be hidden from the
immune system, are not eradicated by ART, and reactivate
following ART interruption.” This is why targeting HIV-1 viral
proteins using radiolabeled antibodies (immunoPET) has been
previously attempted. One study utilized ®*Cu-labeled 7D3, an
antibody developed against the CCR5 co-receptor-binding
site of gp120, in SIV-infected non-human primates.'® PET imag-
ing showed higher levels of radioactivity in the gastrointestinal
and respiratory tract, lymphoid tissues, and reproductive or-
gans of viremic macaques compared to control uninfected ani-
mals while in ART-suppressed macaques and elite controllers
there was reduced binding.”® A similar antibody-based
approach was translated in a first-in-human immunoPET study
using a 8°Zr-labeled version of VRCO1, a broadly neutralizing
antibody that binds to a highly conserved region of the CD4-
binding site of gp120. Increased #°Zr-VRCO01 binding was re-
ported in lymph nodes, gut, bone marrow, and nasal turbinates
of viremic and suppressed PWH compared to seronegative
controls, while inguinal lymph nodes’ binding significantly and
positively correlated with tissue levels of HIV-1 Gag p24 protein
expression.M Unlike full antibodies, however, nanobodies have
the advantage of shorter circulation time, allowing radiolabeling
with short-lived isotopes such as fluorine-18 (t1,» = 109.7 min)
compared to isotopes typically used for labeling full antibodies
such as zirconium-89 (t;,», = 78.4 h) or copper-64 (ti,» = 12.7 h).
Additional advantages of nanobodies include better access to
the target antigen due to small size and the ability to form a com-
plex with high-affinity interaction due to longer CDR3 compared
to full antibodies.** Nanobodies also have fast clearance, high
stability, and easy synthesis in prokaryotic cells. The latter
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Figure 4. Static PET/CT imaging of mice
with WT and Env+ tumors using ['®F]J3,
['®F13E3, and ['®F]B9 nanobodies

Static 120 min PET/CT scans of nude mice with
Env+ (right) and wild-type (left) tumors were per-
formed after administration of ['8F]J3 (Env+n = 13,
WT n = 8), ['®F]3E3 (Env+ n = 8, WT n = 5), or ['®F]
B9 (Env+n =14, WT n = 12) nanobodies. SUVpeak
values in Env+ tumors are significantly higher than
values in WT tumors with (A) ['®F]J3 and (B) ['®F]
3E3 but not with (C) ['®F]B9 nanobody. Error bars
reflect standard deviation (SD) values. Unpaired
t-test, ***p < 0.0001, *p = 0.01, ns = not signifi-
cant. Binding of non-site-specifically labeled
nanobodies ['®F]J3 and ["®F]3E3 to Env+ tumors is
significantly higher than with ['8F]B9 (Figure S5A).

[8F]B9
B 3

results in nanobodies being relatively
ns simple to engineer, so that functionality
and sensitivity can be further improved
by using multimerizing approaches
(e.g., bivalent, trivalent nanobodies) and
targeting different epitopes via multiple
simultaneous interactions.®* Nanobod-
ies also share more than 80% sequence
homology with human VH3 framework resulting in low immuno-
genicity,®® which facilitates clinical translation and longitudinal
use. These characteristics enable deep tissue penetration, ho-
mogeneous distribution, and quick clearance of nanobodies.
Most importantly, as previously mentioned, using shorter half-
life fluorine-18, we expect the chosen nanobody, J3, to provide
a more dynamic evaluation of the acute and subacute phases
of the infection and reactivation in animal models such as
SHIV-infected monkeys, and in PWH during analytic treatment
interruption compared to full antibodies. Identifying patterns of
increased binding after infection and decreased binding after
treatment in animals might reveal anatomic sites with residual
HIV-infected cells during viral suppression. A similar assess-
ment of the reactivation dynamics and spatial distribution of
viral spread could potentially be performed in PWH after treat-
ment interruption while the dynamics of viral control can be sub-
sequently evaluated upon resumption of treatment.

All three nanobodies used in our study (J3, 3E3, and B9) are
known to bind the CD4-binding site of gp120 22243537 with
different degrees of HIV-1 neutralization (96%, 95%, and 77%
for J3, 8E3, and B9, respectively).”> Nanobodies typically have
three CDRs. J3 and 3E3, which showed the best results in our
hands, share certain CDR characteristics, including lack of three
residues in the CDR2 as a result of affinity maturation, compared
to their respective germline sequence, which influence their
binding abilities.>* Additionally, the footprint of J3 is very similar
to that of CD4 and has degrees of maturation outside its para-
tope, which could improve affinity.?**” Thus, J3 can mimic the
interaction between the CD4 receptor and the CD4 binding site
of HIV-1 gp120. The latter might account, at least partially, for
slightly better performance of J3 compared to 3E3 in our study.
Furthermore, the synthesis of J3 is more feasible with an overall
yield around 20-fold higher than that of 3E3 synthesis.
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['8F]J3

['®F]sortag-J3

Env+ tumors

Figure 5. Static PET/CT imaging of mice
with Env+ tumors using non-site-specif-
ically and site-specifically labeled nano-
bodies

(A-C) Static 120 min PET/CT scans of nude mice
with Env+ tumors performed after administration
of (A) ["®F]J3 (n = 13) and ['®F]sortag-J3 (n = 20), (B)
['®F]3E3 (n = 8) and [®F]sortag-3E3 (n = 12), and
(©) ['®FIB9 (n = 14) and ['®F]sortag-B9 (n = 8).
Binding of the nanobodies to the Env+ tumor
(SUVpeak values) is higher with site-specifically

o [®F3
= ['®F]sortag-J3

['8F]3E3

labeling compared to non-site-specifically label-
ing, and statistically significant in 3E3 and B9
nanobodies. Error bars reflect standard deviation
(SD) values. Unpaired t-test, **p = 0.0002, *p =
0.03, ns = not significant. Binding of site-specif-
ically labeled nanobodies ['®F]sortag-J3 and ['®F]
sortag-3E3 to Env+ tumors is higher than with ['®F]
sortag-B9 (Figure S5B).

o ['8FI3E3
= ["8F]sortag-3E3

['8F1B9

['®F]sortag-B9

-

Env+ tumors

In conclusion, we have developed '8F-
labeled gp120-binding nanobodies with
potential for noninvasive identification
and assessment of gp120 expression on
HIV-infected cells in vivo. Based on affin-
ity, labeling method, pharmacokinetics
and level of in vivo binding signal from
HIV-1 Env+ tumors compared to WT tu-

* ['®F]B9
= ['®F]sortag-B9

Radiolabeled nanobodies are widely utilized in oncology imag-
ing applications and in other fields due to their high signal to
background ratio. Modifications to the radiolabeling procedures
of nanobodies can further expand their imaging and diagnostic
capabilities. The epsilon amino group of lysine residues is
commonly used for the conjugation of chelators or prosthetics
groups.'® However, these non-site-specific conjugations have
the potential of altering the availability of the antigen binding
site if they engage lysine residues within or in close proximity
to the CDRs.'®°® An alternative aimed at preserving the ability
of the CDRs to bind to their targeted antigen is a site-specific la-
beling strategy using sortase A (SrtA) mediated site-specific
conjugation. In our hands, we saw increased binding of ['®F]sor-
tag-3E3 and ['®F]sortag-B9 to Env+ tumors compared to ['éF]
3E3 and ['®F]B9. We also found higher SUVpeak values in
Env+ with ["®F]sortag-J3 compared to ['®F]J3, though the differ-
ence was not statistically significant with our sample number.

The HIV envelope protein, gp120, is present at higher levels
in viremic PWH compared to those on effective ART.*° As a
result, the radiolabeled nanobody will probably be most useful
in characterizing reactivation dynamics and localizing sites
of reactivation prior to viral repopulation of the periphery
following ART cessation. In this regard, evaluation of current
HIV cure strategies will greatly benefit from the high sensitivity
of PET and the short half-life of fluorine-18 allowing close and
frequent assessment of gp120 expression as a proxy for viral
activity.

mors, we established that site-specif-
ically labeled J3 (['®F]sortag-J3) is the
best performing nanobody candidate for
imaging gp120 in vivo. Further evaluation of ['®F]sortag-J3 will
be pursued in SHIV infected macaques during the acute and
sub-acute phases of the infection and eventually, in PWH under-
going ART interruption and resumption studies. If successful,
noninvasive dynamic in vivo characterization of HIV-1 viral activ-
ity through gp120 expression could potentially be used in
conjunction with HIV-1 cure strategies under evaluation.*°

Limitations of the study

Even though our tumor model is similar in size to a human lymph
node, it has high and localized gp120 expression and therefore
does not reflect the natural distribution of gp120 expressioninin-
fected animals or patients. In addition, levels of gp120 expres-
sion in infected animals and humans vary across various organs
and depend on viral load and response to treatment. However,
this limitation is not specific to our approach and is theoretically
more concerning with larger antibodies. Another potential limita-
tion is the high renal retention of the radiolabeled nanobodies,
especially the site-specifically labeled ones. This might depend
on the number of polar residues in the C-terminal amino acid
tag, as studies comparing Myc-His-tagged, His-tagged, and un-
tagged radiolabeled nanobodies showed near 90% lower renal
retention with the untagged tracer.*! In our case, however, the
sortagged nanobody (without His-tag) had higher kidney reten-
tion than the non-site specific labeled nanobody (with His-tag),
suggesting there are other factors involved in determining
renal excretion. To overcome the challenge of nanobodies
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accumulating in the kidneys, additional strategies are being
developed, including injections with positively charged amino
acids, and the attachment of smaller PEG moieties.'” We are
planning on testing those strategies with ['®F]sortag-J3 to
decrease renal retention.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfiled by the lead contact, Dima A. Hammoud
(hammoudd@cc.nih.gov).

Materials availability

The sequences of the tested nanobodies and the radiolabeling methodol-
ogy have been published®” and can be reproduced. The sequences for the sor-
tagged nanobodies used in this study can be accessed in Mendeley Data:
https://doi.org/10.17632/7ff2cbxk5v.1.

22,36

Data and code availability
e All data supporting the findings of this study can be shared by the lead
author Dima A. Hammoud upon request.
o No original code was generated for this study.
e Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

J3 nanobody McCoy et al., 201272 https://doi.org/10.1084/jem.20112655

3E3 nanobody McCoy et al., 2014°° https://doi.org/10.1371/journal.ppat.1004552

B9 nanobody McCoy et al., 2014°° https://doi.org/10.1371/journal.ppat.1004552

LPETG sortag-J3 nanobody GenScript https://doi.org/10.17632/7ff2cbxk5v.1
LPETG sortag-3E3 nanobody GenScript https://doi.org/10.17632/7ff2cbxk5v.1
LPETG sortag-B9 nanobody GenScript https://doi.org/10.17632/7ff2cbxk5v.1
[18F]J3 This paper N/A

[18F]3E3 This paper N/A

[18F]B9 This paper N/A

[18F]Sortag-J3 This paper N/A

[18F]Sortag-3E3 This paper N/A

[18F]Sortag-B9 This paper N/A

VRCO1 NIH AIDS Reagent Program ARP-12033

Alexa fluor 647 Invitrogen Cat# 21445

AlexaFluor 647 anti-His Tag Biolegend Cat# 362611

Chemicals, peptides, and recombinant proteins

Phosphate buffered saline (1X) Gibco Cat# 10010-031-1000mL

Bovine Serum Albumin Sigma Cat# A9647-100G

Tween 20 Sigma Cat# 9416-100mL

Dulbecco’s Modified Eagle Medium Gibco Cat# 11965-092-500mL

Fetal Bovine Serum, heat inactivated Sigma Cat# F4135-500mL

Penicillin Streptomycin Sigma Cat# P4458-100mL
Paraformaldehyde 32% solution Electron Microscopy Sciences Cat# 15714-s

Tris buffered saline (10X) Crystalgen Cat# 302-003-1000-1L

TrueVIEW autofluorescence quenching reagent Vector Labs Cat# SP-8400

Mounting media containing 4°, Invitrogen Cat# P36935
6-diamidino-2-phenylindole (DAPI)

DAPI Invitrogen Cat# D1306

Sucrose >99.5% Sigma Cat# S8501-5KG

Optimal Cutting Compound Sakura Cat# 4583

Fc-gp120 protein NIH AIDS Reagent Program ARP-11556

6-fluoronicotinic acid-2,3,5,6-tetrafluorophenyl
ester (6-[18F]FPy-TFP)

Basuli et al., 2017*°

https://doi.org/10.1002/jlcr.3487

Experimental models: Cell lines

HEK293T wild type cells
HEK293T HIV-1 Env+ cells

Dr. Paolo Lusso
Dr. Paolo Lusso

N/A
N/A

Experimental models: Organisms/strains

Athymic Nude female mice

Jackson Laboratory

FOXN1NU/NU model #002019

Software and algorithms

GraphPad Prism 10

Olympus OIyVIA 4.1.1

GraphPad

Olympus

https://www.graphpad.com/updates/
prism-900-release-notes

https://www.olympus-lifescience.com/
en/downloads/detail-iframe/?0
[downloads][id]=847254061

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

MIM 7.3.3 MIM https://www.mimsoftware.com/
resources/supplemental-documents#

Octet Analysis Studio 13.0 Sartorius https://www.sartorius.com/download/

552418/octet-data-analysis-ht-software-

datasheet-en-sartorius-data.pdf
OSEM-3D Mediso https://mediso.com/hungary/en/product/

pre-clinical-products/nanoscanr-petct

Other
BLI Nitrilotriacetic acid (NTA) sensors Sartorius Cat# 18-5101
Multiscreen® high binding strip plates Millipore Sigma M8CHNFX00

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

To generate a stably transfected cell line constitutively expressing high levels of HIV-1 Env, a lentiviral expression plasmid was syn-
thesized by subcloning DNA from a WITO Env clone (WITO.27_1.745)*? into the pLenti-lll-HA vector (pLenti-Env). Lentiviral particles
were produced by co-transfecting HEK293T/17 cells with three plasmids (pLenti-Env, a packaging plasmid, psPAX2, and a vesicular
stomatitis virus (VSV) G protein-expressing plasmid). Following transduction, the HIV-1 Env DNA became integrated into the genome
of HEK293T cells. Transduced cells were expanded in the presence of the selection antibiotic puromycin and sorted by gating on high
Env expression, as determined by flow cytometry using the reference antibody 2G12. Sorted cells were then cloned by limiting dilu-
tion, and individual clones were expanded, selected, and tested for Env expression over time (Zhang et al., manuscript in prepara-
tion). One clone (A6) with stable high Env expression over time was selected for the current experiments. The Env expressed on the
cell surface of A6 cells was documented to be predominantly in the native, trimeric form as shown by binding of trimer-specific an-
tibodies such as PGT145 and PGT151. The Env-expressing (A6) and WT HEK293T cells were each cultured in DMEM media (Gibco,
Grand Island, NY, USA) supplemented with 10% fetal bovine serum and 1% Penicillin Streptomycin and incubated at 37°C with 5%
CO, until confluent. All cell lines used in this study were examined by IDEXX BioAnalytics (Columbia, MO) using IMPACT 1 PCR profile
which confirmed that cell lines were negative for Corynebacterium bovis, Corynebacterium sp. (HAC2), Ectromelia, EDIM, Hantaan, K
virus, LCMV, LDEV, MAV1, MAV2, mCMV, MHV, MNV, Mouse kidney parvovirus (MKPV), MPV, MTV, MVM, Mycoplasma pulmonis,
Mycoplasma sp., Polyoma, PVM, REO3, Sendai, TMEV.

Mouse tumor model

For in vivo PET imaging, animal models with WT HEK293T and/or Env+ HEK293T flank tumors were developed using 6 to 8-week-old
female athymic nude mice FOXN1NU/NU model #002019 (Jackson Laboratory, Bar Harbor, ME, USA). Upon arrival to the animal
facility, mice were housed in pre-sterilized filter-topped cages and given access to food and water ad libitum with a 12-hour dark/
light cycle. After the acclimation period, a total of 1x10” Env+ cells in 100 pl were injected in the right flank and a week later,
2x10% WT cells in 100 pl were injected in the left flank of either the same mouse or in some cases, in a different animal. Tumors started
to develop approximately 2-3 weeks after injection and mice underwent PET imaging when tumors reached a volume of ~300-
600 mm?.

Our study exclusively used female mice primarily to allow for bladder catheterization procedures prior to imaging which could
otherwise obscure the signal in the tumors (positioned in the lower flank region). Sex was not considered as a biological variable
for this study. Similar findings are expected in male mice.

All experimental procedures, including handling and care of the animals, were performed in an AAALAC International accredited
facility. Relevant NIH policies and the Animal Welfare Act and Regulations were followed. The research was approved by the NIH
Clinical Center Animal Care and Use Committee.

METHOD DETAILS

Nanobody production and purification

Nanobodies to the HIV-1 gp120 CD4 binding site were developed and published by Laura McCoy and colleagues. Briefly, the J3 and
3E3 nanobodies were isolated from two separate llamas immunized with HIV-1 envelope glycoprotein (Env) in the form of trimeric
recombinant gp140 subunits. J3 and 3E3 were then found to neutralize 96 and 82% of tested HIV-1 strains respectively, by targeting
the CD4-binding site.?” The B9 nanobody was subsequently isolated via immunization of llamas with a DNA plasmid encoding gp160
with and without virus like particles bearing the envelope protein and subsequent immunizations with gp140 protein.*® B9 was found

e2  iScience 28, 111795, February 21, 2025


https://www.mimsoftware.com/resources/supplemental-documents#
https://www.mimsoftware.com/resources/supplemental-documents#
https://www.sartorius.com/download/552418/octet-data-analysis-ht-software-datasheet-en-sartorius-data.pdf
https://www.sartorius.com/download/552418/octet-data-analysis-ht-software-datasheet-en-sartorius-data.pdf
https://www.sartorius.com/download/552418/octet-data-analysis-ht-software-datasheet-en-sartorius-data.pdf
https://mediso.com/hungary/en/product/pre-clinical-products/nanoscanr-petct
https://mediso.com/hungary/en/product/pre-clinical-products/nanoscanr-petct

iScience ¢? CellPress
OPEN ACCESS

to neutralize 77% of HIV-1 strains tested.”® Dr. McCoy provided the plasmids of the three selected nanobodies (J3, 3E3 and B9) for
further development as radiotracers at NIH based on their binding and neutralization characteristics.

For further evaluation, purified J3, 3E3 and B9 nanobodies were produced by GenScript (Piscataway, NJ, USA). Briefly, native
nanobodies and those with an additional LPETG sortag in the C-terminus (for site-specific labeling by sortagging) were cloned
into pET30a plasmids and expressed in the BL21(DE3) E. coli strain from which they were purified.

Affinity measurements by bio-layer interferometry (BLI) assay

The binding affinities (Kp value = equilibrium dissociation constant) of nanobodies (J3, LPETG-J3, 3E3, LPETG-3E3, B9, and LPETG-
B9) to Fc-gp120 protein (ARP-11556, NIH AIDS Reagent Program) were assessed using an Octet k2 system (Sartorius, Bohemia, NY,
USA). We chose Fc-tagged gp120 protein to avoid the use of other gp120 proteins that commonly contain a His tag, as it would have
interfered with the loading process of His-tagged nanobodies onto the BLI Nitrilotriacetic acid (NTA) sensors (Cat# Nos.18-5101;
Sartorius). The buffer system used consisted of 1X Phosphate buffered saline (PBS) with 0.1% Bovine Serum Albumin (BSA) and
0.02% Tween 20. The NTA biosensors were blocked with 0.1% BSA, after which they were loaded with His-tagged nanobodies
(1ng/mL for J3; 4pug/mL for 3E3; 5ug/mL for B9). These sensors were then exposed to gp120 protein of different concentrations
(0to ~300 nM) and subsequently dipped in PBS to allow for dissociation. Data analysis and fitting of the association and dissociation
curves were performed using Octet Analysis Studio 13.0 (Sartorius, Bohemia, NY, USA). The ko, and kef values were then used to
calculate the Kp values for each nanobody (Kp =kon/Koff). Four separate measurements were obtained for each nanobody.

Radiolabeling of nanobodies
Non-site specifically labeled nanobodies were prepared by an indirect labeling method using a prosthetic group, 6-fluoronicotinic
acid-2,3,5,6-tetrafluorophenyl ester (6-['8F]FPy-TFP), targeting the epsilon amino group of lysine residues to produce ['F]F nano-
body (["®F]FJ3, ['®F]F3E3, and ['®F]FB9).*®

We also evaluated the use of site-specific labeling, where the radioisotope is linked specifically at the C-terminal of the nanobody,
preventing interference with the binding site, using an SrtA conjugation method. SrtA is a transpeptidase derived from Staphylo-
coccus aureus that anchors cell wall proteins to the peptidoglycan layer of the bacterial cell.** In this radiolabeling approach, the
C- or N- terminals of the nanobody are modified through the addition of an LPXTG motif (with X being any amino acid; in this study
X is glutamate; LPETG) which can be recognized by SrtA.>”**“6 Subsequently, SrtA cleaves the polypeptide backbone of the sub-
strate protein at the position where LPXTG was incorporated producing an acyl-enzyme intermediate which is followed by formation
of a new peptide bond between the threonine residue in the motif and the N-terminal glycine of a nucleophilic imaging probe.®' Site-
specific labeling of the nanobodies using SrtA conjugation at the C-terminus was performed with an AI['®F]F chelation method to
produce Al['®F]F-nanobody.?’

Competitive binding assays with radiolabeled nanobodies

To validate the BLI results and assess if the radiolabeling procedures induced any alterations to the nanobody binding affinity to
gp120 protein, competitive binding assays were performed for ['®F]J3 and ['®F]Sortag-J3, on Multiscreen® high binding strip plates
(Millipore Sigma) coated with 3ug/mL Fc-gp120 protein (ARP-11556, NIH AIDS Reagent Program) or to tubes containing 2x10° Env-+
HEK293T cells. Briefly, 10 nM of each '®F-labeled nanobody was added in the presence of increasing concentrations of cold nano-
bodies to the plates coated with gp120 protein (0-500 nM) or to tubes with Env+ cells (0-4000nM).*” After one-hour incubation at 37°C
(gp120 protein) or room temperature (Env+ cells), they were washed with PBS and the wells of plate or tubes with protein/ Env+ cell
pellets were collected to measure the radioactivity using a gamma counter (PerkinElmer). Each concentration was run in quadrupli-
cates per assay. The competitive binding curves were plotted, and the best-fit 50% inhibitory concentration (IC50) values were deter-
mined using GraphPad Prism 10 software (GraphPad Software, San Diego, CA, USA).

PET/CT imaging and analysis

PET/CT imaging of control mice (no tumors) and mice with flank tumors was performed using the nanoScan imager (Mediso, Buda-
pest, Hungary). The radiotracers (~7.4 MBq) were injected intravenously into the tail veins of nude mice. A subset of the mice under-
went dynamic scanning from the time of tracer injection for a period of 60 minutes followed by a CT scan for attenuation correction
and anatomical localization. A static PET/CT scan was performed on all mice two hours after tracer injection. Image reconstruction
was done using the 3D ordered subject expectation maximization algorithm (OSEM-3D). Image analysis was conducted by drawing
volumes of interest (VOIs) around the tumors using MIM 7.3.3 (MIM software Inc., Beachwood, OH, USA) by at least two operators
independently. Quantified ligand binding is represented as SUVmean values for organs. For tumors, we used SUVmean and SUV-
peak. The SUVpeak was defined by calculating the mean SUV in a sphere with a diameter of 1 mm within the tumor region with
the highest activity. Time activity curves of tumors and various organs were generated from the dynamic and static data.

Immunofluorescence (IF) microscopy

To confirm gp120 expression in HEK293T cells prior to implantation in the flanks of the nude mice, a total of 15,000 cells/well were
seeded in 8-well chamber slides in a final volume of 200 DMEM complete media. Cells were incubated for 24 hours, fixed with
4% paraformaldehyde (PFA), blocked with 5% bovine serum albumin for one hour, and incubated with primary antibody VRCO1
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(#ARP-12033, NIH AIDS Reagent Program) at a concentration of 2ug/ml overnight at 4°C. The next day, cells were washed 3 times with
Tris buffered saline (TBS) for 5 minutes each wash and incubated with secondary antibody, Alexa fluor 647 (cat#21445; Invitrogen,
Waltham, MA, USA) at a 1:2000 dilution for one hour at room temperature. Cells were washed 3 times with TBS for 5 minutes each
wash, followed by a 5-minute incubation with TrueVIEW autofluorescence quenching reagent following manufacturer’s instructions
(# SP-8400, Vector Labs). A drop of mounting media containing 4’,6-diamidino-2-phenylindole (DAPI) was added per well and cells
were protected with a cover slip. Images were taken using a Zeiss Axio inverted microscope (Zeiss, Germany) and gp120 expression
was confirmed.

To assess expression of gp120 in tumors following PET/CT scanning, tumors were dissected and fixed in 4% PFA overnight. The
tumors were dehydrated in 15% sucrose solution, and then transferred to a 30% sucrose solution until tumors sank to the bottom of
the tubes. The sucrose gradients are used to prevent ice crystal formation which could disrupt cellular architecture. Tumors were then
embedded in optimal cutting compound (OCT) blocks and stored at -80°C until they were sectioned into 10 uM slices. Sections were
thawed at room temperature, incubated in cold acetone for 10 minutes and washed one time with TBS. Subsequently, the tumor
sections underwent the same staining procedure as the cells. Besides VRCO1 antibody, tumors were also stained with J3, 3E3
and B9 nanobodies at a concentration of 20ug/ml. AlexaFluor 647 anti-His Tag (#362611, Biolegend) was used as the secondary
antibody at a 1:1000 dilution. After incubation with the autofluorescence quenching reagent, cell nuclei were counterstained with
DAPI at a concentration of 5ug/ml. Tumor sections were imaged using an Olympus VS200 slide scanner (Olympus, Tokyo, Japan).

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 10 software (GraphPad Software, San Diego, CA, USA) was used for statistical analyses. SUV values between
groups were compared using 1-way ANOVA or unpaired two-tailed t-tests depending on the experimental design and p-values < 0.05
were considered statistically significant. Additional denotations of statistical significance in the figures are as follow: *p < 0.05,
**p < 0.01, *™p < 0.001, ***p = 0.0001, ns = not significant. Quantitative data are expressed as mean + standard deviation (SD)
and error bars represent SD unless stated otherwise. Figures and figure legends describe the details of relevant statistical analyses,
including types of statistical tests performed and exact animal numbers (n = animal number in each group).
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