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Abstract

Because of their rapid tumor accumulation and normal tissue clearance, ~15-kDa single domain
antibody fragments (sdAbs, also known as nanobodies) are an attractive vehicle for developing
targeted radiotherapeutics labeled with the 7.2-h a-particle emitting radiohalogen 211At. We

have developed a site-specific 21 At-labeled prosthetic agent — iso-[21LAt]AGMB-PODS — that
combines a functionality for residualizing radioactivity in tumor cells with a phenyloxadiazolyl
methylsulfone (PODS) moiety for linking it to an sdAb. This reagent was evaluated for thiol-
selective conjugation to anti-HER2 5F7 sdAb modified to have a C-terminus GGC tail for

this purpose. The iso-[211At]AGMB-PODS-5F7GGC conjugate and its 1311-labeled analogue
were synthesized in good radiochemical yields with retention of high binding affinity and
immunoreactivity. The PODS radioconjugates exhibited high specific binding, internalization and
intracellular trapping of radioactivity on HER2-positive BT474 breast carcinoma cells /n vitro.
Iso211AtJAGMB-PODS-5F7GGC displayed considerably higher in vitro stability in the presence
of cysteine and HSA compared with the maleimide analogue, [21LAf]MEAGMB-5F7GGC,
excellent tumor uptake and high in vivo stability. Superior tumor-to-kidney activity ratios

were seen for iso]2'1AtJAGMB-PODS-5F7GGC and its radioiodinated analogue compared with
[177Lu]Lu-DOTA-PODS-5F7GGC. These results suggest that iso-[21LAt]AGMB-PODS-5F7GGC
warrants further evaluation as a targeted a-particle emitting agent for the treatment of HER2-
expressing malignancies.

INTRODUCTION

Single domain antibody fragments — sdAbs, also known as VHH molecules and nanobodies
— are a promising platform for the selective delivery of radionuclides to cancer cells

for nuclear imaging and targeted radionuclide therapy (TRT). Compared with full-length
mADbs, sdAbs have many attractive features, some related to their tenfold smaller size (/.e.
rapid tumor penetration and normal tissue clearance) and others related to their biological
characteristics (/7.e. high binding affinity, ease of production chemical, and thermal stability)
(1). The radiohalogenation of sdAbs is being pursued with equal or perhaps greater vigor
than their radiometallation (2). To wit, the first clinical translation of a radiolabeled sdAb
with TRT intent was the recent pilot study evaluating 1311-GMIB-anti-HER2-VHH1 in
healthy volunteers and patients with HER2-expressing cancers (3). Work in our laboratory
has focused on the development of radiohalogenated conjugates of 5F7 (4) and VHH_1028
(5) - sdAbs that target a trastuzumab-competitive epitope on HER2 extracellular Domain

IV and exhibit more extensive internalization and higher HER2 affinity than VHH1. These
properties could be advantageous for TRT, and the therapeutic efficacy of iso[*311]SGMIB-
VHH_1028 has recently been demonstrated in two murine models bearing HER2-expressing
xenografts (5).

The use of sdAbs for TRT with the a-particle emitting radiohalogen 211At is particularly
attractive because of the excellent alignment of the radionuclide’s 7.2-h physical half-life
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with the pharmacokinetic profile of sdAbs. Moreover, the short tissue range and high
potency of a-particles will be of particular value in metastatic disease settings where sdAbs
are most likely to have therapeutic impact (1, 2). When labeled with the /so-[211At]SAGMB
residualizing prosthetic agent, 5F7 sdAb displayed high tumor uptake, prolonged tumor
retention, fast clearance from normal tissues, and excellent /7 vivo stability against
deastatination (6). The /n7 vivo properties of iso[?1LAt]SAGMB-5F7 compared favorably
with those reported for anti-HER2 sdAbs labeled with the a-particle emitting radiometals
213Bj (7) and 225Ac (8). In a recent therapy study, iso-[211At]SAGMB 5F7 and VHH_1028
conjugates showed excellent therapeutic efficacy at a single dose against HER2-positive
BT474 breast carcinoma xenografts (9); complete tumor regression was observed in the
majority of treated mice with no overt signs of toxicity observed at 200 days post-treatment.

Although the results discussed above are encouraging, one drawback of using radiolabeling
prosthetic groups like iso-[211At]SAGMB that contain active esters is that they can react
with multiple lysines within the sdAb, producing a mixture of radioconjugates with
different properties. The heterogeneity and irreproducibility inherent to random labeling
are significant hurdles to the effective deployment of radioimmunoconjugates, particularly
at the higher radioactivity levels required for clinical TRT. Indeed, both the site of
conjugation and the number of modifications per molecule can have a profound impact

on the pharmacokinetic profile, affinity, and therapeutic efficacy of an immunoconjugate
(10-13). This is especially true in the context of sdAbs given their small size.

The modification of a single location within a biomolecule via site-specific radiolabeling
represents an attractive way to circumvent these issues. The most commonly used approach
for site-specific conjugation utilizes the Michael addition reaction between cysteine
sulfhydryl groups and maleimide groups. Unfortunately, the succinimidyl thioether linkage
that is formed is susceptible to retro-Michael reactions /in7 vivo (14). In the context of
radioimmunoconjugates, this can lead to the escape of the labeled prosthetic group and/or
the exchange labeling of endogenous thiol-bearing species (15). Yet despite the potential
deleterious effects of these processes on normal tissue radioactivity levels, maleimides
continue to be used with mixed results, potentially reflecting the influence of the chemical
environment on the stability of the maleimide-thiol linkage (14). Of direct relevance to the
current study, we recently evaluated the site-specific maleimide-mediated radioiodination of
5F7 at an engineered GGC site at the C-terminus of the sdAb (Figure 1) (16). At early
timepoints, the /n vivo behavior of the resultant radioimmunoconjugate was comparable

to that of native 5F7 that had been randomly radiolabeled using a lysine-based method.
However, at 24 h, the maleimide-based radioimmunoconjugate yielded lower tumor-to-tissue
ratios for the Kidney, spleen, and liver. Moreover, the use of maleimide-based approaches
for the 21At-labeling of both 2Rs15d (aka VHH1) (17) and an intact mAb (18) yielded
211At-labeled proteins that were highly susceptible to loss of label in vivo.

An attractive alternative to maleimide-mediated site-specific conjugation originally
described almost a decade ago is predicated on the modification of cysteine residues

with bifunctional probes bearing methylsulfonylbenzothiazole groups. This strategy resulted
in protein conjugates with higher stability in human plasma than those synthesized

via maleimide-thiol chemistry (19), and a subsequent study demonstrated that the
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methylsulfonylbenzothiazole-thiol linkage provided superior stability even at sites known
to be labile after maleimide-thiol conjugations (20). More recently, a phenyloxadiazolyl
methylsulfone (PODS) reagent developed for the site-specific cysteine labeling of intact
mAbs with radiometals (89Zr, 177Lu) was shown to produce radioimmunoconjugates with
markedly superior properties compared with analogs created using maleimide-based probes
(21-23). Based on these encouraging results, we have evaluated the possibility of extending
the PODS strategy to radiohalogenation and sdAbs, a pair of changes that offer distinct
challenges compared with radiometallation and mAbs, respectively. More specifically,

we have synthesized PODS-bearing analogues of our residualizing iso-[131ISGMIB and
iso-[?11At]SAGMB reagents and evaluated their potential utility for labeling a variant of 5F7
sdAb bearing an engineered C-terminus GGC tail (Figure 1). Finally, we have performed

a head-to-head comparison between 7so-[1251]GMIB-PODS-5F7GGC and 177Lu-labeled
PODS 5F7GGC in athymic mice bearing subcutaneous HER2-expressing BT474 human
breast carcinoma xenografts.

Chemistry and Radiochemistry.

The radiosyntheses are summarized in Schemes 1-3, while the syntheses of Bocy-/so-
SGMIB, Boc,-iso-SGMTB, and PODS have been reported before (16, 21, 22). The
synthesis of DOTA-PODS followed a modified method (21) using /-SCN-Bn-DOTA
(Macrocyclics, Inc, Texas). The conjugations of Bocy-/s0-SGMIB and Boc,-iso-SGMTB
to PODS were performed under basic conditions using a common protocol. The products
— Boc,-is0-GMIB-PODS and Bocy-/so-GMTB-PODS — were isolated via preparative
RP-HPLC in reasonable yields. /so-GMIB-PODS-5F7GGC, DOTA-PODS-5F7GGC, and
Lu-DOTA-PODS-5F7GGC were synthesized in similar yield (~76%). The purities of these
immunoconjugates were determined using GP HPLC and all were >95%. Their molecular
weights were determined via LC-MS and were 13795.4 (13795.2 calc.), 14046.0 (14046.2
calc.), and 14216.7 (14217.2 calc.), respectively. Non-radioactive /so-SGMIB-PODS was
used as a standard for the identification of its radiolabeled analogue, iso-[*311]GMIB-PODS.
The radiochemical yield (RCY) and radiochemical purity (RCP) of Bocy-iso-[131]GMIB-
PODS were 70 £ 8% (n = 11) and >99% (RP-HPLC), respectively.

The conjugation of /so-[1311]JGMIB-PODS to monomeric 5F7GGC was accomplished with
aRCY of 58 + 9% (n=11); the RCP of /so-[1311]]GMIB-PODS-5F7GGC determined by
SDS-PAGE and GP-HPLC was >99%. The synthesis of iso-[211At]AGMB-PODS was
performed with a RCY of 66 + 5% (n = 6), and the RCP was >99% for each synthesis.
The RCY for the conjugation of /so-[211At]AGMB-PODS with 5F7GGC was 64 + 7%

(n = 6), and the RCP of the radiolabeled sdAb determined by SDS-PAGE and GP-HPLC
was >99%. [177Lu]Lu-DOTA-PODS was synthesized in almost quantitative yields, and
[177Lu]Lu-DOTA-PODS-5F7GGC was synthesized in 35 + 15% RCY (n = 2) and >99%
RCP as determined by SDS-PAGE and GP-HPLC.
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Characterization of sdAb Conjugates.

Surface plasmon resonance (SPR) revealed binding constants (Kg) of 0.10, 0.19,

and 0.09 nM for /so-GMIB-PODS-5F7GGC, DOTA-PODS-5F7GGC and Lu-DOTA-
PODS-5F7GGC, respectively, with recombinant HER2-Fc protein (Figure 2). The
immunoreactive fraction (IRF), determined by Lindmo assay (24), was 84.0 + 1.8%

(n = 2) for iso{131]JGMIB-PODS-5F7GGC, 85.8 + 2.1% (n = 2) for iso-[?11A{JAGMB-
PODS-5F7GGC, 69.0% (n = 1) for [Z11A{]MEAGMB-5F7GGC, and 71.2% (n = 1) for
[177Lu]Lu-DOTA-PODS-5F7GGC. Saturation binding assays using the HER2-expressing
SKOV-3 and BT474 cell lines gave K4 values of 3.3 +0.5nM and 5.9 + 0.8

nM, respectively, for iso-[1311]GMIB-PODS-5F7GGC (Figure 3). Using the BT474

cell line, K4 values of 4.7 £ 0.8, 3.4 £ 0.6, and 5.6 £ 0.9 nM were obtained

for iso-[211At]JAGMB-PODS-5F7GGC, [21IAf]MEAGMB-5F7GGC, and [177Lu]Lu-DOTA-
PODS-5F7GGC, respectively.

Cellular Retention and Internalization.

In the paired-label internalization assay comparing /iso{1311]GMIB-PODS-5F7GGC and
[1251)MEGMIB-5F7GGC, 6.2 + 0.3% of iso-[1311]GMIB-PODS-5F7GGC was associated
with cells after the initial 1 h incubation at 4 °C compared with 5.8 + 0.4% for
[125I]MEGMIB-5F7GGC (difference not statistically significant: 2> 0.05). The fraction
of this initially bound iso-[1311]JGMIB-PODS-5F7GGC that was internalized in the cells
after subsequent incubation at 37 °C was 28.4 + 3.3%, 33.5 + 1.8%, and 29.0 £ 0.8% at

1, 2, and 4 h, respectively (Figure 4). For [125]]MEGMIB-5F7GGC, these values were 25.0
+ 3.4%, 30.5 + 2.2%, and 26.7 £ 0.5%. A significantly higher internalized fraction was
only observed for iso-[1311]GMIB-PODS-5F7GGC compared to [12°I]MEGMIB-5F7GGC
at 4 h (P<0.05). The surface-bound fractions for iso-[1311]GMIB-PODS-5F7GGC and
[1251)]MEGMIB-5F7GGC were not significantly different at any time point.

The cellular uptake and internalization of iso-[1311]JGMIB-PODS-5F7GG were compared
with that of iso-[211At]AGMB-PODS-5F7GGC in a paired-label assay (Figure 5). No
significant difference was observed in the uptake after 1 h of incubation at 4 °C, with

7.4 +0.8% and 7.5 + 1.0% of input activity bound to BT474 cells for iso-[1311]GMIB-
PODS-5F7GGC and [?11At]AGMB-PODS-5F7GGC, respectively. The surface-bound
fractions for iso-[1311]GMIB-PODS-5F7GGC ranged from 17.7% to 28.5% of the initially
bound activity, and the internalized fractions were between 34.4% and 48.8%. For
iso-[?1 At AGMB-PODS-5F7GGC, the surface bound fractions were between 15.4% and
29.0%, and the internalized fractions were between 34.1% and 41.8%. The differences
between the 1311- and 211At-labeled sdAbs were not statistically significant at any time
point.

In vitro Stability of [21LAt{]MEAGMB-5F7GGC and iso-[?11At]AGMB-PODS-5F7GGC.

The in vitro stability results for the 211At-labeled sdAb are shown in Figure 6.
Iso-[2LLAfJAGMB-PODS-5F7GGC showed excellent stability in both PBS and a cysteine
solution, with over 95% RCP after 21 h. A decrease in stability was observed in HSA,
with 86% and 76% of the 211At remaining associated with the sdAb at 3 and 21 h,
respectively. Compared with iso-[21LAt]AGMB-PODS-5F7GGC, the in vitro stability of
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[2LIAfIMEAGMB-5F7GGC in cysteine solution and HSA was considerably lower, while
no significant difference was observed between the two 211At-labeled sdAbs in PBS.
Notably, virtually no radioactivity was associated with intact sdAb at 3 and 21 h for
[211AfIMEAGMB-5F7GGC in both the cysteine solution and HSA.

Biodistribution.

The biodistribution of iso-[1311]GMIB-PODS-5F7GGC and [12°1]MEGMIB-5F7GGC were
compared in athymic mice both without (Table 1) and with BT474 subcutaneous
xenografts (Table 2). In the mice without tumors, the uptake of radioactivity in the

kidneys from /so-[1311]GMIB-PODS-5F7GGC at 1 h post-injection (p.i.) (36.3 + 5.2%
ID/g) was significantly higher than that from [12°1]MEGMIB-5F7GGC (15.7 + 1.3%

ID/g; P< 0.005). However, at 4 h p.i., the kidney activity concentrations produced by

both radioimmunoconjugates were not significantly different (£> 0.05). The uptake of
iso-[1311]GMIB-PODS-5F7GGC in the liver at 1 h p.i. was significantly higher (P< 0.01)
than that from [1251]MEGMIB-5F7GGC with the trend reversed at 4 h p.i., (P < 0.05).
Minimal uptake and retention was observed in other organs. As shown in Table 2, the uptake
of iso-[1311]GMIB-PODS-5F7GGC in the BT474 tumors was not significantly different
(P> 0.05 for all time points) from that for [122I]]JMEGMIB-5F7GGC. The differences

in the tissue concentrations in normal organs were consistent with those observed in

mice without tumors. At 1 h p.i., the tumor-to-kidney activity concentration ratio for
[1251]MEGMIB-5F7GGC (0.8 + 0.1) was significantly higher than that for iso-[1311]GMIB-
PODS-5F7GGC (0.3 + 0.1; A<0.0001); however, the tumor-to-kidney activity concentration
ratios of the two conjugates were not significantly different at 4 h p.i. The tumor-to-liver
activity concentration ratios for [225]]MEGMIB-5F7GGC were 9.2 + 1.5, 23.3 + 6.8, and
63.4+21.2at1,4and 24 h p.i., respectively, values significantly higher (£< 0.0001) than
those for iso-[1311]JGMIB-PODS-5F7GGC at each of the timepoints.

The biodistribution of iso-[1311]GMIB-PODS-5F7GGC and its 211 At-labeled analogue —
iso-[?11At|AGMB-PODS-5F7GGC, —were directly compared in a paired-label experiment
using athymic mice bearing BT474 xenografts (Table 3). High tumor uptake and retention
was observed for both agents, and differences between the two agents were not statistically
significant (P> 0.05 at 1, 4, and 21 h). Kidney activity levels at 1 h p.i. were also similar;
however, at 4 and 21 h p.i., the activity concentration of iso-[?1LAt]AGMB-PODS-5F7GGC
in the kidneys was significantly higher than that for iso-[1311]JGMIB-PODS-5F7GGC (P<
0.05 for 4 and 21 h). The tumor-to-kidney activity concentration ratios for iso-[1311]GMIB-
PODS-5F7GGC at 4 and 21 h p.i., respectively, were 2.8 + 0.5, and 8.0 £ 1.2, significantly
higher than those for /so-[21LAt]AGMB-PODS-5F7GGC: 1.5 + 0.3 and 2.7 + 0.4 at (P
<0.01 at4 h; < 0.0001 at 21 h; no significant difference was seen at 1 h). A similar

trend was seen in the liver. At 1 h p.i., no significant difference was seen between the
tumor-to-liver activity concentration ratios of the 211At-labeled (2.5 + 0.6) and 131|-labeled
analogue (2.8 £ 0.8). However, significantly higher tumor-to-liver activity concentration
ratios were seen for the 1311-labeled sdAb thereafter: 12.2 + 3.5 and 27.1 + 8.9 at 4

and 21 h for 131] and 7.7 + 1.8 and 11.6 + 3.4 for 211At at 4 and 21 h, respectively,
(P<0.05at4 hand P<0.01 at 21 h). The activity concentrations in the stomach

for iso-[211At]JAGMB-PODS-5F7GGC were significantly higher than those observed for
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iso-[1311]GMIB-PODS-5F7GGC at 1 h (P < 0.05) and 4 h. Likewise, the uptake of
radioactivity in the thyroid for /so-[21LAtJAGMB-PODS-5F7GGC was significantly higher
than observed for iso-[1311JGMIB-PODS-5F7GGC at all time points. Nonetheless, the
absolute levels of activity in the stomach and thyroid for both radioimmunoconjugates
were consistent with a low level of /n vivo dehalogenation for both labeled sdAbs

but with the 211 At-labeled conjugate showing a higher degree of dehalogenation. When
iso-[?11At|AGMB-PODS-5F7GGC was evaluated as a single agent in athymic mice bearing
BT474 xenografts, tissue activity levels were consistent with those seen in the paired-label
study, except for tumor uptake at 4 h and 24 h (Table 4). In the single-label study, the
tumor uptake was two-fold higher: 20.5 + 2.4% ID/g and 8.8 £ 0.8% ID/g at 4 and 24 h,
respectively.

A biodistribution study was performed to directly compare the /in vivo performance of
iso{12°11GMIB-PODS-5F7GGC and [17Lu]Lu-DOTA-PODS-5F7GGC in athymic mice
bearing BT474 xenografts (Table 5). The tumor uptake values for 125] were 34 + 8% and

21 + 3% higher than those for 1/7Lu at 1 and 4 h, respectively, but 26 + 8% lower at 24 h.
While the radioactivity levels in the kidneys were comparable at 1 h (£ > 0.05), they were
substantially lower for iso-[1251]GMIB-PODS-5F7GGC (6.3 + 1.2% ID/g and 1.1 + 0.2%
ID/g) than for [1/7Lu]Lu-DOTA-PODS-5F7GGC (64.8 + 13.7% ID/g and 40.8 + 9.7% ID/g)
at 4 and 24 h, respectively (£ <0.0001 at both time points). As a result, the tumor-to-kidney
activity concentration ratios were not significantly different between the two conjugates at
1h (0.3 +0.1 for 1251 and 0.2 + 0.1 for 177Lu; 2> 0.05). However, at 4 and 24 h, the
tumor-to-kidney activity concentration ratios for iso-[12°1]GMIB-PODS-5F7GGC were 2.9
+0.7 and 5.8 * 2.0, considerably higher than those for [177Lu]Lu-DOTA-PODS-5F7GGC -
0.2+0.0and 0.2 £ 0.1 (P< 0.0001 for both time points).

DISCUSSION

Thiol-targeted reagents for protein conjugation originally developed for intact mAbs should
be an attractive strategy for the truly site-specific radiolabeling of sdAbs. In most cases,
thiols are generated on intact mAbs via the reduction of the multiple disulfide bonds whose
number and position vary by 1gG class. While this results in a much lower number of
potential conjugation sites than are available for lysine-targeted reagents, multiple cysteines
can nonetheless still be modified. This can be ameliorated somewhat by genetically inserting
capped thiols into the IgG light chain (23); however, in this case, the reaction conditions
must be carefully tuned for each mAb to avoid reduction of its native disulfides. sdAbs, in
contrast, have an ideal structure for truly site-specific thiol modification, as they generally
have only one conserved disulfide linkage that is stable under most reducing conditions (25,
26). Because the C-terminus of sdAbs points away from its CDR regions (27), it represents
an excellent position for modification with minimal chance of disrupting antigen binding
affinity. This was confirmed in a study demonstrating the superior affinity for three sdAbs
modified with IRDye 800CW via different bioconjugation approaches (28).

These factors motivated us to use recombinant methods to add a GGC sequence at the C-
terminus of the anti-HER2 sdAb 5F7 to introduce a single cysteine for site-specific labeling
(4). Our initial approach utilized an [*31]iodobenzoyl maleimido D-amino acid peptide-
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bearing prosthetic agent. Unfortunately, however, poor conjugation yields necessitated the
modification of the sdAb with 2-iminothiolane so sufficient product for could be obtained
for biological evaluation. As a result, the bioconjugation was no longer site specific.

More recently, maleimidoethyl 3-(guanidinomethyl)-5-[1311]iodobenzoate (MEGMIB) —
a maleimido analogue of the residualizing prosthetic agent /so-SGMIB (29) — was
synthesized and evaluated for the site-specific labeling of 5SF7GGC (16). Both 5F7
labeled randomly on its lysines using iso-[1311]SGMIB and [131]MEGMIB-5F7GGC
exhibited excellent tumor targeting /7 vivo. However, the maleimido version had higher
activity retention in the liver, spleen, and kidneys at 24 h post-injection, suggesting
different metabolic patterns for the two radioimmunoconjugates (16). The extension of
this labeling strategy to 211At was briefly evaluated via the synthesis of maleimidoethyl
3-[?11At]astato-5-(guanidinomethyl)iodobenzoate ([211AtIMEAGMB), but the /in vivo
results were perplexing at best (unpublished observations). As we have determined in

the current study and will discuss below, this can be explained by the rapid breakdown

of [Z1LAt]MEAGMB-5F7GGC in the presence of endogenously abundant thiol-containing
species.

Herein, we sought to develop a site-specific labeling strategy for sdAbs with high /in

vivo stability applicable both to both the highly versatile array of iodine radionuclides

and 21LAt for targeted alpha particle therapy. Although sdAbs labeled randomly on their
lysines with reagents like iso-[1311]SGMIB can exhibit high affinity and stability, this has
often involved selecting an sdAb without a lysine in its CDR regions (30) or making an
analogue in which a CDR lysine is removed (5). To obviate the need for these tactics

and take advantage of the benefits of site-specific labeling, we sought to build on the
encouraging results we obtained labeling proteins with radiometals using a PODS moiety
(21-23, 31). Among the attractive features we hoped to extend to these radiohalogens
include efficient and rapid conjugation at biologically relevant pH, and improved /7 vitro and
in vivo stability compared with corresponding conjugates labeled using maleimide chemistry
(21, 23). These results encouraged us to combine PODS with our previously validated
residualizing prosthetic agents — /so-[1311]SGMIB (29) and iso-[?11At]SAGMB (6) — to
derive /so-[1311]GMIB-PODS and iso-[211At]AGMB-PODS, respectively. 5F7-GGC labeled
with these novel synthons were compared directly with conjugates synthesized using the
maleimide-based prosthetic groups [F31IJMEGMIB and [21Af]MEAGMB. In addition, we
directly compared iso-[12°1]JGMIB-PODS-5F7GGC with 5F7GGC labeled with 177Lu using
DOTA-PODS. To the best our knowledge, such paired-label comparison of an sdAb labeled
with a radiometal and radiohalogen has not been reported.

The tin precursor Boc,-iso-GMTB-PODS and the iodinated standard iso-GMIB-PODS were
synthesized in reasonable yields in two steps. The syntheses of iso-[1311]GMIB-PODS,
iso-[21AtJAGMB-PODS, and iso-[211AfIMEAGMB were performed in 2 steps in a manner
similar to reported procedures for iso-[?1LAt]SAGMB (6) and [*31IJMEGMIB (16). The
conjugation of /so-GMIB-PODS to 5F7GGC gave higher yield than that of MEGMIB

to 5F7GGC (16). Similarly, the conjugation of iso-[1311]]JGMIB-PODS to 5F7GGC had

a higher RCY (P=0.0016) than that for [131I]MEGMIB (16). No significant difference

in RCY was observed for the conjugation of isa[1311]GMIB-PODS and iso-[?11AtJAGMB-
PODS to 5F7GGC. The construction of [17’Lu]Lu-DOTA-PODS-5F7GGC was evaluated
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in two ways: (1) the synthesis and purification of DOTA-PODS-5F7GGC for direct

labeling with [277Lu]LuCls and (2) the synthesis and purification of [*7Lu]Lu-DOTA-
PODS for bioconjugation to 5F7GGC. We found that if DOTA-PODS-5F7GGC was

labeled directly with [177Lu]LuCl3, some [*7Lu]Lu3* became loosely bound to DOTA-
PODS-5F7GGC, which disassociated when injected into animals (unpublished results). A
possible explanation is that the [177Lu]LuCl3 formed colloids at neutral pH and co-eluted
with the radioimmunoconjugate from the PD-10 column. [*77Lu]Lu-DOTA-PODS-5F7GGC
was subsequently performed in two steps to avoid this problem. All non-radioactive
versions of these sdAb immunoconjugates exhibited high binding affinity to the extracellular
domains of HER2, demonstrating that conjugation with these prosthetic moieties did not
diminish HER2 recognition. Moreover, the immunoreactivities, and binding affinities to
HER2-expressing cancer cells for all the radioimmunoconjugates were high and consistent
with those reported previously for other 5F7 radioconjugates (5, 9, 16).

All of the radioimmunoconjugates in the study exhibited high uptake and internalization
into HER2-positive BT474 cells, though some significant differences in behavior

were observed. Compared with [122I]MEGMIB-5F7GGC, iso-[1311]GMIB-PODS-5F7GGC
showed higher intracellular retention after a 4 h incubation at 37 °C, which likely

reflected the higher 7 vitro stability of iso-[1311]GMIB-PODS-5F7GGC compared with
[1251)MEGMIB-5F7GGC. In a prior study, [131I]MEGMIB-5F7GGC was less stable 7 vitro
than /so-[12°1]SGMIB-5F7, probably due to hydrolysis and metabolism of the maleimido
conjugate (16). Similar differences in behavior were seen when trastuzumab radioiodinated
using D-amino acid residualizing peptide conjugates linked both via an active ester and

a maleimide moiety were compared (32). It was encouraging that the cellular uptake

and intracellular residualization of iso-[21LAtJAGMB-PODS-5F7GGC was not significantly
different than that for /iso-[1311]GMIB-PODS-5F7GGC, consistent with a low degree of
dehalogenation for both conjugates under /n vitro conditions.

The contribution of the PODS moiety to the stability of the radioimmunoconjugates

under Jn vitro conditions was investigated by comparing the behavior of iso-[211At] AGMB-
PODS-5F7GGC and iso-[211AtIMEAGMB-5F7GGC in three media, two of which contained
thiol-bearing substances that are conducive to retro-Michael-mediated degradative processes.
Excellent stability was observed for iso-[21!At]AGMB-PODS-5F7GGC in PBS, cysteine,
and HSA. In contrast, iso-[21LAJMEAGMB-5F7GGC quickly degraded within 3 h in

both cysteine and HSA. Interestingly, however, significantly higher stability was seen

earlier for iso-[131]]MEGMIB-5F7GGC, with 90% of the radioimmunoconjugate intact

after a 24-h incubation in human serum (16). The considerably lower stability of
iso-[P1LAtIMEAGMB-5F7GGC compared to /so[*31IJMEGMIB-5F7GGC could relate to
several factors, such as a higher dehalogenation of the [21!AffMEAGMB moiety either
before or after disassociation from the sdAb conjugate. However, in interpreting these
results, it is important to bear in mind that there is a significant difference in the affinity

of astatine and iodine for sulfur atoms as well as their susceptibility to dehalogenation. The
affinity to sulfur atoms has been an interesting facet of astatine chemistry dating back to

the 1980s (33, 34). A more recent publication investigated the interactions of AtO* species
with sulfurbased ligands in aqueous solution, which might influence the /n vivo behavior of
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211At-labeled agents (35). Because of the transient affinity of astatine for sulfur, care must
be taken when translating thiol-based site-specific radioiodination strategies to 211At.

Because of its poor in vitro stability, iso-[21!AfMEAGMB-5F7GGC was not evaluated
further in biodistribution studies. Except for a confirmatory single-label evaluation

of iso-[211Atf]AGMB-PODS-5F7GGC, biodistribution experiments were done in paired
label format. This facilitated the direct comparison of two radioimmunoconjugates
while eliminating potentially confounding variables (such as tumor size) that can exist
between groups of experimental animals. When 7so[*311]JGMIB-PODS-5F7GGC and
iso-[121)MEGMIB-5F7GGC were compared in tumor-bearing mice, there was a trend
towards higher tumor uptake for the PODS conjugate at 1 and 4 h, but the differences
were not significant. On the other hand, the maleimide-based conjugate exhibited more
than two-fold lower kidney activity levels at the 1 h time point in both tumor-bearing and
non-tumor bearing mice but not thereafter; by 24 h, the opposite behavior was observed.
The low initial kidney uptake of /so-[12°I]JMEGMIB-5F7GGC is consistent with results
published previously (16). As discussed therein, this behavior likely reflects the /n vivo
lability of the thiosuccinimide linkage generating rapidly excreted labeled catabolites.

Although a different 131|-labeled anti-HER2 sdAb is now being evaluated in patients (3),
studies in mice with HER2-expressing xenografts with both randomly labeled 5F7 and

the closely related VHH_1028 sdAb have demonstrated considerably greater therapeutic
effectiveness for the 211At-labeled compared with the 1311-labeled conjugates (5, 9). For
this reason, our primary objective was to develop a site-specific and biologically stable
reagent for labeling sdAbs (especially 5F7) with 211At. In order to evaluate the effect

of halogen on /n vivo behavior, iso-[?1!At]AGMB-PODS-5F7GGC and /so-[1311]GMIB-
PODS-5F7GGC were compared in paired-label format. No significant differences in tumor
uptake between 211At and 131| were observed, although 211At levels were significantly
higher than those for 1311 in spleen, stomach, and thyroid, results that are consistent with

a higher degree of dehalogenation for the 211At-labeled sdAb. Similar halogen-dependent
trends in tumor and normal tissue uptake were reported for 5F7 randomly labeled using
iso-[?11At]SAGMB and iso-[1311]SGMIB in SCID mice with BT474 xenografts (6).
Unfortunately, the direct comparison of the absolute tissue uptake values for the two
paired-label studies is not possible because of differences in biodistribution noted between
athymic and SCID mice (9). On the other hand, the biodistribution of /so-[211At]AGMB-
VHH_1028 — an sdAb differing from 5F7 by only one amino acid and exhibiting

identical /n vivo behavior — has been determined in single-label format in athymic mice
with BT474 subcutaneous xenografts (9). When iso[?11At]AGMB-PODS-5F7GGC was
evaluated in single-label format, its tumor uptake was about twice than that reported for
iso-[P1LAtJAGMB-VHH_1028 in the same model. Moreover, levels of 211At in the stomach,
thyroid, and spleen were about two times lower for the PODS-based radioimmunoconjugate
suggesting it was more stable /n vivo than the /so-[211At]SAGMB conjugate.

Finally, the use of PODS for site-specific labeling produces only a single species, providing
an opportunity to compare metal and halogen sdAb labeling strategies while excluding
heterogeneity as a confounding variable. This is particularly important for sdAbs that bind
internalizing targets like HER2 because a labeled sdAb bearing a metal-free chelate could
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have altered charge and potentially different internalization and/or trapping in tumor cells
(36). Significantly higher tumor uptake was observed for iso-[12°1]GMIB-PODS-5F7GGC
at 1 and 4 h compared with [177Lu]Lu-DOTA-PODS-5F7GGC, with the opposite behavior
seen at 24 h. The most notable negative feature of the radioiodinated sdAb is that it showed
higher hepatobiliary organ uptake at the earlier time points. On the other hand, the kidney
retention of 177Lu was substantially higher than for the radioiodinated agent, with the
difference reaching a factor of about 40 at 24 h. The potentially dose-limiting renal activity
levels are in line with those reported previously for other sdAbs labeled with 177Lu (37, 38).
The results of this head-to-head comparison suggest that for 5F7 (and perhaps other sdAbs),
radiohalogenation using our PODS-bearing residualizing agent might be preferable to the
use of a radiometal.

CONCLUSION

Herein we report a method for the site-specific radiohalogenation of sdAbs with a prosthetic
agent that contains both a residualizing moiety and a thiol-reactive PODS functionality.
Excellent preservation of HER2-binding affinity was observed for conjugates derived using
this strategy. Compared with iso-[211AJMEAGMB-5F7GGC, superior in vitro stability

was seen for iso[?11At]AGMB-PODS-5F7GGC. Excellent tumor targeting was observed
for iso-[211At]JAGMB-PODS-5F7GGC. These results suggest that iso-[211AtJAGMB-
PODS-5F7GGC — as well as its 1311-labeled analogue — warrant further evaluation

as a- and p-emitting targeted radiotherapeutics for the treatment of HER2-expressing
malignancies.

EXPERIMENTAL SECTION

General.

Sodium [12°[]iodide (629 GBg/mg) in 0.1 M NaOH was obtained from PerkinElmer
(Boston, MA). Sodium [1311]iodide (936 GBg/mg, 236.097 GBg/mL) was obtained

from International Isotopes Inc. (Idaho Falls, ID) in a solution of 0.04 M sodium
thiosulfate, 0.2 M NaOH and 0.2 M sodium carbonate. All reagents and solvents

were purchased from Fisher Scientific unless otherwise stated. Boc,-iso-SGMTB, Bocs-
/50-SGMIB, Bocy-MEGMTB, PODS, and PODS-DOTA were synthesized following
reported methods (16, 21, 22). Production, purification and characterization details

for the anti-HER2 sdAb 5F7GGC have been reported previously (4, 16). Synthesis

of [125/131|JMEGMIB-5F7GGC was performed following a reported method (16); its
211At-labeled analogue, [Z1LAIMEAGMB-5F7GGC, was synthesized using an essentially
identical procedure. The anti-HER2 antibody, trastuzumab (Roche/Genentech), was obtained
from the Duke University Medical Center Pharmacy. All instruments were calibrated and
maintained according to standard quality control practices and procedures. Reversed-phase
HPLC (RP-HPLC) purification of unlabeled compounds was performed on a Shimadzu
HPLC system (Shimadzu Scientific Instruments, Kyoto, Japan). Both the analytical (250

x 2 mm, 5 um, 300 A) and preparative (250 x 10 mm, 5 um, 300 A) HPLC columns

were purchased from Phenomenex (Jupiter Proteo HPLC columns, Phenomenex, Torrance,
CA). HPLC analyses were performed using LabSolutions LC/GC software (Shimadzu

J Med Chem. Author manuscript; available in PMC 2023 June 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Feng et al.

Page 12

Scientific Instruments, Kyoto, Japan). Evaporation of solvents was accomplished with
either a vacuum evaporator (Biotage V-10 Touch, V10-2XX, Biotage, Uppsala, Sweden)

or a rotary evaporator (Hei-VAP Core, Heidolph, Schwabach, Germany). Gel permeation
(GP) HPLC was utilized for purification and identification of the 5F7GGC-prosthetic agent
conjugates using an Agilent PL Multisolvent 20 column eluted with pure Milli-Q® water
as the mobile phase. Purification of radiolabeled compounds was performed with Agilent
1260 Infinity systems using a reversed-phase HPLC column (Agilent Poroshell 120 C18,
2.7 um, 4.6 x 50 mm) eluted at a flow rate of 2 mL/min with a gradient consisting of

water (solvent A) and acetonitrile (solvent B), both containing 0.1% TFA,; the proportion of
B was increased linearly from 40% to 80% over 8 min. This system was equipped with a
1260 Infinity Multiple Wavelength Detector (Santa Clara, CA). For monitoring radioactivity,
one system was connected to a Dual Scan-RAM flow activity detector/TLC scanner and
the other to a Flow-RAM detector (Lablogic, Tampa, FL); both the HPLC and the gamma
detectors were controlled by LabLogic Laura software. A CRC-7 dose calibrator (Capintec,
Pittsburgh, PA) was used to measure radioactivity at higher levels and for assessing lowe
activity levels, either an LKB 1282 (Wallac, Finland) or a Perkin EImer Wizard Il (Shelton,
CT) automated gamma counter was used.

Synthesis of Bocy-iso-GMTB-PODS.

N, N-diisopropylethylamine (DIPEA, 8.0 pL, 45.8 umol, 3.0 eq.) was added to a solution of
PODS (24.8 mg, 45. 8 umol, 3.0 eq.) in 1.0 mL anhydrous dimethylformamide (DMF). A
solution of Bocy-/50-SGMTB (10 mg, 15.3 umol, 1.0 eq.) in 1.0 mL DMF was then added
to above and the resultant solution was stirred at room temperature overnight protecting it
from light. To determine the progress of the reaction, RP-HPLC was performed using the
analytical column (1 mL/min, 5-95% acetonitrile in water (0.1% TFA) over 35 min; tp

of product: 25.4 min). Once the reaction was deemed complete, the DMF was evaporated
completely with a vacuum evaporator. The resultant crude product was re-constituted in

2 mL acetonitrile, and the solution was filtered with a syringe filter. The product was
purified via RP-HPLC using a preparative column (6 mL/min, 5-95% acetonitrile in water
(0.1% TFA) in 35 min; g product: 29.6 min). The purity of isolated sample was assessed
using analytical RP-HPLC (1 mL/min, 5-95% acetonitrile in water with 0.1% TFA over 35
min; ¢z of product: 25.4 min; >95% purity). The solvents from the pooled HPLC fractions
containing the product were removed by lyophilization overnight to yield a white powder
(4.9 mg, 30.0% yield): TH NMR (500 MHz, CDClz) &: 9.90 (s, 1H), 9.50 (s, 1H), 7.99 (d,
2H,J=8.8 Hz), 7.74 (m, 3H), 7.58 (s, 1H), 7.45 (s, 1H), 7.07 (s, 1H), 6.87 (s, 1H), 5.17

(s, 2H), 3.47-3.64 (m, 18H), 3.36 (q, 2H, J = 5.9 Hz), 2.66 (m, 2H), 2.57 (m, 2H), 1.90
(quint, 2H, J = 6.2 Hz), 1.74 (quint, 2H, J = 6.0 Hz), 1.48 (s, 9H), 1.36 (s, 9H), 0.27 (s,
9H). 13C NMR (500 MHz, DMSO-dg) &: 171.8, 171.5, 167.0, 166.2, 163.2, 162.2, 160.1,
154.5,144.1, 1425, 138.5, 137.5, 134.4, 132.9, 129.0, 126.7, 119.6, 116.4, 84.3, 78.3, 70.2,
70.0, 68.7, 68.5, 47.5, 43.4, 37.1, 36.3, 32.2, 30.5, 29.9, 29.8, 28.4, 27.8, 8.8. ESI-MS m/z
calculated for C45HggNgO13SSn (M+H)*: 1080.85; found: 1081.0.

Synthesis of Bocy-iso-GMIB-PODS.

DIPEA (6.4 uL, 36.5 pmol, 3.0 eq.) was added to a solution of PODS (19.7 mg, 36.5 pmol,
3.0 eq.) in 1.0 mL DMF. Next, a solution of Bocy-/s0-SGMIB (7.5 mg, 12.2 ymol, 1.0 eq.)
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in 1.0 mL of DMF was added to the PODS mixture. The reaction mixture was stirred at
room temperature overnight following the progress of the reaction by RP-HPLC, which was
performed using the analytical column (1 mL/min, 5-95% acetonitrile in water with 0.1%
TFA in 35 min; ¢z of product: 23.5 min). When the reaction was deemed to be complete, the
DMF was evaporated completely with a vacuum evaporator. The resulting crude product was
then reconstituted with 2 mL acetonitrile, and the solution was filtered with a syringe filter.
The product was purified via RP-HPLC using a preparative column (6 mL/min, 5-95%
acetonitrile in water with 0.1% TFA over 35 min; /7 of product: 28.0 min). The purity of
isolated sample was assessed using analytical RP-HPLC (1 mL/min, 5-95% acetonitrile in
water with 0.1% TFA, 35 min; ¢z of product: 23.5 min; >95% purity). The pooled HPLC
fractions containing the product were lyophilized overnight to yield a white powder (8.5 mg,
67.0% yield): TH NMR (500 MHz, CDCl3) &: 9.75 (s, 1H), 9.5 (s, 1H), 8.00 (d, 2H, J = 8.8
Hz), 7.85 (s, 1H), 7.65 (d, 2H, J = 8.5 Hz), 7.60 (s, 1H), 7.56 (s, 1H), 7.30 (s, 1H), 6.87

(s, 1H), 5.13 (s, 2H), 3.52-3.69 (m, 15H), 3.39 (q, 2H, J = 6.0 Hz), 3.51 (s, 3H), 2.70 (m,
2H), 2.59 (m, 2H), 1.90 (quint, 2H, J = 6.1 Hz), 1.74 (quint, 2H, J = 5.9 Hz), 1.48 (s, 9H),
1.36 (s, 9H).13C NMR (500 MHz, DMSO-dg) &: 171.8, 171.4, 166.2, 165.0, 163.1, 162.2,
159.9, 154.3, 144.2, 141.7, 138.7, 137.0, 134.2, 129.0, 126.0, 119.6, 116.4, 84.4, 78.4, 70.3,
70.0, 68.6, 68.5, 37.2, 36.3, 32.3, 30.5, 29.8, 29.7, 28.4, 27.8. ESI-MS m/z calculated for
C4oHeoNg013SI (M+H)*: 1043.94; found: 1044.0.

Synthesis of iso-GMIB-PODS.

Trifluoroacetic acid (TFA; 0.7 mL) was added to a solution of Boc,-/so-GMIB-PODS (5.0
mg, 4.8 umol) in 2.0 mL dichloromethane and the mixture stirred at room temperature for 3
h. The volatiles were evaporated using a rotary evaporator, the crude product re-constituted
with 2 mL acetonitrile, and the resultant solution filtered with a syringe filter. The product
was purified via RP-HPLC using a preparative column (6 mL/min, 5-95% acetonitrile in
water with 0.1% TFA over 35 min; ¢ of product: 19.3 min). The purity of the isolated
sample was assessed using analytical RP-HPLC (1 mL/min, 5-95% acetonitrile in water
with 0.1% TFA over 35 min; #z of product: 15.4 min; >95% purity). The pooled HPLC
fractions containing the product were lyophilized overnight to yield a white powder (4.0 mg,
87.1% yield: trifluoroacetate salt): 'H NMR (500 MHz, DMSO-dg) 6: 10.42 (s, 1H), 8.57

(t, 1H, J=5.3 Hz), 8.12 (s, 1H), 8.03 (m, 3H), 7.86 (m, 3H), 7.79 (d, 2H, J = 7.8 Hz),

7.28 (s, 3H), 4.38 (d, 2H, J = 6.0 Hz), 3.69 (s, 3H), 3.25-3.54 (m, 14H), 3.07 (g, 2H, J =

6.3 Hz), 2.61 (t, 2H, J = 6.9 Hz), 2.41 (t, 2H, J = 7.0 HZz), 1.74 (quint, 2H, J = 6.6 Hz),

1.61 (quint, 2H, J = 6.6 Hz). 13C NMR (500 MHz, DMSO-dg) 6: 171.8, 171.5, 166.2, 162.2,
144.1, 129.0, 119.6, 116.4, 70.2, 70.1, 70.0, 68.7, 68.5, 43.4, 40.9, 36.3, 32.2, 30.5, 29.8,
29.1. ESI-MS m/z calculated for C3oHagNgOgSI (M+H)*: 844.7; found: 843.6.

Syntheses and Validation of the Anti-HER2 sdAb Conjugates.

The sdAb conjugate /iso-GMIB-PODS-5F7GGC was synthesized by a slight modification of
a previously reported method for thiol-maleimide conjugation (16). Briefly, the monomeric
sdAb 5F7GGC was freshly made by treatment of the sdAb (containing some spontaneously
formed dimer) with gel-immobilized TCEP, and /so-GMIB-PODS was added to that solution
ata 3:1 iso-GMIB-PODS:5F7GGC molar ratio. The mixture was incubated at 37 °C

for 1 h. The /sc-GMIB-PODS-5F7GGC conjugate was purified and its molecular weight
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determined by GP HPLC with an Agilent PL Multisolvent 20 column, connected to an
Advion Expressiont CMS LC-MS System(Ithaca, NY). DOTA-PODS-5F7GGC and Lu-
DOTA-PODS-5F7GGC conjugates were synthesized and purified in similar fashion. The
binding affinity of the conjugates for HER2 was measured by surface plasmon resonance
(Biacore 3000 System, Duke Human Vaccine Institute Shared Resource) using a CM5
sensor chip coated with HER2-Fc protein via NHS activation.

Synthesis of [211At)MEAGMB-5F7GGC sdAb Conjugate.

Synthesis of [21LAffMEAGMB and its subsequent conjugation to 5SF7GGC was performed
by adapting a previously reported method (6, 16). Briefly, 211At, produced as described
previously (6), in NCS/methanol (~370 MBq; 200 pL) was added to a vial containing
Boc,-MEGMTB (50 pg, 0.07 umol), and then 2 pL of glacial acetic acid was added. The
vial was vortexed for a short time and the reaction was allowed to proceed at 20 °C for

20 min. The volatiles were evaporated under a stream of argon and the residual activity
reconstituted in 40% acetonitrile in water (100 pL). This solution was injected onto a
reversed-phase HPLC column eluted a flow rate of 2 mL/min with a gradient consisting of
0.1% TFA in water (solvent A) and 0.1% TFA in acetonitrile (solvent B); the proportion
of B was linearly increased from 40% to 80% over 8 min. The HPLC fractions containing
the product (Zz = 4.0 min) were pooled and most of the acetonitrile was removed using a
stream of argon. Boc,[211AtIMEAGMB was extracted with 2 x 1 mL of ethyl acetate and
transferred to a half-dram glass vial. Ethyl acetate was evaporated with argon, TFA (100
HL) was added and the deprotection of Boc,-[21AtIMEAGMB was allowed to proceed at
20 °C for 10 min. Subsequently, TFA was removed under a stream of argon, followed by
co-evaporation with ethyl acetate (100 puL x 3). Monomeric sdAb 5F7GGC (~100 g, 60
HL), freshly obtained as described above, was added to the vial containing [2}1AtIMEAGMB
and the conjugation was carried out at 37 °C for 45 min. The labeled sdAb was isolated
by gel filtration over a PD-10 column using PBS as the mobile phase. Fractions containing
[2LIAfIMEAGMB-5F7GGC were pooled for use in the biological experiments described
below.

Synthesis of iso-[131]]GMIB-PODS-5F7GGC.

Synthesis of /so-[1311]JGMIB-PODS (see below) to monomeric 5F7GGC was performed by
adapting a method previously reported for similar compounds (16). Briefly, a methanolic
solution (100 pL) of A-chlorosuccinimide (NCS) (0.2 mg/mL), acetic acid (1%;v/v) and
sodium [*311]iodide (1-5 pL, 37-185 MBq) was added to a half-dram glass vial containing
Bocy-iso-GMTB-PODS (50 ug, 0.05 umol). The vial was vortexed and the reaction was
allowed to proceed at 20 °C for 15 min. The volatiles were evaporated with a stream of
argon and the residual activity reconstituted in 40% acetonitrile in water (100 pL). This
solution was injected onto a reversed-phase HPLC column eluted at a flow rate of 2 mL/min
with a gradient consisting of 0.1% TFA in water (solvent A) and 0.1% TFA in acetonitrile
(solvent B); the proportion of B was linearly increased from 40% to 80% over 8 min.

The HPLC fractions containing the product (¢z = 3.0 min) were pooled and most of the
acetonitrile was removed using a stream of argon. The product Boc,-iso-[1311]GMIB-PODS
was extracted with 0.5 mL of ethyl acetate and transferred to an half-dram glass vial and
the ethyl acetate was evaporated with argon, TFA (100 uL) added and the deprotection of
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Boc,-/so-[131]GMIB-PODS was performed at 20 °C for 10 min. Subsequently, TFA was
removed with a stream of argon, followed by co-evaporation with ethyl acetate (100 pL x

3). Conjugation of jso-[1311]GMIB-PODS to monomeric 5F7GGC was performed similarly
as reported for [L31I]MEGMIB (16). Briefly, monomeric sdAb 5F7GGC (~100 g, 60 pL),
freshly obtained as described above, was added to the vial containing iso-[1311]GMIB-PODS
and the conjugation was carried out at 37 °C for 45 min. The labeled sdAb was isolated

by gel filtration over a PD-10 column using PBS as the mobile phase. Fractions containing
the /so-[1311]JGMIB-PODS-5F7GGC were pooled for use in the biological experiments
described below.

Synthesis of iso-[?11At]AGMB-PODS-5F7GGC.

A method previously reported for the synthesis of /so-[21LAt]SAGMB (6) was adapted

for the synthesis of iso-[211At]JAGMB-PODS at relatively high 21At activity levels.
Astatine-211 in NCS/methanol (~370 MBq; 200 L) was added to a vial containing
Bocy-iso-GMTB-PODS (50 g, 0.05 umol), the vial vortexed briefly, and the reaction

was allowed to proceed at 20 °C for 15 min. The volatiles were evaporated under a

stream of argon and the residual activity reconstituted in 40% acetonitrile in water (100

pL). This solution was injected onto a reversed-phase analytical HPLC column eluted

with the same gradient described above. The HPLC fractions containing the product,
Boc,-iso-[211 At AGMB-PODS (£ = 3.3 min), were pooled and most of the acetonitrile

was removed using a stream of argon. Ethyl acetate (1 mL) was added to extract the
Boc,-iso-[211AtJAGMB-PODS, the mixture was vortexed for 10 s and the ethyl acetate layer
was transferred to a half-dram vial. The ethyl acetate was removed using a stream of argon
and TFA was added and incubated at room temperature for 10 min. The TFA was evaporated
under a stream of argon, and the remaining TFA was removed by co-evaporating with ethyl
acetate (100 uL x 3). Freshly reduced 5F7GGC was added and the mixture was incubated

at 37 °C for 45 min. The Jso-[?11At]AGMB-PODS-5F7GGC was isolated using a PD-10
column as described above.

Synthesis of [177Lu]Lu-DOTA-PODS-5F7GGC.

Lutetium-177, produced at the University of Missouri Research Reactor, was purchased
from the National Isotope Development Center, Oak Ridge National Laboratory. Upon
receipt, 1/7Lu (185 MBq, 10 pL) was diluted with 0.1 M HCI (50 pL) and added to a 1

mL Eppendorf tube and DOTA-PODS (150 pL, 1 mg/mL, in 0.2 M NH4OAc, pH=6.3) was
added. The reaction mixture was vortexed for 30 s and placed at room temperature for 30
min. After that, the reaction mixture was diluted with 10 mL water and passed through a
preconditioned C18 Sep-Pak® cartridge (Waters; 60 mg). The product activity was eluted
from the cartridge with ethanol (400 pL) into a half-dram glass vial and the ethanol was
evaporated with a gentle stream of argon. Monomeric 5F7GGC sdAb, freshly obtained as
described above, was added to the vial containing [*77Lu]Lu-DOTA-PODS (180 MBq) and
the conjugation was carried out at 37 °C for 45 min. After that, the conjugate was treated
with 50 mM EDTA to remove any adventitiously bound 177Lu. The labeled sdAb was
isolated by gel filtration over a PD-10 column using PBS as the mobile phase. Fractions
containing the [277Lu]Lu-DOTA-PODS-5F7GGC were pooled for use in the biological
experiments described below.
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Cells and Culture Conditions.

Reagents for cell culture were obtained from Thermo Fisher Scientific (Waltham, MA),
except where noted. Cells were cultured at 37 °C in a 5% CO, humidified incubator. HER2-
positive BT474 human breast carcinoma cells were obtained from Duke University Cell
Culture Facility and grown in Dulbecco’s Modified Eagle’s Medium (DMEM) containing
10% FBS, supplemented with 10 mg/ml bovine insulin. SKOV-3 human ovarian carcinoma
cells were obtained from the Duke University Cell Culture Facility and grown in McCoy’s
5A medium containing 10% fetal bovine serum and 1% penicillin-streptomycin.

Quality Control of Radiolabeled sdAb Conjugates.

The radiochemical purity of the sdAb conjugates was evaluated by SDS-PAGE/phosphor
imaging and GP-HPLC using the Agilent PL Multisolvent 20 column described above.

The immunoreactive fraction was determined by the Lindmo method (24) following a
reported procedure (39). The HER2 binding affinity of iso-[131I]JGMIB-PODS-5F7GGC
was determined on SKOV-3 and BT474 cells using a saturation binding assay as

described before (40, 41). The binding affinity of iso-[211At]AGMB-PODS-5F7GGC and
[2LIAfIMEAGMB-5F7GGC were measured in similar fashion on BT474 cells. Nonspecific
binding was determined in parallel assays performed by co-incubating cells with a 100-fold
molar excess of trastuzumab.

In vitro Cellular Retention and Internalization Assays.

Cellular retention and intracellular trapping of iso-[131[]JGMIB-PODS-5F7GGC in BT474
cells were assessed in single-label format using procedures reported for similar molecules
(6, 42). In addition, a paired-label comparison of /so-[1311]GMIB-PODS-5F7GGC and
[1251)MEGMIB-5F7GGC was performed on BT474 cells following reported procedures
(6, 16). Briefly, cells were incubated with the radiolabeled sdAbs at 4 °C for 30

min, washed with PBS, replenished with fresh medium, and incubated at 37 °C for

1-4 h. Total cell associated and internalized radioactivity was measured at each time
point as reported (16). A paired-label comparison of iso-[1311]GMIB-PODS-5F7GGC and
iso-[?11At|AGMB-PODS-5F7GGC was performed similarly. In these assays, nonspecific
uptake was determined in parallel experiments by co-incubating cells with 100-fold molar
excess of trastuzumab.

In vitro Stability of [21LA{]MEAGMB-5F7GGC and iso-[?11At]AGMB-PODS-5F7GGC.

The /n vitro stability of the 211At-labeled conjugates was evaluated in PBS, 50 mM cysteine
solution and human serum albumin (50% in PBS). Briefly, the 211At-labeled sdAb conjugate
(3.7 MBq, ~12 g sdAb) was added to 1 mL of each solution in 10 mL centrifuge tubes.

The tubes containing the conjugates were vortexed for 10 s and left at room temperature.
The radiochemical purity of each conjugate was determined by SDS-PAGE and phosphor
imaging of aliquots of the incubates after 3 h and 21 h.

Biodistribution.

All experiments involving animals were performed under a protocol approved by the
Duke University IACUC. Subcutaneous BT474 xenografts were established by inoculating
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5-week old female athymic mice (~25 g, obtained from the Duke Cancer Institute)

with 20 x 108 BT474 cells in 50% Matrigel (Corning Inc., NY) in the above medium

(100 pL), 2 d after implanting an estrogen pellet (0.72 mg 17p-Estradiol; Innovative
Research of America, Sarasota, FL) subcutaneously in the back of the neck. Five
biodistribution studies were performed: iso-[1311]JGMIB-PODS-5F7GGC in tandem with
[1251]MEGMIB-5F7GGC in paired-label format in tumor-free athymic mice (1, 4, and

24 h p.£); iso-[F1]GMIB-PODS-5F7GGC in tandem with [12°1]MEGMIB-5F7GGC in
paired-label format in athymic mice bearing subcutaneous BT474 xenografts (1, 4, and 24

h p.i); iso-[1311]GMIB-PODS-5F7GGC in tandem with /so-[21LAt]AGMB-PODS-5F7GGC
in paired-label fashion in athymic mice with subcutaneous BT474 xenografts (1, 4, and 21
h p.i); iso-[?1!AtJAGMB-PODS-5F7GGC in athymic mice bearing subcutaneous BT474
xenografts (1, 4, and 24 h p.7); and /so-[12°1]GMIB-PODS-5F7GGC in tandem with
[177Lu]Lu-DOTA-PODS-5F7GGC in paired-label format in athymic mice bearing BT474
xenografts (1, 4, and 24 h p.7)). In these studies, each mouse received 0.11 -0.22 MBq
(1-2 pg) of each labeled sdAb conjugate via the tail vein. At each time point, blood and
urine were collected and the mice were killed by an overdose of isofluorane. Tumor and
other tissues were harvested, blot-dried, weighed and counted along with injection standards
for the administered radionuclides using a dual-channel automated gamma counter. From
these counting data, the percentage of the injected dose (%ID) per organ, per gram of tissue
(%1D/g) and tumor-to-normal tissue ratios were calculated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
(A) Schematic showing the structures and relative sizes of a monoclonal antibody

(mADb) and a single domain antibody (sdAb); (B) ribbon diagram (top) and amino acid
sequence (bottom) of 5F7GGC illustrating the positions of the complementarity-determining
regions (CDRs), lysine residues (K), and C-terminal GGC conjugation site; (C) structures

of [211AfIMEAGMB and [125]]MEGMIB; (D) structures of iso-[*31]JGMIB-PODS and
iso-[211At]AGMB-PODS; (E) structure of [/7Lu]Lu-DOTA-PODS
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Her2Fc isoGMIB-PODS-5F7GGC 1.56-25 14 1.45E+06 1.42E-04 9.79E-11 0.10
Her2Fc DOTA-PODS-5F7GGC 1.56-25 1] 1.13E+06 2.12E-04  1.88E-10 0.19

Her2Fc Lu-DOTA-PODS-5F7GGC 1.56-25 1:1 1.96E+06 1.68E-04 8.57E-11 0.09

Figure 2.
The binding affinities (Kq) of 5SF7GGC and 5F7GGC conjugates for HER2 extracellular

domain measured by surface plasmon resonance (SPR). The K4 for 5F7GGC was
determined using multi-cycle kinetic titration and 5F7GGC conjugates were determined
using single-cycle kinetic titration.
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Quality control of the radiolabeled sdAb conjugates. A: SDS-PAGE and phosphor imaging
of iso-[131]GMIB-PODS-5F7GGC (a), [122I]MEGMIB-5F7GGC (b), iso-[211At]AGMB-
PODS-5F7GGC (c) and [*77Lu]Lu-DOTA-PODS-5F7GGC (d); B: binding affinity

of iso-[131]GMIB-PODS-5F7GGC measured in BT474 cells; C: binding affinity

of iso-[131]GMIB-PODS-5F7GGC measured in SKOV-3 cells; D: binding affinity
of/’so-[21 1 At] AGMB-PODS-5F7GGC measured in BT474 cells.
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Figure 4.
In vitro paired-label internalization assay on HER2-positive BT474 breast carcinoma

cells co-incubated with [12I]JMEGMIB-5F7GGC and iso-[131]GMIB-PODS-5F7GGC.
The results are presented as surface-bound (left) and internalized (right) fraction of the
radioactivity initially bound to the cells after a 1 h incubation at 4°C.
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Figure5.
In vitro paired-label internalization assay performed on HER2-positive BT474 breast

carcinoma cells co-incubated with iso-[131]JGMIB-PODS-5F7GGC and /so-[21LAtJAGMB-
PODS-5F7GGC. The results are presented as surface-bound (left) and internalized (right)
fraction of the radioactivity initially bound to the cells after 1 h incubation at 4°C.
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15-

10-

Oh 3h 21h

PBS Cys HSA | PBS' Cys. HSA

In vitro stability of (A) iso-[?1!At]AGMB-PODS-5F7GGC and (B)
[Z1IAYIMEGAMB-5F7GGC in PBS, 50 mM cysteine (Cys) and human serum albumin
(HSA). Stability was determined by SDS-PAGE and phosphor imaging.
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SO,Me ® SO,Me
N.Boc o /< 2 H, o 2
A 2\ A 2
HN u NH SN a;b H2N ” NH SN
Boc V\“°V)k/ﬂ HN T Mo N HN
131 211
SnMe; 3 lor <At X 3
gz/\/QO Wo

X: 31 or 214t
a: NCS, MeOH, AcOH, RP-HPLC;
b: TFA

Scheme 1.
Synthesis of /so-[131]]JGMIB-PODS and iso-[?1!At]AGMB-PODS
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SO,Me

Monomer/dimer mixture

(SdAD) —GG‘C
b (sdABD—GGC

(SJABD —GGC—SH 2| dABY—cac

a: Gel-immobilized tris(2-carboxyethyl)phosphine (TCEP), 0.2 M NH,O0Ac, 5 mM

EDTA, 37°C, 1 h.

b: 0.2 M NH,OAc, 5 mM EDTA, 37°C, 30 min.

Scheme 2.

Synthesis of /iso-[131]]JGMIB-PODS- and iso-[?11At]AGMB-PODS-5F7 GGC
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SO,Me
[N NJ/\Q\ i A
\
0 A - N
)\\/N N N NH N
4 H
HO (0] H
o o - \/)3\/N 77/\/14\2
o) o
OH a
@ o
OSON N SO,Me

(o) (0] Monomer/dimer mixture

Do
G —ccc

(SJABD —GGC—SH . (sdABD—aGae

a: 1 mg/mL DOTA-PODS in 0.2 M NH,OAc, 0.1 mL; ""7LuCl; in 0.05 M HCI, 10 L,
185 MBq, 37 °C, 30 min; C18 Sep-pak purification

b:Gel-immobilized tris(2-carboxyethyl)phosphine (TCEP), 0.2 M NH,OAc, 5 mM
EDTA, 37°C, 1 h.

c: 0.2 M NH,OAc, 5 mM EDTA, 37°C, 30 min.

Scheme 3.
Synthesis of [177Lu]Lu-DOTA-PODS-5F7GGC
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Paired-label biodistribution of [12°IJMEGMIB-5F7GGC and /so-[1311]GMIB-PODS-5F7GGC in athymic
mice without tumors.

tissue
Liver
Spleen
Lungs
Heart
Kidneys
Stomach
Sm. Int.
Lg. Int.
Muscle
Blood
Bone
Brain

Thyroid

Percent injected dose per gram@

1h 4h 24 h
125| 131| 125| 131| 125| 131|
31+04 52+06 12+02 07+x03 04%£01 0100
14+06 12+05 07+01 0401 03+01 0100
24+04 3412 12+01 12%+04 0302 04£03
0.4+0.0 05+01 0100 00%x00 00x00 0.0%0.0
157+13 363+52 16+x02 19+x04 06+£01 0200
06+0.1 08+03 03+01 03%£02 00x00 0.0£0.0
28+0.3 4307 08+x01 09%£03 00x00 0.0%0.0
06+0.1 05+01 39+04 64%£07 01+00 01+£0.0
03+0.1 03+01 00+00 00+0.00 0000 0.0£0.0
0.7+0.5 08+04 01+x00 0100 00x00 0.0%0.0
04+01 05+01 01+00 01+00 0.0+0.0 0.0£0.0
0.0+0.0 00+00 00+00 0000 00x00 0.0+0.0
02+0.1 02+01 01+x04 01%£01 00x00 0.2%0.0

a"%ID/g, mean + SD, n=5
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Table 2.
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Paired-label biodistribution of jso-[131I]JGMIB-PODS-5F7GGC and [12°I]MEGMIB-5F7GGC in athymic
mice bearing HER2-positive BT474 xenografts.

tissue
Liver
Spleen
Lungs
Heart
Kidneys
Stomach
Sm. Int.
Lg. Int.
Muscle
Blood
Bone
Brain
Thyroid

Tumor

Percent injected dose per gram@

1h 4h 24 h
131| 125| 131| 125| 131| 125|
6.6+1.9 15+04 14+0.2 05+01 02+01 01£0.0
0.6+0.2 04+0.2 0.1+0.0 0.1+00 0.0+£00 0.0£0.0
2412 1.4+03 1.0+03 07+02 01+£01 02£01
05+0.1 05+0.2 0.1+0.0 01+00 0.0+x00 01£0.0
553+141 16.2+33 48+0.3 29+04 07+02 12%03
08+0.1 0.7+0.2 1.8+35 15+30 01+01 0101
56+0.1 9.1+17 3.1+0.7 16+07 01+x01 0100
04+0.1 11+04 128+36 143+26 04+02 02+01
05+04 0.7+0.6 0.1+0.0 01+00 0.0+£00 0.0£0.0
0.8+0.2 0.8+0.2 0.1+0.0 03+0.0 0.0+00 0.13+0.0
12+16 15+19 01+00 01+00 00+£0.0 0.0%0.0
0.1+0.0 0.1+0.1 0.0+0.0 00+00 0.0+£00 0.0£0.0
0.1+04 0.0+0.6 02+0.1 01+01 02+02 01£0.1
16.2+49 137+45 137+41 121+36 48+15 5718

a"%ID/g, mean + SD, n=5
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Paired-label biodistribution of iso-[1311]JGMIB-PODS-5F7GGC and /so-[?1IAt]AGMB-PODS-5F7GGC in
athymic mice bearing HER2-positive BT474 xenografts.

tissue
Liver
Spleen
Lungs
Heart
Kidneys
Stomach
Sm. Int.
Lg. Int.
Muscle
Blood
Bone
Brain
Thyroid

Tumor

Percent injected dose per gram@

1h 4h 21h
131 211p¢ 131 211p¢ 131 211p¢
45+22 50+2.2 09+0.2 14+02 02+01 04%01
04+0.1 1.8+0.3 0.1+0.0 13+02 00+00 04=%02
1.9+05 48+0.2 14+£03 36+02 03+x02 08%04
04+0.2 09+0.3 00+00 05+00 00%00 0.1%01
525+186 531+175 40+10 70+13 06+02 15+04
05+0.3 32+12 0.1+0.1 45+09 01+£01 09%05
33+x11 38+11 09+0.2 14+03 02+01 03+01
03+0.1 05+0.1 6.2+05 64+05 04+02 04£01
03+0.1 0.4+0.2 02+0.3 03+03 01+£02 01%0.2
05+0.2 0.8+0.3 05+1.1 08+11 04+08 05%09
04+03 0.6+0.3 03+04 05+x04 00+00 01%01
0.0+0.0 0.1+0.0 00+00 01+x00 00%x00 0000
01+0.2 1.1+07 0.0+0.3 15+04 02+03 27%12
11.9+44 119+40 109+24 106+21 48+11 41+10

a"%ID/g, mean + SD, n=5
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Iso-[211At]AGMB-PODS-5F7GGC single-label biodistribution of in athymic mice bearing subcutaneous
HER2-positive BT474 xenografts.

tissue

Liver
Spleen
Lungs

Heart

Kidneys
Stomach
Sm. Int.
Lg. Int.
Muscle

Blood

Bone

Brain

Thyroid

Tumor

Percent injected dose per gram@

1h 4h 2ahb
84+13 2808 0601
14+05 1104 0301
26+0.7 17404  04%01
0.8+0.2 04£01  02%01
70.9 +12.0 116+24  25%02
32+12 49+15 1003
51£05 27+19 0401
0.6+0.1 126+45  10+04
0.5+03 03+03 0001
0.7£03 0301 0101
0.7+03 0504 0101
0.1£0.1 01£00 0000
0.8+03 1204 1105
151+33 205+24C 88%08

a"%ID/g, mean + SD, n=5

b"n:4

Ch=2
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Page 33

Paired-label biodistribution of jso-[12°I]JGMIB-PODS-5F7GGC and [17’Lu]Lu-DOTA-PODS-5F7GGC in
athymic mice bearing subcutaneous HER2-positive BT474 xenografts.

tissue
Liver
Spleen
Lungs
Heart
Kidneys
Stomach
Sm. Int.
Lg. Int.
Muscle
Blood
Bone
Brain
Thyroid

Tumor

Percent injected dose per gram@

1h 4h 24 h
125) 177y 125 177y 125) 177y
78+2.6 1.3+0.7 14+04 06+02 02+01 0400
0.6+0.2 05+0.2 0.1+0.0 02+01 00+00 02=%0.1
41+26 1.7+0.2 3113 16+08 08x09 04x04
05+0.2 0.6+0.2 0.1+0.0 03+01 00+00 02%0.1
65.1+20.0 736+139 63+12 648+137 11+02 408%97
14+15 12+17 0.4+0.3 03+02 00x00 0.0x0.0
51+£1.2 15+13 29+1.2 04+02 01+00 01x0.0
05+0.1 03+0.1 11.1+40 1.0+02 03+02 01+00
05+0.1 05%0.2 0.1+0.0 01+01 00x00 01x0.0
0.8+0.2 16+0.3 01+0.1 06+01 01+01 03%0.2
09+05 09+0.6 0.1+0.0 02+00 00+00 00x0.1
0.1+0.0 0.1+0.0 0.0+0.0 00+00 0000 0.0x0.0
02+0.2 02+0.2 0.1+0.0 01+01 01+00 01%0.1
21.2+84 159+6.2 174+23 144+19 64+17 85%15

a"%ID/g, mean + SD, n=5
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