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ARTICLE INFO ABSTRACT

Keywords: Radioimmunotherapy (RIT) aims to deliver a high radiation dose to cancer cells, while minimizing the exposure
Tumor-associated macrophage of normal cells. Typically, monoclonal antibodies are used to target the radionuclides to cancer cell surface
Hypoxia antigens. However, antibodies face limitations due to their poor tumor penetration and suboptimal pharmaco-
NanF’POdY kinetics, while the expression of their target on the cancer cell surface may be gradually lost. In addition, most
Radlmmmunmhe_rapy antigens are expressed in a limited number of tumor types. To circumvent these problems, we developed a
Immune checkpoint blockade . . . o
Nanobody (Nb)-based RIT against a prominent stromal cell (stromal-targeting radioimmunotherapy or STRIT)
present in nearly all tumors, the tumor-associated macrophage (TAM). Macrophage Mannose Receptor (MMR)
functions as a stable molecular target on TAM residing in hypoxic areas, further allowing the delivery of a high
radiation dose to the more radioresistant hypoxic tumor regions. Since MMR expression is not restricted to TAM,
we first optimized a strategy to block extra-tumoral MMR to prevent therapy-induced toxicity. A 100-fold molar
excess of unlabeled bivalent Nb largely blocks extra-tumoral binding of }””Lu-labeled anti-MMR Nb and prevents
toxicity, while still allowing the intra-tumoral binding of the monovalent Nb. Interestingly, three doses of *””Lu-
labeled anti-MMR Nb resulted in a significantly retarded tumor growth, thereby outcompeting the effects of anti-
PD1, anti-VEGFR2, doxorubicin and paclitaxel in the TS/A mammary carcinoma model. Together, these data
propose anti-MMR STRIT as a valid new approach for cancer treatment.

1. Introduction the lack of specificity for cancer cells and the effect on normal cells with
high mitotic rates. A possible solution to this problem is the targeted

Several treatment options against cancer, including chemotherapy delivery of therapeutic payloads to the tumor microenvironment. In this
and radiation therapy, often display a low therapeutic window due to respect, antibody-drug conjugates (ADC) take advantage of the

Abbreviations: ALT, alanine aminotransferase; ADC, antibody-drug conjugate; DAPI, 4/, 6-diamidino-2-phenylindole; HP, histopathological parameters; IA/g, in-
jected activity per gram tissue; IMRT, Intensity Modulated Radiation Therapy; MAR, micro-autoradiography; MMR, macrophage mannose receptor; Nb, nanobody;
PFA, paraformaldehyde; p.i, post-injection; RIT, radioimmunotherapy; REML, residual maximum likelihood; STRIT, stromal-targeting radioimmunotherapy; TRNT,
targeted radionuclide therapy; TAM, tumor-associated macrophage
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Fig. 1. In vivo biodistribution of differently formulated a-MMR Nbs. Biodistribution of A) ***In-DTPA- monovalent a-MMR Nb and B) *'In-DTPA- bivalent a-MMR
Nb at different time points (1 h, 3h, 6 h, 24 h and 48 h). n = 3 mice per time point. C) Biodistribution of ***In-DTPA monovalent a-MMR Nb co-injected with a 20-,
50- or 100-fold molar excess of unlabeled bivalent a-MMR Nb. Organs/Tissues were dissected at 1 h, 6 h and 24 h p.i. and tracer uptake in tissues was plotted as % of
the uptake in mice that did not receive the excess of unlabeled bivalent a-MMR Nb (green bars). Red bars indicate the % reduced uptake between the condition
without excess ( = 100%) and the condition with excess. n = 3 mice per different fold excess of unlabeled bivalent a-MMR Nb. Tracer uptake was expressed as %IA/
g of tissue. Statistical analysis was performed between no excess group and different excesses using Students’ t-test, p < 0.05.

exquisite specificity of antibodies to deliver a therapeutic compound to
the target cells in vivo, with a minimal exposure of healthy tissues
during treatment. [1] A variant of this approach is the coupling of
radiotherapeutic isotopes to antibodies for targeted radionuclide
therapy (TRNT) or radioimmunotherapy (RIT), delivering high radia-
tion doses to the target cells [2]. Up to now, only cancer cells were
reported as RIT targets, with a radiolabeled a-CD20 mAb (°°Y-Ibritu-
momab tiuxetan; Zevalin) being the only marketed product so far. [3]
Likewise, more than 65 ADCs are in different phases of clinical trials
against a variety of cancer types, all of which are targeting a cancer cell
marker [1].

Notably, the in vivo pharmacokinetic properties of conventional
antibodies may challenge the success of RIT, especially in the case of
solid tumors. Single-domain antibody fragments, also termed
Nanobodies (Nbs), derived from Camelidae heavy-chain-only anti-
bodies were shown to be favorable over monoclonal antibodies or other
antibody-derived fragments due to their small size (10-15 kDa) that
permits deep penetration into tissues (including tumors) and fast blood
clearance, high stability, affinity and solubility. [4] The efficacy of Nb-
mediated radioimmunotherapy against CD20, Her-2 and the multiple
myeloma idiotype, has been demonstrated in preclinical cancer models
[5-71.

However, potential caveats of targeting cancer cell markers are the
restricted expression of these markers on particular cancer types and
the loss of the marker on mutated cancer cells. A solution to this pro-
blem could be the targeting of non-transformed tumor-associated cells
that stably express the molecular target. Tumor-associated macro-
phages (TAMs) are among the most abundant tumor-infiltrating

leukocytes and are related to poor prognosis in the majority of cancer
types. [8] We previously reported that TAMs residing in hypoxic areas
express high levels of the Macrophage Mannose Receptor (MMR,
CD206) and can be specifically targeted by a-MMR Nbs [9-11].

Hypoxia is detrimental for radiation therapy since it mediates in-
creased cancer cell radioresistance, implying that the most hypoxic
regions require higher radiation doses. [12] Here, we propose RIT
targeted to a stromal cell (stromal-targeting radioimmunotherapy or
STRIT) as a therapeutic option, whereby hypoxic MMRMs" TAMs were
targeted with a '”“Lu-labeled MMR-specific Nb. This approach deliv-
ered a high radiation dose to the radioresistant hypoxic regions and
significantly impaired the progression of tumors that were otherwise
resistant to conventional therapies. Hence, a-MMR Nbs have a strong
potential, not only as a tool for molecular imaging [11] but also for
cancer therapy.

2. Results

2.1. Biodistribution of '!In-labeled a-MMR Nbs and optimal blocking
strategy to prevent potential therapy-induced toxicity

To assess the possibility of a-MMR Nb-mediated STRIT, we em-
ployed the TS/A mammary adenocarcinoma model grown s.c. in Balb/c
mice. We previously reported the accumulation of *™Tc-labeled a-
MMR Nb in hypoxic areas of this tumor, binding to MMR™#" macro-
phages in these sites. [10] Importantly, co-injection of a 20-fold molar
excess of unlabeled bivalent Nb could block most of the extra-tumoral
binding sites of the °*™Tc-labeled monovalent Nb, due to the higher
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avidity and lower tumor penetrance of the bivalent Nb, allowing its
accumulation in the tumor for imaging purposes (within a timeframe of
3 h). [10] However, a therapeutic approach such as STRIT requires a
more prolonged blockade of extra-tumoral binding sites, creating the
risk that non-radioactively labeled bivalent a-MMR Nb could also ac-
cumulate in the tumor in the course of time, diminishing the efficacy of
RIT with radioactively labeled monovalent a-MMR Nb. Hence, the
biodistribution of both monovalent and bivalent '!In-labeled a-MMR
Nb was evaluated over a 48 h time window. '''In is a y-emitter widely
used in diagnostic studies due to its half-life of 2.8 days. TS/A tumor-
bearing mice (13 days s.c. tumor growth) were intravenously injected
with "' In-DTPA- monovalent a-MMR Nb (1.30 * 0.08 MBq/2 ug Nb,
RCP: 97.3%) (Fig. 1A, S1A, Table S2 top panel) or '''In-DTPA- bi-
valent a-MMR Nb (0.53 + 0.05 MBgq/1 pg bivalent Nb, RCP: 96.7%)
(Fig. 1B, S1B, Table S2 bottom panel) and biodistribution was eval-
uated by y-counting of tissue dissected at 1h, 3h, 6h, 24h and 48 h
post-injection (p.i.). Uptake of '''In-labeled monovalent a-MMR Nb,
expressed as injected activity per gram tissue (%IA/g), was already
detected at 1 h p.i. in the tumor and extra-tumoral sites like liver and
spleen with uptake values of 1.28 + 0.18, 8.76 = 0.31 and
6.52 + 0.93%IA/g, respectively. This uptake gradually declined at
later time points, reaching values of 0.45 = 0.09, 4.02 + 0.67 and
2.6 * 0.81%IA/g at 48 h p.i. for tumor, liver and spleen, respectively.
On the other hand, '*'In-labeled bivalent a-MMR Nb was detected at
very high amounts in the extra-tumoral sites at 1 h p.i. (32.23 + 3.46
and 14.93 * 7.36%IA/g for liver and spleen, respectively), while
tumor uptake was negligible with only 0.32 + 0.07%IA/g. Im-
portantly, the gradually declining uptake of the bivalent Nb in extra-
tumoral sites at later time points (20.08 + 4.4 and 6.18 + 4.36%IA/g
at 48 h p.i. for liver and spleen, respectively), is not accompanied by an
increase in tumor uptake (remains very low at 0.23 = 0.13%IA/g at
48 h p.i.), illustrating the lack of intra-tumoral accumulation of the
bivalent construct. This implies that an excess of unlabeled bivalent a-
MMR Nb is not expected to prevent tumor uptake of the therapeutic
monovalent a-MMR Nb when co-administered in a multiple-dose
treatment regimen.

To fully prevent STRIT-mediated organ toxicity, the uptake of
radiolabeled monovalent a-MMR Nb in extra-tumoral tissues needs to
be minimized. Therefore, we set out to optimize the blocking strategy
and assessed the ability of increasing amounts of excess unlabeled bi-
valent a-MMR Nb to block extratumoral binding of the monovalent a-
MMR Nb, while maintaining its high tumor targeting. Hence, *'In-la-
beled monovalent a-MMR Nb (2.05 + 0.17 MBq/1 pug Nb; RCP: 96%)
was injected concomitantly with a 20-, 50- and 100-fold molar excess of
unlabeled bivalent a-MMR Nb in TS/A tumor-bearing mice and its
biodistribution was evaluated at 1 h, 6 h and 24 h p.i. At all time-points
examined, co-injection of unlabeled bivalent excess enhanced '*!In-la-
beled monovalent a-MMR Nb tumor targeting, while probe uptake in
other organs was significantly reduced (Fig. 1C, Tables S3-5). In this
regard, a 100-fold bivalent excess most efficiently reduced extra-tu-
moral uptake of monovalent Nb to very low levels, while tumor uptake
remained high (Fig. 1C), constituting a valid approach to prevent un-
desirable extra-tumoral targeting.

2.2. Biodistribution of 1'1In-DTPA-monovalent a-MMR Nb as determined
via molecular imaging

To visualize the distribution of the radioactively labeled mono-
valent a-MMR Nb within the tumor (with and without blocking with an
excess of unlabeled bivalent a-MMR Nb), micro-SPECT/CT images in
13-days s.c. TS/A tumor-bearing mice were generated and quantified
(Fig. 2, Table S6) after i.v. injection of 111y DTPA-monovalent non-
targeting R3B23 Nb (10.78 = 0.13 MBq/2 pg Nb; RCP: 99.4%) and
1n.DTPA-monovalent a-MMR Nb alone (18.75 + 0.83 MBq/3 ug
Nb; RCP: 99%), or with a 50-fold molar excess of unlabeled bivalent a-
MMR Nb. All samples were co-injected with 150 mg/kg gelofusine to
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reduce the amount of radioactivity retained in kidneys [13]. High
contrast images were obtained as early as 1h p.i., with most radio-
activity concentrated in kidneys, liver and tumor in the case of a single
1 n-DTPA-monovalent a-MMR Nb injection. As expected, **'In-DTPA-
monovalent non-targeting R3B23 Nb only showed radioactivity in
kidney and bladder. Co-injection with a 50-fold molar excess of un-
labeled bivalent a-MMR Nb prevented the uptake of !'In-DTPA-
monovalent a-MMR Nb in liver and other organs without dramatically
reducing tumor targeting, which is in line with the data obtained by ex
vivo dissections (Fig. 1C, Table S3).

2.3. Biodistribution of therapeutic '”’Lu-DTPA-monovalent a-MMR Nb

Having optimized the in vivo procedure for optimal tumor targeting
of the monovalent anti-MMR Nb, we next turned to the use of ther-
apeutic '”’Lu-labeled anti-MMR Nb. In first instance, we examined the
biodistribution of the therapeutic regimen in 13-day-old s.c. TS/A tu-
mors via serial dissections (Fig. 3, Table S7). The highest tumor uptake
for ”7Lu-DTPA-monovalent a-MMR Nb (8.63 = 0.24 MBq/1.5 ug Nb;
RCP: 99.4%), co-injected simultaneously with a 100-fold molar excess
of unlabeled bivalent a-MMR Nb and 150 mg/kg gelofusine, was ob-
served after 1 h, with a value of 1.30 = 0.21%IA/g, and decreased to
0.56 * 0.09%IA/g at 24 h and to 0.27 = 0.02%IA/g at 72 h. In kid-
neys, 11.92 + 1.25 % IA/g was measured at 1 h, decreasing rapidly to
4.09 = 0.84 % IA/g at 24h and to 1.61 * 0.07 % IA/g at 72 h. Up-
take in other organs was negligible. Importantly, bone uptake was very
low at all time points, indicating that no substantial loss of free 1”’Lu
(indicative of degradation of the therapeutic compound) occurred. In
mice bearing TS/A tumors orthotopically growing in the mammary fat
pad, the biodistribution data of '’’Lu-DTPA-monovalent a-MMR Nb
(6.46 = 0.29 MBq/1.5pg Nb, RCP: 98.8%) were largely similar
(Figure S2, Table S8), indicating that a-MMR STRIT could also be
applicable to deeper growing tumors.

2.4. Excess of bivalent a-MMR Nb protects against therapy-induced toxicity

A major concern for the in vivo application of '””Lu-labeled mono-
valent anti-MMR Nb is therapy-induced organ toxicity, which, based on
our biodistribution data (Fig. 1,2), should be minimized by a 100-fold
molar excess of bivalent anti-MMR Nb. To prove this point, we injected
a 100-fold molar excess of unlabeled bivalent a-MMR Nb concomitantly
with a single high dose (48.21 = 2.64 MBq/1.7 ug Nb; RCP:95.2%) of
therapeutic '”’Lu-labeled a-MMR Nb in naive animals. While the
mortality rate reached 83,3% within 24 days when mice received '””Lu-
labeled a-MMR Nb alone, all mice survived for at least 35 days upon co-
injecting a 100-fold excess of bivalent Nb (Fig. 4A). These results de-
monstrate the clear benefit of blocking extra-tumoral binding sites with
a high excess of bivalent a-MMR Nb in a therapeutic context.

We then switched to a more therapeutically relevant regimen of 3
consecutive injections of a lower dose of '”’Lu-labeled o-MMR Nb
(25.91 + 6.38 MBq/1.5ug Nb; RCP > 95%) in naive mice with or
without 100-fold bivalent excess and analyzed the long-term survival
and signs of pathology (Fig. 4B). These mice also received 150 mg/kg
gelofusine, to reduce the retention of therapeutic radioactivity in
kidney tubular cells. [13] In this setup, all mice survived, irrespective of
the blocking strategy. However, without blockade, tubulopathy was
observed in the treated mice after about 100 days and consisted of an
increased incidence of mostly tubular degeneration (indicated by circles
and characterized by epithelial shrinkage and tubular dilation) and to a
lesser extent of thickened basal laminae and single cases of kar-
yomegaly (indicated by arrowheads) or interstitial focal fibrosis. Im-
portantly, there were no such lesions in the group co-injected with the
100-fold bivalent excess or the control group receiving 0.9% saline,
further highlighting the protective advantage of the blocking strategy
(Fig. 4B, Table 1A). No specific lesions were observed in liver nor spleen
(being the organs with the highest uptake of a-MMR Nb in the absence
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Fig. 2. Micro-SPECT/CT images of '''In-DTPA-monovalent o-MMR Nb. Micro-SPECT/CT images were obtained in the TS/A tumor model at 1 h after injection of
either "' In-DTPA-monovalent non-targeting R3B23 Nb or '''In-DTPA-monovalent a-MMR Nb alone, or with a 50-fold molar excess of unlabeled bivalent a-MMR
Nb. Accumulation of radioactivity was observed in kidneys, liver, bladder and tumor, indicated by white arrows.
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Fig. 3. In vivo biodistribution of 7’ Lu-DTPA-monovalent

of blockade) (data not shown) and ALT levels in the serum, indicative of
liver toxicity, were not elevated (Table 1A).

Finally, to assess for toxicity in a cancer therapy setting, 3 and 6
injections ~ of  monovalent  '”’Lu-labeled o-MMR  Nb
(25.91 = 6.38 MBq/1.5ug Nb; RCP > 95%) or 0.9% saline were
administered to TS/A tumor-bearing mice (Fig. 4C). Every therapeutic
shot was accompanied by the simultaneous co-injection of a 100-fold
excess of bivalent Nb and 150 mg/kg gelofusine for kidney protection.
The organ-absorbed doses for a cumulative administration of 26, 78 and
156 MBq (corresponding to the described 1, 3 and 6 dose-regimens) of
177Lu-DTPA-monovalent o-MMR Nb with a 100-fold molar excess of
unlabeled bivalent a-MMR Nb and 150 mg/kg gelofusine, are sum-
marized in Table 2. The highest absorbed dose was delivered to kidneys

1h o-MMR Nbs. Ex vivo biodistribution of ””Lu-DTPA-mono-
2h valent a-MMR Nb, co-injected with a 100-fold molar excess of
4h unlabeled bivalent a-MMR Nb and 150 mg/kg gelofusine, at
24h several time points up to 120 h in mice with TS/A tumors (%
48h IA/g). Data are presented as mean * SD (n = 3).
72h
96h
120h
i\lnhn .
¢ ¢°b®c’ <b@°

(9.20, 27.60 and 55.21 Gy for 26, 78 and 156 MBq respectively), while
tumors received 1.11, 3.32 and 6.64 Gy for 26, 78 and 156 MBq re-
spectively. Doses delivered

to other healthy organs and tissues were low. Histopathological
analysis revealed that mostly animals receiving the 6-dose treatment
(Fig. 4C3), but not the saline-treated group (Fig. 4C1) and to a lesser
extent the 3-dose treatment (Fig. 4C2), developed a moderate tubulo-
pathy that was characterized by hyaline casts within the relatively short
time frame of the experiment (25 days) (Table 1B). No lesions were
observed in liver and spleen via histopathological analysis (data not
shown) and ALT levels in the serum were not elevated (Table 1B).
Collectively, these findings demonstrate the importance of excess bi-
valent a-MMR Nb in the protection against therapy-induced toxicity
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Fig. 4. Prevention of systemic toxicity by '”’Lu-labeled a-MMR Nb. A) Survival curve of naive Balb/c mice that received a single dose of '””Lu-labeled a-MMR Nb
with or without the blocking strategy (simultaneous co-injection, n = 6). B) Naive Balb/c mice received 3 doses of 1771u-labeled a-MMR Nb with or without the
blocking strategy and gelofusine (simultaneous co-injection, n = 5). All mice survived until about 100 days, when the mice were sacrificed and the kidneys were
isolated for histopathological analysis (n = 3). Circles indicate tubular degeneration and arrowheads indicate karyomegaly. C1) Histopathological analysis of kidneys
of TS/A-bearing mice at day 25 of tumor growth, treated with 0.9% saline with 5 mg/ml ascorbic acid (vehicle) or C2) 3 dose regimens of '””Lu-labeled a-MMR Nb
(asterisks indicate hyaline tubular casts) or C3) 6 dose regimens of '”’Lu-labeled a-MMR Nb (arrows indicate hyaline tubular casts). (n = 3).

with the kidneys being the dose-limiting organ of the therapeutic
radiolabeled a-MMR Nb.

2.5. Stromal-targeting radioimmunotherapy inhibits the growth of therapy-
resistant tumors

Next, we determined the therapeutic efficacy of a-MMR Nb-medi-
ated STRIT using the treatment regimens as described in Fig. 4C. In-
terestingly, multiple-dose treatments (3 or 6 injections) with '””Lu-la-
beled a-MMR Nb (25.91 = 6.38 MBq/1.5ug Nb; RCP > 95%)
resulted in a significantly delayed TS/A tumor growth as compared to
the single dose or saline-treated groups (Fig. 5A). 3 doses of an irrele-
vant '7’Lu-labeled non-targeting Nb (R3B23, 25.91 * 6.38 MBq/
1.5ug Nb; RCP > 95%) did not cause reduced tumor growth as
compared to the saline-treated group (Fig. 5B). As a final control,

unlabeled monovalent a-MMR Nb (= vehicle) had no effect on tumor
growth either (Fig. 5C). All treated mice received a 100-fold excess of
bivalent a-MMR Nb and 150 mg/kg gelofusine, as described before.
Since the 6 and 3-dose regimens showed comparable therapeutic effi-
cacy, the latter was considered for further investigation due to the
higher toxicity that was observed for the 6-dose regimen (Table 1B).
Based on our previously published data [10], the anti-tumor effect
of STRIT is expected to at least partly result from anti-MMR Nb accu-
mulation in hypoxic tumor areas. In order to visualize STRIT accumu-
lation in the tumor, a 3-dose regimen of !”’Lu-labeled o-MMR Nb
(25.91 + 6.38 MBq/1.5 ug Nb; RCP > 95%) was administered to TS/
A tumor bearing mice, following the same schedule as illustrated in
Fig. 4C2, after which micro-autoradiography (Fig. 6A1) and im-
munohistology for hypoxia and MMR (Fig. 6A2-4) were performed on
histological slides of 12-day-old tumors (i.e. 1 day after the last
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Table 1

Toxicity in liver and kidneys of A) naive Balb/c and B) TS/A tumor-bearing mice treated with '”’Lu-labeled a-MMR Nb as described in Figs. 4B and 4C. Histo-
pathological parameters (HP) were measured (Supplementary Material and Methods, n = 3). Liver functionality was also examined by measuring the activity of
Alanine Aminotransferase (ALT, mU/ml) in the serum. Values are Mean * SD (n = 5-6). For kidney histopathology the following parameters were tested: tubular
casts, hyaline (TC, H), thickened basal laminae (TBL), karyomegaly (K), tubular degeneration (TD), fibrosis- interstitial (F) and other histopathology (other HP:
mononuclear foci, fibrosis- suburothelial). HP; histopathology, N.d; non detectable, x/y; number of affected mice/mean severity. y value of 1 < 2 < 3 corresponds
to minimal < slight < moderate grade of severity.

Liver Kidney

ALT (mU/ml) HP

Mean SD TC, H TBL K D F Other HP
A
3x saline + gelofusine 11,1 7,6 N.d N.d N.d N.d N.d N.d
3x ’Lu a-MMR Nb + gelofusine 12,3 3,6 N.d 3/1.0 1/1.0 3/2.0 1/1.0 N.d
3x '7Lu a-MMR Nb + biv. excess + gelofusine 15,5 8,6 N.d N.d N.d N.d N.d N.d
B
6x saline + biv. Excess + gelofusine 5,9 4,0 N.d N.d N.d N.d N.d N.d
3x '77Lu a-MMR Nb + biv. excess + gelofusine 5,1 0,6 1/2.0 N.d N.d N.d N.d N.d
6x ”7Lu a-MMR Nb + biv. excess + gelofusine 5,0 0,6 3/3.0 N.d N.d N.d N.d N.d

Table 2

Dosimetry analysis. Radiation doses from a cumulative administration of 26, 78
and 156 MBq (corresponding to the described 1, 3 and 6 dose-regimens) of
177Lu-DTPA-monovalent a-MMR Nb with a 100-fold molar excess of unlabeled

Notably, when staining for the apoptosis-indicator cleaved caspase-
3 at this 12-day time point, apoptotic cells were mainly observed within
the hypoxic, macrophage-rich areas of tumors (Figure S3A1-4). An

automated quantification of cleaved caspase-3* cells indicated a higher
presence of apoptotic cells in tumors from '”’Lu-a-MMR Nb-treated
mice as compared to tumors from non-targeting *”’Lu-labeled R3B23
Nb-treated mice or unlabeled anti-MMR Nb-treated mice (Figure S3B).

bivalent a-MMR Nb and 150 mg/kg gelofusine were calculated using trapezoid
integration of measured radionuclide activity in tissues of interest and ex-
pressed in Gy.

Organ/tissue Gy Finally, we looked at the end stage of the experiment at day 25 (i.e.

26 MBq 76 MBq 156 MBq two weeks after the last treatment) to assess whether a-MMR Nb-
Lung 0,39 118 235 mediated STRIT had a long-lasting effect on the tumor immune com-
Heart 013 0,40 0,80 partment. F4/80*MMR™ macrophages, B220* B cells, CD4* T cells
Liver 0,42 1,25 2,51 and CD8* T cells from TS/A tumors were quantified via im-
Kidney 9,20 27,60 55,21 munohistology in treated (3 or 6 doses) and control tumors (Fig. 7A).
1Sv}[)11§:1e g’g; 8’23 (1)’33 No significant changes were observed in the density of these immune
Bone 011 0.34 0.68 cells within late stage tumors of '”’Lu-anti-MMR Nb-treated mice
Blood 0,02 0,07 0,13 (Fig. 7B), suggesting that the therapeutic effect of STRIT did not rely on
Tumor 1,11 3,32 6,64

long-term macrophage depletion or an increased lymphocyte influx.

2.6. MMR-targeted STRIT outcompetes the efficacy of currently used

treatment). Within STRIT-treated tumors, the 1””Lu tracer accumulated .
therapies

mainly in the hypoxic tumor areas co-localized with MMR expression as
determined via micro-autoradiography (Fig. 6A1-4). Areas with radio-
nuclide deposition were not present in the control groups which were
treated  with  non-targeting  '”’Lu-labeled  R3B23  Nb
(25.91 = 6.38 MBq/1.5 ug Nb; RCP > 95%), saline or unlabeled a-
MMR Nb (data not shown), proving further the specificity of STRIT
therapy that is attributed to MMR-driven accumulation of the radio-
active tracer in the tumor.

We next examined how a-MMR STRIT compares to currently used
therapies, including immune checkpoint blockade (a-PD1), anti-an-
giogenic therapy (a-VEGFR2) and chemotherapy (doxorubicin, pacli-
taxel) in the TS/A breast carcinoma model. Furthermore, we wished to
assess whether a-MMR Nb-mediated STRIT can work synergistically in
a combination therapy. Different treatment regimens were assessed, as
illustrated in Fig. 8, demonstrating the relative resistance of TS/A

A B = vehidle C -=- 177y R3B23 Nb
2000 ) 1500 -= "Lu R3B23Nb 3 doses - 8ooq - PBS
== vehicle - 7y-a-MMRNb 3 doses unlabeled a-MMR Nb
a 1 dose . o T |~ "Lu-aMMR Nb
T u-a

E, 1500 - 3doses E o 5600 L,_,—;:.
@ 6 doses Y g 3
£ 1000 % E 3 400 3
o - e 5
Z > > 50 e B
g s = g £ 200
R : P

T T T 1 0 T T 1 0 a T T T T

10 15 20 25 10 15 20 25 F & @ N K

Days (post TS/A injection) Days (post TS/A injection) < °

Days (post TS/A injection)

Fig. 5. MMR-targeted STRIT delays tumor growth. A) Tumor growth of TS/A-bearing mice treated with different regimens of '”’Lu-labeled a-MMR Nb. TS/A-bearing
Balb/c mice were randomized into four groups (n = 6). Three groups received different dose regimens and the fourth group received 0.9% saline with 5 mg/ml
ascorbic acid (vehicle) intravenously as a control, in addition to bivalent excess and gelofusine as indicated in Fig. 4C. B) Tumor growth of TS/A-bearing mice treated
with ”’Lu-labeled a-MMR Nb or a control }”’Lu-labeled Nb (R3B23) in a 3-dose regimen (n = 7-8). C) Tumor growth of TS/A-bearing mice treated with *7"Lu-
labeled a-MMR Nb, a control '””Lu-labeled Nb (R3B23) or an unlabeled a-MMR Nb in a 3-dose regimen (n = 6). Tumor volume data were analyzed as repeated
measurements (Genstat v19) and pairwise comparisons of the entire growth curves was done by a F-test; Student’s t-test was performed to compare vehicle-treated
mice to three and six dose regimens at day 25 of tumor growth. The statistical significance in the figures is indicated as follows: ns = not significant; *: p < 0.05; **:
p < 0.01; ***:p < 0.001.
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A3. MMR A4. Hypoxia + MMR
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100 pm

Fig. 6. 77Lu-DTPA-anti-MMR Nb accumulates in hypoxic tumor areas that contain MMR"#" cells. Consecutive slides of a 13-day-old TS/A tumor, treated with 3
doses of 77Lu-DTPA-anti-MMR Nb, were either subjected to micro-autoradiography or stained with anti-MMR (green) or Hypoxyprobe (red; 2 h after in vivo

pimonidazole injection).

tumors to a monotherapy with a-PD1 (Fig. 8A), a-VEGFR2 (Fig. 8B), a
combination of a-PD1 and a-VEGFR2 (Fig. 8C) and monotherapy with
doxorubicin or paclitaxel (Fig. 8D). Conversely, as a monotherapy, a-
MMR STRIT provoked a significant anti-tumor effect, significantly
outcompeting a-PD1, a-VEGFR2, doxorubicin and paclitaxel
(Fig. 8A-D). This therapeutic efficacy of a-MMR STRIT was not sig-
nificantly enhanced by a combination with any of these treatments.
Together, these data identify a-MMR STRIT as an efficient therapeutic
approach in tumors that are relatively resistant to immuno-, anti-an-
giogenic and chemotherapy.

3. Discussion

We provide a first proof-of-concept that an optimized protocol for
radioimmunotherapy targeting MMR-expressing tumor-associated
macrophages significantly reduces the growth of tumors that are rela-
tively resistant to immune checkpoint blockade, anti-angiogenic
therapy and chemotherapy. Resistance to standard-of-care treatments,
such as chemotherapy, radiation and immunotherapy, is a major aspect
of cancer dissemination, [14,15] which can be attributed to cancer cell-
intrinsic genomic instability [16] and/or cancer cell-extrinsic factors
such as hypoxia [17]. One approach to circumvent resistance is to de-
liver high doses of the therapeutic compound directly to the cancer
cells. However, although targeted therapy seems to be advantageous at
early stages of treatment, relapse always occurs due to the high tumor
heterogeneity allowing the outgrowth of resistant cancer cell clones
[18]. In this respect, our a-MMR STRIT aims to escape resistance by

A

targeting the molecularly more stable population of TAMs that dom-
inates the tumor milieu [19]. Interestingly, MMR"&" TAMs depend on
CSF1R signaling for their generation and maintenance [20] and reside
mainly in the hypoxic tumor regions, where their phenotype becomes
pro-tumoral under the influence of hypoxia. [21] The importance of
hypoxia in determining the tumor-promoting activity of MMR"8" TAMs
is further proven by the diminished tumor growth in mice whose
macrophages fail to migrate into hypoxic areas, due to a deficiency in
the receptor Neuropilin-1. [22] Based on this knowledge, we developed
a-MMR STRIT as a method to deliver a high radiation dose to the hy-
poxic regions, by targeting the stromal cells that reside there. We
confirmed, via micro-autoradiography and immunohistology, that
radioactively labeled anti-MMR Nb indeed accumulates in the hypoxic
tumor regions where MMR™ cells reside. Importantly, hypoxic regions
are more radio-resistant, providing the rationale for Intensity Modu-
lated Radiation Therapy (IMRT) that aims to deliver high radiation
doses to the hypoxic areas, but lower radiation doses (leading to less
side effects for the patients) to the other tumor regions. [23] Up to now,
IMRT required methodologies to image differently oxygenated regions
in tumors. Several approaches have been reported to achieve this,
however none of those is fully conclusive [23,24]. Our MMR-targeted
STRIT approach circumvents the need for hypoxia imaging by directly
attaching the therapeutic radionuclide to a Nb that targets hypoxic
TAMs. One day after the last a-MMR STRIT treatment, enhanced levels
of apoptosis were noticed in the '”’Lu-DTPA-anti-MMR treated tumors,
suggesting that the efficacy of treatment may at least partly depend on
the lethal radiation of cancer cells in the vicinity of the MMR™ TAM.

B
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Fig. 7. MMR-targeted STRIT does not affect the immune infiltrate in late-stage tumors. A) TS/A tumors from mice treated with either three or six doses of ”7"Lu-
labeled a-MMR Nb or saline were removed at day 25 (two weeks after the last STRIT treatment) and stained for F4/80, MMR, B220, CD4, CD8 (Table S1, n = 6).
Images of saline-treated (control) tumors are shown. Scalebar: 50 um, B) Quantification of F4/80*MMR* TAMs, B220™ B cells, CD4™ and CD8* T cells (n = 6).
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Fig. 8. MMR-targeted STRIT outcompetes the efficacy of currently used therapies. '””Lu-labeled a-MMR Nb-mediated STRIT, either alone or in combination with A)
intraperitoneal injections of a-mouse PD-1 mAb (RMP1-14, BioXCell) at 10 mg/kg of body weight (n = 8); B) identical conditions of a-mouse VEGFR-2 mAb (DC101,
BioXCell) (n = 8); C) a combination of both a-mouse PD-1 and VEGFR-2 mAbs (n = 8) at the indicated schedules and D) doxorubicin (i.p., 2.5 mg/kg) or paclitaxel
(i.v., 10 mg/kg) (n = 7-8). Tumor volume data were analyzed as repeated measurements (Genstat v19) and pairwise comparisons of the entire growth curves was
done by a F-test; Student’s t-test was performed to compare vehicle or paclitaxel-treated groups to group treated with combination of paclitaxel and STRIT at day 22
of tumor growth. The statistical significance in the figures is indicated as follows: *: p < 0.05; **: p < 0.01; ***: p < 0.001.

The extent at which immune cells are affected shortly after STRIT
treatment needs further investigation. However, the immune cell
compartment of STRIT-treated tumors, including TAMs, is fully restored
at later stages of tumor growth (2 weeks after the last STRIT treatment),

arguing against a permanent remodeling of the tumor immune com-
partment.

Since MMR is not uniquely expressed on TAMs, we optimized a
strategy to block the extra-tumoral MMR antigenic sink, by co-injecting
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a 100-fold molar excess of bivalent a-MMR Nb, to avoid therapy-in-
duced toxicity. This strategy also limited toxicity related to kidney re-
tention, an important aspect in TRNT as kidneys were reported to be the
dose-limiting organ of radionuclide therapies targeting cancer cells,
[4,6,7] as well as of our therapeutic a-MMR Nb. The need to avoid
extra-tumoral antigen sinks has also been demonstrated for the Ab-
mediated blockade of therapeutic targets such as CD47 [25] and Neu-
ropilin-1 [26], suggesting that our strategy could have a broader ap-
plicability. The efficiency of bivalent Nbs for blocking extra-tumoral
binding sites is due to a combination of increased avidity for the target
(providing a competitive advantage to bivalent Nbs for rapidly occu-
pying the target protein) and a larger size that reduces tumor pene-
trance. [10] Overall, we provide the first demonstration of a radio-
immunotherapy targeting a tumor stromal cell, with clear therapeutic
benefit against murine tumors that resist various standard-of-care
therapies. Though clearly promising in a preclinical setting, from a
clinical point of view STRIT needs further optimization to make sure
that the dose delivered to kidney remains below an acceptable
threshold level, while the dose delivered to tumors should be further
maximized.

4. Materials and methods
4.1. Mice, cell line

Animal studies followed the guidelines of the institutional review
board. Female Balb/c were from Janvier. The Balb/c mammary ade-
nocarcinoma TS/A was inoculated subcutaneously in the right flank or
orthotopically in the mammary fat pad (3 x 10° cells). Tumor volumes
were calculated using the formula (D*d*d)*mn/6, where D corresponds
to the major tumor axis and d to the minor tumor axis.

4.2. Production and purification of monovalent and bivalent a-MMR Nb cl1

DNA fragments encoding for monovalent and bivalent a-MMR Nb
cll were recloned in Escherichia coli expression vectors pHEN21 and
PHENG6, that encode for untagged or hexahistidine-tagged variants,
respectively. A nontargeting control Nb R3B23 [5] was produced si-
milarly. The expression and production of Nbs was performed as pre-
viously described.10

4.3. Preparation of 1'In- and *”’Lu-DTPA conjugates

Untagged Nbs were reconstituted in sodium carbonate buffer
(0.05 mol/L, pH 8.5) and conjugated with CHX-A"-DTPA [6]. Nb-DTPA
conjugates were purified via SEC on Superdex Peptide 10/300 (GE
Healthcare). The mean degree of DTPA conjugation per Nb was de-
termined by ESI-Q-ToF-MS (Waters). ''InCl; was purchased from
Curium with a specific activity of 1850 GBq/mg. Carrier-free *””LuCls
was obtained from ITG (Garching) with a specific activity of 3000 GBq/
mg. The desired activity of 'In (37-185MBq) or '7’Lu
(37-1000 MBq) was added to a test vial containing ammonium acetate
(0.2mol/L, pH 5.0) and incubated with the Nb-DTPA conjugates
(50-100 mg) for 30" at 50 °C. Next, the mixtures were purified and
reconstituted in 0.9% saline with 5mg/ml ascorbic acid, using dis-
posable NAP-5 gel filtration columns (GE Healthcare), and filtered
through a 0.22-mm filter. Radiochemical purity (RCP) was evaluated
using instant Thin Layer Chromatography (using 0.1 M sodium citrate
as mobile phase) and radio-SEC using Superdex 75 5/15 column (GE
Healthcare), with 0.01 mol/L PBS/0.3 mol/L NaCl solution used as
mobile phase.

4.4. Ex vivo biodistribution of '**In-labeled and *””Lu-labeled Nb
conjugates in mice bearing subcutaneous or orthotopic TS/A tumors

13-day-old subcutaneous TS/A-bearing mice were injected
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intravenously with '*'In-DTPA-monovalent a-MMR Nb or *'In-DTPA-
bivalent a-MMR Nb (see Results section for activity). Mice were sacri-
ficed at different time points after injection (1 h, 3h, 6 h, 24 h and
48 h) followed by the isolation of different organs, tissues and tumors.
The radioactivity present in the different samples was measured against
a standard of known radioactivity using a y-counter and expressed as %
IA per gram tissue (%IA/g), corrected for decay.

For the biodistribution of '””Lu-labeled Nbs, '77Lu-DTPA-mono-
valent a-MMR Nb with a 100-fold molar excess of unlabeled bivalent a-
MMR Nb (see Results section for activity) and 150 mg/kg gelofusine
was i.v. injected in 13-day s.c. TS/A tumor-bearing mice, which were
euthanized at several time points up to 120 h, dissected and major or-
gans and tissues were isolated, weighed, counted and expressed as %IA/
g. Alternatively, mice with 13-day orthotopic TS/A tumors growing in
the mammary fat pad were i.v. injected with either 7’Lu-DTPA-
monovalent non-targeting R3B23 Nb or ”’Lu-DTPA-monovalent a-
MMR Nb, alone and with a 100-fold molar excess of unlabeled bivalent
a-MMR Nb (n = 3 per condition) + gelofusine. Mice were euthanized
after 1 h and analysed as described above.

4.5. Blocking strategy with different fold excesses of bivalent a-MMR Nb

1n.DTPA monovalent o-MMR Nb at an activity of
2.05 = 0.17 MBq (1 ug Nb, RCP: 96%) was co-injected with a 20-, 50-
or 100-fold molar excess of unlabeled bivalent a-MMR Nb in TS/A-
bearing mice (13 days s.c. tumor growth). Organs/Tissues were dis-
sected at 1 h, 6 h and 24 h p.i. and tracer uptake was expressed as %IA/

8.

4.6. Biodistribution of 11! In-DTPA-monovalent a-MMR Nb via molecular
imaging

TS/A tumor-bearing mice were i.v. injected in the tail vein with
Mn-labeled Nbs and gelofusine (see Results section for dosing) fol-
lowed by micro-SPECT/CT imaging after 1 h. Mice were anaesthetized
using 2% isoflurane and kept warm using a heating pad. Micro-SPECT/
CT imaging was performed with a Vector* /CT MILabs system, using a
SPECT-collimator and a spiral scan mode of 6 bed positions (150 s per
position). For CT, a normal scan mode of only one position was used.
The obtained SPECT-data were reconstructed with a 0.4 voxel size, 2
subsets and 4 iterations, after which images were fused and corrected
for attenuation based on the CT-scan. Images were analyzed using a
medical image data analysis tool (AMIDE) and OsiriX. Uptake of *'In-
labeled Nb in organs and tissues was analyzed and expressed as % in-
jected activity per cubic centimeter (%IA)/cm>.

4.7. Organ-absorbed doses of ””Lu-DTPA-monovalent a-MMR Nb

The long-term biodistribution data were time-integrated to obtain
the residence time per gram tissue. Briefly, the area under the curve
between 0 and 120 h was made using the trapezoid integration method.
Next, the absorbed doses were calculated using S values for *”’Lu ob-
tained from RADAR phantoms (Unit Density Spheres). The S value for a
1 g sphere (0.0000233 Gy.g/MBq.s) was used to calculate all organ
doses.

4.8. Toxicity of '”’Lu-DTPA-monovalent a-MMR Nb

Two separate toxicity studies were performed: 1) naive Balb/c mice
were injected i.v. with (i) a single dose of '”’Lu-labeled a-MMR Nb
together with a 100-fold molar excess of unlabeled bivalent a-MMR Nb
and compared to (ii) mice that were injected with 177Lu-labeled a-MMR
Nb alone and (iii) control mice injected with 0.9% saline, after which
survival was followed. 2) naive Balb/c mice were injected in-
travenously with (i) three doses ””Lu-labeled a-MMR Nb together with
100-fold molar excess of unlabeled bivalent a-MMR Nb and compared



E. Bolli, et al.

to (ii) mice that were injected with *”’Lu-labeled a-MMR Nb alone and
(iii) control mice injected with 0.9% saline. All mice were co-injected
i.v. with 150 mg/kg gelofusine. Nb activities are provided in the Results
section. Parameters evaluated were clinical signs, mortality, changes in
body weight, food intake and histopathology of organs. The kidneys,
liver and spleen of treated mice were sampled, formalin-fixed and sent
to AnaPath Services GmbH (Liestal, Switzerland) where they were
trimmed, processed, and embedded in paraffin wax. 4 um sections were
taken, stained by hematoxylin and eosin and examined by light mi-
croscopy. Several histopathological parameters (HP) were measured
(Supplementary Materials and Methods and Table 1). Serum was ana-
lyzed for alanine aminotransferase (ALT kit; Sigma-Aldrich), indicative
of liver toxicity.

4.9. Micro-autoradiography

Frozen sections of 10 um thickness were mounted on Superfrost
slides, air-dried and fixed in 4% PFA for 10 min at room temperature,
washed three times in PBS and dehydrated in graded ethanol (30, 50,
70%) after which they were air-dried prior micro-autoradiography
(MAR). MAR was performed in complete darkness by using ILFORD K2
nuclear photographic emulsion. Following dipping the slides into the
emulsion, excess emulsion was drained off and the slides were air-dried
for 10 min and incubated at 4 °C for 4 days (exposure time). Following
exposure, the slides were incubated for 30 min at room temperature
after which they were photographically processed (developing steps in
dark room: 1) Kodak D19 developer (Kodak-Pathé #5,027,065) for
7 min, 2) 4% acetic acid for 15 s, 3) Ilford Hypam rapid fix (#758,285)
for 10 min, 4) 2x water for 15s), counter-stained with Harris
Hematoxylin stain and cover-slipped for analysis.

4.10. Immunohistochemistry

For hypoxia staining, tumor-bearing mice were injected with
80 mg/kg body weight pimonidazole (Hypoxyprobe-1, HP-1, HPI Inc.)
and 2 h later tumors were collected. Tumors were fixed in 4% paraf-
ormaldehyde (PFA), snap frozen, sections of 12 um were obtained in
cryostat and stained for F4/80, MMR, CD19, CD4, CD8, HP-1, cleaved
caspase-3 (Table S1) and 4/, 6-diamidino-2-phenylindole (DAPI). Slides
were imaged with an Axio Scan.Z1 microscope (Zeiss, Germany).
Images were acquired with either a 10X Plan-Apochromat 0.45 NA or a
20X Plan-Apochromat 0.8 NA dry objectives, using a Hamamatsu Orca
Flash camera. Images were analyzed with Zen (blue edition).
Quantification of F4/80"MMR* TAMs, B220" B cells, CD4™ T cells,
CD8* T cells and cleaved caspase-3* cells was performed in QuPath
software (version 0.1.2).

4.11. Statistical analyses

Tumor volumes were analyzed as longitudinal data (repeated
measurements over time) using the residual maximum likelihood
(REML) as implemented in Genstat v19 [27] (Supplementary Informa-
tion). All other statistical analyses were performed using Students’ t test
(GraphPad Prism Software). Statistical significance is indicated as fol-
lows: *: p < 0.05; **: p < 0.01; ***: p < 0.001.
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