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Abstract: Triple negative breast cancer (TNBC) is an aggressive subtype of the disease with poor 11 
clinical outcomes and limited therapeutic options. Immune checkpoint blockade (CP) has surged to 12 
the forefront of cancer therapies with widespread clinical success in a variety of cancer types. How- 13 
ever, the percentage of TNBC patients that benefit from CP as a monotherapy is low and clinical 14 
trials have shown the need for combined therapeutic modalities. Specifically, there has been interest 15 
in combining CP therapy with radiation therapy where clinical studies primarily with external beam 16 
have suggested their therapeutic synergy, contributing to the development of anti-tumor immunity. 17 
Here, we have developed a therapeutic platform combining radionuclide therapy (RT) and immu- 18 
notherapy utilizing a radiolabelled biomolecule and CP in an E0771 murine TNBC tumor model. 19 
Survival studies show that while neither monotherapy is able to improve therapeutic outcomes, the 20 
combination of RT + CP extended overall survival. Histologic analysis showed that RT + CP in- 21 
creased necrotic tissue within the tumor and decreased levels of F4/80+ macrophages. Flow cytom- 22 
etry analysis of the peripheral blood also showed that RT + CP suppressed macrophages and mye- 23 
loid-derived suppressive cells, both of which actively contribute to immune escape and tumor re- 24 
lapse. 25 
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1. Introduction 29 

Breast cancer is the most common cancer among women worldwide, accounting for 30 
more than 2 million new cases and 600,000 deaths annually [1]. Triple negative breast 31 
cancer (TNBC) accounts for 10 – 20% of all breast cancers, has a higher risk in women 32 
under the age of 40, demonstrates substantial tumor heterogeneity and is often identi- 33 
fied as being high grade [2]. TNBC patients routinely undergo extensive, highly toxic 34 
treatment regimens and have the highest risk of relapse amongst all breast cancer types 35 
[3,4]. Furthermore, recently approved therapies for TNBC are limited (olaparib, atezoli- 36 
zumab and sacituzumab-govitecan) and only benefit 10 – 20% of patients, highlighting 37 
the need for improved therapies for TNBC patients. To this end, a deeper understanding 38 
of the immune landscape in TNBC patients is required to develop novel, effective thera- 39 
pies.  40 

Recent years have seen the emergence of immunotherapies in both preclinical and 41 
clinical development, revolutionizing the way we think about treating cancer patients. 42 
One such therapy, immune checkpoint blockade (CP), uses antibodies to block inhibi- 43 
tory pathways on immune cells and has shown widespread clinical success with durable 44 
cures across a variety of cancer types [5,6]. However, the percentage of patients that re- 45 
spond to CP is low and even those patients who initially display tumor regression often 46 
succumb to relapsed disease [5,7]. As the field of immuno-oncology continues to grow, 47 
so too does our understanding of immunotherapies and the challenges associated with 48 
achieving durable and complete responses to treatment. In an effort to combat clinical 49 
barriers to CP efficacy, there has been an emergence of new paradigms incorporating 50 
traditional therapies into immunotherapy regimens [8–10].  51 

 Radiation therapy has been a mainstay treatment for many forms of cancer since 52 
the late 1800s. Historically, radiation has been thought to work solely through direct 53 
contact-based killing, but there has long been the postulation of immune involvement 54 
through the hypothesis of the abscopal effect [11]. The abscopal effect occurs when an 55 
irradiated tumor initiates a cascade of events with the release of damage-associated mo- 56 
lecular patterns (DAMPs) such as high mobility group box 1 (HMGB1), adenosine tri- 57 
phosphate (ATP) and heat shock proteins (HSPs). These DAMPs act on receptors that 58 
are expressed on dendritic cells (DCs), leading to antigen presentation, tumor-specific 59 
killing from cytotoxic T cells and ultimately anti-tumor activity (Figure 1). The abscopal 60 
effect was first clinically documented in 1953 [12], but interest waned with rare occur- 61 
rences noted and difficulties in recapitulating the phenomenon in preclinical models. 62 
Now, in the era of immunotherapy there is a much deeper understanding of the im- 63 
mune system and the interplay of cells in the tumor microenvironment (TME) and the 64 
abscopal effect has once again been brought to the forefront of oncologic research.  65 
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      66 

Fig. 1. Radiotherapy-induced abscopal effect resulting in anti-tumor activity. *Created 67 
using BioRender.com 68 

Clinical studies have shown that the combination of radiotherapy and immunother- 69 
apy synergizes for enhanced anti-tumor activity and improved prognostic outcomes 70 
[13,14]. In a phase I clinical trial, patients with metastatic or nonresectable melanoma 71 
tumors were treated with anti-CTLA-4 and anti-PD-1 checkpoint antibodies and a small 72 
cohort of patients was also given radiation therapy [15]. This study noted a significant 73 
improvement in overall survival percentages in the patient population receiving the 74 
dual therapy. Similarly, in a phase II clinical trial, patients with metastatic TNBC 75 
(mTNBC) were treated with anti-PD-1 checkpoint antibodies and fractionated external 76 
beam radiation therapy [16]. The overall response rate of the patients was 17.6% with 3 77 
responders achieving a 100% reduction in tumor volume outside of the irradiated field. 78 
It is important to note that the patients enrolled in the study were unselected for PD-L1 79 
expression and had failed previous first line therapies.  80 

Here, we outline a therapeutic platform using cytotoxic radiation to sensitize other- 81 
wise non-responsive tumors to CP. In particular, we chose to investigate whether contin- 82 
uous cell irradiation, through the use of internal radionuclide therapy (RT), would syn- 83 
ergize with dual anti-CTLA-4 and anti-PD-L1 checkpoint therapy. In order to maximize 84 
and better control the radiation dose to the tumor, we used intratumoral delivery of the 85 
beta emitter, lutetium-177, linked to a biomolecule. Albumin, an abundant blood pro- 86 
tein, was used as a biocompatible protein anchor to prolong retention of the radionu- 87 
clide in the tumor. With respective to potential translation, intratumoral injections of 88 
albumin radiopharmaceuticals for sentinel node imaging in breast cancer are routinely 89 
performed in the clinic [17] while materials labeled with beta emitting isotopes are rou- 90 
tinely being delivered in a similar manner for liver cancers. 91 

2. Results 92 
2.1. Tunable platform for intratumoral administration of radiotherapeutic  93 
 Due to the rich history and proven track record in medical practice, we chose to use 94 
albumin as the protein anchor to prolong the retention of the radionuclide within the 95 
TME and provide greater control over the administered dose when compared to 96 
intravenous (iv) administration [18–20]. To increase the versatility of our platform and 97 
ensure that protein integrity is maintained during synthesis, bovine serum albumin 98 
(BSA) was first functionalized with trans-cyclooctene (TCO). This TCO-BSA conjugate 99 
can then undergo a rapid, room temperature inverse electron-demand Diels-Alder 100 
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(IEDDA) reaction in which the TCO moiety forms a covalent linkage with its coupling 101 
partner, a tetrazine, which in this case is radiolabelled with lutetium-177 (Figure 2). This 102 
type of two step functionalization minimizes the risk of a non-specific binding 103 
interaction of the radionuclide with BSA. To prepare TCO-BSA, BSA was combined with 104 
a TCO-NHS ester and the mixture allowed to incubate overnight at room temperature. 105 
TCO-BSA was purified by dialysis and the conjugation confirmed by matrix-assisted 106 
laser desorption ionization mass spectrometry (MALDI-MS; Figure S1). The tetrazine 107 
was synthesized as previously described [21], and the radiolabelled product produced 108 
by adding [177Lu]LuCl3 (Figure 3) at 60 ºC for 5 minutes, resulting in a radiochemical 109 
yield of >99%. The radiolabelled small molecule was incubated with TCO-BSA for ten 110 
minutes at room temperature, followed by purification using a high molecular weight 111 
spin filter. The resultant radiochemical yield was 46 ± 5% based on the amount of 112 
activity isolated from the spin filter. 113 

 114 

 115 

 116 
Fig. 2. Schematic representation showing the inverse electron-demand Diels-Alder 117 
reaction between the trans-cyclooctene and tetrazine-based moieties.  118 

(A) Simplified schematic of the overall conjugation and labelling strategy. (B) Schematic 119 
showing the key functional groups used to label albumin.   120 

A 
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 121 
Fig. S1. MALDI-MS confirms conjugation of TCO to BSA 122 
BSA (top spectrum) was conjugated with TCO (bottom spectrum) and analyzed via 123 
MALDI-MS, indicating an average of 3.2 TCO groups per BSA.  124 

 125 

 126 

Fig. 3. Radiolabelling scheme and radio-HPLC chromatogram of the tetrazine small 127 
molecule labelled with lutetium-177. 128 
 129 
2.2. RT immobilizes in the tumor microenvironment  130 
 To evaluate the spatial distribution of the compound within the tumor, qualitative 131 
autoradiography studies were performed. Subcutaneous E0771 tumors were grown in 132 
C57/Bl6 mice. Mice were treated with a single intratumoral injection of RT when palpable 133 
tumors arose (12 days after implantation) and groups of mice were sacrificed at 24, 72 and 134 
120 hours (Figure 4). These images revealed that the compound was able to distribute well 135 
throughout the tumor after a single injection, which is evident out to 120 hours. To 136 
quantitatively evaluate the long-term retention of the RT in the tumor as well as to assess 137 
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A saturated solution of sinapinic acid was prepared in TA30 solvent (30:70 [v/v] acetonitrile : 0.1% TFA in water). The 
samples were mixed in a 1:1 ratio with the matrix solution. 1 µL was spotted on the plate and a protein solution of BSA was 
used as an external standard.  
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uptake in non-tumor tissues, biodistribution studies were performed. RT showed high 138 
retention in the tumor out to 120 hours as well as high tumor to non-tumor ratios, which 139 
are ideal for therapy (Figure S2, Table S1, n=3).  140 

Fig. 4. Autoradiography of tumors treated with a single intratumoral injection of RT shows 141 
distribution in the TME. 142 
C57/Bl6 mice bearing subcutaneous E0771 tumors were treated with a single intratumoral 143 
dose of RT (0.15 MBq – 0.30 MBq). Mice were sacrificed at 24, 72 and 120 hours after 144 
treatment and tumors were harvested and flash frozen for autoradiography. Each image 145 
represents a slice of an individual tumor. The darker the area, the more radioactive decay 146 
that was detected in that area. 147 
 148 

 149 
Fig. S2. Biodistribution studies show retention of RT in the tumor 150 
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Balb/c mice bearing subcutaneous 4T1 tumors were administered 0.22 MBq (SD ± 0.16 MBq) 151 
intratumorally. Groups of mice (n=3) were sacrificed 72 and 120 hours after treatment and 152 
tissues were harvested to assess tumor retention and uptake in non-target tissues.  153 
 154 
Table S1. Biodistribution studies. %ID/g values for the complete tissue list, for each mouse 155 
(n=3 per timepoint). 156 

Tissue 72 h 120 h 
Blood 0.18 0.12 0.10 0.01 0.03 0.01 
Adipose 0.00 0.58 0.55 0.71 1.21 0.45 
Adrenals 0.00 0.97 0.83 2.32 3.18 0.87 
Bone 0.00 0.63 0.82 1.22 3.92 0.34 
Brain 0.00 0.02 0.01 0.01 0.12 0.04 
Gall Bladder 0.00 1.88 0.00 6.82 6.99 0.60 
Heart 0.00 0.73 1.02 1.37 1.40 0.34 
Kidneys 1.58 3.53 4.11 4.05 8.63 2.56 
Large Intestine + Caecum 0.26 0.47 0.60 0.50 0.75 0.32 
Liver 0.96 5.37 7.70 7.55 9.34 3.25 
Lungs 0.00 0.61 1.03 0.84 1.08 0.21 
Pancreas 0.00 0.66 0.90 0.87 1.02 0.23 
Skeletal Muscle 0.00 0.39 0.55 6.46 18.85 0.25 
Small Intestine 0.19 0.35 0.49 0.41 0.55 0.11 
Spleen 0.00 2.27 3.46 2.57 3.69 0.70 
Stomach 0.32 0.26 0.45 0.64 0.48 0.14 
Thyroid/Trachea 0.00 0.67 1.17 0.69 1.23 1.08 
Tumor 63.95 102.63 120.56 6.69 115.25 62.89 
Urine + Bladder 2.18 8.79 0.94 4.68 11.09 2.60 

 157 
2.3. Radiotherapy results in improved prognostic outcomes  158 

While radionuclide therapy may be administered as a single or fractionated dose in 159 
the clinic, studies suggest improved therapeutic efficacy and enhanced antitumor 160 
immunity with fractioned regimens, employing intratumoral injections of as little as 2 MBq 161 
per dose in murine xenograft models [22–25]. In an effort to determine the most efficacious 162 
dosing regimen for our RT, dose optimization studies were performed. C57/Bl6 mice 163 
bearing E0771 subcutaneous tumors on the left flank were treated with RT intratumorally 164 
and monitored for overall survival. Preliminary studies utilized a two-dose regimen, with 165 
single doses up to 0.74 MBq (Figure S3). This range of radioactivity was insufficient to slow 166 
tumor progression and therefore, the maximum dose was increased to 3.33 MBq and 167 
administered as a single dose to monitor host toxicity and tolerability (Figure S4). Mice 168 
tolerated treatment well with no acute toxicity seen. Moving to multi-dosing to promote 169 
improved efficacy and sustained tumor regression, two doses, with doses ranging from 0 170 
– 4.44 MBq, were given five days apart. This regimen resulted in delayed tumor 171 
progression and improved survival outcome (Figure 5).  172 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 April 2021                   



Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 8 of 21 
 

 

 173 

Fig. S3. Preliminary dose optimization studies for RT regimens 174 

(A) C57/Bl6 mice bearing E0771 tumors were treated with control, lowest dose RT, mid 175 
dose RT or highest dose RT. Each treatment schedule outlines a separate experiment. (B) 176 
Tumor volumes were measured every 2-3 days from the start of treatment until mice 177 
reached endpoint. Each line represents an individual mouse within the group. (C) Kaplan- 178 
Meier survival curves of each group. (D) Average bodyweights for all groups.  179 

 180 
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 182 
Fig. S4. Dose optimization studies for RT regimens 183 

(A) C57/Bl6 mice bearing E0771 tumors were treated with control, lowest dose RT, mid 184 
dose RT or highest dose RT. Each treatment schedule outlines a separate experiment. (B) 185 
Tumor volumes were measured every 2-3 days from the start of treatment until mice 186 
reached endpoint. Each line represents an individual mouse within the group. (C) Kaplan- 187 
Meier survival curves of each group. (D) Average bodyweights for all groups.  188 
 189 
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 190 
Fig. 5. Two administrations of the highest dose RT improved survival outcomes 191 
(A) C57/Bl6 mice bearing subcutaneous E0771 tumors on the left flank were treated with 192 
PBS, control (non-radioactive compound), low dose (0.74 MBq), medium dose (2.78 MBq) 193 
or high dose (4.44 MBq) on days 1 and 6. (B) Tumor volumes were measured every 2-3 194 
days from the start of treatment until mice reached endpoint. Each line represents an 195 
individual mouse within the group. (C) Kaplan-Meier survival curves of each group. 196 
**P<0.01.  197 
 198 
2.4. RT + CP improves overall survival in tumor-bearing mice 199 

As CP continues to gain traction as a viable therapeutic option, using PD-L1 200 
expression as a predictive biomarker has become more commonplace. TNBC tumors do 201 
indeed express PD-L1 [26], however, the expression is low and it is not homogenously 202 
distributed throughout the tumor, but rather found in focal areas in a small proportion of 203 
cancer cells [27]. Further to this, clinical trials have reported both the efficiency and 204 
necessity of combined therapeutic modalities, as TNBC patients often have short-lived 205 
responses to CP on its own [28]. Based on our preliminary studies, we hypothesized that 206 
high dose RT is capable of sensitizing tumors to CP. Survival studies were performed with 207 
the addition of dual CP targeting the non-redundant pathways of cytotoxic T-lymphocyte 208 
antigen 4 and programmed death ligand-1 (with anti-CTLA4 and anti-PD-L1 antibodies, 209 
respectively). While neither control (non-radioactive TCO-BSA), RT alone, CP alone or 210 
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vehicle control + CP showed therapeutic efficacy, the combination of RT + CP resulted in 211 
greatly improved overall survival (Figure 6).  212 

Fig. 6. RT + CP significantly improves overall survival.  213 
(A) C57/Bl6 mice bearing E0771 tumors were treated with PBS, control, CP (anti-CTLA4 214 
and anti-PD-L1), RT, control + CP or RT + CP. (B) Tumor volumes were measured every 2- 215 
3 days from the start of treatment until mice reached endpoint. Each line represents an 216 
individual mouse within the group. (C) Kaplan- Meier survival curves of each group. 217 
**P<0.001. 218 
 219 
2.5. Radiotherapy + CP increases TILs in otherwise immune-bare tumors 220 

To further investigate the impact of each component of our therapy to the TME, 221 
histologic assessment was performed. Tumors were harvested on day 7 from mice treated 222 
with PBS, control, CP, RT, control + CP and RT + CP. Analysis of whole tumor sections 223 
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harvested and stained with hematoxylin and eosin (H&E) shows that mice treated with 224 
PBS or the control compound have large tumors with many multi-nucleated cells, 225 
suggesting rapid cellular division. Mice treated with CP, RT or control + CP present with 226 
pockets of necrosis and many multi-nucleated cells surrounding these areas, suggesting 227 
that although these therapies may induce acute necrosis in areas of the tumor, these mice 228 
still have rapid tumor kinetics and disease progression. As expected from survival study 229 
outcomes, tumors harvested from mice that were treated with RT + CP present with 230 
increased necrosis and shrinking cellular structures; likely a direct result of their response 231 
to therapy. 232 

Tumors were further stained with CD4, CD8, and F4/80 to assess immune cell 233 
infiltrates in the tumor. Mice treated with PBS or the control compound present with 234 
moderate levels of CD4+ and CD8+ cells with densely populated areas of F4/80+ 235 
macrophages. Mice treated with CP therapy have increased levels of CD4+ and CD8+ cells 236 
and substantial increases of F4/80+ macrophages. Interestingly, mice that were treated with 237 
RT alone have significantly decreased levels of CD4+ and CD8+ cells, with a moderate 238 
decrease in F4/80+ macrophages. Control + CP tumors appeared very similar to those 239 
treated with CP alone, suggesting that CP was able to increase the level of CD4+, CD8+ and 240 
F4/80+ cells in the tumor. Mice treated with RT + CP have moderate levels of CD4+ and 241 
CD8+ cells (similar to PBS treated mice), but decreased levels of F4/80+ macrophages.  242 
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 243 
Fig. 7. IHC analysis of immune cell infiltrates 244 
C57/Bl6 mice bearing E0771 tumors were treated with PBS, control, CP, RT, control + CP 245 
or RT + CP and tumors were harvested on day 7. Tumors were sectioned and stained with 246 
H&E, CD4, CD8 and F4/80 for pathologic analysis. Each representative image shows a 247 
whole section of an individual tumor from the given group.  248 
 249 
2.6. RT + CP decreases immunosuppressive MDSCs in the peripheral blood 250 

To investigate the systemic effects of therapeutic intervention, we performed 251 
immune analysis studies. E0771 tumors were grown in C57/Bl6 mice and treated with PBS, 252 
control, CP, RT, control + CP and RT + CP. RT doses were kept consistent with previous 253 
studies in Figures 6 and 7. Blood was drawn on days 4 and 9 and peripheral blood 254 
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mononuclear cells (PBMCs) were analyzed via flow cytometry. While no significant 255 
difference was seen in CD4+ or CD8+ T cells, RT and RT + CP did significantly reduce 256 
macrophages (F4/80+ cells) on day 4. Interestingly, while no therapy was able to suppress 257 
myeloid-derived suppressor cells (MDSCs; Ly6GhiLy6Cint cells) at day 4, both control + CP 258 
and RT + CP significantly decrease the frequency of circulating MDSCs by day 9 (Figure 259 
8).  260 
 261 

 262 

     Fig. 8. RT + CP decreases immunosuppressive MDSCs in the peripheral blood 263 

C57/Bl6 mice bearing E0771 tumors were treated with either PBS, Control, CP, RT, Control 264 
+ CP or RT + CP. Blood was drawn on days 4 and 9 and analyzed via flow cytometry. (A) 265 
Representative flow plots showing the gating strategy for CD4+ T cells, CD8+ T cells, F4/80+ 266 
macrophages and Ly6GhiLy6Cint MDSCs. (B) Bar plots showing the frequency of cells in 267 
circulation on day 4. (E) Bar plots showing the frequency of cells in circulation on day 9. 268 
*P<0.05; **P<0.01. 269 

3. Discussion 270 

Clinical studies have detailed the synergistic benefit of combined external beam 271 
radiation therapy and immunotherapy [29–34]. Hodge and colleagues demonstrated that 272 
external beam radiation of tumors can alter tumor phenotype, rendering it susceptible to 273 
immune-mediated killing [35]. While external beam radiation has been a mainstay, first 274 
line therapy for many types of cancer for more than 100 years, it comes with unfavorable 275 
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side effects such as damage to surrounding tissues and limited utility in metastatic disease. 276 
To combat this, researchers have shifted towards the development of internal RT, which 277 
can deliver cytotoxic levels of radiation directly to disease sites with a high level of 278 
specificity. Indeed, RT can be highly selective not only due to the nature of the targeting 279 
vector chosen, but also through the choice of radionuclide used. For example, beta emitting 280 
radioisotopes are unable to drive therapeutic response in hypoxic tumors [36,37]. In such 281 
an instance, the radionuclide can be changed to an alpha emitter, such as actinium-225, for 282 
improved efficacy and decreased toxicity to the patient. This allows for the development 283 
and utilization of a single tunable probe, which can then be personalized for optimal 284 
effectiveness for individual cancers.  285 

In this paper, we have investigated the combined effects of RT with the beta-emitting 286 
radionuclide lutetium-177 and CP immunotherapy using anti-PD-L1 and anti-CTLA-4 in 287 
an E0771 murine TNBC tumor model. While CP alone showed no survival benefit in our 288 
model, the combination of control + CP did show modest benefit, likely due to increased T 289 
cell-mediated killing from CP therapy. However, this benefit was not translated into 290 
significant improvements in overall survival, which was only seen with the combination 291 
of RT + CP. While studies have documented correlations between increased levels of T cells 292 
and improved overall survival in TNBC patients [38], this alone is often insufficient to 293 
overcome intrinsic resistance mechanisms and tumor relapse. Indeed, resistance 294 
mechanisms are most commonly driven by the immunosuppressive TME, where MDSCs 295 
and tumor-associated macrophages (TAMs) play a crucial role. MDSC frequency is 296 
directly correlated with tumor progression, recurrence, poor prognosis and decreased 297 
efficacy of immunotherapies [39]. In our therapeutic combination, we have shown that RT 298 
+ CP is able to suppress the frequency of MDSCs in peripheral blood, potentially 299 
contributing to the observed improved therapeutic efficacy in the form of increased 300 
survival. While we do also see suppression of MDSCs in the control + CP group, this does 301 
not correlate with a benefit in overall survival and may simply be the effect of increase T 302 
cell killing due to CP administration. Additionally, in TNBC, TAMs have been shown to 303 
promote tumor growth and progression, while also modulating the levels of PD-L1 304 
expression [40]. In our studies, we have shown that both RT and RT + CP suppresses 305 
peripheral macrophages as early as day 4 (Figure 8), suggesting that early treatment with 306 
RT aids in alleviating TAM-modulation of PD-L1 suppressive functions, though more 307 
experiments are required to properly investigate this phenomenon.  308 

Immunotherapies aim to stimulate the immune system to mount a systemic anti- 309 
tumor immune response to recognize and destroy tumor cells within the body. 310 
Consideration of the abscopal effect and the possibility that RT can truly induce a bona 311 
fide anti-tumor immune response greatly expands the breadth of application for this 312 
therapeutic platform as it need not be used solely for primary lesions but can also induce 313 
regression of distant microscopic lesions as well. While this work was completed in a 314 
transplantable murine model of TNBC, these studies can be applied to many solid tumor 315 
types, increasing the potential translatability of our findings. Additionally, the use of non- 316 
radiolabeled BSA was shown to have no influence on therapeutic outcomes or tumor 317 
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kinetics (as assessed with our control groups). For clinical translation, the BSA derivative 318 
can be replaced with the corresponding human serum albumin analogue.  319 

Our studies are limited by the nature of murine hosts and their inability to accurately 320 
represent human biology. Indeed, cancer metastasis is a major cause of failed therapeutic 321 
intervention and cancer-related deaths [41,42] and our data was conducted in a 322 
subcutaneous tumor model representative of primary tumor formation. For enhanced 323 
translative capacity, our therapeutic platform should be studied in metastatic and 324 
spontaneously arising tumor models to better recapitulate de novo tumor formation in a 325 
host. In these models, we would treat the primary tumor and monitor response in 326 
metastatic lesions in terms of both the size and number of lesions formed.  327 

4. Materials and Methods 328 

Cell Lines 329 

Murine medullary breast adenocarcinoma cells isolated as a spontaneous tumor from a 330 
C57/Bl6 mouse (E0771; CH3 Biosystems, Amherst, NY) were maintained in roswell park 331 
memorial institute (RPMI) medium supplemented with 10% FBS, 10 mM HEPES, 200 µM 332 
geneticin and 2 mM L-glutamine. Murine mammary gland breast cancer cells isolated as a 333 
spontaneous tumor from a Balb/c mouse (4T1; ATCC® CRL2539™) were maintained in 334 
RPMI medium supplemented with 10% FBS, 2 mM L-glutamine, 100U/mL penicillin and 335 
100 µg/mL streptomycin. All cells were grown at 37 °C with 5% CO2. 336 

Chemistry General 337 

Chemicals and reagents for synthesis were purchased from Sigma-Aldrich and 338 
Conjuprobe and used without further purification. 177Lu[Lu] was produced by the 339 
McMaster Nuclear Reactor (MNR, Hamilton, Ontario) using the 176Lu (p,γ) reaction and 340 
was provided as a solution of [177Lu]LuCl3 in 0.01 M HCl. Radio-TLC was performed using 341 
a Bioscan AR-2000 imaging scanner on iTLC-SG glass microfiber chromatography paper 342 
(SGI0001, Agilent Technologies) plates using 0.1 M EDTA as the eluent. For each TLC 343 
performed, plates were spotted with approximately 2 µL (∼3.7 kBq) and run for 5 minutes. 344 
MALDI data were obtained using a Bruker Ultraflextreme spectrometer. 345 

In Vivo Therapy Experiments 346 

Mice were maintained at the McMaster University Central Animal Facility and all the 347 
procedures were performed in full compliance with the Canadian Council on Animal Care 348 
and approved by the Animal Research Ethics Board and the Health Physics Department 349 
of McMaster University. Six- to eight-week-old female C57/Bl6 mice (Charles River 350 
Laboratories, Wilmington, MA) were used to implant 5 ´ 106 E0771 cells subcutaneously 351 
on the left flank. Mice were weighed and all found to be approximately 20 g in size. Mice 352 
were housed in groups, 5 / cage, fed a normal diet and kept at room temperature. To 353 
minimize experimental variability, low passage E0771 cells were used for subcutaneous 354 
injections. Twelve days after injection, the tumors reached treatable average tumor volume 355 
(50-100 mm3). Mice were blindly randomized prior to the start of treatment, but not 356 
blinded one treatments commenced. In experimental groups receiving control treatment, 357 
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mice were treated on day 1 and day 5 with DNP-DOTA-BSA (100 µg / 50 µL PBS, 358 
intratumorally). Experimental groups receiving RT treatment were treated on day 1 and 359 
day 5 with ~4.44 MBq of 177Lu-DNP-DOTA-BSA (100 µg / 50 µL PBS, intratumorally). 360 
Experimental groups receiving CP were treated with α-CTLA-4 (BioXCell, BE0131) and α- 361 
PD-L1 (BioXCell, BE101) antibodies (200 µg / 200 µL PBS each, intraperitoneally) starting 362 
on day 3, every 3 days until mice reached endpoint or a total of 10 doses had been given. 363 
For all mouse studies, tumors were measured every 2 – 3 days and mice having a tumor 364 
volume of 1000 mm3 were classified as end point. 365 

Radiochemistry Methods 366 
To a solution of tetrazine small molecule (100 µg, 48.0 nmol) in 100 µL of 0.1 M NaOAc 367 
(pH 5.5) was added [177Lu]LuCl3 (31-74 MBq). The reaction mixture was heated to 60°C for 368 
5 min at which point a radio-TLC (cellulose/silica plate) was run in 0.1 M EDTA solution. 369 
The radiochemical yield of the reaction was determined to be >99% with >99% 370 
radiochemical purity. The radiolabelled tetrazine was added to a solution of TCO-BSA (2 371 
mg/mL) in saline at room temperature for 10 minutes. The reaction was added to a 50 kDa 372 
spin filter and centrifuged at 4000 rpm for 10 minutes, which had been previously activated 373 
with 1.00 mL of saline. The supernatant was washed twice with 1 mL of sterile saline and 374 
centrifuged as stated above, followed by resuspension in sterile saline for injection. The 375 
conjugation efficiency of the reaction was 46 ± 5% (n=3).   376 

Autoradiography 377 

C57Bl/6 mice bearing an E0771 flank tumor were administered a single dose of 378 
radiolabelled BSA (0.15 – 0.33 MBq / 100 µg, intratumorally) on day 12 of growth when the 379 
tumors were palpable (~100 mm3). The mice were sacrificed after 24, 72 or 120 hours (n=3) 380 
at which point the tumors were harvested, placed on a cryomold and submerged in 381 
optimal cutting temperature compound. The cryomold was then wrapped in plastic wrap, 382 
and flash frozen in liquid nitrogen for 15 seconds. The tumors were sent for analysis where 383 
they were sliced and placed on a phosphor screen for 10 days. 384 

Biodistribution Studies  385 

Female, 5-6 week old Balb/c mice ordered from Charles River Laboratory (Kingston, NY) 386 
were inoculated with 1 ´ 106 4T1 breast cancer cells in the right flank. On day 7 of growth, 387 
the mice were administered radiolabelled BSA (0.07-0.33 MBq / 100 µg, intratumorally). At 388 
72 and 120 h post-injection (n = 3 per time point), mice were anesthetized with 3% 389 
isoflurane and euthanized by cervical dislocation. Blood, adipose, adrenals, bone, brain, 390 
gall bladder, heart, kidneys, large intestine and caecum (with contents), liver, lungs, 391 
pancreas, skeletal muscle, small intestine (with contents), spleen, stomach (with contents), 392 
thyroid/trachea, urine + bladder, tumor and tail were collected, weighed and counted in a 393 
gamma counter. Decay correction was used to normalize organ activity measurements to 394 
time of dose preparation for data calculations with respect to injected dose (i.e. %ID/g). 395 

Histology  396 
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Non-radioactive tumors were resected on day 7, fixed in 10% formalin for 48 h and then 397 
transferred to 70% ethanol for immediate histological processing. Radioactive tumors were 398 
resected on day 7, fixed in 10% formalin, decayed for 3 months and then transferred to 70% 399 
ethanol for histological processing. Tumor tissue was embedded in paraffin and 4-µm 400 
sections were prepared. Tissue sections were processed for hematoxylin staining and IHC 401 
using Automated Leica Bond Rx stainer with Bond Refine Polymer Detection kit (Leica, 402 
DS9800). All antibodies were diluted in IHC/ISH Super Blocker (Leica, PV6199). Primary 403 
antibodies and working dilutions using HIER Retrieval Buffer 2 (Leica, AR9640) were as 404 
follows: CD3 (1:150; Abcam, ab16669), CD4 (1:800; eBio, 14-9766), CD8a (1:1000; eBio, 14- 405 
0808). For F4/80 (1:500; AbD Serotec, MCA497R) an Enzyme 1 pre-treatment was 406 
performed before staining with antibody (AR9551). Antibodies CD4, CD8a,CD19 and 407 
F4/80 all required a secondary antibody before polymer detection using Rabbit anti-rat 408 
(Vector labs BA4001) at a dilution of 1:100. Immunohistochemistry slides were digitalized 409 
using the Olympus VS120-L100-W automated slide scanner. They were batch-scanned on 410 
the brightfield setting at 20x magnification. The color camera used was the Pike 505C VC50. 411 

Flow Cytometry Analysis 412 

150 µL blood was collected from the periorbital sinus. Red blood cells from all samples 413 
were lysed using ACK buffer. The PBMCs were treated with anti-CD16/CD32 (Fc block) 414 
and surface stained with fluorescently conjugated antibodies for FVS (BD Biosciences, 415 
#564406), CD4 (BD Biosciences, #561830), CD8 (BD Biosciences, #563046), CD11b (BD 416 
Biosciences, #553311), Ly6C (BD Biosciences, #553104), Ly6G (BD Biosciences, #560602), 417 
F4/80 (BD Biosciences, #743282). LSRFortessa flow cytometer with FACSDiva software (BD 418 
Biosciences) was used for data acquisition and FlowJo Mac, version 10.0 software was used 419 
for data analysis.  420 

Statistical Analysis 421 

For each statistical analysis used, normality of the distributions and variance assumptions 422 
were tested before running the statistical analyses. Multiple t-tests were used to determine 423 
the statistical significance of the differences in means. The log-rank Mantel-Cox test and 424 
the Gehan-Breslow-Wilcoxon test were used to determine statistical significance for the 425 
difference in Kaplan-Meier survival curves between treatments. All the tests were two- 426 
sided. The null hypothesis was rejected for p-values less than 0.05. All data analyses were 427 
carried out using GraphPad Prism. 428 
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, 429 
Fig. S1: MALDI-MS confirms conjugation of TCO to BSA, Fig. S2: Biodistribution studies 430 
show retention of RT in the tumor, Table S1: Biodistribution studies. %ID/g values for the 431 
complete tissue list, for each mouse (n=3 per timepoint). Fig. S3: Preliminary dose 432 
optimization studies for RT regimens, Fig. S4: Dose optimization studies for RT regimens. 433 
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