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ABSTRACT 42 

Biological targeting is crucial for effective cancer treatment with reduced toxicity but is limited by 43 

the availability of tumor surface markers. To overcome this, we developed a nanoparticle-based, 44 

Tumor-specific suRfACE maRker-independent (TRACER) targeting approach. Utilizing the 45 

unique biodistribution properties of nanoparticles, we encapsulated Ac4ManNAz to selectively 46 

label tumors with azide reactive groups. Surprisingly, while NP-delivered Ac4ManNAz was 47 

cleared by the liver, it did not label macrophages, potentially reducing off-target effects. To exploit 48 

this tumor-specific labeling, we functionalized anti-4-1BB antibodies with dibenzocyclooctyne 49 

(DBCO) to target azide-labeled tumor cells and activate the immune response. In syngeneic 50 

B16F10 melanoma and orthotopic 4T1 breast cancer models, TRACER enhanced anti-4-1BB’s 51 

therapeutic efficacy, increasing median survival time. Immunofluorescence analyses revealed 52 

increased tumor infiltration of CD8+ T and NK cells with TRACER. Importantly, TRACER 53 

reduced hepatotoxicity associated with anti-4-1BB, resulting in normal serum ALT and AST levels 54 

and decreased CD8+ T cell infiltration in the liver. Quantitative analysis confirmed a 4.5-fold 55 

higher tumor-to-liver ratio of anti-4-1BB accumulation with TRACER compared to conventional 56 

anti-4-1BB antibodies. Our work provides a promising approach for developing targeted cancer 57 

therapies that circumvent limitations imposed by the paucity of tumor-specific markers, potentially 58 

improving efficacy and reducing off-target effects to overcome liver toxicity associated with anti-59 

4-1BB.  60 

 61 

 62 

 63 
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INTRODUCTION 64 

Tumor-specific targeting is critical to enhance anti-tumor efficacy while limiting normal tissue 65 

toxicity. In addition to agents that target cancer-specific signaling pathways, therapeutics—mostly 66 

monoclonal antibodies (mAbs)—that can target tumor-specific antigens are clinically effective (1-67 

6). Recently, there has been increased interest in the use of antibody-drug conjugates. These are 68 

antibodies that bind to tumor surface markers and are coupled to cytotoxic compounds, which are 69 

released inside the tumor cell. Examples include trastuzumab deruxtecan targeting human 70 

epidermal growth factor receptor type 2 (HER-2) in breast cancer and lutetium-177-PSMA-617 71 

for prostate cancer (7, 8).  72 

Recent studies in NP-based cancer therapies have demonstrated promising results by effectively 73 

targeting tumor markers and enhancing therapeutic efficacy. Immunotherapies using NPs to target 74 

PD-L1 and polo-like kinase 1 (PLK1) have shown the potential of multi-targeted approaches using 75 

markers overexpressed by tumor cells in lung cancer treatment (9). Additionally, anti-PD-L1 76 

peptide conjugated prodrug NPs, which combine PD-L1 blockade with immunogenic cell death, 77 

have exhibited efficient tumor targeting and robust antitumor immune responses in breast cancer 78 

models (10). Moreover, by conjugating anti-CD47 and anti-PD-L1 antibodies onto the surfaces of 79 

nanoparticles, antibody-conjugated drug-loaded nanotherapeutics have enhanced antitumor 80 

efficacy. This approach facilitates targeted drug delivery directly to tumor tissues, leading to 81 

improved treatment outcomes in aggressive lung cancer models compared to conventional PD-L1 82 

inhibitors (11).  83 

While these approaches are promising for future translation, they rely on the presence of known 84 

tumor markers to target NPs. Thus, they do not circumvent a critical limitation of anti-tumor 85 

therapy, which is the need for the expression of a universal tumor-specific marker that can be 86 
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targeted therapeutically (12-15). The lack of a universal tumor antigen hinders therapeutic 87 

immunotherapy by requiring a granular understanding of tumor-specific expression of proteins 88 

such as PD-L1 for NP targeting. 89 

To address the limitation of targetable tumor-specific surface markers, our approach involves 90 

engineering targeting moieties on tumor cells through metabolic glycoengineering. This process 91 

integrates chemically reactive groups onto tumor cell surfaces (16), creating tumor-specific targets 92 

for therapeutic agents. Tumors exhibit a uniquely high metabolism (17), which can be leveraged 93 

in metabolic glycoengineering. For example, tetraacetylated N-azidoacetyl-D-Mannosamine 94 

(Ac4ManNAz; Maz), an analogue of the common sialic acid derivative N-acetylneuraminic acid 95 

(Neu5Ac), can be utilized to label cancer cells in a dose-dependent manner with an enriched azido 96 

functional group (N3) (16). While Ac4ManNAz can be used to engineer abundant functional groups 97 

and surface markers on cell surfaces, its nonspecific labeling poses a challenge for cancer targeting, 98 

as it labels both cancer and normal cells (18-20). To overcome this, we employed NP delivery of 99 

Ac4ManNAz to selectively target tumors and the tumor microenvironment (TME). We theorized 100 

that Ac4ManNAz would be degraded by macrophages in the liver, thus eliminating the potential 101 

toxicity associated with high liver uptake, a key shortcoming of NP biodistribution. Consequently, 102 

this strategy should selectively label tumors with reactive azide groups without extensive labeling 103 

of normal tissue.  104 

Further enhancing this approach, bioorthogonal chemistry, particularly strain-promoted azide-105 

alkyne cycloaddition (SPAAC), facilitates the specific binding of dibenzocyclooctyne (DBCO) to 106 

these azide-modified tumor cells, enabling rapid and specific in vivo reactions (20-22). Here, we 107 

implement a NP-based Tumor-specific suRfaCE maRker-independent (TRACER) approach via 108 

bioorthogonal glycochemistry. To examine this approach, we selected anti-4-1BB as a model 109 
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therapeutic, as engagement of 4-1BB by its ligand enhances the TCR response to peptide/MHC. 110 

This leads to co-stimulatory signaling, which results in enhanced T cell expansion, effector 111 

function, resistance to apoptosis, and cytokine production (23-25). However, the clinical use of 112 

anti-4-1BB has been hampered by dose-limiting hepatotoxicity and systemic cytokine release 113 

syndrome (26). We posited that functionalizing anti-4-1BB with DBCO (DBCO-anti-4-1BB) 114 

would lead to selective targeting of tumor cells and circumvent targeting of non-malignant cells, 115 

thus substantially reducing its toxicity. 116 

Here, we demonstrate that our TRACER approach, combining DBCO-anti-4-1BB with Maz-117 

loaded NP (MazNP), selectively labeled tumor cell surfaces with azide groups and enhanced tumor 118 

accumulation of the DBCO-antibody conjugate. This strategy not only improved the efficacy of 119 

anti-4-1BB but also reduced dose-limiting hepatotoxicity. Our approach advances tumor targeting 120 

by employing nanotechnology and bioorthogonal glycochemistry, providing a method to enhance 121 

therapeutic specificity through targeted delivery of immunotherapeutic agents by selective labeling 122 

of tumor cells. This application of our approach repurposes the activity of anti-4-1BB to address 123 

the clinical challenge of hepatotoxicity associated with conventional anti-4-1BB therapies. Our 124 

TRACER approach selectively activated CD8+ T cells within the TME without developing off-125 

target effects on non-malignant hepatocytes. This selective targeting could considerably improve 126 

the clinical applicability of anti-4-1BB therapies, potentially reducing known hepatotoxic effects 127 

while enhancing therapeutic efficacy.  128 

 129 

 130 

 131 
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RESULTS  132 

Engineering of NP encapsulating Ac4ManNAz and DBCO-functionalized anti-4-1BB 133 

To specifically label tumors with reactive azide groups, Ac4ManNAz (Maz) was used to generate 134 

azide functional groups on cell surface glycans. These azide groups can conjugate with DBCO-135 

functionalized biomolecules via in vivo bioorthogonal click reactions (18, 20). To enable this, we 136 

encapsulated Maz within methoxy poly(ethylene glycol)-b-poly(D,L-lactic-co-glycolic) acid 137 

(mPEG-PLGA) NPs using nanoprecipitation. The particle size, polydispersity index (PDI), and 138 

zeta potential of NPs are summarized in Supplemental Table 1 – 2. The PDI values of the NPs 139 

ranged from 0.11 to 0.21, indicating monodispersity. The average diameter, measured by dynamic 140 

light scattering (DLS), was 98 ± 8 nm for naked NPs and 119 ± 4 nm for MazNPs (Figure 1, B and 141 

C, and Supplemental Figure 1). Particle sizes, as measured by transmission electron microscopy 142 

(TEM), ranged from 50 to 80 nm (Figure 1A), and the Maz loading efficiency of MazNP was 6.3 143 

± 0.8% (Supplemental Figure 2). We also assessed potential aggregation and found MazNP’s size 144 

in 50% serum (129.6 ± 1.0 nm; PDI: 0.23 ± 0.03, at 10 mg/mL) similar to that measured in 10 mM 145 

NaCl (122.9 ± 7.2 nm; PDI: 0.20 ± 0.02) (Supplemental Table 3). These data demonstrate in vivo 146 

stability and lack of aggregation for the NPs. 147 

To enable tumor-targeted delivery of anti-4-1BB, we formulated DBCO-functionalized anti-4-148 

1BB mAb (DBCO-anti-4-1BB), which can react with the azide group on Maz. DBCO-anti-4-1BB 149 

was synthesized by coupling the NHS-ester modified DBCO ligand with the primary amines on 150 

the anti-4-1BB mAb. The target DBCO to anti-4-1BB molar ratios were 20:1, 35:1, and 50:1 based 151 

on our previous work (27). The actual degrees of functionalization (DOF) of anti-4-1BB with 152 

DBCO were 8, 16, and 23, respectively, as determined by Ultraviolet-Visible (UV) spectroscopy 153 

(Figure 1D). Conjugation was further confirmed using matrix-assisted laser desorption ionization-154 
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time-of-flight mass spectroscopy (MALDI-TOF MS) (Supplemental Figure 3A). An increase in 155 

the mass of anti-4-1BB was observed post-reaction, indicating the addition of DBCO reactive 156 

groups. The DOFs determined using the MALDI-TOF MS method were higher than those 157 

determined by the UV spectroscopic method, since DBCO-PEG13-NHS contains only 90 mol% of 158 

DBCO moiety (Supplemental Figure 3B).  159 

To determine whether DBCO conjugation affects antibody binding, we evaluated the binding of 160 

murine 4-1BB ligand with different concentrations of unmodified or modified anti-4-1BB using 161 

enzyme-linked immunosorbent assay (ELISA) (Figure 1E). Using a ratio of 20:1, DBCO-anti-4-162 

1BB retained its binding to 4-1BB. However, there was a marked reduction in the binding affinity 163 

of DBCO-anti-4-1BB at the target DOFs of 35:1 and 50:1. This indicated that a high degree of 164 

antibody modification with DBCO can compromise antibody binding to the DBCO ligand, due to 165 

steric hindrance caused by the bulky DBCO moiety (27). To take advantage of DBCO conjugation 166 

to the antibody without compromising binding, DBCO-anti-4-1BB with the target DOF of 20:1 167 

was selected for further studies. 168 

TRACER improves therapeutic efficacy  169 

We next investigated whether DBCO-anti-4-1BB with MazNP (TRACER) enhanced the efficacy 170 

of immunotherapy using the poorly immunogenic B16F10 melanoma syngeneic tumor model, 171 

which responds poorly to checkpoint therapy, using single agent or a combination of anti-4-1BB 172 

and anti-CTLA-4 (28) mAbs. C57BL/6 mice were given B16F10 tumors and then received either 173 

MazNP or free Maz intravenously (i.v.). Two days later, when the tumors reached an average size 174 

of ~120 mm3 (Figure 2A), the animals were treated with anti-4-1BB or DBCO-anti-4-1BB. All 175 

experimental groups also received anti-PD-1 mAb treatment. We found that anti-PD-1 plus 176 

TRACER-targeted anti-4-1BB was highly effective, resulting in longer median survival times 177 
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(MST > 100 days) compared to controls: anti-PD-1 plus free anti-4-1BB (MST = 40 days, p = 178 

0.0071), anti-PD-1 plus DBCO-anti-4-1BB (MST = 36.5 days, p = 0.0071) (Figure 2B). There was 179 

improvement in survival among the mice receiving TRACER compared to the group that received 180 

anti-PD-1 plus DBCO-anti-4-1BB and free Maz, however, this change did not reach the pre-181 

defined definition of statistical significance (p = 0.0697) (Figure 2C and Supplemental Table 4). 182 

This trend is reflected by the substantial difference in survival rates (63.6% MazNP vs. 12.5% free 183 

Maz) and MST (100 days vs. 53 days), demonstrating an improvement in survival outcomes in the 184 

MazNP-treated group. It is important to note that 4 out of 11 mice in the experimental arm had no 185 

tumor evidence for 100 days. These results indicate a potentially important therapeutic benefit that 186 

warrants further investigation. 187 

To validate our in vivo results, we evaluated TRACER’s antitumor efficacy in the 4T1 tumor model, 188 

which responds poorly to single-agent checkpoint therapy (29). 4T1 cells were injected into a 189 

mammary fat pad and tumor-bearing mice were treated with anti-PD-1 plus TRACER or the 190 

control therapy (Figure 2D). Similar to our findings in the B16F10 melanoma model, mice treated 191 

with anti-PD-1 plus TRACER showed improved tumor control and overall survival (Figure 2, E–192 

G), compared to PBS (MST = 28 days) and compared to anti-PD-1 plus anti-4-1BB (MST = 38 193 

days) or anti-PD-1 plus DBCO-anti-4-1BB with free Maz (MST = 38 days) (Figure 2G). Our data 194 

show that the targeted delivery of anti-4-1BB via bioorthogonal glycochemistry increased 195 

therapeutic efficacy in two tumor models poorly responsive to checkpoint inhibitor therapy.  196 

Therapeutic efficacy of TRACER involved both innate and adaptive immunity  197 

Next, we evaluated the mechanisms underlying the enhanced anti-tumor activity of TRACER. For 198 

this evaluation, adaptive and innate immune cells in the TME and tumor-draining lymph nodes 199 

(TDLNs) in the B16F10 melanoma model were assessed by flow cytometry. (Figure 3A and 200 
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Supplemental Figure 4). Mice receiving anti-PD-1 plus TRACER showed an increase in CD8+ T 201 

cells compared to those treated with PBS or anti-PD-1 plus DBCO-anti-4-1BB with free Maz 202 

(Figure 3B and Supplemental Figure 5). Although statistical analysis did not reveal a significant 203 

difference between the anti-PD-1 plus TRACER and the anti-PD-1 plus anti-4-1BB treatments, 204 

the data demonstrated a trend towards increased CD8+ T cells in the TRACER group. Notably, the 205 

TRACER approach also led to expanded effector memory CD8+ T cells (Tem; CD44+CD62L-) 206 

compared to the PBS control and anti-PD-1 plus DBCO-anti-4-1BB with free Maz, suggesting a 207 

potential shift towards a memory-oriented cytotoxic phenotype within the TME (Figure 3B and 208 

Supplemental Figure 6A). Conversely, there was an increase in CD4+ T cells and Tem cells in the 209 

TRACER group (Figure 3C, and Supplemental Figure 5 and 6B). However, this increase was less 210 

pronounced compared to that observed in the CD8+ T cells, indicating that anti-tumor effects of 211 

the TRACER approach predominantly enhanced quantitation of CD8+ T cells in the tumor. 212 

Additionally, an increase in the frequency and quantitation of NK cells (NK1.1+CD49+) was noted 213 

in the TRACER group compared to non-targeted anti-4-1BB treatments, anti-PD-1 plus anti-4-214 

1BB and anti-PD-1 plus DBCO-anti-4-1BB with free Maz (Figure 3D and Supplemental Figure 215 

7). Collectively, these results suggest that TRACER effectively enhanced the recruitment and 216 

expansion of both NK and CD8+ T cells in the tumor, which correlated with an improved antitumor 217 

immune response.  218 

Immunofluorescence (IF) staining was used to identify CD3+, CD4+, and CD8+ T cells within the 219 

TME, providing spatial localization of immune cells (Figure 3E and Supplemental Figure 8). 220 

Confocal microscopy showed enhanced CD3+ T cell infiltration in the tumors of mice treated with 221 

anti-PD-1 plus TRACER when compared to those treated with PBS control and anti-PD-1 plus 222 

DBCO-anti-4-1BB with free Maz. Quantitative analysis revealed that the percentage of CD3+CD8+ 223 
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T cells within tumors treated with anti-PD-1 plus TRACER (18.5 ± 10.3% of tissue area in the 224 

field of view) was significantly higher than tumors treated with PBS (1.8 ± 1.4%) or anti-PD-1 225 

plus DBCO-anti-4-1BB with free Maz (3.9 ± 2.4%), whereas neither anti-PD-1 plus anti-4-1BB 226 

nor anti-PD-1 plus DBCO-anti-4-1BB with free Maz induced tumor infiltration of CD3+CD8+ T 227 

cells when compared with the PBS control group (Figure 3F). Furthermore, 4-1BB signaling also 228 

stimulated CD4+ effector T cells to expand and produce pro-inflammatory cytokines, such as IFN-229 

γ and TNF-α, providing a pro-inflammatory environment that favored tumor rejection (30, 31). 230 

There was a higher percentage of CD3+CD4+ T cells in tumors treated with anti-PD-1 plus 231 

TRACER (1.8 ± 1.0%) than in those of mice treated with PBS (0.4 ± 0.2%). In TDLNs, the anti-232 

PD-1 plus TRACER not only increased the number of CD8+ T cells and central memory T cells 233 

(Tcm; CD44+CD62L+), but also elevated CD8+ Tem compared to controls and non-targeted anti-234 

4-1BB groups (Figure 3G and Supplemental Figure 9). Polymorphonuclear myeloid-derived 235 

suppressor cells (PMN-MDSCs) in TDLNs promote cancer progression and are associated with a 236 

poor prognosis (32, 33). Increased infiltration of PMN-MDSCs (CD11b+Ly6CloLy6G+) in TDLNs 237 

was observed in all groups, except for those treated with anti-PD-1 plus TRACER or PBS control 238 

(Supplemental Figure 10). This suggests that TRACER, facilitated by MazNP, did not lead to 239 

PMN-MDSC accumulation in TDLNs, likely due to its enhanced specificity in delivering anti-4-240 

1BB to the tumor site.  241 

To verify the role of immune cells in the robust anti-tumor efficacy of anti-PD-1 plus TRACER, 242 

we depleted CD8+ T cells or NK cells in mice bearing a B16F10 tumor on day 14, one day after 243 

the final treatment, and monitored tumor growth for 50 days (Figure 4A). The effects of TRACER 244 

on tumor regression (Figure 4, B-C) and overall survival were lost after CD8+ T cell depletion 245 

(Figure 4D). Mice treated with anti-PD-1 plus TRACER, followed by CD8+ T cell depletion, had 246 
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an MST of 27 days. This was significantly shorter than that of anti-PD-1 plus TRACER (MST > 247 

50 days; p < 0.0005 vs. CD8+ depletion) and was comparable to that of PBS-treated animals (MST 248 

= 25 days). Similarly, depletion of NK cells in mice with B16F10 tumors substantially reduced the 249 

efficacy of anti-PD-1 plus TRACER. Thus, these data show that the anti-tumor activity of 250 

TRACER is dependent on the function of CD8+ and NK cells.  251 

TRACER reduced hepatotoxicity of anti-4-1BB 252 

The use of agonistic antibodies targeting 4-1BB has been hampered by systemic and hepatic 253 

toxicity, which has considerably decreased enthusiasm for this approach. Given the increased 254 

efficacy of TRACER, we were interested in evaluating if this treatment increased toxicity. 255 

Considering the uptake of NPs by macrophages, high levels of azide-labeling in liver macrophages 256 

following NP uptake could lead to substantial hepatotoxicity. Using the same study design as our 257 

therapeutic efficacy studies, we examined hepatotoxicity in mice on day 18, which was 10 days 258 

after initiating treatment (Figure 5A). Surprisingly, we found that TRACER did not increase 259 

hepatotoxicity, but instead reduced hepatotoxicity, despite the increased liver uptake of NPs. As 260 

shown in Supplemental Figure 11, weight-based enlargement of the spleen and liver was observed 261 

in both anti-PD-1 plus anti-4-1BB and anti-PD-1 plus DBCO-anti-4-1BB with free Maz groups, 262 

and toxicity was consistent with the known hepatotoxicity profile of anti-4-1BB in mice (34). 263 

However, this was not observed in the anti-PD-1 plus TRACER group. Serum liver enzyme 264 

analysis further supported this finding, with significantly elevated levels of alanine transaminase 265 

(ALT) and aspartate aminotransferase (AST) in the groups receiving non-targeted anti-4-1BB, as 266 

previously reported (28, 35). Contrastingly, mice that received TRACER had normal serum ALT 267 

and AST levels (Figure 5B), demonstrating that delivering anti-4-1BB using the TRACER process 268 

eliminated the hepatotoxicity found when using anti-4-1BB alone. 269 
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To investigate this mechanism, we characterized immune activation differences in the liver 270 

between the experimental groups using immunohistochemistry (IHC) to quantify liver-infiltrating 271 

CD8+ T cells (Figure 5C and Supplemental Figure 12). We found that both anti-PD-1 plus anti-4-272 

1BB and anti-PD-1 plus DBCO-anti-4-1BB with free Maz significantly increased CD8+ T cell 273 

infiltration into the liver. Contrastingly, anti-PD-1 plus TRACER reduced CD8+ T cell 274 

accumulation. Image analysis showed increased CD8+ T cell accumulation in the anti-PD-1 plus 275 

anti-4-1BB (29.8 ± 18.2% of tissue area in the field of view), which was significantly greater than 276 

the PBS control (0.9 ± 0.6%) and anti-PD-1 plus TRACER (5.4 ± 5.8%) (Figure 5D). While the 277 

anti-PD-1 plus DBCO-anti-4-1BB with free Maz group (22.1 ± 10.9%) showed a trend toward 278 

higher CD8+ T cell accumulation compared to the TRACER group, this difference was not 279 

statistically significant. However, CD8+ T cell accumulation in the free Maz group remained 280 

significantly higher than in the PBS control. Histologic and morphologic liver analysis further 281 

revealed that anti-PD-1 plus anti-4-1BB and anti-PD-1 plus DBCO-anti-4-1BB with free Maz 282 

increased immune cells surrounding portal triads and in sinusoids (Figure 5E), consistent with liver 283 

injury (Figure 5B). However, mice receiving TRACER did not show increased immune cell 284 

infiltration in the liver.  285 

To confirm these findings, flow cytometry was used to analyze immune cell infiltration in the liver 286 

(Figure 5, F‒I). Compared to the PBS control, the anti-PD-1 plus TRACER group exhibited a less 287 

pronounced increase in monocytic myeloid-derived suppressor cells (M-MDSCs; CD11b+Ly6C+) 288 

than both the anti-PD-1 plus anti-4-1BB and anti-PD-1 plus DBCO-anti-4-1BB with free Maz 289 

groups, which had increased numbers of M-MDSCs in the liver (Figure 5F and Supplemental 290 

Figure 13). Additionally, there was an increase in the number of PMN-MDSCs 291 

(CD11b+Ly6CloLy6G+) and dendritic cells (DCs; CD11c+MHCII+) in the non-targeted anti-4-1BB 292 
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groups, unlike in the TRACER group, which was similar to the PBS control (Figure 5, G and H 293 

and Supplemental Figure, 13-14A). No notable differences were found in the number of liver 294 

macrophages (CD11b+F4/80+) between non-targeted anti-4-1BB and TRACER-delivered anti-4-295 

1BB treatments (Figure 5I and Supplemental Figure 14B). IF staining for macrophage activation 296 

markers CD163 and CD206 (36, 37) in liver sections revealed increased expression of CD206+ 297 

macrophages in both the anti-PD-1 plus anti-4-1BB and anti-PD-1 plus DBCO-anti-4-1BB with 298 

free Maz groups, indicative of liver injury and inflammation (36-38) (Figure 5J). Interestingly, the 299 

anti-PD-1 plus TRACER group did not show an increase in CD206+ macrophages, reflecting 300 

decreased liver inflammation in mice receiving TRACER, as CD206-expressing macrophages are 301 

elevated after tissue damage. 302 

Next, we evaluated treatment effects on pro-inflammatory cytokine serum levels (Figure 5K). 303 

Increases in TNF-α were observed in all groups compared to controls, with the greatest difference 304 

seen in mice receiving anti-PD-1 plus anti-4-1BB or anti-PD-1 plus DBCO-anti-4-1BB with free 305 

Maz. No difference was found between PBS and TRACER groups in the concentrations of IL-6 306 

or IFN-γ, which were significantly higher in the non-targeted anti-4-1BB groups. These data 307 

indicate that TRACER administration was associated with reduced systemic inflammation 308 

compared to anti-PD-1 plus anti-4-1BB or DBCO-anti-4-1BB with free Maz.  309 

MazNP did not generate azide groups on the macrophage surfaces 310 

Addressing hepatotoxicity after anti-4-1BB treatment is crucial for clinical applicability. Despite 311 

the high liver distribution of NPs following systemic administration due to macrophage uptake (39, 312 

40), we observed reduced liver inflammation and macrophage activation in mice receiving anti-313 

PD-1 plus TRACER. To investigate mechanisms underlying this finding, we hypothesized that 314 

MazNP is uniquely metabolized in macrophages, thereby limiting the labeling of azides on these 315 
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cells. To assess this, we compared the macrophage-labeling efficiency of MazNP with free Maz in 316 

vitro using non-PEGylated MazNPs. J774A.1 macrophages were incubated with either free Maz 317 

or rhodamine-labeled, non-PEGylated MazNP for six hours. Surface azide groups were detected 318 

using DBCO-PEG4-biotin and visualized with fluorescently labeled streptavidin (streptavidin-319 

FITC). Confocal microscopy showed greater fluorescence intensity in the free Maz group, 320 

confirming the presence of azide on the macrophage surface (Figure 6A). This was not observed 321 

in macrophages incubated with MazNPs, where the NPs co-localized with LysoTracer, indicating 322 

their presence in lysosomes. Flow cytometry analysis further confirmed these findings, revealing 323 

significantly higher levels of cell-surface azide expression in the free Maz group compared to the 324 

MazNP group at both the 6-hour and 24-hour time points (Figure 6, C and D). We also analyzed 325 

MazNP’s cell-labeling activity in B16F10 cells (Supplemental Figure, 15 and 17A). Interestingly, 326 

there was no difference in the labeling of surface azide groups in B16F10 cells when comparing 327 

free Maz and MazNP groups. These data suggest that MazNPs are trafficked to lysosomes in 328 

macrophages, limiting their availability to label membrane azides.  329 

To further investigate this hypothesis, MazNP trafficking and accumulation in lysosomes were 330 

evaluated at different time points using Lysotracker. MazNP co-localized with Lysotracker at 6 331 

hours but was not observed at 24 hours (Figure 6B). Flow cytometry using rhodamine-labeled 332 

MazNP in macrophages showed initial uptake at 1 hour, with a peak in cellular uptake at 6 hours, 333 

and a dramatic decrease at 24 hours, with levels falling below the initial uptake at 1 hour 334 

(Supplemental Figure 16). In contrast, B16F10 cells showed prolonged intracellular retention of 335 

MazNP, with signal intensity increasing from 1 hour to 6 hour and remaining persistent through 336 

24 hours (Supplemental Figure 17B). These data suggest distinct intracellular processing of 337 

MazNP in macrophages compared to that in tumor cells.  338 
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To confirm the lysosomal trafficking of MazNP in macrophages, we evaluated the effects of 339 

chloroquine (CQ), a lysosomal inhibitor, on cell-surface azide expression. Confocal microscopy 340 

revealed that J774A.1 macrophages pretreated with CQ and treated with MazNP showed increased 341 

surface azide labeling (Figure 6E). Flow cytometry analysis quantified this increase, showing an 342 

approximately eight-fold higher surface azide expression in CQ-pretreated cells with MazNP, 343 

while CQ pretreatment had no effect on azide labeling in macrophages exposed to free Maz (Figure 344 

6, F and G). Additionally, flow cytometry analysis revealed a significantly higher rhodamine signal 345 

from MazNP in CQ-treated macrophages (Supplemental Figure 18), indicating enhanced 346 

intracellular accumulation when lysosomal degradation is inhibited. These data demonstrate that 347 

Maz encapsulated in NPs is trafficked to lysosomes for degradation, while free Maz directly labels 348 

surface azides in macrophages. This provides a potential mechanism for the reduced toxicity 349 

observed in mice treated with TRACER plus anti-PD-1. 350 

To further understand the role of lysosomal processing, we pre-incubated B16F10 cells with 351 

Earle's Balanced Salt Solution (EBSS) for 2 hours to enhance lysosomal function (41), followed 352 

by a 6-hour MazNP treatment. Flow cytometry analysis revealed that EBSS led to decreased 353 

surface azide expression in MazNP-treated cells compared to non-treated controls, while free Maz 354 

levels remained relatively unchanged (Supplemental Figure 19A). Interestingly, rhodamine 355 

fluorescence intensity from MazNP was markedly higher in tumor cells exposed to EBSS 356 

(Supplemental Figure 19B), suggesting that while lysosomes are key for nanoparticle processing 357 

in both cell types, the specialized degradative function of macrophage lysosomes leads to more 358 

effective degradation of MazNP compared to tumor cells. 359 

In vivo TRACER enhanced tumor targeting and reduced liver accumulation 360 
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To validate our in vitro findings, we assessed in vivo labeling efficiency of MazNP compared to 361 

free Maz. Mice received either free Maz or MazNP similar to our toxicity studies (Figure 7A). We 362 

used DBCO-Cy5 staining to analyze liver (Figure 7B and Supplemental Figure 20) and tumor 363 

tissue sections (Supplemental Figure 21). Consistent with our in vitro findings, there was 364 

significantly less azide labeling in the livers of mice receiving MazNP (7.3 ± 4.5%) compared to 365 

those receiving free Maz (34.3 ± 12.0%) (Figure 7C). MazNP-treated mice exhibited increased 366 

azide labeling (34.4 ± 21.6%) in tumors compared to those receiving free Maz (1.4 ± 1.1%) 367 

(Supplemental Figure 21C). These in vivo findings validate the effectiveness of our TRACER 368 

targeting approach with MazNP in achieving precise in vivo labeling of tumor cells while 369 

minimizing off-target effects. 370 

We further investigated whether TRACER increased the accumulation of anti-4-1BB antibodies 371 

in tumors compared to the liver by using biotin-labeled anti-4-1BB antibodies (Figure 7D). 372 

B16F10 tumor-bearing mice received biotin-labeled anti-4-1BB or DBCO-anti-4-1BB via the 373 

TRACER approach. Twenty-four hours post-treatment, the tumor, liver, kidney, lung, and spleen 374 

were harvested and homogenized. The tumor-to-liver ratio was significantly higher (5.1-fold and 375 

4.5-fold respectively) in the DBCO-anti-4-1BB plus MazNP group compared to both the DBCO-376 

anti-4-1BB plus free Maz and anti-4-1BB groups, (Figure 7E). In other organs, we observed that 377 

the MazNP group showed significantly lower accumulation of DBCO-anti-4-1BB in the kidney 378 

compared to the free Maz group, and reduced accumulation in the lung and spleen compared to 379 

both the free Maz and anti-4-1BB alone groups (Supplemental Figure 23B). These results 380 

demonstrate that the TRACER approach with MazNP effectively enhanced tumor-specific 381 

accumulation of anti-4-1BB, while reducing accumulation in non-tumor tissues, potentially 382 

minimizing systemic toxicities associated with anti-4-1BB therapy. 383 
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DISCUSSION  384 

Targeted cancer therapy has traditionally relied on identifying and exploiting tumor-specific targets 385 

for anti-tumor treatment. While offering a promising approach, clinical translation has been 386 

hampered by a fundamental lack of tumor-specific targets or antigens across diverse tumor types, 387 

as well as by the heterogeneity of tumor expression. This heterogeneity necessitates tumor-specific 388 

evaluation of target expression and substantially limits the applicability of these therapies (12, 42). 389 

To address these limitations, we employed an NP-based TRACER delivery approach that utilizes 390 

metabolic glycoengineering combined with bioorthogonal click chemistry to uniformly express a 391 

tumor target therapeutically.  392 

The preferential accumulation of MazNP in tumors is primarily attributed to the enhanced 393 

permeability and retention (EPR) effect (43, 44), which enables macromolecules, including NPs 394 

(< 200 nm), (45-47) to accumulate more effectively in tumor tissue compared to conventional 395 

small molecules (45, 46, 48-50). By employing this strategy, we enabled tumor labeling with an 396 

antibody specific for 4-1BB, leading to anti-tumor T cell activation with very limited activation of 397 

T cells against non-tumor tissue. This approach effectively overcame challenges related to limited 398 

tumor-specific targets.  399 

Agonistic antibodies targeting 4-1BB have shown potent immunomodulatory effects by enhancing 400 

T-cell proliferation, survival, and effector function, thereby bolstering anti-tumor immunity (23, 401 

51). However, the clinical application of 4-1BB agonists is limited due to severe hepatotoxicity. 402 

Studies have shown that 4-1BB agonists lead to liver inflammation and injury in patients, primarily 403 

due to the activation of Type 1 CD8 T cells within the liver (35, 52, 53). This off-target effect limits 404 

the therapeutic potential of agonistic anti-4-1BB antibodies. Our TRACER platform addresses this 405 

crucial challenge by increasing the accumulation of anti-4-1BB antibodies in tumors compared to 406 
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the liver, which is associated with significantly decreased hepatotoxicity while preserving anti-407 

tumor activity.  408 

The tumor-specific targeting capability of our TRACER platform is further demonstrated by 409 

biodistribution studies, where TRACER delivery achieved approximately 5.1- and 4.5-fold higher 410 

tumor-to-liver ratios of DBCO-anti-4-1BB when compared to non-TRACER delivery approaches. 411 

This enhanced tumor targeting was accompanied by reduced accumulation in other organs, such 412 

as the liver, kidney, lung, and spleen, highlighting TRACER's ability to minimize off-target effects. 413 

These favorable distribution patterns provide mechanistic insight into both the enhanced 414 

therapeutic efficacy and reduced toxicity observed, particularly in traditionally resistant tumor 415 

models (54). The improved tissue selectivity achieved through TRACER delivery represents a 416 

significant advancement over conventional antibody delivery methods, supporting the broader 417 

potential of TRACER in cancer immunotherapy. 418 

NP-based cancer therapeutics are known to be cleared by tissue macrophages and migrating 419 

monocytes (39, 40, 55-57). Thus, it was not initially clear that our approach, which uses MazNPs, 420 

would limit tissue toxicity. Surprisingly, our studies revealed that MazNP uptake by macrophages 421 

did not lead to cell-surface azide expression, unlike free Maz. This difference likely stems from 422 

distinct processing of MazNPs in lysosomes. Upon cellular entry via passive diffusion, free Maz 423 

was rapidly metabolized into N-azidoacetyl sialic acid (SiaNAz) for cell surface expression (58), 424 

whereas NPs remained in lysosomes, where they underwent degradation (59). This lysosomal 425 

degradation in macrophages limits cell-surface expression, aligning with previous studies 426 

suggesting that drug-loaded NP uptake by liver macrophages is linked to reduced hepatotoxicity, 427 

in contrast to the effects observed with small-molecule drugs (60). We observed a similar trend 428 

when lysosomal activity was enhanced in B16F10 tumor cells, showing decreased surface azide 429 
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expression from MazNP, suggesting that lysosomal degradation is a key mechanism in controlling 430 

cell-surface azide expression. These findings suggest that MazNP is processed in macrophages 431 

differently compared to Maz in tumor cells, leading to less anti-4-1BB accumulation in liver 432 

macrophages and reduced hepatotoxicity, while maintaining effective tumor targeting.  433 

Recent studies have highlighted the accumulation of PMN-MDSCs in lymph nodes (LNs) during 434 

cancer progression. Their presence in LNs has been associated with poorer prognoses in gastric 435 

and bladder cancer (32, 33). These cells contribute to an immunosuppressive microenvironment 436 

by producing reactive oxygen species (ROS), arginase, and cytokines, which can significantly 437 

suppress the cytotoxic activities of T cells and NK cells (61). In our study, we observed a notably 438 

decreased infiltration of PMN-MDSCs in TDLNs in groups treated with TRACER-delivered anti-439 

4-1BB with MazNP compared to those receiving non-targeted anti-4-1BB. By preferentially 440 

directing anti-4-1BB to the tumor site, TRACER platform has the potential to enhance therapeutic 441 

outcomes.  442 

Our TRACER approach offers several potential advantages over existing 4-1BB targeting 443 

strategies. Previous studies involving 4-1BB agonistic antibodies such as urelumab demonstrated 444 

significant hepatotoxicity (26), while utomilumab showed limited efficacy (62). In contrast, 445 

TRACER can overcome these issues by localizing anti-4-1BB to tumor sites, potentially enhancing 446 

both safety and efficacy. Unlike bispecific antibodies, such as DuoBody-PD-L1×4-1BB 447 

(GDN1046) (63) and the human×PD-L1 bispecific antibody (MCLA-145), which rely on PD-L1 448 

expression for tumor targeting (64), TRACER’s NP-based delivery system allows for tumor 449 

targeting independent of the expression of specific tumor proteins, potentially broadening its 450 

applicability across various tumor types. Additionally, TRACER is particularly advantageous for 451 

agents that do not require cellular uptake. It is worth noting that with its two-step process, 452 
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TRACER involves initial delivery of MazNP followed by administration of DBCO-functionalized 453 

antibodies, and therefore presents challenges in clinical translation, including optimizing timing 454 

between steps and ensuring consistent biodistribution of both components. Despite these 455 

limitations, TRACER's demonstrated ability to enhance tumor-specific targeting while reducing 456 

systemic toxicity, along with its flexibility in delivering various immunotherapeutic agents, makes 457 

it a promising approach for advancing cancer immunotherapy. For example, TRACER could 458 

potentially be used to deliver anti-CTLA-4 to block immune checkpoints, anti-OX40 to provide 459 

co-stimulatory signals, or agents to impede Treg-mediated immune suppression in the TME. 460 

In conclusion, our study highlights the substantial potential of the TRACER approach to advance 461 

cancer immunotherapy. By circumventing the need to identify tumor-specific markers, TRACER 462 

enables selective tumor targeting while minimizing off-target effects and hepatotoxicity. The 463 

unique processing of MazNP in macrophage lysosomes contributes to the redistribution of Maz 464 

accumulation, enhancing tumor-specific delivery of anti-4-1BB. This strategy shows promise for 465 

treating various cancers, particularly those lacking specific surface markers such as pancreatic and 466 

triple-negative breast cancer, and it may potentially re-enable clinical studies using anti-4-1BB to 467 

treat tumors. Continued research and optimization of the TRACER platform could lead to a 468 

paradigm shift in cancer therapy, offering more targeted, safer, and more effective treatments that 469 

improve patient outcomes. 470 

 471 

 472 

 473 

 474 
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METHODS 475 

Sex as a biological variable 476 

This study exclusively utilized female mice for both the B16F10 melanoma (65, 66) and 4T1 breast 477 

cancer (67, 68) models, consistent with established research protocols and prior studies. We 478 

focused on female mice, aged 7 – 8 weeks, to ensure experimental consistency and reproducibility 479 

given the significant gender-specific disparity in the incidence of breast cancer. Sex was not 480 

considered as a biological variable in the design of this study. While our findings are pertinent to 481 

females, further research is required to determine their applicability to males and to assess whether 482 

the observed effects are sex-specific. 483 

Study design 484 

The objective of this study was to develop an NP-based, tumor-specific surface marker-485 

independent targeting approach to overcome challenges related to unreliable tumor markers. As 486 

shown in the figure legends, all experiments were repeated, and no experimental data were 487 

excluded from the quantitative analysis. In our in vivo studies, tumor-bearing mice were 488 

randomized into groups based on tumor size one day prior to treatment. Tumor volume was 489 

assessed by two independent researchers, with one researcher blinded to treatment group 490 

assignments. Mice were monitored daily and euthanized at predefined humane endpoints. All 491 

animal studies involved seven to eight-week-old female C57BL/6 mice or BALB/c mice (The 492 

Jackson Laboratory). The antitumor efficacy of antibodies with or without MazNP was evaluated 493 

in B16F10 melanoma (n = 8 or 11 per group) or 4T1 orthotopic tumor models (n = 8 per group). 494 

Statistical differences in average tumor growth curves were analyzed using two-way ANOVA with 495 

time and tumor volume as variables. Survival differences across groups were assessed using the 496 
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Kaplan–Meier method, with the overall P value calculated by the log-rank test using GraphPad 497 

Prism 6.0. Immune cell populations in B16F10 tumors (n = 3 or 4 per group) were examined using 498 

flow cytometry and IF staining, and confocal microscopy (9 images per group) was analyzed with 499 

Fiji software. TDLN samples were analyzed for immune cell populations using flow cytometry. 500 

Depletion studies were conducted using B16-F10 tumor-bearing mice (n = 8 per group). 501 

Additionally, in vivo labeling of Ac4ManNAz in liver and tumor tissues was assessed using DBCO-502 

Cy5-stained tissue sections from B16F10 tumor-bearing mice (n = 3 per group). Analysis was 503 

conducted on randomly selected fields from nine images per group. Liver and tumor labeling of 504 

Ac4ManNAz in B16F10 mice (n = 3 per group) was assessed using DBCO-Cy5-stained tissue 505 

sections. Hepatotoxicity studies involved IF, IHC (n = 3 per group; 3 to 8 images per tissue), and 506 

flow cytometry (n = 3 or 4 per group) for liver immune cells. Serum liver enzyme and cytokine 507 

levels were analyzed (n = 8 per group). 508 

Statistics 509 

All statistical analyses were performed using GraphPad Prism 9 (La Jolla, CA). All data are 510 

presented as mean ± SD. Statistical significance was determined using one-way ANOVA with 511 

Tukey’s or Dunnett’s multiple comparisons test, or two-way ANOVA with Sidak’s multiple 512 

comparisons test. Survival curves were analyzed using the Kaplan–Meier method and the log-rank 513 

(Mantel-Cox) test. Asterisks represent different levels of significance; * p < 0.05, ** p < 0.01, *** 514 

p < 0.001, **** p < 0.0001, ## p < 0.01, ### p < 0.005, and #### p < 0.0001. All image analyses 515 

were performed using Fiji software (National Institute of Health, Bethesda, MD).  516 

Study approval 517 
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All animal work was conducted in accordance with protocols (19-001.0 and 23.055.0), which were 518 

approved and monitored by the University of North Carolina Animal Care and Use Committee. 519 

Data availability 520 

The underlying data from the manuscript are available from the corresponding author upon request. 521 

Values for all data points in graphs are reported in the Supporting Data Values file. 522 
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Figure 1 786 

 787 

Figure 1. Engineering antibodies and nanoparticles for TRACER targeting delivery. (A) 788 

Transmission electron microscopy (TEM) images of naked or MazNP, negatively stained with 2% 789 

uranyl acetate, (B) Particle size and zeta potential (n = 6), and (C) Intensity-based size distribution 790 

measured by DLS (n = 3). Samples were prepared identically and independently (mean ± s.d.). (D) 791 

UV spectra of unmodified anti-4-1BB and DBCO-functionalized anti-4-1BB with target molar 792 

ratios of conjugation of DBCO to anti-4-1BB (20, 35, and 50:1). The UV absorption band at 310 793 

nm corresponds to absorbance from the conjugated DBCO group (arrow). (E) DBCO-anti-4-1BB 794 

binding affinity to 4-1BB protein, determined by ELISA. n = 3 identically and independently 795 

prepared samples (mean ± s.d.). *: p < 0.05 vs. anti-4-1BB at 200 ng/ml by Dunnett’s multiple 796 

comparisons test following two-way ANOVA.  797 
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Figure 2 798 

 799 

Figure 2. TRACER improves the efficacy of anti-4-1BB in vivo. (A) Dosing schedule of 800 

antibodies and NPs for B16F10 tumor-bearing mice. (B) Individual tumor growth curves of 801 

B16F10 tumors in C57BL/6 mice treated with PBS, anti-PD-1, anti-PD-1+anti-4-1BB, anti-PD-802 
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1+DBCO-anti-4-1BB, anti-PD-1+DBCO-anti-4-1BB+free Maz, or anti-PD-1+TRACER (n = 8 – 803 

11 per group). (C) Kaplan-Meier survival curves of B16F10-tumor bearing mice. MST – median 804 

survival time. (D) Dosing schedule of treatments in orthotopic 4T1 breast tumor-bearing mice. 805 

(E) Individual tumor growth curves of 4T1 breast tumors in BALB/c mice treated with PBS, 806 

anti-PD-1+anti-4-1BB, anti-PD-1+DBCO-anti-4-1BB+free Maz or anti-PD-1+TRACER (n = 8 807 

per group. (F) Average tumor growth curves of animals shown in (E) (mean ± s.d.). Tumor 808 

growth over time was compared by Sidak’s multiple comparisons test following two-way 809 

ANOVA. ***: p < 0.001 and ****: p < 0.0001. (G) Kaplan-Meier survival curves of 4T1 tumor-810 

bearing mice. MST – median survival time. P values were calculated using the log-rank test. 811 
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Figure 3 823 

 824 

Figure 3. TRACER delivery of anti-4-1BB increases CD8+ T cell expansion and NK cell 825 

activation in B16F10 melanoma model. (A) Schematic of B16F10 tumor inoculation, treatments 826 

and time points for collection of tumors and TDLNs. (B) Quantitation of CD8+ T cells and 827 
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CD44+CD62L- Tem in CD8+ T cells, (C) CD4+ T cells or CD44+CD62L- Tem in CD4+ T cells in 828 

tumors, or (D) NK1.1+CD49b+ cells in tumors (n = 3 – 4 independent animals, mean ± s.d.). *: p 829 

< 0.05, **: p < 0.01, and ***: p < 0.001 by Tukey’s multiple comparisons test following one-way 830 

ANOVA. (E) Representative immunofluorescent images of B16F10 tumor sections (shown again 831 

in Supplemental Figure 8). Scale bar in first row = 50 μm; scale bar in second row = 20 μm. (F) 832 

Quantitative analysis of immunofluorescence staining of tumor sections. Percent area of CD3+ T 833 

cells was estimated as the area of CD3+ (yellow) divided by the tissue in the field of view area 834 

(outlined by blue Hoechst 33258 staining). Percent area of CD3+CD8+ or CD3+CD4+ T cells was 835 

calculated as the area of CD8+ (red) or CD4+ (cyan) fluorescence overlapped with CD3+ (yellow) 836 

divided by the area of the tissue in the field of view (outlined by blue Hoechst 33258 staining). 837 

Randomly selected fields (9 images per group; Supplemental Figure 8) were analyzed with Fiji 838 

software. For statistical analysis, image data from three fields per mouse were averaged to generate 839 

a single value for each biological replicate (n = 3 mice per group). Each biological replicate is 840 

color-coded: gray triangles, blue squares, and orange dots represent individual animals. *: p < 0.05 841 

by Tukey’s multiple comparisons test following one-way ANOVA. (G) Enumeration of CD8+ T 842 

cells, CD44+CD62L- Tem and CD44+CD62L+ Tcm from CD8+ T cells in TDLNs (n = 3 – 4 843 

independent animals, mean ± s.d.). *: p < 0.05, **: p < 0.01, and ***: p < 0.001 by Tukey’s multiple 844 

comparisons test following one-way ANOVA. All data are shown as means ± SD; each symbol 845 

represents one individual mouse. 846 

 847 

 848 

 849 
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Figure 4 850 

 851 

 852 

Figure 4. The antitumor efficacy of TRACER targeting is abrogated by the depletion of CD8+ 853 

T cells or NK cells in the B16F10 melanoma model. (A) Schematic of B16F10 tumor inoculation, 854 

treatments, and the depletion of CD8+ T cells or NK cells. (B) Individual growth curves of B16F10 855 

tumors in animals treated with anti-PD-1+TRACER with or without CD8+ T cell or NK cell 856 

depletion. (n = 8 per group) (C) Average tumor growth curves for each treatment shown in (B). 857 
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**: p < 0.01 by Sidak’s multiple comparisons test following two-way ANOVA. (D) Differences in 858 

survival were determined for each group using the Kaplan-Meier method. MST – median survival 859 

time. P values were calculated using the log-rank test. 860 
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Figure 5 877 

 878 
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Figure 5. MazNP did not induce anti-4-1BB-induced liver toxicity in B16F10 tumor-bearing 879 

mice. (A) Schematic of B16F10 tumor inoculation, treatments, and time points for liver collection. 880 

(B) Serum levels of ALT and AST measured as units of enzyme liter (U/L) (n = 8 per group). *: p 881 

< 0.05; ***: p < 0.001; ****: p < 0.0001 vs. PBS by Dunnett’s multiple comparisons test following 882 

one-way ANOVA. (C) Immunohistochemistry staining for CD8+ on sectioned liver tissues (shown 883 

again in Supplemental Figure 12). Scale bars = 50 µm. (D) Quantification of CD8+ T cells 884 

infiltrated in the liver in mice, shown in Supplemental Figure 12. Percent CD8+ T cell area in the 885 

liver was estimated as the area of CD8+ (stained brown with DAB) in the field of view (outlined 886 

by hematoxylin counterstaining). Randomly selected fields were analyzed using Fiji software: 11 887 

images for PBS; 17 images for anti-PD-1+anti-4-1BB; 20 images for anti-PD-1+DBCO-anti-4-888 

1BB+free Maz; and 21 images for anti-PD-1+TRACER. For statistical analysis, image data from 889 

multiple fields per mouse were averaged to generate a single value for each biological replicate (n 890 

= 3 mice per group). Each biological replicate is colored coded: gray triangles, blue squares, and 891 

orange dots represent individual animals. *: p < 0.05 and **: p < 0.01 by Tukey’s multiple 892 

comparisons test following a one-way ANOVA. (E) Hematoxylin and eosin (H&E) staining of 893 

representative tissue slides from livers. Scale bars = 200 µm. (F) Counts of monocytic MDSCs 894 

(M-MDSCs; CD11b+Ly6C+), (G) polymorphonuclear MDSCs (PMN-MDSCs; 895 

CD11b+Ly6CloLy6G+), (H) dendritic cells (DC; CD11c+MHCII+), and (I) macrophages 896 

(CD11b+F4/80+) in livers (n = 3 – 4 independent animals, mean ± s.d.). *: p < 0.05 and **: p < 897 

0.01 by Tukey’s multiple comparisons test following one-way ANOVA. (J) Immunofluorescent 898 

images of activated liver-resident CD163+ (Green) and/or CD206+ (Red) cells. Scale bars = 50 µm. 899 

(K) Serum levels of TNF-α, IL-6, and IFN-γ measured by ELISA (n = 8 per group, mean ± s.d.). 900 

*: p < 0.05, **: p < 0.01, ***: p < 0.001, and ****: p < 0.0001 by Tukey’s multiple comparisons 901 



45 

 

test following one-way ANOVA. All data are shown as means ± SD; each symbol represents one 902 

individual mouse. 903 
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Figure 6 921 

 922 

Figure 6. MazNP does not generate azide groups on macrophage surfaces. (A) Azide group 923 

generation on the surface of J774A.1 macrophages incubated with PBS, free Maz, non-PEGylated 924 

MazNP for 6 h or (B) 24 h. Cells were imaged with confocal microscopy (White: Lysotracker; 925 

Green: streptavidin-FITC; Red: rhodamine-labeled MazNP; Blue: nuclei stained with Hoechst 926 

33258). Scale bars: 10 µm. (C) Time-dependent cell-surface azide expression following treatments 927 
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with free Maz and MazNP, as determined by flow cytometry. The representative flow cytometry 928 

histogram showing cell-surface azide expression at 1 h, 6 h, and 24 h post-treatment. (D) 929 

Quantification of cell-surface azide expression, shown as mean fluorescence intensity (MFI) of 930 

streptavidin-FITC, presented in (C). n = 6 identically and independently prepared samples (mean 931 

± s.d.). ****: p < 0.0001 by Sidak’s multiple comparisons test following two-way ANOVA. (E) 932 

Azide group generation on the J774A.1 macrophage treated with chloroquine (CQ) prior to 6 h 933 

incubation with PBS, free Maz, or non-PEGylated MazNP. Cells were imaged with confocal 934 

microscopy (green: streptavidin-FITC; red: rhodamine-labeled MazNP; blue: nuclei stained with 935 

Hoechst 33342). Scale bars: 10 µm. (F) Representative flow cytometry histograms showing cell-936 

surface azide expression with or without CQ pre-treatment for for free Maz and MazNP groups. 937 

(G) Quantification of cell-surface azide expression shown as the ratio of MFI of streptavidin-FITC 938 

relative to CQ-(CQ+ to CQ-). n = 6 identically and independently prepared samples (mean ± s.d.). 939 

****: p < 0.0001 by an unpaired t-test. 940 
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Figure 7 949 

 950 

Figure 7. TRACER-mediated in vivo delivery of anti-4-1BB in C57BL/6 mice bearing B16F10 951 

tumors. (A) Schematic of B16F10 tumor inoculation, treatments with free Maz, or MazNP, and 952 

time points for liver collection. (B) Representative fluorescence images of liver tissue sections 953 

(green: DBCO-Cy5; blue: nuclei stained with Hoechst 33258) are shown again in Supplemental 954 

Figure 20. Scale bar: 20 µm. (C) Quantitative analysis of DBCO-Cy5-stained liver sections (n = 3 955 

per group). Percent azide-positive area was estimated as the area of the DBCO-Cy5-positive area 956 

(green) divided by the area of the tissue in the field of view (outlined by blue Hoechst 33258 957 

staining). Randomly selected fields (9 images per group; Supplemental Figures 20) were analyzed 958 

with Fiji software; ***: p < 0.005 by an unpaired t-test. (D) Schematic of B16F10 tumor 959 

inoculation, treatments, and time points for tissue collection. Mice received anti-4-1BB-biotin (n 960 
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= 4), free Maz plus DBCO-anti-4-1BB-biotin (n = 4) or DBCO-anti-4-1BB-biotin (n = 8) via the 961 

TRACER approach at specified time points. (E) Tumor-to-liver ratio of biotin-labeled antibodies 962 

24 h post-injection in B16F10 tumor-bearing. **: p < 0.01 by Tukey’s multiple comparisons test 963 

following one-way ANOVA. 964 
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