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One Sentence Summary: A small molecule blocks ENPP1, reviving immune attack on tumors 19 
and enhancing immune therapy with minimal side effects in preclinical cancer models.  20 
 21 
Abstract:  22 
Only one in five patients is estimated to respond to immune checkpoint inhibitors, which 23 
primarily target adaptive immunity. To date, no FDA-approved immunotherapies directly 24 
activate the innate anti-cancer immunity—an essential driver of lymphocyte recruitment and 25 
potentiator of responses to existing cancer immunotherapies. ENPP1, the dominant hydrolase 26 
that degrades extracellular cGAMP and suppresses downstream STING-mediated innate immune 27 
signaling, has emerged as a promising therapeutic target. However, existing ENPP1 inhibitors 28 
have been optimized for prolonged systemic residence time rather than effective target inhibition 29 
within tumors. Here, we report the characterization of STF-1623, a highly potent ENPP1 30 
inhibitor with an exceptionally long tumor residence time despite rapid systemic clearance, 31 
enabled by its high ENPP1 binding affinity and slow dissociation rate. We show that membrane-32 
bound ENPP1 on tumor cells, not the abundant soluble ENPP1 in serum, drives tumor 33 
progression. Consequently, STF-1623 unleashes anti-tumor immunity and synergizes with 34 
ionizing radiation, anti-PD-L1 and anti-PD-1, and a DNA damaging agent to produce robust 35 
anti-tumor and anti-metastatic effects across multiple syngeneic mouse tumor models, all without 36 
detectable toxicity. Conceptually, this work establishes that a noncovalent small molecule 37 
inhibitor of ENPP1 with ultralong drug-target engagement offers a safe and precise strategy to 38 
activate STING within tumors, fulfilling an unmet need of innate immunotherapies in cancer.  39 

 40 
  41 
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Main Text: 42 

 43 

INTRODUCTION 44 
 45 
Despite the advancement in early detection and treatment, currently more than 18 million 46 
Americans are affected by cancer (1). Adaptative immune checkpoint inhibitors (ICIs) that block 47 
checkpoint proteins such as programmed cell death protein 1 (PD1), programmed death-ligand 1 48 
(PD-L1), and cytotoxic T-lymphocyte associated protein 4 (CTLA-4) represent breakthroughs in 49 
cancer therapies in the past two decades. Adaptive ICIs unleash tumor infiltrating lymphocytes 50 
(TILs) to fight cancer, offering cures to patients who have exhausted other treatment options. 51 
Between 2015 and 2023, 11 ICIs were approved for over 20 general tumor types (2). However, 52 
only 20.13% patients are estimated to respond to ICIs as of 2023 (2). While tumors have a 53 
variety of strategies to develop ICI resistance, one of the key mechanisms is the lack of sufficient 54 
TILs in the first place for these ICIs to act on (3,4). Turning immunologically “cold” tumor “hot” 55 
by activating innate immune recognition of cancer cells and subsequently recruiting TILs has 56 
been the objective of the immune-oncology field for the past decade (5).  57 
 58 
The stimulator of interferon genes (STING) pathway is a key innate immune pathway involved 59 
in anticancer immunity (6–9). STING is naturally activated by the second messenger 2´3´-cyclic-60 
GMP-AMP (cGAMP), which is synthesized by the cytosolic double-stranded DNA (dsDNA) 61 
sensor cyclic-GMP-AMP synthase (cGAS) (10–13). Upon STING activation, the transcription 62 
factors interferon regulatory factor 3 (IRF3) and translocate to the nucleus to initiate the 63 
production of type-I interferons (IFN) (14,15). IFN has potent antitumor properties, and STING 64 
signaling through IRF3 is necessary for spontaneous clearance of immunogenic tumors in mice 65 
(7,16). In addition, STING also elicit antitumor immunity through IRF3-independnent pathways 66 
(7,8). 67 
 68 
Given the importance of STING signaling in anticancer immunity, several cGAMP analogs have 69 
already entered clinical trials with reported results (NCT03937141; NCT03172936; 70 
NCT02675439; NCT04109092; NCT04096638; NCT06021626; NCT06626633), all of which 71 
pointing to limited efficacy with narrow therapeutic window (17,18). In addition to systemic 72 
inflammation, the disappointing result is likely due to the multifaceted roles that the STING 73 
pathway plays in different cell types within the tumor microenvironment (TME): although 74 
STING activation in dendritic cells and macrophages is responsible for eliciting antitumor 75 
immunity (6,16,19), STING activation in cancer cells paradoxically promotes metastasis (20,21). 76 
Additionally, the degree of STING activation can lead to different outcomes: while moderate 77 
STING activation is important for tumor vasculature normalization (22) and T cell function 78 
(16,23), extensive and prolonged STING activation causes vasculature toxicity in humans (24) 79 
and T cell deaths (25–28). This level of complexity highlights the need for more targeted 80 
approaches and offers insights into the limited clinical utility of STING agonists so far. 81 
However, aiming to achieve tumor specificity can also be problematic. For example, an antibody 82 
drug conjugate linking human epidermal growth factor receptor 2 to a direct STING agonist was 83 
created but resulted in one fatal event in phase 1 trial (NCT05514717), underscoring the power 84 
and danger of direct STING activation in the wrong cell types.  85 
 86 
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Instead of directly activating STING, we propose to target the dominant negative regulator of the 87 
STING pathway, ENPP1 (29), taking inspiration from adaptive ICIs that inhibit the negative 88 
regulators of the pathways. A hallmark of cancer is dsDNA mis-localization into the cytosol due 89 
to genomic instability (21), micronuclei (30), chromatin bridge (31), or extrachromosomal DNA 90 
(32). As a result, cancer cells with intact dsDNA sensor continuously produce cGAMP. To avoid 91 
self-STING activation-mediated cell death, cancer cells often suppress STING pathway through 92 
epigenetic silencing (33) or rewiring its downstream to noncanonical, pro-metastatic nuclear 93 
factor-kappa-B (NF-κB) pathway (21). Furthermore, cancer cells rapidly pump cGAMP out to 94 
the extracellular space for degradation by its extracellular hydrolase ENPP1 as another 95 
mechanism for immune evasion (29,34,35). ENPP1 is overexpressed by 50% solid tumors (35) 96 
and can be induced in non-cancerous bystander cells in the tumor TME including cancer-97 
associated fibroblasts and macrophages (34). ENPP1 levels in tumor immune and stromal cells 98 
anti-correlate with their interferon signaling strength, suggesting that ENPP1 is a gatekeeper for 99 
cGAMP entry (34). Enpp1 knockout in cancer cells or host unleashes the paracrine cGAS-100 
STING signaling between cancer cells and immune cells utilizing cell-specific cGAMP 101 
importers (26,36–41), which delays tumor progression and abolishes metastases (34). Finally, 102 
outside of its role in downregulating the anti-cancer innate immune STING pathway, ENPP1 has 103 
also been shown to suppress tumor immunity by coupling with CD73 to generate 104 
immunosuppressive adenosine (42,43). Given these pro-tumor roles of ENPP1, we nominate 105 
ENPP1 as an ideal innate immune checkpoint target.  106 
 107 
We previously reported a potent ENPP1 inhibitor STF-1623 (IC50 = 0.6 nM for human ENPP1, 108 
IC50 = 0.4 nM for mouse ENPP1) (44). However, STF-1623 exhibited fast serum 109 
pharmacokinetics in mice when administered systemically: its serum half-life was only 10-15 110 
min, and the concentration dropped below IC95 (40 nM or 14.05 ng/mL) after 8 hours (44). 111 
However, in this study we found that systemically administered STF-1623 exhibits ENPP1 112 
expression-driven tumor-selective targeting in mice. Co-crystal structure reveals structural 113 
determinants of STF-1623’s superior potency and selectivity towards ENPP1, giving rise to its 114 
long tumor residence time despite fast systemic clearance. We found that tumor-associated 115 
ENPP1, not the abundant serum ENPP1, plays a dominant role in tumor immune evasion, 116 
making STF-1623 a highly targeted and well-tolerated inhibitor. STF-1623 increased tumor 117 
cGAMP levels, induced tumor and serum IFN-γ production, and suppressed tumor growth and 118 
metastases with durable anti-tumor immunity across various tumor types. STF-1623 exploits 119 
cancer-produced extracellular cGAMP for controlled local activation of STING, essentially 120 
acting as a tumor-specific STING agonist. 121 

 122 

RESULTS  123 

 124 
Systemically administered STF-1623 concentrates in ENPP1 expressing tumors  125 
 126 
To evaluate the pharmacokinetics of STF-1623 (Fig. 1A), we injected STF-1623 subcutaneously 127 
into BALB/c mice with established subcutaneous EMT6 breast tumors and measured the change 128 
in STF-1623 concentration with time. Although STF-1623 exhibited suboptimal pharmacokinetic 129 
properties (Cmax = 23 µg/mL, t1/2 =1.7 hours) in the serum, it displayed much better 130 
pharmacokinetic properties in the EMT6 tumor (Cmax = 9 µg/g, t1/2 = 6.6 hours) (Fig. 1B). In 131 
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contrast, serum and tumor PK from mice bearing subcutaneous MC38 tumor were similar, both 132 
displaying fast half-times (t1/2 = 2.6 and 2.3 hours). (Fig. 1C). EMT6 and MC38 cancer cells 133 
differ significantly in their Enpp1 expression (Fig. 1D) (45). We hypothesized that STF-1623 134 
preferentially localizes to ENPP1-high EMT6 tumors due to interaction with its target. To test 135 
this hypothesis, we measured tumor and serum PK in mice bearing orthotopic WT or Enpp1-/- 136 
4T1 tumors. Indeed, ENPP1 expression in cancer cells raised STF-1623 concentration and half-137 
time (t1/2 = 4.3 vs. 1.1 hour) in the tumor (Fig. S1A). Additionally, as ENPP1 is ubiquitously 138 
expressed, we also assessed pharmacokinetics from tissues with the highest ENPP1 expression in 139 
healthy WT and Enpp1-/- BALB/c mice. We observed ENPP1-dependent increase in STF-1623 140 
residence time in serum and liver, but not kidney, suggesting the latter as a main site of excretion 141 
(Fig. S1B). Together, STF-1623 exhibits target-driven tumor-selective localization, with ENPP1 142 
expressed by cancer and bystander host cells both contributing to tumor retention. Long drug-143 
target residence time (τ) is often observed in antibody drugs with slow dissociation kinetics from 144 
its target. To see if STF-1623 has slow dissociation from ENPP1, we quantified the kinetics and 145 
binding affinity between STF-1623 and ENPP1 using surface plasma resonance. Indeed, STF-146 
1623 dissociate from mouse ENPP1 (Koff = (1.95 ± 0.58) x 10-3 s-1; τ = 540 ± 138 s) and human 147 
ENPP1 (Koff = (1.97 ± 0.41) x 10-3 s-1; τ = 524 ± 100 s) with exceptionally slow dissociation 148 
(Koff) corresponding to ultralong τ, exhibiting a typical antibody-like binding profile (Fig. 1E). 149 

 150 
Co-crystal structure reveals molecular determinants of STF-1623’s potency and specificity 151 
towards ENPP1 152 
 153 
The molecular determinants of STF-1623’s potency and long target engagement were unknown. 154 
Since crystallization attempts of human ENPP1 with STF-1623 yielded crystals that diffracted to 155 
low resolution, instead we created a proxy that mimics the catalytic site of ENPP1 in its paralog, 156 
ENPP3, which can readily yield high-quality crystals. ENPP3 shares identical amino acids within 157 
~4 Å of active site ligand with ENPP1 except for two residues (Fig. 2A). Therefore, we replaced 158 
those two residues, Q244 (which is K in ENPP1) and E275 (which is D in ENPP1), with the 159 
corresponding ENPP1 residues to create a faux ENPP1, hereby abbreviated as fxENPP1. 160 
Biochemically, fxENPP1 is a faithful proxy for ENPP1 (Fig. 2B): against native ENPP3, STF-161 
1623 inhibits at an IC50 of 800 nM, over 1,000-fold lower potency compared to native ENPP1. 162 
Against fxENPP1, STF-1623 has an IC50 of 1.4 nM, indistinguishable from native ENPP1. 163 
We then solved the 2.7 Å co-crystal structure of fxENPP1 bound to STF-1623 using X-ray 164 
crystallography (Fig. 2C,D). Structural alignment with ENPP1 (PDB: 6WFJ) validated that the 165 
binding pocket is identical between the two proteins, further confirming that fxENPP1 is a 166 
faithful proxy for ENPP1(Fig. 2E). STF-1623 binds to the active site and forms extensive 167 
interactions with the fxENPP1 (Fig. 2F). The phosphonate head group binds the zinc that is 168 
essential for catalytic activity and also interacts with N226 (Fig. 2F,G). The piperidine linker 169 
forms hydrophobic interactions with L239 (Fig. 2F,G). The quinazoline group stacks between 170 

Y289 and F206 to form � - � interactions with both (Fig. 2F,G). Finally, D275 and K244 171 
formed a hydrogen bonding network and perfect shape complimentarily with the 8-methoxy tail 172 
clamping down on the end of the compound (Fig 2F,G). These specific interactions could be 173 
responsible for the over 1,000-fold differences in potency of STF-1623 against human ENPP1 174 
and human ENPP3 (Fig. 2B). Notably, the binding position of STF-1623 differs from that of 175 
STF-1084, an inhibitor with the same scaffold but different methoxy substituent positions, that 176 
we previously crystallized with mouse ENPP1 (44). Specifically, the nitrogens on the 177 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 22, 2025. ; https://doi.org/10.1101/2025.05.18.654655doi: bioRxiv preprint 

https://doi.org/10.1101/2025.05.18.654655
http://creativecommons.org/licenses/by-nc/4.0/


 5

quinazoline of STF-1084 are pointed towards the hydrophobic back of the pocket and the 6,7-178 
methoxys solvent-exposed, whereas STF-1623 nitrogens are solvent exposed and the 8-methoxy 179 

lies further back, a 180° flip accommodated by the piperidine linker (Fig 2H). In summary, STF-180 
1623 is a potent and specific inhibitor of ENPP1 owing to the network of interactions it forms 181 
with ENPP1 enzymatic pocket.  182 

 183 
Intratumoral ENPP1 membrane retention determines tumor progression 184 
 185 
In addition to being a transmembrane protein, ENPP1 is also secreted (Fig. 3A) and is detected at 186 
high levels (2.8 �g/L) in serum (The Human Protein Atlas). We previously showed high potency 187 
of STF-1623 at inhibiting serum ENPP1 activity (44), suggesting it also binds to secreted ENPP1 188 
(secENPP1). SecENPP1 has a quick clearance rate (46) that likely contributes to STF-1623’s fast 189 
clearance rate. Additionally, the inhibitor is highly hydrophilic (44). Any compound not bound to 190 
ENPP1 would likely remain unbound to other serum protein and undergo fast excretion by the 191 
kidney (44). Given the different pharmacokinetic properties of STF-1623 in the tumor and serum 192 
targeting membrane ENPP1 (memENPP1) and secENPP1, respectively, it is important to which 193 
of the two isoforms are the active target. Despite the differences in disulfide-mediated 194 
dimerization (Fig. S2A,B), both memENPP1 and secENPP1 are active towards cGAMP (Fig. 195 
3B) and ATP (Fig. S2C). Using purified enzymes (Fig. S2D), we determined that memENPP1 196 
(Kcat = 189 s-1, Km = 313 �M, Kcat/Km = 6.1 x 105 M-1 s-1) and secENPP1 (Kcat = 54 s-1, Km = 101 197 

�M, Kcat/Km = 5.5 x 105 M-1 s-1) both efficiently hydrolyze cGAMP (Fig. 3C).  198 
 199 
Since both forms of the protein have similar activity, we needed an approach for selective 200 
perturbation. This led us to explore the mechanism of secretion. SecENPP1 is not produced from 201 
alternative splicing (47), ectodomain shedding (48), or alternative translation start site (Fig. 202 
S3A). Instead, secENPP1 could be proteolytically processed by the signal peptide complex given 203 
a predicted cleavage motif at A84/K85 (Fig S3B,C) (49). To test this, we first performed an 204 
alanine mutation scan around the putative cleavage site and observed increased secENPP1 205 
expression in S82A and K85A (Fig. 3D). Next, we mutated A84 residue, -1 position from the 206 
putative cleavage site required to be occupied by small non-charged residues (50), to a variety of 207 
other amino acids; all compromised the production of secENPP1 (Fig. 3E). Overall, 208 
mutagenesis-induced changes in ENPP1 secretion correlated with the predicted secretion 209 
probability based on consensus signal peptide sequence, confirming the mechanism of secENPP1 210 
production (Fig. S3D). Intriguingly, we also identified a mutant A84S that compromises 211 
secENPP1 production (Fig. 3E) that corresponds to a human single nucleotide polymorphism 212 
(rs125086092). This variant that alters the ratio of membrane bound to secreted ENPP1 provided 213 
a tool to dissect the functions of the two forms of ENPP1 in vivo (Fig. S3E).   214 
 215 
Next, we sought to determine how 4T1 tumors expressing different ratios of mem:secENPP1 216 
would influence protein localization and tumor growth. We observed that 4T1 cells 217 
overexpressing ENPP1 mutant that retains all ENPP1 on the plasma membrane (4T1A84S-OE) 218 
promoted tumor growth faster than 4T1WT-OE that partially secretes its ENPP1 (Fig. 3F). We 219 
collected tumors and sera from these mice at a humane endpoint. ENPP1A84S-OE cells with 220 
increased surface tethering of ENPP1 led to increased intratumoral ENPP1 activity (Fig. 3G). 221 
Conversely, ENPP1WT-OE tumors that shed secENPP1 had slightly elevated serum ENPP1 222 
activity, suggesting that secENPP1 from tumors is potentially cleared into the circulation (Fig. 223 
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3H). To formally test this, we measured serum cGAMP activity from mice bearing 4T1WT-OE 224 
tumors of various sizes and observed a size-dependent increase in serum cGAMP activity (Fig. 225 
S3F), a trend that disappeared in mice bearing 4T1A84S-OE that does not shed its ENPP1 (Fig. 226 
S3G). These data confirmed that while memENPP1 on cancer cells is retained within the tumor, 227 
secENPP1 are cleared into circulation. Since tumor growth correlated with intratumoral but not 228 
serum cGAMP degradation activity, this suggests that memENPP1 exerts regulation of 229 
extracellular cGAMP locally in the tumor, which subsequently influences tumor progression. 230 
Together, we delineated the role of memENPP1 in tumor progression and propose that ENPP1 231 
blockade therapies need to target tumor ENPP1. STF-1623 preferentially targets ENPP1-high 232 
tumors, fulfilling this criterium.  233 

 234 
STF-1623 synergizes with anti-PD-L1 and ionizing radiation to abolish EMT6 breast 235 
cancer metastasis  236 
 237 
With the optimized pharmacokinetic properties, we next characterized the pharmacodynamics of 238 
STF-1623 in the subcutaneous EMT6 breast tumor model. Using mass spectrometry, we found 239 
that homogenized EMT6 tumors treated with STF-1623 showed a time-dependent increase in 240 
tumor cGAMP (presumably both extracellular and intracellular) levels over vehicle treated mice 241 
with an approximate doubling within hours and lasting for over 24 hours (Fig. 4A). cGAMP was 242 
not detected in the serum (below low limit of quantification of 2 ng/mL) across all samples 243 
independent of treatment group. We also observed an increase in interferon gamma (Ifn-γ) 244 
mRNA levels in tumors as soon as 15 minutes (Fig. 4B) and an elevated serum IFN-γ 245 
concentration to ~ 5 pg/mL after 24 hours (Fig. 4C), all of which demonstrate target inhibition in 246 
the tumors. Conversely, MC38 tumors without intratumoral STF-1623 accumulation lacked 247 
cGAMP-STING mediated PD effects as tumor cGAMP or serum IFN-γ levels were not 248 
increased (Fig. S4A,B). 249 
 250 
We proceeded to test the anti-tumor efficacy of STF-1623 as a monotherapy and in combination 251 
with anti-PD-L1 (a-PD-L1) or ionizing radiation (IR) at optimized dose of 15 Gy (Fig. S5A). 252 
While STF-1623 did not exhibit single agent efficacy in EMT6 tumors, it synergized with a-PD-253 
L1 and IR to shrink primary tumors and abolish lung metastases (mice with lung metastasis: 254 
vehicle 6/10 vs. STF-1623 + a-PD-L1 + IR 0/10, P = 0.0108) (Fig. 4D). Additionally, STF-1623 255 
with a-PD-L1 dual combination therapy also completely abolished lung metastases (vehicle 6/10 256 
vs. STF-1623 + a-PD-L1 0/9, P = 0.0108) (Fig. 4D). This result agrees with our previous 257 
observation of the deterministic role that ENPP1 status plays in predicting long-term metastasis 258 
of breast cancer patients receiving a-PD-1 neoadjuvant therapy (34). STF-1623 + a-PD-L1 dual 259 
and STF-1623 + a-PD-L1 + IR triple combinations both lead to significant increase in CD8+ 260 
tumor infiltrating lymphocytes by immunohistochemistry (Fig. 4F), supporting that STF-1623 261 
acts through immunomodulation. In contrast to EMT6, the MC38 tumors that did not exhibit the 262 
desired pharmacokinetic and pharmacodynamic profiles was not affected by STF-1623 alone or 263 
in combination with anti-PD-1 (a-PD-1) (Fig. 4C,D). Rather, the immunologically “hot” MC38 264 
tumors (51) were sensitive to a-PD-1 treatment alone (Fig. S4C). 265 
 266 
STF-1623 alone or in combination therapy is well-tolerated as no significant weight loss was 267 
observed across groups (Fig. 4G). In terms of on-target side-effects, besides cGAMP, ENPP1 268 
also degrades extracellular adenosine triphosphate (ATP) to pyrophosphate (PPi), which is 269 
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critical to calcium homeostasis (52,53). Previously, we demonstrated that tissue ENPP1 ATP 270 
hydrolysis activity, hence tissue PPi level, is necessary and sufficient for maintaining calcium 271 
homeostasis (52). We measured PPi levels from breast cancer bearing mice after seven-day 272 
dosing of STF-1623 (50 mg/kg) versus vehicle controls and found no significant differences in 273 
PPi levels in serum, tumor, and organs where ENPP1 expression is known to be high and/or 274 
dysregulation of calcium homeostasis could result in pronounced pathology (Fig. 4H). This is 275 
mostly likely due to the redundant enzymatic function of ENPP3 (54), short course of ENPP1 276 
treatment, and quick clearance of STF-1623 from the circulation. Together, STF-1623 is safe, 277 
has minimal on-target and off-target side effects, and exhibits anti-metastatic effects in murine 278 
breast cancer.   279 

 280 
STF-1623 controls Panc02 pancreatic and CT26 colorectal tumors by activating anti-281 
cancer immunity 282 
 283 
Next, we investigated STF-1623’s efficacy in other cancer types. We have previously shown the 284 
tumor shrinkage effect of STF-1623 as a single agent and in combination with IR in the Panc02 285 
mouse pancreatic tumor model, when infused continuously through an osmotic pump for 7 days 286 
(35). The desirable tumor pharmacokinetics and pharmacodynamics of daily subcutaneous 287 
dosing of STF-1623 indicated that continuous infusion is not necessary. To optimize treatment 288 
dosage and duration of STF-1623 in Panc02, we performed flow cytometry on Panc02 tumors 12 289 
days after treatment initiation. Overall, although STF-1623 monotherapy did not affect immune 290 
cell numbers and functions compared to vehicle control, STF-1623 and IR combination therapy 291 
resulted in pronounced increase in the ratio between pro-inflammatory, anti-cancer M1 (IA-292 
IE+CD206low F4/80+GR-1-) and anti-inflammatory, pro-cancer M2 macrophages (IA-IE-293 
CD206highF4/80+GR-1-) (M1/M2), the number of CD335+CD3- natural killer (NK) cells, 294 
CD335+CD3+ NK T (NKT) cells, CD4+ T cells, CD8+ T cells, as well as the ratio between CD8+ 295 
T cells and  Foxp3+ regulatory T (Treg) cells in the tumors (Fig. 5A). In terms of T cell function, 296 
STF-1623 and IR increased the number of activated (as shown by the early activation marker 297 
CD69 and late activation marker PD-1) and proliferating (Ki67+) CD4+ and CD8+ T cells 298 
compared to vehicle controls and IR alone (Fig. 5B). The immunostimulatory effects of STF-299 
1623 is dose- and duration-dependent: only doses at or above 5 mg/kg and duration at or above 3 300 
days reprogrammed the tumor microenvironment (Fig. 5A,B). We noticed a mild decrease in 301 
total and proliferating CD4+ T cells when increasing STF-1623 (5 mg/kg) from 3-day dosing to 302 
7-day dosing, suggesting of potential CD4+ T cell killing by high levels cGAMP upon ENPP1 303 
inhibition (Fig. 5A,B), consistent with our previous report (25).  304 
 305 
To investigate if the immunostimulatory effects of STF-1623 in combination with IR could elicit 306 
tumor control, we delivered STF-1623 (50 mg/kg or 100 mg/kg) subcutaneously daily for seven 307 
days. Although STF-1623 alone did not affect Panc02 tumor growth, combination of STF-1623 308 
at either dosage with IR completely suppressed tumor growth for over 30 days after treatment 309 
completion (Fig. 5C). The tumor growth inhibition effect of STF-1623 and IR combination 310 
therapy was significantly larger than no treatment or IR alone (Fig. 5C). Lastly, this treatment 311 
regimen is well-tolerated by the animals (Fig. 5D). 312 
 313 
Similar results were observed in the CT26 colorectal tumors that responded to a-PD-1 (Fig. S6A) 314 
but less sensitively than MC38 colorectal tumors (Fig. S4C). STF-1623 not only showed 315 
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comparable single agent efficacy as a-PD-1 but also acted synergistically with a-PD-1 to control 316 
tumor growth, while being well-tolerated (Fig. S6A,B). Moreover, we observed dramatic 317 
increase in tumor infiltrating CD4+ and CD8+ T cells in a-PD-1 combined with STF-1623 at 318 
dosage as low as 5 mg/kg (Fig. S6C). Together, our results demonstrated that STF-1623 319 
synergizes with IR and a-PD-1 to control mouse pancreatic and colorectal cancer growth, 320 
respectively, through reprogramming an immunosuppressive TME to an immunostimulatory 321 
one.  322 

 323 
STF-1623 crosses the blood brain barrier and exhibits efficacy in delaying GL261 324 
glioblastoma growth  325 
 326 
ENPP1 is a potential target in glioblastoma, as ENPP1 is highly expressed in the brain (54), and 327 
the expression in glioblastoma (GBM) stem cells maintains its stem-like properties (55). 328 
Therefore, we investigated if STF-1623 (50 or 100 mg/kg) can cross the blood brain barrier 329 
(BBB) when dosed systemically. Once again, a serum t1/2 of less than 2 hours was observed with 330 
no detectable STF-1623 present at 24 hours (Fig. 6A). Surprisingly, STF-1623 was detected in 331 
both the cerebrospinal fluid (CSF) and the brain parenchyma within 5 min of drug dosing, and its 332 
level persisted above its IC95 even at 24 h, at which time it has been cleared from the serum, 333 
suggesting the measured amount is unlikely serum contamination (Fig. 6A). Comparison of 334 

AUC0-inf values (serum: 18,333 ng•hr/ mL; CSF: 1,980 ng•hr/ mL; brain: 751 ng•hr/ mL STF-335 
1623 when injected at 50 mg/kg) suggest ~5-10% of STF-1623 crossed the BBB into CSF and 336 
brain parenchyma. These pharmacokinetics data suggest that to a limited degree, STF-1623 can 337 
cross an intact BBB and reside at low levels for an extended period in CSF and brain 338 
parenchyma. We next tested its efficacy in the murine GL261 Red-FLuc (GL261) GBM model 339 
established intracranially. The standard of care for GBM includes IR plus the alkylating agent 340 
temozolomide (TMZ). We reasoned that this combination would increase cGAMP production 341 
from mislocalized dsDNA thereby synergizing with STF-1623. Indeed, while TMZ alone and in 342 
combination with IR drastically increased survival, TMZ + IR + STF-1623 triple therapy 343 
exhibited superior efficacy compared to no treatment, TMZ alone, TMZ with IR or TMZ with 344 
STF-1623 (Fig. 6B). After 28 days of treatment initiation, 5/8 (62.5%) mice receiving triple 345 
combination therapy remained completely tumor free (Fig. 6C) while tolerating the regimen well 346 
(Fig. 6D). In summary, STF-1623 is a potent immune checkpoint blocker in various murine solid 347 
cancers including brain cancers.  348 

 349 

DISCUSSION  350 

 351 
Cancer therapeutics have long faced the challenge of tumor specificity, and therefore intolerable 352 
side-effects which often prevents the use of curative dosage. Towards this end, drugs with long τ 353 
in tumors but fast systemic clearance have been sought after to ensure efficacy and safety. This is 354 
particularly relevant in targeting ENPP1, as although it exits in abundance in the circulation, it is 355 
the tumor-associated ENPP1 that dictates tumor progression, thus constituting the active target. 356 
Efforts have been dedicated to increasing the τ of small-molecule inhibitors in cancer therapy 357 
(56), including the development of covalent inhibitors (57). However, covalent inhibitors are 358 
frequently limited by the lack of available cysteines and other binding residues near the substrate 359 
binding site of the target, such as in the case of ENPP1. Here, we discovered that STF-1623, 360 
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although a noncovalent inhibitor, has superior slow Koff owing to its high binding affinity, which 361 
gives rise to its long τ specifically in tumors. Ultralong τ allows for daily dosing regimen, which 362 
achieved efficacy without affecting ENPP1’s roles in calcium homeostasis in normal tissue. 363 
Another challenge of inhibiting ENPP1 is target specificity. STF-1623’s potency towards human 364 
ENPP1 is dictated by the identity of just two amino acids in the enzymatic pocket, K244 and 365 
D275, rendering it specific towards human ENPP1 but not its paralog ENPP3 (54). As ENPP1 366 
and ENPP3 have different effects on cancer (54), this specific inhibitor enables precise targeting 367 
of ENPP1 while avoiding potential side-effects from dual ENPP1- and ENPP3-inhibition. 368 
Together, STF-1623 is a ENPP1-specific inhibitor that homes to tumors with long τ and fast 369 
systemic clearance. Noncovalent small-molecule inhibitors with ultralong τ like STF-1623 370 
represents a more widely applicable strategy for drug development. 371 
 372 
By comparing pharmacokinetic and pharmacodynamic properties of STF-1623 between ENPP1-373 
high versus ENPP1-low tumors, we established a clear link between target expression, restored 374 
downstream signaling, and tumor efficacy. Specifically, STF-1623 led to tumor cGAMP 375 
accumulation, tumor and serum IFN-γ production, and ultimately suppression of tumor only in 376 
the EMT6 tumors with high ENPP1 expression and sustained τ but not in MC38 tumors. IFN-γ 377 
are pleotropic cytokine with antitumor functions, mainly produced by NK cells, NKT cells, 378 
CD8+ T cells and CD4+ T cells upon activation (58). Although STING activation does not 379 
directly induce IFN-γ production, it can indirectly promote its expression through downstream 380 
immune activation. IFN-γ reflects intratumoral cGAMP-STING activation and can be detected in 381 
the serum eight hours within STF-1623 injection. Notably, the serum IFN-γ levels were in the 382 
sub-picomolar range, ~1000 fold below the threshold for IFN-γ receptor binding and activation 383 
(Kd ~ 0.5nM) (59). These results nominate serum INF-γ as an ideal biomarker for predicting 384 
STF-1623 treatment responses without causing systemic toxicity. 385 
 386 
Prior to this study, the role of ENPP1 in breast cancer has been extensively studied through 387 
genetic perturbations (34,42,43). Here, we demonstrated the tumor suppression benefits of STF-388 
1623 in combination with existing treatment modalities in pancreatic cancer, colorectal cancer, 389 
and glioblastoma, indicating potential utility of STF-1623 across cancer types. Importantly, the 390 
versatility of STF-1623 in combination therapies owes to its mechanism of action: it could 391 
augment the effect of DNA damaging agents such as alkylating agents and IR by enhancing 392 
cGAMP accumulation, as well as synergizing with T cell targeting therapies such as an a-PD-1 393 
and a-PD-L1 by recruiting T cells. Since ENPP1 inhibition work by potentiating the effects of 394 
these existing therapies, we reasoned that a short course of STF-1623 would be sufficient to 395 
amplify intratumoral cGAMP or recruit TILs, ultimately promoting durable anticancer effects 396 
while preventing side-effects. Indeed, most of our studies had a seven-day dosing that was 397 
sufficient to reprogram the immune landscape in the tumor microenvironment and elicit tumor 398 
suppression while being well-tolerated, demonstrating the superior safety and efficacy of STF-399 
1623. 400 
 401 
ENPP1 inhibition has several advantages over the traditional approach of direct STING agonists. 402 
The amount of STING agonists delivered intratumorally or systemically is usually in excess. 403 
Therefore, exogenous STING agonists floods into and activate both cancer and host cells, 404 
resulting in opposing pro- versus anti-cancer effects (6,16,19–21,34). Additionally, high levels of 405 
STING agonism could result in deleterious effects on tumor vasculatures and T cells (24–28), 406 
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which hamper its therapeutic efficacy. ENPP1 inhibition overcomes these limitations given the 407 
target’s distinctive mechanism of activation. First, ENPP1 inhibitor enables the accumulation of 408 
endogenous cGAMP produced and released by cancer cells, preventing side-effects due to 409 
overstimulation in the case of a bolus injection of STING agonists. Secondly, cancer cells are the 410 
cGAMP producing cells (21,30–32,35), and most cGAMP transporters shuttles cGAMP down its 411 
concentration gradient (25,36–41). ENPP1 inhibition restores not only the endogenous levels but 412 
the concentration gradient of cGAMP, promoting cGAMP to selectively enter immune cells. 413 
Therefore, our systemically dosed ENPP1 inhibitor can fine tune the level and localization of 414 
cGAMP within the tumor microenvironment. It essentially acts as an endogenous tumor TIL-415 
specific STING agonist. Furthermore, ENPP1 promotes cancer through STING-independent 416 
pathways, such as by generating the immunosuppressive adenosine (42,43) or maintaining 417 
cancer stemness (55). Therefore. ENPP1 inhibition may provide added benefits than direct 418 
STING agonism by interfering with multiple pro-cancer pathways.  419 
 420 
Our studies have multiple limitations. We focused on preclinical models and provided limited 421 
human data. This is mainly due to technical limitations. Efficacy of ENPP1 inhibition requires a 422 
complete immune system that is hard to fully recapitulate with human cancer cell lines or 423 
organoids. However, we have good reasons to believe that our preclinical results hold translation 424 
values. First, mouse and human ENPP1 are highly conserved in sequence, structure, function, 425 
and phenotypes in cancer (34,52). Second, STF-1623 inhibits mouse and human ENPP1 with 426 
similar potency (44) and τ, and we expect it to have similar pharmacokinetic properties in 427 
human. Another limitation with our findings is that although we propose that ENPP inhibition is 428 
a safer approach to prevent T cell killing from high cGAMP levels (25–28,34), our immune 429 
characterization in the Panc02 model revealed that STF-1623 administered over 7-day at an 430 
intermediate dose (5 mg/kg) induced more CD4+ T cell death than 3-day dosing. Nonetheless, 7-431 
day dosing attracted more CD8+ T cells, which explain the overall excellent synergy between 432 
STF-1623 and a-PD-L1 therapy which mainly depends on CD8+ T cells. These results suggest 433 
that dosing schedules can be further optimized in clinical trials when combining STF-1623 with 434 
checkpoint blockades that depends on CD4+ or CD8+ T cells respectively. 435 
 436 
Our combination of chemical, structural, molecular, and pre-clinical data provide a clear basis 437 
for investigating the clinical safety and efficacy of STF-1623. Thoughtful patient selection is 438 
key. In the ISPY 2 trail, breast cancer patients whose tumor ENPP1 expression level are within 439 
the bottom 50% of the cohort were free of distant metastasis for over 7 years and practically 440 
cured after anti-PD-1 neoadjuvant therapy followed by definitive surgery (34). This is consistent 441 
with the preclinical findings here that tumors with high ENPP1expression are more likely to 442 
benefit from the ultralong τ property of STF-1623 and exhibit anti-metastatic efficacy. For 443 
example, ENPP1-high EMT6 tumors receiving STF-1623 and anti-PD-L1 combination therapy 444 
were free of lung metastasis. For the first STF-1623 clinical trial, we recommend STF-1623 and 445 
anti-PD-1/anti-PD-L1 combination therapy in breast patients expressing high ENPP1 levels 446 
(activity of which can be measured in the serum) in a neoadjuvant setting. In the trial, we 447 
recommend characterizing of serum blood markers that reflect therapeutic response and 448 
downstream efficacy such as IFN-γ in our preclinical models to better understand drug action 449 
and predict outcomes. In the future, an innate immune checkpoint blocker that achieves tumor 450 
specificity like STF-1623 could serve as a potent adjuvant to potentiate various immune therapy 451 
modalities including cancer vaccines, immune checkpoint blockade, and CAR-T for solid 452 
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tumors. With the impressive pre-clinical outcomes, STF-1623 paves ways for the next generation 453 
of immunotherapy. 454 
 455 

 456 

MATERIALS AND METHODS 457 

 458 

Study design  459 

The study was designed to characterize the pharmacokinetic and pharmacodynamic properties, 460 
and preclinical safety and efficacy of an ENPP1 small-molecule inhibitor STF-1623. Systemic 461 
and tumor pharmacokinetics of STF-1623 were characterized in various tumor models. Surface 462 
plasma resonance was used to characterize dissociation rate and τ of STF-1623 bound to mouse 463 
and human ENPP1. A co-crystal structure between STF-1623 and faux human ENPP1 was 464 
obtained to examine structural determinants of the compounds potency. A separation-of-function 465 
point mutation of ENPP1 revealed that membrane bound ENPP1 in tumors drives tumor 466 
progression and constitutes the active target. Intratumoral cGAMP levels upon STF-1623 467 
treatment in mice were measured with mass spectrometry. Safety was assessed by weight loss 468 
and change in serum and organ pyrophosphate levels as a marker for on-target side effects. 469 
Efficacy of STF-1623 as a single agent and in combination with existing cancer therapies was 470 
assessed by primary tumor growth and metastases across breast, colorectal, pancreatic cancers 471 
and glioblastoma, supplemented by detailed immune characterization using flow cytometry.  472 

 473 
Surface plasma resonance  474 
N-terminally Avi-tagged and biotinylated mouse or human ENPP1 was immobilized on a SA 475 
sensor chip and loaded to about 3000 RU on a Bicaore T200 SPR system. STF-1623 was 476 
injected at increasing concentrations (0.12, 0.36, 1.11, 3.33, 10 nM) with a flow rate of 50 µl/min 477 
over 200 seconds each in PBS-P+ buffer (Cytiva). One run with mouse ENPP1 used STF-1623 478 
at increasing concentrations (0.062, 0.19, 0.57, 1.67, 5nM) with a flow rate of 30 µl/min.  Final 479 
dissociation took place over 600 seconds. Target residence time was calculated as the reciprocal 480 
of Koff. 481 

 482 
Crystallization and structure determination 483 
The protein has been purified to homogeneity and concentrated to 10 mg/ml prior to 484 
crystallization screening. Fresh protein sample stocks were mixed with inhibitor at 0.12 mM 485 
(~1:1.2 protein:inhibitor molar ratio) prior to mixing with various crystallization buffers from 486 
commercial sources. Crystallization experiments were set-up using a Douglas Oryx8 Nanodrop 487 
dispensing robot (Douglas Instruments Ltd, Berkshire, United Kingdom). Crystals were grown 488 
using the sitting drop vapor diffusion method in an incubator at 16 °C. Crystals were harvested in 489 
mother liquor solution supplemented with 25 % glycerol and cryo-cooled by plunging into liquid 490 
N2. In general, crystals harvested from different crystallization conditions showed a huge 491 
variation in X-ray diffracting power and therefore a large number were screened for initial data 492 
quality assessment. The best candidates were selected and stored for further data collection. Data 493 
collections were performed at cryogenic temperature at Stanford Synchrotron Radiation 494 
Lightsource (SSRL) at SLAC National Accelerator Laboratory (Menlo Park, CA, USA) 495 
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beamlines 9-2 and 12-2 (60). A crystal grown from a 30% PEG 1500 solution was used for full 496 
data collection. Data to a Bragg spacing of 2.70 Å were collected at SSRL station BL12-2 using 497 
a 15x15 μm microfocused beam. Data was anisotropic and extended to about 2.7-2.8 Å on 498 
reciprocal a and c vectors and to about 3.8 Å on reciprocal b vector. The crystal belonged to the 499 
tetragonal space group P43212 and contained one polypeptide chain per asymmetry unit. The 500 
structure was solved by the molecular replacement method with Phaser (61) using one 501 
polypeptide chain of human ENPP3 (PDB ID: 6C02; (62)) as the search model stripped from 502 
non-protein atoms. The single polypeptide chain encompasses residues Gly52-Phe871 and 503 
includes mutated positions Gln244Lys and Glu275Asp. One copy of the inhibitor coordinating 504 
one of the zinc ions is in the active site pocket. Cycled with refinement with REFMAC5 (63) 505 
manual adjustments on the polypeptide chain were made in COOT (64). Solvent water 506 
molecules, ions, glycans, and the inhibitor molecule were then assigned. Water molecules were 507 
placed based on their hydrogen bonding properties. Data was processed with XDS (65), DIALS 508 
(66), AIMLESS (67) and analyzed with different computing modules within the CCP4 suite 509 
(68).Graphic renderings were prepared with pymol. Refinement progressed to convergence and 510 
reached an excellent agreement between the model and the experimental data. Table S3 presents 511 
data collection, refinement, and structure quality check parameters. 512 

 513 
STF-1623 efficacy in tumor models  514 
For EMT6 efficacy, EMT6 (5 x 105) were subcutaneously injected into the right flank of 6 weeks 515 
old female BALB/c mice. When the average tumor size reached 91 mm3, 7 days after tumor 516 
inoculation, mice were randomized into 10 per group based on “Matched distribution” method 517 
(StudyDirectorTM software, version 3.1.399.19), denoted as day 0 of the study. One day after 518 
randomization, the following treatment was administered alone or in combination: STF-1623 (5 519 
mg/kg), subcutaneous, QD day 1-7; anti-PD-L1 (2.5 mg/kg) intraperitoneal, BIW (day 1, 4 each 520 
week) x 4 weeks; ionizing radiation (15 Gy), single dose, day 2. Tumors and weight were 521 
monitored at least twice weekly. One mouse from STF-1623 + anti-PD-L1 group experience 522 
early death on day 8 and was excluded from the study. The study was terminated on day 29, and 523 
tumors and lungs were collected for further immunohistochemistry analyses.  524 
For EMT6 ionizing radiation dosage optimization, twenty mice with average EMT6 525 
subcutaneous tumor size of ~75 mm3 were randomized 10 days after inoculation, receiving no 526 
treatment, or CT-guided focal IR of 5, 10, 15, 20 Gy on the Small Animal Radiation Therapy 527 
platform (SmART+). No mortality was observed in this study prior to study termination.   528 
For MC38 and CT26 efficacy, MC38 (5 x 105) or CT26 (1 x 106) were subcutaneously injected 529 
into the right flank of 6 weeks old female C57BL/6 or BALB/c mice, respectively. When tumor 530 
volumes reached ~90mm3 average volume, the mice were stratified into groups of 10 mice, 531 
denoted as day 0 of the study. On day 1, the following treatment was administered alone or in 532 
combination: STF-1623 (10 mg/kg), subcutaneous, day 1-3, 8-10, 15-17 (MC38 only); anti-PD-1 533 
(3 mg/kg), intraperitoneal, day 1, 4, 8, 11, 15 (MC38 only). Tumors and weight were monitored 534 
at least twice weekly. For MC38, one mouse in the vehicle group was found dead on day 17 of 535 
the study, and the study was terminated. For CT26, one mouse in the vehicle group had excess 536 
tumor burden (>3000 mm3) on day 13, and the study was terminated.  537 
 538 
For Panc02 efficacy, Panc02 (3 x 106) were subcutaneously injected into the right flank of 6 539 
weeks old female BALB/c mice. When the average tumor size reached 86 mm3, 6 days after 540 
tumor inoculation, mice were randomized based on “Matched distribution” method 541 
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(StudyDirectorTM software, version 3.1.399.19), denoted as day 0 of the study. One day after 542 
randomization, the following treatment was administered alone or in combination: STF-1623 (50 543 
or 100 mg/kg) subcutaneous, QD day 1-7; ionizing radiation (20 Gy), single dose, day 2 of the 544 
study. Tumors and weight were monitored at least twice weekly. One mouse from ionizing 545 
radiation group experienced early death on day 8 and was excluded from the study. The study 546 
was terminated no day 49. 547 

For GL261 efficacy: GL261 Red-Fluc (3 x 105) in 3 µL of PBS were intracranially injected into 548 
the right frontal lobe (3 mm lateral from the bregma, 0.5 mm from the anterior at a depth of 3.5 549 
mm) of C57BL/6 mice. Four days after tumor inoculation, mice were randomized based on 550 
Matched distribution” method (StudyDirectorTM software, version 3.1.399.19), denoted as day 0 551 
of the study. One day after randomization, the following treatment was administered alone or in 552 
combination: STF-1623 (50 mg/kg), subcutaneous, QD day 1-7, ionizing radiation (15 Gy), 553 
single dose, day 2 of the study, temozolomide (10 mg/kg), per oral, QD, 5 days on, 2 days off x 3 554 
weeks. Tumor growth was checked twice per week by bioluminescent imaging. At 15 minutes 555 
prior to imaging, D-Luciferin (PerkinElmer, #122799) was injected intraperitoneally into animal 556 
at 150 mg/kg. Anesthetized mice were transferred to the nose cone (ventral) attached to the 557 
manifold inside the imaging chamber. Door was closed and the “Acquire” button activated in the 558 
living image program (PerkinEler, IVIS Lumina Series III). The order and position 559 
(dorsal/ventral, up to 3 mice laid alongside each other in cage order) remained constant 560 
throughout study. Duration and binning (sensitivity) of the image was dependent upon the 561 
intensity of the lesions present.  All study groups without temozolomide were terminated on 562 
study day 21 for ethical considerations; all study groups with temozolomide were terminated on 563 
study day 46. 564 

 565 
Liquid chromatography and mass spectrometry (LC-MS)  566 
 567 
For detection of STF-1623 (Fig. 1B,C) and cGAMP (Fig. 4A, S4A) in EMT6 and MC38 studies, 568 
EMT6 or MC38 (1 x 106) were subcutaneously injected into female BALB/c or C57BLJ/6 mice, 569 
respectively. Upon tumor establishment (70-95 mm3), one dose of STF-1623 (50 mg/mL) or 570 
vehicle was injected subcutaneously. Whole tumor and terminal serum samples were collected at 571 
0.25, 0.5, 2, 4, 6, 8, 24, 48 hours (n = 3 mice/time point). For STF-1623 measurement, 2 µL of 572 
prepared samples were analyzed on an API-4000Qtrap mass spectrometer, ESI positive, MRM 573 
scan with a Shimadzu HPLC/Autosampler with ACE C8 column (2.1 x 50mm, 5 µm). For 574 
cGAMP measurement, 15 µL of prepared samples analyzed on an API-4000Qtrap mass 575 
spectrometer, ESI positive, MRM scan with a Shimadzu HPLC/Autosampler with Phenomenex 576 
Luna C18 column (100 x 2 mm). The mobile phase consisted of 5 mM ammonium acetate and 577 
1% formic acid (A) and acetonitrile (100%) and 1% formic acid (B). 578 
 579 
For Fig. 6A, STF-1623 (50 or 100 mg/kg) was administered subcutaneously to female C57BL/6 580 
mice. Terminal blood sampling was performed at 0.083, 0.25, 1, 2, 4, 8, and 24 hours (n = 3 581 
mice/time point). Whole brain and terminal cerebrospinal fluid (CSF) samples were collected 582 
from each mouse at termination. Mice were perfused with cold PBS prior to harvesting brains 583 
tissues. 2 µL of prepared samples were analyzed on an API-4000Qtrap mass spectrometer, ESI 584 
positive, MRM scan with a Shimadzu HPLC/Autosampler with ACE C8 column (2.1x50mm, 5 585 
µm). The mobile phase consisted of 5 mM ammonium acetate and 1% formic acid (A) and 586 
acetonitrile (100%) and 1% formic acid (B). 587 
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 588 
For detection of STF-1623 in 4T1 tumor and serum (Fig S1A), WT or Enpp1-/- 4T1 (5 x 104) 589 
were orthotopically injected into female BALB/c mice. Upon tumor establishment, one dose of 590 
STF-1623 (50 mg/mL) or vehicle was injected subcutaneously. Whole tumor and terminal serum 591 
samples were collected at 0.5, 2, 4, 8, 24 hours (n = 2-3 mice/time point). Samples are analyzed 592 
following steps described in a previous paper (44). Briefly, organ homogenates and serum were 593 
precipitated with acetonitrile, centrifuged at 16,000 x g, and resuspended in a matrix of 2:1 0.1% 594 
formic acid:acetonitrile with clemizole as the internal standard. LC-MS was performed on a 595 
Shimadzu HPLC with an autosampler set at 4 °C and connected to an AB Sciex 4000. 596 
 597 
For detection of STF-1623 in healthy tissues (Fig. S1B), one dose of STF-1623 (50 mg/kg) was 598 
subcutaneously injected into WT or Enpp1-/- BALB/c mice. Liver, kidney and terminal serum 599 
samples were collected at 0.5, 2, 4, 8, 24 hours (n = 2-3 mice/time point). 20 µL serum samples 600 
were directly loaded to a 96-well Millipore Multiscreen Solvinert 0.45 micron low binding PTFE 601 
hydrophilic filter plate. Tissue samples were homogenized with water (x3 dilution) then 20 µL 602 
was loaded to the filter plate. All plasma/tissue samples were treated with 60 µL 90/10 603 
acetonitrile/water with Carbamazepine as internal standard to extract the analyte and precipitate 604 
protein. The plates were agitated on ice for approximately ten minutes prior to centrifugation into 605 
a collection plate. Separate standard curves were prepared in blank mouse plasma and tissue 606 
homogenate and processed in parallel with the samples. The filtrate was directly analyzed by 607 
LC-MS/MS analysis against. HPLC and MS/MS parameters are provided in Table S4. 608 

 609 
Quantification and Statistical Analysis  610 

In ENPP1/3 inhibition assays, the half maximal inhibitory concentrations (IC50) were obtained 611 
by sigmoidal dose-response fitting with Prism software. In cGAMP degradation assays and 612 
pharmacokinetics analyses, half-life was obtained by one phase exponential decay fitting with 613 
Prism software. Enzyme kinetics data are fit with Michaelis-Menten model with Prism software. 614 

Graphs show means and standard deviation (± SD) or standard error of the mean (± SEM). 615 
Statistical significance, group size, and experimental details are described in the figure legends. 616 

 617 

List of Supplementary Materials 618 

Present a list of the Supplementary Materials in the following format.  619 

Materials and Methods 620 

Fig S1 to S6  621 

Tables S1 to S4  622 
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 863 

 864 
 865 
Fig 1. Systemically administered STF-1623 concentrates in ENPP1 expressing tumors. (A) 866 
Chemical structure of STF-1623. (B) Concentration of STF-1623 in serum and tumor of mice 867 
with established subcutaneous EMT6 tumors after one subcutaneous injection of STF-1623 (50 868 

mg/kg). IC95 = 14 ng/mL or g; below detection limit (bdl) = 1 ng/mL or g. Mean ± SEM is 869 
plotted, n = 3 mice for each point except the following, where n = 2: tumor and serum 8 h (point 870 
removed as an outlier). (C) Concentration of STF-1623 in serum and tumor of mice with 871 
established subcutaneous MC38 tumors after one subcutaneous injection of STF-1623 (50 872 

mg/kg. IC95 = 14 ng/mL or g; below detection limit (bdl) = 1 ng/mL or g. Mean ± SEM is 873 
plotted, n = 3 mice for each point except the following, where n = 2: serum 2 h (only 2 mice 874 
were collected); serum 4 h and 5 h (point removed as an outlier). (D) Enpp1 RNA expression in 875 

EMT6 and MC38 cell lines. Mean ± SD is plotted. P value is determined by unpaired two-sided t 876 
test. TPM, transcript per million. (E) Single cycle kinetics analysis with surface plasmon 877 
resonance of the direct binding of 0.12, 0.36, 1.11, 3.33, 10 nM to N-terminally Avi-tagged and 878 
biotinylated mouse (left) or human (right) ENPP1 immobilized on a SA chip. Representative 879 
curves are plotted, n = 3 for moues ENPP1 and n = 4 for human ENPP1. Drug-target residence 880 
time (τ) is calculated as reciprocal of the dissociation rate constant (Koff).****P < 0.0001. 881 
  882 
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 883 
 884 
Fig 2. Co-crystal structure reveals molecular determinants of STF-1623’s potency and 885 
specificity towards ENPP1. (A) Sequence alignment between human ENPP1 and ENPP3. 886 
Residues within 4Å of the active site are highlighted in blue if they are the same between human 887 
ENPP1 and ENPP3, and in pink of they are different. (B) In vitro dose-inhibition curves to 888 
determine IC50 values of STF-1623 against purified human ENPP proteins. Enzyme 889 
concentrations of 15 pM (ENPP1) or 250 pM (ENPP3 and fxENPP1) and cGAMP concentration 890 

of 2 μM were used. cGAMP degradation was measured with cGAMP-luc assay. Dots represent 891 
the mean of 2 biological replicates. (C) Image of the crystal. (D) The 2.7 Å crystal structure of 892 
STF-1623 (pink spheres) bound to human fxENPP1 (teal surface: nuclease-like domain; purple 893 
surface: phosphodiesterase domain; gray surface: somatomedin B domain). (E) Structural 894 
alignment between fxENPP1 (=ENPP3Q244K/E275D, purple) and ENPP1 (wheat, PDB: 6wfj). (F) 895 
Expanded view of STF-1623 (pink sticks/spheres) bound in the active site of fxENPP1 (purple 896 
sticks/cartoon). Zincs are shown as dark purple spheres. Electron density of STF-1623 shown as 897 
gray mesh, 0.7 rmsd. (G) Schematic drawing of interactions formed between STF-1623 (pink) 898 
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and the fxENPP1 active site residues (black). Residues within 4Å are shown (not including the 899 
zinc-coordinating residues). Metal coordination shown as gray dashed lines, hydrogen bonds 900 
shown as black dash lines, aromatic interactions shown as black wedged lines, and hydrophobic 901 
or polar interactions shown as spokes. (H) Overlay of STF-1623 (pink) with STF-1084 (blue, 902 
PDB: 6XKD), bound to human fxENPP1 and mouse ENPP1, respectively. Ligands are shown as 903 
sticks. Protein residues K244, D275, and zincs are shown. 904 
  905 
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 906 
 907 
Fig 3. Intratutmoral ENPP1 membrane retention determines tumor progression. (A) 908 
Expression of mENPP1, hENPP1, hENPP3 in supernatant and lysate of 293T ENPP1-/- cells 909 
assessed by reducing western blotting. Data are from one experiment (full scan of blot available 910 
as source data). (B) Activity of mENPP1 and hENPP1 in supernatant and lysate assessed by [32P] 911 
cGAMP hydrolysis by thin-layer chromatography after 4 hours of reaction at pH 9.0. Data are 912 
from one experiment. (C) Kinetics of cGAMP hydrolysis by 10 nM purified memENPP1 and 913 

secENPP1 at pH 9.0. Mean ± SEM is plotted, n = 2 independent experiments for memENPP1; n 914 
= 3 technical replicates from 2 independent experiments for secENPP1. Data are fit with 915 
Michaelis-Menten model. (D) and (E), Expression of WT ENPP1, MPD residue mutants (D), 916 
and A84 residue mutants (E) in supernatant and lysate of 293T cGAS ENPP1-/- cells assessed by 917 
reducing western blotting. memENPP1, secENPP1, and cleaved ENPP1 are indicated as red, 918 
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blue closed, and blue open triangles respectively. Relative secENPP1 expression is calculated as 919 
secENPP1 over the sum of secENPP1 and memENPP1. Quantification is from two independent 920 
experiment, with blots from one representative experiment shown (Full scan of blot available as 921 
source data). (F) 4T1WT-OE (n = 20 mice from two independent experiments), 4T1A84S-OE (n = 25 922 
mice from two independent experiments) cells (2.5 or 5 x 104) were orthotopically injected in 923 

WT BALB/c mice. One mouse without tumor engraftment was excluded. Mean ± SEM is 924 
plotted. The P value for tumor volume on day 30 was determined by multiple unpaired t test, 925 
while for Kaplan-Meier curve was determined by log-rank Mantel-Cox test. (G) and (H), 926 
Relative cGAMP hydrolysis activity from tumor lysates (G) and sera (H) from randomly selected 927 
mice in (F) reaching experimental endpoints (n = 15, 22 for 4T1WT-OE and  4T1A84S-OE, 928 

respectively). Mean ± SD is plotted. P value is determined by unpaired two-sided t test. 929 
mENPP1: mouse ENPP1; hENPP1: human ENPP1; hENPP3: human ENPP1; S: supernatant; L: 930 
lysate; memENPP1: transmembrane ENPP1; secENPP1: secreted ENPP1; MPD: membrane 931 
proximal domain. *P < 0.05, **P < 0.01, ***P < 0.001.   932 
  933 
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 934 
 935 
Fig 4. STF-1623 synergizes with a-PD-L1 and ionizing radiation to abolish EMT6 breast 936 
cancer metastasis. (A) cGAMP amount (ng/g) in subcutaneous EMT6 tumors at time points 937 

indicated after one dose of STF-1623 (50 mg/kg) subcutaneous injection. Mean ± SEM is 938 

plotted, n = 3 mice. (B) Relative Ifn-γ  mRNA expression in subcutaneous EMT6 tumors at time 939 

points indicated after one dose STF-1623 (50 mg/kg) subcutaneous injection. Mean ± SEM is 940 
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plotted, n = 2-3 mice (average of technical triplicates). (C) IFN-γ levels (pg/mL) in serum of 941 
EMT6 bearing mice at time points indicated one dose STF-1623 (50 mg/kg) subcutaneous 942 

injection. Mean ± SEM is plotted, n = 3 mice (average of technical duplicates). (D) EMT6 cells 943 
(5 x 105) were subcutaneously injected in BALB/c mice. Mice with established tumors were 944 
randomized into 10 per group and received ionizing radiation (IR), anti-PD-L1 (a-PD-L1), STF-945 
1623 or their combinations at the dosage and frequencies (orange, green, pink triangles 946 

respectively) indicated. Mean ± SEM is plotted. The P value for tumor volume on day 29 was 947 
determined by multiple unpaired t test. (E) Percent lung metastatic burden determined by 948 

hematoxylin and eosin (H&E) staining of mice in (D) terminated on day 29 of the study. Mean ± 949 
SD is plotted, n = 9-10 mice. Representative H&E images of the whole lungs (left, scale bar is 4 950 
mm) and zoomed in areas (right, scale bar is 0.1 mm) are shown. (F) Immunohistochemistry of 951 
CD8+ T cells in randomly selected tumors of mice in (D) terminated on day 29 of the study. 952 

Mean ± SD is plotted, n = 5 mice (representative images shown in Fig. S5B). (G) Percent weight 953 

change of mice in (D) on day 25 compared to day 1 of the study. Mean ± SD is plotted, n = 9-10 954 
mice. (H) Relative pyrophosphate (PPi) levels in serum, orthotopic breast tumor, kidney, liver, 955 
aorta of mice treated with vehicle or STF-1623 (50 mg/mL) subcutaneously daily for seven days. 956 

Mean ± SD is plotted, n = 5 mice (average of two technical replicates). P values were determined 957 
by two-sided unpaired t test unless otherwise mentioned. *P < 0.05, **P < 0.01, ***P < 0.001; P 958 
value is shown if between 0.05 and 0.1; not significant (ns).  959 
  960 
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Fig 5. STF-1623 controls Panc02 pancreatic tumor growth by activating anti-cancer 964 
immunity. (A) and (B) Panc02 (3 x 106) were subcutaneously injected into female BALB/c 965 
mice, randomized when tumors established, and received treatment indicated. On day 12 of the 966 
study (day 18 post tumor inoculation), tumors were isolated and processed for flow cytometry 967 

(raw gating available as source data). Mean ± SD is plotted, n = 6 mice for vehicle and STF-1623 968 
groups, and n = 3 for all other combination therapy groups. The percentage of IA-IE+CD206low 969 
M1 macrophage (F4/80+GR-1-) over IA-IE-CD206high M2 macrophage, the number of 970 
CD335+CD3- NK cells, CD335+CD3+ NKT cells, CD4+CD3+ T cells, CD8+CD3+ T cells per 971 
gram of tumors, and ratio of CD8+ T cells over Foxp3+CD4+ Treg cells (A), CD69+CD4+ T 972 
cells, PD-1+CD4+ T cells, Ki67+CD4+ T cells, CD69+CD8+ T cells, PD-1+CD8+ T cells, and 973 
Ki67+CD8+ T cells (B). (C) Panc02 (3 x 106) were subcutaneously injected into female BALB/c 974 
mice, randomized when tumors established, and received STF-1623, IR, or their combinations at 975 

dosage and frequencies indicated (STF-1623: pink triangle, IR: orange triangle). Mean ± SEM is 976 
plotted, n = 9-12 mice per group. The P value for tumor volume on day 29 was determined by 977 
multiple unpaired t test. Spider plots of individual tumor growth are shown. (D) Percent weight 978 

change of mice in c on day 45 compared to day 0 of the study. Mean ± SD is plotted, n = 9-12 979 
mice. NK: natural killer; NKT: natural killer T; Treg: regulatory T cells. IR: ionizing radiation. P 980 
values were calculated by two-sided unpaired t test unless otherwise noted. *P < 0.05, **P < 981 
0.01, ***P < 0.001; P value is shown if between 0.05 and 0.1. 982 
  983 
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 984 
 985 
Fig 6. STF-1623 cross the blood brain barrier and exhibits efficacy in delaying GL-261 986 
glioblastoma growth. (A) Concentration of STF-1623 in serum, cerebral spinal fluid (CSF), and 987 
brain of mice after one dose of STF-1623 (50 or 100 mg/kg) via subcutaneous injection. IC95 = 988 

14 ng/mL or g; below detection limit (bdl) = 1 ng/mL or g. Mean ± SEM is plotted, n = 3 mice 989 
for each point except the following, where n = 2: serum (50 mg/kg) at 0.08 and 1 hour; serum 990 
(100 mg/kg) at 4 hours (points removed as outliers). (B) GL261 Red-Fluc (3 x 105) were 991 
intracranially injected in C57BL/6 mice. Five days after tumor inoculation (day 1 of study), mice 992 
received a dose of IR, TMZ orally, STF-1632 subcutaneously or a combination of the three at 993 
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dosage and frequency indicated (STF-1623: pink triangle, IR: orange triangle; TMZ: blue 994 
triangle). Kaplan-Meier of survival determined to death or humane end point is plotted, n = 8 995 
mice. The P value was determined by determined by log-rank Mantel-Cox test. (C) 996 
Quantification and raw images of the total flux (p/s) of mice in (B) on day 28 of the study of 997 

groups with TMZ. Mean ± SD is plotted, n = 8 mice. (D) Percent weight change of mice in (B) 998 

on day 11 of the study. Mean ± SD is plotted, n = 9-10 mice. IR: ionizing radiation; TMZ: 999 
temozolomide. P values were calculated by two-sided unpaired t test unless otherwise noted. *P 1000 
< 0.05. **P < 0.01. 1001 
 1002 
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