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Radiotherapy is used in more than half of cancer patients, yet most
radiosensitizers increase reactive oxygen species (ROS) to enhance
cytotoxicity in treated cells. This approach has limited use in hypoxic
tumours and may cause oxidative injury to healthy tissues. We developed
aplatinum(ll) azido complex (Complex 1) that releases platinonitrene
upon X-ray exposure. Platinonitrene reacts with nucleophilic sites on DNA
bases, forming covalent adducts that disrupt DNA integrity and cause
double-strand breaks, leading to tumour cell death through a mechanism
distinct from classical platinum coordination. Computational modelling
elucidated this pathway and supported its role in radiosensitization.
Complex1was synthesized by sequential ligand exchange of potassium
tetrachloroplatinate with cyclohexanediamine, silver nitrate and sodium
azide. In murine models, complex 1showed negligible toxicity to major
organs and normal immune cells while selectively reducing regulatory
T-cellinfiltration in tumours. Combined with low-dose radiotherapy and
programmed cell death protein 1blockade, it achieved complete regression
of bilateral tumours in 40% of mice, demonstrating a strong abscopal
effect. This work establishes metallonitrene-based, ROS-independent
radiosensitization for precision radiotherapy.

Radiotherapy (RT), which uses high-energy radiation or radioactive
energy to induce tumour cell death via DNA damge'?, plays a deci-
sive role in cancer treatment, but it rarely induces complete tumour
regression on metastatic tumour®~. Emerging reports demonstrated
that immune checkpoint inhibitors (ICls) can synergize with RT and
boost the abscopal effect, a rare phenomenon where RT to primary
tumour inhibits the growth of distant metastatic tumours, to gener-
ate complete tumour regression®°. However, clinical application of

RT is still hampered by optimization of the delivery dose to decrease
radiation toxicity to realize more personalized and precise RT'’. The
difficulty in determining radiosensitivity in different types of tumour
is an important biological challenge". Therefore, the development of
aradiosensitizer'>"” that could sensitize low-dose RT within the local
area, is amajor need.

Metallonitrene with a subvalent atomic nitrogen ligand, which is
generated uponirradiation (for example, ultraviolet radiation (UVR)"),
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isacritical catalyticintermediate in chemical synthesis and participates
in many important reactions as singlet or triplet intermediates™ 2",
The enhanced electrophilicity of active atomic nitrogen makes metal-
lonitrenes powerful reactive intermediates for various N-atom transfer
reactions such as N-N coupling reactions?***. Therefore, metalloni-
trenes have high potential to react with bases of DNA in vivo to form
stable chemical bonds and lead to twisted fractures of DNA, thus pos-
sessing potential to enhance DNA damage and thereby sensitize RT. The
intrinsicreactivity of metallonitrenes might offer some opportunities
for metallodrug discovery for sensitization of RT>?°, However, current
research with metallonitrenes mainly focus on UVR activation, which
isimpossible for in vivo application.

Here, as a proof of concept, we designed a Pt(ii)-N; complex
cis-[(IR,2R)-1,2-cyclohexanediamine-N,N’][N,], platinum (1) that can
produce platinonitrene fromradiolysis only uponreceiving RT, which
facilitated its application in vivo (Fig. 1a)*"*. A density functional
theory (DFT) simulated the generation of platinonitrene, which is
bonded to DNA by N-N coupling (Pt-N-N-DNA), distinct from the
classic Pt-N coordination structure where Pt binds to nucleophilic
sites on DNA via coordination interaction to induce DNA platina-
tion. This process enhanced DNA damage to sensitize RT in vivo for
primary tumour therapy, which is independent of reactive oxygen
species” (ROS) and can produce more immunogenic cell death
(ICD) to release danger signals, for example, high mobility group
box-1protein (HMGB1) and calreticulin (CRT). The sensitization pro-
moted moreimmune cell infiltration and elicited stronger immune
responses>*°. Note that the radiolysis intermediate platinonitrene
could only be producedin areas subjected to RT. The complex 1itself
does not show obvious antitumour efficacy without RT, but effec-
tively inhibited infiltration of regulatory T cells, which benefitted
theinhibition of metastatic tumour growth, thereby enhancing the
abscopal effect with up to 40% complete regression with long-lasting
immune memory effects in vivo.

Results

Complex1can generate platinonitrene post RT and induce
DNA platination

To verify the generationof platinonitrene upon RT, 1 was mixed with
dimethylsulfide (DMS) in water at pH 5.5. The product of platinonitrene
and DMS was detected by mass spectrometry (MS), which indicated
that1could produce platinonitrene upon RT (Fig. 1b). The ultraviolet
spectrum of 1also changed upon RT (Supplementary Fig.1). The N-N
coupling products of platinonitrene and bases (cytosine) were analysed
by high-performance liquid chromatography (HPLC) and confirmed
by MS (Fig. 1c and Supplementary Figs.2-6). The natural bond orbital
analysis of complex2based on DFT calculations showed a single cova-
lent Pt-Nobond, and an s-type lone pair and two singly occupied p-type
naturallocalized molecular orbitals (NLMOs) on the N atom, as well as

four essentially non-bonding Pt d orbitals (Extended Data Fig. 1a—e).
These results demonstrated the platinonitrene character of Pt(II)-N for
2,withaPt-N Mayer bond order of 1.15 (Fig. 1d). Similarly, natural bond
orbital analysis supported the notion of a [Pt(II)-N] platinonitrene for
complex 3 (Extended Data Fig. 1f,g). To target 1 towards the DNA duplex,
we performed molecular dynamic (MD) ‘flooding’ simulations™ of a
48mer oligoDNA with a large number of 1in solution, and identified
that1is coordinated with amine groups of cytosine bases at the major
groove of the GC step (Fig. 1e,f).

Two distinct pathways viaN-N coupling are proposed for the reac-
tions between platinonitrene and cytosine bases (Fig. 1g,h). The N-N
coupling product I12is formed with abarrier of 9.4 kcal molinahighly
exergonic step (AG = 69.5 kcal mol™, Fig. 1g). This nitrene-mediated
intermolecular N-N coupling has also been suggested in hydrazide
synthesis** and aldehyde amidation' using platinonitrene. Fig 1h dis-
plays an alternative pathway of Pt(Il)-N attacking the amine group of
another coordinated cytosine base, in which the intermolecular N-N
coupling step is mediated by a radical hydrogen atom abstraction
(HAA) from the amine group to metallonitrene. For metallonitrene 3,
the first direct N-N coupling reaction with a free-energy barrier of
12.3 kcal mol™leads to the intermediate 14 (Fig. 1i). Attack of the other
Pt(II)-N towards cytosine is achieved through the HAA reaction with a
slight free-energy barrier of 2.6 kcal mol™, followed by adownhillN-N
coupling, leading to the final product I5’ (Fig. 1i). Either the single or
the double intermolecular N-N coupling reaction between the metal-
lonitrene and cytosine amine groups produces covalent bonding
betweenthem, thereby interrupting the physiological activities of DNA
incellular systems.

Sensitization of 1to RT induces enhanced ICD and DNA
damage

We investigated the apoptosis that was induced by sensitization of 1
to RT. Flow cytometry analysis showed that Litselfinduced negligible
apoptosis. Apoptosisinduced by 1+ RT was greatly enhanced, and the
proportions of late apoptosis cells reached 2.4-fold that of the RT-alone
group (Fig. 2a). Co-administration of 1 with RT notably induced the
inversion of mitochondrial membrane potential (Fig. 2b,c), resulting
in changes in mitochondrial membrane permeability, which further
indicated that co-administration of 1with RT could promote mitochon-
drial damage and effectively induce apoptosis in tumour cells. We also
found that1could effectively deplete superoxide anions (O,”) and ROS
intumour cells after RT (Fig. 2d,e and Supplementary Figs.7-9), which
suggests that 1-sensitized RT is not ROS dependent.

Fluorescence analysis of tumour tissues with confocal laser
scanning microscopy (CLSM) showed a considerable increase in the
expression of CRT and HMGBI (Fig. 2f and Supplementary Fig.10).
Immunofluorescence of Ki67 and Caspase-3 was also analysed (Fig.2g).
ELISA suggested that1-sensitized RT effectively promoted the release

Fig.1| Generation of platinonitrene with complex 1upon RT and its DNA
platination viaN-N coupling. a, Scheme of 1reacted with DNA upon RT.b, The
trapping of platinonitrene produced upon RT based on DMS was verified by
mass spectrometry. ¢, The mass spectrometry data of products of 1reacting with
cytosine upon RT. Complex1could react with cytosine after RT to form two types
of products, Pt-N-N-C and Pt-N-N-CC, rather than the classic Pt-N coordination
structure. d, Computed spin density distribution (isosurface at 0.01a, ) and
NPA spin population, at the level of PBEO-D/def2-TVZPP. Atom colour code:
green, Pt; tan, C; blue, N; white, H. e, Structural representative snapshot of the
binding mode between 1and DNA duplexinlicorice, derived from classical MD
simulations. The typical coordination of 1with base pairs is shownin the dashed
box. The platinum atoms are represented as abead in cyan whereas the nitrogen
atoms of azide and primary amine groups are in blue. The carbon, oxygen and
hydrogen atoms are colored in tan, red and white, respectively. The distances

of azide groupsin1from DNA arerland r2, respectively. f, Distribution of the
locations of 1wheninteracting with DNA duplex. ‘WG’ and ‘MG’ refer to the

major and minor grooves of the ‘d(GC)’ segment, respectively. g-i, Calculated
reaction mechanism of platinonitrene compound 2 (g and h, at singlet and

triplet states) and 3 (i, at singlet and quintet states) with cytosine bases. ‘TS  and
‘I'stand for transition state and intermediate, respectively. Note that the DNA
backbone is not shown, and the nitrene N atom of the platinonitrene compound
2 orients towards the upper cytosine base ing and the bottom cytosine base in

h. For platinonitrene 2, N-N coupling can occur at the upper (g) or the lower (h,
first proton transfer from amine to nitrene via HAA, followed by downhill N-N
coupling) cytosine of the GC step. The singlet N-N coupling products (I2and 13”)
are thermodynamically favoured over their triplet states (g,h). For platinonitrene
3, the proton transfer from the amine group of the upper cytosine towards nitrene
assists the N-N bonding between them (14). 14 first experiences the HAA process
(I14~15), and then intramolecular N-N coupling to achieve the final product 15’.
For metallonitrene 3, the singlet pathway is kinetically and thermodynamically
favoured over the quintet pathway (singlet surfaceinred, triplet surfacein black,
and quintet surfacein orange; AGinkcal mol™).
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of HMGBL1 in tumour tissues (Fig. 2h) and quantitative analysis of
fluorescence intensity showed a 2-3-fold increase in the expression
of CRT (Fig. 2i), which suggested that 1 could effectively sensitize RT
withenhanced apoptosis and cytotoxicity. The average fluorescence
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intensity ratio of caspase-3 to Ki67 demonstrated that tumours treated
with 1+ RT showed lower expression of Ki67 and higher expression
of caspase-3, which indicated that the tumour cells had a higher
apoptotic ratio and a weaker tendency to proliferate. However, the
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Fig.2| Complex 1-sensitized RT induces enhanced cytotoxicity, exhibits
stronger DNA damage and induces more robust immunogenic cell deathin
CT26cells. a, Annexin V FITC/Pl staining analysis of apoptosis. b, Representative
flow histogram showing reduced mitochondrial membrane potential after
1-sensitized RT in CT26 cells. ¢, Corresponding mean fluorescence intensity (MFI)
ofb(n=3).d,e, Concentrations of ROS (d, n=6) and O, (e,n=3)in CT26 cells,
indicating ROS/O,” consumption by 1-sensitized RT. f,g, Representative CLSM
images of fluorescent sections of CT26 tumours in different groups showing
immunogenic cell death (f) and cell apoptosis and proliferation (g). h, ELISA
suggested that 1-sensitized RT effectively increased extracellular levels of HMGB1
intumour tissues (n =10).1i, Relative intensity analysis of CLSM images indicated
that1sensitized RT, inducing theincrease in CRT in tumour tissues (Blank,
n=13;RT,n=18;1,n=14;1+RT,n=19).j, Quantitative analysis of caspase-3 to
Ki67 fluorescence intensity ratio (n = 9). k, Changes in concentration of ATP in
CT26 cells (n = 6).1, Relative intensity analysis of CLSM images indicated that 1

sensitized RT, inducing the increase in yH2AX in CT26 tumour tissues (n =16).

m, Representative CLSM images of fluorescent sections of CT26 tumoursin
different groups showed the expression of yH2AX in the nucleus. n, Schematic
illustration showing that 1 produced platinonitrene upon RT and induced cell
death. 0-q, Comet assay: representative images (0), DNA damage grading (p) and
Tail DNA% (q; Blank, n = 69; RT, n=66;1,n=62;1+RT, n=64), with1+RT showing
maximal damage. r, Representative images of clonogenic assay. s, Survival
fraction of different doses showing that complex 1 could effectively sensitize RT
(n=3).Boxplots: centre line, median (50th percentile); box bounds, 25th-75th
percentiles (interquartile range (IQR)); whiskers, min/max within 1.5x IQR. The
Mann&#x2012;Whitney test was used for two-group comparisons. One-way
ANOVA with Tukey’s multiple comparisons test was used when more than two
groups were compared. Data presented as mean + s.d., and all replicates are
independent biological samples.

expression of Ki67 inthe other groups was relatively higher, and only
the RT group showed some signal of caspase-3, which suggests that
RT alone may not be sufficient to effectively inhibit tumour growth
(Fig. 2j). Moreover, 1in combination with RT effectively elevated
adenosine triphosphate (ATP) production by 1.5-fold compared to
the control group (Fig. 2k). Moreover, we found that 1-sensitized RT
could effectively promote DNA damage, and the expression of yH2AX
intumour tissues was notably increased (Fig. 2, m and Supplementary
Fig.11). In the comet assay, CT26 cells in the 1+ RT group exhibited a
distinct comet trailing phenomenon with the highest tail DNA content
(Fig.20-qand Supplementary Fig.12), indicating that 1-sensitized RT
effectivelyinduced DNA fragmentation. Clonogenic assay confirmed
that1couldsignificantly enhance the killing effect of RT (Fig. 2r,s and
Supplementary Fig.13). These results suggest that much more robust
ICD and DNA damage were also evoked by 1 sensitization (Fig. 2n),
which would elicit immune responses®*° and had the potential to
enhance the abscopal effect.

Complex1exerts potent antitumoural responses when
treated withRT

We further investigated whether 1 could sensitize RT in vivo and
inhibit tumour growthinamouse colon cancer model, with CT26 cells
being injected subcutaneously®” (Fig. 3a and Supplementary Fig. 14).
Tumour growthrateinthe1+ RT group was much slower thanthosein
the other treatments. In contrast, tumour progression in the 1-alone
group was similar to that in the control group, indicating that 1itself
without RT does not have any antitumour effect (Fig. 3b,c). Based
onsurvival analysis, 1+ RT was able to notably prolong the survival
time of CT26 tumour-bearing mice, with ~1/3 of the mice being com-
pletely cured. Survival in the 1-alone group was also similar to that in
the control group (Fig. 3d), suggesting that 1 sensitized RT and inhib-
ited tumour growth only upon radiation (Fig. 3e). We also studied the
antitumour efficacy of I-sensitizing RT in triple-negative breast can-
cer mice bearing 4T1 tumour (Extended Data Fig. 2a), which showed
similar trends (Extended Data Fig. 2b-d). In addition, the lungs of 4T1

tumour-bearing mice were collected and lung nodules were counted,
which demonstrated that the number of metastasis nodules in the
1+ RT group was substantially less than those in the other groups
(Extended Data Fig. 2e,f), suggesting that 1-sensitized RT inhibited
lung metastasis of 4T1 tumours. The above results suggest that sensi-
tization of 1to RT displayed more potent antitumour efficacy. Another
platinum-based azido compound, cis-Pt(NH,),(N,),, also showed excel-
lent sensitization to RT (Extended Data Fig. 3).

T cells, especially CD8" T cells, hold an essential role in anti-
tumour immune responses, and they need to be activated by
mature dendritic cells (DCs) to possess tumour-killing ability™®.
We investigated the maturation of DCs with different treatments.
Tumour-draining lymph nodes (TDLNs) were collected after dosing,
followed by flow cytometry analysis. Treatment with 1+ RT induced
the highest percentage of CD80°CD86* DCs, whichwas 2 to 3 times
higher than thatin the control group as well as the RT group (Fig. 3f),
suggesting that the 1-sensitized RT treatment was able to promote
the maturation of DCsinthe TDLNs in comparison to treatment with
RT only. Meanwhile, consistent with the trends in tumour growth
data, tumoursisolated from animals treated with1+ RT were much
smaller and had a considerably higher proportion of CD45°CD3"
T cells infiltrating the tumours, reaching twice the proportion of
the other groups (Fig. 3g). Moreover, the mean proportion of cyto-
toxic CD8" T lymphocytes intumours treated with1+ RT increased
by ~50% of those found in the other groups (Fig. 3h). Surprisingly,
the proportion of regulatory T cells (Tregs) in tumours treated with
1+ RT was substantially reduced, with an average proportion of
only ~16% of those found in the control and RT groups (Fig. 3i). The
same phenomenon was also observed in the 1-only group, which
indicated that 1itself had the effect of inhibiting the infiltration
of Tregs. The investigation on the killing ability of intratumoural
CD8" T cells showed that 1-sensitized RT significantly increased
the proportion of CD8'IFNy*, CD8'CD107a* and CD8'PD1'TIM3*
Tcells (Fig. 3j-1). Inaddition, the intratumoural content analysis of
IFNy and Granzyme B showed that the 1+ RT group had the highest

Fig.3|Complex 1-sensitized RT effectively inhibits the growth of established
CT26 tumours. a, Schemes of CT26 tumour inoculation, therapies and flow
cytometry analysis. RT was initiated at atumour size of <120 mm (ref. 3)..t.,
intratumoural injection. b, Tumour growth curves of each mouse. ¢, Average
tumour growth curves showed that 1-sensitized RT effectively inhibited the
growth of established CT26 tumours (Blankand1,n=8;RTand1+RT,n=9).
Tumour growth over time was compared by two-way ANOVA with Tukey’s test.

d, Survival curves showed that 1-sensitized RT prolonged the survival time of mice
(Blankand1,n=_8;RTand1+RT,n=9). Differencesin survival were determined
for each group using the Kaplan-Meier method, and the overall Pvalue was
calculated using the log-rank test. e, Tumour weight in different groups at day 18
(Blank, RT and 1, n=6;1+RT, n=12).f, Quantification of DC maturationin TDLNs
by flow cytometry indicated that 1-sensitized RT induced the highest percentage

of CD80*CD86" DCs (Blank,n=8;1,n=7;RTand1+RT, n=9).g-i, Quantification
of tumour-infiltrating CD45°CD3", CD8"and Treg (CD4 Foxp3°) cells by flow
cytometry (Blank,n=8;1,n=7;RTand1+RT, n=9).j-1, Quantification of
tumour-infiltrating CD8IFNy*, CD8"CD107a" and CD8'PDI'TIM3* T cells by

flow cytometry (n = 6). m,n, Results of ELISA suggested that 1-sensitized RT
effectively increased secretion of IFNy and Granzyme B in tumour tissues (n =10).
0, GSEA indicated that1-sensitized RT improved the responsiveness of PD-L1
expression and the PD-1checkpoint pathway. p, Changes in expression levels of
representative genes in PD-L1 expression and PD-1 checkpoint pathway in cancer.
The Mann&#x2012;Whitney test was used for two-group comparisons. One-way
ANOVA with Tukey’s multiple comparisons test was used when more than two
groups were compared. Data are presented as mean + s.d., and all replicates are
independent biological samples.
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content (Fig. 3m,n). Gene set enrichment analysis (GSEA) showed
that 1-sensitized RT improved the responsiveness of PD-L1 expres-
sion and the PD-1checkpoint pathway. The expression levels of the
mainrelated genes were also significantly increased (Fig. 30,p). This

suggests a potential advantage in combination with PD-1 pathway
checkpointinhibitors.

We investigated the mechanism at the genetic level with RNA
sequencing (RNA-seq) analysis of tumour tissues after treatment.
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Principal component analysis (PCA) showed some variabilities among
different treatments (Fig. 4a). The tumour microenvironment (TME) was
scored using the Estimation of STromal and Immune cells in MAlignant
Tumour tissues using Expression data (ESTIMATE) algorithm. The results
showed that the 1+ RT group had higher stromal score (Fig. 4b) and
immune score (Fig. 4c), indicating that 1-sensitized RT could promote
theinfiltration ofimmune cellsinto the TME. Meanwhile, the ESTIMATE
score was considerably higher (Fig.4d), and tumour purity was notably
lower in the 1+ RT group (Fig. 4e), indicating that the proportion of
tumour cells in the tumour tissues decreased, and the non-tumour
cell components increased after the 1+ RT treatment. Through dif-
ferential gene clustering analysis, we found that 1-sensitized RT was
able to promote the expression of many immune-related signalling
pathway genes, including genes of theinnateimmune response-related
pathways and inflammatory response-related pathways (Fig. 4f-i and
Supplementary Figs.15-17), denoting that 1-derived radiosensitization
not only leads to direct DNA damage but also promotes activation of
the immune response through multiple pathways. The proportion of
tumour-killing immune cells, such as activated CD8' T cells, was nota-
bly increased in the 1+ RT group (Fig. 4j), and CIBERSORT revealed a
substantial decrease in the proportion of tumour-infiltrating Tregs
(Supplementary Fig.18), which corresponded with the flow cytometry
analysis (Fig. 3i).

Noting the potential inhibitory effect of 1 on Treg cells, we
further investigated this in several aspects. We studied the phe-
notype of major immune cells (such as CD4*, CD8", Treg cells,
myeloid-derived suppressor cells (MDSC) and tumour-associated
macrophage (TAM); Supplementary Figs.19-21) and the expression
of moleculesrelated to Treg (such as GITR, Helicos, ICOS and Nrp-1;
Supplementary Figs. 22-24), function and activation of Treg (such
as CD39, CD44, CD69 and PD-1; Supplementary Figs. 25-27) and
killing capacity of CD8" T cells (Supplementary Figs. 28 and 29) in
tumour, spleen and draining lymph node. Results implied that1did
notinhibit Treg infiltration primarily through theimmune response.
Splenic T cellsisolated from BALB/c mice were co-incubated with1,
followed by RT (Fig. 5a). We found that RT had a significant killing
effectonall T cell subpopulations, and that 1itself could inhibit the
proliferation of splenic T cells, especially Treg cells, either com-
bined with RT or not (Fig. 5b-f). Therefore, we further explored
the effect of Litselfon T cell proliferation using carboxyfluorescein
diacetate succinimidyl ester (CFSE)-stained splenic T cells isolated
from C57BL/6-Foxp3™/] mice (Fig. 5g). To exclude the effect of
apoptosis on cell proliferation due to the cytotoxicity of Litself, we
set up different gradient concentrations and found that Treg cells
were able to proliferate normally when the concentration of 1 was
<1.0 pg ml™. The proliferation of Treg cells was significantly inhibited
when the concentration reached 2.0 pg ml™ (Fig. 5h). Moreover, we
found that Treg cells were able to remain active with no significant
increase in apoptosis when concentration was lower than 2.0 pg ml™
(Fig. 5i-k). This suggests that 1itself has the ability to inhibit Treg
cell proliferation rather than via induction of Treg cell apoptosis.
In addition, CD4" and CD8" T cells were still able to proliferate nor-
mally when the complex 1 concentration reached 2.0 pg ml™ (Fig. 5i).

Complex 1 exhibited stronger selective inhibition against Treg cell
proliferation compared with CD4" and CD8" T cell proliferation
(Fig. 51,m,n). Together, the above results suggest that 1 could act as
aradiosensitizer to enhance the effect of RT and promote the activa-
tion ofimmune responses.

Sensitization of complex1to alow dose of RT enhanced the
abscopal effect

Based onthe aboveresults, 1might hold arole inimmunity while sen-
sitizing radiotherapy, so we investigated whether it could improve
the efficacy of immune checkpoint blockade. We first investigated 1
sensitization to RT at low dose combining aPD-1to treat mice bear-
ing a single established CT26 tumour, and we found that low-dose
RT combined with aPD-1 has limited efficacy. With sensitization of
1to RT, aPD-1therapeutic efficacy was notably enhanced (Fig. 6a
and Supplementary Fig. 30), which suggests that the enhancement
required sensitization of 1. As shown in Fig. 6b, the survival time in
the 1+ RT + aPD-1group was substantially longer, with 20% of mice
completely cured, indicating that platinonitrene induced by RT as
intermediate sensitized RT to enhance aPD-1immunotherapy.

We further assessed whether this activation could be expanded to
systemicresponses. To evaluate the hypothesized systemic responses
derived from1-sensitized RT with combined aPD-1therapy, abilateral
CT26 tumour model was applied to evaluate the abscopal effect.
The primary tumours received low-dose RT combined with 1intra-
tumourally (i.t.), while aPD-1was given at the same time (Fig. 6¢c and
Supplementary Fig.31). The growth rates of both primary (Fig. 6d,e)
and secondary tumours (Fig. 6d,f) in the 1+ RT + aPD-1 group were
much slower, whereas low-dose RT in combination with aPD-1 was
unable to achieve effective inhibition of primary and secondary
tumoursinthe absence of sensitizer 1. Inaddition, low-dose RT com-
bined with sensitizer 1as well as «PD-1 notably prolonged the survival
time, and ~40% of mice were completely cured with regression of
bilateral tumours (Fig. 6g and Extended DataFig. 4). We collected both
insituand distal tumours and analysed T-cell infiltration. The propor-
tion of CD45°CD3" T cells was considerably elevated in both in situ
and distal tumours in the 1+ RT + aPD-1 group (Fig. 6h), while the
proportionof CD8" T cells was markedly increased in primary tumours
(Fig. 6i). Encouragingly, the proportions of Tregs were considerably
decreased in both primary and secondary tumours (Fig. 6j), which
coincided with the previous flow cytometry analysis and RNA-seq
results of the single tumour model. Traditional RT has the effect of
upregulating the infiltration of suppressive immune cells and directly
damaging circulating lymphocytes*, including CD8" T cells. However,
we found notable increases in the ratios of CD8"/Tregs and CD4"/
Tregs in both primary and secondary tumours in the 1+ RT + aPD-1
group (Fig. 6k,l and Extended Data Fig. 5). These suggested that
the immune-activating effects of 1-based radio-immunotherapy far
exceeded theimmunosuppressive effect. Inaddition, the proportion
of CD80*CD86" DCs in the draining lymph nodes near the irradi-
ated primary tumours in the 1+ RT + aPD-1 group was also much
higher (Extended DataFig. 5), confirming the activation of adaptive
immune responses.

Fig. 4 |RNA-seq of CT26 tumour tissues suggests that complex 1-sensitized
RT induced immune cell infiltrationinto the TME. a, PCA of each group (n=3).
b-e, TME score based on ESTIMATE indicated that 1-sensitized RT could promote
theinfiltration ofimmune cells (n = 3). f, Hierarchical clustering and heat map of
differentially expressed genes among four groups based on RNA-seq data. Each
row represents a transcript, and each column represents the average expression
level of a sample group. Hierarchical clustering results are indicated by different
colours. DEseq2 was used for differential gene expression analysis, and data were
normalized using z-scores. The significance threshold for differential expression
was set at P,q;< 0.05and logFC > 2 (n=3).g, GO terms for high-scoring genes
within each cluster corresponding to f. Gene annotation was performed using

Metascape. Colours represent the groupings of genes, and values represent —
log,, (Pvalue). h, Chordal plot demonstrating differential genes between Blank
and 1+ RT group enrichment inimmune response-related KEGG terms (n = 3).
i, GSEA analysis indicated that 1-sensitized RT improved the responsiveness

of representative immune-related pathways (n = 3). FDR, false discovery rate.
Jj, Analysis of tumour-infiltrating immune cells based on single-sample GSEA
indicated that 1-sensitized RT could increase the proportion of tumour-killing
immune cells (n = 3). Values were scaled to the [0, 1] interval using min/max
normalization. One-way ANOVA with Tukey’s multiple comparisons test was used
when more than two groups were compared. Data are presented as mean + s.d.,
and all replicates are independent biological samples.
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Sensitization of 1to RT shows reliable biosafety and immune
memory effect

Weinvestigated the biosafety of 1as sensitizer for RT, with mice being
systemically administered with 1 via the tail veins. Unlike oxaliplatin

(OXP),1alone did not display any antitumour efficacy, whereas when
used as a radiosensitizer, it notably inhibited tumour growth (Fig. 7a
and Supplementary Fig. 32). Moreover, the OXP + RT treatment was
unable to prolong the survival of mice compared to RT alone, whereas
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Fig. 5| Complex1itself could inhibit Treg cell proliferation. a, Scheme of
spleenisolation from BALB/c mice for experiments. b-d, Quantification of
splenic T cells cultured ex vivo after different treatments, by flow cytometry
(n=3).e,f, Corresponding representative flow cytometry plots showing

the proportion of CD4", CD8" and Treg cells. g, Splenic T cells isolated from
C57BL/6-Foxp3™"/) mice were cultured and stained with CFSE to study cell
proliferation. h, Representative flow cytometry plots showing the effect of
different concentrations of complex 1on Treg cell proliferation (n = 3). i-k, Effect
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for10 ug ml™, n=3).1, Representative flow cytometry plots showing the effect
of different concentrations of complex1on CD4*and CD8' T cell proliferation.
m,n, Effect of complex 1on the proliferation ratio of CD4*, CD8"and Treg cells,
indicating that 1 had a stronger selective inhibitory effect on the proliferation
of Treg cells (n = 3). One-way ANOVA with Tukey’s multiple comparisons test
was used when more than two groups were compared. Data are presented as
mean +s.d., and all replicates are independent biological samples.

sensitization with1considerably prolonged survivalinthel+ RT group.
About 70% of mice achieved complete tumour regression (Fig. 7b).
This suggested that the azido moiety of 1 conferred it with an entirely
different property. The produced platinonitrene under RT bonded to

DNA by N-N coupling (Pt-N-N-DNA) and further sensitized RT, superior
to the effect of oxaliplatin.

Pathologic sections (Fig. 7c and Supplementary Fig. 33) showed
that 1did not cause obvious damage to main organs. The kidney of
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mice treated with oxaliplatin exhibited more inflammatory cellinfiltra-  oxaliplatin versus1combined withlow-dose RT and aPD-linabilateral
tion as well as apoptosis (Fig. 7c). There was an increase in creatinine  tumour model (Extended DataFig. 6). Sensitization of 1to RT could also
(CRE) and blood urea nitrogen (BUN) proportion in peripheralblood improve the abscopal effect more effectively than that of oxaliplatin,
(Fig.7d,e). We also compared the antitumour efficacy and biosafety of ~ without causing renal injury or hepatitis® ¢,
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Fig. 6 | Complex 1-sensitized RT enhances immunotherapy and the abscopal
effect on syngeneic CT26 tumour model. a, Average tumour growth curves
showing that1combined with alow dose of RT improved aPD-1therapy (n =10).
b, Survival curves showing that1combined with alow dose of RT and aPD-1
prolonged survival time of mice (n =10). ¢, Schemes of primary and secondary
tumour inoculation, therapies and flow cytometry analysis in the study of the
abscopal effect.d, Primary and secondary tumour growth curves of each mouse
showing that1in combination with RT and aPD-1suppresses growth of bilateral
tumours (Blank, n=9; RT + aPD-1,n=10;1+RT + aPD-1,n = 8). e, Average
primary tumour growth curves of each group (Blank, n=9; RT + aPD-1,n=10;
1+RT +aPD-1,n=8).f, Average secondary tumour growth curves of each group
(Blank,n=9;RT + aPD-1,n =10;1+RT + aPD-1, n = 8). Tumour growth over

time was compared using two-way ANOVA with Tukey’s test. g, Survival curves
showing that1in combination with RT and aPD-1 prolonged survival time of
mice in bilateral tumour model (Blank, n = 9; RT + aPD-1,n=10;1+RT + aPD-1,
n=_8).Differencesin survival were determined for each group using the Kaplan-
Meier method, and the overall P value was calculated using the log-rank test.
h-j, Quantification of primary and secondary tumour-infiltrating CD45"CD3",
CD8"and Treg (CD4Foxp3®) cells by flow cytometry (n =4).k,l, Ratios of CD8"
cells to Treg cells and CD4" cells to Tregs based on flow cytometry analysis
were increased after 1sensitized RT with aPD-1 (n = 4). One-way ANOVA with
Tukey’s multiple comparisons test was used when more than two groups were
compared. Data are presented as mean +s.d., and replicates are independent
biological samples.

In addition, we further investigated whether the 1-derived cure
of mice established durable and potent immune memory effects
(Fig. 7f). Flow cytometry analysis of peripheral blood showed that
the proportion of CD44°CD62L" effector memory T cells in cured
mice was much higher than that in the naive group (Fig. 7g,h and
Supplementary Fig. 34). We further performed tumour rechallenge
of mice whose tumours had completely regressed for more than
250 days, and the mice were still able to continue to remain free
fromre-invasion by the same type of tumour (except for one mouse
that died naturally because of age) (Fig. 7i,j). Thereafter, the third
tumour inoculation was applied to the re-cured mice 2 months
later, and all the re-cured mice were still able to continue to reject
tumour growth and were cured for the third time (Fig. 7k,| and
Supplementary Fig. 35). This demonstrated that 1-sensitized RT
was able to establish a long-lasting and robust immune memory
effectinvivo.Inaddition, we investigated the manner by which com-
plex1entered into cells in vitro (Supplementary Fig. 36) and the
biological distribution of complex 1in vivo. We found that 1 was
also able to enter the brain (Supplementary Fig. 37 and 38), and
1-sensitized RT could also inhibit the growth of orthotopic glioblas-
toma (Extended Data Fig. 7).

Discussion

RT exerts antitumour effects primarily directly by damaging DNA, or by
cleaving water molecules to generate ROS and free radicals, ultimately
inducing DNA damage indirectly. Many radiosensitizers are designed
onthebasis of this principle and several of them are already used in the
clinicorinclinic trials with promising therapeutic outcomes. However,
current radiosensitizers are administered either before or after RT
and could display off-target effects and adverse effects without radia-
tion. They also lack tumour specificity. These drawbacks hinder their
clinicaltranslation. Thus, the development of aradiosensitizer that can
sensitize RT upon low-dose radiation is a major need. In other words,
radiation-derived generation of toxic substances from the radiolysis of
the sensitizer not only addresses the limitations of classic radiosensitiz-
ers but could also minimize systemic toxicity, preserve the efficacy of
sensitization and promote tumour regression.

Metallonitrene is a highly reactive intermediate that has strong
ability to attract electrons. The developed complex 1 here displayed
negligible systemic toxicity except forinhibiting tumour infiltration of
Treg cells without radiolysis, while it can generate platinonitrene with
alow dose of RT and attack the amine group of cytosine base on DNA,
resultingin N-N coupling between complex1and DNA. The DNA bind-
ing process is different from the classic mechanism of platinum-based
drugs, which directly form a Pt-N coordinated structure with DNA.
Theseresults provide different aspects for metallodrug design, espe-
cially for platinum-based drugs.

Cancer stem cell (CSC)-associated radioresistance and the extent
of hypoxiaintumour tissue that affects radiosensitivity will decrease
the outcome of RT*”*%, CSCs have the ability for self-renewal and dif-
ferentiation, and they may re-form tumour tissues after RT. RT could
more effectively eradicate fast-dividing and proliferating tumour
cells, and CSCs are usually quiescent or dormant, thereby resisting
the killing effect of RT. In addition, subsets of CSCs in some tumours
that have lower ROS levels might also contribute to radioresistance.
ROS inducers for the radiosensitization strategy have been widely
investigated. However, the defence network of hypoxic cancer cells
could effectively detoxify ROS, which may make them induce hypoxic
radioresistance. Different from classic radiosensitizers that maximize
ROS generation to boost radiotherapy, our sensitization does not
depend on ROS production. It sensitizes radiotherapy via DNA dam-
age with metallonitrene.

Insummary, we have developed a platinum complex 1and found
that it could produce highly reactive platinonitrene in vivo only upon
exposure to RT, further reacting with bases of DNA by N-N coupling
(Pt-N-N-DNA) to form stable chemical bonds, which in turn enhance
DNA damage post RT. Thereby, it sensitized RT to effectively inhibit
tumour growth independent of ROS. The enhanced DNA damage on
irradiated primary tumour reshaped the tumour microenvironment
and elicited stronger immune responses, while 1 itself did not show
obvious systemic toxicity except for inhibiting the intratumoural infil-
tration of Tregs. Therefore, 1-sensitized RT could effectively improve
the efficacy of ICIs and induce the abscopal effect by up to 40%, an
improvement not seen before.

Fig.7| Complex1-sensitized RT has reliable biosecurity and derives long-
lasting immune memory effect on syngeneic CT26 tumour model. a, Average
tumour growth curves showing 1-sensitized radiotherapy suppressing tumour
growth more effectively than oxaliplatin (Blank, RT and 1, n = 6; OXP, OXP + RT
and1+RT, n=7).RT wasinitiated at atumour size of ~70mm?.i.v., intravenous
injection. b, Survival curves showing 1-sensitized radiotherapy significantly
prolonging the survival time of mice compared with oxaliplatin (Blank, RT and
1,n=6;0XP,OXP +RTand1+RT,n=7).c,Representative TdT-mediated dUTP
nick-end labelling (TUNEL) and haematoxylin and eosin (H&E) staining sections
ofkidney showing that 1 had less neurotoxicity than oxaliplatin. Red arrow,
apoptotic cells; red box, inflammatory cell infiltration. d,e, CRE and BUN analysis
inserum showing that 1would cause negligible liver damage (n=9). NS, not
significant. f, Scheme of tumour rechallenge for cured mice. g,h, Representative

flow cytometry plots and quantitative histogram showing that cured mice held a
higher proportion of CD44°CD62L" effector memory T cells (n =10). i,j, Average
tumour growth curves and survival curves showing that cured mice could cure
again (except one mouse that died naturally because of age) (n =10). kI, Average
tumour growth curves and survival curves showing that twice-cured mice were
able toresist the third round of tumour inoculation (Naive group, n =10; twice-
cured group, n=9). Tumour growth over time was compared using two-way
ANOVA with Tukey’s test. Differences in survival of the groups were determined
using the Kaplan-Meier method, and the overall Pvalue was calculated using the
log-rank test. One-way ANOVA with Tukey’s multiple comparisons test was used
when more than two groups were compared. Data are presented as mean + s.d.,
and allreplicates are independent biological samples.
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Outlook

Our findings here bring metallonitrene from in vitro coupling in
organic chemistry toinvivo application for drug discovery, providing
proof of concept of radiosensitization with metallonitrene. We used
alow dose of high-energy rays to accurately produce highly reactive

platinonitrene in situ that could enhance DNA damage intratumour-

ally, which would lead to safer and more affordable treatment regi-
mens. This local activation strategy to release highly active species to
damage tumour DNA also provides a different mechanism for metal
drug design. Our work potentially promises a chemistry strategy for
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developingradiosensitizers, promoting the development of precision
and translational medicine.

Methods

Materials

K,PtCl,, cisplatin and oxaliplatin were purchased from Boyuan Pharma-
ceutical. Except for those specifically mentioned, all other compounds
were purchased from Sinopharm and Bidepharm.

Superoxide Anion Assay kits (BL880OA) were purchased from
Biosharp, and Mitochondrial Membrane Potential Assay kit with Rho-
damine 123 (C2008S), mouse IFNy ELISA kit (PI508) and Enhanced ATP
Assay kit (S0027) were purchased from Beyotime. The MojoSort mouse
CD4T Celllsolationkit (408033, B386335) was purchased from Bioleg-
end. Mouse Granzyme B (GzmB) ELISA kit (D721076-0096) and mouse
HMGB1ELISA kit (SEKM-0145) were purchased from Sangon Biotechand
Solarbio, respectively. Antibodies of HMGB1 (clone EPR3507,ab79823,
GR3299518-1), CRT (clone EPR3924, ab2907, GR3333461-4) and Ki67
(clone SP6,ab16667, GR227625-4) used forimmunofluorescence were
allbought from Abcam, and antibodies of caspase-3 (clone AMC0214,
19677-1-AP, 00088666) were bought from Proteintech. Antibodies of
CD3 (clone 145-2C11, 480033, B386335) and CD28 (clone 37.51,102116,
B351568) were purchased from Biolegend. Recombinant human TGF-f31
(781802, B311005) and recombinant human IL-2 (200-02) were bought
from Biolegend and Peprotech, respectively. Fluorescent antibodies
used for flow cytometry include: anti-mouse CD45-eFluor 450 (clone.
30-F11, 48-0451-82, 228168), anti-mouse CD3-APC-eFluor 780 (clone
17A2, 47-0032-82, 2325387), anti-mouse CD4-Alexa Fluor 488 (clone
RM4-5,557667,1096426), anti-mouse CD8a-APC (clone 53-6.7,17-0081-
82,2356251), anti-mouse Foxp3-PE-eFluor 610 (clone FJK-16s, 61-5773-
82,2244811), anti-mouse CD11c-PE/Cy7 (clone N418,558079,1187822),
anti-mouse CD80-BV421(clone19-10A1, 562611,1256663), anti-mouse
CD86-APC (clone GL1,558079,1308555), anti-mouse CD44-FITC (clone
IM7,11-0441-82,2262273), anti-mouse CD62L-eFluor 450 (clone MEL-14,
48-0621-82, 2455897), anti-mouse Foxp3-PE (clone R16-715, 563101,
2175160), anti-mouse CD11b-PE-Cy7 (clone M1/70, 561098, B316177) and
anti-mouse CD16/CD32 (clone 2.4G2, 553141,1040760), purchased from
ThermoFisher and BD Bioscience. Anti-mouse CD45-PerCP/Cy5.5 (clone
30-F11,103132,B385175), anti-mouse CD3-FITC (clone 145-2C11,100306,
B369904), anti-mouse CD8-PE/Cy7 (clone 53-6.7,100722, B413191),
anti-mouse CD107a-Brilliant Violet 421 (clone 1D4B, 121618, B360353),
anti-mouse CD4-APC/Cy7 (clone RM4-5,100526, B382617), anti-mouse
IFNy-APC (clone XMG1.2,505810, B396246), anti-mouse PD1-PE (clone
29F.1A12, 135206, B383866), anti-mouse TIM3-APC (clone RMT3-23,
119706, B358301), anti-mouse CD39-PE/Cy7 (clone Duha59, 143806,
B393317), anti-mouse CD44-Alexa Fluor 700 (clone NIM-RS8, 156009,
B370174), anti-mouse CD69-Brilliant Violet 605 (clone H1.2F3,104529,
B392965), anti-mouse PD1-APC (clone 29F.1A12, 135209, B399565),
anti-mouse Nrp-1-Brilliant Violet 421 (clone 3E12, 145209, B379195),
anti-mouse Helios-PE/Cy7 (clone 22F6, 137235, B358673), anti-mouse
GITR-APC (clone DTA-1,126311, B351356), anti-mouse ICOS- Alexa Fluor
700 (clone C398.4A, 313527, B348115), anti-mouse Ly6G-PE (clone
1A8, 127608, B388208), anti-mouse Ly6C-FITC (clone HK1.4, 128006,
B368468), anti-mouse F4/80-APC (clone BMS8, 13116, B379376) and
anti-mouse CD64-Brilliant Violet 421 (clone X54-5/7.1,139309, B422389)
were all bought from Biolegend. All flow cytometry antibodies were
diluted at theratio of 1:100 following manufacturer instructions. Live/
dead Fixable Yellow Dead Cell Staining kit (L34959, Life Technologies)
and Zombie Aqua Fixable Viability kit (423102, B353077, Biolegend)
were used for distinguishing live/dead cells in flow cytometry analysis.
Foxp3/Transcription Factor Staining Buffer set (00-5521-00, 00-5523-
00) used forintramembrane antigen staining, and eBioscience Annexin
V Apoptosis Detection kit (88-805-74, BMS500FI-300) were bought from
Thermo Fisher. CFSE cell division tracker kit (423801, B383180) was
bought from Biolegend. Monoclonal antibody aPD-1 (clone RMP1-14,
BEQ146, 825822M1) was purchased from BioXcell.

Animals and cell lines

BALB/c mice (female, 6-8 weeks) and C57BL/6) mice (female, 6-8 weeks,
body weight 20 g) were purchased from Slac Laboratory Animal.
C57BL/6-Foxp3™™/] mice (also known as: FOXP3-IRES-mRFP, FIR; this
X-linked targeted knock-in strain co-marks cells expressing the Foxp3
gene with monomericred fluorescent protein (mRFP). RFP expression
faithfully marks gene expression in lymphocytes) were gifted by Prof.
Zhu Shu of the University of Science and Technology of China. All mice
were housed in specific-pathogen free (SPF) rated environments with
light and dark switching every 12 h, and were provided with adequate
food and water. Allanimal experiments were performed inaccordance
with the procedures approved by the China Experimental Animal Care
Commission at the University of Science and Technology of China and
complied with all relevant ethics regulations.

The CT26 cell line and 4T1 cell line were purchased from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China) and were
cultured in RPMI1640 medium (Gibco) added with 10% fetal bovine
serum (FBS, Gibco) and 1% penicillin/streptomycin (Gibco). The
GI261-luc cell line was purchased from Yuanjing Biotechnology and
culturedin DMEM medium (Gibco) added with10% FBS (Gibco) and 1%
penicillin/streptomycin (Gibco). Cells were cultured with a constant
5% CO,at37°C.

Synthesis and characterization of 1

K,PtCl,(207.5 mg, 0.5 mmol,1.00 equiv.) and trans-1,2-cyclohexanediamine
(62.7 mg, 0.55 mmol, 1.10 equiv.) were suspended in H,0 (20 ml). After stir-
ring in the dark for 24 h at 40 °C in a glass flask, the state of the reaction
system changed from a yellow transparent solution to a yellow turbid
solution. Thereactionsystemwas centrifuged to discard the supernatant
toobtainayellow precipitate. The pellet was washed with deionized water
threetimes, thenredispersed with H,0. AgNO; (170 mg, 1.0 mmol, 2 equiv.)
was then added to the solution and stirred for 24 h at 40 °C in the dark.
Then, the solution was filtered under reduced pressure to remove insolu-
ble matter. Finally, NaN, (71.5 mg, 1.1 mmol, 2.20 equiv.) was added to the
obtained clear liquid to continue the reaction for24 hat40 °Cinthedark,
andthelight-yellowsolid obtained was designated as1(yield167 mg, 85%).
Relevantanalysis and characterization were performed using HPLC (Agilent
1260 Infinity IlI) and an Exactive Plus (Thermo Fisher) mass spectrometer.

Identification of binding sites of 1on DNA
To identify putative binding sites of 1, we performed MD ‘flooding’
simulations® onastructural model of 48mer DNA duplex (ATATA TATCG
CGCGC GCCCCCCCCGGGGGG GGAAAAAAAATTTTTTTT). We con-
sidered a system comprising one DNA duplex along with alarge number
of molecules of 1, which were initially dispersed in the aqueous phase.
Duringthe MD simulations, position restraint with aweak force constant
of 10 kJ (mol nm?)™ was applied to the DNA duplex to ensure that the
conformation of DNA was not significantly changed upon the loading
of 1. MDreplicas (10) were performed, and these obtained trajectories
were used to explore the possible binding modes of 1onthe DNA duplex.
Toextract distinct configurations from our large dataset of molec-
ular configurations, we analysed the equilibrated configurations of the
systemand focused ontheregions close to the DNA base pairs that were
characterized by high densities of 1. We identified the binding sites of 1
onthe DNA duplex using the following criteria: (1) 1is located near DNA
base pairsrather than the phosphate backbone; (2) the closest distance
between1and the DNAmoleculeis <5 A; and (3) the structure of 1being
integrated with the DNA duplex remains stable for >50 ns. The location
distribution of 1was calculated using the statistical algorithm below.

N, N,

CH=2 28t @
Jj=lk=1

P(i)=C()/ Z C() )

Nature Biomedical Engineering


http://www.nature.com/natbiomedeng

Article

https://doi.org/10.1038/s41551-026-01612-y

Inthe above formula, ¢, = kty/N,, tyis the total simulation time, N,
is the sampling interval and was set to 10 herein, N, is the number of
trajectory replicas, i represents the base-pair sequence types and P (i)
is the final distribution probability.

MD simulations

AlIMD simulations were performed with GROMACS2022 (ref. 39), and
the producedtrajectories were visualized using the VMD software pack-
age*. The DNA duplex (sequence: ATATA TATCG CGCGC GCCCC CCCCG
GGGGG GGAAA AAAAATTTTT TTT) was generated using the ‘nab’
programme in Ambertools22 (ref. 41). The DNA duplex was modelled
using the all-atom AMBER99/bscO force field*’, while 1 was modelled
using the generalized Amber force field (GAFF)*. The partial charges
for each atom of 1 were calculated using DFT at the level of restricted
Hartree-Fock with the 6-31G*basis set using Gaussian09 (ref. 44). The
restricted electrostatic potential (RESP) technique was used to derive
individual charges®. The bonded interactions of platinum-coordinated
species were derived using the ‘Para-freq’ programme*®, which derives
the bonded parameters from a single frequency calculation with the
minimum energy state structure*’ (Extended Data Table 1). The TIP3P
water molecules were used in our simulations.

The system was built with 1 DNA duplex, 300 molecules of 1,
solvated inasimulation box with 54,000 water molecules, with dimen-
sions of -99 Ax99 A x179 A. Na* and CI"ions were added to neutralize
the simulation system. The simulation timestep was set to 2 fs, and
each simulation replica lasted 1 ps. A V-rescale thermostat (time con-
stant 0.1 ps) was employed to maintain the temperature at 298.15K,
whereas the Berendsen isotropic algorithm (time constant 5.0 ps)
regulated the pressure at 1bar. Periodic boundary conditions were
implemented, with long-range electrostatic interactions handled
via the particle mesh Ewald method and Van der Waals interactions
truncated at 1.0 nm. In addition, the LINCS algorithm was used to
constrain hydrogen-involving bonds in both solvent and solute, and
10 independent simulation replicas were performed to deduce the
binding distribution of complex 1on the DNA duplex.

Electronic structure and reaction pathway calculations
Theabove MD simulations suggested that1locates atthe GCstep of the
DNA duplex, with-N; groups connecting onto the-NH, groups of cytosine
bases (see Fig.1for the structures). The two neighbouring GC base pairs
together with the bounded 1were adopted as the starting structure for
electronic structure calculations. The geometry optimizations and
Hessian matrix calculations for the two neighbouring GC base pairs
coordinated with one molecule of 1were performed with the Gaussian09
software package. The PBEQ hybrid density functional and def2-SVP basis
set,and a quasi-relativistic 60-electron pseudopotential (ECP60MWB)
together with D3 empirical dispersion corrections with Becke-Johnson
damping, were used for platinum (that is, PBEO-D/def2-SVP for plati-
num). To save on computational power, PBEO-D/6-311G* was employed
for other atoms of the studied system. The obtained geometries were
used as the structural basis for subsequent energy, Gibbs free energy
(at 298.15K) calculations. Intrinsic reaction coordinate calculations
were carried out to validate the transition states that link the anticipated
reactants and corresponding products along the free-energy surface.
We calculated the reaction mechanism of platinonitrene com-
pounds 2 (Fig.1g,h, at singlet and triplet state) and 3 (Fig. 1i, at singlet
and quintet state) with cytosine bases. The binding of platinonitrene
2 onto the GC step is relatively more stable at its singlet state by
11.8 kcal mol™in free energy than the triplet state. For platinonitrene 2,
N-N coupling canoccurat the upper (Fig. 1g) or the lower (Fig. 1h) cyto-
sine of the GC step. The N-N coupling products (12 and 13’) were found
tobe thermodynamically favoured than their triplet states (Fig. 1g,h).
Complex 2 in path h (Fig. 1h) first achieved the proton transfer from
amine tonitrene viaHAA, resulting in the intermediate I3, followed by
adownhillN-N coupling towards I3’. Despite the similar structures for

12and I3’ the differencein stereochemistry between them producesa
substantial discrepancy in free energy. For platinonitrene 3 (Fig. 1i), the
proton transfer from the amine group of the upper cytosine towards
nitrene assists the N-N bonding between them (I14). 14 experiences
structural transformations to achieve HAA from the other coordinated
cytosine (I5). The intramolecular N-N coupling of 15 is a downhill pro-
cess, which resultsin the final product I5".

NLMO analysis

The spin density and NLMO analysis of metallonitrenes 2 and 3 was
performed using the Multiwfn software (v.3.8dev)*®. The isosurfaces
of NLMOs were set at 0.05a,~*?and the doubly occupied orbitals were
calculated by averaging the aand Sspin orbitals. The isosurfaces were
visualized using the VMD software package.

Invitro assessment

Todetect the effect of 1on apoptosis, mitochondrial membrane poten-
tial, superoxide anion production and ATP production in cell culture
medium, CT26 cells were cultured at the same concentration in cul-
ture flasks and treated with 2 pg ml™ or 20 Gy X-ray***° through the
iSMAART*® equipment or SHARP 1000 (Raycision Medical Technol-
ogy), which is an integrated small-animal investigation system with
high-quality quantitative optical tomography. After 24 h, the cells
or the culture supernatants were treated according to vendor proto-
cols and detected using amicroplate reader (SpectraMaxiD3) or flow
cytometer (CytoFLEX Flow Cytometer, Beckman).

To detect DNA damage at the single-cell level, a comet assay was
performed using the DNA Damage Comet Assay kit (Beyotime, C2041S).
Briefly, CT26 cells were cultured at the same concentrationin culture
flasks and treated with 2 pg ml™1or 20 Gy X-ray overnight. Then, cells
were collected and cell density was adjusted to 1x 10° mI™ using PBS.
The cell suspension was mixed with alow melting point agarose gel at
37 °Candplaced onaglassslide pre-coated withanormal melting point
agarose gel. Cell lysis and DNA unwinding under alkaline conditions
were then performed, and horizontal electrophoresis was performed
atalow voltage of 25 V. Finally, the glass slides were stained using pro-
pidiumiodide solution and images were captured using aconfocal laser
scanning microscope (Leica STELLARIS 8 STED). Cell DNA damage was
analysed via CASP 1.2.3bl. According to the percentage of DNA in the
tail of the cell (that is, tail DNA%), DNA damage of the cells was classified
into5levels: 0-6% waslevel 0, 6.1-17.0% was level 1,17.1-35% was level
2,35.1-60% was level 3 and 60.1-100% was level 4.

For the clonogenic assay, CT26 cells were uniformly cultured in
flasks, treated with 2 pg ml™ 1 or varying X-ray doses, then seeded at
500 cells per 10 cm dish and cultured for 12 days. Colonies were fixed
with 6.0% (v/v) glutaraldehyde, stained with 0.5% (w/v) crystal violet
and counted.

Antitumour efficacy of 1-sensitized RT in the CT26 tumour model
For the study of antitumour efficacy, BALB/c mice (female, 6-8 weeks)
were subcutaneously injected with 5 x 10° CT26 cellsinto the right flank
onday 0. Allmice wererandomly divided into the following four groups
before drug administration: control, RT,1and 1+ RT. Tumour volume
was calculated according to the formula: V= 0.5 x length x width*
Tumour volume was measured and recorded every 2 or 3 days, and
when the tumour volume reached -0.1 cm?, mice were treated accord-
ing to grouping. Complex 1 (5 mg kg™) was injected intratumourally,
followed by radiation therapy (3 Gy) tothe tumour areas 6 hlater every
other day, for a total of three times. When the tumour volume reached
3 cm?, the mice were euthanized.

Antitumour efficacy of 1-sensitized RT in the orthotopic
glioblastoma model

For the study of antitumour efficacy, 5 x 10* GL261-luc cells were inocu-
lated intracranially at 2.5 mm anterior, 2.5 mm to the right side of the
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bregma and 3.5 mm deep into the brain of C57BL/6) mice (female,
6-8 weeks) onday 0. All mice were randomly divided into the following
four groups before drug administration: Blank, RT,1and 1+ RT. Thebio-
luminescence signal from the GL261-luc brain tumours was observed
using the IVIS imaging system (Perkin Elmer) after the injection of
150 mg kg luciferin. Complex1(5 mg kg™) was injected intravenously
(i.v.), followed by radiotherapy (3 Gy) to the brain tumour areas 6 hlater
ondays7,9and1l.1VISimaging was performed every 4 or 5 days. When
weight loss was more than 20%, the mice were euthanized.

Flow cytometric analysis of tumour-infiltrating T cell subsets
Afterall dosing was complete, tumour tissues of all mice were collected.
Then, collected tumour tissues were mechanically minced witha Gen-
tleMACS Dissociator (Miltenyi Biotec) and digested with collagenase
IV, hyaluronidase and DNase at 37 °C for 30 min to obtain single-cell
suspensions. After treatment with red blood cell lysis buffer onice for
10 min, the acquired single cells were incubated with low-affinity block-
ing reagent for 10 min on ice before staining in Hanks’ balanced salt
solution containing 0.5% FBS with flow cytometry antibodiesinaccord-
ance with manufacturerinstructions. Briefly, the dead cell staining kit
was first used to distinguish live from dead cells. Then, all samples were
blocked with CD16/CD32 antibodies to reduce non-specific staining
onice, followed by surface staining using anti-mouse CD45-eFluor
450, anti-mouse CD3-APC-eFluor 780, anti-mouse CD4-Alexa Fluor
488 and anti-mouse CD8a-APC. Finally, all samples were fixed and
permeabilized, and anti-mouse Foxp3-PE-eFluor 610 was used to
stain intracellular antigen. All samples were stored at 4 °C and ana-
lysed using a CytoFLEX flow cytometer as soon as possible within
24 h. Similarly, anti-mouse IFNy-APC, anti-mouse CD107a-Brilliant
Violet 421, anti-mouse TIM3-APC and anti-mouse PD1-APC were
used to further stain CD8" T cells, and anti-mouse CD39-PE/Cy7,
anti-mouse CD44-Alexa Fluor 700, anti-mouse CD69-Brilliant Violet
605, anti-mouse Nrp-1-Brilliant Violet 421, anti-mouse Helios-PE/Cy7,
anti-mouse GITR-APC and anti-mouse ICOS- Alexa Fluor 700 were
used to further stain Treg cells. All gating strategies are provided in
Supplementary Figs.39-41.

Flow cytometric analysis of maturation of DCs in TDLNs

After all dosing was complete, TDLNs of all animals were collected
and treated as described earlier to prepare single-cell suspensions.
Anti-mouse CD11c-PE-Cy7, anti-mouse CD80-BV421 and anti-mouse
CD86-APC were used to stain surface antigens. Then, all samples were
analysed using the CytoFLEX flow cytometer as soon as possible within
24 h. Gating strategies are provided in Supplementary Fig. 39.

Differentiation induction of Treg cells

Briefly, 96-well plates were first pre-coated with 2 pg mi™ anti-CD3 at
4°Covernight. Then, spleens were collected from C57BL/6-Foxp3™/)
mice and CD4 T cells were sorted via magnetic beads using MojoSort
Mouse CD4 Naive T CellIsolation kits. The sorted CD4 T cells were resus-
pended in RPMI11640 medium, then seeded into pre-coated 96-well
platesata density of 100,000 cells per well. Anti-CD28, IL-2 and TGF-f3
wereadded intowells to reach the concentration of 1 ug ml™,100 U mI™
and 5 ng ml™, respectively. Complex 1was added to the wells at differ-
ent concentrations, incubated with the cells, and cells cultured with a
constant 5% CO, at 37 °C for 48 h. Finally, flow cytometry was used to
detect the differentiation efficiency and apoptosis of each cell subset.

CFSE staining to assay the proliferation of each T cell subset

Briefly, 96-well plates were first pre-coated with 1 ug ml™ anti-CD3
and anti-CD28 at 4 °C overnight. Spleens were collected from
C57BL/6-Foxp3™/] mice, then ground to obtain single-cell suspen-
sions. After treatment with red blood cell lysis buffer, cells were resus-
pended and counted, then stained with CFSE in medium. After washing
offexcess CFSE staining solution, cells were resuspended in RPMI11640

medium, then seeded into pre-coated 96-well plates at a density of
500,000 cells per well. Complex 1 was then added to the wells at dif-
ferent concentrations, incubated with the cells, and cells cultured with
aconstant 5% CO, at 37 °C. Finally, flow cytometry was used to detect
the proliferation of each T cell subset.

Immunofluorescence of tumour tissues

After alldosing was complete, tumour tissues of all mice were collected
and fixed in paraformaldehyde solution for 48 h at room temperature.
Tumour tissues were first embedded and sectioned, followed by block-
ing. HMGB1 and CRT in tumour tissues were labelled with fluorescein
FITCand Cy3, respectively, by sequential incubation with primary and
secondary antibodies. Ki67 (FITC), caspase-3 (Cy3) and yH2AX (FITC)
in tumour tissues were also labelled using the same method. Images
of all slices were captured using a confocal laser scanning microscope
(Zeiss 710 and Leica STELLARIS 8 STED).

RNA-seq analysis of tumour tissues

After alldosing was complete, tumour tissues of all mice were collected
and washed with PBS buffer three times. The tumour samples were
then subjected to RNA extraction and RNA quality testing, immedi-
ately followed by library construction, library purification, library
detection and library quantification. Next, Ultra RNA Library Prep
kit for Illumina (NEB, E7530) was used for RNA library preparation.
After the library was constructed, a Qubit 2.0 fluorometer was used
for preliminary quantification. Hisat2 (v.2.2.1) was used to construct
thegenomeindexes and Hisat2 (v.2.2.1) was used to calculate the read
counts of each gene. Finally, the sequencing cluster was generated and
sequenced onthe machine. Bioinformatics analysis, mainly differential
gene analysis including cluster analysis, Gene Ontology (GO) enrich-
ment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis, was performed on the original sequencing data.
Rawsequencing reads were aligned to the Ensembl Release mm39 refer-
ence genome using STAR (v.2.5.3a) with default parameters. Following
alignment, HTSeq (v.2.0.1) was employed to quantify read counts for
each gene. DESeq2 was utilized for differential expression analysis.
Pairwise comparisons were conducted among the four groups: Blank,
RT, 1, and 1+ RT. Genes were considered significantly differentially
expressediftheadjusted Pvalue (P,4) was <0.05 and the fold change was
>2. GO analysis was performed using the Metascape platform. Genes
within each hierarchical clustering group were analysed to identify
significantly enriched GO terms. The analysis encompassed categories
ofbiological processes, molecular functions and cellular components
to comprehensively understand the functional importance of differ-
entially expressed genes within each clustering group.

Immunotherapeutic studies of 1-sensitized low-dose RT in
combination with aPD-1

For the study on improving immunotherapy, BALB/c mice (female,
6-8 weeks) were subcutaneously injected with 5 x 10° CT26 cells into
theright flank on day 0. All mice were randomly divided into the follow-
ing five groups before drug administration: Blank, aPD-1, RT + aPD-1,
1+RT,and1+RT +aPD-1.0ndays11,13and 15,1 (5 mg kg™) was injected
intratumourally, followed by a lower dose of radiation therapy (1 Gy)
to the tumour areas 6 h later. aPD-1 (5 mg kg™) was injected intraperi-
toneally on days13,16 and 19. When the tumour volume reached 3 cm?,
the mice were euthanized.

Abscopal effect of 1-sensitized low-dose RT in combination
withaPD-1

Forthe study onthe abscopal effect, mice were subcutaneously injected
with 5 x 10° CT26 cells into the right flank (primary tumour) on day O
and then injected with 5 x 10° CT26 cells into the left flank (secondary
tumour) on day 4. All mice were randomly divided into the following
three groups before drug administration: control, RT + aPD-1, and
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1+RT +aPD-1. Ondays 11,13 and 15,1 (5 mg kg™) was injected intratu-
mourally to the primary tumour, followed by alower dose of radiation
therapy (1 Gy) tothe primary tumour areas 6 h later. All treatments were
directed only at the primary tumour. aPD-1 (5 mg kg™) was injected
intraperitoneally on days 11,14 and 17. The volumes of primary and sec-
ondary tumours were measured and recorded every 2 or 3 days. When
the tumour volume reached 1.5 cm (ref. 3), the mice were euthanized.

On day 18, both primary and secondary tumours were col-
lected and stained with anti-mouse CD45-eFluor 450, anti-mouse
CD3-APC-eFluor 780, anti-mouse CD4-Alexa Fluor 488, anti-mouse
CD8a-APC and anti-mouse Foxp3-PE-eFluor 610. TDLNs near the
primary tumour were also collected and stained with anti-mouse
CD1l1c-PE-Cy7, anti-mouse CD80-BV421 and anti-mouse CD86-APC.
Then, all samples were analysed using the CytoFLEX flow cytometer
assoon as possible within 24 h.

Invivo safety studies of 1
For the study on biosecurity, mice were subcutaneously injected with
5x10°CT26 cellsinto the right flank on day 0. All mice were randomly
divided into the following six groups before drug administration:
control, RT, oxaliplatin, oxaliplatin+RT,1,and 1+ RT.Ondays11,13 and
15,1 (5 mg kg™ or oxaliplatin (5 mg kg™) was injected intravenously,
followed by radiation therapy (3 Gy) to the tumour areas 6 h later.
When the tumour volume reached 3 cm?, the mice were euthanized.
After all dosing was complete, the sera of all mice were collected
and used for biochemical analysis of liver and kidney markers. Heart,
liver, spleen, lung and kidneys of mice were collected separately and
then analysed by pathological section. Pt content (total amount of Pt
in different tissues or organs, pg) and Pt concentration (the ratio of
the total amount of Pt in different tissues or organs to the mass of that
tissue or organ, ppm) after i.v. and i.t. were quantified via inductively
coupled plasma-mass spectrometry (ICP-MS, Thermo Scientific,
iCAPRQ).

Assessment ofimmune memory effects

For the analysis ofimmune memory effects, peripheral blood of treated
mice was collected and compared to that of naive mice after the for-
mer mice were cured for 8 months. All samples were stained using
CD3-APC-eFluor 780, anti-mouse CD8a-APC, anti-mouse CD44-FITC
and anti-mouse CD62L-eFluor 450, and memory T cells were analysed
using flow cytometry. All cured mice were rechallenged with 5 x 10°
CT26 cells to assess whether the cured mice could resist tumour
growth again.

Statistical analysis

No statistical methods were used to predetermine sample sizes, but our
sample sizes are similar to those reported in previous publications™.
All statistical analyses were performed with GraphPad Prism 8 and all
values are presented as mean + s.d. as indicated in figure captions.
Replicates are independent biological samples. All flow cytometric
analyses were carried out using a CytoFLEX flow cytometer (Beckman)
and analysed with CytExpert v.2.3 and FlowJo v.10.6, and all gating
strategies are provided in Supplementary Figs. 39-42. The sample
sizes for in vitro, ex vivo and in vivo studies were based on previous
published papers®**, Mice for treatment groups were randomized,
in which the groups were single blinded. The data analyses (includ-
ing immunohistochemistry) were also single blinded. RNA-seq data
were analysed single blinded. All in vitro studies were not blinded,
as our experiments were not based on subjective measurements. No
collected data were excluded from our analysis. One-way or two-way
analysis of variance (ANOVA) was used for multiple comparisons when
more than two groups were compared, and the Mann-Whitney test was
used for two-group comparisons. The Kaplan-Meier method was used
to performsurvival difference analysis, and the log-rank test was used
to determine the overall Pvalue.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Portfolio
Reporting Summary linked to this article.

Data availability

Allrelevant datasupporting the resultsinthis study are available within
the paper. The raw and analysed datasets generated during the study
are available for academic purposes from the corresponding authors
upon request. RNA sequencing data that support the findings of this
study are deposited and made publicly available in the NCBI Gene
Expression Omnibus repository under accession number GSE314315.
Source data are provided with this paper.
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Extended Data Fig. 1| Characteristic NLMOs resulting from NBO analysis
support the platinonitrene description of complex 2 and 3. a, Structural
representation of 1. b, N2 releases from 1under X-ray irradiation, and produces
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and triplet states of 1toillustrate the interplay of singlet and triplet states during
the loss of N2 from the molecule of 1. The triplet state of complex 2 is strongly
stabilized by 12.7 kcal/mol compared with its singlet state. The calculations were
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o-bond, singly occupied py, pz orbitals and s-type lone pair localized at N atom
(d), and Pt-centred and doubly occupied d orbitals (e) of 2, which has only one
nitrene group. f-g, Pt-N o-bond, singly occupied py, pz orbitals and s-type lone
pair localized at N atom (f), and Pt-centred and doubly occupied d orbitals

(g) of 3, which has two nitrene groups. d to g show that the covalent Pt-N o-bonds
polarized towards nitrogen, a s-type lone pair and two singly occupied p-type
NLMOs on the nitrene N atom as well as four essentially nonbonding Pt d orbitals
whichshared only insignificant N contributions (Pt-N Mayer bond order:1.15 for
2and1.06 for 3).
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Extended Data Fig. 2| Complex 1sensitized RT effectively inhibits the growth
and metastasis of 4T1tumours. a, Schemes of 4T1 tumour inoculation and
therapies. b, Tumour growth curves of each mouse. ¢, Average tumour growth
curves showed 1sensitized RT effectively inhibited the growth of 4T1tumours
(n=9). Tumour growth with the passage of time was compared by two-way
ANOVA (Tukey’s test). d, Survival curves showed 1sensitized RT prolonged the
survival time of mice (n = 9). Differences in survival were determined for each

group by the Kaplan-Meier method, and the overall P value was calculated by the
log-rank test. e, Representative lung pathology sections of mice showed that 1
sensitized RT effectively inhibited lung metastasis of 4T1 tumours. Black arrow,
pulmonary nodules. f, Lung metastasis count of mice (n = 3). One-way ANOVA
multiple comparisons (Tukey’s multiple comparisons test) were used when more
than two groups were compared. All the values in the present study are presented
asthemean *s.d., and all replicates are biological independent samples.
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Extended Data Fig. 3 | cis-Pt(NH3)2(N3)2 sensitized RT effectively inhibits the
growth of established CT26 tumours. a, Schemes of CT26 tumour inoculation
and therapies. b, Tumour growth curves of each mouse. ¢, Average tumour
growth curves showed cis-Pt(NH3)2(N3)2 sensitized RT effectively inhibited the
growth of established CT26 tumours (n = 6). Tumour growth with the passage of
time was compared by two-way ANOVA (Tukey’s test). d, Survival curves showed

Days post tumor inoculation
cis-Pt(NH3)2(N3)2 sensitized RT prolonged the survival time of mice (n = 6).
Differences in survival were determined for each group by the Kaplan-Meier
method, and the overall P value was calculated by the log-rank test. All the values
inthe present study are presented as the mean + s.d., and all replicates are
biological independent samples.
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Extended Data Fig. 4 | Complex 1sensitized RT enhances abscopal effect
onsyngeneic CT26 tumour model. a, Schemes of primary and secondary
tumour inoculation and therapies. b, Primary and secondary tumour growth
curves of each mouse showed 1in combination with RT and aPD-1suppress
growth of bilateral tumours. ¢, Average primary tumour growth curves of each

group (n=8).d, Average secondary tumour growth curves of each group (n = 8).

Tumour growth with the passage of time was compared by two-way ANOVA

Days post tumor inoculation

(Tukey’s test). e, Survival curves showed 1in combination with RT and aPD-1
prolonged survival time of mice in bilateral tumour model (n = 8). Differences in
survival were determined for each group by the Kaplan-Meier method, and the
overall P value was calculated by the log-rank test. f, Body weight change curve of
mice (n =8). All the values in the present study are presented as the mean +s.d.,
and allreplicates are biological independent samples.
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Extended Data Fig. 5| Flow analysis of 1sensitized RT enhancing
immunotherapy and abscopal effect. a, Quantification of DCs maturation
in TDLNs by flow cytometry indicated 1sensitized RT enhancing abscopal
effect (Blankand RT + aPD-1,n=4;1+RT + aPD-1,n = 3).b, Corresponding
representative flow plots showed DCs in TDLNs. ¢, Image of representative
primary and secondary tumours. d, Representative flow plots of primary and

secondary tumour infiltrating CD45+CD3+, CD8+and Treg (CD4+Foxp3+) cells.
One-way ANOVA multiple comparisons (Tukey’s multiple comparisons test)
were used when more than two groups were compared. All the values in the
presentstudy are presented as the mean + s.d., and all replicates are biological
independent samples.
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Extended DataFig. 6 | See next page for caption
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Extended DataFig. 6 | Platinonitrene-based radiosensitizer enhances
abscopal effect that is superior to that of oxaliplatin and has reliable
security. a-b, Average primary and secondary tumour growth curves showed1in
combination with low dose of RT and aPD-1suppress growth of bilateral tumours
(n=10). Tumour growth with the passage of time was compared by two-way
ANOVA (Tukey’s test). ¢, Representative TUNEL (TdT-mediated dUTP nick end
labelling) and H&E (Haematoxylin and Eosin staining) section of kidneys showed
1lin combination with low dose of RT and aPD-1would not cause the damage of

kidney. d-h, Analysis of BUN, CRE, TBil (total bilirubin), ALT (alanine transaminase)
and AST (aspartate aminotransferase) in serum showed 1 held a better biosecurity
than oxaliplatinin combination withimmunotherapy (n =10).1, Representative
TUNEL and H&E section of livers showed 1in combination with low dose of RT

and aPD-1would not cause the damage of livers. One-way ANOVA was used for
multiple comparisons (Tukey’s multiple comparisons test) when more than two
groups were compared. All the values in the present study are presented as the
mean +s.d., and all replicates are biological independent samples.

Nature Biomedical Engineering


http://www.nature.com/natbiomedeng

Article

https://doi.org/10.1038/s41551-026-01612-y

a .
# GI261-luc cells 4 Xray3Gy'3 @ IS Imaging
é ! Tumor inoculation lex 1i.v. 5 mg/kg &
° 9—&—‘—0—‘ “ o o >
Day 0 7 9 10 1 15 20 24
b
Luminescence
° 10000
>
a
8000
=
g 6000
D w
= N i
> 4000
a
L ) 4y v
o 2000
N
s
a W i Counts
3 > Color Scale
> Min =1000
@©
a
C
2 Blank 3
21.5%10 an 1+RT 5 10,  Blank ) RT ; 1 1+RT
8 =
g £ ]
g a0 g Jouee
£ >
32 K 4 4
2 5x10° 2
.~ o [R FYTYTORIRPOTS 1) A At
o o
2 2 \
c T 1 T T 1 T T 1
3 08 10152025 3 510152025 o 510152035 § & 10152025 £ 0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30
o Days post tumor inoculation Days post tumor inoculation
e
g 8x10°7 &= Blank f? 9 100 —— — Blank
c = o)
@ - RT = S — RT
@ E - 3|8
Rl 2 g - ETe
£ = ol 8
: - 1T : £ H L e
3 ax10° 3 @ 5o L
3 2 g
u— = o ]
g 2x10°+ g g
2 o
g 2 1
8 <
0 1 O -5 T T 1 0 T T T 1
5 10 15 20 10 15 20 0 10 20 30 40

Days post tumor inoculation

Extended Data Fig. 7| Complex1sensitized RT effectively inhibits the growth
of orthotopic glioblastoma. a, Schemes of orthotopic glioblastoma inoculation
and therapies. b, Bioluminescence imaging suggested complex 1sensitized RT
effectively inhibited the growth of orthotopic glioblastoma (n = 8). ¢, Changes

of bioluminescence counts of brain tumour area of each mouse (n = 8).

d, Body weight change curve of each mouse (n = 8). e, Average bioluminescence
counts change curves showed 1sensitized RT effectively inhibited the growth of
orthotopic glioblastoma (n = 8). f, Average body weight change curve suggested

Days post tumor inoculation

Days post tumor inoculation

micein1+RT group had the slowest weight loss (n =8). g, Survival curves showed
1sensitized RT significantly prolonged survival time of mice in orthotopic
glioblastoma model (n = 8). Average bioluminescence counts change with the
passage of time was compared by two-way ANOVA (Tukey’s test). Differencesin
survival were determined for each group by the Kaplan-Meier method, and the
overall P value was calculated by the log-rank test. f, Body weight change curve of
mice (n=8). All the values in the present study are presented as the mean + s.d.,
and all replicates are biological independent samples.
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Extended Data Table 1| Parameters of bonded interactions for Platinum coordinated species of 1. Details of the atom labels
can be found in Extended Data Fig. 1

Bond

Label Bond d k RE

di Pt1-N2 2.03x 1071 1.7467 x 10° 2.96
d2 Pt1-N5 2.03x 1071 1.7467 x 10° 2.46
ds Pt1-N24 2.054 x 1071 1.3948 x 10° 2.14
d4 Pt1-N27 2.054 x 107! 1.3948 x 10° 1.17

Angle

Label Angle 0 k RE

ar Pt1-N2-N3 1.2169 x 102 1.8906 x 102 0.57
az Pt1-N5-N6 1.2169 x 102 1.8906 x 102 1.34
as Pt1-N24-C9 1.0920 x 102 5.6143 x 102 1.10
as Pt1-N24-H25 1.1119 x 102 2.5953 x 102 0.73
as Pt1-N24-H26 1.1119 x 102 2.5953 x 102 1.97
as Pt1-N27-C10 1.0920 x 102 5.6143 x 102 1.10
ar Pt1-N27-H28 1.1119 x 102 2.5953 x 102 1.63
as Pt1-N27-H29 1.1119 x 102 2.5953 x 102 1.07
ag N2-Pt1-N5 8.6584 x 10! 1.8694 x 103 0.67
aio N2-Pt1-N24 1.7827 x 102 1.6202 x 103 0.15
an N2-Pt1-N27 9.5102 x 10? 1.8534 x 103 0.11
an N5-Pt1-N24 9.5102 x 10? 1.8534 x 103 0.11
a N5-Pt1-N27 1.7827 x 102 1.6202 x 103 0.15

To directly compare the quantum calculated structure with the classical MD results, Relative error (RE) was obtained using the following formula: RE(%) = |

averagedMDvalue—quantumvalue

equantumvalue

The relatively low RE values demonstrated that the classical forced field can reliably reproduce the structural parameters obtained based on DFT calculations at a high level.

| X 100.
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