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Implanted biomaterials have transformed healthcare and the treatment of injury and disease, but their influence
on the local immune landscape remains unclear. Here we discovered that degradation-resistant titanium-based
implants establish an immunosuppressive microenvironment by recruiting myeloid cells, including monocytes,
macrophages, neutrophils, and myeloid-lineage dendritic cells. Unlike normal tissues, the tissues nearby implants

exhibit an chronic inflamed and immunosuppressive status characterised by myeloid-rich, T cell-exhaustion gene
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signature by single-cell RNA sequencing. Vitamin C treatment provides an effective strategy to rescue the im-
munosuppressive microenvironment, which can be used as a regular supplement to reduce the risk of malignant
cell survival around the implants.

1. Introduction

Implanted biomaterials are essential and ubiquitous in healthcare
[1,2]. Tissue engineering, drug delivery, orthopaedic implants, im-
munotherapy, and many other medical fields rely on implantable bioma-
terials [3]. The immune system recognises non-self-implanted materials
as foreign bodies, resulting in a dynamic immune microenvironment in
the tissues surrounding implants [4,5]. Implanted biomaterials induce
unwanted inflammation [6-9], which is the primary adverse reaction
observed [10,11]. However, the extent to how implanted biomaterials
shape the local immune landscape and impact clinical outcomes remains
poorly understood.

In the current study, we discovered a phenomenon that foreign
degradation-resistant implants can establish an immunosuppressive mi-
croenvironment by recruiting myeloid cells to induce T cell exhaustion,
resulting in the promoted tumour growth at the injection site in multi-
ple mice tumours models. In patients with orthopaedic steel plates (Ti
alloy), we find that the surrounding tissue is infiltrated with CD11b*

* Corresponding authors.

myeloid cells coupled to the exhaustion status of T cells in the microen-
vironment. In mice, implanted TiO, nanoparticles (NPs) unintention-
ally establish an ’artificial’ environment favouring tumour growth by
recruiting immunosuppressive CD11b* myeloid cells, resulting in T cell
exhaustion and dysfunction at the local site. Vitamin C (ascorbic acid) is
well-known for reducing the inflammatory response in patients and mice
[12,13]. We demonstrate that vitamin C administration reshapes the
immunosuppressive environments induced by the refractory-degradable
implants via reprogramming immunosuppressive immune cells and al-
leviating T cell exhaustion.

2. Materials and Methods
2.1. Materials

TiO, (Macklin, catalogue no. T818936) was purchased from Shang-
hai Macklin Biochemical Co., Ltd. Single-walled carbon nanotubes
(SWNTs; XFNANO, catalogue no. 101943) were purchased from Jiangsu
Xianfeng Nanomaterials Technology Co., Ltd. Silicone gel was pur-
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chased from Shenzhen Hongyejie Technology Co., Ltd. Titanium al-
loy was purchased from Baoji Lifengyuan Titanium Co., Ltd. Ascor-
bate (Sigma-Aldrich, catalogue no. v900134-100g) was purchased from
Suzhou Keqing Biological Reagent Co., Ltd. Penicillin-Streptomycin (In-
vitrogen, catalogue no.15070063), DMEM/HIGH (Hyclone, catalogue
no. SH30022.01), RPMI1640 (Hyclone, catalogue no. SH30809.01), and
PBS (Hyclone, catalogue no. SH30256.01) were purchased from Suzhou
Keyite Instrument Equipment Co., Ltd. Deionized water (18.2 MQ.cm)
was purchased from Million-Q.

2.2. Cell lines and mice

RAW 264.7 macrophages were purchased from the Shanghai Cell
Bank of the Chinese Academy of Sciences. The RAW 264.7 cells were
cultured in DMEM with higher glucose levels containing 10% fetal
bovine serum and penicillin-streptomycin (100 U/mL). Mice B16F10
cells and lucifer-labelled B16F10 cells (B16F10-Luc) were gifts from Dr
Wenjun Zhu of Suzhou University. BL6F10-Luc cells were cultured us-
ing DMEM high-sugar medium containing 10% fetal bovine serum and
penicillin-streptomycin (100 U/mL). Mice CT26 colon cancer cells were
purchased from the American type culture collection. CT26 cells were
cultured with RPMI 1640 medium containing 10% fetal bovine serum
and penicillin-streptomycin (100 U/mL). C57BL/6J mice and BALB/c
mice (6-8 weeks old) were purchased from Nanjing Pengsheng Biotech-
nology Co., Ltd. The breeding and mice experiments were carried out
under the approval of Soochow University’s animal ethics (Approval No.
SUDA20210402A02).

2.3. Characterisation and modification of biomaterials

TiO, nanoparticles were prepared as a solution of 50 ng/mL using
ultrasound to promote dissolution. The size of the TiO, nanoparticles
was measured using a Malvern Nano Measurer. 7 uL samples were dried
on a copper network by air drying and were photographed by transmis-
sion electron microscopy (TEM). The distribution of elements was deter-
mined by X-ray diffraction (XRD) analysis. TiO, NPs were injected into
mice on days 1 and 7, removed for fixation and dehydration, and ob-
served with a scanning electron microscope (SEM). To modify TiO, NPs,
we used 4 mL dichloromethane (CHCL,) to dissolve TiO, NPs and DSPE-
PEG at a ratio of 1:2, vacuum rotary evaporating for 15 min, and added
water for an ultrasound to evenly disperse. Prepared samples were anal-
ysed using thermal analysers (TGA). The size of the TiO,@DSPE-PEG
NPs was measured with a Malvern Nano Measurer, and TEM was used
to observe the nanostructure of the NPs.

2.4. Immune microenvironment surrounding titanium bone replacement
implants in humans

Each patient’s fixed steel plates were collected after surgery and
rinsed with sterile neutral phosphate buffer, and the tissue remaining
on the steel plate was collected. The patient’s distal tissue was used
as a control. The tissues were digested, and a single-cell suspension
was prepared. The red blood cell lysate was used to eliminate inter-
ference caused by red blood cells in tissues. The cells were divided
into several fractions and were stained with the following three sets
of fluorescently-labelled antibodies: (1) FITC-CD45, PE-CD3, APC-PD-1;
(2) FITC-CD11b, PE-CD14, and APC-PD-1; (3) FITC-CD11b, PE-CD15,
and APC-PD-1; (4) FITC-CD11b, PE-CD11c, and APC-PD-1; (5) FITC-
CD3, PE-LAG3 and CTLA-4; (6) (5) FITC-CD3, PE-TIM-3 and APC-PD1.
Residual tissue was fixed with 4% polyformaldehyde, sliced for H&E
staining and immunohistochemistry, and observed by microscopy. Cy-
tokines (TNF-«, IL-18, and IL-6) in tissues were extracted using tissue
protein extraction reagents and were evaluated by ELISA. Human tissue
analysis was approved by the Clinical Research Project of the Second
Hospital affiliated with Suzhou University, which conformed to human
ethics regulations (Approval No. JD-LK-2020-096-01).
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2.5. Effect of TiO, nanoparticles on PD-1 expression in macrophages in
vitro

RAW 264.7 cells were seeded in a 6-well plate at 3 x 10° cells/well.
After 6 h, 20 ug TiO, NPs were added to each well, and the cells were
incubated for 24 h. 200 ng of lipopolysaccharide (LPS) was used as a
control. RAW 264.7 cells were collected after treatment, cells were dyed
with FITC-F4/80 and PE-PD-1, and PD-1 expression on the macrophage
surface was analysed by flow cytometry. Western blot was used to anal-
yse the macrophage expression of PD-1. Total amounts of proteins were
measured with a BCA protein kit, and the protein content for each well
was ~20 ug. The proteins were separated on a sodium thiamin sulfate-
polyacrylamide gel and were transferred to a PVDF membrane. The
membrane was incubated with primary anti-PD-1 and g-actin antibod-
ies and with secondary antibodies. Chemical luminescent reagents were
used for imaging.

Total RNA was extracted from RAW 264.7 cells using Trizol.
The purity and concentration of total RNA were measured with a
DS-11 series phosphor/fluorometer (Denovix). A First Chain cDNA
Synthesis Kit was used to synthesise the first chain of ¢cDNA by
reverse transcription and amplify it by qPCR. The thermal cy-
cler parameters were: 95°C, 10min; 95°C, 10s; 55°C, 1min; 45 cy-
cles. The primer sequences were as follows: mouse PD-1 primers:
forward primer 5’-GGTATCCCTGTATTGCTGCTGCTG-3’ and reverse
primer 5’-CTTCAGAGTGTCGTCCTTGCTTCC-3’; mouse TNF-a primers:
forward primer 5~ ATGTCTCAGCCTCTTCTCATTC-3’ and reverse primer
5’-GCTTGTCACTCGAATTTTGAGA-3’; mouse IL-6 primers: forward
primer 5-CTCCCAACAGACCTGTCTATAC-3’ and reverse primer 5-
CCATTGCACAACTCTTTTCTCA-3; mouse NF-xB primers: forward
primer 5-CAAAGACAAAGAGGAAGTGCAA-3’ and reverse primer 5-
GATGGAATGTAATCCCACCGTA -3’; mouse f-actin primers (internal
control): forward primer 5-GTGCTATGTTGCTCTAGACTTCG-3’ and re-
verse primer 5’-ATGCCACAGGATTCCATACC-3'. Gene expression levels
were calculated using the ratio = 2724CT method.

To measure PD-1 expression on macrophages more intuitively, we in-
oculated RAW 264.7 cells on slides, added TiO, NPs as described above,
and stained them with FITC-F4/80, PE-PD-1 for 1 h. Polyformaldehyde
was used to fix cells for 30 min. The nucleus was stained with DAPI. Sam-
ples were sealed with Fluoromount Aqueous Mounting Medium then
were observed by confocal microscopy.

We used inhibitors to block the NF-«B pathway to analyse the cor-
relation between the NF-xB signalling and PD-1 expression stimulated
by TiO, NPs. RAW 264.7 cells (3 x 105) were seeded in a 6-well plate.
Bay (10 M) and CIL inhibitors (2 uM) were added, and the cells were
cultured for 1 h. Then, 20 ug of TiO, NPs were added, incubating the
cells for another 24 h. The cells were collected for flow cytometry and
qPCR analysis of PD-1 expression.

2.6. Analysis of inmune microenvironment surrounding TiO, NP injection
site

C57BL/6J mice were divided randomly into two groups of 3-4 mice.
5 mg of TiO, NPs was injected into the back of mice subcutaneously
on days 0 and 3, and the TiO, NPs and adjacent tissues were removed.
Tissues from untreated mice were named the UNTX group. Half of the
tissue was digested to prepare a single-cell suspension. The single-cell
suspension was centrifuged at 1,800 rpm, the supernatant was removed,
red blood cell lysate was added and allowed to react for 5 min, and
the cells were washed three times with FACS buffer. The collected cells
were divided into six groups for staining: (1) FITC-CD45, PE-CD3, and
APC-PD-1; (2) FITC-CD11b, PE-CD14, and APC-PD-1; (3) FITC-CD11b,
PE-Gr-1, and APC-PD-1; (4) FITC-CD11b, PE-CD11c, and APC-PD-1; (5)
FITC-CD3, APC-CTLA-4, and PE-TIM-3; (6) FITC-CD3 and PE-LAG-3. The
other half of the tissues and the main organs of the mice were fixed
with 4% paraformaldehyde and were sectioned. H&E staining and im-
munohistochemical staining (PD-1, CD3, and F4/80) were performed
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by Wuhan Service Biotechnology Co., Ltd. 5 mg of TiO, NPs were in-
jected into the mice’s back described above, and blood and serum were
collected for routine blood analysis and blood biochemical analysis. Cy-
tokines in the tissues surrounding the injection site were extracted using
a tissue protein extraction reagent and were tested with a mouse multi-
ple cytokine panel.

2.7. Single-cell transcriptomic analysis of immune microenvironment
induced by TiO, NP injection

5 mg of TiO, NPs was injected into the back of the mice. Three days
later, formed TiO, niches (without adjacent tissues) were removed and
digested into a single-cell suspension. The cells were adjusted to a con-
centration of 700-1,200 cells/L. Gel beads containing barcode infor-
mation were allowed to bind to a mixture of cells and enzymes and
were enveloped in oil surfactant droplets in a microflow "double-cross"
system to form gel beads-in-emulsions (GEMs). GEMs flowed into the
reservoir and were collected, and the gel beads interpreted the barcode
sequence, reversed the transcription of cDNA fragments, and marked
the samples. Gel beads and oil droplets were broken, and PCR amplifi-
cation was performed using cDNA as a template. All GEM products were
mixed to build a standard sequencing library. High-volume sequencing
of the library was performed using the two-end sequencing mode of an
Mlumina sequencing platform.

2.8. Anti-PD-1 antibody mouse treatment

The 6-8-week-old C57BL/6J mice were divided randomly into four
groups: IgG, aPD-1, TiO,+IgG, and TiO,+aPD-1. Mice in the TiO,+IgG
and TiO,+aPD-1 group were injected into the right-back of the mice
with 5 mg TiO, on day 0. For the IgG and anti-PD-1 groups, the same vol-
ume of PBS was injected subcutaneously. B16F10 tumour cells (1 x 10°)
were injected near the TiO, NP injection site on day 2. For anti-PD-1
treatment, tumour-bearing mice were treated intravenously with 50 ug
anti-PD-1 monoclonal antibody in 200 L PBS on days 3, 4, and 5. The
same dose of rat IgG was given to control mice.

2.9. Effects of TiO, nanoparticles on tumour growth

To study the effect of TiO, nanoparticles on tumour growth, we di-
vided C57BL/6J mice into two groups of 5-6 mice. After mice were
anaesthetised with 2.5% isoflurane, 5 mg of TiO, NPs were injected
subcutaneously on the mice’s left side. Melanoma cells (B16F10-Luc)
and CT26 tumour cells were digested with trypsin and washed three
times with sterile PBS. 50 uL of B16F10 tumour cells (1 x 10° cells per
mouse) were injected near the TiO, NP injection site. Tumour growth
in mice was monitored. To study the effects of other biomaterials on
tumour growth, silicone gel (250 ug/mice), SWNT (0.3 mg/mice), tita-
nium alloys (0.4 g/mice), and polyimide (0.002 g/mice) were injected
or implanted into mice in a similar manner. Melanoma B16F10 cells
were injected at sites adjacent to the biomaterial injection sites. SWNT
and silicone gel groups, Ti alloy and PI groups shared the same control
group, respectively. We synthesised PEGylated TiO, NPs (TiO, @DSPE-
PEG) to observe the effect of this modification on tumour growth.
C57BL/6J mice were divided randomly into 5-6 mice: PBS, TiO, NP,
and TiO, @DSPE-PEG. 5 mg TiO, NPs and the same dose of TiO, @DSPE-
PEG NPs were injected subcutaneously, then 1 x 10® B16F10 cells were
injected nearby. Tumour growth was measured every two days using an
electronic digital calliper. Tumour volumes were calculated as V = short
diameter? x long diameter x 0.5.

2.10. Effect of vitamin C on PD-1 expression in macrophages following
TiO, NP intervention

RAW 264.7 cells (3 x 105) were seeded in a 6-well plate. The four
experimental groups were control, LPS (200 ng), TiO, NP (20 ug), and
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TiO, NP plus vitamin C (20 ug TiO, NP and 10 ug vitamin C). The
cells were cultured with treatments for 24 h then were collected for
analysis. To measure the expression of PD-1, macrophages were stained
with FITC-F4/80 and PE-PD-1 and were analysed by flow cytometry.
The expression of PD-1, NF-xB, IL-6, and TNF-a mRNA was analysed by
qPCR.

2.11. Effect of vitamin C on immunosuppressive microenvironment induced
by TiO, NP injection

C57BL/6J mice were divided randomly into two groups after being
weighed. 5 mg of TiO, NPs was injected subcutaneously on day 0. Vita-
min C was administered intraperitoneally on days O and 2 at a dosage
of 4 g/kg. Mice were euthanised on day 3. The TiO, NPs and adjacent
tissue were collected and digested for flow cytometric analysis into a
single cell suspension. The cells were stained with the following sets of
fluorescently-labelled antibodies: (1) FITC-CD3, APC-CD8, PerCP-CD4,
PE-PD-1; (2) FITC-CD3, APC-CD8, PE-TIM3; (3) FITC-CD3, APC-CDS,
PE-LAGS3; (4) FITC-CD3, APC-CD8 and PE-CTLA-4; (5) FITC-CD11b, PE-
Ly6G, APC-PD-1; (6) PE-CD45, FITC-CD11b, APC-Gr-1; (7) FITC-CD11c,
APC-PD-1; (8) FITC-F4/80, APC-PD-1.

To study the effect of vitamin C on tumour growth, C57BL/6J mice
were weighed and divided randomly into three groups. 5 mg of TiO, NPs
was injected, or 200 uL silicone gel was implanted subcutaneously in the
back at day 0. TiO, and silicone gel experiments shared the same con-
trol group. Then, B16F10-Luc cells (1 x 10°) were injected near the TiO,
injection site. Vitamin C was administered intraperitoneally on days 0,
2, 4, 6, and 8 at a 4 g/kg dosage. Tumour sizes and mouse weights
were measured every two days. Tumour volume was calculated as de-
scribed above. The growth of the BI6F10-Luc tumour in C57BL/6 mice
was monitored every five days using an IVIS Spectrum Imaging Sys-
tem (PerkinElmer Ltd.). 15 mg/kg of fluorescent substrates (D-luciferin,
potassium salt) was injected intraperitoneally. After 10 min, mouse bi-
oluminescence was imaged using an exposure of 2 min. IVIS Living Im-
age 4.2 software was used to quantify the bioluminescence signals. On
day 15, mice were sacrificed, and tumours were harvested from mice
for immunological evaluation. The prepared single-cell suspension was
stained with FITC-CD3 and PE-CD8 antibodies.

3. Results

3.1. Titanium bone replacements recruit CD11b* myeloid cells and cause
elevated PD-1 expression in human patients

Degradation-resistant titanium-based materials have been used for
decades in clinical applications, such as bone replacement, but their ef-
fects on the local immune microenvironment remain unclear. To inves-
tigate changes in the tissue microenvironment, samples from residual
tissues on steel plates removed from human patients and normal tis-
sues were collected and analysed through immunohistochemical stain-
ing and flow cytometry. Unlike normal tissues, tissues surrounding tita-
nium plates were suffused with CD11b* myeloid cells, such as mono-
cytes/macrophages, neutrophils, and myeloid-lineage dendritic cells
(DCs) (Fig. 1a-f). Expression of programmed cell death-1 (PD-1), a neg-
ative regulator of T cell development and a hallmark of T cell exhaus-
tion, was greater in T cells from tissue around implants than in nor-
mal tissue (Fig. 1g-i). Other T cell dysfunction markers, including T-cell
immunoglobulin mucin-3 (TIM-3), lymphocyte activation gene 3 pro-
tein (LAG-3), and cytotoxic T lymphocyte-associated antigen-4 (CTLA-
4), were also up-regulated in tissues near orthopaedic implants (Fig.
Sla). PD-1 expression was also elevated in monocytes/macrophages,
neutrophils, and myeloid-lineage DCs (Fig. 1j-q). Levels of the inflam-
matory cytokines TNF-a, interleukin-1p (IL-14), and interleukin-6 (IL-6)
were also higher in tissues surrounding implants than in normal tissue
(Fig. 1r-t).
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Fig. 1. Tissues adjacent to orthopedic implants in humans exhibit an exhausted T cell phenotype. (a) H&E staining and CD45 immunohistochemistry analysis
of tissues adjacent to orthopedic implants. Scale bar, 50 ym. (b-f) Proportions of various immune cells in tissues (“local” means tissue adjacent to an implant) based
on flow cytometry: (b) leukocytes (CD45%), (c) myeloid cells (CD11b*), (d) monocytes/macrophages (CD11b*CD14+), (e) neutrophils (CD11b*CD15%), (f) dendritic
cells (CD11b*CD11c*). (g) Immunohistochemistry analysis of PD-1 expression. (h-q) Flow cytometry images and corresponding quantitation of PD-1 expression in
(h, i) T cells, (j, k) myeloid cells, (I, m) monocytes/macrophages, (n, o) neutrophils, and (p, q) DCs. (r—t) Concentrations of the inflammatory cytokines TNF-« (r),
IL-1p (s), and IL-6 (t). Data are mean + SEM (n=6-10). *P<0.05, **P<0.01, ***P<0.005, ****P<0.001 by Student's t-test.

3.2. TiO, nanoparticles injected in mice recruit CD11b* myeloid cells and
induce T cell exhaustion

A titanium oxide layer on titanium materials is essential for main-
taining bone integration and preventing corrosion [14,15]. Neverthe-
less, some corrosion of titanium materials in the body does occur and
releases many titanium oxide nanoparticles [16,17]. To investigate the
effect of such particles on the tissue microenvironment, we injected ti-
tanium dioxide nanoparticles subcutaneously into mice. Mice were in-
jected with 5 mg of sterile TiO, NPs, and adjacent tissues were collected
after 3 days for analysis and comparison with the tissue from untreated
mice. A greater abundance of immune cells was observed at the injec-
tion site than untreated mice (Fig. 2a). Mice injected with TiO, NPs
showed a ~6.2-fold increase in CD45% leukocytes at the injected site rel-
ative to tissue from untreated mice (Fig. 2b). Similar to clinical samples,
abundant CD11b* myeloid cells (including monocytes/macrophages,
myeloid-lineage DCs, and myeloid-derived suppressor cells (MDSCs))
were observed near the tissue of mice injected with TiO, NPs, (Fig. 2c-f).
Analysis of the two major subtypes of MDSCs [18] revealed that the in-
crease of monocytic MDSCs was more evident than granulocytic MDSCs
(Fig. S2c and d). A significant increase in white blood cells and myeloid
cells in the peripheral blood of mice treated with TiO, NPs was observed
compared to the control mice (Fig. 2g). However, the expression of PD-
1 was increased on the infiltrating immune cells but not on circulating
immune cells (Figs. 2h-n, S1b-g, and S2a). Myeloid cells could suppress
T cell function through multiple mechanisms [19-21]. Interaction of the
PD-L1/PD-1 negatively regulates cytokine production and proliferation
of T cells [22]. T cell exhaustion was further confirmed by the elevation
of PD-1 and TIM-3 double-positive T cells (Fig. 20-q, Fig. S2b). In ad-
dition, the immunosuppressive cytokine IL-10 was significantly higher
than that of the control group (Fig. S2e). Together, these results indi-
cated that TiO, NP injection caused a rapid influx of myeloid cells, lead-
ing to immunosuppressed T cells and inflammatory cytokine production.
Meanwhile, blood routine analysis showed no significant changes in red
blood cell and platelet counts or haemoglobin levels (Fig. S3a-j), and
blood biochemical indexes remained unchanged, including levels of uric

651

acid, aspartate transaminase, alanine aminotransferase, and creatinine
(Fig. S3k), indicating no significant toxicity to the main organs (heart,
liver, spleen, lung, and kidney) (Fig. S4a). The results suggested that
the injected TiO, NPs reshaped the local immune microenvironment by
recruiting myeloid cells, but did not have a systematic effect.

We determined the mechanism by which the injected TiO, NPs in-
duced PD-1 expression. Macrophage is an essential CD11b* myeloid cell
that participates in the body’s immune response to foreign implants. We
investigated the effects of TiO, NPs on macrophages in vitro. RAW 264.7
cells were cultured with sterile TiO, NPs for 24 h. Confocal microscopy
showed that PD-1 signals on the macrophage membrane were stronger
on TiO, NP-treated cells than on untreated cells (Fig. 2r). This result
was confirmed by flow cytometry data, western blot and RT-PCR analy-
ses (Fig. 2s-v). PD-1 gene expression was approximately 3.3-fold higher
in TiO, NP-treated cells than in untreated cells (Fig. 2v). NF-«B regu-
lates PD-1 expression in macrophages [23]. To verify that the increased
PD-1 expression depended on the NF-xB pathway, we used the NF-xB
inhibitor BAY 11-7082 to inhibit phosphorylation and degradation of
IxBa and subsequent nuclear transport of NF-xB. BAY 11-7082 treat-
ment significantly reduced the upregulation of PD-1 caused by TiO, NP
treatment (Fig. 2w-y). This effect was blocked by the TLR4 inhibitor Re-
satorvid (Fig. 2z), demonstrating that the enhanced expression of PD-1
in macrophages depended on TLR4-NF-xB signalling. In addition, we
studied the in vitro effect of TiO, NPs on the PD-1 expression of T cells.
However, the markers on the surface of T cells did not change signif-
icantly during the 24-hour incubation period (Fig. S4), implying that
activated myeloid-derived cells may play an essential role in the stimu-
lation of PD-1 expression on the surface of T cells.

3.3. TiO, implants alter the local immune microenvironment

To further characterise changes in the immune microenvironment
induced by injection of TiO, NPs, we performed single-cell RNA se-
quencing (scRNA-seq) [24] with a 10X Genomics Chromium system.
The tissues were digested into a single cell suspension for analysis.
Nine main cell clusters were identified, including monocytes (26.8% of
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Fig. 2. TiO, implants induce T cell exhaustion by recruiting immunosuppressive immune cells. (a) Immunohistochemical analysis of tissues surrounding
injected TiO, nanoparticles (NPs) on day 3. Scale bar, 100 ym. "UNTX" indicates untreated control. (b) The proportion of leukocytes (CD45%) in tissues surrounding
injected TiO, NPs on day 3. (c) CD11b expression based on immunohistochemistry analysis. (d) Proportion of monocytes/macrophages (CD11b*CD14%), (e) DCs
(CD11b*CD11c*), and (f) myeloid-derived suppressor cells (CD11b*Gr-1*) in tissue surrounding injected TiO, NPs based on by flow cytometry. (g) Blood routine
analysis for mice with and without TiO, NP injection. (h) Immunohistochemical analysis of PD-1 expression in tissues on day 1 (scale bar, 100 ym) and (i) corre-
sponding quantitation. (j-m) TiO, NP-induced PD-1 expression in (j) leukocytes, (k) monocytes/macrophages, (1) MDSCs, and (m) DCs. (n-q) Analysis of PD-1 (n) and
the T cell exhaustion markers TIM-3 (0), LAG-3 (p) and CTLA-4 (q) in CD3™* T cells after TiO, NP treatment. (r) Confocal image of PD-1 expression on macrophages.
(s) Flow cytometry image and quantitative analysis of PD-1 on RAW 264.7 cells after co-culture with TiO, NPs. (t) Western blot analysis of PD-1 expression in RAW
264.7 cells (GAPDH was used as the reference), and (u) corresponding quantitation of PD-1. (v) PCR analysis of PD-1 mRNA expression. (w) NF-xB mRNA expression
by RAW 264.7 cells. (x) Flow cytometry chart of PD-1, and (y) quantitation of PD-1. (z) PCR analysis of PD-1 mRNA expression on RAW 264.7 cells after different
treatments. Values indicate mean + SEM (n=3-6). *P<0.05, **P<0.01, ***P<0.005, ****P<0.001 by Student‘s t-test and one-way ANOVA using the Tukey post-test.

the total cells), macrophages (21.9%), fibroblasts (28.4%), neutrophils TiO, NP injection-induced activation of inflammatory responses in re-
(6.7%), natural Killer cells (7.3%), DCs (3.2%), T cells (3.1%), en- cruited mononuclear phagocytes (Fig. 3d). NF-«B transcription factor
dothelial cells (1.9%), and satellite cells (0.6%) (Fig. 3a, b and Fig. activity was increased in monocytes and macrophages accumulated at
S5a), indicating significant infiltration of the tissue by a variety of im- the injection site, indicated by up-regulation of the NF-«xB-related genes
mune cells. The immune cell phenotypes in implant and normal tis- Nckap1l, Cyfipl, Flna, Pycard, Ikbke, and Arhgdibm (Fig. S5¢). Expression
sues were analysed in detail. Analysis of the top 50 differentially ex- levels of genes associated with immune suppression by macrophages
pressed genes indicated that monocytes and macrophages in TiO, NP- (Nfe2l2, Acodl, Il1b, Cybb, Trem1, and Trem2) also increased (Fig. 3e).
injected tissue underwent significant transcriptomic changes (Fig. 3c). In addition, the Nlrp3 gene was activated as well [25-27], indicat-
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Fig. 3. Injected TiO, nanoparticles alter the local immune microenvironment. (a) t-stochastic neighbour embedding (t-SNE) visualisation of FACS of cells
collected from mice with and without injection of TiO, NPs. (b) Cell composition of the tissue surrounding the injection site. (c) Heatmap of the top 50 differentially
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Fig. 4. Injected TiO, nanoparticles promote tumour growth in mice. (a) Bioluminescence images of B16F10-Luc tumour in mice with or without TiO, injection
(UNTX, untreated control), and (b) quantitation of average luminescence intensity. (c) Average tumour growth and (d) photograph of tumour-bearing mice in
different treatment groups. (e) Photograph of tumours and (f) weight of B16F10-Luc tumour removed on day 16 from mice injected with TiO, NPs. (g) Bodyweight
of mice after TiO, NP injection. (h-j) Average tumour growth in mice using different tumour models: (h) MC38, (i) CT26, and (j) 4T1 carcinoma tumour model. (k)
Average tumour growth curve of BI6F10 tumour in nude mice with or without TiO, NP injection. (I-o) Left: photographs of (1) single-walled carbon nanotube (SWNT)
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titanium alloy, and (o) polyimide. (p) A schematic diagram of refractory-degradable implanted biomaterials establishes an immunosuppressive microenvironment.

Values indicate mean + SEM (n=4-5). *P<0.05, **P<0.01, ***P<0.005 by Student‘s t-test.
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Fig. 5. Vitamin C abolishes the immunosuppressive microenvironment induced by TiO, nanoparticles. (a) Flow cytometry chart of PD-1 and (b) quantitation
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ing inflammation-associated pathological changes at the injection site
(Fig. 3f). TiO, NP-treated macrophages showed greater PD-1 expres-
sion than untreated cells (Fig. 3g), as observed previously. Based on
GO and KEGG enrichment analysis, multiple signalling pathways for
macrophage-related immune suppression were activated in tissues sur-
rounding TiO, NPs, including pathways responsible for inflammation,
NF-«B activation, production of nitric oxide, and the inflammasome
(Fig. 3h, i).

Neutrophils facilitate tumour metastasis by damping anti-tumour
immunity [28]. TiO, NP injection caused significant changes in neu-
trophil gene expression (Fig. S5d). Violin plots showed genes associ-
ated with immune suppression (Acodl, S100a8, S100a9, Mmp8, Mmp9,
Treml, Il1b, Nfe212, Arg2, Cxcl2, Csfl, and Cxcr2) were significantly
up-regulated in TiO, NP-treated cells versus control cells (Figs. 3j and
S5e). Cxcr (chemokine receptor) is expressed on myeloid cells, includ-
ing neutrophils and monocytes [29]. Locally high levels of Cxcl2 can
recruit myeloid-derived suppressor cells. Furthermore, high levels of
the calcium-binding small molecules S100a9 and S100a8 were pro-
duced by neutrophils (Fig. 3k). These molecules accelerated the migra-
tion of MDSCs to promote tumorigenesis or form premetastatic niches.
Meanwhile, pathways associated with immunosuppression were acti-
vated in neutrophils [30] (Fig. 31, m). In addition, non-immune stro-
mal cells can also be affected by exposure to titanium materials. We
observed fibroblasts around the TiO, NPs associated with an IL-17 im-
mune response (Fig. 3m). These fibroblasts expressed high levels of the
chemokines Cxcll, Cxcl5, Cxcl12 and Cxcl14, and the metalloprotein
Mmp-2 (Fig. 3n), indicating a protumor phenotypic state of fibroblasts.

Notably, T cells showed a high surface expression of T cell exhaus-
tion markers, including Pdcd1, Lag3, Ctla4, Klrgl, Ptger2, and Havcr2
(Fig. 30). The proportion of exhausted T cells (PD-1*TIM-3*) was sig-
nificantly increased in CD8* T cells (Fig. S5b). Compared to untreated
control, significant changes were observed in gene expression related to
T cell activation, inflammatory response, Toll-like receptor signalling,
NF-«B signalling, and the IL-17 signal pathway (Fig. 3p, q). T cells from
tissues surrounding the TiO, NPs presented a distinct transcriptomic
profile from that of untreated tissue-resident macrophages and T cells.
The TiO, NPs induced CD11b* myeloid immune cells infiltration, which
regulated T cell exhaustion and apoptosis in a cell-contact-dependent
manner. Together, these results indicated that injection of TiO, NPs es-
tablished an inflamed but immunosuppressive microenvironment by re-
cruiting myeloid cells and altering the gene expression of myeloid cells
to induce T cell exhaustion.

3.4. Implanted biomaterials promote local tumour growth in mice

We reasoned that tumour cells might grow efficiently in the tis-
sue surrounding injected TiO, NPs due to the presence of CD11b*
myeloid cells and an immunosuppressive microenvironment. Healthy
C57BL/6J mice were injected subcutaneously with TiO, NPs (day 0),
and mice in the control group were injected with the same volume of
phosphate-buffered saline (PBS). On the following day (day 1), B16F10-
Luc melanoma cells were inoculated near the injection site. B16F10
melanoma cells grew significantly faster in TiO, NP-treated mice than
in the control group based on bioluminescence imaging and tumour
size assessment (Fig. 4a-c). On day 15, the average tumour weight of
the TiO, NP group was ~3-fold that of the control group (Fig. 4d-f).
The body weight of mice did not show a significant change over this
roughly two-week period (Fig. 4g). PEGylation is widely used to modify
biomaterial surfaces. We discovered that PEGylation of the TiO, NPs
slowed the tumour growth caused by the unmodified TiO,, but not to
the rate of tumour growth observed in the untreated control group (Fig.
$6). We tested several mouse tumour models; injection of the TiO, NPs
accelerated tumour growth in subcutaneous MC38, CT26, and 4T1 car-
cinoma tumour models (Fig. 4h-j). These results indicated that the TiO,
NPs could promote tumour growth around the injection site. Interest-
ingly, in a B16 nude mouse tumour model in which the mice cannot
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generate mature T lymphocytes, no significant difference was observed
in tumour growth with or without TiO, NP injection (Fig. 4k). This re-
sult reinforced that TiO, NP treatment results in T cell dysfunction that
contributes to tumorigenesis.

To broaden the scope of these findings, we examined the
effects of other commonly used degradation-resistant biomaterial
implants—single-wall carbon nanotubes, silicone gel, titanium alloy,
and polyimide—on tumour growth at the implant site. We observed that
mice injected with these biomaterials had significantly more significant
tumour growth than untreated mice to varying degrees (Fig. 4l-o, Fig.
S7).

Considering that TiO, NPs induced high PD-1 expression in recruited
immune cells, we investigated the effect of a PD-1 blockade on tumour
progression. Intravenous injection of anti-PD-1 antibody alone showed
no effect on mice. Intriguingly, in mice injected with TiO, NPs, treat-
ment with anti-PD-1 antibody resulted in a significant tumour growth
delay and tumour burden reduction (Fig. S8a). We used flow cytom-
etry to analyse the tumour-infiltrating immune cells on day 13. More
CD3* cells and CD8™ cells infiltrated tumours in TiO, NP-injected mice
treated with anti-PD-1 than in the other groups (Fig. S8b and c). In addi-
tion, the proportion of cytotoxic T lymphocytes (CD3*CD4~CD8") was
significantly increased to ~30%, accompanied by a decrease in CD4*
T cells (Fig. S8d-f). CD8" T cells showed elevated levels of Ki67* (Fig.
S8g and h), consistent with the anti-tumour effect. The ratio of CD8* T
cells to regulatory T cells (Tregs) increased ~2-fold compared to mice
without the PD-1 blockade (Fig. S8i). Together, these results indicated
that the PD-1 checkpoint blockade inhibited tumour growth effectively
in TiO, NP-treated mice.

3.5. Vitamin C abolishes TiO, NP-induced immunosuppression and inhibits
tumour growth in mice

Vitamin C (L-ascorbic acid, Vc) is an essential dietary nutrient im-
portant to a healthy immune system and can reduce inflammation and
inhibit proinflammatory cytokine production [31, 32]. Previous reports
have illustrated that vitamin C could effectively enhance the infiltra-
tion and functions of immune cells, such as T cells, macrophages, and
dendritic cells [33,34]. We hypothesised that treatment with vitamin
C might affect the immunosuppressive microenvironment established
by implanted biomaterials. First, we studied the effects of vitamin C on
TiO, NP-treated macrophages in vitro. RAW 264.7 cells were co-cultured
with PBS (negative control), LPS (positive control), TiO, NPs, or TiO,
NPs plus vitamin C for 24 h. Vitamin C significantly mitigated the in-
crease in PD-1 expression caused by the TiO, NPs (Fig. 5a-c) by inhibit-
ing the activation of the NF-xB pathway (Fig. 5d). In addition, the levels
of the inflammatory cytokines IL-6 and TNF-a decreased significantly
(Fig. S9a, b).

To further investigate changes in the TiO, NP-induced immunosup-
pressive microenvironment by vitamin C, mice were injected with TiO,
NPs and given a high dose (4 g/kg) of vitamin C intraperitoneally on
days 0, 2, and 4. Tissues adjacent to the injection were removed for
flow cytometry analysis. We discovered a marked reduction in the num-
ber of myeloid-derived suppressor cells (Fig. 5e) and PD-1* immune
cells (Fig. 5f-k), which were primarily T cells. The proportion of other
detected immune cells did not change significantly. The ratio of PD-1*
T cells was considerably lower for treated versus untreated mice (25%
versus 10%) (Fig. 51, m). Both CD8* T cells and CD4" T cells showed
lower PD-1 expression in treated mice (Fig. 5n, 0). Vitamin C treatment
restored T cell function as indicated by reduced expression of TIM-3
(Fig. 5p), LAG-3 (Fig. 5q) and CTLA-4 (Fig. 5r). Together, these results
showed that vitamin C treatment reverses immune suppression in the
microenvironment surrounding TiO, NP injection by restoring T cell
function.

We investigated whether vitamin C treatment could alleviate the im-
munosuppressive effects generated by TiO, NPs. As observed previously,
TiO, NP injection accelerated tumour growth compared to a control
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group. Vitamin C treatment slowed the tumour growth rate based on
the bioluminescence of tumour cells to a level similar to that in a blank
control group (Fig. 5s, u). Similar results were observed in silicone gel-
injected mice (Fig. S10). After analysing the infiltrating immune cells
in the tumour, we found that Vc treatment promoted the infiltration of
many CD3* cells (Fig. 5v). The proportion of tumour infiltrating cyto-
toxic T cells doubled compared to the TiO, group, resulting in delayed
tumour growth (Fig. 5w). Collectively, these results suggest that vitamin
C treatment alleviates immunosuppression and inhibits tumour growth
around the TiO, NPs.

4. Discussion and conclusion

The past decade has witnessed a rapid revolution in applying various
implants in our lives, and some of them will change people’s lifestyles
in the future. For example, a brain chip implant shows promise to allow
people whose spinal connections have been severed to restore move-
ment. However, before the comprehensive application, a better under-
standing of the long-term biological effect of refractory-degradable im-
plants in vivo is mandatory to ensure their efficacy and safety.

In this report, we discovered a phenomenon that foreign refractory-
degradable biomaterial implants can establish an immunosuppressive
microenvironment via recruitment of myeloid cells to induce T cell ex-
haustion, resulting in the promoted tumour growth at the injection site
in mice tumour models. Our findings come from clinical patients who
need bone replacement with titanium implants. To our surprise, al-
though these titanium implants have been widely used in clinical for a
long time, the tissues around the titanium plate were immersed in a large
number of immune cells compared to normal tissue. These immune cells
were most CD11b* myeloid cells, including monocytes, macrophages,
neutrophils and myeloid-lineage DCs. More importantly, we observed
a significant increase in the PD-1 level of the myeloid cell and T cell
populations.

To investigate the biological effect of refractory-degradable im-
plants, TiO,, which can be generated from titanium oxide layer on the
titanium-based materials, was used as an example for in-depth study of
the internal immune mechanism in mice. Single-cell RNA sequencing
(scRNA-seq) was used to define how TiO, reshaped the injected site’s
immune landscape. Unlike normal tissues, the tissues nearby TiO, ex-
hibited a microenvironment enriched in an immune suppression gene
signature derived predominantly from myeloid populations. As a re-
sult, T cells were induced to produce dysfunction and exhaustion phe-
notype. Non-immune compartments, including fibroblasts, also con-
tributed to the immunosuppressive microenvironment formation. These
data demonstrate that the immunosuppressive microenvironment was
established at the implant injection site, characterised by myeloid-rich,
T cell-exhaustion gene signature. These factors compromised the ability
of the immune system, particularly T cells, to respond to tumour cells
at the local site.

Microenvironments influence tumour growth [30, 35-37]. Cancer
cells do not survive in a normal immune microenvironment due to ac-
tivated adaptive immunity and are killed by CD8* cytotoxic T lympho-
cytes [38]. However, in an immunosuppressive microenvironment, T
cells cannot control tumour growth [39]. Inmunosuppressive environ-
ments, which promote immune evasion and support tumour growth
[30, 40, 41], are associated with infiltration of immunosuppressive
myeloid cells and the release of inflammatory cytokines, such as IL-
10 and TGF-g [42], culminating in T cell dysfunction [43]. Similarly,
the accumulation of bone-marrow-derived cells in the lung results in a
premetastatic niche that promotes tumour metastasis [24]. Inmunosup-
pressive myeloid cells promote the induction of regulatory T cells and
elimination of effector T cells and have been linked with tumorigenesis
[44-46]. We hypothesised that the immunosuppressive microenviron-
ment would favour tumour growth. In subcutaneous MC38, CT26, and
4T1 carcinoma tumour models, we observed that tumour growth was
increased at the TiO, NP injection site, but in a B16 nude mouse tu-
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mour model in which the mice cannot generate mature T lymphocytes,
no difference in tumour growth was observed. To broaden the scope
of these findings, we examined several commonly used degradation-
resistant biomaterial implants, including single-wall carbon nanotubes
[47], silicone gel [48], titanium alloy [49] and polyimide [50], and dis-
covered that promotion of tumour growth was independent of the type
of implant material. These results indicate that foreign biomaterials es-
tablish a microenvironment that contributes to tumorigenesis.

Previous studies have reported that vitamin C treatment can effec-
tively inhibit tumour growth by boosting the adaptive immune response
in various cancer models [12]. In this study, we discovered that a high
dose of vitamin C reduced PD-1 expression induced by implants. Ad-
ministration of vitamin C rescued the immunosuppressive microenvi-
ronment surrounding foreign degradation-resistant implants and slowed
tumour growth, providing a practical, low-cost approach to mitigate
the carcinogenic nature of many biomedical materials. Other clinically
approved antioxidants/anti-inflammatory agent supplementation in pa-
tients with implants should be future examined.

While our work suggests the link between the refractory-degradable
implants and tumour growth, we did not observe neoplasia at the injec-
tion site during our experiments within one year—if we did not inject
cancer cells, no tumour growth was observed. Our study was conducted
using mouse tumour models, which do not accurately reproduce hu-
man cancer development; studies of longer-term effects of the implants
are needed. Degradation and modification of implants are also likely
to influence the establishment of an immunosuppressive microenviron-
ment; for example, implant degradation may lead to the disappearance
of immunosuppression. For long-term implants, surface modification
may be essential to reduce myeloid cell accumulation. Lastly, although
we discovered that Vc treatment could rescue the immunosuppres-
sive microenvironment near foreign refractory-degradable implants, the
dosages and treatment frequencies could be further studied and opti-
mised. Nonetheless, this work suggests that refractory-degradable im-
plants can establish a microenvironment via the recruitment of myeloid
cells to induce T cell exhaustion, thus favouring tumour growth in mul-
tiple mice tumour models.
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