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Calcium Phosphate-Reinforced Metal-Organic Frameworks
Regulate Adenosine-Mediated Immunosuppression

Ling Liang, Lei-Lei Yang, Wenjie Wang, Cailing Ji, Lei Zhang, Yiyi Jia, Yuxia Chen,
Xuegiang Wang, Jie Tan,* Zhi-Jun Sun,* Quan Yuan,* and Weihong Tan

Long-term accumulation of adenosine (Ado) in tumor tissues helps to
establish the immunosuppressive tumor microenvironment and to promote
tumor development. Regulation of Ado metabolism is particularly pivotal

for blocking Ado-mediated immunosuppression. The activity of adenosine
kinase (ADK) for catalyzing the phosphorylation of Ado plays an essential role
in regulating Ado metabolism. Specifically, accumulated Ado in the tumor
microenvironment occupies the active site of ADK, inhibiting the phospho-
rylation of Ado. Phosphate can protect ADK from inactivation and restore

the activity of ADK. Herein, calcium phosphate-reinforced iron-based metal-
organic frameworks (CaP@ Fe-MOFs) are designed to reduce Ado accumula-
tion and to inhibit Ado-mediated immunosuppressive response in the tumor
microenvironment. CaP@ Fe-MOFs are found to regulate the Ado metabolism
by promoting ADK-mediated phosphorylation and relieving the hypoxic tumor
microenvironment. Moreover, CaP@ Fe-MOFs can enhance the antitumor
immune response via Ado regulation, including the increase of T lymphocytes
and dendritic cells and the decrease of regulatory T lymphocytes. Finally,
CaP@Fe-MOFs are used for cancer treatment in mice, alleviating the Ado-
mediated immunosuppressive response and achieving tumor suppression.
This study may offer a general strategy for blocking the Ado-mediated immu-
nosuppression in the tumor microenvironment and further for enhancing the

1. Introduction

Adenosine (Ado) is an important signaling
molecule that can regulate many physiolog-
ical processes, such as hypoxia, ischemia,
inflammation, or traumal! In normal tis-
sues, Ado has a protective effect against cells
and tissues from the excessive inflammation
and immune response-mediated damage.?
However, in the tumor microenvironment,
abnormal tumor metabolism leads to excess
Ado that helps to establish the immuno-
suppressive tumor microenvironment.’l A
growing number of reports have pointed out
that Ado inhibits the activation of immune
response and plays a notable role in the eva-
sion of antitumor immune response.! Ado
can bind to the Ado receptors on the surface
of T lymphocytes (T cells) and inhibit the
activation of T cells, including CD4" T cells,
CD8" T cells, and regulatory T lympho-
cytes (Treg cells).”! Ado was also reported to
impair the antigen presentation of dendritic
cells (DCs), thus inhibiting the downstream

immunotherapy efficacy in vivo.
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immune response.’¥ Subsequently, these

excess Ado can downregulate immune

response of infiltrating immune or inflam-

matory cells,® building immune-tolerance
tumor microenvironment.”) Tumor cells utilize Ado-mediated
immunosuppressive response to protect tumor tissues against the
immune system, thereby evading immune monitoring and pro-
moting tumor progression.®! Regulation of Ado metabolism in
the tumor microenvironment is thus applicable for blocking the
Ado-mediated immunosuppression and further enhancing the
immunotherapeutic efficacy.

Adenosine kinase (ADK) is the main enzyme that can cata-
lyze the phosphorylation of Ado to adenosine monophosphate
(AMP), playing an important role in regulating Ado metabo-
lism.’! Under normal physiological conditions, the catalytic
activity of ADK will not be affected by the low level of Ado. In
the tumor microenvironment, the active site of ADK can be
occupied by a large amount of accumulated Ado, in turn inhib-
iting the activity of ADK.¥ Inorganic phosphate can remove
the bound Ado from the active site of ADK via formation of
a ternary complex with both ADK and Ado, and subsequently
restore the catalytic activity of ADK.'®M Hence, it would be
possible to increase ADK activity by phosphate in the tumor
microenvironment, thereby regulating Ado metabolism.

(10f10) © 2021 Wiley-VCH GmbH
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Scheme 1. lllustration of the designed CaP@Fe-MOFs for blocking Ado-mediated immunosuppressive response via adenosine regulation in the tumor
microenvironment. ATP, adenosine triphosphate; Ado, adenosine; ADP, adenosine diphosphate; AMP, adenosine monophosphate; ADK, adenosine
kinase; ROS, reactive oxygen species; TCPP, tetrakis (4-carboxyphenyl) porphyrin; Fe-MOFs, iron-based metal-organic frameworks; CaP@ Fe-MOFs,
calcium phosphate-reinforced iron-based metal-organic frameworks; T cells, T lymphocytes; Treg cells, regulatory T lymphocytes; DCs, dendritic cells.

Inspired by phosphate-induced ADK activity recovery,
calcium phosphate-reinforced iron-based metal-organic frame-
works (denoted as CaP@Fe-MOFs) were fabricated to reduce
Ado in tumor tissues and to inhibit Ado-mediated immuno-
suppression in vivo (Scheme 1). Calcium phosphate coated on
CaP@Fe-MOFs was designed to produce inorganic phosphate,
restoring the activity of ADK. Subsequently, these phenomena
will lead to the reduction of Ado accumulation and the
enhancement of antitumor immune response. Fe moieties in
CaP@Fe-MOFs can undergo Fenton-like reaction and produce
oxygen that can hinder the production of Ado. At the cellular
level, the mechanism of Ado downregulation by CaP shell and
Fe-MOFs was verified. Moreover, T cells and DCs increased,
and Treg cells decreased, indicating that the antitumor immune
response was enhanced via Ado regulation by CaP@Fe-MOFs.
CaP@Fe-MOFs were finally used for cancer treatment in mice,
in vivo results show that CaP@Fe-MOFs can alleviate the
Ado-mediated immunosuppressive response and exhibit excel-
lent therapeutic effect. These unexpected in vitro and in vivo
findings not only offer a concept for blocking the Ado-mediated
immunosuppression but also provide a promising step toward
tumor immunotherapy.

2. Results and Discussion

The preparation of CaP@Fe-MOFs included the synthesis of
Fe-MOFs and the coating of CaP mineralized layer (Figure 1a;
Figures S1-S6, Supporting Information). Transmission elec-
tron micrograph (TEM) image showed that Fe-MOFs possessed
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a well-dispersed nanoshuttle morphology with the homoge-
neous sizes of about 70 + 10 nm in length and 40 £ 5 nm in
width (Figure 1b; Figure S1, Supporting Information). UV-vis
spectroscopy revealed that both tetrakis (4-carboxyphenyl) por-
phyrin (TCPP) and Fe-MOFs have similar spectra (Figure 1c).
Fe-MOFs showed only two absorptions at 500-680 nm, while
four peaks were found in the results of TCPP. This observation
was ascribed to the increase of molecular symmetry referring to
the metalation of TCPP. Moreover, Fourier transform infrared
spectroscopy (FT-IR) was utilized to analyze the structure of
Fe-MOFs (Figure 1d). Compared to TCPP, the C=0 stretch of
Fe-MOFs was downshift from 1687 to 1661 cm™. An intense
Fe-N stretching at 1001 cm™ and the disappeared N—H bond
absorption at 963 cm™ also reflected the metalation of porphyrin
ring with iron.’? Meanwhile, similar to TCPP, Fe-MOFs
showed the characteristic peaks for big ring skeleton absorp-
tion at 1602, 1550, and 1404 cm™, demonstrating that the syn-
thesized Fe-MOFs maintained the pyrrole ring structure of
TCPP.®l X-ray photoelectron spectroscopy was performed
onto Fe-MOFs for determining the chemical state of Fe species
(Figure S2, Supporting Information). The characteristic peak
at 398.2 eV in high-resolution N 1s spectrum suggested the
formation of Fe-N species. Two relatively weak peaks centered
at 711.1 eV (Fe 2p;,) and 724.6 eV (Fe 2p,),) in high-resolution
Fe 2p spectrum illustrated partially oxidized Fe species in
Fe-MOFs, further providing strong evidence for the existence
of Fe-N species. TEM image showed that CaP mineralized
layer was successfully coated around the Fe-MOFs (Figure le).
Energy dispersive X-ray (EDX) spectrum also exhibited the
characteristic peaks of Ca, P, and Fe with high-intensity signal

© 2021 Wiley-VCH GmbH
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Figure 1. Preparation and characterization of CaP@Fe-MOFs. a) Schematic diagram of the preparation of CaP@Fe-MOFs. b) TEM image of Fe-MOFs.
¢) UV-vis spectra of TCPP and Fe-MOFs. d) FT-IR spectra of TCPP and Fe-MOFs. e) TEM image of CaP@Fe-MOFs. f) EDX of CaP@ Fe-MOFs. g) Size
determination of Fe-MOFs and CaP@Fe-MOFs via DLS. h) Stability of CaP@Fe-MOFs in different media (MES, black line; Tris-HCl, red line; medium
with 10% FBS, blue line). Data are represented as mean * S.D; (n = 3). i) The concentration of phosphate produced by CaP@Fe-MOFs versus time.
Data are mean £ S.D; (n = 3). j) Schematic diagram of degradation of CaP@Fe-MOFs in acidic solution or in neutral solution.

(Figure 1f), further confirming the successful coating of CaP
around the Fe-MOFs. The hydrodynamic diameter of Fe-MOFs
and CaP@Fe-MOFs were further determined by dynamic light
scattering (DLS). Compared with uncoated Fe-MOFs, CaP@
Fe-MOFs showed a slight increase in average size due to the
coating of CaP shell (Figure 1g). The stability of CaP@Fe-MOFs
was further characterized by DLS in neutral and acidic solution,
respectively. In neutral environment, the size of CaP@Fe-MOFs
remained unchanged in biological buffers and increased slightly
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in serum-containing media that maybe due to the adsorbed
protein,™®! implying the good stability of CaP@Fe-MOFs
(Figure 1h; Figure S4, Supporting Information). While in an
acidic solution, CaP@Fe-MOFs showed a weak decrease that
may owe to the degradation of CaP shell (Figure 1h). CaP
shell can respond to the acidic environment to generate free
phosphate ions.l A phosphate test kit was utilized to detect
phosphatel”l produced by the degradation of CaP@Fe-MOFs.
A fast elevation of phosphate in CaP@Fe-MOFs supernatant

© 2021 Wiley-VCH GmbH
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was observed, and phosphate at acidic condition was almost
twice as much as that in neutral environment after 24 hours
(Figure 1i,j), implying more dissolved CaP@Fe-MOFs and
more generated phosphate in acidic solution than that in neu-
tral solution.

According to the reaction 1, with adenosine triphosphate
(ATP), ADK could catalyze the phosphorylation of Ado, pro-
ducing adenosine diphosphate(ADP) and AMP.[*#]

ATP + Ado — ADP + AMP (1)

Due to the high affinity of Ado to ADK and structural sim-
ilarities of ATP and Ado, Ado can inhibit the activity of ADK
by suppressing the binding between ADK and ATP.I In an
acidic environment, the activity of ADK could be regulated by
inorganic phosphate in the presence of accumulated Ado.l%!!
To investigate whether CaP @ Fe-MOFs-produced phosphate can
affect ADK-mediated phosphorylation of Ado, ATP, ADP, AMP,
and Ado were measured at acidic and normal conditions by
high-performance liquid chromatography (HPLC), respectively
(Figures S7 and S8, Supporting Information). At acidic condi-
tion (pH 5.5) and neutral condition (pH 74), compared to the
solution without ADK, the solution with ADK showed two new
chromatographic peaks with ADP and AMP (Figure S8, Sup-
porting Information). These observations suggested that ADK
could catalyze the phosphorylation of Ado, producing ADP and
AMP. The chromatographic peaks on the HPLC chromatogram
were then quantified. In an acidic environment, with the addi-
tion of CaP@Fe-MOFs, the peak intensities of ADP and AMP
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increased apparently, indicating the activation of ADK by
CaP@Fe-MOFs (Figure 2a; Figure S8a, Supporting Informa-
tion). In CaP group, similar results could be observed. Com-
parably, ADP and AMP did not increase with the addition of
Fe-MOFs, suggesting that Fe-MOFs cannot promote ADK-
mediated phosphorylation. In the neutral environment, for all
the groups, the peak intensities of ADP and AMP on the HPLC
chromatogram did not increase (Figure 2b; Figure S8b, Sup-
porting Information). By producing a large amount of ADP and
AMP as catalytic products, it illustrated that, owing to their CaP
shell, CaP@Fe-MOFs could effectively promote ADK-mediated
phosphorylation of Ado in acidic solution. Cyclic voltammo-
grams of Ado at different pH were also recorded to evaluate the
effect of CaP@Fe-MOFs- produced phosphate on ADK-mediated
phosphorylation of Ado (Figure S9, Supporting Information).
At acidic condition, the peak current of Ado decreased gradu-
ally, showing the decrease of Ado by ADK-mediated phospho-
rylation (Figure S9a, Supporting Information). Consistent with
the chromatographic results, the cyclic voltammetry results also
indicated that CaP@Fe-MOFs could promote ADK-mediated
phosphorylation at acidic condition. Altogether, the phosphate
produced by CaP@Fe-MOFs can subsequently promote ADK-
catalyzed reaction in the acidic environment than that in the
neutral environment. As shown in Figure 2¢, CaP@Fe-MOFs
can decrease the Ado level by promoting the phosphorylation of
Ado, generating ADP and AMP in the acidic environment.
Hypoxia in solid tumors has been one of the main drivers
for the accumulation of Ado, consequently increasing the
tumorigenesis and tumor development.?% In fact, hypoxia and

b 1600
pH 7.4 ATP Ado
ATP Ado ADK
< 1200- ATP Ado ADK Fe-MOFs
2 ATP Ado ADK CaP
= I ATP Ado ADK CaP@Fe-MOFs
S
T 8001
£
Q
o
5
O 4001 '
0 - ND .

do ADP

N=\ o
+ HzN\(g(N\SrOH
|
NN pg  ©OH

AMP

ADKlCaP@Fe-MOFs Ado

N=\ g g
HoN N (o) Irj\OH
+ [ HO
NzN Ho  ©OH
AMP

Figure 2. Effect of CaP@Fe-MOFs on ADK-mediated phosphorylation of Ado. a) Quantitative analysis of ATP, ADP, AMP, and Ado from HPLC chro-
matogram in acidic solution with the addition of CaP, Fe-MOFs, or CaP@ Fe-MOFs, respectively. b) Quantitative analysis of ATP, ADP, AMP, and Ado
from HPLC chromatogram in neutral solution with the addition of CaP, Fe-MOFs, or CaP@Fe-MOFs, respectively. Data are mean + S.D; (n = 3); ND,
not detected. c) Schematic showing the involvement of CaP@ Fe-MOFs in ADK-mediated phosphorylation of Ado.
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Figure 3. In vitro overcoming hypoxia-induced Ado metabolism. a) Ado detection in 4T1 cells under normoxic or hypoxic condition with different treat-
ment. Data are mean £ S.D; (n = 3); *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired two-tailed Student's t-test). b) Fluorescence images of HIF-1¢zin 4T1
cells under normoxic or hypoxic condition after different treatment. Scale bar, 25 um. c) Western blots of HIF-1¢rin 4T1 cells incubated with CaP@Fe-
MOFs under normoxic or hypoxic condition. Scale bar, 25 um. d,e) Western blots and the corresponding quantitative data of CD39 and CD73 in 4T1

cells treated with CaP@ Fe-MOFs under normoxic or hypoxic condition. Data are mean £ S.D; (n = 3);

*p < 0.05, **p < 0.01, ***p < 0.001 (unpaired

two-tailed Student's t-test). f) lllustration of Ado regulation via Fenton-like reaction of CaP@Fe-MOFs in the hypoxia tumor microenvironment.

its related inducible factor significantly drive the activation
of the Ado metabolic changes. Under hypoxic condition, the
expression of nucleoside triphosphate diphosphorylase (CD39)
and ecto-5-nucleotidase (CD73) increases, promoting the
breakdown of ATP into AMP and the hydrolysis of AMP into
Ado.’e?ll In the tumor microenvironment, sufficient oxygen
supply is the prerequisite for diminishing Ado accumulation
by relieving hypoxia and inhibiting the expression of CD39 and
CD73.

Fe cluster in frameworks will undergo Fenton-like reaction
and produce oxygen that can effectively overcome hypoxia.’222
Here, it was investigated whether oxygen produced by Fe moie-
ties in CaP@Fe-MOFs could overcome hypoxia, subsequently
inhibiting the hypoxia-driven accumulation of Ado in the
tumor microenvironment. To investigate how CaP@Fe-MOFs
affects intracellular Ado metabolism under hypoxic condition,
mouse breast cancer cells (4T1 cells) were used as the model
cells and the hypoxic condition was considered to simulate
the tumor microenvironment.??l Western blot results and
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fluorescence images proved that hypoxia and CaP@Fe-MOFs
treatment would not affect ADK expression (Figures S12 and
S13, Supporting Information). Under hypoxic condition, intra-
cellular Ado level was measured by HPLC after the tumor cells
were treated with culture medium, CaP, Fe-MOFs, and CaP@
Fe-MOFs, respectively (Figure 3a; Figure S14, Supporting Infor-
mation). Under normoxic condition, the peak of Ado was iden-
tified and its quantitative value was consistent with the reported
Ado level.*?% As shown in Figure 3a, in hypoxic environment,
the Ado significantly increased and was about six times of that
under normoxic condition, demonstrating the accumulation
of Ado under hypoxic condition.?>! CaP or Fe-MOFs treatment
in hypoxic environment induced a decrease of intracellular
Ado, while CaP@Fe-MOFs treatment significantly inhibited
the intracellular Ado accumulation under hypoxic condition.
CaP-caused inhibition of Ado may be contributed to the deg-
radation of CaP that can promote the phosphorylation of Ado.
Notably, Fe-MOFs-induced Ado decrease might attribute to the
hypoxia alleviation caused by oxygen production. Altogether,

© 2021 Wiley-VCH GmbH
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CaP@Fe-MOFs downregulate Ado accumulation in hypoxic
environment may not only due to the phosphate generated
by CaP, but also owing to the oxygen produced by Fe-MOFs.
Oxygen generated by CaP@Fe-MOFs was quantitatively meas-
ured by an oxygen sensor. A time-dependent oxygen genera-
tion (Figure S15, Supporting Information) indicated that CaP@
Fe-MOFs could produce oxygen via Fenton-like reaction. As
a downstream marker of hypoxia, the expression of hypoxia
inducible factor-1lor (HIF-1¢) in tumor cells was evaluated by
immunofluorescence and western blot to investigate CaP @ Fe-
MOFs-induced hypoxia suppression.??! As shown in Figure 3b
and Figure S16, Supporting Information, both Fe-MOFs-treated
group and CaP@Fe-MOFs-treated group displayed weak green
fluorescence signal, suggesting the reduced expression of HIF-
lor in tumor cells. Comparably, CaP-treated group showed a
strong signal of HIF-1¢, indicating that CaP cannot improve
the hypoxia individually. These observations proved that CaP@
Fe-MOFs will produce oxygen and achieve hypoxia alleviation
via Fenton-like reaction. The effect of different concentration
of CaP@Fe-MOFs on the hypoxia alleviation was further meas-
ured. As shown in immunofluorescence results, green fluores-
cence signal from HIF-1e could be vividly observed in 4T1 cells
without CaP@Fe-MOFs treatment and faded in a concentration-
dependent manner with CaP@Fe-MOFs (Figures S17 and S18,
Supporting Information). In addition, western blot analysis also
displayed that the expression of HIF-l¢r gradually decreased
with the addition of CaP@Fe-MOFs, fitting well with the

www.advmat.de

immunofluorescence results (Figure 3c). The downregulation
of HIF-1a revealed that CaP@Fe-MOFs can effectively alleviate
hypoxia in tumor cells. In particular, hypoxia adjusts the expres-
sion of CD39 and CD73 by regulating the activity of HIF-1¢.[%"]
The expression of CD39 and CD73 were evaluated by western
blot in CaP@Fe-MOFs incubated tumor cells. As presented
in Figure 3d,e, both CD39 and CD73 proteins were gradu-
ally downregulated in a dose-dependent manner after treated
with CaP@Fe-MOFs under hypoxic condition. The cumulative
evidences supported CaP@Fe-MOFs-mediated downregula-
tion of CD39 and CD73 proteins. The intracellular Ado and its
metabolites were imaged using a FAM-modified Ado aptamer
(Figure S19, Supporting Information). The faded fluorescent
signal confirmed that Ado decreased with the addition of CaP@
Fe-MOFs. Schematically shown in Figure 3f, in tumor cells
under hypoxic condition, CaP @ Fe-MOFs-produced oxygen can
downregulate the expression of CD39 and CD73, affecting Ado
metabolism.

It was important to confirm whether CaP@Fe-MOFs would
affect tumor hypoxic environment and hypoxia-induced Ado
accumulation in vivo. Tumor tissues from tumor-bearing mice
treated with CaP @Fe-MOFs were first stained with anti-HIF-1a
antibody to detect the change of tumor hypoxic environment
(Figure 4a). For tumor-bearing mice without CaP@Fe-MOFs
treatment, the obviously red fluorescence of HIF-1o implied the
strong tumor hypoxia. After treated with CaP@Fe-MOFs, a sig-
nificantly decreased red fluorescence of HIF-1or was observed,
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Figure 4. In vivo overcoming hypoxia-induced Ado metabolism. a) HIF-1ax immunofluorescence staining of tumor slices from 4T1 tumor-bearing
mice treated with CaP@Fe-MOFs. Scale bars: 100 um. b) Detection of Ado in solid tumor tissues from 4T1 tumor-bearing mice treated with PBS or
CaP@Fe-MOFs. Data are mean + S.D; (n = 3); *p<0.05; **p<0.01; ***p<0.001 (unpaired two-tailed Student's t-test). c) Schematic illustration of Ado
metabolism by CaP@Fe-MOFs in the hypoxia tumor microenvironment, including ADK-mediated phosphorylation promoted by phosphate, as well as
the generated oxygen via Fenton-like reaction.
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demonstrating that CaP@Fe-MOFs greatly weakened tumor
hypoxia. The immunofluorescence staining indicated that the
overall tumor hypoxia status could be remarkably alleviated
after CaP@Fe-MOFs treatment, favorable for Ado decrease.
Semiquantitative statistical analysis of hypoxia positive area
further indicated that CaP@Fe-MOFs treatment could greatly
reduce the tumor hypoxia (Figure S20, Supporting Informa-
tion). Next, Ado in tumor tissues was detected by HPLC after
CaP@Fe-MOFs treatment in the tumor-bearing mice. The peak
area of Ado in PBS-treated group was larger than that in CaP@
Fe-MOFs-treated group (Figure S21, Supporting Information).
Quantitatively, in CaP@Fe-MOFs-treated group, Ado decreased
significantly, indicating the CaP@Fe-MOFs-induced inhibition
of Ado accumulation (Figure 4b). All the above results demon-
strate that CaP@Fe-MOFs will relieve the hypoxic microenvi-
ronment and inhibit Ado accumulation in vivo. As shown in
Figure 4c, CaP@Fe-MOFs can decrease the Ado, not only attri-
buting to the promoted ADK-mediated phosphorylation, but
also to the alleviated hypoxia by oxygen supplement.

A growing number of reports have pointed out that Ado
inhibits the activation of immune response,¥ playing a notable
role in the evasion of antitumor immune response by various
immune cells (Figure 5a). As one of the major immune cells,
T cells will proliferate and differentiate into a diversity of
cells, such as CD4" T cells and CD8" T cells, that regulate the
immune response in cancer immunotherapy.?! It is well estab-
lished that Ado inhibits T cells activation by signaling primarily
through Ado receptors on the surface of T cells.l! Treg cells are
a subset of CD4" T cells that can use Ado to suppress the func-
tion of other T cells.?) Additionally, as an antigen presenting
cells, DCs can activate T cells and initiate immune response.>’
Ado was reported to impair DC antigen presentation and
subsequent T cell activation.’ Inhibition of Ado is thus able
to activate T cells and DCs, relieve the immunosuppressive
signal induced by Treg cells, converting an immunosuppres-
sive tumor microenvironment to an immunologically activated
environment.

Encouraged by the CaP@Fe-MOFs-induced Ado suppres-
sion in vitro, the in vivo experiments were carried out to eval-
uate the anti-tumor efficiency and immune response of CaP@
Fe-MOFs. In vivo anti-tumor efficacy and immune response
were performed on 4T1tumor bearing Balb/cmice. Mice were ran-
domly divided into four groups: PBS, CaP, Fe-MOFs, and CaP@
Fe-MOFs. Upon tumor suppression assessments, compared
with the PBS-treated group, Fe-MOFs and CaP@Fe-MOFs
treatment significantly slowed down the tumor growth. Among
all the groups, the tumor volume and tumor weight in CaP@
Fe-MOFs-treated group were minimum, suggesting the
highest antitumor capability of CaP@Fe-MOFs (Figure 5b—d).
Histological analysis of tumor sections with hematoxylin and
eosin (H&E) staining further showed compact tumor cells in
PBS-treated group, and displayed sparse tumor cells in CaP@
Fe-MOFs-treated group (Figure 5e). Additionally, body-weight
of mice and H&E staining of major organs were also observed
(Figures S22 and S23, Supporting Information), demonstrating
that CaP@Fe-MOFs have no significant acute toxicity. To assess
whether CaP@Fe-MOFs-induced Ado inhibition affects sys-
temic immune response, lymph node from tumor harboring
mice was harvested. As immunity-associated cells, CD4*
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T cells, CD8" T cells, Foxp3* Treg cells, and CD11c* DCs were
subsequently analyzed using flow cytometry. Compared with
the PBS-treated mice, the population of CD4* T cells and
CD8" T cells increased in the tumor draining lymph node of
CaP@Fe-MOFs-injected mice (Figure 5f,g). The populations of
Foxp3* Treg in CD4" T cells were significantly decreased after
CaP@Fe-MOFs treatment (Figure 5h,i), suggesting that CaP@
Fe-MOFs relieved Foxp3* Treg cells-mediated immunosuppres-
sion. Additionally, CD11c* DCs cells also increased significantly
as the immunologically activated cells (Figure 5j,k; Figure S24,
Supporting Information). In CaP-treated group, a small per-
centage of CD4*, CD8" T cells, and DCs cells were observed.
By contrast, high percentage of CD4*, CD8" T cells, and DCs
cells were found in the Fe-MOFs-treated group, suggesting that
immunosuppression was alleviated and immune response was
activated by Fe-MOFs treatments.??l Consequently, after CaP@
Fe-MOFs treatment, CD4" T cells, CD8" T cells, and CD11c"
DCs increased, Foxp3* Treg cells decreased, indicating that the
antitumor immune response was enhanced via Ado regulation
by CaP@Fe-MOFs. For all the groups, the in vivo immune acti-
vation extent was approximately consistent with their Ado inhi-
bition ability at the cellular level. Immunofluorescence staining
of tumor slices was also performed to further investigate CD4,
CD8, Foxp3, and CD1lc expression in tissues. CaP@Fe-MOFs-
treated group showed widely distributed red fluorescence signal
from CD4 and green fluorescence signal from CD8, implying
the high infiltration level of CD4" T cells and CD8" T cells in
CaP@Fe-MOFs-treated group (Figure 5lm). Semiquantita-
tive results of CD4, CD8 positive area further indicated that
CaP@Fe-MOFs treatment could greatly increase the expression
of CD4 and CD8, consisting with the flow cytometry results
(Figure S25a,b, Supporting Information). For immunofluores-
cence staining of Foxp3 (Figure 5n), the vivid red fluorescence
of Foxp3 implied the high infiltration level of Foxp3* Treg
cells in PBS treated group. In CaP@Fe-MOFs-treated group, a
significantly decreased red fluorescence was observed, demon-
strating the downregulation of Foxp3* Treg cells. Statistically,
immunofluorescence staining of Foxp3 indicated that Foxp3*
Treg cells were strongly suppressed in the tumor microenviron-
ment after CaP@Fe-MOFs injection (Figure S25c, Supporting
Information), fitting well with the previous flow cytometry
results. Immunofluorescence staining of CD1lc visually indi-
cated the marked increase of CD11c" DCs cells in the tumor
microenvironment after CaP@Fe-MOFs treatment (Figure 50;
Figure S25d, Supporting Information). All these CaP@Fe-
MOFs-induced immune responses verified that CaP@Fe-MOFs
treatment effectively reduced Ado immunosuppression and
eventually significantly improved treatment efficiency. Collec-
tively, with the regulation of Ado metabolism, CaP@Fe-MOFs
not only enhance the antitumor immune response in vivo, but
also exhibit excellent tumor inhibition effect.

3. Conclusion

In summary, CaP@Fe-MOFs were designed to reduce Ado accu-
mulation in the tumor microenvironment and to inhibit Ado-
mediated immunosuppressive response. In an acidic solution
and at the cellular condition, CaP@Fe-MOFs could regulate the

© 2021 Wiley-VCH GmbH
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Figure 5. In vivo anticancer effect and immune response of CaP@Fe-MOFs. a) Schematic illustration of using CaP@ Fe-MOFs to block Ado-mediated
immunosuppressive response in 4T1 tumor-bearing mice. b) Tumor growth curve after different treatments. c) Photograph of resected tumors after
different treatments. |, PBS; II, CaP; IIl, Fe-MOFs; IV, CaP@Fe-MOFs. d) Final weight of tumor tissue after different treatments. e) Representative H&E
staining of tumor sections after different treatments; Scale bars, 200 um. f,g) Representative flow cytometric analysis images and relative quantification
of CD4" and CD8" T cells. h,i) Representative flow cytometric analysis images and relative quantification of Foxp3* Treg cells. j,k) Representative flow

cytometric analysis images and relative quantification of CD11c* DCs cells. Data are presented as mean = S.D; (n = 6); *p < 0.05; **p < 0.01; **¥*p < 0.001
(unpaired two-tailed Student's t-test). |) Representative immunofluorescence images from tumor showing CD4* T cells; Scale bars, 200 um. m) Repre-
sentative immunofluorescence images from tumor showing CD8" T cells; Scale bars, 200um. n) Representative immunofluorescence images showing
Foxp3* Treg cells; Scale bars, 200 um. o) Representative immunofluorescence images showing CD11c" cells; Scale bars, 200 um.
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Ado metabolism by promoting ADK-catalyzed Ado phospho-
rylation and relieving the hypoxic tumor microenvironment.
Additionally, CaP@Fe-MOFs were used for blocking the Ado-
mediated immunosuppression and enhancing the cancer treat-
ment in mice. In vivo results of immune response showed
that T cells and DCs significantly increased while Treg cells
decreased by CaP@Fe-MOFs-induced Ado decrease. Taken
together, CaP@Fe-MOFs could not only enhance the antitumor
immune response by reducing Ado, but also exhibit excellent
tumor inhibition effect. For cancer immunotherapy, many
nanomedicines have been tested in clinical trials.?*] However,
immunotherapy nanomedicines show antitumor effect only
in subsets of patients, since tumors can deploy multiple
mechanisms to avoid immunosurveillance.’¥ As one of many
normal immune regulatory factors or immune checkpoints,
Ado can be hijacked by tumors to avoid immune attack.*’]
Blocking the inhibitory effect of Ado on the immune response,
Ado-regulating nanomedicines are expected to assist with
other checkpoint inhibitors and promote immunotherapy. This
finding provides insights into Ado metabolism and reveals a
new direction for Ado-mediated immunosuppression research.
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