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Highlights

e A spleen possesses desirable features for growing a liver,
except for the requirement for an ECM-rich matrix.

e The spleen has abundant TGF-f stored in an inactive form
that can be activated to remodel the tissue matrix in situ.

e sHA-X mechanically liberates TGF-B from the latent com-
plex in the spleen, stimulating collagen production and
matrix remodelling.

e The remodelled spleen supports the growth and functions of
transplanted liver cells in the spleen.
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Impact and implications

Cell transplantation may provide a lifeline to millions of patients
with end-stage liver diseases, but their severely damaged livers
being unable to accommodate the transplanted cells is a
crucial hurdle. Herein, we report an approach to restore liver
functions in another organ - the spleen — by activating one
single growth factor in situ. This approach, based on a chem-
ically designed polysaccharide that can mechanically liberate
the active transforming growth factor-f§ to an unusually high
level, promotes the function of abundant allogenic liver cells in
the spleen, rescuing animals from lethal models of liver dis-
eases and showing a high potential for clinical translation.

© 2024 European Association for the Study of the Liver. Published by Elsevier B.V. All rights reserved. J. Hepatol. 2024, m, 1-11
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Background & Aims: Ectopic liver regeneration in the spleen is a promising alternative to organ transplantation for treating liver
failure. To accommodate transplanted liver cells, the splenic tissue must undergo structural changes to increase extracellular
matrix content, demanding a safe and efficient approach for tissue remodelling.

Methods: We synthesised sulphated hyaluronic acid (sHA) with an affinity for the latent complex of transforming growth factor-
(TGF-B) and cross-linked it into a gel network (sHA-X) via click chemistry. We injected this glycan into the spleens of mice to
induce splenic tissue remodelling via supraphysiological activation of endogenous TGF-p.

Results: sHA-X efficiently bound to the abundant latent TGF-p in the spleen. It provided the molecular force to liberate the active
TGF-B dimers from their latent complex, mimicking the ‘bind-and-pull’ mechanism required for physiological activation of TGF-f3
and reshaping the splenic tissue to support liver cell growth. Hepatocytes transplanted into the remodelled spleen developed into
liver tissue with sufficient volume to rescue animals with a metabolic liver disorder (Fah™ transgenic model) or following 90%
hepatectomy, with no adverse effects observed and no additional drugs required.

Conclusion: Our findings highlight the efficacy and translational potential of using sHA-X to remodel a specific organ by me-
chanically activating one single cytokine, representing a novel strategy for the design of biomaterials-based therapies for or-
gan regeneration.

© 2024 European Association for the Study of the Liver. Published by Elsevier B.V. All rights reserved.

unusually high cellular responses. However, to date, the
precise liberation of TGF-p from LLC has not been achieved.
Naturally, latent TGF-B can be activated by various path-
ways,'®"" and of particular significance is the mode of
mechanical activation.'>'® In LLC, active TGF-B is enveloped
by a latency-associated peptide (LAP) linked to latent TGF-j-
binding protein-1 (LTBP1).">'* On one side, LLC is bound to
ECM components such as fibrillin,’® mediated by interactions
between its LTBP1 and glycosaminoglycan (GAG) poly-
saccharides in the ECM;'®"” on the other side, LLC can bind to
cell-surface integrin receptors (through an Arg-Gly-Asp, or
RGD, sequence of LAP)."® The contractile force collectively
generated by these interactions dissociates the complex to

Introduction

Transforming growth factor- (TGF-p) plays a pivotal role in
tissue development and repair." It stimulates fibroblasts to
secrete collagens to construct the extracellular matrix (ECM),?
regulates immunocytes to induce immunosuppression,® and
guides cell proliferation, migration, and differentiation.* Unlike
most other growth factors, TGF-f has a special post-
expression control of its extracellular activity.® It is secreted
from the cell in an inactive latent form, in which the active
TGF-B homodimer is wrapped in a large latent complex (LLC)
covalently linked to ECM.® LLC only releases the active TGF-B
upon sensing a proper mechanical’ or biochemical signal.®
This intricate activation mechanism provides a unique pos-

sibility to regulate TGF- activity extracellularly. For example,
directly disrupting LLC to liberate TGF-f in the active form can
instantly increase the latter’s content in the ECM. Since certain
tissues store abundant inactive TGF-B while only keeping a
small portion activated,® liberating stored TGF-p from LLC may
unleash its potential to a supraphysiological level, triggering
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release active TGF-p."%?° Such in situ mechanical activation is
specific for TGF-B and more controllable than typical
biochemical modes of activation (e.g. by proteases or reactive
oxygen species).*?122

A system to mechanically activate TGF-[3 should mimic ECM
by providing i) biochemical affinity for LTBP1 and ii) mechanical
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Biomaterials-remodelled spleen for liver transplantation

support to cooperate with cell-surface integrins in pulling the
contractile force on LLC. Since GAG polysaccharides are
among the frontline ECM molecules associated with LTBP1
that mediate LLC-ECM interactions,”® and owing to poly-
saccharides’ favourable physical properties and chemical pro-
cessability,*?°> we proposed to develop a glycan biomaterial
with the above two key features of ECM. Then, we selected the
spleen to test this system, which naturally contains low ECM
content®® and high latent TGF-B storage.'” We hypothesised
that implanting the designed glycan biomaterial in the spleen
could efficiently increase local TGF-fB activities and radically
remodel the splenic tissue matrix, endowing new physiological
characteristics to this organ.

To test our hypothesis, we synthesised a sulphated hyal-
uronic acid (sHA) gel matrix, through LTBP1 affinity screening
and click chemistry cross-linking (see graphical abstract).
Injecting this system into the mouse spleen sharply increased
TGF-B activities in situ. Intriguingly, the splenic tissue
completely changed from its fluidic nature to a fibrous structure
to facilitate liver cell transplants — which hardly settle down in
native spleens due to scarce ECM support — to proliferate and
exert liver functions.

Materials and methods

The materials and methods used in this study are available in
the supplementary materials and CTAT table.

Results

The spleen contains abundant latent TGF-p

To validate the potential of the spleen as the venue for stimu-
lating latent TGF-B activation, we determined the amount of
total and active TGF-f in the mouse spleen compared to the
liver, which has a highly structured ECM. The ELISA data
revealed that the spleen contained over 8,000 pg of total TGF-3
per ug of tissue, of which only 25% was active. In contrast,
although the liver had a 54% lower storage (about 3,750 pg/ug)
of total TGF-B, over 58% was active (Fig. S1A). Immunofluo-
rescence (IF) staining validated that TGF-f in the spleen was
mainly co-localised with LTBP1 in the latent form, unlike
abundant TGF-f detached from LTBP1 in the liver (Fig. S1B,C).

To examine whether the lack of GAGs accounted for low
TGF-B bioavailability in the spleen, we performed GAG ELISA
and a dimethyl methylene blue (DMMB) test (Fig. S1D) to
quantify GAGs in these two organs. Both assays showed
markedly lower (<50%) GAG content in the spleen than in the
liver, followed by Alcian blue staining revealing scarce GAGs in
the spleen (Fig. S1E). The data illustrated that the mouse spleen
contained abundant latent, non-activated TGF-§ stored in its
GAG-lacking matrix, suggesting the potential for manipulating
TGF-B activation.

Synthesised sHAs as GAG mimetic binding to LTBP1

We aimed to design and apply GAG mimetics to trigger a
controllable activation of latent TGF-p in the spleen. Major GAG
types in the mammalian tissue include heparan sulphate,
chondroitin sulphate (CS), dermatan sulphate (DS), and hyal-
uronic acids (HAs).?” Since the degree of sulphation is crucial in
determining the binding capacity (and thus bioactivity) of
GAGs, we chose heparin and HAs - representing the most

highly sulphated and non-sulphated GAGs - as the starting
materials to synthesise a series of polysaccharides with varying
sulphation levels.?>?® We obtained four sHAs (sHA-1 to -4),
with increasing sulphation degrees of 0.08, 1.22, 2.11, and 3.18
from the initial 0.01, and three de-sulphated heparins (DSH-1 to
-3), with decreasing sulphation degrees of 0.97, 0.45, and 0.07
from the initial 2.33) (Figs S2 and S3).

Next, we screened these glycans for their binding affinity to
the established GAG-binding domain of LTBP1 (SGVHRRR
PIHHHVGKGPV),>°*° using a bio-layer interferometry assay
(Fig. 1A). Among these GAGs, sHA-3, with a moderate
sulphation degree of 2.11, had a higher binding affinity for
LTBP1 than other samples, including the natural CS and DS
(Fig. 1B-D). The Kd value of sHA-3 for LTBP1 was quantified as
0.28 nM, verifying their strong affinity (Fig. 1E).

To verify the binding between sHA-3 (denoted as ‘sHA’
subsequently) and LTBP1 in the complex tissue matrix, we
incubated sHA with the spleen homogenate, pulled down the
proteins bound to sHA, and observed sHA-enriched LTBP1
with western blotting (Fig. 1F). Moreover, Cy5-labelled sHA was
co-localised with LTBP1 in the spleen (Figs 1G and S4), further
validating their interaction.

Cross-linked sHA gel (sHA-X) mechanically liberated TGF-f
from LLC

To exploit the mechanical force transmitted from the ECM to
activate TGF-B, we cross-linked sHA into a gel network via click
chemistry (Figs 2A and S5). sHA modified with azide (sHA-
PEG4-N3) reacted with the DBCO-labelled crosslinker (PEG-
8DBCO). The PEG spacer provided a long and flexible
connection to minimise steric hindrance involved in its ligation
with sHA-N3, thereby guaranteeing the formation of a cross-
linked network (sHA-X), as proven by scanning electron mi-
croscope (Fig. 2B). The sHA-X displayed a porous network,
with similar pore diameter and porosity to the natural ECM of
the decellularised liver tissue (Fig. S6).

To detect whether sHA-X could enhance the mechanical force
of the LTBP1-ECM interaction, we employed AFM-SMFS
(atomic force microscopy-based single-molecule force spec-
troscopy)®'"*? to measure the binding strength between LTBP1
and ECM pre-incubated with sHA or sHA-X respectively (Figs 2C
and S7). As revealed by the force-extension curves and disso-
ciation force histogram (Fig. 2D,E), ECM with sHA-X had higher
interaction forces with LTBP1 (167 pN and 311 pN) than the ECM
alone (88 pN and 140 pN) or the ECM with sHA (86 pN). The
bivariate density plots in Fig. 2E further illustrated the differences
in LTBP1’s unfolding characteristics among different groups.
These results demonstrated that sHA-X could enhance the me-
chanical force of LTBP1’s interaction with the ECM.

Next, we examined the efficacy of sHA-X in triggering TGF-
release from LLC. To provide the pulling force to LAP, we
employed a magnetic field by coating ferromagnetic beads with
recombinant integrin avp6 — the most potent LAP-binding and
TGF-B-activating integrin. The microbeads were adsorbed in
the LLC solution bound with sHA or sHA-X. Then, we analysed
the activation of LLC under the magnetic force. Once activated,
LLC should be disassembled and its constituents (the released
active TGF-B in the supernatant, the broken-down LAP
attached to the ferromagnetic beads, and LTBP1 adsorbed to
sHA-X) should be separately detected (Fig. 2F).
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Fig. 1. sHA binds LTBP1 with high affinity. (A) Synthesis and screening of sHA and DSH polysaccharides for their LTBP1-binding affinity; (B-D) BLI analysis of the
binding kinetics of (B) HAs with sulphation levels of 0.01, 0.08, 1.22, 2.11 and 3.18 (denoted as HA, sHA-1, sHA-2, sHA-3 and sHA-4); (C) heparin with sulphation
degrees of 2.33, 0.97, 0.45 and 0.07 (denoted as heparin, DSH-1, DSH-2 and DSH-3); or (D) other GAGs (HS, CS and DS) to the GAG-binding peptide from LTBP1.
(E) The binding kinetics from different concentrations of sHA-3 (denoted as sHA). For (B) to (E), data were fitted with a 1: 1 binding model. (F) The method of pulling
down proteins in the spleen bound to sHA (left) and WB detection of LTBP1, with GAPDH as a control. (G) Co-localisation of Cy5-labelled sHA (red) and LTBP1 (green)
in the spleen after exposure to sHA for 4 h, with DAPI (blue) for nucleus. BLI, bio-layer interferometry; DS, dermatan sulphate; DSH, de-sulphated heparin; Fah,
fumarylacetoacetate hydrolase; GAG, glycosaminoglycan; HAs, hyaluronic acids; HS, heparan sulphate; ICG, indocyanine green; LTBP1, latent TGF-B-binding protein-

1; sHA, sulphated hyaluronic acid; WB, western blotting.

Based on this method, we determined the active TGF-f in
the supernatant by ELISA and detected the proteins on beads
and in the pellets with SDS-PAGE. Following the pulling of the
avpB6 integrin-coated beads, the active TGF-8 was abundantly
present in the supernatant of the sHA-X group, with a signifi-
cantly higher (~20 fold) bioavailability than that in the sHA
group, reaching 40% of total TGF-B (Fig. 2G). Consistently,
Coomassie’s brilliant blue staining illustrated LTBP1 and LAP
bound onto the biomaterials and beads, respectively, in the
sHA-X group; in contrast, LLC remained largely intact in the
sHA group (Fig. 2H).

We further verified the effectiveness of sHA-X in mechani-
cally activating TGF-B by employing a reporter cell line
HEK293-(caga12-Luc) Which stably expresses TGF-p-sensitive
luciferase (Fig. 2I). Stimulated by thrombin to trigger the pulling
force of cellular integrin to LAP,**5 LLC incubated with sSHA-X
freed significantly more active TGF-$ (~40-fold higher lucif-
erase activity) than that from the sHA group (Fig. 2J). Conse-
quently, the level of phosphorylated Smad2/3, a major operator
of the TGF-p signalling pathway, in the sHA-X group was found

to be comparable to that in the positive control (treated with
active TGF-f) and higher than that in the sHA group (Figs 2K
and S8), highlighting the successful liberation of active TGF-
from its latent complex.

sHA-X liberated TGF-§ in the mouse spleen

To test whether sHA-X could liberate endogenous TGF-3 from
LLC in vivo, we injected this biomaterial into the translocated
mouse spleen.?® Briefly, the spleen was surgically moved from
the inner abdomen to a subcutaneous site, remaining blood
vessels connected to other organs (Fig. S9A,B and Video S1),
as further confirmed by MRI (Fig. S9C). The translocated spleen
maintained its vasculature (blood flow, haemoglobin content,
structure and distribution; Fig. S10) and ECM (collagen;
Fig. S11). Scanning electron microscope images revealed that
the injected sHA-X displayed a porous network, distributed
uniformly in the native and decellularised splenic space
(Fig. 2L), compensating for the ECM that was naturally lacking
in this organ. Using Cy5-labelled sHA, we observed that sHA-X
generated the desirable microstructure, while uncrosslinked
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Fig. 2. sHA-X network induces TGF-p release from LLC. (A). Preparation of the sHA-X via click chemistry. (B) SEM images of sHA and sHA-X. (C) Single-molecule
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sHA was randomly dispersed in the tissue (Fig. 2M). Bio-
distribution tests showed the stable retention of sHA-X in the
spleen (Fig. S12), which was favourable for prolonging its
interaction with LTBP1, in contrast to the significant diffusion of
non-cross-linked sHA from the spleen to other organs.
Encouragingly, co-staining for LTBP1 indicated that the injec-
ted sHA-X immobilised the endogenous LTBP1 into its network
in the spleen, proving that sHA-X took up the role of a me-
chanically supportive ECM. Meanwhile, IF staining illustrated
the separation of TGF- and LTBP1 in the tissue injected with
sHA-X (Figs 2N and S13). Meanwhile, ELISA results indicated a
rapid increase in TGF-B bioavailability from ~20% to ~60%
within 1 day (Fig. S14), without affecting TGF-$ concentrations
in the serum (Fig. S15), reflecting the precise modulation and
scarce systemic response. Further examinations, including
histological imaging, blood routine index, blood pressure
analysis, serum biochemical factors, and blood flow tests,
revealed no abnormalities and validated the safety of this
biomaterial (Fig. S16, Table S1-3). These data provided multi-
angle evidence that sHA-X successfully liberated TGF-f in situ.
Supplementary video related to this article can be found at
https://doi.org/10.1016/j.jhep.2024.01.005.

sHA-X remodelled the spleen matrix through
fibroblast activation

We then performed multiple injections of this biomaterial for
indicated times to remodel the spleen according to reported
literature (Fig. 3A).%° The Masson’s trichrome staining results
suggested that ECM increased along with the injections
(Fig. S17), and the hydroxyproline in the spleen increased
significantly after four-time injections (Fig. 3B).

Injections of sHA-X markedly reshaped the gross structure
and microstructure of spleen tissue. First, the sHA-X-remodelled
spleens increased in size and weight to twice that of the PBS-
treated group (Fig. 3C). Second, H&E staining illustrated that
(Fig. 3D), after remodelling, the typical splenic structure of red
and white pulps disappeared, the density of lymph cells
decreased, and the deposition of matrix increased. Third, Mas-
son’s trichrome staining revealed an elevated density of tissue
matrix (Fig. 3E), particularly collagens, in the remodelled spleen.

We observed dramatically increased and activated mesen-
chymal cells in the sHA-X group. The vimentin® cells in the
remodelled spleen accounted for 38.8% of the non-
immunocytes (CD45"), twice that in the PBS group (Figs 3F and
S18). Besides, these vimentin™ cells were dramatically activated
(a-SMA*; Fig. 3G). Further, the spleen remodelled by sHA-X
contained ~7.12% splenic reticular fibroblasts labelled with
gp38 in the total splenocyte, around 3.5-fold higher than in the
PBS group (Figs 3H and S19). The splenic reticular fibroblasts
labelled with the specific marker (ER-TR7) were significantly
activated (Fig. 3l). Consequently, under sHA-X treatment, the
spleens displayed a remarkable increase in the content of type |
and type IV collagen (Figs 3J and S20). These data indicated the
role of fibroblasts in driving the remodelling.

Research Article

Next, to better understand the biological changes in the
sHA-X-remodelled spleen, we employed a PCR array to anal-
yse ECM- and cell adhesion-related molecules at the tran-
scriptional level. The heatmap showed that the majority of 26
kinds of ECM-associated genes were significantly upregulated
in the sHA-X group, similar to the treatment of soluble TGF-§,
confirming a thorough remodelling of the spleen (Fig. 3K).
However, the change could be dramatically abolished by a
TGF- inhibitor (SB431542), indicating the central role of TGF-3
activation underlying the effect of sHA-X.

In addition to activating fibroblasts, TGF-f is also known for
its immunosuppressive functions. Immunocyte profiling
demonstrated a marked decrease in the natural Kkiller
cells (CD49 b™), macrophages (F4/80%) and T cells (CD4* or
CD8") (Fig. S21), together with the elevated secretion of the
anti-inflammatory factor IL-10 (Fig. S22). These changes rep-
resented the creation of an immunosuppressive microenviron-
ment in the sHA-X-remodelled spleen.

We further demonstrated that remodelling the spleen in
immunodeficient NCG-X mice with T, B and NK cell deficiency®’
still facilitated desirable settlement of the transplanted hepato-
cytes (Fig. S23), proving the indispensability of ECM remodelling.

The above findings demonstrated that, through in situ
liberation of TGF-B, the sHA-X matrix effectively activated fi-
broblasts and increased collagen deposition, radically remod-
elling the splenic matrix into an ECM-rich microenvironment.

Transplanted hepatocytes grew in the sHA-X-
remodelled spleen

We evaluated whether the remodelled spleen could support the
settlement of transplanted liver cells, which need to adhere to a
collagenous ECM structure for growth. Flow cytometry analysis
identified 12.1% GFP-labelled allogeneic primary hepatocytes
among non-immunocytes (CD45") in the sHA-X-remodelled
spleen 24 h post-inoculation, over twice that of the PBS
group (Figs 4A and S24). Consistently, more GFP-labelled
hepatocytes were presented in the sHA-X group (Fig. 4B,C).
The H&E staining and EdU co-staining with GFP showed that
the transplanted hepatocytes steadily proliferated through 30
days in the sHA-X-remodelled spleen but mostly disappeared
in the PBS-treated group (Figs 4D and S25). The GFP-positive
hepatocytes reached 11.9% of the total splenic cells in the
remodelling group but only 4.04% in the PBS group (Fig. 4E).
After 30 days of transplantation, the sHA-X-remodelled spleen
contained densely arrayed polygonal hepatocytes, occupying
most of the tissue space (Fig. 4F), while scarce hepatocytes
emerged in the PBS group. Additionally, the sHA-X-remodelled
spleen highly expressed metabolic enzymes CYP1A2 and al-
bumin (Fig. 4G), two key markers of liver parenchymal cells,
indicating the satisfactory growth of hepatocytes therein.

The transplanted hepatocytes displayed their phenotypes.
Apart from positive staining of CYP1A2 and albumin, and the
proliferation marker EAU (Fig. 4H), they formed an appropriate
hepatic structure, reflecting liver zonation and bile ducts,

decellularised spleen tissue exposed to sHA or sHA-X for 4 h, with PBS group as control. (M) The immunofluorescence images to show the distribution of Cy5-labelled
sHA and sHA-X (red, right column) and their co-localisation with LTBP1 (green, middle column) in the spleen treated as in panel L. (N) The distribution of LTBP1 and
TGF-B in the spleen exposed to sHA or sHA-X for 24 h. Images are representative of three independent experiments. Results are shown as mean + SD. Significant
differences were determined by Student’s t test or one-way ANOVA with Tukey’s multiple-comparison post hoc test. LLC, large latent complex; LAP, latency-
associated peptide; LTBP1, latent TGF-B-binding protein-1; sHA, sulphated hyaluronic acid; sHA-X, cross-linked sHA network; TGF-, transforming growth factor-p.
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as demonstrated by IF staining for glutamine synthetase (GS)
and the typical bile duct marker CK19 (Fig. 4l). Essentially, the
key hepatic supportive microstructures, including collagens
and blood vessels, were enriched around the hepatocytes
(Fig. 4J,K), further indicating a desirable settlement of hepato-
cytes. These data highlighted that the sHA-X-remodelled
spleen supported the settlement and growth of transplanted
liver cells.

Transplanted hepatocytes in the sHA-X-remodelled spleen
performed liver functions

Finally, we evaluated whether these transplanted hepatocytes
could perform proper physiological functions of the liver.

First, microarray analysis indicated the expression of genes
responsible for hepatic functions in the sHA-X-remodelled
spleen (Fig. 5A). Also, the hepatised spleen synthesised
glucose and lipids, as demonstrated by periodic acid-Schiff and
Oil Red O staining, respectively (Fig. 5B). Further, after ligating
the hepatic portal vein and hepatic artery to exclude the inter-
ference of the host liver, we performed the absorption and
clearance test of indocyanine green (ICG), and drug metabolism
analysis of CYP1A2 for assessing the functions of the trans-
planted liver cells (Fig. 5C). Observation of ICG in frozen sections
and the ICG retention rate at 15 min (ICGg4s) data illustrated that
the hepatised spleens developed the uptake capacity of the liver
(Fig. 5D,E). Then, after the same ligation, we injected phenacetin
and tested the enzymatic activities of cytochrome P450 in the
PBS-treated or sHA-X-remodelled spleen. A high serum level of
acetaminophen, the specific liver metabolite, in mice with the
hepatised spleen suggested they developed metabolic func-
tions via the transplanted hepatocytes (Fig. 5F).

Then, we evaluated the capacity of the hepatic spleen to
compensate for the native liver functions in two extreme models:
i) metabolically deficient transgenic mice®® and ii) mice with 90%
hepatectomy.®® In the first model we used fumarylacetoacetate
hydrolase-knockout (Fah”) mice, which normally die as
neonates with severe hepatic dysfunction and rely upon 2-(2-
nitro-4-trifluoro-methylbenzyol)-1,3-cyclohexanedione (NTBC)
supply (Fig. 5G). All the Fah™ mice after NTBC withdrawal
(Fah'/'fNTBc_oﬁ) in the PBS group died within 7 weeks and
showed continuous loss of body weight (Figs 5H and S26A); in
contrast, 75% Fah™ " NTBC-off Mice with hepatised spleens were
alive after more than 12 weeks, while maintaining body weight.
These results indicated that hepatised spleens could repopulate
and rescue Fah” " NTBC-off Mice. Moreover, serum levels of
tyrosine and phenylalanine were markedly reduced in mice with
hepatised spleen, comparable to the Fah™" mice maintained
with NTBC (NTBC group) (Fig. 5I). Similarly, these mice also
showed decreased levels of aspartate aminotransferase,
alanine aminotransferase, total bilirubin, blood urea nitrogen
and creatinine (Figs 5J and S26B), indicating that the hepatised
spleen alleviated liver and other organ injury.

In the second model of 90% hepatectomy (Figs 5K and S27),
all mice with the hepatised spleen — but none in the PBS group —
survived within 48 h post-surgery (Fig. 5L). Meanwhile, through
the 14-day observation, hepatectomy sharply increased blood
ammonia and decreased blood glucose levels, which were
quickly controlled by day 2 and returned to normal by day 8 in the

mice with hepatised spleens, while the mice in the PBS group
died within 48 h (Fig. 5M).

Discussion

In this study, we have demonstrated an engineering approach for
instantly increasing local TGF-B activity, which completely
reshaped the fluidic state of the native spleen into a fibrotic
matrix to support the growth of transplanted liver cells. Unlike all
existing approaches, our strategy targets the unique mechanism
of TGF-B activation. The designed LTBP1-binding, cross-linked
matrix provided the mechanical force required to liberate this
multipotent growth factor from its latent complex, without
introducing exogenous genes or proteins — and the whole pro-
cess was completed locally and extracellularly. Because of the
abundant storage of the inactive complex in the spleen,’” such
activation could efficiently reach a maximal magnitude. The
unleashed endogenous TGF-B activity adequately activated
splenic fibroblasts to proliferate and produce abundant colla-
gens, eventually establishing a microenvironment favourable for
the ectopic growth of hepatocytes. These outcomes reveal the
underappreciated potential of activating existing growth factors
for endogenously driven tissue regeneration.

We selected GAGs as the starting material to design this
matrix, based on their biochemical role in TGF-B activation.
GAGs provide essential anchoring sites for the LTBP1-ECM
interaction.?>2° After synthesising GAGs of various sulphation
degrees and structures, we compared their LTBP1-binding
capacity and identified sHA-3 with a desirable binding affinity
(higher than DS and CS) and specificity.>® Notably, the me-
chanical resistance of LTBP1 to the cellular pulling force is
crucial for triggering TGF-f release, and this force is trans-
mitted through LTBP1 to the ECM via GAGs. Without this force,
the non-cross-linked sHA molecules — only providing the af-
finity but not the mechanical force — failed to trigger TGF-$3
release. The cross-linked sHA-X system fulfilled the expecta-
tion because it integrated the biochemical affinity of GAGs and
the mechanical support of the ECM.

Our investigation further highlights the spleen as a trans-
formable organ for liver regeneration, in agreement with previ-
ous explorations by us and others.?®*%%C Its advantages for
accommodating a high number of transplanted cells include a
large volume, rich vasculature, and physiological connection
with the liver,*" but it has an extremely loose tissue structure
with scarce ECM,*? which does not support the cell adherence
that is crucial for hepatocyte survival.**>** Accordingly, we
harnessed the prominent role of TGF-f3 to drive ECM formation.
The translational value of this approach is highlighted by the
superior liver function of the hepatised spleen in both the
metabolic liver disorder model (Fah”™ model)*® and hepatec-
tomy model (90% hepatectomy).>® They could prolong the
survival time by up to 40%. Successful restoration of liver
functions in these challenging models rigorously validated the
efficacy of our strategy, which may open a new avenue for
growing one tissue from another of distinct nature by precisely
manipulating one single growth factor extracellularly.

Future studies will focus on safety assessment and
extended applications of this technology in more clinically
relevant scenarios. Although the developed polysaccharide
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biomaterial may be degradable by hyaluronidases and
showed no adverse responses, a long-term observation of its
in vivo fate will benefit future translation. Also, certain liver

diseases, such as hepatitis and cirrhosis, might cause splenic
abnormalities, it is worth exploring how this system works un-
der such pathological conditions.
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