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In vitro studies of human erythropoiesis using a 3D silk-based bone
marrow model that generates erythroblastic islands
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The pursuit of ex vivo erythrocyte generation has led to the development of various culture
systems that simulate the bone marrow microenvironment. However, these models often
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fail to fully replicate the hematopoietic niche’s complex dynamics. In our research, we use a
comprehensive strategy that emphasizes physiological red blood cell (RBC) differentiation
using a minimal cytokine regimen. A key innovation in our approach is the integration of a
3-dimensional (3D) silk-based scaffold engineered to mimic both the physical and chemical
properties of human bone marrow. This scaffold facilitates critical macrophage-RBC
interactions and incorporates fibronectin functionalization to support the formation of
erythroblastic island (EBI)-like niches. We observed diverse stages of erythroblast
maturation within these niches, driven by the activation of autophagy, which promotes
organelle clearance and membrane remodeling. This process leads to reduced surface
integrin expression and significantly enhances RBC enucleation. Using a specialized
bioreactor chamber, millions of RBCs can be detached from the EBIs and collected in
transfusion bags via dynamic perfusion. Inhibition of autophagy through pharmacological
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agents or a4 integrin blockade disrupted EBI formation, preventing cells from completing
their final morphological transformations, having them trapped in the erythroblast stage.
Our findings underscore the importance of the bone marrow niche in maintaining the
structural integrity of EBIs and highlight the critical role of autophagy in facilitating
organelle clearance during RBC maturation. RNA sequencing analysis further confirmed
that these processes are uniquely supported by the 3D silk scaffold, which is essential for
enhancing RBC production ex vivo.
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RNA sequencing data sets generated in this article have been publicly deposited in
the Gene Expression Omnibus database (accession number GSE289025).
Additional materials and methods are described in the supplemental File. Data sup-
porting the results of this study are available within the study. All data sets generated
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Introduction

Obtaining mature, enucleated red blood cells (RBCs) ex vivo
remains a significant hurdle. One of the major challenges is the
absence of comprehensive bone marrow (BM) models that accu-
rately replicate the complex microenvironment in which erythro-
poiesis occurs." Recent advancements have resulted in
the creation of consistent protocols capable of producing large
quantities of cultured human reticulocytes (Rtics). These
approaches predominantly use static systems, characterized by
complex multistep culture methods, involving the selective addition
or omission of specific components and growth factors, mixed at
varying concentrations.® Dynamic culture methods have also
been explored to enhance the production of RBCs.* Diverse
bioreactor systems, including stirred tank bioreactors,” spinner
flasks,® and roller bottles” have been proposed for scalability.
Beyond the effects of shear forces resulting from the movement of
blood cells and fluids, the architecture and composition of the BM
niche play a pivotal role in molding the processes of blood cell
production.®® Erythropoiesis is sustained by the formation of
distinct structures called erythroblastic islands (EBIs)."®'" EBIs
feature a central macrophage surrounded by differentiating
erythroid progenitors dispersed throughout the marrow.'*'? It has
been extensively described that macrophages contribute to eryth-
ropoiesis and furnish iron for heme synthesis to developing eryth-
roblasts.'*'” Elvarsdéttir et al introduced a 3-dimensional (3D)
system that enables longitudinal studies of maturing erythroid cells,
with a specific emphasis on the formation of EBIs and enucleated
Rtics.'® However, the simultaneous replication of the intricate 3D
structure and function of EBIls remains unsolved, and methods to
construct, modulate, and assess RBC production ex vivo are
underdeveloped.

Silk fibroin, a complex protein derived from the silk fibers of
Bombyx mori, is widely used in tissue engineering due to its
biocompatibility, controllable degradability, and tunable mechanical
properties. Furthermore, silk fibroin possesses several important
traits, such as the capacity for incorporating bioactive substances
and cells, flexibility, water stability due to its self-assembly, and
customizable strength.’®° This study aimed to exploit silk fibroin
as a biomaterial to replicate key features of the BM niche to sup-
port the establishment of erythropoietic clusters, resembling native
EBIs and facilitating the production of enucleated RBCs. A key
advantage of this system was the ability to noninvasively observe
and analyze the formation and maturation of EBIs, along with a
nondestructive method for harvesting enucleated RBCs into
transfusion bags. Through this approach, we demonstrated that the
generation of enucleated RBCs within EBI-like structures involves
adhesion to fibronectin, interaction with macrophages, cytoplasmic
organelle clearance, membrane receptor remodeling, and eventual
RBC enucleation ex vivo. RNA sequencing analysis further
revealed that the 3D silk model, compared with 2D cultures, trig-
gered distinct cellular responses, including the upregulation of
genes involved in autophagic pathways, which drive terminal RBC
maturation. By providing an instructive, silk-based microenviron-
ment, we simplified the culture protocol, creating an easy-to-use
system that streamlines human RBC production. This approach
enhances scalability, reproducibility, and accessibility for a wide
range of medical and laboratory applications.
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Materials and methods
Human RBC differentiation

Human hematopoietic stem and progenitor cells (HSPCs) were
obtained from healthy donors after informed consent, in accordance
with the Istituto di Ricovero e Cura a Carattere Scientifico Policlinico
San Matteo Foundation of Pavia and the principles of the Declaration
of Helsinki. CD34* HSPCs were selected by an immune-magnetic
bead selection kit (CD34 MicroBead Kit; Mittenyi Biotec)”® and
cultured in the presence of Stem Span medium (STEMCELL Tech-
nologies) supplemented with 1% penicillin-streptomycin, 1% L-gluta-
mine (Euroclone), 10 ng/mL interleukin-3, 20 ng/mL erythropoietin
(PeproTech), and 1600 ng/mL holo-transferrin (Merck Life Science)
for 3 weeks. Starting from day 3 of the culture, the concentration of
holo-transferrin increased to 800 pg/mL.

Samples were cocultured with macrophages derived from CD14*
monocytes isolated from the same sample using an immune-
magnetic bead selection kit (CD14 MicroBeads; Miltenyi Bio-
tec).>”*® Macrophages were expanded in RPMI 1640 medium
(Euroclone), supplemented with fetal bovine serum (Gibco), 1%
penicillin-streptomycin, 1% L-glutamine, and 50 ng/mL macrophage
colony-stimulating factor (PeproTech), before being seeded into the
silkk scaffolds. Macrophage-HSPC coculture was performed at a
ratio of 1:4 (1 x 10° macrophages/4 X 10°® HSPCs per scaffold).

In some experiments, samples were treated with 10 pM (final
concentration) 1-naphthyl PP1, 1 uM (final concentration) SBI-
0206965, or anti-a4 antibody (clone 9F10).%° Incubation started
on day 7 of culture.

Silk bone marrow fabrication, assembly, and
perfusion

Silk fibroin aqueous solution was obtained from B mori silkworm
cocoons according to previously published literature.>° To repro-
duce the spongy architecture and composition of the BM niche, the
silk solution (8% weight-to-volume ratio) was mixed with human
fibronectin (Merck Life Science) to a final concentration of 25 pg/mL
and dispensed into a molding chamber. Alternatively, fibronectin was
coated directly onto the silk scaffolds.?® NaCl particles (Fisher Sci-
entific) having a 500-um diameter were selected using a sifter
(Fisher Scientific) and then sifted into the solution.>° The scaffolds
were placed at room temperature for 48 hours and finally soaked in
distilled water to leach out the NaCl particles. The scaffolds were
sterilized and rinsed in the culture medium before cell seeding.

The dynamic perfusion of the silk BM scaffold was performed at 70
pL/min by using a peristaltic pump (ShenChen Flow Rate Peristaltic
Pump; LabV1) connected to a bioreactor chamber manufactured
using 3D stereolithography (SLA) printing technology. The chamber
was designed using Computer-aided design software (Fusion 360)
to generate Standard Triangulation Language files that were then
exported to the SLA 3D printer Form 3B (Formlabs) for fabrication.
The chamber consists of a single well, measuring 20 mm (L) x 5 mm
(W) x 5 mm (H), with 3 independent inlets of 3-mm diameter and 3
outlet channels converging into 1 main drainage to allow collection
into transfusion bags. The printing was performed using the Biomed
Clear biocompatible resin, cured in layers of 100 um. The resulting
bioreactor chamber was washed with isopropyl alcohol to remove
unpolymerized resin and then cured in a UV oven for 1 hour.
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Figure 1. Manufacturing of the silk bone marrow model. (A) Schematic representation of erythropoiesis inside the bone marrow, where EBIs originate and give rise to Rtics
that finally mature inside the blood vessels. (Bi-ii) E-cadherin and fibronectin immunostaining of a human bone marrow biopsy paraffin section (scale bar, 250 um) (i-ii); the analysis
of sequential sections shows E-cadherin—positive erythroid nest next to CD68* macrophages, all immersed in a matrix of fibronectin fibrils (scale bar, 25 um) {iii-iv). (C) Confocal
microscopy analysis of mouse bone marrow biopsy (i-ii); cross-section analysis (i) shows that fibronectin is interspersed within and around the EBI (red, Ter119;

green, fibronectin; blue, nuclei; scale bar, 10 pm). (D) Schematic illustration of silk bone marrow model production starting from B. mori cocoons. The scaffold is prepared by
dispensing an aqueous silk solution, mixed with salt particles and fibronectin. After leaching out the salt, the resulting porous scaffold can be sterilized and stored at 4°C until use.
(E) Silk fibroin constructs mimicking the spongy structure of the bone marrow (scale bar, 5 mm). (F-G) SEM of silk scaffold (scale bar, 300 pm). The pores are highlighted in green.
(H) Distribution of pore diameter frequencies. (I) Confocal microscopy analysis of silk-fibronectin scaffold (yellow, fibronectin; gray, silk; scale bar, 100 pm). (J) RBCs from human
peripheral blood were perfused inside the scaffold to test the system'’s efficiency. The spongy model supported the distribution of RBCs throughout the niches of the scaffold
(scale bar, 10 pm). (K) Calculation of the Darcy coefficient demonstrated effective hydraulic conductance. (L) Computer-aided design modeling of the perfusion flow chamber.
The device includes 3 main inlet ports that provide the diffusion of the medium inside the central core, which is the lodgment for the silk bone marrow scaffold and one outlet port
connected to a collection bag. (M) Flow chamber realized with a biocompatible resin (scale bar, 5 mm), housing the silk scaffold. The system can be perfused by a peristaltic
pump. A, cross-sectional area; FNC, fibronectin; L, length; p, pressure.

Preliminary perfusion studies have been conducted using peripheral
blood RBCs. The analyses before and after perfusion were con-
ducted using SYSMEX XN-1000.

markers (CD36 and CD71 from Abcam; CD235 from Life Tech-
nologies), integrins (a2, a4, o5, and p1 from eBioscience), Bio-
Tracker 488 Nuclear Stain (1:1000), or 100 ng/mL Hoechst (Merck
Millipore) at room temperature in the dark for 30 minutes
(supplemental Table 1 includes all antibody details). A minimum of
10* events was acquired using a FACSLyric (Becton Dickinson).
Trucount tubes (Becton Dickinson) were used to count RBCs.
Offline data analysis was performed using the Kaluza software
package (Beckman Coulter). The gating strategy for RBCs was

Flow cytometry

For the analysis of erythroid differentiation, samples collected at
different days of differentiation were suspended in phosphate-
buffered saline and stained with stemness-related markers (CD34,
CD117, CD45, and HLA; Becton Dickinson), erythroid-associated
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established based on human peripheral blood RBCs' forward
scatter (FSC) and side scatter (SSC) patterns, identified as
CD36°CD71°CD235™" cells (supplemental Figure 1; Figure 4B).

Statistics

Values are expressed as mean * standard deviation or median and
range. Box and whiskers plots depict the upper and lower values
(lowest and highest horizontal line, respectively), and lower/upper
quartiles with median value (box). Student ¢ test or 1-way analysis
of variance followed by Bonferroni posttest was used to analyze
experiments. P value < .05 was considered statistically significant.
All experiments were independently repeated 3 times, unless
specified otherwise.

Results

Design, fabrication, and characterization of the silk
bone marrow model

The BM niche is a highly specialized microenvironment that
orchestrates localized erythropoiesis through physical, cellular, and
chemical factors.**> We adopted a comprehensive approach
replicating these key dynamics to create a model that best supports
physiological RBC differentiation. The extracellular matrix composi-
tion of the native BM plays a critical role in hematopoiesis, forming a
distinct environment (Figure 1A). Our analysis of human and murine
BM biopsies revealed that fibronectin fibers are distributed
throughout the marrow space, particularly near erythroid nests and
extensively within EBIs (Figure 1B-C). Drawing inspiration from this
natural microenvironment, we developed 3D silk-based scaffolds
designed to guide specific cellular interactions and development.
The niche model was fabricated using a salt-leaching method, in
which a silk fibroin solution mixed with salt particles and human
fibronectin was patterned in a molding chamber (Figure 1D). A 3-day
production process yielded sterile silk-fibronectin 3D constructs
(Figure 1D-E). Scanning electron microscopy (SEM) analysis
showed distinct microniches within the scaffold, with uniformly
distributed pores of variable diameters replicating the spongy
architecture of the marrow (Figure 1F-H). Confocal imaging
confirmed that fibronectin was predominantly localized on the sur-
face of the silk scaffolds (Figure 11). The scaffold supported rapid
absorption of human peripheral blood RBCs, ensuring uniform dis-
tribution without affecting cell morphology (Figure 1J). Hydraulic
conductivity, measured using the Darcy coefficient, revealed signifi-
cant permeability, which is critical for simulating the natural perfusion
of RBCs from the BM into circulation (Figure 1K). The 3D silk BM
model was housed in a customized flow chamber designed to mimic

the bloodstream, featuring a central core linked to gas-permeable
tubing, 3 inlet ports for medium perfusion, and 3 outlet channels
converging into a single drainage point for collection into transfusion
bags (Figure 1L-M). The system was validated by perfusing human
RBCs, with postperfusion analysis showing comparable cell shape,
size, and physiological parameters, indicating preserved cellular
integrity (supplemental Figure 1).

Tracking erythropoiesis within the silk bone marrow

We used a simplified culture regimen with minimal erythropoietin and
interleukin-3 concentrations, deliberately excluding stem cell-
associated cytokines to promote physiological differentiation of
HSPCs rather than expansion. Additionally, we cocultured HSPCs
with macrophages, which are known to play a critical role in eryth-
ropoiesis by supplying iron and ferritin to maturing erythroblasts and
by phagocytosing expelled nuclei at the end of differentiation. This
approach aimed to replicate natural cell-cell interactions found in the
BM.%33* Our culture method was straightforward, involving the initial
seeding of HSPCs into the silk-fibronectin scaffold, followed by a
differentiation period of up to 21 days (Figure 2A). This streamlined
protocol reduces the complexity and variability often associated with
in vitro erythropoiesis models. Moreover, the silk scaffold allowed for
direct visualization of RBC development without compromising its
structural integrity, facilitating systematic analysis throughout the
differentiation process. We observed the spontaneous formation of
143 + 38 cellular nests per mm® within the silk scaffold, closely
resembling EBI-like clusters. As the culture progressed, cells within
these foci underwent significant remodeling, transitioning from a
CD71*CD235 phenotype to a CD71"CD235" phenotype and
eventually to CD71°“CD235% RBCs (Figure 2B-C). Mature
CD235" RBCs were found clustered around and adjacent to
cocultured macrophages (Figure 2D-E), a pattern similar to that
observed in native human and murine BM specimens (Figure 2E;
supplemental Figure 2A-B). The silk BM niche also supported sub-
stantial volumetric growth of the EBI-like clusters, with a marked
increase in size during the later stages of differentiation, as quantified
using automated image segmentation analysis (Figure 2F;
supplemental Figure 2C-D). Flow cytometry confirmed the progres-
sion from stemness to lineage-specific markers, including CD386,
CD71, and CD235, with peripheral blood RBCs used as reference
controls (supplemental Figures 3 and 4). On day 7, we observed a
predominant population of FSC""-SSCMe".CD36*-CD71Ma-
CD235"°" progenitors, which we defined as the “young” cell
population (Figure 2G-). By day 14, a main population of FSC™-
SSC™4.CD36"°"-CD71*-CD235" cells emerged, representing the
“middle” cell population (Figure 2G-I). From day 21 onward, cell size
and cytoplasmic complexity decreased, with a concurrent increase in

Figure 2. Development of EBI-like niches inside the silk bone marrow model. (A) Schematic representation of cell culture workflow. (B) Confocal microscopy analysis of
the silk bone marrow model during the culture. The image shows RBCs spontaneously aggregating in cellular nests reminiscent of EBIs (red, CD235a; green, CD71; blue, nuclei;
scale bar, 20 pm). (C) Statistical analysis of the percentage of CD71* and CD235a* cells into the islets at different days of culture (n = 3; *P < .05). (D) Confocal microscopy
images showing enucleated RBCs localized at the periphery of the erythropoietic island next to cocultured macrophages (red, CD235a; green, CD68; blue, nuclei/silk; red
arrow, enucleated RBC; green arrow, macrophage; scale bar, 10 pm). (Ei-ii) May-Grunwald Giemsa staining of EBI-like niches obtained in the co-culture (scale bar, 5 um). (E)
Hematoxylin and eosin staining (i-i)) of human bone marrow specimen showing the presence of the erythron (scale bar, 25 pm; the white arrows indicate the infiltrating
macrophage); SEM (v) of macrophage-RBC coculture inside the scaffold (red arrow, enucleated RBC; green arrow, macrophage; scale bar, 10 um). (F) Statistical analysis of the
volume of the EBIs at different days of culture, as assessed by automated image segmentation analysis (n = 100; P<.01). (G) Gating strategy for flow cytometry analyses based
on FSC and SSC settings. The “young” population corresponds to FSChiohgSChish events, the “middle” population corresponds to FSC™YSSC™ events, and the “old”
population corresponds to FSC°SCC" events. (H) Percentage of cells analyzed in the different gates. The “old” population is enriched at the end of the culture (n = 15;
*P<.01; *P<.05). (I) Analysis of the MFI for CD36, CD71, and CD235a in the “old,” “middle,” and “young” populations (n = 15; *P < .05). MFI, mean fluorescence intensity.
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Figure 3. Transmission electron microscopy reveals changes in cell ultrastructure. (A-B) Transmission electron microscopy images showing proerythroblasts (ProEs)
with a high nuclear-to-cytoplasmic ratio and abundant endoplasmic reticulum and mitochondria (scale bar, 2 pm [panel Al; scale bar, 500 nm [panel B]). (C-E) ProEs progressively
condense chromatin and loses cytoplasm, thus transforming into basophilic erythroblasts (BasoEs) and polychromatic erythroblasts (PolyEs), with a significant decrease in
mitochondria content (scale bar, 2 pm). (F-H) OrthoE appears with pyknotic nuclei, electron-dense chromatin, a reduced nucleus-to-cytoplasm ratio, and few mitochondria. The
typical presence of dark granules, identified as glycogen deposits, is visible (scale bar, 1 um). () OrthoE progressively loses all mitochondria and switches to one of the final stages
of RBC maturation represented by Rtics, marked by glycogen granules (scale bar, 1 pm). ER, endoplasmic reticulum; Gly, glycogen; M, mitochondria; N, nucleus.

cell maturation. This was indicated by the presence of FSC°"-
SSC*-CD36™-CD71°"-CD235"" cells, referred to as the “old”
cell population, which marked the final stage of RBC maturation
(Figure 2G-I).

Deciphering RBC maturation ex vivo

The gradual and effective maturation of EBIs and associated
membrane remodeling are essential for ensuring optimal cellular

€ blood advances 13 MAY 2025 . VOLUME s, NUMBER 9

responsiveness to cytokine signals, hemoglobin accumulation, and
iron incorporation. In our model, we observed the regulated
expression of key iron-handling proteins, including transferrin
receptor 1 and ferritin, which indicated a fully functional machinery
for iron uptake and storage (supplemental Figure 5A,C). Hemo-
globin subunits o, B, and y were all expressed, and a ~500-fold
increase in hemoglobin subunit o production was quantified
(supplemental Figure 5B-D), accompanied by the presence of iron

3D SILK BONE MARROW NICHES PRODUCE RED BLOOD CELLS 2197
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deposits within the cytoplasm (supplemental Figure 5E). Orthog-
onal section analysis revealed stage-dependent localization of
band 3, a membrane protein anchoring the cytoskeleton. Larger,
CD235"""~ cells exhibited low or absent band 3 expression,
whereas smaller, CD235"9" RBCs showed a fully positive band 3
signal (supplemental Figure 5F). Additionally, maturing RBCs
expressed adhesion molecules, including integrins, which are
crucial for recognizing fibronectin and mediating erythroblast-
macrophage interactions, thus guiding distinct temporal steps in
erythropoiesis.'”**%> We found that maturing RBCs within the silk
niche progressively lost expression of integrins a2, a4, o5, and p1
(supplemental Figure 6A). Specifically, the FSC°"-SSC'°%-
CD71"°%-CD235% “old” cell population showed significantly
reduced integrin expression compared with the FSCMEMmid.
SSCIMmM.CDH71*  “young” and  “middle”  populations
(supplemental Figure 6A). Notably, the a4f4 integrin axis played a
critical role in early erythroblast development by facilitating cell
adhesion, signaling, and the establishment of cell-cell and cell-
microenvironment interactions, which are essential for commit-
ment to terminal maturation, and studies in a4 conditional knockout
mice demonstrate an impaired response to erythropoietic stress.®>*”
EBI formation was disrupted when cells were treated with an anti-a4
antibody within the silk BM model (supplemental Figure 6B). This
treatment impaired spatial organization and resulted in defective
maturation of the “old” cell population compared with the untreated
control (supplemental Figure 6C). The maturation status of erythro-
blasts is also reflected in nucleus size, chromatin localization and
condensation, and the depletion of subcellular organelles. Electron
micrograph analysis during differentiation revealed significant alter-
ations in cell size and ultrastructure (Figure 3). Proerythroblasts were
characterized by a higher nuclear-to-cytoplasmic ratio (Figure 3A-B),
which gradually shifted as chromatin condensed and cytoplasm
decreased, transforming into basophilic erythroblasts (Figure 3C-D)
and subsequent polychromatic erythroblasts (Figure 3E). Ortho-
chromatic erythroblasts (OrthoEs) displayed densely pyknotic nuclei,
electron-dense chromatin, and a significantly reduced nucleus-to-
cytoplasm ratio compared with earlier stages (Figure 3F-G).
Proerythroblasts showed abundant endoplasmic reticulum and
mitochondria (Figure 3B). A progressive decline in mitochondria
number was observed starting from basophilic erythroblasts to poly-
chromatic erythroblasts and OrthoEs. Significant mitochondrial loss
and the presence of dark granules, identified as glycogen deposits, in
OrthoEs and Rtics (Figure 3F-l) hinted at a preparatory shift from
oxidative metabolism to glycolysis as RBCs mature.*® These findings
aligned with recent transcriptomic and proteomic data showing that
peripheral blood Rtics and RBCs do express glycogen synthase and
phosphorylase.>*4°

Harvesting RBCs via EBI perfusion

SEM of the 3D culture revealed the distinct localization of enucle-
ated Rtics, identified by their biconcave discoid shape, predomi-
nantly at the periphery of EBIls (Figure 4Ai-iv). We proceeded to
harvest the more mature cells by perfusing the system. The scaffold

was placed in a custom-designed flow chamber, in which culture
medium was perfused through the system, mimicking blood flow,
and collected in gas-permeable bags at the outlet (Figure 4Av-vi).
Flow cytometry analysis showed that the physical properties and
maturation profile of the collected cells were comparable with those
of RBCs from adult peripheral blood (Figure 4B). The number of
mature CD36”CD71~CD235" RBCs was determined using a Tru-
count bead standard, yielding an average of (4.6 x 105 + (0.5 x
10° RBCs per scaffold. Perfusion of multiple scaffolds resulted in a
proportional increase in RBC yield, demonstrating the scalability and
efficiency of the model. Hemoglobin content in the ex vivo—collected
RBCs was similar to peripheral blood RBCs, as quantified using the
Drabkin method (Figure 4C). The mean corpuscular volume of the
ex vivo RBCs (98 £ 12 fL) was slightly, although not significantly,
larger than that of native RBCs, consistent with the early develop-
mental stage of newly formed RBCs, which continue to remodel
their membrane composition and volume during circulation.*'**
Nuclear staining with a live-cell imaging dye indicated that 84% =+
6% of ex vivo—produced RBCs were enucleated (Figure 4D-Ei),
compared with 100% enucleated cells in peripheral blood
(Figure 4Eii). These findings were confirmed using Hoechst staining
(data not shown). SEM revealed morphological features typical of
physiological erythropoiesis (Figure 4Eiii-iv), including the charac-
teristic biconcave discoid shape of mature enucleated RBCs.
Ultrastructural analysis of ex vivo—collected RBCs showed the
presence of a few small mitochondria and residual glycogen
deposits (Figure 4Ev-vii).

Controlling autophagy supports erythropoiesis in the
silk bone marrow model

To provide a detailed molecular analysis of cells cultured in the 3D
silk BM tissue model compared with 2D plastic plates, cultured
with the same medium composition, we performed RNA
sequencing. Differential gene expression (DEG) analysis was used
to identify significant changes in gene expression between the 3D
and 2D cultures during both early- and late-stage differentiation.
The results visualized using volcano plots compare gene expres-
sion profiles under various conditions: “early 3D" vs “early 2D";
“late 3D" vs “late 2D"; “late 2D" vs “early 2D"; and “late 3D" vs
“early 3D” (Figure 5A). These plots, along with heat map clustering
of DEGs (Figure 5B), identified a significantly larger set of differ-
entially expressed genes during the late stages of erythropoiesis in
the 3D model than in the 2D cultures, with changes beginning at
the early differentiation stage. This clustering supports the idea that
specific gene sets are coordinately regulated throughout erythro-
blast maturation in the silk BM model. To gain deeper insight into
the biological processes influenced by these DEGs, we performed
gene ontology analysis. Pathways related to autophagy, endocy-
tosis, and lysosomal function were significantly enriched among the
upregulated genes, highlighting a crucial role for autophagy in
erythropoiesis within the 3D silk scaffold (Figure 5C). In contrast,
cell cycle-related pathways were downregulated during late-stage
maturation in the 3D environment compared with both early-stage

Figure 4 (continued) controls. (E) Parallel samples (i) have been imaged by epifluorescence microscopy (red, CD235; green, nuclei; scale bar, 5 pm); peripheral blood RBCs

have been used as reference control (i); SEM analysis (iii-iv) of collected RBCs; cells show morphological features of native RBCs, including the biconcave discoidal shape (scale

bar, 2 pm [panel Eiii]; scale bar, 3 pm [panel Eiv]); transmission electron microscopy (v-vii) of collected RBCs. Enucleated cells show few small mitochondria and some residual

glycogen deposits (scale bar, 1 um [panel Ev]; scale bar, 500 nm [panel Evil; scale bar, 1 pm [panel Evii]). Gly, glycogen; M, mitochondria.
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Figure 5. Comparative analysis of differential gene expression and pathway enrichment between 2D and 3D cultures at early and late stages of erythrocyte
development. (A) Volcano plots illustrating the differential gene expression analysis across different comparisons: early 3D vs early 2D, late 3D vs late 2D, late 2D vs early 2D,
and late 3D vs early 3D (total n = 8). Each dot represents a gene, with the red dots indicating significantly upregulated genes (adjusted P value < .05 and |log2FoldChange| >.5)
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maturation and the 2D culture, indicating a regulated shift from
proliferation to final maturation. This transition underscores the
importance of erythroblasts exiting the cell cycle to efficiently
undergo terminal differentiation in the 3D system. Furthermore, the
analysis of reads per kilobase of transcript per milion mapped
reads of genes related to autophagy/mitophagy (eg, ATGs,
UCHL1, ULK1, ULK2, FYN, DRAM1, DRAM2, and VDAC) and
vesicle/membrane trafficking (eg, SNX718, SNX33, SPTBNT,
TBC1D12, TBC1D14, and TFEB) provided quantitative insights
into their controlled regulation during erythropoiesis in the 3D
model (Figure 5D). Efficient clearance and recycling of intracellular
organelles, membranes, and surface proteins, such as receptors
and integrins, are driven by the formation of endosomes, multi-
vesicular bodies (MVBs), and activation of autophagy.®®*%*”
Erythroblasts from the silk BM model frequently showed abun-
dant MVBs, characterized by electron-translucent vacuoles con-
taining nanometer-sized vesicles, and autophagosomes, identified
as double-membraned vesicles engulfing cellular material for
degradation, indicating robust membrane trafficking during matu-
ration (Figure 6A-D). Interestingly, enucleation did not entirely halt
autophagic activity, because small autophagosomes were occa-
sionally observed in Rtics, which had already undergone significant
cytoplasmic and organelle loss (Figure 6E-F). This suggests that
autophagy might continue after RBCs leave EBIs to complete their
maturation in circulation. Quantification of LC3B* and p62*
punctae in the cytoplasm, markers of autophagy induction, revealed
heterogeneity in autophagic activity within these structures. Larger
cells exhibited significantly more LC3B* and p62* punctae than
smaller cells (Figure 6G-J). Enucleated CD235" RBCs displayed
fewer LC3B and p62 signals, suggesting a dynamic, maturation-
driven reduction in autophagy activity. Notably, fewer mitochon-
dria were observed in smaller RBCs than larger ones (Figure 6K),
and mitochondrial depolarization, a trigger and consequence of
autophagy induction, was confirmed using the JC-1 dye, which
showed peak depolarization in small CD71'°% RBCs (Figure 6L-M).
To explore the role of autophagy in RBC maturation within the silk
niche, we performed pharmacological inhibition of autophagy using
2 distinct approaches. Inhibition of Fyn, an Src family kinase critical
for autophagy and erythropoiesis in mice,*® or ULK1/2, essential
kinases for autophagy initiation,*® led to impaired EBI formation.
Treated samples lacked the typical clustering of erythroblasts, with
minimal LC3B punctae detected (Figure 6N). Treated RBCs also
showed reduced hemoglobin content, as evidenced by their pale
appearance compared with controls, indicating defective iron
uptake (Figure 60). Accordingly, both inhibitors caused a marked
impairment in erythropoiesis, with cells predominantly arrested in
the immature “young” stage throughout the 3-week culture and
only a few mature CD235"9" RBCs detected in the “middle” and
“old” populations (Figure 6P-T).

Discussion

To investigate the multistep maturation process of human RBCs in
the BM, we developed a silk-based 3D scaffold that replicates the
physical and chemical attributes of the BM microenvironment.
Central to our approach is reproducing the spongy structure of BM
niches and functionalizing them with fibronectin. This strategy was
inspired by the observation that in vivo fibronectin fibers are inter-
spersed within EBIs, supporting their integrity and facilitating RBC
maturation. The a4 integrin is responsible for fibronectin recog-
nition and binding.'”*3%® a, integrin is a marker of early stages of
erythropoiesis, because its expression decreases during matura-
tion, whereas the expression of CD235a and band 3 increases.®

In our silk BM model, EBIs formed naturally through the interaction of
HSPCs and macrophages. Macrophages play crucial roles in RBC
maturation by supplying iron for heme synthesis and delivering ferritin
to developing erythroblasts.>*** Additionally, they support maturation
into Rtics by phagocytosing expelled nuclei at the end of differenti-
ation.'”? It is known that both RBCs and macrophages express
adhesion molecules involved in maintaining EBI integrity, including
a4y integrin on erythroblast surface and CD163 on macro-
phages.'”** Disruption of a4p; axis leads to erythropoietic abnor-
malities and reduced EBI formation.?®*”°° Human CD34* HSPCs
with silenced a4 subunit showed an acceleration of erythroid differ-
entiation, likely due to antiproliferative signals in early progenitors, and
significantly impaired enucleation.>" Our findings highlight the critical
role of the fibronectin-silk niche in preserving EBI structure, thereby
facilitatihng RBC maturation. We have confirmed that mature
CD717CD235" RBCs downregulate the expression of surface
integrins,® leading to the loss of cell adhesion to fibronectin and
macrophages. This facilitates their recovery into the medium flow and
collection into transfusion bags. We acknowledge that using in vitro—
derived macrophages is a limitation of our study, because they may
not fully capture the heterogeneity of the native BM niche. However,
our newly developed protocol offers a proof of concept for gener-
ating EBl-like structures. In support of this claim, EBIs maintained
their structural integrity under perfusion, whereas maturing enucle-
ated RBCs gradually detached and entered the flow.

During erythropoiesis, the efficient removal of intracellular organ-
elles, membranes, and surface proteins, such as transferrin
receptors and integrins, is facilitated by MVBs and the activation of
autophagy, a critical cellular process.***”°>°2 Disruption of auto-
phagy can lead to defective erythropoiesis in vivo, as evidenced by
prior studies.*®** However, the role of autophagy in RBC matu-
ration within EBIs remains largely uncharacterized. In cancer cell
models, gene expression profiles related to autophagy have been
shown to differ significantly between 2D and 3D culture environ-
ments, influenced by factors such as extracellular matrix adhesion

Figure 5 (continued) and blue dots indicating significantly downregulated genes based on the same thresholds. Nonsignificant genes are shown in gray. (B) Heat map of

hierarchical clustering showing the expression profiles of DEGs across various conditions. Red and blue blocks on the left represent groups of genes that are significantly

upregulated or downregulated, respectively, with the color intensity reflecting the expression levels (scaled as z scores). (C) Gene ontology (GO) enrichment analysis for

upregulated and downregulated pathways. The dot size represents the ratio of differentially expressed genes to the total genes in each GO term, whereas the color intensity

indicates the statistical significance of the enrichment (—log10 P value adjusted). (D) Heat map depicting the average expression levels of selected genes across different

conditions. Color intensity represents the scaled expression (z scores) of each gene, with the color bar indicating the scale range. DN, downregulated; L2FC, Xlog?2 fold change;

UP, upregulated.
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Figure 7. Schematic representation of mechanisms of
RBC production into the silk bone marrow model. The
3D bone marrow model consists of a silk-based spongy
scaffold with interconnected pores, resembling the
microcirculation of the native tissue. This design facilitates
perfusion into customized flow chambers. The scaffold is
functionalized with fibronectin, promoting cell adhesion during
maturation. Hematopoietic stem and progenitor cells from
human adults, along with macrophages, are cocultured in the
presence of erythropoietin and transferrin to establish
erythropoietic niches that support RBC differentiation. During

maturation, erythroblasts activate autophagy, facilitating cell

MARROW

membrane remodeling and organelle loss. Reduced
expression of surface integrins toward the end of maturation

enables easy recovery of enucleated RBCs into the medium

flow, simulating bloodstream circulation. Samples can be

efficiently collected in transfusion bags for downstream

analysis. Figure generated with BioRender.com.
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and integrin trafficking, which regulate autophagy.’®®°’ This
distinction is crucial, because the activation of autophagy during
various stages of erythropoiesis appears to be context dependent.
For example, rapamycin-mediated inhibition of mammalian target of
rapamycin reduces erythroid colony formation during the commit-
ment and proliferation phase but promotes enucleation and mito-
chondrial clearance by enhancing autophagy during the maturation
phase.®® Furthermore, Ulk7™~ mice, which lack a key autophagy-
initiating kinase, display elevated Rtic counts in peripheral blood,
indicating impaired mitochondrial and ribosomal clearance and a
diminished ability to mature into erythrocytes.®® Collectively, these
findings emphasize the need for precise temporal and environ-
mental control of autophagy activation to ensure the orderly

progression of erythropoiesis. In our study, we observed increased
autophagosome formation and the presence of MVBs in the
cytoplasm of erythroblasts, with autophagy markers LC3 and p62
predominantly localized in larger erythroblasts. In contrast, Rtics
and small, enucleated RBCs showed minimal autophagy activity,
reflecting their near-complete loss of organelles. Pharmacological
inhibition of autophagy disrupted EBI formation, leading to impaired
RBC maturation, with cells arrested at the erythroblast stage and
unable to undergo the final morphological changes required for full
maturation. These findings highlight the essential role of autophagy
in facilitating RBC maturation and enucleation in an ex vivo envi-
ronment. By replicating the physiological attributes of the BM
niche, our silk-based scaffold promotes autophagy and enhances

Figure 6. Autophagic activation during RBC maturation supports the maturation of EBI-like niches. (A-C) Transmission electron microscopy analyses of MVBs and
Aphs in basophilic erythroblasts (BasoEs) and polychromatic erythroblasts (PolyEs) (3A scale bar, 2 pm [Figure 3A]; scale bar, 500 nm [Figure 3B]; scale bar, 500 nm
[Figure 3C]). (D-F) OrthoE and Rtics also show content of double-membrane vesicles (scale bar, 1 pm [panel D]; scale bar, 1 um [panel E]; scale bar, 500 nm [panel F]). (G-H)
Confocal microscopy images showing CD235a cells positive to LC3B and p62 (red, CD235a; green, LC3B/p62; blue, nuclei per silk; white arrow, double positive cells; red
arrow, CD235" cells; scale bar, 10 um [Figure 3G]; scale bar, 20 pm [Figure 3H]). Statistical analyses of LC3B™ (I) and p62* punctae (J) and mitochondria content (K) (n = 100;
*P < .05). (L) Confocal microscopy analysis showing JC1 staining in CD71'°" and CD71* cells (red, JC1 aggregate form; green, JC1 monomeric form; white, CD71; scale
bar, 10 um). (M) Red-to-green ratio analysis shows that depolarization mainly occurs in small CD71'°" cells (n = 180; *P < .05; **P < .01). (N) Confocal microscopy analyses of
the silk bone marrow model during the culture in the presence or not of 10 uM 1-naphthyl PP1 (Fyn inhibitor). Images show cellular nests enriched in CD235a*LC3B* cells in
control conditions, while under treatment with 1-naphthyl PP1 CD235a"LC3B™ cells are mainly distributed as single cells inside the silk scaffolds (red, CD235a; green, LC3B;
blue, silk/nuclei; scale bar, 25 pm). (O) The loss of the typical red appearance of cells from samples treated with Fyn inhibitor demonstrates ineffective iron uptake with respect to
controls. (P) As demonstrated by flow cytometry gating, inhibition of autophagy leads to a depletion of cells in the “old” population gate (red arrow) with respect to the control.
Analyses show an evident downregulation of CD235a expression of the “old” population treated with Fyn and ULK1/2 inhibitors. (Q) Analysis of cell viability under different
treatments (n = 3; p = not significant). Flow cytometry analyses show that (R) the “young” population evidence an increase of the total amount of cells in the presence of inhibitors
with respect to the control (n = 3; *P <.05). By contrast the (S) “middle” and the (T) “old” populations evidence a reduced cell number in the presence of inhibitors with respect to

the control (n = 3; *P < .05; **P < .01). Aph, autophagosome; Ctrl, control; inh., inhibitor; M, mitochondria; N, nucleus; n.s., not significant.
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ex vivo RBC production (Figure 7). In conclusion, our study dem-
onstrates that this physiologically relevant tissue model effectively
supports human erythropoiesis and highlights the potential of
tailored 3D systems to enhance the study and understanding of
hematopoietic processes.
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