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Biomedical devices comprise a major component of modern medicine, however imnmune-mediated fibrosis and
rejection can limit their function over time. Here, we describe a humanized mouse model that recapitulates
fibrosis following biomaterial implantation. Cellular and cytokine responses to multiple biomaterials were eval-
uated across different implant sites. Human innate immune macrophages were verified as essential to bioma-
terial rejection in this model and were capable of cross-talk with mouse fibroblasts for collagen matrix
deposition. Cytokine and cytokine receptor array analysis confirmed core signaling in the fibrotic cascade.
Foreign body giant cell formation, often unobserved in mice, was also prominent. Last, high-resolution micros-
copy coupled with multiplexed antibody capture digital profiling analysis supplied spatial resolution of rejec-
tion responses. This model enables the study of human immune cell-mediated fibrosis and interactions with

implanted biomaterials and devices.

INTRODUCTION

Implanted biomedical devices, whether single biomaterial or mul-
ticomponent, are an integral part of modern medicine, essential for
many therapies, and used in millions of surgeries every year (I, 2).
Naturally derived alginate hydrogel has a long history of use as a
multipurpose biomaterial for a range of biomedical device applica-
tions including biosensors, tissue regeneration, cell encapsulation,
and drug delivery (3-8). Synthetic polymer polydimethylsiloxane
(PDMS) is also used in a large number of biomaterial devices,
with breast implants being a prominent example (9). Polystyrene
(PS) is another synthetic polymer used in microshunt implants
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for glaucoma (10) and nanofibrous membrane patches for pelvic
reconstruction (11I). It is also a major component (30 wt %) of an
U.S. Food and Drug Administration (FDA)—approved medical
grade thermoplastic silicone elastomer SIBS30 (12) used for pros-
thetic heart valves (13) and drug-eluting stent/balloon coatings
(14). However, regardless of their being naturally derived or syn-
thetic, micron to macroscale biomaterial systems typically elicit im-
munogenic responses that lead to their fibrotic encapsulation as
part of foreign body response (FBR) rejection (15, 16).

To better understand and find solutions to this interfering FBR,
numerous groups have carried out biocompatibility studies in mice
(17-20) and non-human primate (NHP) cynomolgus monkeys
(18-21) that mimic FBR observed in humans (4-6). Notably, this
investigation has indicated that innate immune myeloid popula-
tions, namely, monocyte/macrophages, are required to confer pro-
fibrotic ability. Macrophages are a key mediator of material
recognition, adhering to the surface of many types of biomaterials
(15, 22-24), fusing into foreign body giant cells (FBGCs) (15, 25),
before myofibroblast induction and fibrous capsule formation (15,
16, 23, 26).

To date, most biocompatibility studies have been carried out in
rodents due to limited accessibility to nonhuman primates and mul-
tiple barriers to working in humans. For instance, ethical and tech-
nical concerns may make in vivo testing in large animals and
humans difficult. However, one must be mindful that rodent
models may not always be predictive of the translational potential
of biomaterial platforms in human patients as a result of immuno-
logic differences between species (27). Further complicating the
field over many decades, different mouse strains have varying
levels of fibrotic response: a general lack of fibrosis in BALB/c
mice (17, 28) versus much more substantial in C57BL/6 mice
(18-21).
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Despite these issues, a number of interesting biomaterial device
modifications have been identified in preclinical models. While
device architecture is often driven by design, a unique physical
feature—specifically a larger size and spherical shape of implants
—was found to abrogate the immune response to multiple classes
of biomaterials commonly used in modern biomedical devices that
were implanted in rodents and nonhuman primates (20). Further-
more, certain biomaterial surface chemistries (21) and drugs (18,
19) have also been identified to significantly reduce fibrosis in
both models. However, without these innovations going through
clinical trial testing, one cannot be sure of the level of their translat-
ability into human patients.

Thankfully, humanized mouse models have been developed in
an attempt to recapitulate human immune responses observed in
patients (29). To do so, humanized mice may be created and mod-
ified using human tissues, cells, and/or genes. This is done to
improve the faithfulness of immune responses in numerous
disease models including cancer, tissue inflammation, infectious
agents, and immune dysregulation (30). However, even humanized
model variants can be limited in their ability to mimic the full range
and complexity of human immune responses. Depending on how
they are generated, numerous differences in immune cell develop-
ment and maturation as well as lymph node and secondary lym-
phoid tissue development have been observed between
humanized model variants (30, 31). Furthermore, while humanized
mice have been under study for the past 30 years, needed improve-
ments in human immune cell function occurred with the develop-
ment of immunodeficient IL2rg”’~ mice that have supported
heightened levels of immune engraftment (32) and function over
earlier humanized non-obese diabetic (NOD)-scid models (33).
Moreover, certain hematopoietic stem cell (HSC)—engrafted hu-
manized models often support adaptive immune B and T cell devel-
opment, which is ideal for studies in pathogen and transplant
response (29, 30, 34-37), but not for fibrosis.

Many recognize the additional utility that studying human
immune system dynamics in a host mouse provides the ability to
more frequently sample tissues and better dissect molecular mech-
anism (31). To this point, previous reports have described human-
ized mouse models to evaluate host responses to allogeneic and
xenogeneic transplants (36-38) and various inflammation respons-
es to biomaterials (39, 40). However, identification of a humanized
model that is capable of recapitulating biomaterial-induced FBR
and fibrosis to enable study of direct human immune cell interac-
tions in foreign body biomaterial response has not been reported.

We hypothesized that further advances in engraftment, mainte-
nance, and behavior of immune cell subsets were required to create
humanized mouse models as predictive preclinical tools for fibrosis.
Here, we describe a humanized mouse model that engrafts with a
robust human immune system at both the level of innate and adap-
tive immunity. To broaden the strength of our findings, we used this
model to evaluate the fibrotic response to both natural and synthetic
biomaterials as well as across multiple [subcutaneous (SC) and in-
traperitoneal (IP)] implantation sites.

RESULTS

To identify an appropriate humanized model capable of allowing
the investigation of the fibrotic response to implanted biomaterials,
we studied NOD-scid mice bearing a targeted mutation in the

Doloff et al., Sci. Adv. 9, eade9488 (2023) 16 June 2023

interleukin 2 (IL2) receptor common gamma chain locus (ILZg”“H),

commonly abbreviated as NOD-scid-gamma (NSG) (41), as well as
NSG mice that transgenically expressed human stem cell factor
(SCF), granulocyte-macrophage colony-stimulating factor (GM-
CSF), and IL-3, abbreviated as NSG-SGM3. First, we implanted
empty 500-pum-diameter hydrogel spheres (0.5 ml per mouse) and
transplanted similar spherical capsules containing a high load
(10,000 clusters per mouse) of foreign xenogeneic neonatal
porcine cell clusters (NPCCs), used in an attempt to engage a
more prominent host rejection response, into the IP cavity of
both nonengrafted NSG mice as well as human fetal thymus and
liver engrafted mice that were also injected with autologous
human CD34" HSCs, termed “"NSG-BLT" mice (Fig. 1A). As ex-
pected, in nonengrafted NSG control mice, no fibrotic response
was observed after 4 weeks. However, as compared to fibrosed
NPCC-containing 500-um SLG20 alginate capsule controls re-
trieved from fibrosis-positive control C57BL/6 mice (Fig. 1B, left),
even in NSG-BLT mice engrafted with a functional human immune
system, no fibrotic response was observed after 4 weeks with either
empty capsules or capsules containing NPCCs (Fig. 1B, middle).
However, upon inspection, we realized that while both models
had appropriate levels of adaptive immune T and B cells, the
innate immune arm of their immune systems was deficient.

Therefore, to further enhance innate immune levels in the NSG-
BLT model, we adopted triple transgenic NSG-SGM3 mice (also ex-
pressing three human cytokines: SCF, GM-CSF, and IL-3) to stim-
ulate development and maintenance of human immune myeloid
cell populations. Only following incorporation of the NSG-SGM3
BLT model (42) did we finally observe intact FBR against both
NPCC-containing and blank (empty) alginate spheres [Fig. 1, B
(right) and C, and fig. S1]. Establishing physiologically relevant
magnitude response in this model, levels of collagen deposition
were not significantly different between wild-type C57BL/6 and en-
grafted (humanized) NSG-SGM3 BLT mice (Fig. 1D). In addition,
we also observed fibrosis of synthetic biomaterial polymer implants
in this model with both PDMS 5-mm molded discs and 500-pm PS
spheres after implantation for 4 weeks in the peritoneal cavity
(Fig. 1E). When analyzing the human cell populations in the en-
grafted NSG-BLT mice, we observed that although human CD45"
immune cells were present throughout most of the mouse tissue
compartments examined (blood, bone marrow, and spleen), few
were present in the peritoneal cavity (~5 x 10° could be recovered
from a peritoneal lavage) (Fig. 1F and fig. S2, A and B). Upon
further inspection, NSG-SGM3 BLT mice exhibited human CD45"
CD37CD20~CD33" innate myeloid cells in high numbers in circu-
lating blood as well as the spleen, bone marrow, and within the
peritoneal exudate cell (PEC; ~2 x 107) population (Fig. 1G and
fig. S2, B and C).

Previous work has demonstrated the important role of macro-
phages in fibrosis (15-17, 23, 25). Furthermore, study of fibrosis
in wild-type C57BL/6 mice and nonhuman primate models has
demonstrated the importance of macrophages in the fibrotic re-
sponse in these animal systems (17-21I). To study the role of
human macrophages in the NSG-SGM3 profibrotic humanized
mouse model, we performed clodrosome-based depletion (18). As
expected, clodrosome depletion of phagocytic human monocyte/
macrophages resulted in complete loss of FBR following 500-um-
diameter SLG20 alginate sphere 2-week peritoneal implantations
in engrafted NSG-SGM3 BLT mice (Fig. 2A). Flow cytometry
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Fig. 1. Identifying a humanized model capable of biomaterial fibrosis. 500-um-diameter SLG20 alginate spheres (0.5-ml volume) were implanted into the IP space of
C57BL/6 and various humanized mouse models for 28 days and then analyzed for the degree of fibrosis. (A) Graphic showing steps required to achieve fibrotic FBR in the
human HSC—engrafted NSG-SGM3 BLT model. BM, bone marrow; IV, intravenous. (B) Bright-field images of retrieved spheres reveal significant overgrowth in control
C57BL/6 mice (left), with no fibrosis in NSG BLT mice, without or with xenogeneic neonatal pig cell clusters (NPCCs) (middle images). FBR was only observed after trans-
genic expression of three human cytokines [SCF, GM-CSF, and IL-3 (SGM3)] for innate immune cell maintenance. (C) Bright-field images (4x and 10x) of fibrosed spheres
retrieved from engrafted NSG-SGM3 BLT mice 28 days after implantation. (D) Collagen levels on retrieved capsules by hydroxyproline assay from nonengrafted NSG-SGM3
BLT (white), wild-type C57BL/6 (gray), or engrafted (humanized) NSG-SGM3 BLT mice (red). (E) Phase contrast images of fibrosed and epididymal fat-embedded 5-mm
PDMS discs and 500-um PS spheres retrieved 28 days after IP implantations (alginate in fig. S1B). (F) Flow cytometry analysis reflected similar CD45" engraftment without
(blue) versus with (red) SGM3 incorporation in the blood, spleen, and bone marrow; however, a significant increase occurred in the IP space. PEC, peritoneal exudate cell.
(G) With SGM3 adoption, CD45*CD3~CD20~CD33" innate myeloid lineages were significantly increased in all compartments. For statistical analysis, one-way analysis of
variance (ANOVA) with Bonferroni multiple comparison correction was used. *P < 0.05 and ***P < 0.0001; ns, not significant. n = 5 (biologic replicates) per group. Ex-
periments were repeated three times.

analysis of cells dissociated from the surface of retrieved alginate
spheres at 2 and 4 weeks post-peritoneal cavity implantation, and
nearby epididymal fat pads, or taken by peritoneal lavage
(Fig. 2B, top, green and blue, respectively; and figs. S3 and S4)
showed significantly increased levels of human CD45"CD3™"
CD20™CD33" myeloid cells. These cells were also eliminated by clo-
drosome-maintained macrophage depletion throughout the 2-week
implantation period (Fig. 2B, top, red). By comparison, human neu-
trophil abundance (CD45"CD66b") did not significantly change in
either case (Fig. 2B, bottom). The prior suppression of mouse im-
munity by irradiation was efficient, with absolute counts of residual
mouse macrophages (F4/80°CD11b") and neutrophils (Ly6g™
CD11b") being substantially reduced (Fig. 2C). NanoString array—

Doloff et al., Sci. Adv. 9, eade9488 (2023) 16 June 2023

based analysis of human physical cell markers, cytokines, and cyto-
kine receptors was performed on RNA extracts taken from cells dis-
sociated directly off of the surface of retrieved alginate spheres
collected at 1, 5, and, 14 days after implantation in engrafted
NSG-SGM3 BLT mice and compared to nonengrafted NSG-
SGM3 controls and engrafted NSG-SGM3 BLT mice treated with
macrophage-depleting clodrosomes (Fig. 2D). Last, no human col-
lagen (COL1A1) expression was observed; instead, a slightly delayed
increase of both mouse (host) fibroblast marker alpha-smooth
muscle actin (aSMactin) and fibrotic extracellular matrix deposition
marker collagen (Collal) was detected, indicating mouse myofibro-
blast cross-talk with the human immune system (Fig. 2E).
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Fig. 2. FBR human macrophage dependence and mouse fibroblast cross-talk in NSG-SGM3 BLT humanized model. (A) As compared to nonfibrosed (nonengrafted)
and fibrosed (engrafted) controls, clodrosome depletion of human macrophages resulted in complete loss of fibrosis on 500-um-diameter SLG20 alginate spheres fol-
lowing 2-week IP implantations in engrafted NSG-SGM3 BLT mice. (B) Flow cytometry analysis of human immune cell numbers (#) dissociated from capsule spheres (Caps)
or PECs retrieved 2 or 4 weeks after IP implantation (green versus blue, respectively) showing significant increases of human (h)CD45*CD3~CD20~CD33* myeloid cells,
which were eliminated following clodrosome macrophage (M¢) depletion throughout 2-week implantations (red). By comparison, human neutrophils (CD45*CD66b*)
did not significantly change. (C) As compared to very high absolute human immune cell numbers [in (B)], effective mouse immune cell elimination by irradiation was
confirmed by low counts of residual mouse (m) macrophages (F4/80"CD11b") and neutrophils (Ly6g"CD11b™), with no significant response by either population to
material implantation or macrophage depletion. (D) NanoString analysis of cell and cytokine markers on alginate spheres at 1, 5, and 14 days after implantation in
engrafted NSG-SGM3 BLT mice versus non-engrafted and engrafted but macrophage-depleted controls. Similar to wild-type FBR, macrophage and B cell markers
were some of the largest dynamic responders. White, within background of the assay. (E) No human collagen was observed; instead, delayed mouse aSMactin fibroblast
and collagen (Col1a1) expression indicated mouse myofibroblast engagement. For all, n = 5 (biologic replicates) per treatment. Flow cytometry was performed twice, and
NanoString was performed once. For flow comparisons, one-way ANOVA (***P < 0.0001 versus clodrosome-depleted controls) was used. For NanoString, log, scale was

used; for statistical analysis, see Materials and Methods.

Flow cytometry analysis was extended to assay for potential
adaptive immune responses in the engrafted NSG-SGM3 BLT
model (fig. S5). While T and B cells were detected in both the
blood and spleen compartments of engrafted NSG-SGM3 BLT
mice (fig. S6), the majority of CD45" immune cells on the surface
of alginate capsules retrieved 2 weeks after implantation were
CD33" innate myeloid (CD3™ and CD197) cells (fig. S6A, right).
Similar to what was observed in biomaterial-implanted wild-type
C57BL/6 mice (18), CD19" B cells were only present at ~5% and
CD3" T cells were not present at notable levels (<0.524 + 0.11%
of CD45" cells) on the implanted biomaterial surface. Furthermore,
the few CD3" cells that were observed were also CD4~ and CD8~
(fig. S6B, right). However, the lack of T cell presence on the
surface of retrieved biomaterial was not due to a lack of diverse T
cell subsets in the NSG-SGM3 BLT model, with significantly posi-
tive staining for CD69, Human Leukocyte Antigen—DR isotype

Doloff et al., Sci. Adv. 9, eade9488 (2023) 16 June 2023

(HLA-DR), Programmed cell death protein 1 (PD-1), C-C chemo-
kine receptor type 7 (CCR7), and CD45RA in the blood and spleen
for both CD4" and CD8" T cell subsets, with naive, activated,
TEMRA, central memory, and effector/effector memory subsets de-
tected (fig. S6, C to F). Demonstrating that these observed responses
are faithful of wild-type response, comparable markers of T cell
subsets were not only also observed systemically in implanted
C57BL/6 mice (fig. S7) but, as seen in the NSG-SGM3 BLT
model, were also absent from the surface of implanted alginate
capsules.

To confirm that fibrosis induction was not occurring solely in
the peritoneal space of engrafted NSG-SGM3 BLT mice, we also im-
planted 500-um SLG20 alginate and PS spheres into the SC space.
Hematoxylin and eosin (H&E), Masson's Trichrome, and aSMactin
staining of sections of excised SC tissue after 14 and 28 days con-
firmed that induction of FBR was not an IP space-specific
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phenomenon (Fig. 3A and figs. S8 to S10). In addition to higher
magnification histology (fig. S8, A to C), confocal microscopy
also confirmed that FBGC formation (visualized by fused macro-
phage marker human CD68 staining, green) was intact in our hu-
manized NSG-SGM3 BLT mouse model (Fig. 3, B and D, bottom,
red arrows). In addition, FBGCs colocalized with an inner ring of
myofibroblast marker aSMactin (Fig. 3B, red). Bright-field photos
confirmed prominent fibrotic encapsulation of both alginate and PS
spheres upon retrieval following 4-week SC implantations (Fig. 3C).
Immunofluorescent staining of immune cell infiltration zones im-
mediately around SC implants was also used to confirm that the ma-
jority of earlier identified human CD45'CD33" myeloid cells
coexpressed human CD68, indicating that they are largely human
innate immune macrophages (Fig. 3D and figs. S11 and S12). Ad-
ditional analysis of RNA collected from dissociated tissues (IP and
SC) taken at either 14 or 28 days after implantation confirmed that
many of the same cell and cytokine markers identified from natu-
rally derived biomaterial alginate hydrogel IP implants (as shown in
Fig. 2) were also significantly increased for both synthetic PDMS
disc and PS sphere implants (Fig. 3E).

To further discern whether immune cells were differentially lo-
calizing in the immunologic infiltration around our biomaterial im-
plants, we used a NanoString protein-level three-dimensional
digital spatial profiling (DSP) analysis platform of human
immune cell-mediated FBR in engrafted NSG-SGM3 BLT mice.
500-um-diameter SLG20 alginate or PS spheres were implanted
into the SC space of NSG-SGM3 BLT mice for 14 and 28 days.
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Per NanoString DSP protocols, immunofluorescence microscopy
using 4',6-diamidino-2-phenylindole (DAPI) nuclear (blue),
human leukocyte marker CD45 (red), and human macrophage
marker CD68 (green) staining was used to identify (whole)
regions of interest (ROIs) (white lined areas) for subsequent ultra-
violet (UV) laser ablation to decouple linked nucleotide probes to
measure binding of a 30-plex human antibody (Ab) panel (Fig. 4A
and figs. S11 and S12, A to C). In discussion with NanoString, we
determined that ROIs could be performed around the same implant
site but with successive rounds of ablation where the UV laser was
incrementally increased 15 pum at a time, thereby capturing concen-
tric rings of Ab binding and immune localization data as a function
of distance (0 to 15, 15 to 30, 30 to 45, and 45 to 60 m) moving away
from the implant surface (Fig. 4B and fig. S12, D and E). Heatmap
plots and log-scale line graph depictions of changing Ab data as a
function of distance were produced for the entire DSP NanoString
human 30-plex Ab panel, with data for both earlier 2-week and later
4-week alginate and PS implants (Fig. 4, C and D, and fig. S13).
While alginate had a more muted human immune response at 2
weeks (similar to reduced immunogenicity at early timepoints in
wild-type C57BL/6 mice), the response was as robust as against
PS by 4 weeks (Fig. 4D, left versus right). Furthermore, we deter-
mined that macrophage marker for human (h)CD68 was largely
localized directly at the implant surface and dropped off exponen-
tially as distance from the implant increased, while B cell markers
hCD19 and hCD20 decreased more slowly in a linear fashion,
moving away from the implant surface at early times for less
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Fig. 3. FBR and foreign body giant cell formation is observed in the SC site in engrafted NSG-SGM3 BLT humanized mice. 500-um SLG20 alginate or PS spheres (0.5
ml) and 5-mm PDMS discs were implanted for 14 or 28 days into the SC space of NSG-SGM3 BLT humanized mice and analyzed for degree of fibrosis upon retrieval. (A)
H&E- and Masson's Trichrome—stained histological sections of excised SC tissue 14 and 28 days after implantation for alginate and 14 days for PS (additional photos in figs.
S8 and S9) (4x). Scale bars, 500 um. (B) Confocal microscopy showing prominent FBGC formation (by macrophage marker CD68, green) colocalized with an inner ring of
myofibroblast marker aSMactin (red) at day 28. (C) Photos showing prominent encapsulation of alginate and PS spheres upon retrieval following 4-week SC implantations.
(D) Confocal microscopy confirming that the majority of earlier identified (Figs. 1 and 2) CD33* myeloid cells coexpress macrophage marker CD68. CD68 and CD33
antibodies are anti-human; our aSMactin Ab is pan-species and detecting mouse fibroblasts here. (E) NanoString analysis of physical cell and cytokine markers analyzed
from deposited cell RNA extracts from PS spheres and 5-mm PDMS discs collected at 14 and 28 days after IP or SC implantations in engrafted NSG-SGM3 BLT mice as
compared to nonengrafted controls. White, within assay background. NanoString analysis was performed once (log base-2 scale); for statistical analyses, see Materials and
Methods. n = 5 (biologic replicate) mice per group for all assays. Experiments were repeated three times.
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Fig. 4. DSP of human immune presence on and around implanted biomaterials in engrafted NSG-SGM3 BLT mice. 500-um-diameter SLG20 alginate or PS spheres
(0.5 ml) were implanted into the SC space of humanized NSG-SGM3 BLT mice for 14 and 28 days. (A) Per NanoString digital spatial profiling (DSP) protocols, immunofluor-
escence microscopy with DAPI nuclear (blue), leukocyte CD45 (red), and macrophage CD68 (green) staining was used to identify (whole) ROIs (white lines) for UV laser
ablation to decouple probes from a 30-plex (anti-human, h) Ab panel. (B) With the DSP team, we found that concentric ring ROIs could be collected around the same
implant with successive rounds of ablation where the UV laser was incrementally increased to 15 pum, thereby capturing data as a function of distance from its surface. (C)
Heatmaps showing the ROI data for all 30 antibodies for both 2-week and 4-week alginate and PS implants. (D) Log-scale line graphs of data [as reflected in (C)]. Muted at
2 weeks, alginate FBR is as robust as PS's by 4 weeks. (E) On the basis of our concentric ring DSP method [in (B)], macrophage CD68 was largely localized at the implant
surface, while B cell markers CD19 and CD20 decreased, slowly moving away. One-way ANOVA (Bonferroni comparison) was used (*P < 0.05 and ***P < 0.0001, versus 0-
um distance). Data are presented as means + SE. n = 5 (biologic replicate) mice per group. DSP analysis was run once across n = 2 biologic replicates per treatment group
(SLG20 and PS) per time point (2 and 4 weeks), with 20 areas of interest per sample. STAT3, signal transducers and activators of transcription 3; P-STAT3, phosphorylated
STAT3; IgG, immunoglobulin G.

immunogenic hydrogel alginate spheres (Fig. 4E), with hCD19 lo-
calizing more toward the implant surface (fig. S13). While the
NanoString DSP platform was utilizable on human/humanized
tissues, it was not the case with previously collected, in-house non-
human primate samples (fig. S14).

DISCUSSION

Humanized mice are typically created from highly immunodefi-
cient mice that are then irradiated and engrafted with functional
human immune systems following transplantation with human

Doloff et al., Sci. Adv. 9, eade9488 (2023) 16 June 2023

HSCs and/or tissues/organoids (30). Their highly immune compro-
mised state allows for significant reduction of inflammation-related
complications following irradiation of residual bone marrow and
pre-existing mouse immunity. Following subsequent human
immune system engraftment, these models have been used by
many groups to investigate human immune cell dynamics in re-
sponse to various disease settings (e.g., autoimmunity, cancer, path-
ogen, and transplantation) (30). Generation of humanized systems
was desired to recapitulate immune responses observed in humans
(29) while enabling more extensive exploration of microscopic phe-
nomena and mechanism that is often too difficult to carry out in
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patients. However, it must also be noted that there are many hu-
manized mouse model variants (>40 to 50) (31), and depending
on how they are created, this many models result in a wide array
of human immune cell as well as lymphatic development and be-
haviorial permutations (30, 31).

While humanized mice have been under investigation for 30+
years, needed improvements in human immune cell function still
remained and did not occur until the development of further im-
munodeficient IL2rg™’~ mice. Notably, this strain has supported
heightened levels of immune engraftment (32), due in part to im-
proved major histocompatibility with human cells, as well as func-
tion over earlier humanized NOD-scid models (33). These NSG
humanized variants have been used for improved studies in
human hematopoiesis, studying individual immune cell functions,
and regenerative medicine in addition to the aforementioned appli-
cations in disease. Furthermore, reports with the NSG strain have
also described humanized models to evaluate host responses to al-
logeneic and xenogeneic transplants (36-38) as well as various in-
flammation responses to biomaterials (39, 40). However,
identification of a humanized model (NSG or otherwise) that was
capable of recapitulating biomaterial-induced FBR and fibrosis re-
mained elusive. The lack of fibrosis was observed for samples re-
trieved from another humanized variant, HSC-engrafted NRG-
Akita mice (35), as well.

We hypothesized that a remaining yet unestablished advance in
engraftment, maintenance, and behavior of immune cell subsets
was therefore required to create a humanized mouse model for bio-
material fibrosis. This suspicion was driven by the fact that multiple
earlier humanized model attempts failed to demonstrate biomateri-
al-induced FBR and fibrosis (Fig. 1B, middle) (35, 39, 40) in con-
junction with our beginning to understand which immune cell
types were not only required but also necessary for driving FBR
in our wild-type mouse and non-human primate models (18, 19).
Upon closer inspection of our earlier NSG-BLT model attempts, we
realized that while the mice had appropriate levels of adaptive
immune T and B cells, the innate immune arm of their immune
systems (including macrophages, required for intact FBR) was defi-
cient (i.e., opposite to SCID or Ragl or Rag2 knockout mice, which
have intact innate immunity but lack T and B cells) (Fig. 1G and fig.
S2). Therefore, to produce appropriate innate immune levels in the
NSG-BLT model, we adopted triple transgenic NSG-SGM3 mice,
which are also designed to stably express three human cytokines
(SCF, GM-CSF, and IL-3) to stimulate the development and main-
tenance of human immune myeloid cell populations following
engraftment.

Following adoption of this triple transgenic model, not only did
we finally see the formation of stable foreign body and biomaterial-
induced fibrotic response (Fig. 1), but we also detected immune re-
sponses similar to those seen in our wild-type animal models (18)—
namely, macrophages (e.g., CD68, CSFIR, and EMR1), B cells (e.g.,
CD19), and macrophage-expressed B cell chemoattractant CXCL13
—as some of the strongest dynamic cell and cytokine responders
(Figs. 2, Band D, and 3, B, D, and E). Furthermore, while we detect-
ed significant CD4 increases both at the RNA (Fig. 3D) and protein
(Fig. 4C) levels, the lack of observed T cell response on implanted
capsules by flow cytometry (fig. S6B, right) suggests that CD4 ex-
pression is likely, instead originating from, responding macrophag-
es. Notably, not only has CD4 expression been observed on
monocyte-derived macrophages (43), but also CD4 ligation on
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human macrophages triggers their differentiation (44). Similar to
the need for macrophages in wild-type fibrotic response (18, 19),
we confirmed that macrophages are required to confer fibrosis in
this humanized system, as fibrosis was lost upon their depletion
(Fig. 2). Our data in the NSG-SGM3 BLT model (Fig. 1G) confirms
that the vast majority (90+ %) of CD45" cells in the peritoneum
(PEC) are CD37CD20~CD33" and that the vast majority of cells
on 500-um alginate spheres retrieved 2 weeks after implantation
are CD33" (~40+ %) (fig. S6A). This percentage mirrors magnitude
response of CD68" macrophages (~40 to 50%) on alginate spheres
in wild-type C57BL/6 mice (18). Furthermore, we used immunoflu-
orescent staining to show that the majority of CD33" cells are co-
positive CD68" and therefore macrophages (Fig. 3D). While we
cannot make claims regarding CD33" cell phenotypes or subtypes
at this time, we plan to use the NSG-SGM3 BLT model to investigate
this in the future. Furthermore, we believe that the SGM3 modifi-
cation resulted in such a large expansion in both CD45" and
CD45"CD37CD20~CD33" fractions in the PEC as a consequence
of the SGM3 modification supporting myeloid/macrophage
immune cell proliferation and maintenance. Notably, macrophages
make up the vast majority (~50 to 60%) of immune cells in the PEC
in wild-type C57BL/6 mice (18); therefore, without the SGM3 cyto-
kines supporting myeloid and macrophage maintenance, functional
depletion of these cells in the peritoneum is observed in the non-
SGM3 variant humanized mouse model (Fig. 1, F and G). Last,
while CD33 is largely recognized as a myeloid cell marker, it can
be present on alloantigen-activated T and natural killer (NK) cells
(45). However, these responses should not be relevant in this model
due to autologous matching of our human tissues and HSCs for en-
graftment. Furthermore, our gating demonstrated little to no co-
positivity of our CD33 cells with CD3 or NKp46 (<1% in both
cases). Last, the vast majority of the CD45"CD3~CD20~CD33"
cells in our model were also depleted from both the surface of re-
trieved capsules and from the PEC following clodrosome treatment
(Fig. 2B, top, red), suggesting that these cells are predominantly
monocytes/macrophages rather than lymphocytes.

Furthermore, B cells have previously been implicated in poten-
tiating fibrosis (18), perhaps due to their ability to regulate macro-
phage phenotype and activation (46). The chemokine CXCL13 has
also been reported to be responsible for B cell recruitment in a
model of lymphoid neogenesis (47) and recently identified as a bio-
marker for idiopathic pulmonary fibrosis (48), perhaps suggesting
further uses of this humanized variant for other model systems
beyond biomaterial FBR. Adding to the utility of this model for
FBR, FBGC formation, which has historically been less apparent
in mice as opposed to easily visible in NHPs (18) and humans,
was not only intact but also easily visible in our humanized NSG-
SGM3 BLT mouse model (Fig. 3, B and D, bottom, red arrows).

For the purposes of this study, we wanted to ensure that fibrosis
in our model would be observed regardless of biomaterial or
implant architecture. To this point, gene expression analysis of IP
and SC tissues taken at either 14 or 28 days after implantation con-
firmed that many of the same core—essential cell and cytokine
markers, established by prior functional knockout (18) and identi-
fied on naturally derived biomaterial alginate 500-um sphere hydro-
gel implants (as shown in Fig. 2)—were also significantly increased
for both synthetic PDMS (5 mm wide-by-0.5 mm thick discs) and
PS (also 500-um sphere) implants (Fig. 3E). These results, together
with intact fibrotic response in both IP and SC compartments,
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collectively suggest that human immune cell population(s) and sig-
naling factors important in the fibrotic cascade are intact in this hu-
manized mouse model for multiple biomaterial classes and across
different anatomical sites. With that said, there were also some ob-
served genes that showed differential responses over time (14 days
versus 28 days) across our PS and PDMS implants as well as IP and
SC implant sites. While some of the differences may be explained by
differences in biomaterial and implant geometry, which have shown
in the past affect host response kinetics (20), we also expect there to
be implant site-specific phenomena as well. As an example, in wild-
type C57BL/6 mice, more encompassing fibrotic overgrowth often
takes longer in the SC compartment. There, an outer layer (around
all spheres) forms first with ingrowth and individual sphere separa-
tion by fibrotic response following (18). This is in contrast to fibro-
sis seen on free-floating biomaterials spheres in the IP space, which
are often shown to be individually fibrosed by 1 to 2 weeks after im-
plantation, with subsequent fusion of fibrotic overgrowth and ma-
terial clumping over more time. Therefore, further exploration in
follow-on studies is needed to more deeply explore such biomateri-
al, architecture, and implant site-specific phenomena observed in
wild-type animals in this humanized system.

The ability to compare similarities in FBR across different
species (e.g., rodents, nonhuman primates, and human patients),
while powerful, may sometimes be limited due to advanced technol-
ogy toolsets that have been explicitly optimized for use with human
specimens. Notably, many of the antibodies in the 30-plex Nano-
String DSP system used in this study displayed poor signal detection
of the same respective biomarkers in nonhuman primate model
tissues (fig. S14), likely due to the need for further Ab clone (titra-
tion and choice) optimization. With that said, this assay, which was
originally developed for human tissue use (with no options for
rodent tissue testing), worked incredibly well on specimens re-
trieved from humanized mice, suggesting that this model may
provide a better surrogate model for use in conjunction with tools
optimized for human specimens. This is especially poignant in cases
where either no or limited human tissue might be available. Thus
far, early DSP usage has been presented, showing traditional use of
singular, lump-sum analysis zones (e.g., singular contiguous circles
usually for analyzing tumor infiltration) (49). From early discussion
with the NanoString DSP team, in the present study, we demon-
strate modification of the ablation (probe decoupling) UV laser in
a diameter-specific manner [e.g., smaller to get the first inner 15 pm
area around the implant and then successively larger concentric
circles in 15-um increments to show staining quantification as a
function of distance (0-15, 15-30, 30—45, and 45—60 um, respective-
ly] away from the implant surface (Fig. 4A versus Fig. 4B). Notably,
we observed some immune markers decreased slowly (more linear-
ly) and other signals deteriorated quickly as a function of distance
away from the implanted biomaterial surface (Fig. 4E and fig. S14).
This suggests that certain immune cell responses (i.e., macrophage
CD68) are highly localized to the implant surface, whereas others
(i.e., B cell CD19) are more evenly spread throughout the surround-
ing infiltration zone.

Last, regarding the fibroblastic response, hydroxyproline proline
(general collagen) quantification was used to directly compare col-
lagen deposition at the same retrieval time point (day 28) following
implantation of 500-um-diameter alginate spheres in humanized
NSG-SGM3 BLT mice and wild-type C57BL/6 mice (Fig. 1D). As
shown (gray versus red), there were no statistically significant
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differences in magnitude of response. Furthermore, regarding fibro-
blast response kinetics and migration to the implantation site, the
marker aSMactin used throughout the study at both RNA and
protein levels indicated similar presence and magnitude of fibro-
blast response between both wild-type and humanized NSG-
SGM3 BLT mice over multiple time points (days 1, 5, and 14)
after implantation. As a commonly used marker for myofibroblast
response during FBR, aSMactin increased in a delayed time point at
5 days after implantation in the humanized BLT SGM3 model, in-
creasing further at days 14 and 28 (Figs. 2E and 3B, and fig. S10).
These kinetics mirror wild-type fibroblast response to 500-pm-di-
ameter alginate spheres in C57BL/6 mice, where initial response
(~5% compositionally) was noted by day 7 and increasing further
to ~20% into days 14 and 28 after implantation (18). While the
present study was more focused on earlier events of human
immune cell engagement required for recapitulating fibrosis, we
feel that this humanized NSG-SGM3 BLT model system will be im-
portant for looking more into functional characterization of re-
sponding fibroblasts in the future. With that said, one interesting
gene subset that was identified within our dataset mirroring aSMac-
tin response kinetics includes IL1Ra, CD34, Oncostatin M receptor
(OSMR), and Collal (Fig. 2E). Notably, IL-1 signaling as well as
CD34, OSMR, and Collal have all been implicated in fibroblastic
responses, with all highlighted within at least one of five distinct
subsets that have emerged within arthritis and cardiac human
single-cell atlas datasets (50, 51).

In summary, here, we show that the triple transgenic NSG-
SGM3 BLT humanized mouse model has utility for the study of
human immune fibrosis response and validate its use as a faithful
surrogate model for biomaterial FBR. We established the utility of
the human immune cell-engrafted NSG-SGM3 BLT model for use
with the multiplexed Ab DSP array, optimized for human protein
detection, thereby enabling the determination of human immune
cell localization as a function of distance from implant surfaces.
The fibrotic response to PDMS and related materials is intact in
this model, with immunologic events comparable to previous find-
ings in wild-type immune competent, profibrotic C57BL/6, New
Zealand White Rabbit, and NHP models and in previously analyzed
human clinical specimens (9, 18-21). While humanized mouse
models are time-consuming and relatively expensive, efforts contin-
ue for further optimization to improve the ease, speed, and costs
associated with their generation. Despite these needed optimiza-
tions, our findings suggest that the NSG-SGM3 BLT humanized
mouse model identified here may enable useful preclinical model-
ing of human immune system and fibrotic responses to implanted
materials and medical devices.

MATERIALS AND METHODS

Materials/reagents

In vitro reagents were obtained from Life Technologies (Carlsbad,
CA), unless otherwise noted. Antibodies such as Alexa Fluor—con-
jugated anti-human CD45, CD14, CD33, and CD66b (described
below) as well as anti-mouse F4/80 and Ly6g/Gr1 were purchased
from BD Biosciences Inc. (San Jose, CA, USA), eBioscience (San
Diego, CA, USA), BioLegend (San Diego, CA, USA), or Miltenyi
Biotec (San Diego, CA, USA), as denoted below. For human/
primate immunostaining, anti-human CD68 Alexa Fluor—conju-
gated (488 or 647) Ab was purchased from Santa Cruz
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Biotechnology (Dallas, TX). The same CD11b (anti-mouse/human)
Ab (BioLegend) was used for both human and mouse staining. Cy3-
conjugated anti-mouse aSMactin Ab was purchased from Sigma-
Aldrich (St. Louis, MO). Medium PS spheres (mean, 526.6 + 53.3
pm) (catalog no. 136, lot no. 30055) were purchased from Phos-
phorex (Hopkinton, MA). Material aliquots used in this study
were submitted for endotoxin testing by a commercial vendor
(Charles River Laboratories, Wilmington, MA), with results
showing that spheres contained endotoxin levels of <0.05 EU/ml
(below detectable limits) (table S1).

Fabrication of alginate hydrogel spheres

Alginate hydrogel spheres were made with an in-house customized
electro-jetting system, as previously described (18). Spheres were
made with a 1.4% solution of sterile alginate (PRONOVA SLG20,
NovaMatrix, Sandvika, Norway), dissolved in 0.9% saline, and
crosslinked with 250 ml of sterile 20 mM BaCl, solution. 500-um-
diameter alginate hydrogel spheres were generated with a 25-gauge
blunt needle, a voltage of 5 kV, and a flow rate of 200 pl/min. After,
alginate spheres were washed with Hepes buffer four times and
stored overnight at 4°C. Immediately before implantation, spheres
were washed an additional two times with 0.9% saline.

Implantation surgeries

All protocols were approved by the UMass Medical School and
Massachusetts Institute of Technology (MIT) Committees on
Animal Care, with all surgical procedures and post-operative care
supervised by UMass and MIT veterinary staff. All wild-type male
immune-competent C57BL/6 mice or immunodeficient strains
used for producing humanized models (described just below)
were ordered pathogen-free from the Jackson Laboratory (Bar
Harbor, ME). Implanted mice were anesthetized with 3% isoflurane
in oxygen, and their abdomens were shaved and sterilized using be-
tadine and isopropanol. Preoperatively, all mice received buprenor-
phine (0.05 mg/kg) and 0.2 ml of 0.9% saline SC for presurgery
analgesia and hydration. A midline incision (0.5 mm) was made,
and the peritoneal lining was exposed using blunt dissection. The
peritoneal wall was then grasped with forceps, and an incision of
0.5 to 1 mm was made along the linea alba. Spheres (500 pl) were
then loaded into a sterile pipette and implanted into the IP space.
The incision was then closed using 5-0 PDS II absorbable sutures,
and the skin was closed using wound clips and VetBond tissue glue.
For SC implantation, ~200 to 300 pl of 500-um SLG20 or PS spheres
were injected SC following anesthesia with isofluorane. For macro-
phage depletion, clodrosomes (200 pl per mouse) (Encapsula Nano-
Sciences, Nashville, TN) were injected intraperitoneally starting at
—3 days (before implant day 0) and for every 7 days thereafter (on
days —3, 4, and 11).

Mice used for humanized models

NOD.Cg-Prkdc*“112rg"™""/Sz] (NOD-scid IL2rg"™", NSG) mice
and NOD.Cg-Prkdc*™ I12rg"™'""' Tg(CMV-IL3,CSF2,KITL-
G)1Eav/MloySz] (NSG-SGM3) mice (all males) were obtained
from the Jackson Laboratory (Bar Harbor, ME, USA). All mice
were housed in a specific pathogen—free facility in microisolator
cages, provided autoclaved food, and maintained on sulphamethox-
azole-trimethoprim medicated water (Goldline Laboratories, Ft
Lauderdale, FL, USA) and acidified autoclaved water on alternate
weeks. All experiments were performed in accordance with the
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guidelines of the Institutional Animal Care and Use Committee
of the University of Massachusetts Medical School and the recom-
mendations in the Guide for the Care and Use of Laboratory
Animals (Institute of Laboratory Animal Resources, National Re-
search Council, National Academy of Sciences, 1996).

Engraftment of mice with human HSCs and generation of
BLT mice

Human fetal tissues (gestational age 16 to 20 weeks) were obtained
from Advanced Bioscience Resources (Alameda, CA, USA). The
tissues were washed with RPMI 1640 supplemented with penicillin
G (100 U/ml), streptomycin (100 mg/ml), fungizone (0.25 pg/ml),
and gentamycin (5 pg/ml), and fragments (1 mm?) of the fetal
thymus and liver were implanted in the renal subcapsular space
of 8- to 12-week-old NSG and NSG-SGM3 mice that were previous-
ly irradiated with 200 and 100 centigray, respectively. Implanted
mice were subsequently injected intravenously with 1 x 10°
CD34" autologous fetal liver-derived HSCs (determined by flow cy-
tometry with a CD34-specific Ab; clone 581, BD Biosciences)
between 4 to 6 hours after irradiation, as described previously
(52). Mice were injected subcutaneously with gentamycin (0.2
mg) and cefazolin (0.83 mg) after surgery. After 12 weeks, flow cy-
tometry analyses of the peripheral blood of HSC recipients deter-
mined the engraftment of the human immune system.

Retrieval of cells, tissues, and materials

As done previously (18), at desired time points after implantation,
as specified in figures, mice were euthanized by CO, administration,
followed by cervical dislocation. In certain instances, 5 ml of ice-
cold phosphate-buffered saline (PBS) was first injected intraperito-
neally to rinse out and collect free-floating IP immune cells. An in-
cision was then made using forceps and scissors along the abdomen,
and IP lavage volumes were pipetted out into fresh 15-ml Falcon
tubes (each prepared with 5 ml of RPMI 1640 cell culture media).
Next, a wash bottle tip was inserted into the abdominal cavity. Krebs
buffer was then used to wash out all material spheres into petri
dishes for collection. After ensuring all the spheres were washed
out or manually retrieved (if fibrosed directly to IP tissues, partic-
ularly epididymal and mesentery fat pads), they were transferred
into 50-ml conical tubes for downstream processing and imaging.
In certain instances, after IP lavage, portions of fibrosed IP tissues
and material spheres were also excised for downstream flow cytom-
etry and expression analyses.

Imaging of the retrieved material spheres

As done previously (18), for phase contrast imaging, retrieved ma-
terials were gently washed using Krebs buffer and transferred into
35-mm petri dishes for phase contrast microscopy using an EVOS
XL microscope (Advanced Microscopy Group). For bright-field
imaging of retrieved materials, samples were gently washed using
Krebs buffer and transferred into 35-mm petri dishes for bright-
field imaging using a Leica stereoscopic microscope.

Hydroxyproline assay

A similar volume (~250 pl from 500 pl total) of retrieved capsules
per sample were snap frozen in a cryotube and stored at —80°C for
long-term storage. Then, after placing the samples on ice, 200 pl of
NP-40 buffer (Invitrogen, catalog no. FNN0021) was added to each
tube and sonicated with a GE 130 PB probe sonicator at an
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amplitude of 20 for one to three rounds of 30- to 45-s pulses. Ad-
ditional NP-40 buffer up to 200 pl was added if the capsules were
not seen to break down (e.g., sample solution was too viscous) with
the minimum amount of NP-40 buffer. The protein concentration
was quantified using the microplate procedure in the BCA protocol
(Pierce, catalog no. 23225) with samples run in duplicate.

Once the protein concentration was known, a hydroxyproline
assay (Sigma- Aldrich, catalog no. MAK008) was performed accord-
ing to the manufacturer’s instructions. Briefly, 20 pg of each lysate
sample was transferred into a pressure-sealed screw cap polypropyl-
ene tube with 100 ul of concentrated hydrochloric acid (12 M HCI)
and placed on a heat block set to 120°C for 3 hours. Samples were
then mixed and centrifuged at 10,000¢ for 3 min. Then, 10 to 50 pl
of supernatant from each tube were transferred into a 96-well plate
and placed in a vacuum chamber overnight. Afterward, 10 pl of a
standard solution (1 mg/ml) was diluted with 90 ul of deionized
water to get a standard solution of 0.1 mg/ml. The new standard
was used to make standards of 0, 0.2, 0.4, 0.6, 0.8, and 1.0 pg per
well by loading 0, 2, 4, 6, 8, and 10 pl into the 96-well plate contain-
ing the dried samples. Then, a volume of 100 pl of the chloramine T/
oxidation buffer (6 pl of chloramine T concentrate to 94 pl of oxi-
dation buffer) was added and mixed to each protein sample and
standard well and incubated for 5 min at room temperature.
After, 100 pl of diluted 4-(dimethylamino)benzaldehyde (DMAB)
solution (50 pl of DMAB concentrate to 50 pl of perchloric acid/iso-
propanol solution) was added to each sample and standard well and
incubated for 90 min in an oven at 60°C. Last, the absorbance was
measured at 560 nm using a plate reader, and a standard curve was
generated with background noise subtracted from each sample.
Using this standard curve, the concentration of hydroxyproline
for each sample was generated.

Confocal immunofluorescence

Immunofluorescent imaging was used to determine immune pop-
ulations attached to spheres. Retrieved SC tissues were fixed using
4% paraformaldehyde at 4°C. Samples were then dehydrated and
embedded in paraffin, sectioned, and then permeabilized with
0.1% Triton X-100, and blocked with 1% bovine serum albumin
(BSA) for 1 hour. Next, spheres were incubated for 1 hour in an
Ab cocktail solution consisting of DAPI (500 nM) and specific
marker probes (1:200 dilution) in BSA. After staining, samples
were washed and cover-slipped following addition of ProLong
Gold Antifade Mountant (Thermo Fisher Scientific, catalog no.
P10144) and then imaged using a LSM 700 point scanning confocal
microscope (Carl Zeiss Microscopy, Jena Germany) equipped with
5x and 10x objectives. For nonhuman primates (cynomolgus ma-
caques), SC sphere-embedded samples were sectioned and stained
according to traditional antigen retrieval and immunofluorescent
methods, specifically looking at cellular nuclei (DAPI), macrophage
marker CD68-AF488 (Santa Cruz Biotechnology, CA) and Cy3-
conjugated anti-mouse aSMactin (fibrosis-associated myofibroblast
marker) (Sigma-Aldrich, St. Louis, MO).

Histological processing for H&E and Masson's Trichrome
staining

Retrieved material-containing tissue (IP and/or SC) was fixed over-
night using 4% paraformaldehyde at 4°C. After fixation, alginate
sphere or retrieved tissue samples were washed using 70%
alcohol. The materials were then paraffin embedded, sectioned at
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5 um thickness, and stained according to standard histological
(H&E or Masson's Trichrome) methods.

Flow cytometry analysis

Tissue samples for flow cytometry were prepared from mice as de-
scribed below. Single-cell suspensions were prepared from the bone
marrow and spleen. PECs were recovered from mice by flushing the
peritoneal cavity using 5 ml of PBS. Whole blood was collected by
submandibular bleed or cardiac puncture into tubes containing
1000 U of heparin sodium injection, USP (Pfizer Injectables,
New York, NY). Single-cell suspensions of 1 x 10° cells in 100 pl
or 100 pl of whole blood were washed with fluorescence-activated
cell sorter (FACS) buffer (PBS supplemented with 2% fetal bovine
serum) and then incubated with rat anti-mouse CD16/CD32 (clone
2.4G2, BD Biosciences) to block Fc binding. Fluorescently conjugat-
ed antibodies were then added to the samples and incubated for 30
min at 4°C in the dark. Stained cell suspensions were washed and
fixed with 2% paraformaldehyde. Alternatively, blood or single-cell
suspensions were treated with BD FACS Lysing Solution (BD Bio-
sciences). Fixed samples were then suspended in FACS buffer and
analyzed using a flow cytometry. At minimum of 50,000 events were
acquired on LSRII or FACSCalibur instruments (BD Biosciences).
Data analysis was performed with FlowJo (Tree Star Inc., Ashland,
OR, USA) software.

Single-cell suspensions of freshly excised tissues were prepared
using a gentleMACS Dissociator (Miltenyi Biotec, Auburn, CA) ac-
cording to the manufacturer’s protocol and as previously described
(9, 18-21). Single-cell suspensions were prepared in a passive PEB
dissociation buffer [1x PBS (pH 7.2), 0.5% BSA, and 2 mM EDTA],
and suspensions were passed through 70-um filters (catalog no.
22363548, Thermo Fisher Scientific, Pittsburgh, PA). All tissue
and material sample-derived, single-cell populations were then sub-
jected to red blood cell lysis with 5 ml of 1x red blood cell lysis buffer
(catalog no. 00-4333, eBioscience, San Diego, CA, USA) for 5 min at
4°C. The reaction was terminated by the addition of 20 ml of sterile
1x PBS. The cells remaining were centrifuged at 300 to 400g at 4°C
and resuspended in a minimal volume (~50 ul) of eBioscience stain-
ing buffer (catalog no. 00-4222) for Ab incubation. All samples were
then costained in the dark for 25 min at 4°C with fluorescently
tagged monoclonal antibodies (1:100 dilution). For human/
primate immunostaining, anti-human CD68 (clone KP1) Alexa
Fluor—conjugated (488 or 647) Ab was purchased from Santa
Cruz Biotechnology (Dallas, TX). Antibodies for flow cytometry
were purchased from BD Biosciences Inc. (San Jose, CA, USA),
eBioscience (San Diego, CA, USA), BioLegend (San Diego, CA,
USA), or Miltenyi Biotec (San Diego, CA, USA). For mouse, anti-
bodies specific for the cell markers CD68 [1 pl (0.5 pg) per sample;
CD68-Alexa647, clone FA-11, catalog no. 11-5931, BioLegend], F4/
80 [1 pl (0.5 pg) per sample; F4/80-Alexa647, clone BMS, catalog no.
123122, BioLegend], Ly-6G (Gr-1) [1 pl (0.5 pg) per sample; Ly-6G-
Alexa647, clone RB6-8C5, catalog no. 108418, BioLegend], and/or
CD11b [1 ul (0.2 ug) per sample; CD11b-Alexa488, clone M1/70,
catalog no. 101217, BioLegend] were used. For advanced multipa-
rameter analysis of human and mouse cell populations by flow cy-
tometry, monoclonal antibodies specific for human antigens such
as CD14-BV650 (1 pl; clone M5E2, catalog no. 301836, BioLegend),
CD33-AF488 (2 ul; clone WM53, catalog no. 564588, BD Bio-
science), CD45-allophycocyanin (APC)-H7 (0.5 ul; clone 2D1,
catalog no. 560274, BD Bioscience), CD66b-phycoerythrin (PE)
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(2 pl; clone G10F5, catalog no. 305106, BioLegend), CD19—fluores-
cein isothiocyanate (FITC) (4 ul; clone 4G7, catalog no. 392508, Bi-
oLegend), CD3-BUV395 (1 ul; clone UCHT], catalog no. 563546,
BD Bioscience), CD4-AmCyan (3 ul; RPA-T4, catalog no. 300546,
BioLegend), CD8-BV421 (1 pl; clone HIT8a, catalog no. 300928, Bi-
oLegend), CD45RA-Alexa700 (1 pl; clone HI100, catalog no.
304120, BioLegend), CCR7-PE-Cy7 (2 pl; clone G043H?7, catalog
no. 353226, BioLegend), CD69-PE-TexasRed (2 pl; clone FN50,
catalog no. 310942, BioLegend), HLA-DR-APC (1 pl; clone G4-6,
catalog no. 559866, BD Bioscience), or PD1-BV786 (1 ul; clone
EH12.2H7, catalog no. 329930, BioLegend) as well as mouse
CD45-APC (clone 30-F11, catalog no. 103132, BioLegend), CD3—
peridinin-chlorophyll-protein (clone 145-2C11, catalog no.
551163, BD Bioscience), CD19-BV421 (clone 6D5, catalog no.
115538, BioLegend), CD11b-PE-Cy7 (clone M1/70, catalog no.
101216, BioLegend), CD4-AF700 (clone RM4-5, catalog no.
557956, BD Bioscience), CD8-APC-Cy7 (clone 53-6.7, catalog no.
560182, BD Bioscience), CD44-FITC (clone IM7, catalog no.
553133, BD Bioscience), CD62L-PE (clone MEL-14, catalog no.
553151, BD Bioscience), CD69-PE-Dz1594 (clone H1.2F3, catalog
no. 104535, BioLegend), and PD1-BV786 (clone 19F.1A12,
catalog no. 135225, BioLegend) were used (volumes indicated
used are for 10° cells in 100-pl staining volume). In general, 2 ml
of eBioscience flow cytometry staining buffer (catalog no. 00-
4222, eBioscience) was then added, and the samples were centri-
fuged at 400 to 500g for 5 min at 4°C. Supernatants were aspirated,
and this wash step was repeated two more times with staining
buffer. Following the third wash, each sample was resuspended in
300 pl of flow cytometry staining buffer and run through a 40-pm
filter (catalog no. 22363547, Thermo Fisher Scientific) for eventual
FACS analysis using an LSRII (BD Biosciences, San Jose, CA, USA).
For proper background and laser intensity settings, unstained,
single Ab, and immunoglobulin G (labeled with either Alexa-488
or Alexa-647, BioLegend) controls were also run.

NanoString gene expression analysis

RNAs for mock-implanted (saline)-treated controls or for 500-um
alginate or PS sphere-bearing humanized mouse strains (n = 5 per
group) were isolated from tissue samples taken at various time
points after implantation, as described. In general, respective
RNAs were quantified and normalized to the appropriate loading
concentration (100 ng/pl), and then 500 ng of each sample was pro-
cessed according to NanoString's manufacturer protocols for ex-
pression analysis via our customized multiplexed human or
mouse cytokine and cytokine receptor expression panels (also in-
cluding major immune marker probes), used for both comparisons
between implant sites (IP and SC), early and late time points (2 and
4 weeks), and alginate versus PS sphere implantation. RNA levels
(absolute copy numbers) were obtained following nCounter (Nano-
String Technologies Inc., Seattle, WA) quantification, and group
samples were analyzed using nSolver analysis software (NanoString
Technologies Inc., Seattle, WA).

NanoString DSP analysis

An automated imaging and sample collection system was developed
by NanoString, modified from a standard microscope setup. A mul-
tiplexed primary Ab cocktail (with each Ab containing a unique UV
photocleavable indexing oligo and two fluorescent marker Abs) was
applied to Formalin-Fixed Paraffin-Embedded (FFPE) tissue
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sections. Tissue slides were placed on a stage of an inverted micro-
scope, and a custom gasket was used to allow the tissue to be sub-
merged in 1.5 ml of buffer. A microcapillary tip, connected to a
syringe-pump primed with buffer, allowed for accurate small
volume aspiration (e.g., <2.5 pl). Wide-field fluorescence imaging
was then performed to locate tissue areas of interest. Photos (20x)
were taken and stitched together to form a high-resolution image.
ROIs were selected on the basis of the fluorescence information
(using the above-mentioned two color-based Abs) and then se-
quentially processed by automation. Processing steps for each
ROI were as follows: (i) The microcapillary tip was washed by dis-
pensing clean buffer; (ii) the tissue slide was bulk-washed with
buffer solution via the gasket clamp inlet and outlet ports; (iii)
the microcapillary tip was then moved directly over the ROI (50
pum from the tissue); (iv) regions of tissue around ROIs were
rinsed with 100 pl of buffer solution; (v) ROIs were then illuminated
with UV light to release indexing oligos in those regions; (vi) follow-
ing each UV exposure, released oligos were collected via microcapil-
lary aspiration and transferred to individual wells of a plate; and
(vii) once all ROIs were processed, collected oligos were hybridized
to NanoString fluorescent barcodes for digital counting (nCounter)
and subsequent analysis (nSolver). In instances of concentric UV
light ablation (as noted), the diameter of the UV light was incre-
mentally increased to enable capture of released oligo probes in
15-um-thick rings moving outward from the surface of material im-
plants (e.g., 0 to 15, 15 to 30, 30 to 45, and 45 to 60 pm). Final data
shown were normalized by ROI surface area to directly compare
between those that were different in size.

Overview of DSP workflow

Overview of in situ protein profiling workflow (Molecular profiling
of antibodies with conjugated photocleavable oligos and the
nCounter system): (i) For processing, FFPE slide-mounted tissue
is incubated with a cocktail of primary antibodies conjugated with
DNA oligos via a photocleavable linker together with visible wave-
length-imaging reagents. (ii) For viewing, ROIs are identified with
visible light-based imaging reagents at low plex to establish overall
“architecture” of sphere slice (e.g., image nuclei and perhaps one or
two key immune biomarkers). (iii) For profiling, select ROIs are
chosen for high-resolution multiplex profiling, and oligos from
the selected region are released upon exposure to UV light. (iv)
For plating, free photocleaved oligos are then collected via a micro-
capillary tube and stored in a microplate well for subsequent quan-
titation. (v) For digital counting, photocleaved oligos from the
spatially-resolved ROIs in the microplate are hybridized to four-
color, six-spot optical barcodes, enabling up to ~1 million digital
counts of the protein targets (distributed across all targets) in a
single ROI using standard NanoString nCounter instruments.

Statistical analysis

Data are expressed as means + SEM, and n = 5 mice per time point
and per treatment group. These sample sizes were chosen on the
basis of previous literature and for required power analysis to ascer-
tain statistical significance while reducing mouse numbers as much
as possible. All animals were included in analyses except in instanc-
es of unforeseen sickness or morbidity. Animal cohorts were ran-
domly selected. Investigators were not blind to performed
experiments. For FACS, data were analyzed for statistical signifi-
cance by unpaired, two-tailed ¢ test, or one-way analysis of variance
(ANOVA) with Bonferroni multiple comparison correction, unless
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indicated otherwise, as implemented in GraphPad Prism 8 (*P <
0.05 and ***P < 0.0001). For NanoString, data were normalized
using the geometric means of the NanoString positive controls
and background levels were established using the means of the neg-
ative controls. Variance was similar between all compared groups.
Housekeeping genes Tubb5, Hprtl, Bact, and Cltc were used to nor-
malize between samples. Data were then log-transformed.

Supplementary Materials
This PDF file includes:

Figs. S1 to S14

Table S1

View/request a protocol for this paper from Bio-protocol.
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