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Pro-efferocytic nanotherapies reduce
vascular inflammation without inducing
anemia in a large animal model of
atherosclerosis

Sharika Bamezai1,10, Yapei Zhang2,3,10, Manisha Kumari2,3,10, Mozhgan Lotfi1,
Tom Alsaigh 1, Lingfeng Luo 1, Gayatri Suresh Kumar 1, Fudi Wang1,
Jianqin Ye 1, Madhu Puri2,3, Romila Manchanda2,3, Sesha Paluri2,3,
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Atherosclerosis is an inflammatory disorder responsible for cardiovascular
disease. Reactivation of efferocytosis, the phagocytic removal of cells by
macrophages, has emerged as a translational target for atherosclerosis. Sys-
temic blockade of the key ‘don’t-eat-me’ molecule, CD47, triggers the engulf-
ment of apoptotic vascular tissue and potently reduces plaque burden.
However, it also induces red blood cell clearance, leading to anemia. To
overcome this, we previously developed a macrophage-specific nanotherapy
loaded with a chemical inhibitor that promotes efferocytosis. Because it was
found to be safe and effective in murine studies, we aimed to advance our
nanoparticle into a porcine model of atherosclerosis. Here, we demonstrate
that production can be scaled without impairing nanoparticle function. At an
early stage of disease, we find our nanotherapy reduces apoptotic cell accu-
mulation and inflammation in the atherosclerotic lesion. Notably, this therapy
does not induce anemia, highlighting the translational potential of targeted
macrophage checkpoint inhibitors.

Atherosclerotic cardiovascular disease is a leading cause of death in
the United States1. Although risk-reducing therapies directed against
hypertension, dyslipidemia, and smoking have improved clinical out-
comes, these approaches have failed to ameliorate the public health

impact of myocardial disease and stroke2. Accordingly, there is a need
to develop novel treatments that target the mechanisms underlying
atherogenesis, such as chronic inflammation. However, targeting
fundamental inflammatory pathways such as IL1β can result in

Received: 27 August 2023

Accepted: 22 August 2024

Check for updates

1Department of Surgery, Division of Vascular Surgery, Stanford University School of Medicine, Stanford, CA, USA. 2Department of Biomedical Engineering,
Michigan State University, East Lansing, MI, USA. 3Institute for Quantitative Health Science and Engineering, East Lansing, MI, USA. 4Division of Cardiovascular
Medicine, Department of InternalMedicine, University of IowaCarver College ofMedicine, IowaCity, IA, USA. 5Department for Vascular and Endovascular Surgery,
Klinikum rechts der Isar, Technical University,Munich,Germany. 6GermanCenter forCardiovascular Research, partner siteMunichHeart Alliance, Berlin,Germany.
7Department of Medicine, Karolinska Institutet, Stockholm, Sweden. 8Department of Medicine, Division of Cardiovascular Medicine, Stanford University School of
Medicine, Stanford, CA, USA. 9Stanford Cardiovascular Institute, Stanford, CA, USA. 10These authors contributed equally: Sharika Bamezai, Yapei Zhang, Manisha
Kumari. 11These authors jointly supervised this work: Bryan Ronain Smith, Nicholas J. Leeper. e-mail: smit2901@msu.edu; nleeper@stanford.edu

Nature Communications |         (2024) 15:8034 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0009-0003-1037-302X
http://orcid.org/0009-0003-1037-302X
http://orcid.org/0009-0003-1037-302X
http://orcid.org/0009-0003-1037-302X
http://orcid.org/0009-0003-1037-302X
http://orcid.org/0000-0002-0601-0053
http://orcid.org/0000-0002-0601-0053
http://orcid.org/0000-0002-0601-0053
http://orcid.org/0000-0002-0601-0053
http://orcid.org/0000-0002-0601-0053
http://orcid.org/0000-0003-4636-7740
http://orcid.org/0000-0003-4636-7740
http://orcid.org/0000-0003-4636-7740
http://orcid.org/0000-0003-4636-7740
http://orcid.org/0000-0003-4636-7740
http://orcid.org/0000-0003-4492-3897
http://orcid.org/0000-0003-4492-3897
http://orcid.org/0000-0003-4492-3897
http://orcid.org/0000-0003-4492-3897
http://orcid.org/0000-0003-4492-3897
http://orcid.org/0000-0001-7352-142X
http://orcid.org/0000-0001-7352-142X
http://orcid.org/0000-0001-7352-142X
http://orcid.org/0000-0001-7352-142X
http://orcid.org/0000-0001-7352-142X
http://orcid.org/0000-0003-2980-3977
http://orcid.org/0000-0003-2980-3977
http://orcid.org/0000-0003-2980-3977
http://orcid.org/0000-0003-2980-3977
http://orcid.org/0000-0003-2980-3977
http://orcid.org/0000-0001-5228-2634
http://orcid.org/0000-0001-5228-2634
http://orcid.org/0000-0001-5228-2634
http://orcid.org/0000-0001-5228-2634
http://orcid.org/0000-0001-5228-2634
http://orcid.org/0000-0002-5990-2901
http://orcid.org/0000-0002-5990-2901
http://orcid.org/0000-0002-5990-2901
http://orcid.org/0000-0002-5990-2901
http://orcid.org/0000-0002-5990-2901
http://orcid.org/0000-0002-0905-2806
http://orcid.org/0000-0002-0905-2806
http://orcid.org/0000-0002-0905-2806
http://orcid.org/0000-0002-0905-2806
http://orcid.org/0000-0002-0905-2806
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-52005-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-52005-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-52005-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-52005-1&domain=pdf
mailto:smit2901@msu.edu
mailto:nleeper@stanford.edu
www.nature.com/naturecommunications


immunosuppression, as evidenced by increased rates of fatal infection
in patients receiving Canakinumab in the CANTOS trial3. These results
highlight the need for additional (immuno)therapeutic approaches
with orthogonal mechanisms of action and more favorable side effect
profiles.

Among the many emerging translational targets in the field of
cardiovascular medicine, a phenomenon known as efferocytosis has
recently been prioritized for study4. Efferocytosis refers to the engulf-
ment and clearance of pathological cells by professional phagocytes
such as macrophages5. Within the atherosclerotic plaque, enlargement
of the necrotic core is, in part, a consequence of impaired removal of
apoptotic vascular cells,whichhaveupregulated thekey anti-phagocytic
‘don’t-eat-me’molecule CD47on their surface6. The growthof a necrotic
core contributes toplaque instability andeventual rupture,which serves
as a nidus for subsequent acute thrombosis7,8.

Antibodies (Ab) which block the binding of CD47 to its cognate
receptor SIRPα potently reduce plaque vulnerability and lesion size by
preventing the accumulation of apoptotic debris in murine models of
atherosclerosis6. These pre-clinical observations were recently exten-
ded in a phase I trial of the first humanized anti-CD47 Ab6,9. Subjects
receiving ‘macrophage checkpoint inhibitors’ experienced a dramatic
reduction in vascular inflammation of the carotid artery, as quantified
by serial 18F-fluorodeoxyglucose (FDG)-PET/CT scans10. Unfortunately,
anti-CD47 Ab treatment in both mouse models and humans has been
shown to induce anemia due to the non-specific erythrophagocytosis
of aged red blood cells (RBCs) in the spleen6,9.

Studies demonstrating toxicity of anti-CD47 antibody-mediated
blockade therefore prompted a search for methods which could
reactivate efferocytosis in a precision-targeted manner. To do this, we
generated a macrophage-specific nanotherapy loaded with a chemical
inhibitor of Src homology 2 domain-containing phosphatase-1 (SHP-1),
a smallmolecule downstreamof the CD47-SIRPα signaling axis11,12. This

‘Trojan horse’ nanoparticle selectively delivered drug to inflammatory
monocytes and macrophages (MO/MΦ) within the atherosclerotic
plaque, potently augmented phagocytosis, and reduced athero-
sclerosis as effectively as gold-standard Ab therapies in mouse
models11,12. Most notably, this therapy did not cause any hematological
toxicity12.

Accordingly, the aim of this study was to test our targeted nano-
particles in a large animal model of cardiovascular disease (CVD) to
determine if additional translation of our nanotherapy toward human
clinical trials is justified.

Results
‘Large batch’ SWNTs retain their expected physicochemical
properties and induce phagocytosis in vitro
Critical to the success of SWNT-SHP1i nanotherapy is their selectivity
to monocytes as a targeted agent. The physicochemical properties of
SWNTs dictate their selectivity. We thus tested their size, zeta poten-
tial, and chemical properties. The large-batch SWNTs display similar
size and surface charge to small-batch SWNTs11–13. Dynamic light scat-
tering (DLS) shows the synthesized SWNT and SWNT-Cy5.5-SHP1i have
an average ‘hydrodynamic diameter’ of ~91 nm and ~110 nm, respec-
tively (Fig. 1a). The near-neutral surface charge (1.75mv) promotes the
stability and relatively long half-life of SWNT-Cy5.5-SHP1i in blood
circulation (Fig. S1b, c). We confirmed the presence of Cy5.5 fluor-
escent dye (when Cy5.5 was used) and SHP1i loaded on SWNTs using
UV-Vis spectroscopy and Fourier-Transform Infrared spectroscopy
(FT-IR). UV-Vis validated the presence of Cy5.5 (sharp peak at ~674 nm)
and SHP1i (absorption peaks at ~510 nm and 332 nm) (Fig. 1b and Fig.
S1d, which also allowed us to quantify the number of SHP1i molecules
per SWNT). The presence of SHP1i on SWNTs was further validated by
FT-IR, with the new peak showing at ~2232 cm−1 compared with SWNTs
(Fig. 1c and Fig. S1e). We studied the release profile of SHP1i from

Fig. 1 | ‘Large batch’ SWNTs retain their expected physicochemical properties
and induce phagocytosis in vitro. Physicochemical characterization of large-
batch SHP1i-loaded SWNTs displays successful SHP1i loading and release in acidic
solutions. a DLS; b UV-Vis spectroscopy; and c FT-IR spectroscopy of SWNT and
SWNT-Cy5.5-SHP1i; d SHP1i release from SWNTs at neutral and acidic pH. Data are
presented as mean values ± SD. n = 3 over independent replicates; e In vitro

Incucyte phagocytosis assay demonstrates large batch SWNT-SHP1i treatment of
RAW264.7 macrophages significantly increases phagocytosis of apoptotic cells
compared to SWNT treatment. ****P <0.0001 by unpaired two-tailed t-test. Data are
presented asmean values ± SEM. n = 16 per group over technical replicates. Source
data are provided as a Source data file.
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SWNTs in PBS at different pH (7.4 and6.5).We found that SHP1i release
is accelerated by more acidic conditions, with pH 6.5 driving more
rapid release than pH 7.4 across timepoints (Fig. 1d), as shown with
small batch SWNTs13. Importantly, less than 6.7% SHP1i was released at
pH 7.4, suggesting SWNT-Cy.5.5-SHP1i features longer-term drug
retention in blood circulation which displays an approximately neu-
tral pH.

After confirming that the physicochemical properties of ‘large-
batch’ SWNTs were consistent with those generated on a smaller scale
for mouse studies, we performed a series of in vitro phagocytosis
assays to confirm their functional characteristics. Compared to control
SWNT,we found thatSWNT-SHP1i increased apoptotic cell engulfment
(Fig. 1e and Fig. S1f, ****p <0.0001). These increases were consistent
with prior publications12, suggesting that production scaling does not
reduce the therapeutic efficacy of our agent, in vitro.

SWNTs are preferentially taken up by monocytes in the
circulation
SWNTs are almost exclusively taken up by inflammatory MO/MΦ in
mice12. To determine if this exquisite selectivity is retained in larger
animal models, we performed flow cytometry on blood drawn from
pigs 7 days after SWNT injection (Fig. 2a and S2). Using anti-PEG Ab
positivity as a surrogate for SWNT uptake (which are otherwise too
small and carbon-based to be easily visualized), we found that ~55% of
the CD163+CD14− monocytes were SWNT positive one week after
infusion of either SWNT or SWNT-SHP1i (Fig. 2b). Nearly 5% of
CD163+CD14+ cells showed SWNT uptake in SWNT/SWNT-SHP1i
treated pigs and <1% of the CD163−CD14+ showed SWNT positivity.
Very little uptake was observed in any of the other circulating
leukocytes studied, including <1% positivity in CD3+ T cells, CD21+ B
cells, and CD8a+ NK subset. The CD163−CD14−, which represents all
other immune and non-immune cells exhibited <1% positivity in both
groups. No difference was observed in the immune cell composition
of the blood at baseline and two weeks after SWNT or SWNT-SHP1i
treatment (Fig. S3).

SWNTs preferentially accumulate in the early atherosclerotic
lesion and SHP1 inhibition reduces apoptotic cell accumulation
in addition to vascular inflammation in vivo
Todetermine the impact of pro-efferocytic therapies on vascular disease
in a large animal model, we randomized 3-month-old LDLR−/− pigs to
12 weekly infusions of SWNT or SWNT-SHP1i (Fig. 3a). Consistent with
our blood findings, flow cytometry of the carotid artery showed that
MO/MΦ internalized significantly more SWNT/SWNT-SHP1i (45%) than
the non-MO/MΦ (7%) cell population (Fig. 3b and Fig. S4, ***p=0.0001).
Analysis of the iliac artery (60% in MO/MΦ vs 17% in non-MO/MΦ,
**p<0.01) and renal artery bifurcation (54% in MO/MΦ vs 16% non-Mo/
Mϕ, **p<0.01) confirmed these results in additional vascular beds
(Fig. 3b). These findings differed from non-vascular tissue such as the
bone marrow, where SWNT/SWNT-SHP1i uptake was low in both the
MO/MΦ (16%) and non-MO/MΦ (12%) cell populations (Fig. 3b). More-
over, no significant difference was observed in intralesional uptake by
MO/MΦ between the SWNT and SWNT-SHP1i treated groups (Fig. S5).

At this early timepoint in plaque atherogenesis, early fatty streaks
were observed in the coronary arteries, and these did not differ in size
between conditions (Fig. 3c). However, non-invasive 18F-FDG PET/CT
imaging performed prior to sacrifice revealed a significantly lower
SUVmean score in the carotid arteries of SWNT-SHP1i treated animals.
Left and right carotid artery SUVmean scores were averaged for com-
parison (Fig. 3d, *p <0.05). This result suggests SWNT-SHP1i nano-
therapy may reduce inflammation even before the development of
advanced atherosclerotic lesions. Although there was no significant
difference in macrophage recruitment in SWNT-SHP1i-treated vessels
within the tested timeframe (Fig. 3e), lesions fromSWNT-SHP1i treated
animals harbored significantly fewer TUNEL-positive apoptotic bodies

(Fig. 3f, *p < 0.05), suggesting enhanced clearance of cells, which
would otherwise accumulate within the developing necrotic core.

Pro-efferocytic therapies induce favorable immunological gene
expression changes across species
To understand the biology underlying the physiologic changes
reported above, we next performed bulk RNA sequencing of carotid
arteries harvested from SWNT- and SWNT-SHP1i-treated pigs (Fig. 4a).
A direct comparison of RNA expression between SWNTs and SWNT-
SHP1i groups revealed 179 differentially expressed genes (DEGs), of
which 152wereupregulated and 27were downregulated, using a cutoff
of >1 log2 fold change and an adjusted p-value of <0.05 (Fig. 4b,
Supplementary data 1). Pathway analyses of these differentially regu-
lated genes highlighted alterations in the innate immune response,
response to external biotic stimulus, endocytosis, and regulation of
cytokine production (Fig. S6).

To identify changes that are likely tobeconsistent across species,we
then integrated RNA sequencing results from the current pig study with
single-cell RNA sequencing results from our previously publishedmouse
intervention study12. Using this approach, we identified a list of 35 com-
monly upregulated genes which were consistently activated in response
to SWNT-SHP1i therapy (Fig. 4c) Notably, the well-known anti-athero-
sclerotic gene HemeOxygenase 1 (HMOX1) was included as a top, highly
upregulated gene14–17. Pathway analysis of these commonly dysregulated
genes confirmed regulation of the immune system, response to an
external biotic stimulus, endocytosis, andphagocytosis as themes shared
across species after exposure to pro-efferocytic therapy (Fig. 4d).

Pro-efferocytic SWNTs do not induce the hematologic
abnormalities associated with anti-CD47 Ab therapy
To confirm the safety of SWNT-SHP1i in our large animal model, we
performeda series of toxicity and tolerability studies. In contrast to the
anemia and compensatory reticulocytosis observed with non-targeted
anti-CD47 Ab therapy9, we found that SWNT-SHP1i did not induce loss
of RBCs or platelets (Fig. 5a). Therewere also no significant differences
in any other CBC lab values includingWBCs, neutrophils, lymphocytes,
and monocytes at each timepoint (Fig. 5a). SWNT-SHP1i had no dele-
terious impact on lipid levels, renal function, or hepatic function
compared to control SWNT-treated animals (Fig. 5b–d, Fig. S7a). There
was no significant difference in body weight between SWNT or SWNT-
SHP1i treatedpigs at any of theweeklymeasurements (Fig. 5e). Though
some animals did experiencemortality midway through the treatment
regimen (Fig. S7b), these three deaths were distributed across groups
and felt to be secondary to induction of anesthesia, as no deaths were
observed after the veterinary team adapted their protocols to use
slower anesthetic infusions.

Discussion
This study features several key findings relevant to the translation of
targeted nanotherapies from bench-to-bedside through a large animal
model. First, we show that SWNT production can be successfully
scaled without impairing key SWNT physicochemical properties or
predilection for uptakeby inflammatorymyeloid-lineage cells. Second,
we show that these nanoparticles retain their ability to deliver a pay-
load of potent pro-efferocytic therapies to inflamedmacrophages and
continue to induce anti-inflammatory changes in a large animal model
of atherosclerotic cardiovascular disease. Finally, we confirm that this
‘precisionmedicine’ approach does not induce the off-target clearance
of healthy tissue outside of the vasculature, thus circumventing one of
the key limitations observed with the systemic pro-phagocytic anti-
bodies currently in development6,9. These results collectively highlight
the feasibility of advancing ‘Trojan horse’ nanoparticles further toward
the clinic and underscore the potential of intracellular macrophage
checkpoint inhibitors as a promising treatment paradigm for indivi-
duals at risk of heart attack and stroke.
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Efferocytosis has recently emerged as a target for a wide range
of fibrotic, malignant, infectious, and cardiovascular disorders18–21. A
common theme across these conditions is the resistance of patho-
genic cells to engulfment and removal by phagocytes, such as tumor-
associated macrophages (TAM), lipid-laden foam cells, and other
members of the innate immune system6,18–21. Investigators have
begun to map the full repertoire of ‘find me’, ‘eat me’, and ‘don’t eat
me’ molecules which govern the ‘edibility’ of the target and the
‘appetite’ of the phagocyte as well as define how their expression
becomes perturbed in disease22. More than a dozen candidate
molecules have been validated in murine causation studies, and
several drug development candidates have been prioritized for
translation into humans23. This is particularly true in the field of
immuno-oncology, where CD47 has been identified as a dominant
anti-phagocytic signal that helps tumors evade immune
surveillance24. Antibodies that block CD47 are now being tested in
patients with leukemias, lymphomas, and a wide range of solid

tumors9,19,20. There is hope that these agents may represent the first
generation of macrophage-specific immunotherapy, and that this
platform may complement the remarkable advances that have been
observed with T cell-directed therapies over the last decade.

We recently found that cancer patients receiving anti-CD47 anti-
body therapy experience a potent reduction in vascular inflammation
while their tumors are being treated10. These results motivated inves-
tigators to consider extending the useof pro-efferocytic therapies into
cardiovascular patients, given prior results showing that reactivating
the removal of apoptotic debris from the necrotic core can stabilize
and even reversemurine atherosclerosis6. However, this approachmay
have an ‘Achilles heel,’ aspatientswith coronary artery diseasemay not
tolerate the anemia (and resultant loss of oxygen carrying capacity)
that occurs due to the erythrophagocytosis of red blood cells by
indiscriminately activated splenic macrophages9.

To overcome this translational hurdle, our group previously
developed a pro-efferocytic ‘Trojan horse’ based on single-walled
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Fig. 4 | Pro-efferocytic therapies induce favorable immunological gene
expression changes across species. a Bulk porcine RNA-sequencing experimental
workflow. b Volcano plot of differentially expressed porcine genes from bulk RNA-
sequencing in SWNT-SHP1i (n = 3) versus SWNT control (n = 3) common carotid
arteries. Red and blue points represent up- and downregulated transcripts (log2
fold change >1 or <−1), respectively. Orange points indicate significantly differen-
tially expressed genes, selected by log2 fold change (>2 or <−2) and adjusted p-
value (<0.05, Benjamin–Hochberg correction). Gray points represent non-
significant genes. Statistical significance was assessed using a likelihood ratio test
(LRT) with two-sided testing. c VennDiagram representing overlap of 35 significant

differentially expressed genes between pig bulk RNA-sequencing results and pub-
lished mouse scRNA-sequencing data from monocytes and macrophages.
d Biological Process GO enrichment and pathway analysis of the 35 DEGs shared
across species reveal pathways governing immune system response, response to an
external biotic stimulus, endocytosis, and phagocytosis in the SWNT-SHP1i group.
Adjusted p-value derived from the Benjamini & Hochberg test. Figure 4/panel a
created with BioRender.com released under a Creative Commons Attribution-
NonCommercial-NoDerivs 4.0 International license (https://creativecommons.org/
licenses/by-nc-nd/4.0/deed.en).

Article https://doi.org/10.1038/s41467-024-52005-1

Nature Communications |         (2024) 15:8034 6

https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en
www.nature.com/naturecommunications


carbon nanotube technology11,12,25. These nanoparticles have several
intrinsic benefits including their: 1. Documented biocompatibility26,27;
2. Ultra-high loading capacity28; and 3. Propensity to be preferentially
scavenged and trafficked by inflammatory monocytes and
macrophages11,29. We showed that SWNTs adorned with an inhibitor of
SHP1—the anti-phagocytic phosphatase known to be downstream of
CD47’s receptor, SIRPα—could potently suppress vascular

inflammation and prevent plaque progression in murine models of
accelerated inflammation (apoE−/− mice with implanted subcutaneous
angiotensin II infusion mini-pumps) and chronic atherosclerosis
(apoE−/−mice fed a ‘Western’ diet)12. Unlike prior studies using systemic
anti-CD47 therapies, these mice had no anemia or reticulocytosis,
presumably because very little pro-phagocytic signal was delivered
outside of the inflamed blood vessel due to SWNT selectivity12.
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The current studies are therefore a key next step in the effort to
advance targeted macrophage checkpoint inhibitors toward the car-
diology clinic. Using an established large animal model of genetically-
modified, atheroprone swine, we found that our SWNTs could be
manufactured at scale (>1000 times the amounts needed for mouse
studies and on the order of the amounts required for human applica-
tions), and that their ability to reduce vascular inflammation without
inducing anemia was indeed preserved across species12,30. The sig-
nificant reduction in carotid artery vascular inflammation, measured
by 18F-FDG PET/CT, after SWNT-SHP1i nanotherapy parallels our initial
findings inmice12 aswell as inhumans treatedwith anti-CD47 therapy10.
Given the role of inflammation even at early stages of atherosclerosis
pathogenesis31, SWNT-SHP1i nanotherapy’s effect on inflammation
within the early atherosclerotic lesion highlights its therapeutic
promise.

We further observed that SWNTs accumulate preferentially in the
MO/MΦ compartment of early porcine atherosclerotic lesions, in
contrast to non-vascular tissue beds such as the bonemarrow (Fig. 3b).
Despite no significant difference in fatty streak size, we observed a
significant reduction in TUNEL staining with SHP1i nanotherapy
(Fig. 3f), indicating removal of cells which otherwisewouldbe destined
to accumulate in the developing necrotic core.

By integrating RNA-sequencing results from mice and pigs, we
sought to identify pathways that are consistently modulated by pro-
efferocytic therapies across species as a way to better predict what
might also occur in humans. While the list of significantly upregulated
genes provides several insights regarding how inducing efferocytosis
might favorably influence atherogenesis (Fig. 4c), it is interesting to
note that HMOX1 is amongst the most potently induced factors.
HMOX1 is thought to be antiatherogenic given its role as a rate limiting
enzyme in heme catabolism14–17. Loss of HMOX1 expression in perito-
neal macrophages significantly increases reactive oxygen species
generation and the expression of proinflammatory cytokines, mono-
cyte chemotactic protein-1(MCP-1), and interleukin 6 (IL-6)17.

A literature reviewof themosthighly upregulatedDEGs highlights
how SWNT-SHP1i nanotherapy may contribute to macrophage polar-
ization, cell migration, and phagocytosis. Solute carrier 11A1 (SLC11A1/
NRAMP1) is a divalent cation transporter that is found on late endo-
somes/lysosomes and proposed to contribute to phagosome
maturation within the macrophage32,33. Another significantly upregu-
lated DEG, Rab7b, is a small GTPase that interacts directly withMyosin
II, and has been shown in in vitro experiments to regulate actin orga-
nization and cellular migration34. Furthermore, GPNMB has been
showntopromote anti-inflammatoryM2-likemacrophagepolarization
in vitro, in part due to regulation of cytokine expression35,36. In the
setting of acute kidney injury secondary to ischemia/reperfusion
injury, GPNMB is mainly localized to and upregulated in M2-like mac-
rophages within the kidney35,36.

GO pathway analysis of these overlapping 35 DEGs demonstrated
that genes involved in the positive regulation of the immune system
were consistently activated in the blood vessel in response to SWNT-
SHP1i nanotherapy. Upregulated pathways in the carotid arteries of
SWNT-SHP1i treated pigs included immune system response,

regulation of cytokine production, endocytosis, and phagocytosis.
Given that the ‘inflammatory hypothesis of atherosclerosis’ is now
almost universally accepted, it could be that the benefit of pro-
efferocytic therapies is not solely driven by the physical removal of
necrotic debris, but also by these unanticipated secondary benefits
related to local cytokine suppression. In parallel, use of this cell-
specific delivery nanotechnology to inflammatory macrophages may
also potentially reduce risk of systemic immunosuppression.

This study has several limitations that warrant discussion. First,
due to the prohibitive cost of synthesizing sufficient drug-conjugated
SWNTs for aged pigs (which typically exceed 60–75 kg oncemature30),
we were only able to assess the impact of our therapy on early fatty
streaks. Accordingly, additional randomized studies at later time-
points and with a larger number of pigs in each cohort will be neces-
sary to confirm that SWNT-SHP1i can prevent enlargement of the
established necrotic core, as has been demonstrated in mice. Fur-
thermore, while 18F-FDG PET/CT signal is commonly used as a surro-
gate of inflammation, it is important to recognize that this imaging
modality is not specific for vascular disease, and may also reflect
altered glucose uptake in the setting of infection, malignancy, and
many other metabolic disorders37.

While no hematological toxicity (or other organ dysfunction) was
observed in response to therapy, some animals in both the SWNT and
SWNT-SHP1i groups did expire during the study. Deaths occurred in
both the SWNT (n = 2) and SWNT-SHP1i (n = 1) treated cohorts.
Observations of breathing difficulties in one pig after anesthetic
induction and before SWNT administration informed concerns that
the deaths may have been in response to the sedation protocol. Once
the isoflurane concentration and therapy infusion rate were reduced
there were no episodes of respiratory depression or subsequent
deaths. However, it will be important to further characterize the risks
of SWNT administration before human studies can be initiated.

In conclusion, we show that pro-efferocytic, macrophage-
selective nanoparticles can be generated at scale and successfully
used to reduce vascular inflammation in a large animal model of
atherosclerotic CVD. Because these nanoimmunotherapies circum-
vent the main limitation of systemic anti-CD47 antibodies (anemia),
additional studies are indicated to confirm the tolerability and efficacy
in longer-term models bearing higher plaque burdens. Ultimately,
these efforts could lead to the introduction of ‘Trojan horse’ therapies
that deliver a high concentration of drug to the inflamed blood vessel,
without inducing off-target toxicity elsewhere in the body.

Methods
‘Large batch’ SWNT synthesis
We generated monocyte-selective pro-phagocytic nanoparticles as
previously described, with several key modifications11,12. These mod-
ifications were necessary to allow the scaling required to generate
sufficient nanoparticles for ~70 kg pigs, insteadof the ~25 gmice tested
previously11,12. Briefly, 300mg HiPco (high-pressure carbon mono
oxide) RAW single-walled carbon nanotubes (SWNTs) (Nanointegris)
and 300mg DSPE-050PA (NOF Corporation) were added into 100mL
DDI water, sonicated in a large ultrasonic bath (Fisher Scientific,

Fig. 5 | Pro-efferocytic SWNTs do not induce the hematologic abnormalities
associated with anti-CD47 Ab therapy. a Pigs treated with SWNT-SHP1i do not
develop anemia or thrombocytopenia, with no significant difference in CBC lab
values (WBC, neutrophils, lymphocyte, monocyte) between the SWNT and SWNT-
SHP1i treated cohorts at each timepoint. Data are presented asmean values ± SEM.
SWNT and SWNT-SHP1i cohort per group n = 7 (Baseline), n = 7 (Month 1), n = 6
(Month 2), n = 5 (Month 3) from independent biological samples. b SWNT-SHP1i
was not significantly associated with derangements in lipid levels compared to
SWNT controls. Data are presented as mean values ± SEM. SWNT cohort n = 8
(Baseline), n = 7 (Month 1), n = 7 (Month 2), n = 6 (Month 3); SWNT-SHP1i cohort
n = 7 (Baseline), n = 8 (Month 1), n = 7 (Month 2), n = 7 (Month 3) from independent

biological samples. c, d SWNT-SHP1i was not associated with derangements in
c renal function, or d hepatic function compared to SWNT treated controls. Data
are presented asmean values ± SEM. SWNT cohort n = 8 (Baseline), n = 7 (Month 1),
n = 7 (Month 2), n = 6 (Month 3); SWNT-SHP1i cohort n = 7 (Baseline), n = 7 (Month
1), n = 6 (Month 2), n = 6 (Month 3) from independent biological samples. e There
was no significant difference in body weight between SWNT and SWNT-SHP1i
treated pigs. Data are presented as mean values ± SEM. SWNT cohort n = 8 (Weeks
1–3), n = 7 (Weeks 4–8), n = 6 (Weeks 9–11), n = 3 (Week 12); SWNT-SHP1i cohort
n = 7 (Weeks 1–4), n = 6 (Weeks 5–11), n = 4 (Week 12) from independent biological
samples. Source data are provided as a Source data file.
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CPX2800) under ice bath for ~12 h, then centrifuged at 100,000× g
and 4 °C for 2 h (Thermo Scientific, Sorvall WX + Ultra series) to obtain
PEGylated SWNTs. Unbound lipid was washed away with multiple
rounds of PBS using 100 kDa centrifugal filters (Millipore) at
4000 rpm and 4 °C.

Because of the prohibitive expense of adding molecular imaging
probes in a large animal study, the Cy5.5 fluorophore used in prior
studies was omitted from the nanoparticles used throughout most of
the current study. However, in limited experiments, Cy5.5 was con-
jugated to SWNTs. To conjugate Cy5.5 Mono NHS Ester (GE Life Sci-
ences) to SWNT-PEG, Cy5.5-Mono NHS Ester was dissolved in DMSO
and then incubated with SWNT-PEG solution at pH of ~8.1 overnight.
Excess Cy5.5 was removed by centrifugal filtration (MWCO: 100 KDa)
to obtain purified SWNT-Cy5.5. SWNT concentrations were quantified
by Nanodrop (Thermo Scientific, Nanodrop One) with an extinction
coefficient of 7.9 × 106M−1 cm−1 at 808 nm. The size and zeta potential
were measured by Zetasizer (Malvern).

SWNTs were then loaded with a small molecule inhibitor of SHP-1
(SHP1i) (Millipore Corp., NSC-87877), which is the intracellular anti-
phagocytic effector phosphatase downstream of CD47’s receptor,
SIRP-α18. To load SHP1i onto SWNTs, SHP1i powder was dissolved in
DDI water and added to stirred SWNTs (pH = 7.4) at room temperature
overnight to formSWNT-SHP1i. Unbound SHP1i was washed awaywith
PBS using 100 kDa centrifugal filters (Millipore) at 4000 rpm. The
concentration of loaded SHP1i was measured using a Nanodrop at its
absorption of 320 nm with the standard curve shown in Fig. S1a in the
ESM. The size and ζ-potential of SWNT-SHP1i were measured by
Zetasizer (Malvern).

Physiochemical SWNT characterization
UV-Vis spectroscopy and FT-IR spectroscopy analysis. UV-Vis
spectroscopy (200–800 nm) was performed for SHP1i, SWNT, and
SWNT-Cy5.5-SHP1i using theNanodrop 2000 (2 µL per sample for each
test). FT-IR spectroscopy (Mattson Research) in the 500–4500 cm−1

regime was performed for SHP1i, SWNT, and SWNT-Cy5.5-SHP1i. KBr
circular discs (International Crystal Laboratories) were used to hold
the samples.

SHP1i release assay. We evaluated pH-dependent SHP1i release from
SWNTs in PBSbuffer (pH7.4 and6.5). SWNT-SHP1i was added to aMINI
Dialysis Device (MWCO: 20K). At fixed timepoints from 10min to 48 h,
2 µL of the releasemedia (froma ‘sink’of 3mL)was removed to test the
release rate of SHP1i via Nanodrop. The cumulative drug release (CDR)
percentage was calculated by the following equation and the SHP1i
standard curve in Fig. S1a in the ESM:

CDR (%) =Wreleased/Wloaded × 100%
Here, CDR represents the cumulative drug release percentage,

Wreleased represents the mass of released SHP1i in the release media,
and Wloaded represents the total mass of SHP1i loaded on SWNT.

Efferocytosis assay. Briefly, 2 × 106 RAW264.7 macrophages were
plated in DMEM/10% FBS overnight to be used as phagocytes and
target cells. RAW(phagocyte) cells were then co-cultured with 4 nM
SWNT or SWNT-SHP1i (9 µL 50mM SHP1i loaded in 3mL 400nM
SWNT) at 37 °C for 48 h. On day three, RAW(target) cells were treated
with STS (1 µM) for4 h to induce apoptosis. RAW(phagocyte) cells were
washed with PBS and 1 × 105 cells were plated in a 48-well plate
(Corning). In parallel, RAW(target) cells were centrifuged at 300 × g
and resuspended in 5mL of Incucyte pHrodo wash buffer (Sartorius,
4659). Cells were centrifuged at 300 × g and resuspended in Incucyte
pHrodo labeling buffer (Sartorius, 4658) at a density of 1 × 106 cells/mL.
1 µL/mL of pH sensitive pHrodo Orange Cell Labeling Dye (Sartorius,
0051) wasmixed into the RAW (target) cell and labeling buffer solution
and left to incubate at 37 °C for 1 h. Cells were harvested by cen-
trifugation, washed twice, and resuspended in DMEM/10% FBS media.

2 × 105 RAW (target) cells/well were added to the 48-well plate to create
a 2:1 ratio of target: phagocyte RAW cells. The plate was then placed in
an Incucyte machine (Sartorius). The Incucyte detects a pH drop and
corresponding fluorescence increase (Emission max: 605 nm) when
the labeled RAW(target) cells are within the acidic lysosome of the
RAW(phagocyte) cells. The fluorescence intensity of SWNT treated
(n = 16) and SWNT-SHP1i treated (n = 16) wells were measured every
hour for 24 h (Incucyte).

Large animal atherosclerosis studies
Experimental animals. The Yucatan miniature pigs utilized in this
study were obtained from Exemplar Genetics, IA, USA. These animals
were originally generated by introducing a loss of functionmutation in
exon 4 of the LDLR gene, a common site of mutation in patients with
familial hypercholesterolemia, as previously described30. Litters of
LDLR−/− and control LDLR+/+ animals were generated via somatic cell
nuclear transfer (cloning), weaned at 28 days of age, and transitioned
to a general swine diet for twomonths. Pigswere then transitioned to a
high fat/high calorie Western diet and randomized to SWNT control
(n = 8) and SWNT-SHP1i experimental (n = 8) treatment groups. Pigs
weremaintained on the high fat diet for 12weeks. Eachweek, pigswere
placed under general anesthesia and 400 nM of SWNT or SWNT-SHP1i
was infused intravenously for ~15–30min with close monitoring of
vitals and body temperature. Animal weights were obtained weekly.
Monthly blood draws were collected for CBC, CMP, and lipid panel
studies. Before euthanasia in week 12, a PET-CT (Discovery MI, GE
Healthcare, Chicago, Il) scan was performed to measure vascular
inflammation in a randomly selected cohort of 10 animals. After
sacrifice, pig blood and tissue samples were sent for histology, bulk
RNA-sequencing, and flow cytometry analysis to evaluate therapeutic
efficacy and safety endpoints. Bothmale (n = 12) and female (n = 4)pigs
were bred for, randomized, and included in this study. Sex-based sub-
analysis was not performed due to the baseline sample size in the
SWNT and SWNT-SHP1i treated cohorts.

Animals were generated and housed at Exemplar Genetics (Sioux
Center, IA) and all experiments were conducted with local APLAC
approval (33951). Exemplar Genetics has PHS assurance (A4579-01),
USDA research registration (42R 0044) and Class B Dealer registration
(42 B 0270). Euthanasia was performed using pharmaceutical grade
commercial euthanasia solution injected at a minimum dose of 1mL
per 5 kg weight plus 1mL. After completion, methods of confirmation
of euthanasia included bilateral thoracotomy and harvesting of vital
tissues.

Processing and staining of pig blood samples for flow cytometry.
One mL of pig blood was incubated with 10mL of 1X RBC lysis buffer
(BDPharmLyse, BDBiosciences, 555899) for 10min. Thereafter, 30mL
of FACS buffer (PBS with 2% FBS and 2mM EDTA) was added and the
sample was centrifuged at 500 × g for 5min. The cell pellet was then
resuspended into FACS buffer and incubated with human BD Fc block
(BD Pharmingen, 564220) for 20min and subsequently incubatedwith
various surface antibodies (including PE-conjugated anti-pig CD163
(Bio-RAD, MCA2311PE), FITC-conjugated anti-pig CD14 (BIO-RAD,
MCA1218F), Alexa Fluor 647 conjugated anti-pig CD8a (BD Pharmin-
gen, 561475), pacific blue conjugated anti-pig CD3 (BIO-RAD,
MCA5951PB), PE-Cy7 conjugated anti-human CD21 with pig reactivity
(BD Pharmingen, 561374)) for 20min. Samples were washed with 4mL
of FACSbuffer and fixedwith0.5mLof 4%paraformaldehyde (Thermo
Scientific) for 15min and again washed with 4mL of FACS buffer.
Afterward, sampleswerewashed twicewith 1X permeabilizationbuffer
(Invitrogen, 00-8333-56) and incubated with anti-PEG antibody (EMD
Millipore Corp., MABS1964-100UG) for 30min, washed with the same
buffer, and incubated with BV711 conjugated secondary antibody
(Biolegend, 406539) for 30min. All incubations were done at 4 °C.
Samples were then washed with 1X permeabilization buffer,
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resuspended into FACS buffer, and analyzed on a Cytek Aurora flow
cytometer (Cytek Biosciences) using SpectroFlo software.

Gating strategy for SWNT uptake in circulating immune cells. Intact
singlet cells were identified and gated to label different immune cell
populations. CD3+ and CD21+ cells, which represent porcine T cells and
B cells, respectively, were gated in the singlet population and the
remaining cells (excluding CD3+ and CD21+ cells) were termed
CD3−CD21− cells. Thereafter, CD3−CD21− cells were gated for the CD8a+

NK subset. The remaining cells were termed CD3−CD21−CD8a− and
further gated for different subsets of monocytes. A quadrant gate was
applied on CD3−CD21−CD8a− cells based on CD163 and CD14 antibody
staining. CD163+CD14−, CD163+CD14+, and CD163−CD14+ cells reflect
distinct monocyte populations. In contrast, CD163−CD14− cells were
deemed to represent all other cell types, excluding the immune cell
types described above.

The SWNT+ gate for each circulating cell type was set using blood
fromuntreated pigs. Thesebaseline samples from animals, whichwere
never exposed to SWNTs, were processed, stained, and recorded on
the flow cytometer using our staining panels, with appropriate com-
pensation controls. Any signal suggesting staining with the anti-PEG
antibody (which defines the presence of SWNTs) in these untreated
samples was considered to be background staining, and defined as
zero, with gates set accordingly. Thereafter, any positive signal in the
treated animalswasdeemed to reflect SWNT+ cells. The remaining cells
were defined as SWNT− cells.

Dissociating and staining arterial samples for flow cytometry. After
sacrifice, fresh carotid artery, iliac artery, and renal artery bifurcation
tissue was washed thrice with RPMI with 3% fetal bovine serum con-
taining Benzonase Nuclease (Millipore Sigma, 9025-65-4, 10 µL per/
100mLmedia, mediumA) to remove blood. Thereafter, the tissue was
mechanically dissociated by chopping/slicing using scissors and a
razor blade. The tissue was then spun down for 5min at 500 × g, and
the supernatant was aspirated. The tissue was resuspended in 0.25% of
Collagenase-I solution (Thermo Scientific, J62406.MC) containing
Collagenase XI at 1000U/mL (Millipore Sigma, 9001-12-1) and
Hyaluronidase-I at 600U/mL (Millipore Sigma, 37326-33-3) and incu-
bated at 37 °C for 40min. Samples of tissue were vortexed 3 times
during incubation. Samples were washed with RPMI with 3% fetal
bovine serum containing Benzonase Nuclease (10 µL per/100mL
media) and 5mM EDTA (medium B), resuspended into the same
medium, and filtered through 70 µm mesh to obtain a single-cell sus-
pension. Afterward, RBC lysis was done using ACK lysis buffer (Gibco,
A10492-01), then washed with medium B and resuspended in FACS
buffer.

Samples were subsequently incubated with human BD Fc block
(BD Pharmingen, 564220) for 20min and then incubated with viability
dye (blue-fluorescent reactive dye, Invitrogen, L34961A) and various
surface marker antibodies (including PE-conjugated anti-pig CD163
(Bio-RAD, MCA2311PE), FITC-conjugated anti-pig CD14 (BIO-RAD,
MCA1218F), Alexa Fluor 647 conjugated anti-pig CD8a (BD Pharmin-
gen, 561475), pacific blue conjugated anti-pig CD3 (BIO-RAD,
MCA5951PB), PE-Cy7 conjugated anti-human CD21 with pig reactivity
(BD Pharmingen, 561374)) for 20min. Samples were washed with 4mL
of FACSbuffer and fixedwith0.5mLof 4%paraformaldehyde (Thermo
Scientific) for 15min and again washed with 4mL of FACS buffer.
Afterward, sampleswerewashed twicewith 1X permeabilizationbuffer
(Invitrogen, 00-8333-56) and incubated with anti-PEG antibody (EMD
Millipore Corp., MABS1964-100UG/Invitrogen, MA5-24693) for
30min, washed with the same buffer, and incubated with BV711 con-
jugated secondary antibody (Biolegend, 406539)/Alexa Fluor 790
conjugated secondary antibody (Invitrogen, A11369) for 30min. All
incubations were done at 4 °C. Samples were then washed with 1X
permeabilization buffer, resuspended into FACS buffer, and analyzed

on Cytek Aurora flow cytometer (Cytek Biosciences, Inc., Model:5L)
using SpectroFlo software.

Positioning of SWNT+ gates for tissue samples. The SWNT+ gate for
each tissue cell type was set using a fluorescence minus one (FMO)
control, in which every fluorophore except the anti-PEG antibody was
used. Background fluorescence in the FMO was considered zero, with
gates set accordingly. Thereafter, positive signalwas deemed to reflect
a SWNT+ cell.

Processing and staining bone marrow cells for flow cytometry.
After sacrifice, fresh bone marrow was flushed with saline to extract
marrow cells. The cells were then filtered through a 70 µm mesh to
remove spicules and obtain a single-cell suspension. Afterward, RBC
lysis was performed using ACK lysis buffer (Gibco, A10492-01). Cells
were then resuspended into FACS buffer, stained using the antibody
panel described above, and analyzedon aCytekAuroraflowcytometer
using SpectroFlo software.

PET/CT. 18F-FDG PET/CT imaging was performed to measure changes
in vascular inflammation within the atherosclerotic carotid artery in
response to treatmentwith SWNT-SHP1i (n = 5) or control SWNT (n = 5)
at the University of Iowa Institute for Biomedical Imaging (IIBI). Pigs
were fasted for 12 hours prior to imaging and glucosewasmeasured to
mitigate any confounding effects of physiologic glucose processing
after food. Pigs underwent isoflurane anesthetic induction and were
maintained under anesthesia until completion of scan. Heart rate,
oxygen saturation, respiratory rate and body temperature were mon-
itored and maintained during the imaging session. 18F-FDG bolus
(460.1 MBq +/− 81.42) was administered by peripheral IV via ear vein.
After a 60-minuptake period, eachpigwasmoved to the scanner room
and placed prone on the PET/CT scanner bed (Discovery MI, GE
Healthcare, Chicago, Il). A 20-min single bed list mode PET scan was
acquiredwith the thoracic region in thefield of view (FOV), followedby
a CT for anatomical co-registration and attenuation correction. List
mode data was reconstructed with the GE Discovery MI scanner soft-
ware. Animal imaging at the University of Iowa IIBI was reviewed and
approved by the University of Iowa Animal Care and Use Committee.

Using Inveon Research Workplace (IRW) software (Siemens
Medical Solutions, Knoxville, TN), region-of-interest analysis (ROI) was
performed to quantify 18F-FDG uptake in the right and left carotid
artery, respectively. Pig identification and cohort assignment were
blinded for this analysis. The three-dimensional ROI of the right and
left carotid artery bifurcation (extending from the proximal common
carotid artery into the proximal internal and external carotid arteries)
was outlined using coronal slices from the CT scan. Standardized
minimum and maximum target image presets and threshold range
were applied to the image datasets. ROI results were reported as
standard uptake values (SUV) and the analysis process was repeated
for each pig. The left and right carotid artery SUVmean values were
averaged for analysis.

Tissue preparation for immunohistochemical analysis. Porcine vas-
cular tissue was perfusion-fixed with phosphate-buffered paraf-
ormaldehyde (4%) immediately after sacrifice. The right coronary
artery ostium (RCA-O) was dehydrated in 15% and 30% sucrose for 24 h
each and then embedded in OCT blocks. The RCA-O was sectioned at
7 µM thickness starting from the proximal to distal end of the vessel.
For Oil Red O (ORO) analysis, 3 serial RCA-O sections at 100μm
intervals (0–200μm)werecollected fromeachpig for staining. Images
were blinded for quantitative analysis. Lesion area was demarcated as
the total ORO positive area and was normalized to the total vessel area
calculated by encircling the RCA-O vessel lumen.

To assess macrophage infiltration into the early atherosclerotic
lesion, sections were stained for IBA-1 (FUJIFILM Wako Chemicals;
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1:500) and followed by Alexa Fluor 555 goat anti-rabbit (Invitrogen;
1:250). Fluorescence intensity was quantified using ImageJ Software
and normalized to vessel area measured from a serial section. TUNEL
Assay (Roche, 11684795910) was performed on RCA-O sections to
quantify thenumber of apoptotic cells. ImageJ softwarewasused to set
a standard threshold for positive signal. TUNEL+ cell number in the
lesion was divided by total cell number (DAPI+) in the lesion. ORO, IBA-
1, and TUNEL staining were performed on all available vascular tissue
from SWNT and SWNT-SHP1i treated pigs.

Carotid artery preparation for bulk RNA-sequencing. Flash-frozen
carotid arteries of pigs treated with either SWNT (n = 3) or SWNT-
SHP1i (n = 4) were harvested. First, the tissue was dissected free from
perivascular adipose and connective tissue, then random sections of
the common carotid artery were isolated from each pig. RNA was
extracted using Trizol reagent (Life Technologies, 15596018), and
subsequently sent for Bulk RNA-sequencing.

Bulk RNA-sequencing and data analysis. For the assessment of
RNA-seq data quality, per base sequence quality plots were ana-
lyzed using FastQC. TrimGalore was employed for the trimming of
sequence reads. Subsequently, the RNA-seq reads were aligned to
the pig genome (Sscrofa11.1) using the STAR software38. Reads
aligning to exon coordinates were quantified using RSEM and
featurecounts39. Raw read counts were subjected to variance sta-
bilizing transformation (VST) using the DESeq2 R package40. Nor-
malized expressions were calculated by determining the mean and
standard deviations for each gene. Z-scores were computed by
subtracting the mean from each expression value and dividing by
the standard deviation. PCA was performed on the data to assess
sample clustering and identify potential outliers. Based on PCA
results, sample B9100C was identified as an outlier and subse-
quently removed from further analysis. Differential expression
genes (DEGs) between different groups were identified using the
DESeq2 R package, employing a likelihood ratio test (LRT) with
two-sided testing40. Significance was determined based on genes
with a Benjamin–Hochberg corrected p-value < 0.05 for multiple
comparisons. Volcano plots illustrating differential expression
were created using the ggplot2 R package41.

Pathway analysis. Significant DEGs (p adj. <0.05) from the pig bulk
RNA-Seqwere inputted into the geneontology (GO) knowledgebase to
identify functions and pathways associatedwith the DEGs42–44. In order
to integrate the pig bulk RNA-seq data with the previously published
murine single-cell RNA-seq12, cluster 1&4 DEGs (representing the
macrophage and monocyte subpopulations, respectively) were fil-
tered to create a separate table. Shared DEGs were identified using
excel to highlight duplicate gene names included in both the pig bulk
RNA-seq and mouse scRNA-seq (clusters 1&4) lists. DEGs were then
inputted into the PANTHER Pathway for GO term enrichment analysis
to allow for the identification of conserved pathways in both porcine
and murine models44. Subsequently, the GO pathway enrichment
analyses of DEGs and shared DEGs in the keymodules were performed
by the R package clusterProfiler45.

Safety studies. To evaluate safety, laboratory studies were obtained
monthly at the time of infusion and included complete blood counts
with differential, complete metabolic panels, and lipid panels. Body
weight was measured at weekly treatment infusions. Blood pressure
was similarly obtained and monitored at the time of the SWNT or
SWNT-SHP1i infusion.

Statistical analysis. Groups were compared using either the
unpaired two-tailed t-test, with or without Welch’s correction, or
one-way ANOVA. Welch’s test was performed for normally

distributed samples with unequal standard deviations. One-way
ANOVA was used for comparison of more than two groups, and
Kaplan–Meier method was applied for survival analysis. A P value <
0.05 criteria was used to indicate statistical significance and graphs
represent the mean of each data set with error bars denoting stan-
dard error. Measurements for the flow cytometry, 18F-FDG PET/CT,
histology, and bulk RNA-Seq analysis represent distinct samples.
Measurements for the lab values reflect repeated measurements at
monthly timepoints. GraphPad Prism 8-9 (GraphPad Inc.) was used to
perform all statistical analyses.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The bulk RNA-seq data generated in this study have been deposited in
the GEO database under accession code GSE270259. Source data are
provided with this paper.
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