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Abstract

While apolipoprotein E (apoE) expression by myeloid cells is recognized to control
inflammation, whether such benefits can be communicated via extracellular vesicles
is not known. Through the study of extracellular vesicles produced by macrophages
derived from the bone marrow of Wildtype (WT-BMDM-EV) and ApoE defi-
cient (EKO-BMDM-EV) mice, we uncovered a critical role for apoE expression
in regulating their cell signaling properties. WT-BMDM-EV communicated anti-
inflammatory properties to recipient myeloid cells by increasing cellular levels of apoE
and miR-146a-5p, that reduced NF-xB signalling. They also downregulated cellular
levels of miR-142a-3p, resulting in increased levels of its target carnitine palmitoyl
transferase 1A (CPT1A) which improved fatty acid oxidation (FAO) and oxidative
phosphorylation (OxPHOS) in recipient cells. Such favorable metabolic polarization
enhanced cell-surface MerTK levels and the phagocytic uptake of apoptotic cells. In
contrast, EKO-BMDM-EV exerted opposite effects by reducing cellular levels of apoE
and miR-146a-5p, which increased NF-xB—driven GLUTI1-mediated glucose uptake,
aerobic glycolysis, and oxidative stress. Furthermore, EKO-BMDM-EV increased
cellular miR-142a-3p levels, which reduced CPTI1A levels and impaired FAO and
OxPHOS in recipient myeloid cells. When cultured with naive CD4*1 T lymphocytes,
EKO-BMDM-EV drove their activation and proliferation, and fostered their tran-
sition to a Thl phenotype. While infusions of WT-BMDM-EV into hyperlipidemic
mice resolved inflammation, infusions of EKO-BMDM-EV increased hematopoiesis
and drove inflammatory responses in myeloid cells and T lymphocytes. ApoE-
dependent immunometabolic signaling by macrophage extracellular vesicles was
dependent on transcriptional axes controlled by miR-146a-5p and miR-142a-3p that
could be reproduced by infusing miR-146a mimics & miR-142a antagonists into
hyperlipidemic apoE-deficient mice. Together, our findings unveil a novel property
for apoE expression in macrophages that modulates the immunometabolic regulatory
properties of their secreted extracellular vesicles.

KEYWORDS
ApoE, extracellular vesicles, immunometabolism, inflammation, macrophage, microRNA, oxidative stress

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided

the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2023 The Authors. Journal of Extracellular Vesicles published by Wiley Periodicals, LLC on behalf of the International Society for Extracellular Vesicles. This article has been contributed
to by U.S. Government employees and their work is in the public domain in the USA.

J Extracell Vesicles. 2023;12:€12345.
https://doi.org/10.1002/jev2.12345

wileyonlinelibrary.com/journal/jev2 1of28


https://orcid.org/0000-0002-5442-3055
mailto:Robert.Raffai@ucsf.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://wileyonlinelibrary.com/journal/jev2
https://doi.org/10.1002/jev2.12345

2of28 é ISEV ——

1 | INTRODUCTION

Apolipoprotein (Apo) E, a 34 kDa protein expressed as three common human isoforms, was first identified for its central role
in controlling levels of cholesterol-rich lipoproteins in plasma, thereby protecting against atherosclerosis and cardiovascular
disease (Mahley, 1988; Weisgraber, 1994). Soon thereafter, apoE became increasingly recognized for its ability to exert pleiotropic
properties to maintain tissue homeostasis (Curtiss & Boisvert, 2000). Among these included a capacity to regulate immune cell
activity and inflammation (Curtiss & Boisvert, 2000). While its expression is restricted to myeloid cells, apoE exerts a control
over numerous types of leukocytes through paracrine mechanisms that remain incompletely understood (Bonacina et al., 2018;
He et al., 2021; Igel et al., 2021; Riddell et al., 1997).

Macrophages, the second most important cellular source of apoE expression in mammals, are recognized to contribute up
to 10% of apoE in plasma (Hasty et al., 1999; Linton et al., 1991). While this source of apoE expression has been shown to pro-
tect against atherosclerosis by enhancing plasma lipoprotein clearance (Boisvert et al., 1995; Linton et al., 1995), numerous other
pathways have emerged. Macrophage apoE expression improves cellular cholesterol efflux (Rosenson et al., 2012) and the phago-
cytic uptake of apoptotic cells (Grainger et al., 2004), while also reducing the expression of inflammatory cytokines (Curtiss &
Boisvert, 2000) and co-stimulatory molecules on the cell surface (Bonacina et al., 2018; Tenger & Zhou, 2003) that together limit
lesion inflammation. Studies also revealed that apoE expression in hematopoietic stem and progenitor cells (HSPC) in the bone
marrow and spleen restricts myelopoiesis by limiting receptor complexes in cholesterol-rich lipid rafts in the plasma membrane,
which reduces proliferative signaling (Murphy et al., 2011). Furthermore, apoE expression in macrophages has recently been
identified to regulate microRNA-controlled NF-xB signaling to limit inflammatory cytokine production and atherosclerosis in
mice with hyperlipidemia (Li et al., 2015).

Although cytokines produced by macrophages are recognized to differentially modulate inflammation and its resolution in
hyperlipidemia and atherosclerosis (Moore et al., 2013), extracellular vesicles (EVs) have recently emerged as a novel source of
intercellular signaling (Bouchareychas et al., 2020, 2021; Nguyen et al.,, 2018). Indeed, studies have shown that EVs produced by
macrophages can differentially control inflammatory properties in recipient cells, including in models of cancer (Zheng et al.,
2018), atherosclerosis (Bouchareychas et al., 2020, 2021), and obesity (Phu et al., 2022). While macrophage apoE expression is
recognized to play a central role in modulating cellular inflammatory and tissue-reparative properties, whether it also controls
the production and cell signaling properties of EVs is not known. Our study sought to address this question in the context of
hyperlipidemia.

Our findings show that while a loss of apoE expression does not alter the rate or size of EV secretion by cultured macrophages,
it substantially impacts their cellular signaling properties. Consistent with our recent observations (Bouchareychas et al., 2020),
EVs produced by Wildtype macrophages (WT-BMDM-EV) communicated anti-inflammatory properties by driving fatty acid
oxidation (FAO) and oxidative phosphorylation (OxPHOS) in recipient myeloid cells. In contrast, EVs produced by Apoe™'~
macrophages (EKO-BMDM-EV) communicated inflammatory signaling by increasing glycolysis and oxidative stress. Unlike
WT-BMDM-EV which, as previously shown (Bouchareychas et al., 2020), resolved systemic inflammation when infused into
hyperlipidemic mice, the infusion of EKO-BMDM-EV increased hematopoiesis and activated myeloid cells and T lymphocytes.
Together, our findings reveal a novel property through which macrophage apoE expression serves to control immunity and limit
inflammation in hyperlipidemia.

2 | RESULTS
2.1 | Characterization and in vitro assessment of cell signaling properties of extracellular vesicles
produced by Apoe~'~ and Wildtype macrophages

Fully differentiated Apoe™'~ and Wildtype BMDM were cultured in EV-depleted medium for 24 h. EVs secreted by these BMDM
were purified using cushioned-density gradient ultracentrifugation (C-DGUC), a method that allows for a gentle concentration
and purification of EVs from conditioned culture medium and biofluids as reported in our prior studies (Duong et al., 2019).
Nanoparticle tracking analysis revealed similar particle concentration of 5.2 X 10'° and 5.5 X 10" particles/mL and average mode
size of 98 and 95 nm for EVs derived from EKO-BMDM-EV and WT-BMDM-EYV, respectively (Figure la—c). Our data show that
both Apoe~'~ and Wildtype BMDM secreted the same quantity of EVs in a 24 h period, averaging 6.5 X 10° nano-particles per
million cells for both conditions (Figure S1A). Morphological assessment of EKO-BMDM-EV and WT-BMDM-EV using trans-
mission electron microscopy revealed an expected cup-shaped morphology and size averaging 100 nm (Figure 1d). Such isolates
also showed similar average protein concentrations of 59 and 63 ug/mL for EKO-BMDM-EV and WT-BMDM-EYV, respectively
(Figure SIB). Western blot analysis showed the presence of EV proteins, including CD9, CD63, and CD8l, and the absence of
cell-associated proteins Calnexin and GM130 in 1.5 X 10° particles of EKO-BMDM-EV or WT-BMDM-EV (Figure le). Despite
sharing similar biophysical characteristics, only WT-BMDM-EV displayed apoE immunoreactivity (Figure le), a finding consis-
tent with prior studies of EV's derived from macrophages (Zheng et al., 2018) and neutrophils (He et al., 2021). Importantly, using
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FIGURE 1 Biophysical parameters and immune-modulation effects of BMDM-derived extracellular vesicles. (a) Representative concentration and size

distributions of EKO-BMDM-EV & WT-BMDM-EV purified from BMDM cell culture supernatants after a 24 h period of culture as determined using
nanoparticle tracking analysis. (b and ¢) Average mode of particle diameter (b) and concentration of purified EVs in particles/mL (c) (n = 4 samples per
group). (d) Electron micrograph of purified EVs from BMDM. Scale bar: 50 nm. (e) Western blot analysis of Calnexin, GM130, CD9, CD63, CD81, and apoE in
EV-free media (EFM), cell lysate, and 1.5 X 10° particles of BMDM-derived EVs (representative of three independent experiments). (f) Western blot analysis of
apoE and CD81 in EKO-BMDM-EV, WT-BMDM-EV, and mouse HDL fractionated by size-exclusion chromatography. (g) qRT-PCR analysis of Tnf, Il1b,
Mcpl, and 116 mRNA expression in wildtype BMDM exposed to 2 X 10° particles of EKO-BMDM-EV, WT-BMDM-EV, or PBS for 18 h and stimulated with LPS
(100 ng/mL) for 6 h. qRT-PCR results were normalized to B2m or Gapdh, one representative experiment out of three independent replicates is shown; n = 4
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FIGURE 1 (Continued)

per group. (h) QRT-PCR analysis of H2-Abl, Cd86, and C480 mRNA expression in wildtype BMDM exposed to 2 X 10° particles of EKO-BMDM-EV,
WT-BMDM-EV; or PBS for 18 h and stimulated with LPS (100 ng/mL) for 6 h. qRT-PCR results were normalized to B2m or Gapdh, one representative
experiment out of three independent replicates is shown; n = 4 per group. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 as determined using one-way
ANOVA followed by Holm-Sidak post-test. Data are presented as mean + SEM.

size-exclusion chromatography, we demonstrate that apoE-containing WT-BMDM-EV isolated by our C-DGUC approach are
free of apoE-HDL (Figure 1f) that are likely also produced by the cultured BMDM and could otherwise serve as a confounding
mediator of cellular signaling.

We next assessed whether EKO-BMDM-EV and WT-BMDM-EV displayed altered cell-signaling properties. We did so by
first testing their rate of cellular uptake by treating naive BMDM with 2 X 10° particles/mL of PKH26-labeled EKO-BMDM-EYV,
WT-BMDM-EV, or PBS as control and measured the fluorescent intensity in recipient cells after a 2-h incubation period using
fluorescent microscopy. Data in Figures SIC,D shows similar cellular internalization efficiencies for both forms of EVs.

Next, we incubated naive BMDM & BM-derived dendritic cells (BMDC) with EKO-BMDM-EV or WT-BMDM-EV at a con-
centration of 2 X 10° particles/mL for 18 h and subsequently stimulated the cells with 100 ng/mL lipopolysaccharides (LPS) for 6 h.
Data in Figure 1g,h, show that BMDM/BMDC treated with EKO-BMDM-EV displayed increased expression of pro-inflammatory
cytokines and M1 macrophage marker genes (Tnf, 116, Il1b, and Mcpl), as well as antigen-presenting and co-stimulatory molecules
(H2-Abl, Cd86, and Cd80) following LPS stimulation. In contrast, WT-BMDM-EV treatments attenuated the expression of
these genes in LPS-stimulated BMDM and BMDC, even when compared to PBS treatments (Figure 1g,h). Taken together, our
results demonstrate a previously unsuspected role for apoE expression by macrophages in modulating protective cell-signaling
properties of their secreted EVs.

2.2 | Macrophage extracellular vesicles modulate cellular apoE levels and phagocytosis in recipient
macrophages

We next tested the hypothesis that Apoe expression by macrophages could influence the ability for their EVs to modulate apoE
levels in recipient macrophages, a process central to macrophage polarization and inflammatory activity (Baitsch et al., 2011).
We did so by incubating naive wildtype BMDM with EV's produced by both cell types at a concentration of 2 X 10° particles/mL
for 18 h. While we did not observe a change in Apoe mRNA levels in recipient cells (Figure SIE), we noted that exposure to
WT-BMDM-EV increased apoE protein levels by 2-fold as compared to PBS exposure (Figure 2a,b). In contrast, exposure to
EKO-BMDM-EV reduced apoE protein levels by 1.5-fold as compared to PBS exposure (Figure 2a,b).

We then wondered whether the modulation of cellular apoE levels by macrophage EVs extended beyond modulating inflam-
matory gene expression levels in response to LPS. Thus, we tested whether an enrichment or depletion of cellular apoE levels
produced by an exposure to the two forms of BMDM EVs, respectively, could differentially impact the phagocytic properties
of recipient macrophages, a process previously reported to be sensitive to cellular apoE levels (Grainger et al., 2004). Remark-
ably, while the exposure to WT-BMDM-EV enhanced the phagocytic uptake of apoptotic cells by naive BMDM (Figure 2c¢,d),
the exposure to EKO-BMDM-EV exerted an opposite effect. Specifically, EKO-BMDM-EV reduced the phagocytic properties
of naive wildtype BMDM to levels observed in naive Apoe~'~ BMDM (Figure 2c,d). Mechanistically, data shown in Figure 2e,f
demonstrate that the exposure to WT-BMDM-EV caused an enrichment of MerTK on the macrophage cell surface, a receptor
central to the clearance of apoptotic cells (Thorp et al., 2008). In contrast, an exposure to EKO-BMDM-EV reduced MerTK
cell-surface density on recipient macrophages that paralleled their reduced phagocytic capacity of apoptotic cells. Together, our
findings show that ApoE expression by macrophages increases the capacity for their EVs to control inflammatory signaling and
effector functions in recipient macrophages by increasing cellular apoE levels.

2.3 | ApoE expression dictates the capacity for macrophage extracellular vesicles to suppress
glucose uptake and glycolysis in recipient myeloid cells via a miR-146a/NF-xB axis

Building on our prior studies documenting a capacity for macrophage EVs to modulate bioenergetic metabolism in recipient
naive BMDM (Bouchareychas et al., 2020, 2021; Phu et al., 2022), we wondered whether such effects were sensitive to cellular apoE
expression in the parental cell. We thus tested the capacity for EKO-BMDM-EV to communicate metabolic signaling to recipient
myeloid cells. We did so by first examining the ability of EKO-BMDM-EV to modulate both basal and LPS-stimulated aerobic
glycolysis in recipient BMDM using a Seahorse Glycolytic Rate Assay to measure the glycolytic proton efflux rate (glycoPER). As
shown in Figure 3a and b, naive macrophages treated with EKO-BMDM-EV displayed increased levels of basal and compensatory
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FIGURE 2  Macrophage EVs modulate cellular apoE protein levels and the phagocytic capacity of recipient macrophages. (a-b) Western blot analysis (a)
and quantification (b) of ApoE protein levels in cell lysates of wildtype BMDM exposed to 2 X 10° particles of EKO-BMDM-EV, WT-BMDM-EYV; or PBS for 18
h. (c,d) Representative histogram (c) and quantitative graph (d) showing MFI of CFSE-labeled apoptotic Jurkat cells uptake in Apoe™~ BMDM or wildtype
BMDM exposed to 2 X 10° particles of EKO-BMDM-EV, WT-BMDM-EYV; or PBS for 18 h measured by flow cytometry. (e,f) Representative histogram (e) and
quantitative graph (f) showing MFI of MERTK surface expression in Apoe™~ BMDM or wildtype BMDM exposed to 2 x 10° particles of EKO-BMDM-EYV;
WT-BMDM-EYV, or PBS for 18 h measured by flow cytometry. One representative experiment out of two independent replicates is shown for all experiments; n
= 4 per group. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 as determined using one-way ANOVA followed by Holm-Sidak post-test. Data are

presented as mean + SEM.
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FIGURE 3  ApoE expression dictates the capacity for macrophage EV's to suppress glucose uptake and glycolysis in recipient macrophages via a
miR-146a/NF-xB axis. (a) Graph showing representative Seahorse Glycolytic Rate Assay. R/AA, rotenone/antimycin A (0.5 uM) and 2-DG, 2-Deoxy-D-glucose
(50 mM). (b) Graph showing quantified cell-normalized glycolysis-associated proton efflux rate (glycoPER) from the Seahorse Glycolytic Rate Assay. (c)
qRT-PCR analysis of miR-146a-5p expression in wildtype BMDM exposed to 2 x 10° particles of EKO-BMDM-EV, WT-BMDM-EV, or PBS for 18 h. (d)
qRT-PCR analysis of Irakl and Traf6 mRNA levels in wildtype BMDM exposed to 2 X 10° particles of EKO-BMDM-EV, WT-BMDM-EV; or PBS for 18 h and
subsequently stimulated with LPS (100 ng/mL) for 6 h. (e) MFI of nuclear NF-xB phospho-p65 subunit measured by flow cytometry in wildtype BMDM
exposed to 2 X 10° particles of EKO-BMDM-EV, WT-BMDM-EV; or PBS for 18 h and subsequently cultured in basal or LPS-stimulated condition (100 ng/mL)
for 6 h. (f) QRT-PCR analysis of Slc2al mRNA expression in wildtype BMDM exposed to 2x10° particles of EKO-BMDM-EV, WT-BMDM-EV; or PBS for 18 h
and subsequently cultured in basal or LPS-stimulated condition (100 ng/mL) for 6 h. (g) Graphs showing percentage of GLUT1" cells and mean fluorescent
intensity (MFI) of GLUT! in wildtype BMDM exposed to 2Xx10° particles of EKO-BMDM-EV, WT-BMDM-EYV; or PBS for 18 h and subsequently stimulated
with LPS (100 ng/mL) for 6 h. (h) 2-DG uptake assay in wildtype BMDM exposed to 2 x 10° particles of EKO-BMDM-EV, WT-BMDM-EYV, or PBS for 18 h and
subsequently cultured in basal or LPS-stimulated condition (100 ng/mL) for 6 h. (i) Lactate production to the conditioned media by wildtype BMDM exposed

(Continues)
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FIGURE 3 (Continued)

to 2x10° particles of EKO-BMDM-EV, WT-BMDM-EV; or PBS for 18 h and subsequently cultured in basal or LPS-stimulated condition (100 ng/mL) for 6 h as
measured by the L-Lactate Assay Kit. (j) Unannotated heatmap showing the distinct mRNA expression profiles between wildtype BMDM exposed to 2 X 10°
particles of EKO-BMDM-EV, WT-BMDM-EV, or PBS for 18 h (n = 3 per group, p <0.05). (k) qRT-PCR analysis of Aldh2, Pkm, Cd9, Fthl, Dio2, and Pgd
mRNA expression in wildtype BMDM exposed to 2 X 10° particles of EKO-BMDM-EV, WT-BMDM-EYV, or PBS for 18 h. qRT-PCR results were normalized to
B2m or Gapdh for mRNA analysis and U6 snRNA or miR-16-5p for microRNA analysis. One representative experiment out of three independent replicates is
shown for all experiments; n = 3-5 per group. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 as determined using one-way or two-way ANOVA
followed by Holm-Sidak post-test. Data are presented as mean + SEM.

glycolysis, as well as an increase in proton efflux rate produced from glycolytic activity as compared to macrophages treated
WT-BMDM-EV and PBS both under basal condition and following LPS-stimulation.

In seeking to uncover mechanisms to explain these observations, we next tested whether treatments of EKO-BMDM-EV
altered miR-146a-5p levels in recipient myeloid cells, a microRNA that we previously observed as downregulated in apoE-
deficient monocytes and macrophages (Li et al., 2015). Interestingly, we noted that a quantity of 2 x 10° particles/mL of
EKO-BMDM-EV suppressed miR-146a-5p levels by 50% in cultured naive BMDM and BMDC as compared to a similar number
of PBS-treated cells (Figures 3c and S2A), a finding that paralleled our observed reduction in cellular apoE levels (Figure 2a,b).
Next, we examined whether the downregulation of miR-146a-5p exerted by EKO-BMDM-EV could alter cellular inflammatory
signaling via mRNA target genes. Findings shown in Figures 3d and S2B confirm an expected upregulation of canonical miR-
146a-5p targets Traf6 & Irakl, two central mediators of NF-xB signaling (Boldin et al., 2011; Li et al., 2015; Taganov et al., 2006),
in naive BMDM and BMDC treated with EKO-BMDM-EV and subsequently stimulated with LPS for 6 h. We also observed an
enhanced nuclear accumulation of phosphorylated NF-xB p65 subunit in LPS-stimulated BMDM pre-treated with EKO-BMDM-
EV as compared to BMDM treated with WT-BMDM-EV or PBS (Figure 3e). As expected, we observed that an upregulation of
apoE protein levels in naive BMDM and BMDC exposed to WT-BMDM-EV (Figure 2a,b) exerted protective properties by
increasing miR-146a-5p levels (Figures 3c and S2A) resulting in suppressed NF-xB signaling (Figures 3d,e and S2B).

As the NF-xB signaling pathway has been recognized as a major driver of GLUT1-mediated glucose uptake and glycolysis
(Obaid et al.,, 2021), we next tested whether the miR-146a/NF-xB axis controlled by EKO-BMDM-EV contributed to control
cellular glucose uptake and glycolytic activity. Our findings show that both BMDM and BMDC treated with 2x10° particles/mL
of EKO-BMDM-EV upregulated levels of GLUT1 mRNA (Slc2al) (Figures 3f and S2C) and surface protein density (Figure 3g)
upon stimulation with LPS. Increased cell-surface GLUTI in BMDM treated with EKO-BMDM-EV led to enhanced glucose
uptake in these cells as measured by the cellular uptake of 2-deoxyglucose (2-DG) (Figure 3h). We also recorded increased levels
of lactate, the end-product of aerobic glycolysis caused by LPS-stimulation (Kelly & O’Neill, 2015), in the conditioned media of
LPS-stimulated BMDM pre-treated with EKO-BMDM-EV (Figure 3i). In contrast, we observed that WT-BMDM-EV treatments
suppressed levels of GLUT1 mRNA (Slc2al) and cell-surface levels in naive BMDM and BMDC (Figures 3f,g and S2C) that
resulted in reduced 2-DG uptake and lactate production upon LPS-stimulation (Figure 3h,i).

Building on our observations linking EKO-BMDM-EV to miR-146a-5p control of NF-xB-driven glycolytic activity, we next
sought to explore whether treatments of EKO-BMDM-EV could modulate the transcriptomic profile in recipient macrophages.
We did so via unbiased sequencing of RNA isolated from cultured naive BMDM treated with 2 X 10° particles/mL of EKO-
BMDM-EV, WT-BMDM-EYV, or PBS for 18 h. Figures 3j and S2D revealed 150 genes that were differentially expressed between
these three sets of BMDM. Among these included two genes involved in the glycolytic pathway (Aldh2 and Pkm) and six genes
recognized to drive glycolytic activity (Cd9, Fthl, Dio2, and Pgd) (Daneshmandi et al., 2021; Sagliocchi et al., 2019; Scaramuzzino
et al., 2021; Sudrez et al., 2021; Sun et al,, 2019) that were all found to be highly enriched in naive BMDM treated with EKO-
BMDM-EV as compared to cells treated with WT-BMDM-EV or PBS. This pattern of gene expression was further confirmed by
qRT-PCR in naive BMDM and BMDC treated with 2 x 10° particles/mL of EKO-BMDM-EV, WT-BMDM-EV; or PBS (Figures 3k
and S2E). Taken together, our data show that pro-glycolytic signaling effects communicated by EKO-BMDM-EV are exerted due
to a lack of apoE expression in the parental cells.

2.4 | ApoE expression dictates the capacity for macrophage extracellular vesicles to communicate
FAO and OxPHOS to recipient myeloid cells via a miR-142a/CPT1A axis

In light of our findings documenting the capacity for EKO-BMDM-EV to drive glycolytic activity in recipient cells, we next
examined whether they had the ability to modulate OxPHOS. Consistent with this idea, the RNA-seq data shown in Figures 3j and
S2D led us to identify the gene coding for carnitine palmitoyltransferase 1A (Cptla), an important driver of FAO and OxPHOS,
to be suppressed in naive BMDM treated with EKO-BMDM-EV. In contrast, this gene was enriched in BMDM treated with WT-
BMDM-EV as compared to those treated with PBS treatment. QqRT-PCR confirmed this pattern of gene expression by showing a
30% increase in Cptla mRNA levels in naive BMDM/BMDC treated with WT-BMDM-EV and a 40% decrease in Cptla mRNA
levels in naive BMDM/BMDC treated with EKO-BMDM-EV as compared to cells treated with PBS (Figures 4a and S3A). We
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FIGURE 4  ApoE expression dictates the capacity for macrophage EVs to improve mitochondrial health & functions while suppressing neutral lipids
accumulation & oxidative stress in recipient macrophages. (a) qRT-PCR analysis of Cptla mRNA expression in wildtype BMDM exposed to 2 X 10° particles of
EKO-BMDM-EV, WT-BMDM-EYV, or PBS for 18 h. (b-c) Western blot analysis (b) and quantification (c) of CPT1A protein levels in cell lysates of wildtype
BMDM exposed to 2 X 10° particles of EKO-BMDM-EV, WT-BMDM-EYV, or PBS for 18 h. (d) qRT-PCR analysis of miR-142a-3p expression in wildtype
BMDM exposed to 2 X 10° particles of EKO-BMDM-EV, WT-BMDM-EYV, or PBS for 18 h. (e) Graph showing representative Seahorse Mito Stress Assay. O,
oligomycin (1 uM); F, FCCP (2 uM); and R/AA, rotenone/antimycin A (0.5 uM). (f) Graph showing quantified cell-normalized mitochondrial OCR from Mito
Stress test. (g) Graph showing representative OCR measurement in response to etomoxir treatment as measured by the Agilent Seahorse instrument. Etomoxir
(4 uM) and O, oligomycin (1 uM). (h) Graph showing quantified cell-normalized mitochondrial OCR drop upon CPT1la inhibition by etomoxir. (i) GO
enrichment analysis (Biological process) of the genes differentially expressed between wildtype BMDM exposed to EKO-BMDM-EV or WT-BMDM-EV. The
minimum count of genes considered for the analysis was >10 and p <0.05. (j) qRT-PCR analysis of Abcal, Selenow, Selenom, Selenop, Selenon, GpxI and Gpx3
mRNA expression in wildtype BMDM exposed to 2x10° particles of EKO-BMDM-EV, WT-BMDM-EV, or PBS for 18 h. (k) Graph showing MFI of Lipid TOX
staining measured by flow cytometry in Apoe™’~ BMDM or wildtype BMDM exposed to 2x10° particles of EKO-BMDM-EV, WT-BMDM-EV, or PBS for 18 h
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FIGURE 4 (Continued)

measured by flow cytometry. (1) Graph showing MFI of CellROX staining measured by flow cytometry in Apoe™'~ BMDM or wildtype BMDM exposed to 2 X
10? particles of EKO-BMDM-EV, WT-BMDM-EV; or PBS for 18 h measured by flow cytometry. (m-o) Graphs showing MFI of MitoSOX (m), Calcein AM (n),
and TMRM (o) signals in Apoe™~ BMDM or wildtype BMDM exposed to 2 x 10° particles of EKO-BMDM-EV, WT-BMDM-EV; or PBS for 18 h measured by
flow cytometry. (p) Graphs showing detection of total glutathione, including reduced glutathione (GSH) and oxidized glutathione (GSSG), in Apoe™'~ BMDM
or wildtype BMDM exposed to 2 X 10° particles of EKO-BMDM-EV, WT-BMDM-EV, or PBS for 18 h measured by flow cytometry. QRT-PCR results were
normalized to B2m or Gapdh for mRNA analysis and U6 snRNA or miR-16-5p for microRNA analysis. One representative experiment out of three
independent replicates is shown for all experiments; #n = 3-5 per group. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 as determined using one-way or
two-way ANOVA followed by Holm-Sidak post-test. Data are presented as mean + SEM.

also observed a 20% increase and 45% decrease in CPT1A protein levels in naive BMDM treated with WT-BMDM-EV and
EKO-BMDM-EYV, respectively, as compared to cells treated with PBS (Figure 4b,c). We next sought to identify the mechanism
responsible for the bidirectional control of CPT1A by EKO-BMDM-EV and WT-BMDM-EV treatments. Based on a recent study
that highlighted the role of miR-142a-3p in downregulating OxPHOS and FAO by targeting CPT1A (Sun et al., 2019), we tested
the expression of this microRNA in naive BMDM/BMDC treated with the two forms of EVs or PBS as control. We uncovered
that miR-142a-3p levels were enriched by 90% in BMDM/BMDC treated with EKO-BMDM-EV (Figures 4d and S3B), while they
were reduced by 40% in cells treated with WT-BMDM-EV (Figures 4d and S3B).

We next assessed whether a bidirectional control of the miR-142a/CPTIA axis by EKO-BMDM-EV or WT-BMDM-EYV treat-
ments could serve to differentially modulate FAO and OxPHOS in recipient cells. To test this hypothesis, we measured the oxygen
consumption rate (OCR) in BMDM treated with 2 X 10° particles/mL of EKO-BMDM-EV, WT-BMDM-EV; or PBS under basal
and LPS-stimulated conditions for 18 h using the Seahorse Mito Stress Assay. Our data show that unstimulated naive BMDM
treated with WT-BMDM-EV displayed enhanced OxPHOS as seen by elevated basal and maximal respiration associated with a
higher proton leak and ATP production compared to PBS-treated cells (Figure 4e and f). In contrast, naive BMDM treated with
EKO-BMDM-EYV displayed similar levels of OxPHOS as compared to PBS-treated cells in basal conditions (Figure 4e and f). We
also noted a substantial reduction of OxPHOS in BMDM across all three treatments upon LPS stimulation, with cells treated
with WT-BMDM-EV retaining more robust basal respiration and ATP production (Figure 4e and f).

Stemming from our data shown in Figure 4a—c that support a role for EKO-BMDM-EV in suppressing CPT1A expression,
we next tested whether levels of OCR were associated with CPT1A-mediated mitochondrial FAO by treating BMDM with the
CPTIA inhibitor etomoxir following their exposure to EKO-BMDM-EV, WT-BMDM-EV, or PBS, respectively. We did so by
using etomoxir at a working concentration of 4 uM, which allows to target CPT1A activity without causing cellular oxidative
stress known to occur at concentrations greater than 5 uM (O’Connor et al., 2018). Data shown in Figure 4g,h reveal that, despite
higher OCR at basal state, unstimulated BMDM treated with WT-BMDM-EV display a more substantial drop in OCR upon
etomoxir treatment as compared to cells treated with EKO-BMDM-EV or PBS, indicating that the elevated OxPHOS in BMDM
treated with WT-BMDM-EV is driven primarily by CPT1A-dependent FAO. Interestingly, EKO-BMDM-EV treatments further
lowered CPT1A-dependent FAO as compared to PBS treatments as seen by a smaller drop in OCR upon etomoxir treatment
(Figure 4g,h). Furthermore, we observed that LPS-stimulated BMDM displayed minor drops in OCR upon etomoxir treatment
as compared to unstimulated cells. In contrast, we noted that naive BMDM treated with WT-BMDM-EV displayed a more
pronounced drop in OCR as compared to BMDM treated with EKO-BMDM-EV or PBS (Figure 4g,h). Taken together, our
data uncover a novel role for apoE expression in macrophages that is responsible for producing EV's capable of communicating
OxPHOS and FAO to recipient myeloid cells.

2.5 | ApoE expression dictates the capacity for macrophage extracellular vesicles to drive lipid
mobilization, oxidative stress responses, and mitochondrial metabolism in recipient myeloid cells

We next performed a gene ontology (GO) enrichment assessment in naive BMDM treated with WT-BMDM-EV vs. cells treated
with EKO-BMDM-EV by subjecting the RNA-seq data in Figures 3j and S2D to the Database for Annotation, Visualization
and Integrated Discovery (DAVID) tool (Huang et al., 2007). This approach led us to uncover an enrichment in sets of genes
involved in oxidative stress responses, glutathione metabolism, and ABC transporters in naive BMDM treated with WT-BMDM-
EV (Figure 4i), processes known to control mitochondrial oxidative stress (Kerksick & Willoughby, 2005) and cellular lipid
efflux (Tall et al., 2008), respectively. Indeed, WT-BMDM-EV treatments enhanced the expression of the selenoproteins and
glutathione peroxidase genes (Selenow, Selenom, Selenop, Selenon, Gpxl, and Gpx3) (Figures 3j, 4j, S2D and S3C). Interestingly,
we also observed an enrichment in genes involved in the phagosome pathway (Figure 4i) in naive BMDM treated with WT-
BMDM-EV, which parallels our data in Figure 2¢,d, supporting their increased capacity for the phagocytic uptake of apoptotic
Jurkat cells. In sharp contrast, an assessment of the RNA-seq data in Figures 3j and S2D, confirmed by qRT-PCR data in BMDM
& BMDC (Figures 4j and S3C), revealed a substantial reduction in the expression of genes involved in these biological processes
in naive BMDM treated with EKO-BMDM-EV. This includes the lipid transporter Abcal, the selenoproteins Selenow, Selenom,
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Selenop, and Selenon, as well as the glutathione peroxidases GpxI and Gpx3. Together, these findings support the notion that apoE
expression is critical for macrophages to communicate OxPHOS and mitochondrial metabolism to recipient cells via EVs.

Next, we assessed whether changes in the transcriptomic profiles recorded in BMDM treated with the two forms of EVs could
lead to functional changes in cellular metabolism. We first measured the accumulation of neutral lipids in naive BMDM with
LipidTOX staining followed by detection using flow cytometry upon treatment with EVs using a dose of 2 X 10° particles/mL.
Data shown in Figure 4k revealed a 54% increase in LipidTOX mean fluorescent intensity (MFI) in naive BMDM treated with
EKO-BMDM-EV as compared to those treated with PBS. In contrast, WT-BMDM-EV treatments reduced LipidTOX MFI by
71% in naive BMDM as compared to PBS treatments, and 81% as compared to EKO-BMDM-EV-treatments and Apoe '~ BMDM
alone (Figure 4k).

We next measured the accumulation of reactive oxygen species in naive BMDM treated with both forms of EVs at a concen-
tration of 2 X 10° particles/mL using CellROX staining detected by flow cytometry. Data in Figure 4l reveal a 39% increase in
CellROX MFI in naive BMDM treated with EKO-BMDM-EV as compared to PBS-treated cells. In contrast, WT-BMDM-EV
treatments reduced the CellROX MFI by 72% as compared to PBS-treated cells and 81% as compared to naive BMDM treated
with EKO-BMDM-EV or Apoe~’~ BMDM alone (Figure 41). Consistent with our data shown in Figure 41, we observed a 48%
and 110% increase in mitochondrial superoxide (MitoSOX) accumulation in naive BMDM treated with EKO-BMDM-EV as com-
pared to naive BMDM treated with PBS or WT-BMDM-EV, respectively (Figure 4m). Such increase in cellular and mitochondrial
oxidative stress conferred by EKO-BMDM-EV treatments contributed to the prolonged opening of the mitochondrial transition
pores as shown by Figure 4n, which resulted in a 41% and 58% reduction in mitochondrial Calcein AM retention as compared
to naive BMDM treated with PBS or WT-BMDM-EYV, respectively (Figure 4n). Such adverse effects caused by EKO-BMDM-EV
treatments on reducing mitochondrial health contributed to a lower mitochondrial membrane potential (A¥m) as detected by
Tetramethylrhodamine (TMRM) staining. Figure 4o revealed a 29% and 40% drop in the TMRM MFI in naive BMDM treated
with EKO-BMDM-EV as compared to naive BMDM treated with PBS or WT-BMDM-EV, respectively.

Finally, we measured the levels of glutathione (GSH) and glutathione disulfide (GSSG) in cells treated with 2 X 10° particles/mL
of both forms of BMDM EVs. Results in Figure 4p show that naive BMDM treated with WT-BMDM-EV displayed greater levels
of GSH as well as the GSH:GSSG ratio, indicative of more robust protection against oxidative stress and improved cellular health
(Owen & DA, 2010). In contrast, BMDM treated with EKO-BMDM-EV showed reduced levels of GSH and a GSH:GSSG ratio
(Figure 4p), highlighting detrimental effects caused by these EVs in predisposing recipient cells to oxidative stress. Remarkably,
treatments with EKO-BMDM-EV communicated a similar magnitude of detrimental effects to naive BMDM as was detected
when examining Apoe~'~ BMDM alone across the different measurements in Figure 4k-p. Together, these data further support
a critical role for apoE expression in macrophages that results in the production of extracellular vesicle capable of communicating
mitochondrial metabolism and oxidative stress control in recipient myeloid cells.

2.6 | Loss of apoE expression in macrophages results in extracellular vesicles that promote CD4" T
lymphocyte activation and proliferation

Next, we assessed whether macrophage EVs can control adaptive immune responses, and whether a loss of apoE expression can be
detrimental. We did so by treating aCD3/aCD28-stimulated CD4* T lymphocytes with 2 X 10° particles/mL of EKO-BMDM-EYV,
WT-BMDM-EV, or PBS for 18 h. We then performed unbiased RNA sequencing to assess changes in the transcriptomic profiles of
these cells upon EV treatments and identified 37 differentially expressed genes (Figure 5a). Among these, we identified three genes
that are key members of the T-cell receptor complex (Cd3e, Cd247, and Cd4) and II2rg, a key component of cytokine receptors on
CD4* T lymphocytes (Figure 52). GO enrichment analysis using the DAVID tool (Huang et al., 2007) of the RNA-seq data from
CD4* T lymphocytes treated with EKO-BMDM-EV or WT-BMDM-EV (Figure 5a), identified an enrichment of genes involved
in the positive regulation of T cell activation, T cell receptor signaling pathway, and cell surface receptor pathway (Figure 5b).
In light of these findings, we performed a T lymphocyte proliferation assay using carboxyfluorescein succinimidyl ester (CFSE)-
labeled CD4* T lymphocytes stimulated with «CD3/aCD28 beads and treated every two days with 2x10° particles/mL of EKO-
BMDM-EV, WT-BMDM-EYV, or PBS for a period of 4 days. We found that the mitotic index of CD4*" T lymphocytes treated
with EKO-BMDM-EV was 36% higher than in cells treated with WT-BMDM-EV or PBS (Figure 5¢). This finding was consistent
with data shown in Figure 5d, demonstrating reduced levels of Annexin V, a marker of apoptosis, in «CD3/aCD28-stimulated
CD4™" T lymphocytes treated with 2 x 10° particles/mL of EKO-BMDM-EYV; indicating that the lower number of apoptotic cells
in this treatment group is associated with increased cellular proliferation. Next, we examined the cellular activation of naive
CD4* T lymphocytes exposed to EKO-BMDM-EV or WT-BMDM-EV upon stimulation with «CD3/aCD28 beads. Our data
in Figure 5e show that an exposure to EKO-BMDM-EV increased the cell surface density of the activation markers CD69 &
CD25 in the recipient cells. Furthermore, this also led the cells to produce higher levels of the Thl inflammatory cytokine IFN-y
(Figure 5f). Together, our data uncover a critical new property for macrophage apoE expression in controlling T lymphocyte
activation via communication by EVs.
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FIGURE 5 EKO-BMDM-EV drive the activation and proliferation of CD4* T lymphocytes. (a) Heatmap showing the distinct mRNA expression profiles
between wildtype CD4" T lymphocytes exposed to 2 X 10° particles/mL of EKO-BMDM-EV, WT-BMDM-EV; or PBS for 24 h (n = 3 per group, p < 0.05)
while stimulated with «CD3/aCD28 beads. (b) GO enrichment analysis (Biological process) of the genes differentially expressed between wildtype CD4* T
lymphocytes exposed to EKO-BMDM-EV or WT-BMDM-EV while stimulated with «CD3/aCD28 beads. The minimum count of genes considered for the
analysis was >10 and p <0.05. (c) Graphs showing CD4" T lymphocytes proliferation measured by CFSE labeling of CD4* T lymphocytes stimulated with
aCD3/aCD28 beads for 4 days. 2 x 10° particles/mL of EKO-BMDM-EV, WT-BMDM-EV, or PBS were added to the culture on day 1 and 3 of the experiment.
(d) Graphs showing percentage of Annexin V* CD4* T lymphocytes upon stimulation with «CD3/aCD28 beads for 4 days. 2 X 10° particles/mL of
EKO-BMDM-EV, WT-BMDM-EYV, or PBS were added to the culture on day 1 and 3 of the experiment. (e) Graphs showing MFI of CD25 and CD69 in CD4* T
cells co-cultured with «CD3/aCD28 beads, 5 ng/mL of murine IL-2, and 2 X 10° particles/mL of EKO-BMDM-EV, WT-BMDM-EV, or PBS for 48 h. (f)
Graphs showing IFN-y* cells and IFN-y MFI in CD4* T cells co-cultured with «CD3/aCD28 beads, 5 ng/mL of murine IL-2, and 2 X 10° particles/mL of
EKO-BMDM-EV, WT-BMDM-EYV, or PBS for 12 h. One representative experiment out of three independent replicates is shown for all experiments; n = 3-5
per group. *p < 0.05, ** p < 0.01, ***p < 0.001, and ***p < 0.0001 as determined using one-way ANOVA followed by Holm-Sidak post-test. Data are presented
as mean + SEM.
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2.7 | ApoE expression dictates the capacity for macrophage extracellular vesicles to suppress
systemic inflammation and activation of myeloid cells in hyperlipidemic mice

In light of our provocative in vitro findings supporting the capacity for EKO-BMDM-EYV to shift macrophage cellular metabolism
toward a glycolytic phenotype, we next assessed whether these EVs could exert such properties in vivo to drive inflammatory
responses sensitive to elevated glycolysis (Koelwyn et al., 2008; Tabas & Bornfeldt, 2020). We did so by repeatedly infusing EKO-
BMDM-EV, WT-BMDM-EYV, or PBS intraperitoneally (i.p.) to hyperlipidemic mice. Prior to EV infusions, recipient 6-week-old
C57BL/6] mice were first treated intravenously with a recombinant adeno-associated virus vector serotype 8 encoding a gain-
of-function mutant of proprotein convertase subtilisin/kexin type 9 (AAV8-PCSK9) and fed a high-fat Western Diet (WD) as
previously reported (Bjorklund et al., 2014; Lu et al., 2016; Maxwell & Breslow, 2004; Roche-Molina et al., 2015). These mice
displayed similar levels of hyperlipidemia, with cholesterol and triglycerides levels of 660 and 215 mg/dL, respectively, after
6 weeks of high-fat WD feeding (Figure S4A-B). Furthermore, an assessment of the plasma lipoprotein profile in these mice
showed an accumulation of remnant lipoproteins that is similar to the profile displayed by the Ldlr~/~ mouse model fed a high-
fat diet (Figure S4C) as previously reported (Bjorklund et al., 2014; Lu et al., 2016; Maxwell & Breslow, 2004; Roche-Molina et al.,
2015).

Next, we assessed the biodistribution of EKO-BMDM-EV and WT-BMDM-EV by infusing i.p. 1 X 10! particles of 1,1'-
Dioctadecyl-3,3,3,3’-Tetramethylindotricarbocyanine Iodide (DiR)-labeled EV's or PBS as control into WD-fed AAV8-PCSK9
mice. Following 6 h post infusion, the presence of DiR-positive EVs was detected in the circulation (Figures 6a & S5), as well as
the epididymal white adipose tissues, lungs, livers, brains, kidneys, aortas, spleens, bones, and intestines (Figures 6b & S5). Our
findings did not show any noticeable difference in the biodistribution of DiR-labeled EKO-BMDM-EV and WT-BMDM-EV in
hyperlipidemic mice.

We then proceeded to treat the mice with either 1 X 10! particles of EKO-BMDM-EV or WT-BMDM-EYV, a dose that rep-
resents approximately 2%-5% of total EVs in mouse plasma (Bouchareychas et al., 2021), or PBS, three times/week (every two
days) for 4 weeks while maintaining the mice on WD. We first measured the impact of such treatments on the accumulation of
plasma cytokines using a multiplex immunoassay. Our data show that EKO-BMDM-EV infusions raised levels of the inflam-
matory cytokines IFN-y, TNF-«, IL-6, and IL-18 in the circulation (Figure 6¢). Interestingly, WT-BMDM-EV infusions reduced
levels of TNF-a and IL-6 in the plasma of these mice (Figure 6¢). Next, we measured the accumulation of these cytokines in
the conditioned media of LPS-stimulated bone marrow and splenic cells derived from these mice. Data in Figure 6d indicates
a substantial accumulation of TNF-a, IL-6, and IL-18 in the conditioned media of these cells when derived from mice infused
with EKO-BMDM-EV. Consistent with our plasma cytokine data in Figure 6¢, we also noted a reduction in the production of
TNF-a and IL-6 cytokines from these cells when derived from mice infused with WT-BMDM-EV. We also observed elevated
gene expression in these cytokines and M1 macrophage markers (Tnf, 116, Il1b, and Mcpl) and reduced gene expression in M2
macrophage markers (Argl, Retnla, and Chil3) in peritoneal macrophages derived from mice that received EKO-BMDM-EV
infusions as compared to those that received infusions of WT-BMDM-EV or PBS (Figure 6¢). Moreover, WT-BMDM-EV infu-
sions reduced the mRNA levels of the pro-inflammatory cytokines Tnfand Il6 while increasing the M2 markers (Argl, Retnla, and
Chil3) in the peritoneal macrophages (Figure 6€). An assessment of dendritic cells (Ly6C~™ MHCII* CDllc") derived from the
spleens of these mice also revealed an increase in the antigen-presenting major histocompatibility complex class II (MHC-II), as
well as the co-stimulatory molecules CD86 and CD80, on the surface of these cells when derived from mice infused with EKO-
BMDM-EV (Figure 6f). Interestingly, WT-BMDM-EV infusions led to reduced expression of CD86 and CD80 on the surface of
splenic dendritic cells even when compared to those derived from PBS-treated mice (Figure 6f).

2.8 | ApoE expression dictates the capacity for macrophage extracellular vesicles to improve
mitochondrial health & function while suppressing glucose uptake & oxidative stress in myeloid cells
of hyperlipidemic mice

Next, we assessed the capacity of the two forms of BMDM EVs to modulate the metabolic properties of primary myeloid cells
derived from hyperlipidemic mice. Using flow cytometry, we found that circulating Ly6C" monocytes derived from WD-fed
AAV8-PCSK9 mice infused with EKO-BMDM-EV displayed increased glucose uptake as seen by the absorption of (2-(N-(7-
Nitrobenz-2-oxa-1,3-diazol-4-yl) Amino)-2-Deoxyglucose) (2-NBDG) (Figure 6g) and neutral lipid accumulations as seen by
LipidTOX staining (Figure 6h). We also observed increased levels of cellular reactive oxygen species (Figure 6I) and mito-
chondrial superoxides (Figure 6j) in circulating Ly6C" monocytes examined from these mice. Such increased cellular levels
of oxidative stress led to lower mitochondrial AWm as revealed by TMRM staining (Figure 6k). In contrast, circulating Ly6C"!
monocytes of WD-fed AAV8-PCSK9 mice infused with WT-BMDM-EV displayed decreased cellular glucose uptake, neutral
lipid and reactive oxygen species accumulation, along with mitochondrial superoxides (Figure 6g-j). Furthermore, they displayed
improved AWm (Figure 6k).



dISEV L >

PHU ET AL.
a > N b
(@) s ¢ (b)
PBS
EKO-BMDM-EV
WT-BMDM-EV
L * s "ET PBS EKO-BMDM-EV__WT-BMDM-EV
J10q * * 350 =18 £ = s : :
E T E L e T 2 3 4 5 6 7 8 9 10 11 12
08 240 k=) =
= -~ Qo + «Q
e 3 210 B @ Tnf .
> 0.6 3 30 e © T D
2 {— P r 3 % T o 2
Eoaf - Z2{i . e © 0. - 1164
£ F X g2, - % & R markers
% 02 o £ B 8 . R S 111b=4
8 < a g o
a00tl—— 7 —— —— ent
2 KY cp1-
&L & L& B P 0
SR S S
& I & i
) &0 e‘:(\ & Arg1
Pk P P& 3
© S S ’
< < < matkems Chil3
(d) Bone marrow cells
2 Retnla= . .
L1 2
1
IL-6: 0 NF-w_B Traf6 -
by e —— . signaling Irak1-
1.2 3 4 5 1 2 3 4 51 2 3 45
PBS EKO-BMDM-EV  WT-BMDM-EV Aldh2+
Splenic cells Pkm
3
1L
P 2 ; Cd9 Q
IL-6 1 Glycolysis
0
1 W° o N
12 3 4 51 2 3 45123 405 Dpio2
(f) PBS EKO-BMDM-EV  WT-BMDM-EV
Pgd-
PBS - ”
— 4 N atty acit J
EKO-BMDM-EV oxidation | Cptla
WT'BMDM'EV Cholesterol' Abcat]
Unstained efflux
Selenow=] . J
Selenom =]
T W Selenoproteins
CD86 CD80 Selenop- -
’£| Selenon= ‘
87 e 5 - 3 ’L”ﬂ‘ Eﬂ
= 7 . <4 =1 = A Glutathione! Gpx1
< I < * 2. % -
g, x g g . £ LA metabolism Gpx3]
z = £ = 24 i
£ 51 22 8 1 [=]
= . o o
Qﬁ A A 0‘9 A A Q‘a A A
i EbsF Es®
X St S
& & S« .
- - e | —
ns
@9 - () —= @) . O = (K e () g 5
4 P 15 M M ~ 2 2
< Ll B EIC D = . ae 5 3 = g 20 8
2 S : e /i g, 7 g R - 5
=3 2 £4 | =i . c4 X < £ 2815 3
s - T e o B E.l.. ™ 22 H ¢ o
=0 EH5 - - = ¥ EMES E |z ’ g510 £
o+ * . %2 T x w N x 07 " E [T - 59 5
a s 2 F e s - 27 2 s % 5 22 2
[ == 5 x i 2 i 4 = Sos ]
Z t a1 ® 1 H a< 8
& a (5] = b § 3
— — 0 A T n’:”-“{,“A 3
) &
&8 LLF L EEE EEE E EEE E
"9@ §@ OIS %9@*0@ Q‘,se‘,o o\pép e\,s’”*o
& & el & & O & O 5
& & O & &£ &K
FIGURE 6  ApoE expression dictates the capacity for macrophage EVs to improve mitochondrial health & functions while suppressing glucose uptake,

oxidative stress, activation of myeloid cells & systemic inflammation in hyperlipidemic mice. (a-b) Images of DiR fluorescence in blood (a) and organs (b) 6 h
post-injection from 8-week-old Western diet-fed AAV8-PCSK9-injected mice infused i.p. with PBS as control or 1 x 10! particles of EKO-BMDM-EV or
WT-BMDM-EV. (c) Multiplex immunoassay analysis of TNF-a, [FN-y, IL-6, and IL-18 from plasma of Western diet-fed AAV8-PCSK9-injected mice
repeatedly infused with 1x10' particles of EKO-BMDM-EV, WT-BMDM-EV; or PBS. (d) Heat maps representing multiplex immunoassay analysis of TNF-q,
IL-6, and IL-18 cytokines released by LPS-stimulated splenic and bone marrow cells (100 ng/mL for 6 h) from Western diet-fed AAV8-PCSK9-injected mice
repeatedly infused with 1 x 10'° particles of EKO-BMDM-EV, WT-BMDM-EV; or PBS. Data are displayed as log, fold-change relative to PBS group. (e) Heat
map representing qQRT-PCR analysis of Tnf, IlIb, Mcpl, 116, Argl, Retnla, Chil3, Traf6, Irakl, Aldh2, Pkm, Cd9, Fthl, Dio2, Pgd, Cptla, Abcal, Selenow, Selenom,
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FIGURE 6 (Continued)

Selenop, Selenon, Gpx1 and Gpx3 mRNA expression in peritoneal macrophages of Western diet-fed AAV8-PCSK9-injected mice repeatedly infused with 1 X
10! particles of EKO-BMDM-EV, WT-BMDM-EYV, or PBS. Data are displayed as log, fold-change relative to PBS group. (f) MFI of MHC-II, CD86, and CD80
expression in splenic Ly6C~ MHCII* CDIlc* cells measured by flow cytometry. (g-k) Graphs showing MFI of 2-NBDG (g), LipidTOX (h), CellROX (i),
MitoSOX (j), and TMRM (k) signals in circulating Ly6C" monocytes of Western diet-fed AAV8-PCSK9-injected mice repeatedly infused with 1 101
particles of EKO-BMDM-EV, WT-BMDM-EYV, or PBS. (I-m) qRT-PCR analysis of miR-146a-5p (1) and miR-142a-3p (m) expression in peritoneal macrophages
of Western diet-fed AAV8-PCSK9-injected mice repeatedly infused with 1 X 101 particles of EKO-BMDM-EV, WT-BMDM-EV, or PBS. qRT-PCR results were
normalized to B2m or Gapdh for mRNA analysis and U6 snRNA or miR-16-5p for microRNA analysis. One representative experiment out of two independent
replicates is shown for all experiments; n = 4-5 per group. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 as determined using one-way ANOVA
followed by Holm-Sidak post-test. Data are presented as mean + SEM.

Building on our in vivo data indicating a capacity of macrophage apoE to communicate immunometabolic signaling via EVs,
we next assessed whether infusions of EKO-BMDM-EV into WD-fed AAV8-PCSK9 mice could modulate the expressions of
target genes and microRNA revealed through our in vitro experiments with cultured primary BMDM and BMDC. Our findings
revealed that peritoneal macrophages collected from mice infused with EKO-BMDM-EV also displayed reduced levels of miR-
146a-5p while displaying increased levels of miR-142-3p (Figure 61,m), consistent with our findings in cultured naive BMDM
treated with these EVs in Figures 3c and 4D. Furthermore, peritoneal macrophages derived from WD-fed AAV8-PCSK9 mice
infused with EKO-BMDM-EV displayed increased expression of genes involved in the propagation of NF-xB signaling, and
those involved in glycolytic activity (Traf6, Irakl, Aldh2, Pkm, Cd9, Fthl, Dio2, and Pgd) (Boldin et al., 2011; Daneshmandi et al.,
2021, Li et al., 2015; Sagliocchi et al., 2019; Scaramuzzino et al., 2021; Sudrez et al., 2021; Sun et al., 2019; Taganov et al., 2006E)
(Figure 6e). In contrast, these cells exhibited reduced expression of genes involved in FAQ, cholesterol efflux, and oxidative stress
protection (Cptla, Abcal, Selenow, Selenom, Selenop, Selenon, GpxI, and Gpx3) (Figure 6e). Taken together, these data provide
robust evidence supporting a role for macrophage apoE expression in regulating the immune and metabolic modulatory effects
of their secreted EVs when tested in a hyperlipidemic in vivo environment.

2.9 | Loss of apoE expression in macrophages results in extracellular vesicles that enhance
hyperlipidemia-driven hematopoiesis and myelopoiesis

As apoE deficiency in hematopoietic stem & progenitor cells (HSPC) has been reported to drive hematopoiesis and myelopoiesis
in hyperlipidemic mice (Murphy et al., 2011), we next investigated whether infusions of EKO-BMDM-EV could communicate
similar effects to drive excessive hyperlipidemia-driven HSPC proliferation. Unlike our prior findings documenting a reduction
of hematopoiesis by WT-BMDM-EV (Bouchareychas et al., 2020, 2021), we found that hyperlipidemic WD-fed AAV8-PCSK9
mice infused with EKO-BMDM-EV displayed increased cell numbers across all subsets of bone marrow HSPC (Figure 7a,b).
This included elevated numbers of Lin~ Sca-1* ¢-Kit™ (LSK) cells, hematopoietic stem cells (HSC), multipotent progenitor cells
(MPP), lymphomyeloid multipotent progenitor cells (LMPP), multipotent progenitor cells 1-4 (MPP1-4), common myeloid pro-
genitors (CMP), granulocyte-macrophage progenitors (GMP), and megakaryocyte-erythroid progenitors (MEP) (Figure 7a,b).
We further detected a similar phenotype among progenitor cells examined from the spleens of mice infused with EKO-BMDM-
EV as compared to those infused with WT-BMDM-EV or PBS (Figures S6A and 7¢). Such acceleration of hyperlipidemia-driven
hematopoiesis in WD-fed AAV8-PCSK9 mice infused with EKO-BMDM-EV augmented myelopoiesis as revealed by increased
numbers of circulating and splenic CD11b* cells, Ly6C" monocytes, and neutrophils (Figures S6B and 7d-f). Together, our
data provide evidence supporting a role for macrophage apoE expression for the production of EVs capable of controlling
hyperlipidemia-driven hematopoiesis and myelopoiesis. Our findings thereby unveil a novel feedback property of myeloid cell
apoE expression in modulating chronic leukocytosis & inflammation in hyperlipidemia.

2.10 | Systemic infusions of miR-146a mimics or miR-142a inhibitors substitute for apoE in
suppressing hyperlipidemia-driven hematopoiesis and myelopoiesis in hyperlipidemic mice

Next, we sought to explore whether the control of hyperlipidemia-driven hematopoiesis and myelopoiesis by macrophage-
derived EVs was in part dependent on the modulation of miR-146a-5p and miR-142a-3p in recipient cells. We did so by
performing repeated intravenous (i.v.) infusions of 1 nmol of miR-146a mimics or miR-142a inhibitors to WD-fed Apoe™'~ mice
twice a week for a total of 4 weeks (Figure 8a) as previously reported (Li et al., 2015; Sun et al., 2014). While infusions of RNA
mimics or antagonists did not alter the levels of plasma cholesterol in these mice (Figure S7A), delivery of miR-146a mimics ele-
vated the miR-146a levels in splenic monocytes by 50% and had no impact on levels of miR-142a-3p (Figure S7B-C). Moreover,
similar treatments using miR-142a inhibitors reduced cellular miR-142a-3p levels by 95% in splenic monocytes (Figure S7C).
Infusions of miR-146a mimics or miR-142a inhibitors suppressed the numbers of LSK, HSC, MPP, LMPP, MPP1-4, CMP, GMP,
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EKO-BMDM-EV enhance hyperlipidemia-driven hematopoiesis and myelopoiesis. (a) Representative plots of flow cytometric analyses of

hematopoietic stem and progenitor cells in the bone marrow. (b-c) Graphs showing the percentages of hematopoietic stem and progenitor cell subsets (LSK,
LMPP, MPP, MPP1-4, HSC, CMP, GMP, and MEP) in the bone marrow (b) and spleen (c) of Western diet-fed AAV8-PCSK9-injected mice repeatedly infused
with 1x 101 particles of EKO-BMDM-EV, WT-BMDM-EV; or PBS. (d-e) Representative flow cytometric analyses of circulating myeloid cells (d) and
measurements of myeloid cell subsets (CD11b* cells, neutrophils, LysC™ monocytes, and Ly6Cl® monocytes) (e) in the circulation of Western diet-fed
AAV8-PCSK9-injected mice repeatedly infused with 1x10'° particles of EKO-BMDM-EV, WT-BMDM-EYV, or PBS. (f) Flow cytometric analyses of splenic
myeloid cell subsets (monocytes, neutrophils, Ly6C™ monocytes, and Ly6C'® monocytes) in the spleen of Western diet-fed AAV8-PCSK9-injected mice
repeatedly infused with 1 x 10'° particles of EKO-BMDM-EV, WT-BMDM-EYV; or PBS. One representative experiment out of two independent replicates is
shown for all experiments; n = 5 per group. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 as determined using one-way ANOVA followed by
Holm-Sidak post-test. Data are presented as mean + SEM.
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FIGURE 8 Systemic infusions of miR-146a mimics or miR-142a antagonists suppress hyperlipidemia-driven hematopoiesis and monocytosis in Apoe™'~
mice. (a) Schematic diagram depicting the injections of RNA oligonucleotides in Western diet-fed Apoe™'~ mice. (b) Representative plots of flow cytometric
analyses of hematopoietic stem and progenitor cells in the bone marrow. (c) Graphs showing the percentages of hematopoietic stem and progenitor cell subsets
(LSK, LMPP, MPP, MPP1-4, HSC, CMP, GMP, and MEP) in the bone marrow of Western diet-fed Apoe™'~ mice repeatedly infused with 1 nmol of miR-146a
mimics, miR-142a inhib, or negative control. (d-e) Representative flow cytometric analyses of circulating myeloid cells (d) and measurements of myeloid cell
subsets (CD11b* cells, neutrophils, Ly6C" monocytes, and Ly6C!® monocytes) (e) in the circulation of Western diet-fed Apoe™~ mice repeatedly infused with
1 nmol of miR-146a mimics, miR-142a inhib, or negative control. Pooled data from two independent replicates is shown for all experiments; n = 8-10 per
group. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 as determined using one-way ANOVA followed by Holm-Sidak post-test. Data are presented as

mean + SEM.
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and MEP in the bone marrows of WD-fed Apoe™'~ mice (Figure 8b,c). Interestingly, we noted a greater decrease in the number
of HSPC in mice treated with miR-142a inhibitors (Figure 8b,c). Such downregulation in hematopoiesis mirrored an observed
decrease in CD11b* cells, Ly6C"" monocytes, and neutrophils in the circulation of these mice, with miR-142a inhibitors exert-
ing a more profound effect (Figure 8d,e). Together, these data support a role for apoE expression in dictating the capacity of
macrophage-derived EVs to suppress hyperlipidemia-driven hematopoiesis and myelopoiesis via the regulation of miR-146a-5p
and miR-142a-3p in recipient cells.

2.11 | Loss of apoE expression in macrophages results in extracellular vesicles that drive the
proliferation, activation, and production of IFN-y in T lymphocytes

In light of our data shown in Figure 5a—f demonstrating a capacity for EKO-BMDM-EV to drive the activation and proliferation
of CD4* T cells in vitro, we next investigated whether infusions of these EVs into hyperlipidemic WD-fed AAV8-PCSK9 mice
could adversely impact the activity of T lymphocytes in these mice. Interestingly, mice that received EKO-BMDM-EV infusions
for 4 weeks displayed elevated levels of circulating T lymphocytes (CD45% CD3e*) when compared to those that received WT-
BMDM-EV or PBS (Figure 9a,b), while no differences were noted for circulating B lymphocytes (CD45" B220%) (Figure 9a,b).
Consistent with our findings in the circulation, we also observed an accumulation of CD4% and CD8" T lymphocytes in the
spleens of mice infused with EKO-BMDM-EV (Figure 9c-d). Moreover, these cells exhibited increased cell-surface levels of
CD69 (Figure 9c and e), an established marker for recently activated T lymphocytes (Cibrian & Sanchez-Madrid, 2017). These
findings are consistent with our data in Figure 9c,f~g, which uncovered greater levels of effector memory cells T cells (Tgy;,
CD44" CD62L!°) and lower levels of naive T cells (T, CD44'° CD62LM) in both splenic CD4+ and CD8* populations
derived from mice infused with EKO-BMDM-EV. Furthermore, these mice exhibited increased levels of splenic CD44" CD4*
and CD44" CD8" T lymphocytes expressing the activation marker and chemokine receptor C-X-C Motif Chemokine Receptor
3 (CXCR3) (Figure 9c and h), which participates in modulating T lymphocyte activation and trafficking (Groom & Luster, 2011).

Next, we detected the impact of macrophage EVs on regulating the production of IFN-y, a pro-inflammatory cytokine asso-
ciated with helper T cell type I (Thl) and cytotoxic T cell type I (Tcl), in splenic CD4" and CD8* T lymphocytes that had been
stimulated with 20 ng/mL of phorbol 12-myristate 13-acetate (Zhang et al., 2019) and 1 ug/mL of ionomycin for 4 h. Consistent
with our in vitro data in Figure 5f, our ex vivo data in Figure 9i,j show that levels of IFN-y™ cells derived from the spleens of mice
infused with EKO-BMDM-EV increased by 33% and 44% among CD4% and CD8" populations, respectively, as compared to T
cells examined from WD-fed AAV8-PCSK9 mice infused with either WT-BMDM-EV or PBS. Furthermore, these cells displayed
41% and 45% greater MFI for IFN-y among CD4% and CD8* populations, respectively, as compared to cells derived from mice
infused with WT-BMDM-EV and PBS (Figure 9i,j).

Lastly, we assessed whether systemic infusions of miR-146a mimics or miR-142a inhibitors could reverse T lymphocyte activa-
tion in hyperlipidemic WD-fed Apoe™~ mice. While such treatments did not change the total numbers of lymph node-derived
CD4* and CD8* T lymphocytes (Figure 9k), they did suppress the expression of the activation marker CD69 in both CD4* and
CD8" T lymphocyte populations (Figure 91). Furthermore, both treatments successfully lowered levels of the Tgy; subset while
elevating levels of the T, ;.. subset in both CD4* and CD8" T lymphocytes (Figure 9m,n). Treatments with both forms of RNA
oligonucleotides also suppressed the levels of CD44% CD4" and CD44" CD8* T lymphocytes expressing CXCR3 (Figure 90).
Interestingly, miR-146a mimics exerted a more profound effect in reducing T lymphocyte activation and trafficking (Figure 9k-o).

Collectively, findings from this study bring to light a previously unappreciated role for macrophage apoE expression in
controlling hyperlipidemia-driven innate and adaptive immunity and inflammation via their secreted extracellular vesicles.

3 | DISCUSSION

The expression of ApoE by myeloid cells has long been recognized to serve as a source of immune regulation (Curtiss & Boisvert,
2000; Linton et al., 1995; Mahley, 1988). Beyond contributing to the pool of apoE in plasma that benefits liver-mediated rem-
nant lipoprotein clearance (Mahley & Ji, 1999), apoE expression by myeloid cells has the ability to exert both cell-intrinsic and
cell-extrinsic properties that together shape the immune repertoire and inflammatory status of leukocytes in hyperlipidemia
(Davignon, 2005). Findings from this study uncover yet another immune-regulatory property for macrophage apoE expression.
Our data show that apoE expression by macrophages is critical for their ability to communicate immunometabolic signaling to
recipient cells via extracellular vesicles.

While the expression of apoE did not impact the size or number of EVs produced by cultured primary macrophages, it
substantially altered their capacity to communicate immunometabolic signaling to myeloid cells, T lymphocytes, and HSPCs.
Indeed, the loss of apoE expression in macrophages led to the production of EKO-BMDM-EV that promoted the maturation of
BMDC, primed BMDM to become more susceptible to inflammatory signaling, fostered pro-survival and inflammatory signal-
ing in T lymphocytes, and drove hematopoiesis in mice with hyperlipidemia. Furthermore, beyond impacting the production of
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FIGURE 9 EKO-BMDM-EV drive the proliferation, activation, and IFN-y release from T lymphocytes of hyperlipidemic mice via the modulation of
miR-146a and miR-142a levels. (a-b) Representative flow cytometric analyses of circulating lymphocytes (a) and measurements of lymphocyte subsets (CD3e™
T lymphocytes and B220* B lymphocytes) (b) in the circulation of Western diet-fed AAV8-PCSK9-injected mice repeatedly infused with 1x10'° particles of
EKO-BMDM-EV, WT-BMDM-EYV, or PBS. (c-h) Representative flow cytometric analyses of splenic T lymphocytes (c) and measurements of total CD4" &
CD8* cells (d), CD4T CD69" & CD8' CD69™ cells (e), CD4+ CD44* CD62L~ & CD8% CD441 CD62L™ cells (Tgy) (f), CD4T CD44~ CD62L* & CD8*
CD44~ CD62L" cells (T i) (g), and CD4T CD44" CXCR3* & CD8% CD44% CXCR3™ cells (h) in the spleens of Western diet-fed AAV8-PCSK9-injected
mice repeatedly infused with 1x10'° particles of EKO-BMDM-EV, WT-BMDM-EV; or PBS. (i-j) Representative flow cytometric analyses of splenic Thl and Tcl
lymphocytes (i) and measurements of IEN-y+ cells and IFN-y MFI (j) within the CD4+ and CD8+ T lymphocyte populations derived from Western diet-fed
AAV8-PCSK9-injected mice repeatedly infused with 1x10'° particles of EKO-BMDM-EV, WT-BMDM-EV, or PBS. One representative experiment out of two
independent replicates is shown for all experiments; n = 5 per group. (k-0) Measurements of total CD4" & CD8™ cells (k), CD4* CD69" & CD8* CD69% cells
(1), CD4* CD44% CD62L~ & CD8* CD44" CD62L™ cells (m), CD4" CD44~ CD62L* & CD8' CD44~ CD62LY cells (n), and CD4* CD44" CXCR3* &
CD8* CD44% CXCR3™ cells (0) in the lymph nodes of Western diet-fed Apoe™'~ mice repeatedly infused with 1 nmol of miR-146a mimics, miR-142a inhib, or

(Continues)



—— 3 ISEV _L v

FIGURE 9 (Continued)

negative control. Pooled data from two independent replicates is shown for all experiments; n = 8-10 per group. *p < 0.05, **p < 0.01, **p < 0.001, and ****p <
0.0001 as determined using one-way ANOVA followed by Holm-Sidak post-test. Data are presented as mean + SEM.

inflammatory cytokines, EKO-BMDM-EV substantially impaired a key anti-inflammatory process in recipient macrophages. By
downregulating cell-surface levels of MerTK in naive cultured macrophages, EKO-BMDM-EV decreased their phagocytic uptake
of apoptotic cells, hampering a process recognized for augmenting tissue repair and anti-inflammatory properties (Thorp et al.,
2008; Yurdagul et al,, 2017; Zhang et al., 2019).

The role of apoE in serving as a checkpoint against inflammatory extracellular vesicle production by macrophages is supported
by numerous lines of evidence. Exposure to WT-BMDM-EV attenuated the expression of inflammatory cytokines in BMDM
and the maturation of BMDC in response to Toll-like receptor (TLR) signaling following LPS stimulation. It also enhanced
cell-surface MerTK levels and improved the phagocytic capacity of recipient naive BMDM. Our findings also identify apoE
as molecular cargo in macrophage extracellular vesicles that could account for an observed enrichment of apoE in recipient
macrophages, which has been shown to serve a functional role in improving their anti-inflammatory activity (Curtiss & Boisvert,
2000). Conversely, the apoE-depleting effect, caused by EKO-BMDM-EV exposure to recipient macrophages, could account
for the observed heightened inflammatory properties. This effect is akin to that of IFN-y signaling that reduces apoE levels in
macrophages polarizing the cells into an inflammatory phenotype (Brand et al., 1993). Interestingly, the modulation of cellular
apoE levels by cytokine signaling was reported to occur through post-translational mechanisms (Brand et al., 1993). Similar
mechanisms could explain our observations of reduced apoE levels in BMDM stimulated with EKO-BMDM-EV. In contrast,
increased apoE levels in BMDM stimulated with WT-BMDM-EV could have derived from direct delivery of apoE as EV cargo,
as no changes in apoE mRNA were detected in the recipient cells. Future studies will thus be required to determine the mechanism
associated with the modulation of cellular apoE levels in recipient myeloid cells exposed to EV's derived from macrophages.

It is interesting to speculate on the functional consequences conferred by the modulation of cellular apoE levels by the two
forms of BMDM EVs. Robust changes in cellular apoE levels could have directly contributed to driving bioenergetic fuel uti-
lization, lipid homeostasis, redox stress, and microRNA modulation in recipient macrophages. Support for this idea stems from
our observations demonstrating the ability of endogenous apoE expresssion to upregulate levels of miR-146a-5p (Li et al., 2015)
while simultaneously downregulating levels of miR-142a-3p (pending publication) in myeloid cells and their progenitors. The
reciprocal control in levels of these two microRNAs by cellular apoE expression favors mitochondrial metabolism by fostering
FAO and OxPHOS over glycolysis, resulting in suppressed myeloid cell activation, hyperlipidemia-driven inflammation, and
hematopoiesis (pending publication).

Together, our findings support the possibility that the modulation of apoE levels in macrophages serves as a rheostat for
the production of EVs capable of communicating a spectrum of immunometabolic-regulatory properties. A downregulation
of cellular apoE levels caused by inflammatory cytokine signaling (Brand et al., 1993) likely polarizes cells to produce EVs
that serve to drive glycolytic metabolism in recipient leukocytes to exacerbate inflammation. Conversely, an upregulation of
apoE levels, such as in response to interleukin-4—stimulated PPARy signaling (Daniel et al., 2018; Kidani & Bensinger, 2012)
that benefits cellular cholesterol efflux (Akiyama et al., 2002), also results in the production of EVs that communicate anti-
inflammatory and pro-resolution signaling as reported in our studies of macrophages exposed to this cytokine (Bouchareychas
et al., 2020; Phu et al., 2022). In line with such reasoning, ongoing studies are underway to determine whether apoE expres-
sion is required for the production of macrophage extracellular vesicles with potent anti-inflammatory properties following
interleukin-4 treatment. Results of such studies could provide new insight to account for observations reporting impaired
intercellular communication by EVs produced from apoE-deficient M2-like macrophages in a model of tumor cell metastasis
(Zheng et al., 2018).

While our studies did not investigate bioactive cargo associated with macrophage EVs beyond identifying apoE in WT-
BMDM-EYV, they revealed mechanisms responsible for their differential signaling properties when produced by ApoE~'~ or
wildtype macrophages. Pro-inflammatory properties displayed by EKO-BMDM-EV were found to derive from their ability
to upregulate cellular aerobic glycolytic metabolism through the increase of GLUTI1-mediated glucose uptake upon LPS-
stimulation. EKO-BMDM-EV communicated this metabolic property by suppressing miR-146a-5p levels that we had previously
demonstrated to be controlled by apoE expression (Li et al., 2015). These findings show that a paucity of miR-146a-5p levels seen
in apoE-deficient BMDM can be communicated to naive wildtype macrophage via EVs to drive NF-xB signaling, thereby increas-
ing GLUTI1-driven immune cell activation (Obaid et al., 2021). Furthermore, beyond facilitating the uptake of glucose in naive
macrophages, that in itself is insufficient to drive inflammatory gene activation (Nishizawa et al., 2014), EKO-BMDM-EV robustly
upregulated the expression of numerous glycolytic genes to accentuate aerobic glycolysis. Whether such complex bioenergetic
polarization resulted from reduced cellular apoE levels alone, or if additional molecular cargo delivered by EKO-BMDM-EV
contributed to the effects, is unclear and are topics of ongoing investigations.

In marked contrast, while WT-BMDM-EV exerted a modest increase in glycolytic function in recipient naive wildtype
macrophages, they exerted a profound increase in OxPHOS that was absent in cells treated with EKO-BMDM-EV. These
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observations are consistent with findings reported in our recent studies of macrophage EV function revealing their capacity
to resolve inflammatory immune cell activation (Bouchareychas et al., 2020; Phu et al., 2022). Such reciprocal modulation of
OxPHOS in recipient macrophages correlated with an upregulation of the mitochondrial fatty acid transporter CPT1A in cells
treated with WT-BMDM-EV and its downregulation in those treated with EKO-BMDM-EV. A mechanism to explain this oppos-
ing mode of bioenergetic control is centered on the capacity for WT-BMDM-EV to reduce miR-142a-3p levels in recipient cells,
a process we recently uncovered to be dependent on cellular apoE expression (pending publication). Further support for the
involvement of these two microRNA-signaling axes as central to apoE control of macrophage EV activity in the regulation
of immunometabolism and inflammation derived from in vivo rescue experiments in which miR-146a mimics or miR-142a
inhibitors were infused into hyperlipidemic Apoe™~ mice. Whether WT-BMDM-EV exert this form of cellular control solely by
augmenting apoE levels in recipient cells is unclear, and ongoing studies exploring additional signaling cargo are underway.

Irrespective of the exact mode of cellular signaling conferred by the two forms of EVs, unbiased RNA-seq, and gene ontol-
ogy assessments revealed their distinct capacity to modulate the expression levels of genes associated with inflammation and its
resolution. Among these include pathways responsible for oxidative stress control regulated by selenoproteins and glutathione
peroxidases, ABC lipid transporters, and genes mediating phagocytosis. Consistent with these findings, a broad array of func-
tional assays performed in this study revealed the capacity of EKO-BMDM-EV to drive neutral lipid accumulation and impair
the phagocytic uptake of apoptotic cells in naive macrophages. These assays also identified the capacity of EKO-BMDM-EV to
increase both cellular and mitochondrial oxidant stress, which augmented the opening of the mitochondrial pore. Such effects
likely contributed to impair mitochondrial activity, detected in recipient cells as decreases in membrane potential and levels of
the reduced form of glutathione that mediates oxidative stress control. Together, such deleterious properties conferred by EKO-
BMDM-EV unveil new insights that extend earlier observations of myeloid apoE expression in regulating cellular responses
to redox stress (Igel et al., 2021). Furthermore, our study reports the first evidence for macrophage apoE expression acting in
a paracrine manner through WT-BMDM-EV to profoundly oppose cellular and mitochondrial redox stress, while improving
mitochondrial function by driving fatty acid utilization and OxPHOS in recipient myeloid cells.

Together, our findings reveal that cellular apoE expression in macrophages is critical for the production of EVs capable of
communicating immunometabolic benefits to neighboring cells and those at a distance. Their functional targets included mature
leukocytes in the circulation and lymphoid tissues, as well as their progenitor stem cells in the bone marrow and the spleen to
control hematopoiesis. Based on our observations, it is not unreasonable to speculate that in the context of chronic inflammatory
disorders including hyperlipidemia and diabetes, macrophage EVs could serve to reinforce deleterious leukocytosis and leuko-
cyte activation to accelerate the pathogenesis of atherosclerosis. In contrast, in situations of plasma lipid control and PPARy
signaling, macrophage EVs could serve as a negative feedback loop to control hematopoiesis and actively stimulate the resolu-
tion of inflammation. This could also include functions such as driving the phagocytic clearance of apoptotic cells and restoring
positive cellular lipid efflux in atheroma, which are both recognized as critical mechanisms responsible for driving lesion stabiliza-
tion in human coronary artery disease (Doran et al., 2020). Furthermore, based on recent observations including from our group
(Bouchareychas et al., 2020; Phu et al., 2022), macrophage EVs could also serve as a source of cardiometabolic protection by con-
trolling metabolic signaling in other cell types, including adipocytes to regulate the production of adipokines, thereby controlling
insulin sensitivity and obesity (Phu et al., 2022). Together, our findings support more in-depth studies of macrophage EVs, and
the contribution of isoform-specific apoE expression, for their differential role as mediators of immunometabolic communication
in cardiometabolic disease.

3.1 | Limitations of the study

Our study focused on EVs isolated within the 1.07 - 1.10 g/mL density fractions using the C-DGUC method as previously reported
(Duong et al., 2019). While our studies of this population of vesicles support this class of EV's as potent mediators of intercellular
communication by macrophages, other types of EVs produced by these cells may serve a role in controlling inflammation. Fur-
thermore, while our study has identified the presence of apoE in macrophage-derived EVs, whether all EVs contain apoE and
whether it is localized inside the vesicles or on their outer membrane, as in EVs derived from the melanocytic cell line MNT-1
(Van Niel et al., 2015), is not known. Studies will thus be required to further characterize the diversity of macrophage-derived
EVs and test whether apoE cargo facilitates their interaction with plasma lipoproteins and cell surface receptors.

4 | MATERIALS AND METHODS
4.1 | Animal studies

In vivo studies were conducted using C57BL/6] mice intravenously injected with AAV8-PCSKO9. Six-week-old male AAVS-
PCSK9-injected C57BL/6 wildtype mice were fed a Western diet (Research Diets, USA) for 2 weeks before being randomly
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assigned to be infused with EKO-BMDM-EV, WT-BMDM-EYV, or PBS as control for 4 weeks while remaining on the Western
diet for the duration of the study (n = 4-5 for each treatment group).

For RNA oligonucleotide infusions, 6-week-old male Apoe_/ ~ mice were fed a Western diet (Research Diets, USA) for 2 weeks
before being randomly assigned to be infused i.v. with 1 nmol of miR-146a mimics, miR-142a inhibitors, or negative control
RNA (scrambled) twice a week for a total of 4 weeks while remaining on Western diet (Research Diets, USA) as reported in
prior studies (Li et al., 2015; Sun et al., 2014). Briefly, 1 ul of 1 nmol/ ul antisense oligonucleotides targeting miR-142a (miR-
142a inhibitors), miR-146a mimics, or negative control (Thermo Fisher, USA) was mixed with 100 ul PBS (Corning, USA). The
transfection reagent was prepared by mixing 30 ul Lipofectamine RNAiMAX (Thermo Fisher, USA) with 70 ul PBS (Corning,
USA). The 100 ul of oligonucleotides + PBS mixture was subsequently mixed with the 100 ul transfection reagent to create a 200
wl final mixture by pipetting 100x. This mixture was infused i.v. to WD-fed Apoe™~ mice via retro-orbital injection twice a week
(1 nmol/mouse/injection).

For bone marrow derived macrophage (BMDM) EV collection, bone marrow cells were collected from age-matched 6-12-
week-old male Apoe~'~ or wildtype mice on C57BL/6] background. These cells were then differentiated into macrophages prior
to EV collection. Detailed elaboration of the cell culture and EV isolation methods are described in the sections below.

Data collection and analyses were conducted in a blinded-fashion. All mice were housed and bred in specific pathogen-free
conditions in the Animal Research Facility at the San Francisco Veterans Affairs Medical Center.

4.2 | Cell culture

Murine BMDM were obtained as previously described (Bouchareychas et al., 2020, 2021, Phu et al., 2022). Briefly, bone marrow
cells were flushed from the tibia and femurs of age-matched 6-12-week-old male Apoe™'~ or wildtype mice on C57BL/6] back-
ground. Cells were cultured in complete media containing DMEM (Corning, USA) supplemented with 10% fetal bovine serum
(GIBCO, USA), 1% GlutaMax (GIBCO, USA), and 1% penicillin-streptomycin (GIBCO, USA) and differentiated with 25 ng/ml
mouse M-CSF (Peprotech, USA) for 6 days in 37C and 5% CO,. Cells were then cultured in extracellular vesicle-free media for
the production and isolation of EVs.

For in vitro experiments, BMDM were seeded into 12-well culture plates (Corning, USA) at a concentration of 3x10° cells/well
and treated with 2x10° particles/mL of EV's or equal volume of PBS for 18 h. The cells were then collected for analysis or stimulated
with lipopolysaccharides (LPS) (Sigma Aldrich, USA) for 6 h.

For bone marrow derived dendritic cells (BMDC), bone marrow cells were flushed from the tibia and femurs of 6- to 12-week-
old male Apoe™'~ or wildtype mice on C57BL/6] background. Cells were cultured in complete media and differentiated with 25
ng/ml mouse GM-CSF (Peprotech, USA) for 6 days in 37C and 5% CO,. Cells were collected in media suspension as immature
BMDC. Cells were then seeded into 12-well culture plates (Corning, USA) at a concentration of 3x10° cells/well and treated
with 2x10° particles/mL of EVs or equal volume of PBS for 18 h. The cells were then collected for analysis or stimulated with
lipopolysaccharides (LPS) (Sigma Aldrich, USA) for 6 h.

4.3 | BMDM extracellular vesicle isolation and nanoparticle tracking analysis

Our EV isolation and characterizations were performed in adherence to the MISEV2018 guidelines (Théry et al., 2018). BMDM
were seeded into 15-cm plates (Corning, USA) at a density of 5 X 10° cells/plate as described above. 25 ng/ml mouse M-CSF
(Peprotech, USA) was added every 2 days for 6 days. The cells were then washed twice with PBS (Corning, USA) and cultured
in EV-depleted media prepared by ultracentrifugation for 18 h at 100,000 X g (Type 45 Ti rotor, Beckman Coulter, USA) and
filtration (0.2 um). After 24 h of incubation, the conditioned media was collected. EVs were isolated from conditioned media
using Cushioned-Density Gradient Ultracentrifugation (C-DGUC) as previously described (Duong et al., 2019). Briefly, the con-
ditioned media was centrifuged at 400 X g for 10 min at 4°C to pellet dead cells and debris followed by centrifugation at 2000 X
g for 20 min at 4°C to eliminate debris and larger vesicles. The supernatant was then filtered (0.2 um) and centrifuged on a 60%
iodixanol cushion (Sigma-Aldrich, USA) at 100,000 X g for 3 h (Type 45 Ti, Beckman Coulter, USA). OptiPrep density gradient
(5%, 10%, 20% w/v iodixanol) was employed to further purify the EVs at 100,000 X g for 18 h at 4C (SW 40 Ti rotor, Beckman
Coulter, USA). Afterwards, twelve 1 mL fractions were collected starting from the top of the tube. Fraction 7 of the gradient
was dialyzed in PBS with the Slide-A-Lyzer MINI Dialysis Device (Thermo Fisher Scientific, USA) and used for subsequent
experiments and analyses.

Particles in Fraction 7 were subjected to size and concentration measurement by NanoSight LM14 (Malvern Instruments,
Westborough, USA) at a 488-nm detection wavelength. The analysis settings were optimized and kept identical for each sample.
With a detection threshold set at 3, three videos of 1 min each were analyzed to give the mean, mode, median, and estimated
concentration for each particle size. Samples were diluted in 1:100 or 1:200 PBS and measured in triplicates. Data were analyzed
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with the NTA 3.2 software. All EV samples were stored at 4C and used within 1 month after isolation. Details relevant to EV
isolation and physical characterization data have been submitted to the EV-TRACK knowledgebase (EV-TRACK ID: EV220298).

4.4 | Labeling and in vitro/in vivo tracking of BMDM extracellular vesicles

Fluorescently detectable BMDM EVs were generated using PKH26 (Sigma-Aldrich, USA) or DiR (DiIC18(7) (1,I’-Dioctadecyl-
3,3,3',3" Tetramethylindotricarbocyanine Iodide) (Invitrogen, USA). The dye was added to the 3 mL iodixanol cushion layer
containing EV or to 3ml of PBS to achieve a final concentration of 3.5 mM for PKH26 or 1 uM for DiR and incubated for 20
min at room temperature. Labeled EV's and control were loaded below an iodixanol step gradient as described above in the EV
isolation section. Free dye and non-specific protein-associated dye were eliminated from labeled EV's or from PBS control during
this separation step. For in vitro experiments, naive wildtype BMDM were exposed to 2x10° PKH26-labeled EV for 2 h, washed
three times with PBS and imaged using a Zeiss Observer microscope. Fluorescence intensity of the PKH26-positive cells was
measured by using Image]. For in vivo experiments, 10-week-old Western diet-fed AAV8-PCSK9-injected mice were infused i.p.
with PBS or 1x10'° DiR-labeled EKO-BMDM-EV or WT-BMDM-EV for 6 h. The mice were then extensively perfused with PBS.
Blood, aortas, hearts, livers, eWAT, bones, spleen, lungs, brains, intestines, and kidneys were collected, imaged, and quantified
for DiR fluorescence signal using the Odyssey Infrared Imaging System and Image Studio software.

4.5 | Transmission electron microscopy

EV morphology was assessed by Electron microscopy by loading 7x10® EVs onto a glow discharged 400 mesh Formvar-coated
copper grid (Electron Microscopy Sciences, USA). The nanoparticles were left to settle for 2 min, then the grids were washed
four times with 1% Uranyl acetate. Excess Uranyl acetate was blotted off with filter paper. Grids were then allowed to dry and
subsequently imaged at 120kV using a Tecnai 12 Transmission Electron Microscope (FEI, USA).

4.6 | Protein extraction and immunoblotting

Each fraction of the C-DGUC purified EVs (37.5 uL sample) was mixed with 12.5 mL of 4x Laemmli buffer (Bio-Rad, USA).
For cell lysates, cells were lysed in RIPA Buffer (Cell Signaling, USA) containing cOmplete, Mini, EDTA-free Protease Inhibitor
Cocktail (Roche, Switzerland) and 1 mM PMSF (Cell Signaling, USA). Protein concentrations were measured using Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific, USA). A total of 15 ug of proteins was diluted with PBS to 37.5 uL, then mixed with
12.5 uL 4x Laemmli buffer (Bio-Rad, USA). Samples were subsequently heated at 95C for 5 min. Samples were then loaded on
a10% SDS-PAGE gel and transferred onto a PVDF membrane (Bio-Rad, USA). The membranes were blocked with 5% non-fat
milk dissolved in PBS for 1 h and then incubated with primary antibodies overnight at 4C. Primary antibodies for EV markers
include anti-CD9 (1:100, BD Biosciences, USA), anti-CD63 (1:100, BD Biosciences, USA), and anti-CD81 (1:100, Santa Cruz,
USA), and anti-apoE (1:1000) (Raffai et al., 2001). Primary antibodies for cell lysate include anti-Calnexin (1:500, Abcam, USA),
anti-GM130 (1:250, BD Biosciences, USA), anti-CPT1A (1:200, Santa Cruz, USA), anti-apoE (1:1000) (Raffai et al., 2001), anti-
GAPDH (1:1000, Cell Signaling, USA), and anti-b-Actin (1:1000, Abcam, USA). After 4 washes in PBS containing 0.1% Tween
(PBST), membranes were incubated with corresponding HRP-conjugated secondary antibodies: anti-Mouse IgG-HRP (1:1000,
Santa Cruz, USA) or anti-Rabbit IgG-HRP (1:1000, Thermo Fisher Scientific, USA) for 1 h and washed in PBST. Signals were
visualized after incubation with Amersham ECL Prime substrate and imaged using an ImageQuant LAS 4000. Quantification
was analyzed using Image].

4.7 | RNA extraction and gene expression analysis using qRT-PCR

Total RNA isolated from cells was extracted using Qiazol Lysis Buffer (QIAGEN, Germany) and purified using the RNeasy Mini
Kit (QIAGEN, Germany) according to the manufacturer’s protocol. RNA was quantified using Nanodrop (Thermo Fisher Scien-
tific, USA) and reverse transcribed using the iScript Reverse Transcription Supermix (Bio-Rad, USA) for mRNA or the miRCURY
LNA RT Kit (QIAGEN, Germany) for microRNA analysis. qPCR reactions were performed using the Fast SYBR Green Master
Mix (Applied Biosystems, USA) for mRNA or the miRCURY LNA SYBR Green PCR Kit (QIAGEN, Germany) for microRNA and
processed using a QuantStudio 7 Flex Real-Time PCR System. Ct values were normalized to the housekeeping genes Gapdh and
B2m. For microRNA expression, UniSp6 was used as a spike-in control while U6 snRNA and miR-16-5p (QIAGEN, Germany)
were used as reference genes. All reactions were done in triplicates.
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4.8 | Whole transcriptome library preparation, sequencing, and analysis

Total RNA isolated from cells was extracted using Qiazol Lysis Buffer (QIAGEN, Germany) and purified using the RNeasy Mini
Kit (QIAGEN, Germany) according to the manufacturer’s protocol. Isolated RNA sample was then DNase treated with TURBO
DNA-free (Thermo Fisher), then purified and concentrated with Zymo RNA Clean & Concentrator - 5 (Zymo Research). The
RNA was measured for quantity with Quant-iT Ribogreen RNA Assay (Thermo Fisher) and quality with Agilent High Sensitiv-
ity RNA Screen Tape and buffer (Agilent). For mouse RNA samples, an indexed, Illumina-compatible, double-stranded cDNA
whole transcriptome library was synthesized from 10ng of total RNA with Takara Bio’s SMARTer Stranded Total RNA-Seq kit v2
Pico Input Mammalian (Takara Bio) and SMARTer RNA Unique Dual Index Kit (Takara Bio). Library preparation included RNA
fragmentation (94°C for 4 min), cDNA synthesis, a 5-cycle indexing PCR, ribosomal cDNA depletion, and a 12-cycle enrichment
PCR. Each library was measured for size with Agilent’s High Sensitivity D1000 ScreenTape and reagents (Agilent) and concentra-
tion with KAPA SYBR FAST Universal qPCR Kit (Kapa Biosystems). Libraries were then combined into an equimolar pool which
was also measured for size and concentration. The pool was clustered onto a flowcell (Illumina) with a 1% v/v PhiX Control v3
spike-in (Illumina) and sequenced on Illumina’s NovaSeq 6000 at a final flowcell concentration of 400pM. The first and second
reads were each 100 bases.

For data processing, the SMARTer Total RNA pico v2 reads are quality filtered and trimmed as recommended by Takara Bio
with the removal of the first 3 bases of read2. After trimming and filtering reads are genome and transcriptome mapped using
STAR (v. 2.5.3a). Aligned BAM files are converted into gene counts matrices for further analysis using FeatureCounts (v.2.0.1),
using read2 as the sense strand. For RNAseq analysis, differential expression was conducted using the DESeq2 package (version
1.20.0) in R (version 3.5.0) for all gene expression analyses. The raw read counts for the samples were normalized using the median
ratio method (default in DESeq2). The significant differentially expressed genes (by Benjamini-Hochberg adjusted p values) are
reported in the paper. Heatmaps were created using the pheatmap (v.1.0.10) package in R.

GO analyses were performed using PANTHER GO-slim Biological Process and DAVID with an FDR threshold at < 0.05.
RNA-seq data have been deposited at GEO accession number: GSE237731 & GSE237730.

4.9 | Phagocytotic uptake of CFSE-labeled apoptotic cells

Naive wildtype BMDM were seeded at a density of 1X10° cells/well in a 6-well culture plate and treated with 2x10° particles/mL of
EKO-BMDM-EV, WT-BMDM-EYV, or PBS for 18 h. The next day, BMDM were treated with 3x10° Jurkat cells that had undergone
UV-induced apoptosis for 50 min and labeled with CFSE. BMDM were then washed three times with PBS and dissociated
from the cell culture plates. The cells were then assessed for the uptake of CFSE-labeled apoptotic Jurkat cells using a Beckman
CytoFLEX S cytometer (Beckman Coulter, USA).

4.10 | Invitro CD4" T lymphocyte activation assay and IFN-y detection

Naive splenic CD4" T lymphocytes were captured using negative selection magnetic beads (Miltenyi Biotec, Germany). These
cells were stimulated with «CD3/aCD28 beads (Thermo Fisher, USA) and 5 ng/ml of recombinant murine IL-2 (Peprotech, USA)
for 48 h while also being co-cultured with 2x10° particles/mL of EKO-BMDM-EV, or WT-BMDM-EYV, or PBS. Measurements of
T lymphocyte activation were assessed using flow cytometric detection of CD69 and CD25. For detection of IFN-y, naive splenic
CD4* T lymphocytes were stimulated with «CD3/aCD28 beads (Thermo Fisher, USA) and 5 ng/ml of recombinant murine IL-2
(Peprotech, USA) for 12 h while also being co-cultured with 2x10° particles/mL of EKO-BMDM-EV, or WT-BMDM-EYV, or PBS.
Cells were cultured in the presence of the Protein Transport Inhibitor cocktail (Invitrogen, USA). They were then permeabilized
using the Foxp3/Transcription Factor Staining Buffer Set (eBioscience, USA) and stained with anti-IFNy (clone XMGL.2) at 1:100
concentration for 60 min in room temperature according to the manufacturer’s protocol.

411 | Glucose uptake assay in cultured macrophages and circulating monocytes

BMDM were seeded at a density of 150,000 cells/well in a 24-well culture plate and treated with 2x10° particles/mL of EKO-
BMDM-EV, WT-BMDM-EYV, or PBS for 18 h. The next day, BMDM were stimulated with 100 ng/mL LPS for 6 h. The cells were
then preincubated with KRPH buffer containing 2% bovine serum albumin, 20 mM HEPES, 5 mM KH,PO,, 1 mM MgSO,, 1
mM CaCl,, 136 mM NacCl, and 4.7 mM KCI, pH 7.4 (all from Sigma Aldrich, USA) for 40 min. Subsequently, 10 uL/well of 10
mM 2-deoxyglucose (2-DG) was added and incubated for 20 min. Next, cells were washed 3x with PBS to remove exogenous
2-DG. BMDM were then lysed and 2-DG uptake was processed using a Glucose Uptake Assay Kit (Abcam, USA) according
to the manufacturer’s protocol. Absorbance reading was measured at OD 412 nm on a microplate reader (Molecular Devices,
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USA). For 2-NBDG uptake, pre-stained circulating Ly6C" monocytes were incubated with 2-NBDG (Invitrogen, USA) for 30
min in 37C with 5% CO,. The cells were then washed with PBS and analyzed for 2-NBDG uptake using a CytoFLEX S cytometer
(Beckman, USA).

4.12 | Assessments of glutathione levels, neutral lipids accumulation, oxidative stress, and
mitochondrial health in cultured macrophages and circulating monocytes

Measurements of glutathione levels and GSH:GSSG ratio in BMDM were conducted using the GSH/GSSG Ratio Detection Assay
Kit (Abcam, USA). BMDM were plated at a density of 1xX10° cells/well in a 6-well plate and treated with 2x10° particles/mL of
EKO-BMDM-EV, WT-BMDM-EYV, or PBS as control for 18 h. Cells were then washed twice with PBS (Corning, USA) and lysed
with the kit’s Mammalian Lysis Buffer (Abcam, USA). Measurements of total glutathione and GSH levels were conducted using
the manufacturer’s protocol.

For analysis of neutral lipids accumulation, BMDM or pre-stained circulating Ly6C" monocytes were stained with Lipid TOX
(Invitrogen, USA) (1:250) for 30 min in room temperature and analyzed using a CytoFLEX S cytometer (Beckman, USA). For
analysis of cellular oxidative stress, BMDM or pre-stained circulating Ly6C" monocytes were stained with CellROX (Invitrogen,
USA) (5 uM) for 30 min at 37°C. Cells were then analyzed using a CytoFLEX S cytometer (Beckman, USA).

For analysis of mitochondrial health and functions, BMDM or pre-stained circulating Ly6C" monocytes were stained with
MitoSOX (Thermo Fisher, USA) or TMRM (Thermo Fisher, USA) at final concentrations of 5 uM and 0.1 uM, respectively. The
cells were then incubated in 37°C for 30 min. Cells were then analyzed using a CytoFLEX S cytometer (Beckman, USA).

To measure mitochondrial transition pore opening, BMDM were analyzed using the MitoProbe Transition Pore Assay Kit
(Invitrogen, USA) according to the manufacturer’s protocol. Briefly, cell suspensions were mixed with 2 uM Calcein AM and
160 uM CoCl,. For negative control, cells were also mixed with 0.2 uM ionomycin. Cells were then analyzed for mitochondrial
Calcein AM retention using the CytoFLEX S cytometer (Beckman, USA).

4.13 | Multiplex immunoassay analysis of cytokines production

Total splenic cells or bone marrow cells were plated at 900,000 cells/well in a 6-well plate and stimulated with 100 ng/mL LPS
for 6 h. The conditioned media was then collected and spun at 400 x g for 10 min to remove the cells. TNF-¢, IL-6, and IL-18
cytokine levels in the conditioned media were measured using the V-Plex Mouse Custom Cytokine Kit (Meso Scale Discovery,
USA) according to the manufacturer’s protocol. Plasma cytokines (TNF-a, IFN-y, IL-6, and IL-13) were also measured using the
V-Plex Mouse Custom Cytokine Kit (Meso Scale Discovery, USA) according to the manufacturer’s protocol.

4.14 | Measurements of lactate production by cells

BMDM were plated at 900,000 cells/well in a 6-well plate and treated with EVs for 18 h. Cells were then either unstimulated or
stimulated with 100 ng/mL LPS for 6 h. The conditioned media was then collected and spun at 400 x g for 10 min to remove the
cells. The lactate levels in these conditioned media were measured using the L-Lactate Colorimetric Assay Kit (Abcam, USA)
according to the manufacturer’s protocol. Absorbance reading was measured at OD 450 nm on a microplate reader (Molecular
Devices, USA).

4.15 | Assessments of leukocyte numbers and cellular markers using flow cytometry

Mice were anesthetized with isoflurane (Forane, Baxter, USA) and peripheral blood was collected by retro-orbital bleeding with
heparinized micro-hematocrit capillary (Fisher Scientific, USA) in tubes containing 0.5M EDTA. Red blood cells were lysed in
RBCllysis buffer (BioLegend, USA). Nonspecific binding was blocked with TruStain FcX Ab (BioLegend, USA) for 10 min at 4C in
FACS buffer (Ca?*/Mg?* -free PBS with 2% FBS and 0.5 mM EDTA) before staining with appropriate Abs: CD11b (clone M1/70),
Ly-6C (clone HK1.4), CD115 (clone AFS98), and CD45 (clone 30-F11) (all BioLegend, USA) for 30 min at 4C. The antibody
dilutions ranged from 1:200 to 1:100.

Splenocytes were isolated using mechanical dissociation. Briefly, spleens were mashed using the bottom of a 3 mL syringe
(BD Biosciences). The cells were then passed through a 70 um cell strainer and incubated in RBC lysis buffer (BioLegend, USA).
Nonspecific binding was blocked with TruStain FcX Ab (BioLegend, USA) for 10 min at 4C in FACS buffer before staining with
appropriate Abs: CD11b (clone M1/70), Ly-6C (clone HK1.4), Ly-6G (clone 1A8), and CD1lIc (clone N418). Splenic dendritic cells
were analyzed using the following Abs panel: CD11b (clone M1/70), Ly-6C (clone HK1.4), CD1lc (clone N418), I-A/I-E (clone
M5/114.15.2). Splenic T lymphocytes were analyzed using the following Abs panel: CD4 (clone RM4-5), CD8a (clone 53-6.7),
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CXCR3 (clone CXCR3-173), CD69 (clone H1.2F3), CD62L (clone MEL-14), and CD44 (clone IM7). The antibody dilutions
ranged from 1:200 to 1:100.

Lymph node-derived cells were collected from the inguinal, mesenteric, axillary, and mediastinal lymph nodes. The cells were
then passed through a 70 um cell strainer and incubated in RBC lysis buffer (BioLegend, USA). T lymphocytes were analyzed
using the following Abs panel: CD4 (clone RM4-5), CD8a (clone 53-6.7), CXCR3 (clone CXCR3-173), CD69 (clone H1.2F3),
CD62L (clone MEL-14), and CD44 (clone IM7). The antibody dilutions ranged from 1:200 to 1:100.

For detection of GLUT1 on cellular surface, BMDM were incubated with anti-GLUTI (clone SA0377) at 1:50 concentration in
FACS buffer for 30 min in 4C. Cells were then washed once with PBS and incubated with APC-conjugated Goat anti-Rabbit (1:200
concentration) in FACS buffer for 30 min in 4C. For analysis of nuclear NF-xB activity, the nuclei of BMDM were permeabilized
using the Foxp3/Transcription Factor Staining Buffer Set (eBioscience, USA) and stained with anti-phospho-p65 subunit (clone
93H1) at 1:100 concentration for 60 min in room temperature according to the manufacturer’s protocol.

For intracellular cytokine staining, 2 X 10° splenocytes were cultured in 1 ug/mL ionomycin (Sigma Aldrich, USA), 20
ng/mL phorbol 12-myristate 13-acetate (Zhang et al., 2019) (Fisher Scientific, USA), and Protein Transport Inhibitor cocktail
(Invitrogen, USA) for 4 h. The cells were then collected and stained with anti-CD4 (clone RM4-5), anti-CD8a (clone 53-6.7),
anti-CXCR3 (clone CXCR3-173). Cells were then permeabilized using the Foxp3/Transcription Factor Staining Buffer Set (eBio-
science, USA) and stained with anti-IFNy (clone XMG1.2) at 1:100 concentration for 60 min in room temperature according to
the manufacturer’s protocol. All flow cytometry experiments were conducted using a CytoFLEX S cytometer (Beckman, USA).

4.16 | Isolation and analysis of mature immune cells and HSPC subsets

Peritoneal cells were collected by lavage with 10 mL DPBS (Corning, USA) using a 16-G needle. Cells were then incubated with
red cell lysis buffer (BioLegend, USA) for 5 min and cultured in 6-well cell culture plates (Corning, USA) in complete media.
After 2 h, cells were washed once with DPBS (Corning, USA) and replenished with fresh complete media. Adherent cells were
then collected for downstream analysis as peritoneal macrophages after 1 h.

For isolation and analysis of HSPC, cells were collected from the bone marrows or spleens and centrifuged at 300 X g, 5 min at
4°C, resuspended in red cell lysis buffer (BioLegend, USA) for 5 min and run through a 40 um strainer. The cells were stained as
previously described (Yamamoto et al., 2013) with a lineage-marker cocktail of biotinylated anti-CD4 (RM4-5), -CD8 (53-6.7),
-B220/CD45RA (RA3-6B2), -TER-119 (TER-119), -Gr-1 (RB6-8C5), and -CD127 (IL-7Ra/A7R34) antibodies (all from BioLe-
gend, USA). These cells were then stained with anti-CD34 (RAM34, eBioscience, USA), anti-CD150 (TC15-12F12.2, BioLegend,
USA), anti-CD48 (Invitrogen, USA), anti-Sca-1 (D7, Invitrogen, USA) anti-CD135 (A2F10, Invitrogen, USA) anti-c-Kit (2B8, Life
Technologies, USA), anti-CD16/32 (93, BioLegend, USA), anti-CD41 (MWReg30, BioLegend, USA) and streptavidin-BV786 (BD
Biosciences, USA) to detect biotinylated antibodies. Cells were then analyzed using a CytoFLEX S cytometer (Beckman, USA).

4.17 | Seahorse extracellular flux analysis

BMDM were plated at 60,000 cells/well into XFe24 cell culture microplates (Agilent, USA) and incubated overnight at 37°C and
5% CO, while being treated with EV's or PBS for 18 h. The cells were then incubated with or without 100 ng/mL of LPS for 6 h. Cells
were then washed with Seahorse XF DMEM assay buffer (Agilent, USA) supplemented with 10 mM glucose (Agilent, USA), 1
mM pyruvate (Agilent, USA), and 2 mM glutamine (Agilent, USA) and incubated for 1 h at 37°C without CO,. For measurements
of oxidative phosphorylation, OCR and ECAR were measured using the mitochondrial stress test kit (Agilent, USA) in response
to 1 uM Oligomycin, 2 uM Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), and 0.5 uM Rotenone/Antimycin A
(R/AA). For measurements of fatty acid oxidation, OCR and ECAR were measured in cells treated with 4 uM Etomoxir (Sigma
Aldrich, USA) followed by 1 uM Oligomycin (Agilent, USA). For measurements of glycolytic activity, glycoPER was measured
using the glycolytic rate assay (Agilent, USA) in response to 0.5 uM R/AA and 50 mM 2-deoxy-D-glucose (2-DG). All measure-
ments were performed with the Seahorse XFe-24 Bioanalyzer (Agilent, USA). After OCR measurements, cells were incubated in
Hoechst (1:1000) diluted in Live Cell Imaging Solution (Invitrogen, USA) and imaged under a Zeiss Observer microscope. Total
cell counts were measured using Image].

4.18 | Statistical Analysis

Statistical analysis was performed with GraphPad Prism v8, using the one-way or two-way analysis of variance (ANOVA) with
post-tests, Holm-Sidak, as indicated in figure legends for multiple groups. *p < 0.05, ** p < 0.01, *** p < 0.001 **** p < 0.0001.
Normality test was performed using the Shapiro-Wilk test on GraphPad Prism v8, with p > 0.05 indicating normal distribution.
All error bars represent the mean + the standard error of the mean (SEM unless stated). All experiments were repeated at least
twice or performed with independent samples.
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4.19 | Study approvals

All animal experiments were approved by the Institutional Animal Care and Use Committee at the San Francisco Veterans Affairs
Medical Center.
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