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Molecularly Engineered Macrophage-Derived Exosomes with 
Inflammation Tropism and Intrinsic Biosynthesis for 
Atherosclerosis Treatment 
Guanghao Wu[a], Qianru Zhao[a], Wanru Zhuang[a], Jingjing Ding[a], Chi Zhang[c], Haijun Gao[a], Dai-Wen 
Pang[b], Jinfeng Zhang[a], Kanyi Pu* [c], Hai-Yan Xie*[a] 

Abstract: Atherosclerosis is a major contributor to cardiovascular 
diseases worldwide, and anti-inflammation is a promising strategy 
for atherosclerosis treatment. Despite the progress made with 
recent use of nanocarriers, development of effective 
atherosclerosis targeting and inflammation-alleviation strategy is 
still challenging. Here, we report the molecularly engineered M2 
macrophage-derived exosomes (M2 Exo) with inflammation-
tropism and anti-inflammatory capabilities for atherosclerosis 
imaging and therapy. These engineered M2 Exo are derived from 
M2 macrophages and further electroporated with an FDA-
approved hexyl 5-aminolevulinate hydrochloride (HAL). After 
systematic administration, the engineered M2 Exo exhibit 
excellent inflammation-tropism and anti-inflammation effects via 
the surface-bonded chemokine receptors and released anti-
inflammatory cytokines from the anti-inflammatory M2 
macrophages. Moreover, the encapsulated HAL can undergo 
intrinsic biosynthesis and metabolism of heme to generate anti-
inflammatory carbon monoxide and bilirubin, which further 
enhance the anti-inflammation effects and finally alleviate 
atherosclerosis. Meanwhile, the intermediate protoporphyrin IX 
(PpIX) of heme biosynthesis pathway permits the fluorescence 
imaging and tracking of atherosclerosis. These M2 Exo 
engineered with inherent inflammation tropism and intrinsic 
biosynthesis of anti-inflammatory molecules can open a new 
avenue towards the treatment of atherosclerosis. 

Introduction 
Atherosclerosis is a major contributor to cardiovascular diseases 

which is one of the leading causes of morbidity and mortality 
worldwide. Inflammation is not only the key indication of 
atherosclerosis but also drives the whole disease progression.[1] 
Therefore, anti-inflammation has been regarded as a promising 
strategy for atherosclerosis treatment.[2] Despite some 
remarkable successes, the existing clinical anti-atherosclerotic 

drugs are lack of specific targeting capability toward the 
inflammatory sites and usually show poor half-life, which not 
merely compromise their practical therapeutic efficacy but also 
result in numerous side effects, even lead to death. Fortunately, 
inflammation generally accompanies with leaky vasculature, thus 
nanoparticles can passively accumulate in the pathological areas. 
Various nanocarriers have been designed to load and deliver 
drugs to atherosclerotic sites with improved permeability and 
retention.[3] However, the nanoparticle-based drug-delivery 
systems still suffer from some inherent disadvantages, such as 
the immunogenicity and toxicity of the carrier itself, fast immune 
recognition and blood clearance, and poor biodistribution.[4] 
Consequently, developing more reliable and powerful approaches 
for the atherosclerosis treatment are highly desired but 
challenging.  

Very recently, considerable progresses have been made in the 
field of exosomes which are secreted nanovesicles (30–150 nm) 
from various cell types, featuring with fascinating natural 
properties, including outstanding biocompatibility, low cytotoxicity, 
immunological inertness, specific targeting and long-term 
circulating capability, making them effective drug delivery 
vehicles.[5] Exosomes derived from tumor cells, immune cells and 
mesenchymal stem cells are successfully applied in 
encapsulating and delivering chemotherapeutic drugs, nucleic 
acid drugs, neurotransmitters and even nanoparticles for the 
treatment of different diseases, such as cancer and neurological 
diseases, but have been rarely used in cardiovascular diseases 
up to now.[6] Moreover, the specific accumulation of exosome-
based drug delivery systems is still limited even though they are 
functionalized with targeting biomolecules, therefore, inevitably 
leading to some adverse effects. It is worth noting that besides 
the unique properties, exosomes enrich specific contents (e.g. 
RNA, DNA, proteins and small molecules) derived from the 
parental cells, thus grafting the native biological functions of 
original cells that may be directly used for disease treatment. For 
example, exosomes derived from different stem cells and cardiac 
progenitor cells can enhance the cardiac function following 
myocardial infarction owing to the abundant miRNA in the 
exosomes.[7] Interestingly, it has been recently reported that 
exosomes isolated from macrophages are of the intrinsic 
inflammation-tropism capability owing to the various chemokine 
receptors on their surface.[8] Moreover, M2 phenotype 
macrophages can secrete anti-inflammatory cytokines such as 
interleukin-10 (IL-10), interleukin-1Ra (IL-1Ra) and transforming 
growth factor (TGF-β), implying the potential anti-inflammation 
therapy effect of M2 macrophages-derived exosomes (M2 Exo). 
[9] However, both the inflammation targeting and anti-inflammation 
capabilities of M2 Exo have not been revealed yet to the best of 
our knowledge.  
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Herein, we molecularly engineer the M2 Exo to endow them with 
inherent inflammation tropism and intrinsic biosynthesis 
functionality for effective targeting and potent treatment of 
atherosclerosis. The M2 Exo are collected from M2 macrophages 
are further electroporated with an FDA-approved hexyl 5-
aminolevulinate hydrochloride (HAL) to obtain HAL-containing M2 
exosomes (HAL@M2 Exo).[10] After systemic administration, the 
as-prepared HAL@M2 Exo can bind to the inflammatory 
endothelial cell in atherosclerosis sites via the chemokine 
receptors presented on M2 Exo surface, and subsequently 
undergo tethering, rolling, adhering and transmigrating across the 
endothelial cell layers, eventually accumulating in the 
atherosclerosis lesions.[11] Then, the uptake of HAL@M2 Exo by 
inflammatory cells leads to the release of endogenous anti-
inflammatory cytokines and exogenous HAL. HAL initiates the 
subsequent biosynthesis and metabolism of heme to produce two 
extra anti-inflammatory compounds, carbon monoxide (CO) and 
bilirubin.[12] The anti-inflammatory cytokines together with CO and 
bilirubin significantly alleviate the inflammation-induced 
atherosclerosis in vivo. Meanwhile, the intermediate 
protoporphyrin IX (PpIX) of heme biosynthesis pathway can be 
further used for fluorescence imaging and tracking of 
atherosclerosis.[13] The smart engineered and self-
biosynthesizable exosomes show great potential as a reliable 
candidate for atherosclerosis treatment. 

Figure 1. Scheme illustration of the anti-atherosclerosis treatment 
by using HAL@M2 Exo. a) The preparation of HAL@M2 Exo. b) 
The inflammation-tropism and anti-inflammation effect of 
HAL@M2 Exo. c) The simplified biosynthesis and metabolism 
pathway of heme induced by HAL. 

Results and Discussion 

Preparation and characterization of the HAL loading M2 Exo. 
The pristine macrophages (M0) were firstly polarized to M2 
phenotype by culturing RAW264.7 cells with interleukin-4 (IL-4) 
(Figure S1). The corresponding M2 Exo collected by differential 
ultracentrifugation were well dispersed with cup-shaped 
nanostructure of approximate 180 nm in diameter (Figure 2a). 
They were rich in M2 biomarkers (CD206 and CD163) as 
characterized by different methods including flow cytometry, 
western blotting and confocal laser scanning microscopy (CLSM), 
in which CD63 is a representative exosome protein (Figure 2b-d). 
Afterwards, the hydrophilic HAL molecules were encapsulated 

into M2 Exo through electroporation. The successful HAL loading 
was confirmed by high-performance liquid chromatography 
(HPLC) analysis, and the loading capacity as well as 
encapsulation efficiency of HAL were determined to be 25.14 % 
and 19.34 %, respectively (Figure 2e and Figure S2). The average 
size and zeta potential of the as-prepared HAL@M2 Exo 
exhibited similar results as those of M2 Exo alone (Figure 2f), 
indicating that the surface properties of M2 Exo would not be 
changed greatly after drug loading. Furthermore, both M2 Exo 
and HAL@M2 Exo showed excellent colloidal stability in 
phosphate buffered saline (PBS) in a week (Figure 2g). 

Generally, macrophages are defined as two phenotypes 
including pro-inflammatory M1 phenotype and anti-inflammatory 
M2 phenotype.[14] We then comparatively evaluated the secretion 
levels of anti-inflammatory cytokines (e.g., IL-10, IL-1Ra and 
TGF-β) and pro-inflammatory cytokines (e.g., interleukin-6 (IL-6), 
tumor necrosis factor (TNF-α) and metalloproteinase-10 (MMP-
10)) in exosomes derived from pristine macrophages (M0 Exo), 
exosomes derived from M1-polarized macrophages (M1 Exo) 
(Figure S3), M2 Exo and HAL@M2 Exo. As presented in Figure 
2h, both M2 Exo and HAL@M2 Exo showed much higher level of 
anti-inflammatory factors but much lower quantity of pro-
inflammatory factors when compared with M0 Exo and M1 Exo, 
suggesting the potential anti-inflammatory responses of M2 Exo. 
For further verification, the inflammatory M1 cells were treated 
with M2 Exo or HAL@M2 Exo for 24 h, and then the phenotype 
transition of cells was evaluated by flow cytometry. We were glad 
to find that M2 Exo or HAL@M2 Exo treatment could significantly 
induce the reprogramming of inflammatory M1 cells as illustrated 
by the clearly increased expression of M2 biomarkers: CD206 and 
CD163; meanwhile the dramatically decrease of M1 biomarkers: 
CD80 and CD86, indicating the effective anti-inflammatory 
performance of M2 Exo and HAL@M2 Exo (Figure 2i). 

Figure 2. Characterization of M2 Exo. a) TEM image of M2 Exo. 
Scale bar: 200 nm. b, c) Flow cytometry and western blotting 
analysis of CD63, CD206 and CD163 expressed on M2 Exo. d) 
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Fluorescence colocalization of CD63, CD206 and CD163 on M2 
Exo. Scale bar: 1µm. e) HPLC analysis of HAL in M2 Exo. f) Sizes 
and zeta potentials of M2 Exo and HAL@M2 Exo. g) The stability 
of M2 Exo and HAL@M2 Exo during 7 days incubation monitored 
according to the size and zeta potential in PBS. h) The content of 
anti-inflammatory and pro-inflammatory cytokines in different 
exosomes. i) Flow cytometry analysis of CD206, CD163, CD80 or 
CD86 positive inflammatory cells before and after different 
treatments. The results represent the mean ± standard deviation 
(n = 3). 

Efficient biosynthesis and metabolism of heme induced by 
HAL in cells. It is reported that HAL can be enzymatically 
synthesized to the intermediate protoporphyrin IX (PpIX) in Figure 
3a. In the downstream biosynthesis, the PpIX is converted into 
heme, which then efficiently converts into CO and bilirubin as the 
final catabolic metabolites in cells.[15] Firstly, to verify the formation 
of PpIX, characteristic red fluorescence of PpIX was visualized by 
CLSM. As shown in Figure 3b, both free HAL or HAL@M2 Exo 
treated inflammatory cells exhibited clearly bright red signals, 
whereas M2 Exo alone or PBS treated groups showed negligible 
fluorescence, indicating that diagnostic molecule PpIX could be 
successfully biosynthesized from HAL substrate in the cells. 
Notably, red signals of PpIX substantially increased in cells upon 
addition of heme oxygenase-1 (HO-1) inhibitor, which were 
attributed to the blocking of downstream pathway and thus the 
enhanced accumulation of PpIX. To further confirm the successful 
generation of the final metabolites, CO was detected trough 
CLSM by using an allyl chloroformate functionalized fluorescein 
(FL-CO-1) as the CO sensor and bilirubin was detected by ELISA 
assay.[16] As expected, HAL-containing groups showed the 
obvious CO and bilirubin production (Figure 3c and d). In contrast, 
these two metabolites were hard to find in the absence of HAL or 
in the presence of HO-1 inhibitor because lacking of essential 
substrate or requisite enzyme. Interestingly, it was also found that 
more metabolic products could be formed in HAL@M2 Exo 
treated cells compared with free HAL treated group, probably 
because that the high hydrophilicity of HAL molecules would 
reduce its transmembrane transport while M2 Exo could improve 
the uptake through endocytosis and membrane fusion. To further 
support the above results, we detected the expression levels of 
three key catalytic enzymes including uroporphyrinogen 
decarboxylase (UROD) and protoporphyrinogen oxidase (PPOX) 
that related to the PpIX biosynthesis as well as HO-1 that 
associated with the bilirubin generation. It could be found that all 
the three enzyme levels were remarkably up-regulated in HAL or 
HAL@M2 Exo treated inflammatory cells (Figure 3e-g), which 
were well in accordance with the above results. All together, these 
results strongly suggested that exogenous HAL molecules could 
prominently augment the enzyme-catalyzed biosynthesis and 
metabolism of heme, synchronously generating the 
corresponding functional intermediate and metabolites.   

Excellent Inflammation-tropism capability of HAL@M2 Exo. 
To evaluate the potential inflammation-tropism capability of the 
as-prepared HAL@M2 Exo and clarify its relevant mechanisms, 
we conducted a series of in vitro experiments to investigate the 
presence of representative adhesion molecules and chemokine  

 

Figure 3. The biosynthesis and metabolism of heme induced by 
HAL in inflammatory cells. a) Simplified pathway. b, c) 
Fluorescence imaging and corresponding mean fluorescence 
intensity (MFI) statistics of PpIX or CO in cells after different 
treatments. Scale bar: 5 µm. d) ELISA assays for bilirubin in cells 
after different treatments. e, f) RT-PCR analysis for mRNA level 
of UROD or PPOX in cells after different treatments. g) Western 
blotting analysis of HO-1 in cells after different treatments. The 
results represent the mean ± standard deviation (n = 3). 

receptors associated to M2 Exo recruitment (Figure 4a). Firstly, 
the CLSM imaging, western blotting and flow cytometry analyses 
of both M2 Exo and HAL@M2 Exo verified the presence of three 
chemokine receptors including CC chemokine receptor type 2 
(CCR2), CXC chemokine receptor 2 (CXCR2) and CXC 
chemokine ligand 2 (CXCL2) (Figure 4b, c and Figure S4), which 
would respond to the inflammatory stimuli thus lead to the slowing 
down and recruitment of M2 Exo based nanovehicles at 
inflammatory sites. Then, the expression of adhesion molecules 
including E-selectin, vascular cell adhesion molecule 1 (VCAM1) 
and endothelial intercellular adhesion molecule 1 (ICAM1) on 
inflammatory endothelial cells as well as their corresponding 
chemokine receptors including CD44, monocyte very late antigen 
4 (VLA4), and monocyte lymphocyte function-associated antigen 
1 (LFA1) presented on M2 Exo membranes were respectively 
examined by flow cytometry and western blotting. As depicted in 
Figure 4d-g, the adhesion molecules were up-regulated on 
activated human umbilical vein endothelial cells (HUVECs) 
compared with the normal HUVECs; meanwhile, both M2 Exo and 
HAL@M2 Exo showed high levels of the three receptors, 
suggesting the strong molecular recognition between the 
HAL@M2 Exo and activated HUVECs. Therefore, the initially 
recruited M2 Exo or HAL@M2 Exo would firmly adhere to the 
activated inflammatory endothelial cells via the E-selectin-CD44, 
VCAM1-VLA4, and ICAM1-LFA1 interactions, which would further 
facilitate their following transmigration. Moreover, the platelet 
endothelial cell adhesion molecule (PECAM), one of the 
endothelial transmembrane proteins playing important roles in 
regulating transmigration,[17] was concurrently highly expressed 
on M2 Exo based nanovehicles and activated HUVECs (Figure 
4d-g), which would ultimately lead to the superior transmigration 
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and accumulation of M2 Exo based nanovehicles at inflammation 
sites. 

To further confirm the transmigration capability and uptake 
efficiency of the HAL@M2 Exo, in vitro Transwell assays were 
subsequently carried out as illustrated in Figure 4g. A monolayer 
of activated HUVECs and inflammatory cells were respectively 
incubated on the top chamber and bottom chamber for 24 h. Then, 
four groups including (1): M2 Exo, (2): M2 Exo + LPS, (3): 
HAL@M2 Exo, and (4): HAL@M2 Exo + LPS were individually 
added to the upper chamber of the Transwell models. In LPS 
induced inflammatory microenvironment, both M2 Exo and 
HAL@M2 Exo exhibited dramatically higher efficiency of 
transmigrating into basolateral chamber supernatant and 
enhanced accumulation in inflammatory cells. In contrast, much 
lower transmigration and uptake efficiency of both M2 Exo or 
HAL@M2 Exo without LPS stimulation. All these results together 
proved that HAL@M2 Exo were of excellent inflammation-tropism 
capability owing to the intrinsic inflammatory affinities originating 
from polarized M2 macrophages, which would be beneficial for 
the following in vitro and in vivo anti-inflammation treatment. 

Figure 4. Inflammation-tropism of M2 Exo. a) Schematic model of 
Exo adhesion cascade in the inflammatory sites. b) Fluorescence 
imaging of chemokine receptors CCR2, CXCR2 and CXCL2 on 
M2 Exo by using CD63 as the marker of exosomes. Scale bar: 
1µm. c) Western blotting analysis of chemokine receptors CCR2, 
CXCR2 and CXCL2 on M2 Exo or HAL@M2 Exo. d) Flow 
cytometry analysis of cell-adhesion molecules E-selectin, VCAM1, 
ICAM1 or PECAM positive HUVECs and activated HUVECs. e) 
Flow cytometry analysis of receptors CD44, VLA4, LFA1 or 
PECAM positive M2 Exo and HAL@M2 Exo. f) Western blotting 
analysis of corresponding adhesion molecules and receptors in d, 
e. g) The established Transwell model and time-dependent 
quantification of M2 Exo or HAL@M2 Exo in the supernatant or 
inflammatory cells of bottom chamber.The results represent the 
mean ± standard deviation (n = 3).  

Enhanced In vitro anti-inflammation effect of HAL@M2 Exo. 
After validating the favorable tropism capability of HAL@M2 Exo, 
we next comparatively examined the anti-inflammation effect of 
HAL, M2 Exo and HAL@M2 Exo in common inflammatory cells 
stimulated by LPS or typical foam cells simultaneously induced by 

oxidized low-density lipoprotein (oxLDL) and LPS. Firstly, the 
status of oxidative stress including generation of reactive oxygen 
species (ROS) and inducible nitric oxide synthase (iNOS) as well 
as expression of typical pro-inflammatory cytokines including 
MMP-10, IL-6, TNF-α and interleukine-1β (IL-1β) were evaluated 
in common inflammatory cells. As depicted in Figure 5a-c, 
benefiting from the satisfactory anti-inflammation effect of HAL 
and M2 Exo, both oxidative species and inflammatory cytokines 
were obviously reduced in free HAL or M2 Exo treated groups 
compared with the PBS control group (CN). Importantly, these 
decreases were further significantly enhanced in the cells treated 
with HAL@M2 Exo.  

Figure 5. Anti-inflammation and promoting cholesterol efflux 
effects of HAL@M2 Exo. a) Fluorescence imaging of ROS 
(Green: DCFH-DA labeled ROS) in inflammatory cells after 
different treatments. Scale bar: 20 µm. b) Immunofluorescence 
analysis of iNOS in inflammatory cells (Red: iNOS; Blue: cell 
nuclei). Scale bar: 20 µm. c) ELISA assays of typical pro-
inflammatory cytokines in inflammatory cells after different 
treatments. d) Fluorescence imaging of oxLDL in foam cells after 
different treatments (Red: DiI-labeled oxLDL; Blue: cell nuclei; 
Green: cell membrane). Scale bar: 20 µm. e) Western blotting 
analyses of ABCA-1 and SR-BI in the foam cells after different 
treatments. The results represent the mean ± standard deviation 
(n = 3). 

Subsequently, we investigated the anti-inflammation effect of 
HAL@M2 Exo on foam cells which are crucial underpinnings to 
early atherosclerosis establishment.[18] Notably, treatment of the 
foam cells with free HAL, M2 Exo or HAL@M2 Exo could greatly 
decrease the intracellular oxLDL content (Figure 5d and Figure  
S5), which is a fundamental element involved in the progression 
of foam cells. In addition, the expression levels of ATP-binding 
cassette subfamily-A transporters-1 (ABCA-1) and scavenger 
receptor class B type I (SR-BI) on foam cells after treatment were 
also greatly up-regulated compared with the PBS control group 
(Figure 5e), revealing that either HAL or M2 Exo containing 
samples could facilitate the cholesterol efflux in foam cells 
because these two receptors are responsible for the reverse 
cholesterol transport (RCT) pathway. Notably, both the levels of 
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ABCA-1 and SR-BI in HAL@M2 Exo treated group were clearly 
higher than the other groups. Such RCT upregulation would be 
further in favor of the ultimate anti-atherosclerotic outcome of 
HAL@M2 Exo. Collectively, all these data implicated that the 
combination of HAL and M2 Exo could effectively enhance the in 
vitro anti-inflammation capability and HAL@M2 Exo is potentially 
applied to the following in vivo therapy. 

Superior in vivo anti-inflammation therapy in acute 
peritonitis. Encouraged by the great inflammation-tropism and 
inflammation-alleviation capabilities of HAL@M2 Exo in vitro, we 
next investigated their in vivo performance by using an acute 
peritonitis mouse model. The BALB/c mice were firstly 
intraperitoneally injected with sterile zymosan solution (0.5 mL, 2 
mg/mL).[19] After 12 h, different formulations including free HAL, 
M2 Exo and HAL@M2 Exo were intravenously injected into the 
mice respectively, and PBS was used as the control group. Time-
dependent in vivo accumulations of HAL or HAL@M2 Exo were 
tracked by using the intrinsic fluorescence of HAL-converted PpIX. 
It was observed that most HAL@M2 Exo could target and 
accumulate in inflammatory abdominal cavity (indicated by the 
red circles) while free HAL molecules were mainly located in other 
sites, especially in liver (Figure 6a and Figure S6), demonstrating 
the as-designed HAL@M2 Exo can effectively target to 
inflammation sites and generate diagnostic signals in situ for in 
vivo imaging.  

Figure 6. In vivo imaging and treatment of acute peritonitis using 
HAL@M2 Exo. a) Fluorescence imaging of mice with acute 
peritonitis at different time intervals after treatment with HAL or 
HAL@M2 Exo. b, c) Flow cytometric analysis of neutrophils and 
MPO activity in neutrophils in acute peritoneal exudates 24 h after 
different treatments. d) ELISA assay of the expression levels of 
typical pro-inflammatory cytokines in acute peritoneal exudates 
24 h after different treatments. The results represent the mean ± 
standard deviation (n = 6). 

As is well-documented that dysregulated neutrophils play 
considerable roles in inducing or even aggravating acute 
inflammation-related diseases by releasing proteases and ROS 
to the impaired tissues or organs.[20] Hence, to evaluate the 
therapeutic effect of HAL@M2 Exo on this acute model, total 

number of neutrophils in peritoneal exudates as well as the 
enzymatic activity of myeloperoxidase (MPO) which is a typical 
marker for neutrophils were determined 24 h after treatments. As 
shown in Figure 6b and c, a large number of neutrophils infiltrated 
and sequestrated in abdominal cavity and high MPO activity 
exhibited in the control group. By contrast, administration of HAL 
or M2 Exo based formulations could effectively diminish the 
retention of infiltrated neutrophils in abdominal cavities, 
meanwhile decrease the MPO activity. Particularly, the HAL@M2 
Exo treated group displayed the lowest proportion of neutrophils 
in peritoneal exudates, reflecting that HAL@M2 Exo could 
significantly ameliorate acute peritonitis. Besides, the expression 
levels of pro-inflammatory cytokines including MMP-10, IL-6, 
TNF-α and IL-1β were correspondingly downregulated (Figure 6d 
and Figure S7), further confirming that HAL@M2 Exo can 
substantially alleviate inflammation in vivo. 

Efficient In vivo treatment of early atherosclerosis. Finally, 
we were in the position to evaluate the therapeutic effect of 
HAL@M2 Exo on atherosclerosis. Firstly, an early atherosclerosis 
mouse model was established by fed the ApoE deficient (ApoE-/-) 
mice (male, 6-8 weeks) with cholesterol-rich diet for 12 weeks,[21] 
and then randomly divided into four groups and intravenously 
injected with PBS, HAL, M2 Exo or HAL@M2 Exo (5.5 mg/kg 
HAL-equivalent and 9 mg/kg M2-equivalent), respectively (Figure 
7a). After 24 h, the aortas and major organs including liver, spleen, 
lung and kidney were excised from the mice treated with free HAL 
or HAL@M2 Exo. It was found that the fluorescence originating 
from endogenously biosynthesized PpIX in aortas of mice injected 
with HAL@M2 Exo was much higher than that in free HAL treated 
mice. More encouragingly, the HAL@M2 Exo treated group 
exhibited the highest PpIX fluorescence signal in aortas among 
all collected major organs (Figure 7b and Figure S8), again 
demonstrating the specific inflammation-tropism of HAL@M2 Exo, 
which was of great importance to boost its ultimate therapeutic 
performance.  

After 5 weeks treatments, the mice were all sacrificed. Then their 
entire aortas as well as aortic valves were excised for Oil Red O 
(ORO) staining which was applied for detecting lipid deposits in 
atherosclerotic plaques (Figure 7c and d). Comparatively, 
treatment with HAL@M2 Exo performed the optimal anti-
atherosclerotic effect where 75.2 % reduction of inflammation-
induced aortas lesion area as well as 73.9 % reduction of aortic 
valves lesions were achieved in comparison with the PBS control 
group. Then histological examination on aortic valves stained with 
hematoxylin and eosin (H&E) was further carried out to directly 
assess the anti-inflammatory outcome. As expected, necrosis 
areas in the aortic valves were obviously diminished after 
treatment with HAL@M2 Exo, which was also consistent with the 
corresponding quantitative analyses (Figure 7e). After that, we 
accordingly evaluated the expression levels of ABCA-1 and SR-
BI receptors in aortas by western blotting. In contrast to the control 
group, these two RCT-pathway-modulated protein receptors were 
greatly up-regulated in other three groups due to the improved 
cholesterol-efflux capability of HAL or M2 Exo based formulations 
(Figure 7f), which agreed well with the above-mentioned in vitro 
results. These results together revealed that HAL@M2 Exo could 
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effectively relieve chronic inflammation-induced atherosclerosis in 
vivo. Moreover, treatment with HAL@M2 Exo resulted in few 
abnormalities in the organ histology and blood biochemical 
markers (Figure S9), suggesting its good biocompatibility and 
safe use.  

Figure 7. Treatment of early atherosclerotic plaques with 
HAL@M2 Exo. a) Schematic diagram of the treatment protocol. 
b) Fluorescence imaging of the aortas excised from mice. c) 
Photographs of the excised aortas stained by ORO and the 
corresponding quantitative analyses of plaque areas. d) 
Cryosection photographs of the aortic valves stained by ORO and 
the corresponding quantitative analyses of plaque areas. Scale 
bar: 300 µm. e) H&E staining images and the necrosis area 
statistics of aortic valves after different treatments. Scale bar: 200 
µm. f) Western blotting analyses of ABCA-1 and SR-BI. The 
results represent the mean ± standard deviation (n = 6). 

Conclusion 

In this study, we have pioneered the deveolpment of HAL-
engineered M2 macrophage-derived exosomes for effective 
treatment of atherosclerosis. The HAL@M2 Exo can not only 
exert the superiority of anti-inflammatory M2 macrophages for 
simultaneously targeting and alleviating inflammation in the 
atherosclerosis lesions by surface-bonded chemokine receptors 
and secreted anti-inflammatory cytokines, but also utilize the 
FDA-approved natural precursor HAL for heme biosynthesis via a 
series of enzyme-catalyzed reactions to generate extra anti-
inflammatory CO and bilirubin with boosting therapeutic effects. 
Moreover, the red-fluorescent intermediate PpIX during HAL-
mediated heme biosynthesis processes exhibited fluorescence 
imaging and tracking of atherosclerosis. Both in vitro and in vivo 
experimental results demonstrated the remarkable inflammation-
tropism and inflammation-alleviation effects of the as-prepared 

HAL@M2 Exo. These HAL-engineered M2 macrophage-derived 
exosomes would be promising for the treatment of atherosclerosis 
and even many inflammation-associated diseases in future. 

 
Experimental Section 
See the Supporting Information for experimental section. 
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M2 macrophage-derived exosomes molecularly engineered with HAL can actively 
target and transmigrate to atherosclerotic lesions, wherein the biosynthesis and 
metabolism of heme induced by HAL produced CO and bilirubin. Together with anti-
inflammatory cytokines in exosomes, the atherosclerosis is significantly alleviated. 
Meanwhile, the intermediate PpIX can be used for imaging and tracking of 
atherosclerosis. 
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