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Ozone-derived oxysterols impair lung macrophage
phagocytosis via adduction of some phagocytosis receptors
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Inhalation of the ambient air pollutant ozone causes lung
inflammation and can suppress host defense mechanisms,
including impairing macrophage phagocytosis. Ozone reacts
with cholesterol in the lung to form oxysterols, like secosterol A
and secosterol B (SecoA and SecoB), which can form covalent
adducts on cellular proteins. How oxysterol-protein adduction
modifies the function of lung macrophages is unknown. Herein,
we used a proteomic screen to identify lung macrophage pro-
teins that form adducts with ozone-derived oxysterols. Func-
tional ontology analysis of the adductome indicated that protein
binding was a major function of adducted proteins. Further
analysis of specific proteins forming adducts with SecoA identi-
fied the phagocytic receptors CD206 and CD64. Adduction of
these receptors with ozone-derived oxysterols impaired ligand
binding and corresponded with reduced macrophage phagocy-
tosis. This work suggests a novel mechanism for the suppression
of macrophage phagocytosis following ozone exposure through
the generation of oxysterols and the formation of oxysterol-pro-
tein adducts on phagocytic receptors.

Ground-level ozone is a common air pollutant found in pho-
tochemical smog that is formed from the reaction of volatile or-
ganic compounds with oxides of nitrogen. Inhalation of ozone
has been shown to cause pulmonary inflammation (1-3), exac-
erbate lung disease (4, 5), and increase susceptibility to patho-
gen infection (6, 7). Although many studies have examined the
effects of ozone inhalation on the lung, the mechanism leading
to inflammation and suppression of host response to infection
is not well understood.

The first point of contact for inhaled ozone is the lung lining
fluid which is made up of numerous components, including
phospholipids, proteins, and cholesterol (8). Although the
interaction of ozone with proteins and phospholipids has been
explored, much less is known about the role of cholesterol in
ozone-induced lung disease. Ozone reacts with cholesterol, a
common component of the lung lining fluid and of cell mem-
branes, to form oxysterols species, including secosterol A
(SecoA) and its aldol condensation product secosterol B
(SecoB) (9). Ozone-derived oxysterols, such as SecoA and
SecoB, are electrophiles and form protein adducts with cellu-
lar proteins at nucleophilic lysine residues (10). Our previous
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work showed that SecoA can form adducts in lung epithelial
cells with specific targets, namely the liver X receptor, which
leads to alterations in cholesterol signaling and increased
inflammation (9).

Pulmonary macrophages patrol the airways and play impor-
tant roles in host defense by recognizing and internalizing for-
eign bodies and debris. Human and animal studies show that
ozone exposure leads to impairment in macrophage phagocy-
tosis (11-14), yet the mechanisms of this immune-suppressive
effect are unclear.

Phagocytosis is mediated by a number of pattern recognition
receptors which can recognize distinct target motifs. For exam-
ple, different surface receptors are utilized to recognize termi-
nal sugar residues, specific lipoproteins, or antibody-coated tar-
gets. The mannose receptor, also known as CD206, is one such
receptor that recognizes terminal mannose moieties and is
expressed highly on lung macrophages. CD206 has been shown
to play an important role in the protection against certain bac-
terial and fungal infections (15-17). Expression of CD206 and
other pathogen recognition receptors at the cell surface makes
them particularly susceptible to interaction with extracellular
electrophiles, like oxysterols. Yet, it is not known whether oxy-
sterols can form adducts with proteins in lung macrophages,
and the impact of oxysterol adduction on macrophage function
has not been elucidated. Similar to our previous studies (9, 10),
we utilized a “click” chemistry approach to identify protein-
oxysterol adducts formed in human pulmonary macrophages
obtained through bronchoalveolar lavage (BAL) which were
exposed ex vivo to an alkynyl-tagged SecoA. We describe here
that targets identified through this protein adductome screen
include pattern recognition receptor, including CD206, and
describe the functional effects of adduct formation on macro-
phage phagocytosis.

Results
Identification of oxysterol adducted proteins in macrophages

To determine the impact of oxysterols on macrophage func-
tion in the lung, we first carried out experiments to identify
which macrophage proteins formed oxysterol-protein adducts
using an unbiased proteomic approach. To do this, we treated
primary human BAL macrophages, which represent the macro-
phages that would be exposed to ozone in the lung, with an
alkynyl-tagged SecoA (a-SecoA), as described under “Materials
and methods,” and lysed the cells after 4 h of treatment. We
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BAL macrophages were treated with vehicle (DMSO) or a-SecoA (20 um) for 4 h.

Cells were harvested and NaBH, added to stabilize adducts. Adducted proteins were isolated by reacting the alkynyl tag with cycloaddition of azido-biotin as
described under “Materials and methods” and captured with streptavidin beads. Unbound proteins were washed away and captured proteins were photore-
leased with UV light. Samples were concentrated on a stacking gel and trypsinized for MS analysis.

have shown previously that this exposure paradigm forms oxy-
sterol-protein adducts in lung epithelial cells (9). To isolate
oxysterol-protein adducts, the alkyne tag was reacted to allow
the cycloaddition of azido biotin (Fig. 1). Biotinylated proteins
were immobilized with streptavidin beads and then released
using UV light (365 nm) after serial washes to remove unmodi-
fied proteins (Fig. 1). This pool of photoreleased proteins was
used for subsequent in-gel trypsin digest and analysis by MS to
provide an unbiased proteomic analysis of SecoA-protein
adducts in human BAL macrophages. Streptavidin blot analysis
of proteins following biotin addition revealed that many pro-
teins in the a-SecoA-treated cells incorporated the biotin tag
compared with the vehicle treatment, thus validating the effi-
ciency of the click reaction (Fig. 24).

Proteome-wide analysis after stringent filtration counted 756
spectra having a loss of a 512 m/z fragment diagnostic of a-
SecoA/B adduction with b and y ions identifying the specific
lysine site of adduction (Table S1). This diagnostic 512 m/z
fragment served as a signature fragment of a SecoB adducted
peptide shown in Fig. 2B. The conversion of SecoA to SecoB
can occur by aldol condensation of free secosterol or at the
adduct SecoA-lysine imine stage via an enamine condensation,
meaning a protein exposure with either SecoA or SecoB typi-
cally yields a set of SecoB peptide adducts (Fig. 2B). The 756
spectra were assigned to 215 unique peptides of BAL macro-
phage proteins modified with SecoA/B. These adducted pep-
tides were associated with 141 different proteins (Table S2).

Gene ontology analysis of the proteins adducted in BAL
macrophages showed that most of the SecoA-adducted pro-
teins were found on the vesicle and cell membrane (Fig. 3A4).
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Similarly, functional analysis of adducted proteins showed
that protein binding was a major function of adducted pro-
teins (Fig. 3B). Together these data suggested that surface
receptors and recognition of foreign material could be impacted
by SecoA adduction.

A sequence motif analysis plot was generated from compari-
son of the 756 modified lysine-containing sequences to the ref-
erence human database used for this study (33,487 proteins)
giving the image shown in Fig. 3C. The motif shows unequivo-
cally that acidic residues located one or two units away from
the reactive lysine are significantly overrepresented in the
adducted peptides. Indeed, glutamate and aspartate residues
are overrepresented across the sequence, with sites at —6,
—5, +5, and +6 being favored in addition to the nearest
neighbor locations from —2 to +2, suggesting that acidic
residues in these positions promote the formation of a-
SecoA adducts.

Similar to our previous study in lung epithelial cells (9), heat-
shock proteins and histone proteins were among the most
highly adducted by SecoA in lung macrophages (Table 1 and
Fig. S1). Interestingly, many proteins were identified in our
macrophage analysis that were not found in our previous stud-
ies. One protein in particular, CD206 (also known as the man-
nose receptor C type 1, or MRC1), stood out as a protein of par-
ticular interest (Table 1 and Fig. 4A4). Matching our gene
ontology analysis, CD206 is expressed on the cell surface and is
a pattern recognition receptor that binds to moieties on various
respiratory pathogens (18).

It is well known that ozone exposure impairs macrophage
phagocytosis in vivo (11, 13, 19), thus, we hypothesized that
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Figure 2. a-SecoA forms adducts on macrophage proteins. A, biotin click mixture from vehicle and a-SecoA-treated cells was analyzed by Western blotting
and probed with streptavidin fluorophore indicating a-SecoA-adducted proteins clicked with biotin. Actin is served as a loading control. B, oxysterol adducts
can be formed through acid catalyzed immine formation of a-SecoA that then transforms to a-SecoB or through conversion of a-SecoA to a-SecoB and then
formation of an a-SecoB adduct. The a-SecoB adduct can be identified by the formation of a diagnostic fragment (DF) with a signature 512 m/z.
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Figure 3. Oxysterol adduct cellular peptides. Adducted peptides were mapped to corresponding proteins. A and B, gene ontology analysis categorized
proteins based on (A) cellular compartment and (B) protein function. C, sequence motif analysis using pLogo of adducted peptides was performed to deter-
mine amino acid sequence surrounding modified lysine residues. The red horizontal lines in the plot indicate p < 0.05 thresholds.

ozone-derived adduction of CD206 played a role in the sup-
pression of phagocytosis seen following ozone exposure. Analy-
sis of the proteomic data identified CD206 modified by a-SecoA
on Lys-502 in the peptide sequence SQGEIVEVE *?K*GCR
(Fig. 4A). We confirmed that a-SecoA forms protein adducts
with CD206 by Western blotting using the proteins isolated
from the click cycloaddition pulldown. Equal levels of CD206
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were found in the lysates from vehicle and a-SecoA-treated
macrophages prior to the isolation of adducted proteins (Fig.
4B, input). In contrast, CD206 was present in the purified pool
of adducted proteins following a-SecoA treatment of BAL mac-
rophages but absent in pulldown pool of proteins in vehicle-
treated cells, thus confirming the presence of a-SecoA adduc-
tion to CD206 (Fig. 4B, pulldown).

J. Biol. Chem. (2020) 295(36) 12727-12738 12729
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Table 1
Select proteins adducted by a-SecoA

Gene ID Description

Modified Peptides

Abundant proteins adducted by HSP90AAI or AB1

lipid electrophiles highly in

various cells CFL1 cofilin 1

HSP90B1 endoplasmin precursor
HIST1H3A histone H3.1

Unique adducts in BALMac LTA4H leukotriene A4 hydrolase
MRC1 mannose receptor, C type 1, CD206
APOE apolipoprotein E
ERLIN1 ER lipid raft associated 1
GLUD1 glutamate dehydrogenase 1
LDHA lactate dehydrogenase A

heat shock protein 90-a or b

ELISNSSDALD**K*IR, Q**’K*AEADKNDK, YESLTDPS*K*LDSGK,
YIDQEELN?**K*TK, AEAD®** K* NDK, E***K*YIDQEELNK

YALYDATYET??K*ESK, NIILEEG>*K*EILVGDVGQTVDDPYATFVK,
HELQANCYEEV'**K*DR

EVEEDEY**°K*AFYK, FDESE*®K*TK

EIAQDF*K*TDLR

WITA**K*EDDLNSFNATDLK, DLAAFD**°K*SHDQAVR,
SLVLDT®®*K*DLTIEK

SQGPEIVEVE ”K*GCR

AY??K*S.E.LEEQLTPVAEETR

NFELMEAE"?K*TK

GASIVED**K*LVEDLR

DLADELALVDVIED*’K*LK

residue numberfcx _ 1 s modified with a-SecoA. Identified MS/MS spectra are included in Fig. S1.
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Figure 4. CD206 is adducted by oxysterols, which alters protein binding. A, shotgun proteomics identified a-SecoA adduction on the Lys-502 residue in
the **3*SQGEIVEVEK*GC'R (C# = carbam|domethy| Cys) of MRC1 with 3.6 ppm precursor accuracy (calculated 2128.1621, observed 2128.1680). Diagnostic frag-
ment (DF) m/z 512 is found shown in magenta. B, Western blot analysis of isolated adducted proteins for CD206. C, BAL macrophages were cultured in the
presence a-Chol for 48 h and the levels of incorporated a-Chol is was determined by MS quantification. D, a-Chol-supplemented macrophages were exposed
to air or 0.4 ppm ozone for 4 h to mimic formation of endogenous oxysterols. Following click and pulldown, lysate was probed for CD206. E and F, the effect of
(E) SecoA or (F) SecoB on CD206 binding was determined utilizing an in-house ELISA as described under “Materials and methods.” Bars for cholesterol measure-
ment represent the mean () S.D. of three replicate wells. Bars for binding assays represent the mean (%) S.E. of three independent experiments with quadrupli-

cate wells per treatment. *, p < 0.05; ***, p < 0.001 by one-way ANOVA with Dunnett’s multiple comparison test of treated groups to untreated (UT) control.

Ozone exposure can replicate formation of oxysterols in vitro
and adduct on phagocytic receptors

We next looked to confirm that the adduction of CD206 was
relevant in the context of lung macrophage exposure to ozone.
We have previously shown that alkynyl-tagged cholesterol
(a-Chol) can be incorporated into cells and, in response to
ozone, can form oxysterols, including a-SecoA (9). To con-
firm that the adduction of CD206 occurs following the forma-
tion of endogenous oxysterols during ozone exposure, we
loaded BAL macrophages with a-Chol for 48 h to allow for
incorporation of tagged cholesterol into the cell membrane.
Cholesterol analysis of macrophages showed that a-Chol rep-
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resented 14.5% of all cholesterol in the macrophage samples
(Fig. 4C). Macrophages loaded with a-Chol were exposed to
either filtered air or 0.4 ppm ozone for 4 h and the formation
of adducted proteins was assessed 1 h after ozone exposure.
Click chemistry isolation of adducted proteins revealed that
ozone exposure of BAL macrophages formed adducts on
CD206 (Fig. 4D).

Effect of oxysterols on CD206 binding

The peptides that were identified by MS identified a SecoA
adduction site on lysine 502, which is located in between the
second and third of eight tandem c-type lectin-binding domains

SASBMB
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Figure 5. Oxysterols impair phagocytosis in CD206-expressing cells. THP-1 cells were differentiated into M2-like cells as described under “Materials and
methods.” A and B, RNA (A) and protein (B) levels of CD206 were measured in undifferentiated, PMA-treated, and PMA+IL-4/IL-13-treated THP-1 cells. C and
D, uptake of pH-sensitive zymosan bioparticles in (C) M2-like and (D) undifferentiated THP-1 cells. Bars for gene and protein expression represent the mean *+
S.D. of three replicate wells. Bars for binding assays represent the mean = S.E. of three independent experiments with quadruplicate wells per treatment. **,
p < 0.01 by one-way ANOVA with Dunnett’s multiple comparison test of treated groups to DMSO control.

of CD206. These c-type lectin-binding domains (CTLD) are re-
sponsible for receptor binding to sugar moieties (20, 21). We
hypothesized that oxysterol adduction of CD206 would thus
lead to impaired binding function and consequently affect phag-
ocytosis, similar to what is seen in ozone-exposed macrophages
in vivo (11-13). To test this, we used a cell-free binding assay to
measure the effect of oxysterols on CD206 binding. ELISA plates
were coated with yeast-derived mannan, a known CD206 ligand,
to “capture” CD206. Recombinant, His-tagged, human CD206
was treated with oxysterols before incubation on the coated
plates, unbound CD206 was washed away, and bound CD206
was detected with an HRP-linked secondary antibody against the
His tag. We found that treatment of recombinant human CD206
with increasing concentrations of SecoA and SecoB resulted in a
dose-dependent impairment of binding to yeast-derived mannan
(Fig. 4, E and F). Interestingly, SecoA reduced binding of CD206
to a greater degree than treatment with SecoB.

To determine whether decreased binding of CD206 follow-
ing adduction with oxysterols resulted in biologically relevant
changes in macrophage phagocytosis, we used a THP-1 cell cul-
ture model. Although BAL macrophages represent a more rele-
vant cell model for lung macrophages, they are not conducive
to genetic silencing/overexpression techniques. Undifferenti-
ated THP-1 monocytes show low expression of CD206; the
expression of CD206 can be induced with PMA and subsequent
treatment with IL-4-and IL-13 (22), thus providing a convenient
model to examine the role of CD206 in the oxysterol-depend-

SASBMB

ent impairment of phagocytosis. Analysis of mRNA transcripts
(Fig. 5A) and protein expression (Fig. 5B) confirmed low abun-
dance of CD206 mRNA and protein in undifferentiated THP-1
cells and a robust increase in the expression of CD206 with IL-
4 and IL-13 treatment.

We used the IL-4/IL-13—differentiated THP-1 cells to inves-
tigate the effect of ozone-derived oxysterols on phagocytosis
through CD206. Zymosan bioparticles contain mannose resi-
dues that can be recognized by CD206 (17). We cultured oxy-
sterol-treated cells with pH-sensitive zymosan bioparticles
which increase fluorescence following phagocytosis and the
drop to acidic pH in the phagosome (23). We found that treat-
ment of differentiated THP-1 cells with SecoA and SecoB led to
decreases in uptake of zymosan bioparticles (Fig. 5C). Further-
more, oxysterol treatment of undifferentiated THP-1 cells did
not affect uptake of zymosan particles suggesting the impor-
tance of CD206 adduction in the suppressed zymosan uptake
(Fig.5D).

Effect of oxysterol treatment on other phagocytic receptors

Macrophages express several different surface receptors that
recognize different motifs of pathogens or dead and dying cells
and aid in phagocytosis (24). We aimed to expand our findings
to investigate whether the function of other phagocytic recep-
tors is impaired by oxysterols. To do this, we investigated the
effects of oxysterols on CD64 and CD16a. Unlike CD206, which
recognizes mannose residues on the surface of proteins, CD64

J. Biol. Chem. (2020) 295(36) 12727-12738 12731
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ing to “Materials and methods.” A and B, isolated adducts were analyzed by Western blotting for (A) CD64 and (B) CD16a. C and D, the effect of oxysterol treat-
ment on the binding of recombinant (C) CD64 and (D) CD16a to human IgG was tested by in house ELISA. Bars represent the mean (*) S.E. of three
independent experiments with quadruplicate wells per treatment. *, p < 0.05; **, p < 0.01; ***, p < 0.001 by one-way ANOVA with Tukey post hoc test.
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Figure 7. Oxysterols impair phagocytosis in human BAL macrophages. A and B, BAL macrophages were treated with the indicated concertation of oxy-
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ocytosis assessed by fluorescence. Each point represents the mean of values of triplicate wells from a single donor. Bars represent mean = S.E. of five donors.
Samples from each donor were considered matched values. *, p < 0.05 by one-way ANOVA with Dunnett’s multiple comparison test.

and CD16a are two members of the Fc receptor family which IgG (Fig. 6D), suggesting that not all surface receptors are
function in binding and phagocytosing antibody-coated patho-  equally affected by oxysterol adduction.

gens (25). Even though these two proteins were not initially To determine the functional effect of oxysterol adduction,
identified in our proteomic screen, we conducted Western blot  we investigated the uptake of both zymosan and antibody-
analysis on a-SecoA-treated BAL macrophages to determine coated bacterial bioparticles in primary human BAL macro-
whether CD64 and CD16a also form SecoA-protein adducts. phages. Similar to the THP-1 model, BAL macrophages that
Fig. 6A shows that SecoA forms adducts with CD64, whereas  were treated with oxysterols showed decreased uptake of zymo-
CD16a was not found to be adducted by SecoA (Fig. 6B). Cell-  san bioparticles (Fig. 74). Incubation of BAL macrophages with
free binding assays showed that CD64 binding to its ligand, SecoA or SecoB led to significant decreases in the uptake of
human IgG, was impaired with SecoA and SecoB treatmentina antibody-coated bacterial particles (Fig. 7B), suggesting that
dose-dependent manner (Fig. 6C). In contrast, SecoA or SecoB  oxysterols affect uptake antibody—coated particles even though
treatment did not affect the ability of CD16a to bind human binding of not all Fc receptors is affected.
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Discussion

Ground-level ozone is one of the most common inhaled pol-
lutants to which humans are exposed. Exposure to ozone has
been linked to increases in inflammatory markers as well as
increases in susceptibility to infection (6, 7). This is of particular
concern to susceptible populations such as those with underly-
ing lung diseases, like asthma, as decrease in respiratory host
defense functions and increased susceptibility to infection can
cause exacerbation of disease symptoms and lead to acute lung
function decline (4, 26). Despite a wealth of human exposure
data, the mechanisms linking ozone exposure to increased
infectivity are not well known. Building on our previous studies
demonstrating that ozone-derived oxysterols form protein
adducts in lung epithelial cells and that the formation of these
adducts significantly affects the function of these proteins (9),
we set out to conduct an unbiased proteomic analysis to assess
the adductome in BAL macrophages. Our data show that
ozone-derived oxysterols form protein adducts with the surface
receptor CD206 and that the adduction impaired CD206 func-
tion, which in turn was associated with decreased phagocytic
function in these cells. Together, these data suggest that modi-
fication of surface receptors, such as CD206, by ozone-derived
oxysterols could mediate the reduced phagocytic function of
macrophages seen in the lung after exposure to ozone (12—14).

Much research has focused on the interaction of ozone with
elements of the airway-lining fluid made up of phospholipids,
proteins, and cholesterol as it is the first point of contact this re-
active gas will encounter. Ozone exposure can lead to oxidation
of phospholipids and surfactant proteins (27-30), which in
turn can lead to detrimental effects on cell viability and host
defense mechanisms. For example, neutrophils treated with the
oxidized phospholipid 4HNE have impaired oxidative burst
and impaired phagocytosis (31). Surfactant protein A exposed
to ozone had impaired ability to stimulate inflammatory cyto-
kines (32) and also impaired ability to stimulate the uptake of
bacteria (33). Similarly, cholesterol can be oxidized by ozone to
form many oxysterol species, including SecoA and SecoB (34—
36). These oxysterol species are electrophilic and can attack ly-
sine residues on proteins to form covalent oxysterol-protein
adducts (9, 10).

We have previously shown that ozone-derived oxysterols
form protein adducts in lung epithelial cells and that the forma-
tion of adducts on the liver X receptor leads to decreased liver
X receptor function and increased inflammation (9). Although
these previous studies were conducted to identify the role of
oxysterol adduction of a specific protein in epithelial cells, it is
unclear what the overall “oxysterol adductome” is and to what
extent it affects the function of other lung cell types. Using
alkynyl-tagged SecoA, click chemistry isolation technique, fol-
lowed by MS proteomics (Fig. 1) we identified over 140 proteins
that formed adducts with a-SecoA (Table S2). Adducted pro-
teins were involved in a number of various cellular functions
(Fig. 3), suggesting that the impact of oxysterol adduction likely
has multiple functional effects on macrophages beyond the
phagocytic functions analyzed in more detail here. However,
based on our data, ozone-derived oxysterol adduction is likely
to have a significant impact on macrophage surface receptor
function.
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Our proteomic analysis identified individual adducted lysine
residues by the loss of a 512 m/z fragment diagnostic of a-
SecoA/B adduction with b and y ions identifying the specific ly-
sine site of adduction. Sequence motif analysis of adducted pep-
tides found that acidic residues, like glutamate and aspartate,
were overrepresented in positions —2 to +2 from adducted ly-
sine residues as well as sites five and six residues away on either
side of the adducted lysine (Fig. 3C). The first step in protein
adduction of SecoA is imine formation on a lysine side-chain, a
process that is generally subject to acid catalysis (37) (Fig. 2B).
This suggests that acidic residues shown in the sequence motif
play an essential catalytic role in the adduction process. Nearest
neighbor side-chain lysine aspartate or lysine glutamate inter-
actions are not unexpected, providing a structure framework
for catalysis, but catalytic activity for acidic groups at the more
remote sites five and six residues away from the reactive lysine
is more difficult to rationalize. It seems reasonable to suggest
that protein secondary structure plays a role in catalysis by
remote acid side-chains, with helix structures bringing acid
side-chains on remote residues into proximity with the reactive
lysine. Unwinding the normal helix 3.6 residue repeat unit
to accommodate sterol binding in a hydrophobic helix core and
also bring remote acidic groups into the catalytic sphere would
account for the preference for aspartate and glutamate residues
at the remote sites. In this regard, it is noteworthy that proline
is significantly underrepresented throughout the motif, sug-
gesting that secondary structure (helix or sheet) surrounding
the reactive lysine does favor adduct formation.

We were interested to find CD206 as one of the proteins
identified in our proteomic screen of the oxysterol adductome
as it is known to bind pathogens such as Candida albicans (16),
Prneumocystis carinii (15), and Mycobacterium tuberculosis (38,
39). CD206 contains eight CTLD, however, intact receptor
binding can be mimicked with only CTLD4-8 (21, 40). We
identified adduction on lysine 502, which falls between CTLD2
and 3. Although these domains are not associated with strong
carbohydrate binding, adduction could lead to secondary struc-
ture changes that would result in impairment with ligand inter-
action. It is also possible that CD206 is adducted at additional
sites that were not identified in the proteomic screen but are
capable of impacting ligand binding. After confirming the
CD206-oxysterol adduction by Western blotting, we deter-
mined the functional consequences of this protein modifica-
tion. Our results demonstrated that oxysterol treatment
impairs the binding of recombinant CD206 to a known ligand,
mannan (Fig. 4), and showed decreased uptake of zymosan par-
ticles in oxysterol-treated macrophages (Figs. 5 and 7). Interest-
ingly, SecoA was more potent in reducing CD206 binding to
mannan than SecoB, suggesting that oxysterols have varying
impacts on protein function. Indeed, we have previously found
that a-SecoA and a-SecoB form adducts more readily than
other alkynyl-tagged ozone-derived oxysterols (10). Taken to-
gether, our data show that SecoA adduction of CD206 leads to
impaired receptor function and consequently reduced macro-
phage phagocytosis.

It is unknown if CD206 adduction occurs in vivo and the
levels of ozone-derived oxysterol levels in the lung fluid fol-
lowing ozone exposure is unclear. We have previously shown
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that oxysterol levels are increased in vitro and humans in vivo
after ozone exposure (9); however, the measured values are
underestimates as the process of obtaining lung lavage results
in significant dilution of the lung-lining fluid components.
Quantification of free oxysterols is hampered by the reactive
nature of free SecoA/B and its high propensity to form pro-
tein adducts. Technical limitations prevent isolating and
identifying neutral lipid-adducted proteins (with no alkynyl
tag) by mass spectrometry so the extent of oxysterol adduc-
tion in vivo is not known. This limits the ability of our find-
ings to be directly compared with human ozone exposure. To
address the relevance of our findings, we performed click
chemistry isolation on macrophages loaded with a-Chol fol-
lowed by ozone exposure in vitro, which determines whether
endogenously formed oxysterols can form protein adducts.
Our data indicate that CD206 was adducted, albeit to a much
lower extent, in response to ozone exposure (Fig. 4D). This
mirrors our previous data from similar experiments per-
formed in lung epithelial cells (9). The reduced abundance of
CD206 adducts detected is likely because of the limited incor-
poration (14.5% of all cholesterol) of a-Chol into the macro-
phage samples leading to limited formation of endogenous
alkynyl-tagged oxysterols and, thus, fewer detectable protein
adducts. The captured pool of adducted proteins from this
experiment is an underrepresentation of the total adducted
proteins because those proteins adducted by ozone-derived
oxysterols generated from untagged cholesterol would not be
detected. Despite these limitations, CD206 adducts were still
detectable, supporting the hypothesis that oxysterol-CD206
adducts are formed in vivo following ozone exposure.

Although the effect of SecoA/B on CD206 binding was
striking, macrophages contain many receptors to aid in rec-
ognizing and phagocytosing pathogen-specific motifs such as
terminal sugar moieties, lipoproteins, and opsonized par-
ticles. We expanded our investigation and investigated the
role of oxysterol adduction and modification of the Fc recep-
tor family members, CD64 and CD16a, which recognize the
constant region of antibodies and aid in macrophage recogni-
tion of antibody-coated particles. Both CD64 and CD16a are
expressed on macrophages and have high and low affinity for
binding IgG, respectively (41). Similar to CD206, we found
that CD64 was adducted by a-SecoA and that binding of
CD64 was impaired with oxysterols (Fig. 6, A and C). Interest-
ingly, CD16a was not identified to be adducted by oxysterols
(Fig. 6B) and the binding of recombinant human CD16a to
human IgG was unaffected by oxysterols (Fig. 6D), indicating
that not all endocytic receptors have the same susceptibility
to forming adducts with oxysterols.

As indicated above, our data show that SecoA/B adduction
depends on the proximity of acidic residues surrounding the
target lysine residue (Fig. 3C). Theoretical analysis of tryptic
peptides generated from CD64 show that a few peptides match
the proximate acid residue criteria, which is consistent with
Western blot observations and impaired binding function.
Interestingly, no CD64 peptides were found in the MS analysis.
This may be because of the relatively low expression of CD64
compared with other macrophage proteins, modification of
only a subset of CD64 molecules, or that SecoA/B-modified
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peptides were not suitable for detection by MS (too long or too
hydrophobic). In contrast, CD16 does not contain theoretical
tryptic peptides that meet the proximate acid residue sequence
motif characterization that we identified, potentially explaining
the lack of SecoA adducts found and the lack of functional
defects in receptor binding (Fig. 6, B and D). Overall, the uptake
of antibody-coated particles was impaired with oxysterol treat-
ment (Fig. 7B) which shows that even though CD16a is unaf-
fected by oxysterols, impairment of CD64 (and potentially
other Fc receptors) is sufficient to impair the phagocytic func-
tion of macrophages.

It is important to state that although oxysterols did reduce
macrophage phagocytosis, the suppression was not a complete
inhibition. The adduction of SecoA is reversible in nature and
adduct levels are likely to decline after removal of excess free
oxysterol (42). Given this, it is unclear how much of the total
available proteins are actually adducted following ozone expo-
sure, but it is likely that only a fraction of susceptible phagocytic
receptors form oxysterol adducts iz vivo. In addition, cells can
activate responses, such as the unfolded protein response and
autophagy, which reduce and remove adduct-damaged pro-
teins. The stability and longevity of SecoA-adducted proteins
remains an active area of research. Lastly, the redundancy in
ligand recognition between multiple endocytic receptors may
explain why the endocytosis of mannan and opsonized Staphy-
lococcus aureus particles was not completely eliminated with
oxysterol treatment. This notion is supported by the fact that
although CD64 was adducted by oxysterols and had impaired
binding to IgG, CD16a, which also binds IgG, was unaffected.

Although our study focuses on the importance of choles-
terol-derived ozone products, ozone also reacts with other
components of the lung-lining fluid. Previous reports have
shown that oxidized phospholipids, like 4HNE, can form pro-
tein adducts and have shown to disrupt oxidative burst
involved in neutrophil phagocytosis (31, 43). However, unlike
the other phospholipid-derived species which can attack argi-
nine, lysine, and cysteine residues, SecoA and SecoB lack a Mi-
chael acceptor. As a result, adducts from SecoA and SecoB are
formed exclusively on lysine residues. Thus, the impact of
ozone exposure in the lung is a combination of ozone-induced
oxidation of cholesterol, proteins, and other phospholipid spe-
cies present in the lung-lining fluid. Further understanding of
the combined role of oxidized proteins, oxidized lipid adducts,
and oxysterol adducts on driving biological effects in macro-
phages will enhance the understanding of ozone-induced
immune suppression in macrophages.

Our study is the first to definitively show that ozone-derived
oxysterols form adducts with phagocytic receptors in human
lung macrophages and that these effects correlate with func-
tional defects in macrophage phagocytosis. This novel mecha-
nism could be broadly applicable to the uptake of other cargo
or the function of other surface receptors. Macrophages can
recognize numerous cargo, including bacterial-derived lipopro-
teins, oxidized cholesterol, other sugar moieties, and damage
associated signals from dead and dying cells. Adduction of sur-
face receptors involved in the uptake of these ligands may be
similarly affected by oxysterol adduction. This mechanism can
help explain how the inhalation of ozone and subsequent
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formation of oxidized lipids leads to reduced phagocytosis in
macrophages and the increased susceptibility to infection in
the lung. What determines susceptibility to electrophilic attack
of ozone-derived oxysterols on lysine residue remains unclear
but our analysis suggests that acidic amino acid residues sur-
rounding a lysine residue may enhance susceptibility to
adduction. Other factors, like number of lysine residues and
accessibility of the lysine residue to the exposed protein sur-
face where it can interact with exogenous oxysterol may also
be important. Further investigation combining identifica-
tion of susceptible lysine residues with protein structural
and functional information could lead to a predictive model
identifying proteins and cellular functions affected by ozone-
derived oxysterols beyond the targets shown here and in our
previous studies (9).

Materials and methods
Cells and culture

THP-1 monocytes were kindly provided by Dr. Tim Moran
(UNC Chapel Hill, NC) and were cultured in RPMI media
(Gibco) supplemented with 10% fetal bovine serum, 1% L-glu-
tamine, 1% penicillin-streptomycin (Life Technologies), 1%
HEPES, and 0.1% B-mercaptoethanol (Gibco). THP-1 cells
were differentiated to an M2-like phenotype essentially as
described (22). Cells were incubated with 150 ng/ml PMA
(Sigma) for 24 h and then allowed to recover in full-growth
media for an additional 24 h before treatment with 20 ng/ml
of both recombinant human IL-4 and IL-13 (R&D Systems)
for 72 h. Primary human airway macrophages were obtained
from the lung BAL of healthy volunteers in collaboration
with the United States Environmental Protection Agency
(EPA) using a protocol approved by the University of North
Carolina at Chapel Hill Institutional Review Board (Chapel
Hill, NC), as described previously (44) and that abides by the
Declaration of Helsinki principles. BAL cells were cultured
in RPMI media with 10% fetal bovine serum, 1% L-gluta-
mine, 1% penicillin-streptomycin and allowed to adhere to
tissue culture dishes for 1-2 h prior to alkyne tag treatment.

Cell labeling with a-SecoA and click chemistry isolation of
adducts

a-SecoA was synthesized following the procedures published
elsewhere (10, 45). Adducted proteins were identified as de-
scribed previously (9). Essentially, primary human BAL macro-
phages from three individual donors were treated with vehicle
or 20 uM a-SecoA in RPMI 1640 supplemented with 2% FBS for
4 h. Our previous study of oxysterol adducts in epithelial cells
(9) showed that this time point and dose of a-SecoA allowed for
sufficient adduction for reliable identification of adducted pro-
teins without affecting cell viability. Cells were then lysed in 50
mMm HEPES, 150 mMm NacCl, 0.1% Triton X-100, 0.1% SDS in the
presence of protease inhibitors. Lysates from the three donors
were pooled and adducts were stabilized with the addition of
NaBH, (5 mM final concentration) on ice for 1 h to stabilize
the Schiff base adducts before being reacted with azido-bio-
tin. Adduction was confirmed by Western blotting and prob-
ing with IRDye 800CW streptavidin (925-32230, Li-Cor
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Biosciences, Lincoln, NE) and f-actin (Abcam, ab8299).
Adducted proteins were isolated with streptavidin beads
(GE Healthcare) and released from the beads with long wave
UV light (365 nm). Isolated protein was loaded on a 10%
NuPAGE Novex BisTris precast mini gel (Invitrogen) and run
for 5 min at 200 V in MES buffer, stained with Simply Blue
(Bio-Rad). Bands were excised for in-gel trypsin digestion for
MS analysis. Briefly, the excised gels were reduced and alky-
lated with DTT and iodoacetamide, respectively. They were
then sequentially dehydrated with 50% acetonitrile and 80 ul
of 25 mM ammonium bicarbonate containing 1 ug trypsin
was added (Promega V5111, Madison, WI) before proteins
were identified by MS.

MS analysis

Trypsinized peptides were loaded onto a self-packed biphasic
C18/SCX MudPIT column using a helium-pressurized cell
(pressure bomb). The MudPIT column consisted of 360 um
outer diameter X 150 uM inner diameter fused silica, which
was fitted with a filter-end fitting (IDEX Health & Science) and
packed with 6 cm of Phenomenex Luna® SCX material (04A-
4398, 5 um, 100 A) followed by 4 cm of Phenomenex ]upiter®
C18 material (04A-4053, 5 uM, 300 A). Once the sample was
loaded, the MudPIT column was connected using an Inline
MicroFilter union (M-520, IDEX Health & Science) to an ana-
lytical column (360 uMm, outer diameter X 100 M, inner diame-
ter), equipped with a laser-pulled emitter tip and packed with
20 c¢m of C18 reverse phase material (Phenomenex Jupiter®,
3 uM, 300 A, Phenomenex). Using a Dionex Ultimate 3000
RSLCNano and Autosampler, MudPIT analysis was performed
with an 8-step salt pulse gradient (25, 50, 100, 200, 300, 500,
750 mMm, and 1M ammonium acetate). Following each salt
pulse, peptides were gradient-eluted from the reverse analytical
column at a flow rate of 350 nl/min, with the mobile phase sol-
vents consisting of 0.1% formic acid, 99.9% water (solvent A)
and 0.1% formic acid, 99.9% acetonitrile (solvent B). For the
peptides from the first eight SCX fractions, the reverse phase
gradient consisted of 0—1 min 2% B — 5% B for 5 min — 60% B
for 64 min — 99% B for 10 min — 99% B for 5 min followed by
an equilibration at 2% B. Peptides were introduced via nano-
electrospray into a Q Exactive'™ Plus hybrid Quadrupole-
Orbitrap mass spectrometer (Thermo Scientific). The Q Exac-
tive™ was operated in the data-dependent mode acquiring
HCD MS/MS scans (r = 17,500) after each MS1 scan (r =
70,000) on the 15 most abundant ions using an MS1 ion target
of 3 X 10° ions and an MS2 target of 5 X 10* ions. The maxi-
mum ion time for MS/MS scans was set to 40 ms, the HCD-
normalized collision energy was set to 27, dynamic exclusion
was set to 30 s, and peptide match and isotope exclusion were
enabled.

Protein and peptide identification

Thermo.RAW datafiles from data-dependent mode were
converted to an mzML format using ProteoWizard (version
3.0.5211) (46, 47). The mzML files were searched using MS-
GF+beta (version 9517) (48) against humanRefSeq_Version54
database (34,589 proteins). MS-GF+beta was configured
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allowing semi-tryptic search with maximum three missed clea-
vages. A fixed carbamidomethyl modification on Cys (+57.0215
Da) and three dynamic modifications on Met oxidation
(+15.9949 Da), N-terminal GIn deamidation (—17.0265 Da),
and Lys-aSA adduct (+541.3880 Da, aSA-triazole-hexanoic
acid modification; C32H51N304) were allowed per peptide
with a precursor tolerance 10 ppm and a fragment ion tolerance
20 ppm. Protein identifications required a minimum of two
distinct identified peptides, two minimum spectra, and one
additional peptide per protein. Maximum protein level false
discovery rate was 1% calculated by diving the number of
reverse sequence proteins identified by the total number of
protein identified, multiplying by two and converting to a per-
centage. For protein assembly and peptide visualization,
IDPicker (3.1.9288 64-bit) (49) was used. Detailed analysis view
and all aSA (+541.3880) modified peptides and their protein ID
and site of modification are included in Table S3, A—C. For the
ambiguous assignment for the aSA modified peptides, the iden-
tified spectra (Table S3C) are manually inspected following the
criteria: 1) the modified peptide precursor error within 10 ppm
and 2) the modified peptides containing diagnostic fragment 2/
z 512. The final refined adducted peptides and their proteins
are listed in Tables S1 and S2, respectively. The ambiguously
identified proteins were used for functional and component
analyses using Webgestalt (WEB-based GEne SeT AnaLysis
Toolkit) (50, 51). The modified peptide sequence motif image
was generated with pLogo (52).

All human bronchoalveolar lavage macrophage proteomics
data are available via ProteomeXchange consortium via the
PRIDE partner repository (53) with the dataset identifier
PXD019317 and 10.6019/PXD019317. The list of peptides with
known sites of modification and their proteins are provided in
Tables S1,S2,and S3 (A-C).

In vitro ozone exposure

200,000 primary human BAL macrophages were plated in
12-well culture inserts (Corning) and allowed to adhere for
3 h before treatment with a-Chol (20 um)—supplemented
media for 48 h, at which time three inserts were harvested
to quantify a-Chol levels in the total cholesterol pool as
described (9). BAL macrophages were brought to the air—
liquid interface immediately prior to ozone exposure and
exposed to air or 0.4 ppm ozone for 4 h, as described previ-
ously (54, 55). Cells were harvested 1 h after air/ozone expo-
sure and samples pooled for catch and release to confirm
adducts as described above.

Phagocytosis assay

Analysis of macrophage phagocytosis was done as described
(23). Briefly, M2-differentiated THP-1 cells (50,000 cells/well)
or primary BAL macrophages (30,000 cells/well) were allowed
to adhere on black-walled 96-well tissue culture plates (Corn-
ing) as described above. Cells were treated with 200 ul of the
indicated concentrations of oxysterols in RPMI media supple-
mented with 2% FBS for 2 h. pH rhodo bioparticles from S. aur-
eus, or pH rhodo zymosan particles (Thermo Fisher Scientific)
were prepared according to the manufacturer’s instructions. S.
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aureus particles were opsonized using bioparticle opsonizing
reagent (Thermo Fisher Scientific) according to the manufac-
turer’s protocol. After oxysterol treatment, 50 ul of bioparticles
were added to each well and incubated for 4 h. Phagocytosis of
bioparticles was quantified using a CLARIOstar fluorescent
microplate reader (BMG Labtech, Offenburg, Germany) by
assessing fluorescence emission at 585 nm.

Cell-free binding assays

96-well plates were coated with 10 ug/ml of mannan (for
CD206, Sigma), or human IgG (1 pg/ml for CD64 or 2 pg/ml
for CD16a) overnight in ELISA coating buffer (BioLegend).
Plates were blocked with 5% BSA in Tris-buffered saline.
Human recombinant CD206 (0.5 pg/ml), CD64 (125 ng/ml), or
CD16a (1.5 pg/ml) with Hisg tag (all from R&D Systems) were
prepared in Tris-buffered saline and treated with the indicated
concentrations on oxysterol at 37°C for 1 h before addition to
the plate. Coated plates were washed three times with TBST
and recombinant protein samples were allowed to bind for 2 h.
Unbound protein was removed by washing three times with
TBST and bound protein detected with mouse anti—Hisg-HRP
secondary antibody (BioLegend) for 30 min and development
with TMB solution (BD Biosciences). For the CD206 binding
assay, all buffers were supplemented with 10 mm CaCl,e2H,0.

Western blotting

THP-1 cells were lysed in RIPA buffer (50 mm Tris HCI, 150
mMm NaCl, 2 mm EDTA, 1% Triton X-100, 0.5% sodium deoxy-
cholate, 0.1% SDS) and 10 ug separated on 4—20% acrylamide
gels (Bio-Rad) and transferred onto nitrocellulose membranes.
Blots were probed with rabbit-anti CD206 (Cell Signaling
Technology, 91992) and mouse-anti actin (Santa Cruz Biotech-
nology, sc47778). For Western blot confirmation of click chem-
istry adducts, isolated proteins following the streptavidin pull-
down were separated on an acrylamide gel and transferred to a
nitrocellulose membrane. The membranes were probed with
rabbit-anti CD206 (Cell Signaling Technology, 91992), anti
CD64 (Abcam, ab134073) or CD16a (Cell Signaling Technol-
ogy, 19731). Bands were detected with an HRP conjugated anti-
rabbit antibody (Santa Cruz Biotechnology, sc2357) or anti-
mouse binding protein (Santa Cruz Biotechnology, sc516102),
and detected with chemiluminescence. When necessary, the
brightness and contrast of the Western blot image was adjusted
uniformly across the image to highlight the difference between
treatment groups.

Statistical analysis

Unless otherwise indicated, in vitro experiments were per-
formed in triplicate wells and were repeated in at least three
separate experiments. Samples from individual donors were
considered matched values. Significant differences were deter-
mined by one-way ANOVA with Dunnett’s multiple compari-
son of oxysterol-treated groups to vehicle-treated controls with
ap < 0.05 threshold. See figure legends for additional informa-
tion on statistical analyses.
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Data Availability

Mass Spectrometry data are available through the Proteome-
Xchange consortium via the PRIDE partner repository with
identifier PXD019317. All other data are contained within
the paper.
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