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Abstract

Background—Accumulation of lipoprotein X (LpX) in blood can cause severe
hypercholesterolemia and cutaneous xanthomas. Monocytes sensitively sense lipid changes in
circulation and contribute to inflammation. However, how monocytes respond to LpX is
undefined.

Objective—We examined the phenotype of monocytes from a subject, who had LpX, severe
hypercholesterolemia, and extensive cutaneous xanthomas, and effects of semiselective
plasmapheresis therapy (SPPT).

Method—Fluorescence-activated cell sorting and adhesion assays were used to examine
monocyte phenotype and ex vivo oxLDL uptake and adhesion in the patient before and after
treatment with SPPT. Effects of plasma from the patient on the phenotype and adhesion of
monocytes from a healthy subject were determined.

Results—SPPT improved hypercholesterolemia and cutaneous xanthomas. Before treatment, the
patient had lower frequency of non-classical monocytes but higher frequency of intermediate
monocytes than control subject. Before treatment, monocytes from the LpX patient showed more
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intracellular lipid accumulation, alterations in several cell surface markers and intracellular
cytokines as well as enhanced oxLDL uptake and reduced adhesion compared to control. After
SPPT, the phenotypes of monocytes from the LpX patient were similar to control monocytes.
Incubation with plasma from the patient before treatment as compared to plasma from the control
subject or the patient after treatment increased CD11c expression and adhesion of monocytes from
a healthy subject.

Conclusion—LpX-induced hypercholesterolemia increased lipid accumulation and altered the
phenotype of monocytes, which may contribute to cutaneous xanthoma development. Removal of
LpX by SPPT reduced lipid accumulation and improved monocyte phenotype, likely contributing
to xanthoma resolution.
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Introduction

Case

Lipoprotein X (LpX) is an abnormal lipoprotein that commonly emerges and accumulates in
circulation in patients with primary biliary cirrhosis, obstructive liver disease, and lecithin—
cholesterol acyltransferase deficiency.1~3 Severe LpX elevation in circulation can cause
hypercholesterolemia that is associated with generalized skin xanthomas in patients.% ® The
predominant composition in xanthoma of LpX patients is foamy cells derived from lipid-
laden macrophages, suggesting an interaction between circulating LpX and immune cells.5: 7

Circulating monocytes are a major source of macrophages in tissues. During inflammation,
activated monocytes infiltrate into tissue and differentiate to macrophages. Elevated plasma
lipid is an inflammatory factor that activates circulating monocytes and changes monocyte
phenotype and function. Hypercholesterolemia and/or hypertriglyceridemia induce
intracellular lipid accumulation in monocytes and foamy monocyte formation in the
circulation of mice and human.8: ® Foamy monocytes express higher levels of adhesion
molecules, which enhances monocyte adhesion and infiltration and contributes to foam
macrophage accumulation in arterial walls and possibly other tissues. However, how
monocytes respond to LpX in the circulation is ill defined.

Here, we report the clinical management and monocyte phenotype and functional changes in
a case of LpX syndrome before and after semiselective apheresis treatment.

A 36-year-old woman with a medical history of prehypertension, primary biliary cirrhosis,
and autoimmune hepatitis was referred to the lipidology clinic due to severe elevation in
total cholesterol in May 2015. At the time, she was noted to have abnormal lipid profile
(Table 1) with total cholesterol of 2324 mg/dL and abnormal liver function test (total
bilirubin 9.2 mg/dL, alkaline phosphatase 1124 U/L, aspartate aminotransferase [AST] 116
U/L, alanine aminotransferase [ALT] 111 U/L) consistent with obstructive liver disease. She
also had widespread skin lesion that were consistent with eruptive and planar xanthomas on
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biopsy. Prior to the onset of obstructive liver disease, she had a normal lipid profile with
total cholesterol of 156 mg/dL, triglycerides of 77 mg/dL, high-density lipoprotein
cholesterol (HDL-C) of 52 mg/dL, calculated low-density lipoprotein cholesterol (LDL-C)
of 89 mg/dL and non-high-density lipoprotein cholesterol of 104 mg/dL. All other
secondary causes of hypercholesterolemia besides obstructive liver disease were ruled out.
Although baseline apolipoprotein B (apoB) levels (226 mg/dL in May 2015 and 114 mg/dL
in February 2016) were slightly discrepant, given the onset of elevated cholesterol levels and
eruptive xanthomas in the setting of primary biliary cirrhosis in an adult with prior low
levels of total cholesterol and LDL-C, the patient was diagnosed to have LpX syndrome.

She was started by hepatology on a dual regimen of cholestyramine and ursodeoxycholic
acid for her primary biliary cirrhosis and symptoms of pruritus; however, after this she was
not seen for follow-up in our clinic for ~2 years.

On follow-up to the lipid clinic in October 2017, she had total cholesterol of 2033 mg/dL,
total bilirubin of 4.1 mg/dL, AST of 80 U/L, and ALT of 76 U/L. She also reported
worsening in her eruptive xanthomas which were a source of severe discomfort due to
pruritus and resultant bleeding. She also disliked the cosmetic appearance of her xanthomas
(Figure 1A).

For symptomatic relief, she was scheduled for semi--selective plasmapheresis trial therapy
every 2—4 weeks from January 2018 which she pursued over next 6 months till May 2018.
Successive plasmapheresis treatments were associated with a pronounced reduction in lipid
levels (Table 1) as well as xanthomas (Figure 1A) and associated itching/discomfort.

Laboratory studies

We performed laboratory tests in January 2018 (before treatment) and in May 2018 (after 20
weeks on treatment), for the following studies. Two sex-, age-, and race-matched healthy
volunteers with normal plasma levels of cholesterol and triglyceride were recruited as
control subjects, one for each timepoint, and blood was collected and processed
simultaneously from the LpX patient and the controls after an overnight fast. The studies
were approved by the Institutional Review Board of Baylor College of Medicine, and all
participants provided written informed consent.

Electrophoresis

Plasma was collected from K,EDTA-anticoagulated blood by 800 g centrifugation and then
was diluted 1:1.5 with medical-grade saline. Two-hundred microliters diluted plasma was
stained with 20 puL 0.5% Sudan Black B solution at 37°C for 30 minutes and run on 0.5%
agarose gel under 15 V/cm in barbital buffer for 1 hour. Lipoprotein bands were captured by
a Nikon digital camera.

Fluorescence-activated cell sorting (FACS)

For surface marker staining, 100 uL blood was incubated with antibody mixtures (Table 2) at
4°C for 30 minutes and then was fixed with BD lysing solution, which also lysed red blood
cells. Leukocytes were pelleted and washed with phosphate-buffered saline (PBS)
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supplemented with 1% bovine serum albumin and stored in 2% paraformaldehyde in PBS
for detection by a Gallios cytometer (Beckman Coulter).

For intracellular cytokine expression assay, 100 uL blood was mixed with equal volume of
complete RPMI-1640 medium and incubated with 5 mg/mL of LPS (Sigma-Aldrich) in the
presence of Golgiplug (BD) for 4 hours at 37°C. After incubation, red blood cells were lysed
by red blood cell lysis buffer (Biolegend). Then, the surface markers of monocytes were
stained. For intercellular staining, leukocytes were permeabilized and then incubated with
antibodies for intercellular markers following the instruction of Fixation and
Permeabilization Solution kit (BD).

For Nile red staining of lipids, blood was subjected to red blood cell lysis and then stained
for monocyte surface markers. After fixation, cells were stained with Nile red at 0.1 UM in
PBS for 20 minutes. Then, cytospin was performed, and cells were mounted in permanent
DAPI medium and imaged by Nikon LSM 780 confocal microscope.

For oxidized low-density lipoprotein (oxLDL) uptake assay, 100 uL blood was mixed with
equal volume of complete RPMI-1640 medium and incubated with 120 pg/mL Dil-labeled
human oxLDL (Kalen Biomedical) and incubated for 1 hour. After incubation, samples were
subjected to surface antibody staining as described above.

On-chip adhesion assay

Design and assembly of the microfluidic device and the whole blood adhesion assay were
performed as previously reported.® Briefly, coverslips that were coated with recombinant
hVCAM-1/Fc chimera (R&D Systems) were assembled with a 4-channel
polydimethylsiloxane device and kept at 37°C. Heparin-anticoagulated blood (100 L) was
stained with PE—anti-CD16 and AF488-anti-CD14 antibodies at room temperature for 20
minutes. Then, after 1:3 dilution in PBS with calcium and magnesium, 60 L diluted blood
was introduced into the polydimethylsiloxane device at a flow rate that produced a shear
stress of 2 dynes/cm? at fluid—glass interface and was perfused for 5 minutes followed by
fixation and mounting in permanent DAPI medium. The number of adherent monocytes
(subsets) was counted and normalized by total infused number of each monocyte subset.

In vitro plasma treatment of monocytes

Results

Blood (100 uL) from the healthy control subject was washed by PBS to remove endogenous
lipoproteins and resuspended in 100 uL RPMI-1640 medium (without fetal bovine serum).
Then, the blood samples were incubated in triplicate with 200 pL plasma from the control
subject or from the LpX patient before and after treatment. At 0.5, 1, 3, and 6 hours of
incubation, the cells were washed and subjected to surface marker staining for FACS assay
or perfused in polydimethylsiloxane device for adhesion assay.

Confirmation of LpX

Compared with that from the control subject, plasma from the patient before treatment was
cloudy and yellowish (Figure 1B). The yellow color was consistent with the elevated blood
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level of bilirubin (see above) and also possibly extremely high blood level of cholesterol in
the patient. The cloudy appearance of plasma, which does not usually occur in severe
hypercholesterolemia caused by LDL-C, such as familial hypercholesterolemia, because
LDL particles are not large enough to scatter visible light, supported the presence of LpX,
which can form disk-like lipoprotein particles of varying size that can scatter visible light
and, at room temperature (at which the picture was taken), can form rouleaux to amplify
light scattering, causing cloudiness.10 After treatment, plasma from the patient was more
transparent than before treatment (Figure 1B). The yellow color of plasma after treatment
was likely because of persistent hyperbilirubinemia in the patient. Agarose electrophoresis
also showed that, compared to the control, the plasma sample from the patient before
treatment showed some typical features of LpX: 1) absence of a-lipoprotein, indicating low
HDL contents; 2) low concentration of B—lipoprotein, indicating low abundance of the LDL
fraction; 3) presence of a band below p-lipoprotein, a pattern similar to that as previously
reported for LpX cases.1l: 12 After 20 weeks of treatment, the plasma of the patient
recovered the p-lipoprotein band, but not a-lipoprotein (Figure 1C).

Monocyte counts and phenotypes

Based on CD14 and CD16, human monocytes can be categorized as classical
(CD147CD16"), intermediate (CD14*CD16!°W), and nonclassical (CD14!°%CD16%) subsets
(Figure 2). Total monocytes/mL in blood in the LpX patient were higher before and after
treatment than the average in control subjects. Compared with control subjects, the patient
before treatment had a higher proportion of the intermediate subset, a lower proportion of
the nonclassical subset, and a slight increase in the classical subset. After treatment, the
monocyte subset proportions in the patient trended toward normal status (Table 3).

Lipid accumulation in monocytes

By using Nile red staining, we found that monocytes from the LpX patient before treatment
had positive lipid staining in cytoplasm, which was not observed in monocytes from control
subjects, indicating intracellular lipid accumulation in monocytes from the patient (Figure
3A). Quantitation by FACS showed that nonclassical monocytes had higher mean
fluorescence intensity (MFI) levels of Nile red, indicating more lipid, than classical and
intermediate monocytes in the patient before treatment and that Nile red levels were reduced
in all monocyte subsets after treatment (Figure 3B).

Changes in monocyte phenotypes

Monocyte expression of several surface markers that are involved in monocyte migration
and modified lipoprotein uptake was examined by FACS. The heatmap plot in Figure 4
shows the fold changes in MFI level of detected markers on monocytes from the LpX patient
relative to those from the control subject. The most striking differences were found in
CD11c and class A scavenger receptor (SRA) expression between the patient before
treatment and the control subject. CD11c, an adhesion molecule, was unexpectedly
decreased in all subsets of monocytes in the LpX patient before treatment and returned to
normal level after treatment. SRA, a scavenger receptor mediating pattern recognition and
oxLDL uptake, was increased in all monocyte subsets in the patient before treatment and
returned to a normal or lower expression level after treatment.
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We also observed differences among the three monocyte subsets in the change of expression
levels of certain surface markers in the patient versus control. CD36, another scavenger
receptor for oxLDL uptake, was decreased on the classical subset, but was increased on
intermediate and nonclassical subsets from the patient before treatment compared to control
subjects. After treatment, CD36 expression was increased on all monocyte subsets of the
patient.

We then examined intracellular cytokine expression of circulating monocytes and found that
monocytes from the LpX patient before and after treatment mostly expressed lower levels of
proinflammatory cytokines, including interleukin-1p, tumor necrosis factor a., interleukin-6,
and interleukin-8, than those from control subjects (Figure 4).

OXLDL uptake by monocytes

To test whether the altered expression of scavenger receptors in the patient impact monocyte
uptake of modified lipoprotein, a process for foam cell formation, we examined monocyte
uptake of Dil-oxLDL ex vivo and found that after incubation with Dil-oxLDL, monocytes
from LpX patient before treatment vs the control subjects exhibited higher MFI levels of
Dil, indicating increased uptake capacity of oxLDL. After treatment, monocyte uptake of
oxLDL was reduced in the patient but was still higher than that in control subjects (Figure
5).

On-chip adhesion assay of monocytes

Using a laboratory-on-a-chip analysis, we tested the adhesion capacity of monocytes from
the LpX patient and control subjects. The percentages of arrested classical and nonclassical
subsets were higher and percentage of the intermediate subset was slightly lower in the
patient before treatment than in the control subject. After treatment, adhesion capacity of all
monocyte subsets was reduced than before treatment in the patient (Figure 6).

Effect of LpX plasma on normal monocytes

Finally, we examined the effects of plasma from the LpX patient on monocytes from a
healthy subject. Ex vivo incubation with plasma from the patient before treatment increased
CD11c levels on monocytes from the healthy subject. In contrast, incubation with plasma
from the patient after treatment or the control subject had minor effect on CD11c expression
on monocytes of the healthy subject (Figure 7A).

Corresponding to the increase in CD11c expression, incubation with plasma from the LpX
patient before treatment compared with that from the control subject or the patient after
treatment increased monocyte firm arrest on chips (Figure 7B).

Discussion

Elevated levels of circulating lipids, including LDL and triglyceride-rich lipoprotein,
promote intracellular lipid accumulation in monocytes, leading to foamy monocyte
formation.8: 9 13-15 |n the current case, we report that LpX accumulation in an individual’s
circulation induced foamy monocyte formation, changed monocyte phenotypes, and

J Clin Lipidol. Author manuscript; available in PMC 2021 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lian et al.

Page 7

enhanced monocyte adhesion and uptake of oxLDL. Our findings indicate that monocytes
may be a responsive immune component in LpX patients, which may contribute to tissue
inflammation and damage.

Intracellular lipid accumulation can drive monocyte phenotypic changes. One change is the
upregulation of scavenger receptors, such as SRA and CD36, with enhanced uptake of
modified LDL, the major lipoprotein that causes foam cell formation in atherosclerotic
lesions.16: 17 In line with this, in the current case of LpX, the increased foamy monocyte
formation was accompanied by increased SRA expression, which correlated with increased
oxLDL uptake.

Other phenotypic changes in monocytes associated with intracellular lipid accumulation
include regulation of cytokine expression and adhesion molecules such as CD11c, a p2
integrin that plays an important role in monocyte adhesion to endothelial cells and
atherosclerosis.: 13. 18 However, opposite to our expectation, we observed downregulation
of several proinflammatory cytokines and CD11c in/on monocytes in the LpX patient before
treatment compared to the control subject. The mechanisms for these unexpected changes
are unknown. We speculate that monocytes with large amounts of lipid accumulation and
possibly increased inflammation and CD11c may have migrated into tissues quickly,
whereas the monocytes that we examined in the study represent those that stayed in the
circulation and may have included relatively lesser lipids with lower levels of inflammation
and CD11c expression. In support of this speculation are our observations that in vitro
treatment with plasma from the LpX patient increased CD11c expression and adhesion of
monocytes from a healthy subject and a previous study showing that hyperlipidemia in mice
induced by an inhibitor of lipoprotein lipase resulted in monocyte, particularly nonclassical
monocyte, extravasation into tissues, leading to decreases in circulating nonclassical
monocytes.1® Consistent with these findings, the individual with LpX before treatment
compared to control subjects had reduced nonclassical monocytes and a drastic increase in
adhesion capacity of nonclassical monocytes, which may play crucial roles in development
of skin xanthoma. In contrast, other changes in monocyte phenotypes (Figs. 3 and 4) were
moderate, possibly for the reason discussed above.

Removal of LpX particles through therapeutic plasma exchange is effective to reduce the
total cholesterol level.5 In the current case, therapeutic plasma exchange treatment gradually
decreased total plasma cholesterol and reduced intercellular lipid accumulation in circulating
monocytes. Furthermore, expression of most surface markers on monocytes returned to
normal levels after treatment.

Our study had several limitations. First, this is a single case report of LpX, which may not be
generalizable to all LpX cases. Second, a limitation to extrapolating our findings to other
patients with LpX is that this individual had higher levels of baseline apoB than most
patients with LpX. Thus, she may have had higher circulating levels of modified LDL or
more oxidized phospholipids associated with apoB particles that also contributed to the
altered phenotype of the monocyte subset. Lipoprotein(a) is one of the modified lipoproteins
containing oxidized phospholipids and apoB. However, we did not observe an obvious
lipoprotein(a) fraction in the plasma of the LpX patient in electrophoretic results (Figure
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1C), indicating that it is less likely that lipoprotein(a) contributed to the apoB elevation and
changes in monocyte phenotypes in the current case. Another limitation is that in our ex vivo
examination of the effect of LpX plasma on monocyte phenotypes, we cannot exclude
potential effects of other components in plasma of the patient. However, given the
enrichment of LpX in the patient’s plasma, we speculate that the effects were mainly derived
from LpX in the plasma. Furthermore, because of our limited access to plasma samples of
the patient with SPPT treatment, we could not continuously monitor monocyte phenotypes
for a long term, during which monocyte phenotypes may change differently.

In conclusion, our study shows that LpX-induced hypercholesterolemia resulted in lipid
accumulation in circulating monocytes with alterations in monocyte phenotypes in an
individual with LpX syndrome. These LpX-associated alterations in monocytes may have
contributed to tissue inflammation such as planar and eruptive xanthomas observed in this
case. Treatment with selective lipoprotein apheresis effectively reduced the LpX
concentration with decreases in monocyte lipid accumulation and changes of monocyte
phenotypes, which may also have contributed to the improvement of planar xanthomas in the
current case.
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Highlights

. Cutaneous xanthomas presented in a woman with lipoprotein X induced
hypercholesterolemia

. Lipoprotein X-induced hypercholesterolemia increased lipid accumulation in
monocytes

. Lipoprotein X-induced hypercholesterolemia altered phenotypes of
circulating monocytes

. Removal of lipoprotein X by plasma exchange reduced size of the cutaneous
xanthomas

. Removal of lipoprotein X by plasma exchange improved monocyte
phenotypes
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Figure 1.

Skin xanthomas and confirmation of LpX in the patient. A. The regression of skin
xanthomas after treatment (20 weeks of regular biweekly plasmapheresis therapy),
compared with the patient’s first presentation in Oct 2017. B. Plasma samples from a control
subject and the LpX patient before (Jan 2018) and after treatment (May 2018). C. Plasma
lipoprotein electrophoresis showing some typical features of LpX from the patient’s plasma
before treatment and recovery of the B-lipoprotein band after treatment.
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Figure 2.

Monocyte subsets of the patient and the control subject were examined by fluorescence-

activated cell sorting (FACS) showing CD14*CD16~ classical subset, CD14*CD16/oW

intermediate subset, and CD14!°CD16* nonclassical subset.
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Figure 3.
Lipid accumulation in monocytes from the patient. A. Confocal images of circulating

monocytes from a control subject and the patient stained with AF488-anti-CD14 and Nile

red. White arrows indicate positive Nile red staining. B. The fold changes of Nile red mean
fluorescence intensity (MFI) of monocytes from the LpX patient relative to corresponding

control subjects.
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Figure 4.
Heatmap of phenotypic profiles of monocyte subsets. The expression of adhesion molecules,

chemokine receptors, modified lipoprotein receptors, and cytokines on monocytes was
detected by FACS. Fold changes in MFI of each marker from the patient before and after
treatment versus corresponding control subjects are shown.
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Figure 5.
Uptake of oxidized low-density lipoprotein (oxLDL) by monocytes from the patient.

Monocytes from control subjects and the patient before and after treatment were incubated
with Dil-oxLDL for 1 hour; the Dil MFI was examined by FACS.
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Figure 6.
On-chip adhesion assay of monocyte subsets. A. Representative images showing monocytes

arrested on VCAM-1—coated slices; 20x magnification. B. Percentages of arrested
monocytes.
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Arrested monocytes

DA

Incubation with LpX plasma changed CD11c expression and adhesion capacity of
monocytes from the control subject. A. Monocytes from a healthy control were incubated ex
vivo with plasma from control subjects or the LpX patient before and after treatment, and
the CD11c expression on monocytes was detected by FACS. B. After incubation for 0.5
hours, adhesion capacity of monocytes was examined and percentages of arrested monocytes

to total monocytes were presented.
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Table 1.

Changes in Lipid Profile with Plasmapheresis in Patient with Lipoprotein X Syndrome

First : Re- : .
First : Post First 2 Established
Baseline Abfi%riglal Presentation Lﬁg!:jov(\jliiun?c estaLli)'Ijlisged Cycles of Biweekly

Profile Lipid Clinic Clinic Care Plasmapheresis Plasmapheresis
Date of
presentation(mmly  1/08 3/14 5/15 16 1017 1/A8 (before 118 318  4/18 5/18
y) treatment)
[;ig'yce”des(mgld 77 171 408 184 163 194 177 165 173 210
Total cholesterol
(mg/dL) 156 528 2324 1449 2033 1821 1096 822 472 341
High-density
lipoprotein
cholesterol(mg/ 52 41 23 22 >180 >180 31 24 17 12
du)*
Non-high-density
lipoprotein
cﬁolgsterol(mg/ 104 487 2301 1427 <1853 <1641 1065 858 455 329
dy”
Apolipoprotein B
(mg/dL) N/A N/A 226 114 N/A N/A N/A N/A N/A N/A

*
Because of assay limitation, the values may not represent the accurate high-density lipoprotein cholesterol levels at times of severe
hypercholesterolemia.

Calculated values, which, depending on the accuracy of high-density lipoprotein cholesterol levels, may not represent accurate non-high-density
lipoprotein cholesterol levels.
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Table 2.

List of antibodies used in the flow cytometry experiments

Marker Clone Company
CD14 RMO52 Beckman Coulter
CD16 3G8 Beckman Coulter
CD11c 3.9 BioLegend
CD36 FA6.152 Beckman Coulter

SRA 351615 R&D systems
CCR2 K036C2 BioLegend

CX3CR1 2A9-1 BioLegend
CD62L DREG56 Beckman Coulter

HLA-DR  Immu-357  Beckman Coulter
CD18 m24 BioLegend
VLA4 9F10 BioLegend

IL1B CRM56 eBioscience
TNFa MADb11 BioLegend
LRP1 A2MR-a2 BD Biosciences
CCR5 J418F1 BioLegend

IL6 MQ2-13A5 BioLegend
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Table 3.

Monocyte Count in Blood and Proportions of Monocyte Subsets

Monocyte Subsets (% of Total Monocytes)

Subject Treatment (mml/yy) Monocyte Count (105/mL blood) Classical  Intermediate  Nonclassical

Control 3.40 85.8 3.1 111
Before treatment (1/18) 4.49 86.4 10.7 2.9
Patient
After treatment (5/18) 4.92 90.6 5.3 4.1
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