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Acquired lipodystrophy is often characterized as an idio-
pathic subtype of lipodystrophy. Despite suspicion of an
immune-mediated pathology, biomarkers such as auto-
antibodies are generally lacking. Here, we used an unbi-
ased proteome-wide screening approach to identify
autoantibodies to the adipocyte-specific lipid droplet
protein perilipin 1 (PLIN1) in a murine model of autoim-
mune polyendocrine syndrome type 1 (APS1). We then
tested for PLIN1 autoantibodies in human subjects with
acquired lipodystrophy with two independent severe
breaks in immune tolerance (including APS1) along with
control subjects using a specific radioligand binding as-
say and indirect immunofluorescence on fat tissue. We

identified autoantibodies to PLIN1 in these two cases, in-
cluding the first reported case of APS1 with acquired
lipodystrophy and a second patient who acquired lipo-
dystrophy as an immune-related adverse event following
cancer immunotherapy. Lastly, we also found PLIN1
autoantibodies to be specifically enriched in a subset of
patients with acquired generalized lipodystrophy (17 of
46 [37%]), particularly those with panniculitis and other
features of autoimmunity. These data lend additional
support to new literature that suggests that PLIN1 auto-
antibodies represent a marker of acquired autoimmune
lipodystrophies and further link them to a break in im-
mune tolerance.
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Lipodystrophy is a clinical syndrome defined by progres-
sive loss of adipose tissue in some parts of the body (par-
tial) or throughout (generalized) and may be inherited
(genetic/familial) or acquired (1). The excessive loss of
adipocytes can lead to clinically severe outcomes including
insulin resistance, metabolic abnormalities (diabetes, hy-
pertriglyceridemia, and hepatic steatosis) or even death
(1-3). Lipodystrophy is diagnosed largely by clinical phe-
notype, but heterogeneous presentation, clinical mimicry,
and frequent association with complex disorders under-
score the need for biomarkers in this disorder. Mutations
in several lipid droplet-associated genes explain a genetic
etiology for a subset of lipodystrophies; however, the ac-
quired lipodystrophy subtype is largely idiopathic and bio-
markers are lacking (2,3).

Frequent co-occurrence of acquired lipodystrophy with
autoimmune disease has fueled suspicion of an immune-
mediated pathology (4-6). We hypothesized that autoimmune-
associated acquired lipodystrophy may be associated
with a common autoantibody that is adipocyte specific.
Here, we identify autoantibodies to perilipin 1 (PLIN1), a
gene mutated in a subset of inherited lipodystrophies, in
two clinical cases of autoimmune-associated acquired lipo-
dystrophy. One patient had a mutation in the autoimmune
regulator gene, AIRE (7). Mutations in AIRE lead to the de-
velopment of autoimmune polyendrocine syndrome type 1
(APS1) (or autoimmune polyendocrinopathy-candidiasis-
ectodermal dystrophy [APECED]; OMIM no. 240300), which
is characterized by breakdown in central tolerance and pro-
duction of high-affinity autoantibodies to tissue-restricted
antigens (8,9). The second patient developed lipodystrophy
as an immune-related adverse event (irAE) following cancer
immunotherapy (10). Finally, we broadly extended these
findings and found PLIN1 autoantibodies to be specifically
enriched in a subset of patients with acquired generalized
lipodystrophy (AGL), particularly those with panniculitis
along with other features of autoimmunity. The disparate
nature of these cases, bound by a common autoantibody
and clinical phenotype, suggests that anti-PLIN1 may be a
molecular indicator of autoimmune-associated acquired lip-
odystrophy in multiple clinical contexts.

RESEARCH DESIGN AND METHODS

Mouse Sera Collection

Aire”’” mice were maintained on a Balb/C background
under SPF barrier conditions at University of California, San
Francisco. Sera from wild-type and Aire”’~ mice were pre-
pared from tail vein bleeds (100 L) as previously described
(11). Sera were flash frozen and stored at —80°C until use.
Tissue for immunohistochemistry was prepared from adult
wild-type C57BL/6J mice (The Jackson Laboratory).

Phage Display and Immunoprecipitation (Phage
Immunoprecipitation Sequencing)

The T7 Phage Display library (phage immunoprecipitation
sequencing [PhIP-Seq] library) used here and experimental
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protocol were previously validated (12,13). Briefly, 1 pL
mouse sera is incubated with 1 mL PhIP-Seq library
(10 pfu/mL) and incubated for 12-18 h at 4°C. Antibody-
bound phages are immunoprecipitated with a mix of
protein A and protein G magnetic beads (Thermo Fisher
Scientific), eluted, and sequenced for identification of the
unknown phage antigen(s). Peptide counts were summed
with respect to annotated proteins, and total reads were
normalized to 100,000 (RP100K). Candidate antigens were
called based on read count >50 RP100K in all Aire '~
mice and absent in Aire ™" controls.

Immunoprecipitation From 293T Overexpression
Lysates

Full-length mouse pCMV6-Plinl-myc-flag (RC206292; Ori-
Gene Technologies) was sequenced verified and used for
transfection in 293T cells. Whole cell lysates containing
overexpressed PLIN1 were made to 1 mg/mL and 10 pL
was set for input for Western blotting. One microliter of
mouse sera or mock was added to 500 pL whole cell lysate,
incubated for 12 h at 4°C. Antibodies were immunoprecipi-
tated with protein A and protein G beads, washed three times
with radioimmunoprecipitation assay buffer (140 mmol/L
NaCl, 10 mmol/L Tris-HCL, 1.0% Triton-X, 0.1% SDS), and
boiled in 2x Laemmli with B-mercaptoethanol. Immunopre-
cipitation (IP) elutions were run on a reducing SDS-PAGE
4-12% Bis-Tris gel (NP0349BOX; Thermo Fisher Scientific),
transferred to nitrocellulose, and immunoblotted with primary
anti-Flag antibody (1:5,000, rabbit anti-Flag; Cell Signaling
Technology). To visualize anti-Flag we used infrared anti-rab-
bit secondary antibody (926-68703; LI-COR).

Indirect Immunofluorescence on Mouse Tissue

Adult wild-type mice were sacrificed and then perfused
with 4% paraformaldehyde, and stomach was postfixed for
1 h, following sucrose/optimal cutting temperature com-
pound (OCT) embedding for cryosectioning. Sections were
cut 12 wm thick. Indirect immunofluorescent stains were
obtained through incubating serum from anti-PLIN1 auto-
antibody-positive sample or control sample or commercial
antibody to PLIN1 (Sigma-Aldrich) at a dilution of 1:1,000
on tissue section. Samples were washed and then developed
with an FITC-conjugated secondary anti-human IgG anti-
body (Abcam). Representative images were captured on
Nikon Ti confocal microscope at the University of California,
San Francisco, imaging core.

Radioligand Binding Assay

An expression plasmid containing full-length human PLINI
coding sequence under the control of a T7 promoter
(RC206292; OriGene Technologies) was sequence verified
and used as a DNA template for in vitro translation of the
PLIN1 protein. PLIN1 was synthesized in the presence of
[*>SJmethionine to radiolabel the protein as previously de-
scribed (14). Individual serum samples from both index pa-
tient cases, as well as a cohort of control subjects without
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evidence of lipodystrophy (including normal control patients,
patients with identified APS1, and checkpoint blockade-
treated patients) were incubated with radiolabeled PLIN1 at
4°C overnight. Antibody-bound protein was immunoprecipi-
tated with protein A/G beads and washed and total radioac-
tive counts were obtained by scintillation. A commercial
PLIN1-specific antibody (no. HPA024299; Sigma-Aldrich)
was used as a positive control. The antibody index was calcu-
lated as follows: (sample value — mean blank value)/(positive
control antibody value — mean blank value). A threshold for
a positive result was set as 3 SD above the mean for normal
control subjects (indicated by dotted line).

Study Approval: Human Studies

Figure 2 involves our index APS1 patient with lipodystro-
phy (case report 1) as well as APS1 patients without lipo-
dystrophy and healthy controls. Ethics approval for the
study of the index APS1 patient with lipodystrophy was
granted by the ethics committee at Endocrinology Research
Center of Russia, and all patients or their parents or guardi-
ans provided written informed consent. Information regard-
ing ethics approval for the study of APS1 patients without
lipodystrophy in Fig. 2 was previously published (15); and
approval was granted by the National Insitute of Allergy and
Infectious Disease Institutional Review Board, Bethesda,
MD, and patients provided written informed consent.
Healthy control plasma for Fig. 2 was obtained from the
New York Blood Center, where they were collected under in-
formed consent, including consent for usage for research
and publication. Figure 3 involves our index cancer immuno-
therapy patient with lipodystrophy (case report 2) as well as
checkpoint immunotherapy patient control subjects. Ethics
approval and signed and written informed consent for case
report 2 in Fig. 3 was granted by Hospices Civils de Lyon as
part of the study Immune modulation Study in Patients
with Metastatic Melanoma Treated with anti-PD1 Monoclo-
nal Antibodies (PAIR) (clinical trial reg. no. NCT02626065,
ClinicalTrials.gov). Ethics approval for the study of check-
point immunotherapy patient control subjects for Fig. 3 was
provided by the Human Research Protection Program Inter-
national Review Board, and all participants gave written in-
formed consent. Supplementary Fig. 1 contains a study of
additional APS1 patients without lipodystrophy and healthy
control subjects. Ethics approval for the study of all patients
in Supplementary Fig. 1 was granted by the Regional Ethical
Committee of Western Norway (approval nos. 2009/2555
and 2018/1417), and all participants gave written informed
consent for participation. Ethics approval for mouse studies
was granted by University of San Francisco Interna-
tional Review Board (protocol AN177913). The research
study for control subjects with diabetes (Fig. 4) was
approved by the Colorado Multiple Institutional Review
Board (IRB no. 92-292). Study subjects with new- and
recent-onset T1D were recruited from the Barbara Davis
Center for Diabetes clinics. Peripheral blood was obtained
for islet autoantibody measurements and HLA typing.
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Written informed consent was obtained from each partici-
pant and guardian when the participant was <18 years of
age, and the Colorado Multiple Institutional Review Board
approved the study.

The study protocol for control subjects and lipodystrophy
patients in Fig. 4 and Supplementary Fig. 2 was approved by
the Institutional Review Board of UT Southwestern Medical
Center (UTSW), the National Institute of Diabetes and Di-
gestive and Kidney Diseases (NIDDK), Bethesda, MD, and
the University of Michigan. Adult patients, normal healthy
control subjects, and legal guardians of patients <18 years
of age gave written informed consent; minors provided as-
sent if age appropriate.

Subjects for Expanded Lipodystrophy Cohort

Serum from 13 subjects with AGL and 5 normal subjects
from UTSW was studied for autoantibodies with a HuProt
chip assay at the UT Southwestern Microarray and Im-
mune Phenotyping Core laboratory. In addition, serum/
plasma from subjects with AGL (UTSW n = 36, NIDDK
n = 8, and University of Michigan n = 2), acquired partial
lipodystrophy (APL) (UTSW n = 52) and normal healthy
control subjects (UTSW n = 19) was assessed for PLIN1
autoantibody with radioligand binding assay (RLBA).

Questionnaire

Demographic data and health history were collected from
AGL patients either during physician interview or with a
lipodystrophy questionnaire. Presence of autoimmune dis-
orders, such as panniculitis, rheumatoid arthritis, systemic
lupus erythematosus, polymyositis or dermatomyositis, idi-
opathic arthritis, and Hashimoto thyroiditis or others, and
metabolic disorders, such as diabetes, hypertriglyceridemia,
hepatic steatosis, fatty liver, and polycystic ovarian syndrome
and others, were self-reported by the patients. Height and
body weight were measured with standard procedures. Pa-
tients with APL (47 female and 4 male, median age 33.5 years
[minimum-maximum 7-67]) presented with gradual onset of
bilaterally symmetrical subcutaneous fat loss from the face,
neck, upper extremities, thorax, and abdomen but sparing the
lower extremities (4). Supportive clinical criteria included 1)
onset of subcutaneous fat loss during childhood and adoles-
cence, 2) absence of family history of lipodystrophy, and 3)
presence of autoimmune diseases, and laboratory criteria in-
cuded 1) low serum levels of complement 3, 2) presence of
serum C3 nephritic factor autoantibody, 3) proteinuria, 4)
membranoproliferative glomerulonephritis, and 5) characteris-
tic body fat distribution as documented by skinfold thickness
measurements (4). Normal healthy subjects (14 female and
5 male, age 27 years [23-53]) had no medical problems and
had normal complete blood counts, serum chemistry, thyroid
function tests, and urinalysis.

Biochemical Analyses and Procedures
Fasting blood samples were collected and were analyzed for
biochemical variables. Blood samples for the UTSW patients
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were sent to Quest Diagnostics (Irving, TX) for the analysis.
Serum glucose, lipids, lipoproteins, and liver enzymes of
UTSW patients were measured with the photometric
method (Beckman Coulter AU clinical analyzer). Blood he-
moglobin A;. (HbA;) was measured with the immunotur-
bidimetric method (Roche Integra 800 chemistry analyzer).
Serum glucose, HbA;,, lipids, and hepatic function tests for
the NIDDK samples were conducted in the National Insti-
tutes of Health Clinical Center laboratory according to
standard methodology. Blood samples at the University of
Michigan were analyzed by the University of Michigan
Health System Clinical Pathology Laboratory.

Serum Antibody Profiling With a Human Proteome
Microarray

The HuProt version 3.1 array consists of ~19,500 unique
full-length proteins (recombinant proteins expressed in the
saccharomyces cerevisiae and purified) printed on glass
slides in duplicates. This protein panel represents 16,152
unique human genes (~81% of the proteome) and 124
unique mouse gene. Positive control proteins are H1, H2A,
H2B, H3, H4, 1gG488/594, rhodamine + IgG 647, hMDM?2,
and Era along with human IgG and anti-human IgG in vari-
ous concentrations and negative control proteins BSA (bo-
vine serum albumin and GST in various concentrations) and
printed in duplicates as well. The following procedure was
used for the assay.

Human Thymic Expression Analysis

To assess expression of PLIN1 in human thymic epithelial
cells (TECs), we used published single-cell RNA sequenc-
ing data sets (16,17). We analyzed expression in the
Aire+ medullary TEC (mTEC) hi/mTEC(I) and Corneo-like
mTEC/mTEC(III)/post-AIRE subsets from the Park et al.
(16) and Bautista et al. (17) combined data set. Cells were
subclustered with use of the Leiden algorithm, and expres-
sion of genes of interest was visualized with Uniform Mani-
fold Approximation and Projection (UMAP).

Data and Resource Availability

The data sets generated during or analyzed during the
current study are included in the study or Supplementary
Material and/or are available from the corresponding au-
thor on reasonable request. No novel applicable resources
were generated or analyzed during the current study.

RESULTS

Identification of Anti-PLIN1 Autoantibodies in the
Murine Model of APS1

APS1 is a monogenic disorder linked to a defect in the
AIRE gene that is characterized by multiple tissue-specific
autoimmune diseases (18,19). Here we leveraged sera from
a cohort of Aire knockout mice (Aire ”~) (n = 4) that were
archived previously due to evidence of an autoantibody to
an approximately 60-kDa antigen present in fat (data not
shown). To identify the specificity of this autoantibody we
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tested sera from these four Aire ’~ mice as well as three
age-matched wild-type controls (Aire+/+) (n = 3) with
PhIP-Seq, a proteome-wide screening approach for autoan-
tibody discovery (20). Although each sample exhibited a
distinct pattern of PhIP-Seq reactivity, phage-displayed
peptides derived from the PLIN1 gene were the only
shared targets enriched by all four Aire™’™ mice and absent
from all wild-type controls (Fig. 1A). We validated antibody
reactivity in Aire™”™
we demonstrate IP of recombinantly expressed mouse full-
length Plin1-myc-flag from cell lysates using Aire ”~ sera
(Fig. 1B). Second, we show colocalization of Aire™”’™ sera
with commercial antibody to PLIN1 in mouse omental adi-
pose tissue (Fig. 1C). Aire promotes immune tolerance by
driving the expression of a wide array of tissue specific
antigens in thymic epithelial cells and, consistent with this
activity, we found the relative amounts of Plinl RNA in
mTECs to be dependent on proper Aire expression (21)
(Fig. 1D). The reduction in Plinl expression was consistent
with reductions of other known Aire-activated target genes,
including Ins2, Cypllal, and Nlrp5, suggesting a possible
mechanism contributing to autoimmunity to Plinl. These
data in mice, together with prior reports linking PLIN1
mutations to inherited lipodystrophy subtypes, suggest
that anti-PLIN1 immune response may also be present in
human lipodystrophy associated either with APS1 or with
alternative autoimmune-associated acquired lipodystro-
phies (22,23).

mice in two orthogonal assays. First,

Case Report No. 1: APS1 Patient

The first case of AGL in a patient with APS1 was recently
reported (7). Briefly, the patient developed recurrent sto-
matitis at age 7 months and signs of lipodystrophy at
18 months. At 3 years of age autoimmune hepatitis devel-
oped (Child-Pugh class C) and lipodystrophy progressed.
Clinical testing for lipodystrophy-associated genetic var-
iants was negative (ZMPSTE24, LMNA, BSCL2, PLIN1,
PTRF, LMNB2, POLD1, AKT2, CIDEC, PIK3CA, PPARG,
PSMBS8, CAV1, PPP1R3A, AGPAT?2). Candidiasis in the oral
cavity and esophagus was diagnosed at 4 years of age fol-
lowed by primary adrenal insufficiency at age 4.5 years. At
that point the diagnosis of APS1 was made, confirmed by ho-
mozygocity for the most common AIRE mutation, R257X. He
died of viral HIN1 pneumonia with respiratory and adrenal
failures at age 5 years and 9 months. Serum from the patient
for autoantibody testing was obtained at 5 years of age.

An RLBA was adapted for anti-PLIN1 autoantibody
screening in humans. By this assay, autoantibodies to
PLIN1 were present in patient 1 but absent from a large
cohort of APS1 patients without lipodystrophy (n = 68)
and healthy control subjects (n = 54) (Fig. 2A). PLIN1 au-
toreactivity in patient 1 was further confirmed with im-
munohistochemistry using mouse omental adipose tissue
containing fat, which showed unambiguous colocalization
of human sera and commercial antibody to PLIN1 (Fig. 2B).
Interestingly, with use of the same RLBA assay, PLIN1
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Figure 1—Discovery and validation of autoantibodies to perilipin 1 in Aire™~ mouse sera. A: PhIP-Seq analysis in Aire '~ and Aire™*

mice. Aggregated Plin1 PhIP-Seq data from Aire ™~ (n

= 4) and Aire™’" (n = 3) mice. B: Whole cell lysates generated from 293T cells ex-

pressing full-length mouse PLIN1 were incubated with sera from Aire™~ (n = 4) or Aire™" (n = 3) mice. Antibodies were immunoprecipi-
tated with use of AG beads, and IP elutions were subject to SDS-PAGE immunoblotting. AG lane indicates an IP with use of protein A/G
beads only—no sera. Input lane indicates loading of whole cell lysate with and without (—) transfection of PLIN1-myc-flag plasmid. IP elu-
tions and input were immunostained with either anti-Flag 1gG to identify positive anti-Plin1 signal, or anti-mouse IgG to show qualitative
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GREEN: Rabbit IgG (PLIN1) MERGE + BLUE: DAPI
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Figure 2—Autoantibodies to PLIN1 in sera from a patient with APS1 and acquired lipodystrophy. A: RLBA for detection of anti-PLIN1 anti-
bodies. Radiolabeled PLIN1 protein was incubated with sera from healthy control subjects (HC) (n = 54) or from APS1 patients with
(n = 1) or without (n = 68) lipodystrophy (LD). Dotted line indicates mean + 3 SD healthy control subjects. B: Validation of autoantibodies
to PLIN1 in orthogonal cell-based assay. Fixed stomach tissue of mice was mounted and immunostained with sera from case report pa-
tient 1 and commercial antibody to PLIN1. A mix of secondary antibodies anti-human IgG Alexa Fluor 547 and anti-rabbit Alexa Fluor 488
at 1:2,000 was used to visualize human IgG and PLIN1 antibodies, respectively. A merge is provided on the right of individual images. Im-
ages taken at x20 magnification. Note yellow in merge indicating colocalization of PLIN1 (green) and human IgG (red). DAPI is blue and in-
dicates nuclei. Scale bar indicates 100 um. C: Examination of RNA expression of AIRE, PLIN1,and TPH1 genes in human mTECs using a

publicly available human thymic RNA sequencing data set (Park et al. [16] and Bautista et al. [17]).

autoantibodies were detected in several additional APS1 pa-
tients without lipodystrophy in an independent analysis in-
volving a second, larger cohort of patients (Supplementary
Fig. 1). Absence of PLIN1 autoantibodies among healthy in-
dividuals was consistent across both independent analyses.

Presence of PLIN1 autoantibodies in human APS1 is con-
sistent with our findings in the APS1 mouse model, suggest-
ing that tolerance to PLIN1 may be regulated by AIRE-
mediated mechanisms. To further test the possibility that
PLIN1 is regulated by AIRE, we mined a previously published
data set representing single-cell transcriptomes of healthy
human TECs to examine PLIN1 expression (17). We demon-
strate that PLIN1 transcripts can be detected in AIRE-
expressing and post-AIRE expressing cells in the human thy-
mus, in a magnitude similar to that of an established AIRE
target, tryptophan hydroxylase 1 (TPH1) (Fig. 20).

Case Report No. 2: Checkpoint Blockade-Induced
Lipodystrophy

Rare instances of generalized lipodystrophy as an irAE fol-
lowing immune checkpoint inhibitor administration have
recently been described (10,24,25). Patient 2 is a 62-year-
old woman with metastatic melanoma detected in her
brain, lung, and liver (10). The immune checkpoint inhibi-
tor nivolumab (an anti-PD1 monoclonal antibody) was ad-
ministered for 34 cycles over 16 months, at which time
the patient presented with progressive weight loss and el-
evated liver function tests. Workup included a liver biopsy
that revealed severe steatosis, and nivolumab treatment
was halted due to concern for irAE. Over the next month,
the patient developed further weight loss, hyperphagia,
polydipsia, and polyuria. Type 1 diabetes-related autoanti-
bodies (to GAD, IA2, and ZnT8) were negative, and results

capture of IgG from sera. C: Representative image of immunohistochemistry on mouse omental adipose tissue showing positive colocali-

zation of antibodies from Aire ™'~

sera and commercial anti-Plin1 IgG. Primary antibodies from Aire™

’~ mouse sera and commercial anti-

body to PLIN1 were visualized with secondaries to mouse IgG (Alexa Fluor 567 [red]) and rabbit IgG (Alexa Fluor 488 [green]), respectively.
DAPI (blue) stains nuclei. Scale bar indicates 150 pm. D: Examination of RNA expression of Plin1 and genes with known Aire-dependent
thymic expression using a publicly available murine thymic RNA sequencing data from Aire ™'~ and Aire*’* mTECs (Sansom et al. [21]).
ctrl, control; KO, knockout.
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of fasting plasma insulin, C-peptide, and HOMA of insulin
resistance tests were all consistent with insulin-resistant
diabetes. Her physical exam was notable for severe loss of
subcutaneous fat in a broad distribution with muscle prom-
inence consistent with lipodystrophy. Laboratory testing
was notable for an undetectable leptin level and elevated
triglycerides. Clinical testing for 23 lipodystrophy-associated
genetic variants was also negative (AKT2, BSCL1, BSCL2,
CAV1, CIDEC, DYRK1B, INSR, LIPE, LMF1, LMNA, LMNB2,
NSMCE2, PCYT1A, PIK3R1, PLD3, PLIN1, POC1A, POLD1,
PPARG, PSMBS, PTRF, TBC1D4, ZMPSTE24). A diagnosis of
AGL was made, and her diabetes was treated with metfor-
min, dietary changes, and high-dose basal-bolus insulin. Four
months following cessation of nivolumab, there was im-
provement in the patient’s diabetes as noted by decreased
insulin requirements and partial improvement in hypertri-
glyceridemia. Serum samples for patient 2 were collected at
different time points throughout her clinical course under
informed consent.

Longitudinal sera samples from patient 2 were tested
for autoantibodies to PLIN1 with RLBA. Patient no. 2 was
negative for autoantibodies to PLIN1 prior to treatment
with nivolumab but was positive after 34 courses of nivo-
lumab treatment, when she was noted to have weight loss
and steatosis (Fig. 34). To validate the immunoreactivity,
immuno-labeling of mouse omental adipose tissue with pa-
tient sera and commercial antibody to PLIN1 colocalized in
samples corresponding to posttreatment and lipodystrophy
diagnosis time points but not pretreatment samples (Fig.
3B). Reactivity to PLIN1 appeared to decrease by 19 months
after cessation of nivolumab, and although the patient’s gen-
eralized lipodystrophy phenotype did not resolve, metabolic
profile did improve.

PLIN1 Autoantibodies Are Enriched in a Subset of
Patients With AGL and Autoimmunity

Given the data for presence of PLIN1 autoantibodies in
our two clinical cases, and extremely high signal intensity
of PLIN1 autoantibodies in the HuProt array data for a
small cohort of patients with AGL (Supplementary Fig. 2),
we next sought to determine whether PLIN1 autoantibod-
ies were more broadly present in subjects with acquired
generalized and APL. Here, we obtained serum from co-
horts of patients with AGL (n = 46) and APL (n = 52).
For control subjects we included cohorts of healthy con-
trol subjects and subjects with type 1 diabetes and type 2
diabetes. On RLBA, 17 of 46 patients (37%) with AGL
were positive for PLIN1 antibody and 29 were negative,
whereas none of the patients with APL or any of the con-
trol populations were positive (Fig. 4).

Clinical features of some of the patients with AGL are
shown in Fig. 5 and were previously published (26). All
patients with AGL (35 female 11 male, ages 3-59 years)
presented with selective loss of body fat affecting large re-
gions of the body beginning after birth, usually before ad-
olescence (26). In addition, they had some of the following
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supportive clinical features: 1) loss of subcutaneous fat
from the palms and soles, 2) acanthosis nigricans, 3) hepa-
tosplenomegaly, 4) history of subcutaneous tender nodular
swellings suggestive of panniculitis preceding onset of lipo-
dystrophy, or 5) presence of other autoimmune diseases
such as dermatomyositis, systemic lupus erythematosus,
rheumatoid arthritis, and Sjogren syndrome. Common lab-
oratory abnormalities included 1) impaired glucose toler-
ance or diabetes, 2) severe fasting and/or postprandial
hyperinsulinemia, 3) hypertriglyceridemia and/or low levels
of serum HDL cholesterol, 4) reduced serum concentra-
tions of leptin and/or adiponectin, or 5) documentation of
loss of fat from large regions of the body by anthropome-
try (26).

We then compared the demographics and clinical fea-
tures of AGL patients with PLIN1 autoantibody with those
of subjects who were negative for the antibody (Table 1).
As compared with AGL patients negative for PLIN1 anti-
body, among those who were positive a higher proportion
was male (P = 0.036) and younger in age (P = 0.011) and
there was a higher prevalence among those who were posi-
tive of panniculitis (P = 0.003) and lymphadenopathy
(P = 0.038) and borderline higher prevalence of autoim-
mune hepatitis (P = 0.055) (Table 1). There was no differ-
ence in the prevalence of arthritis, theumatoid arthritis,
polymyositis/dermatomyositis, systemic lupus erythemato-
sus, or Hashimoto thyroiditis; however, there was a clear
enrichment of multiple autoimmune features in PLIN1
antibody—positive subjects (P = 0.003). On examination of
metabolic parameters there was no difference in the preva-
lence of diabetes, hypertriglyceridemia, hypertension, or
acute pancreatitis between the PLIN1 autoantibody-positive
and -negative AGL patients (Table 2). The fasting serum
glucose, triglycerides, HDL cholesterol, and blood HbA;,
values were also not significantly different between the
two groups (Table 2). Taken together, these data support
that PLIN1 autoantibodies identify a subset of patients
with AGL that are enriched for having features of autoim-
munity and immune dysregulation.

DISCUSSION

Acquired lipodystrophy syndromes are an idiopathic clini-
cal phenotype with a strong suspicion of autoimmune eti-
ology (1). Autoimmune disease can give rise to a wide
variety of clinical phenotypes, which are often related to
the expression patterns of the respective targeted protein
autoantigens (27). Here, the study of human patients, to-
gether with examination of mouse Aire ”~ samples, sug-
gests that acquired lipodystrophy may be marked by
autoreactivity to the protein PLIN1. PLIN1 has restricted
expression in adipocytes and has a well-established role in
regulating lipid droplet size and maintaining lipid homeo-
stasis throughout the body (28). Furthermore, loss of
Plinl expression in mice and humans leads to a lipodys-
trophy phenotype (23,29). Our unbiased discovery of
PLIN1 autoantibodies in an autoimmune-prone mouse
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T0 pre-CPI

- 34 courses of CPI (nivolumab); discontinued after 16
months due to progressive weight loss & elevated LFTs

T1 8 weeks after CPI discontinuation

T2 9 weeks after CPI discontinuation diabetes &
lipodystrophy

T3 5 months after CPI discontinuation diagnoses

T4 19 months after CPI discontinuation

Case Report 2
Immunotherapy, +LD

Pre-Therapy Post-Therapy

(PLIN1) o-Human IgG

a-Rabbit IgG

MERGE

Figure 3—Autoantibodies to PLIN1 in sera from a patient with autoimmune AGL following cancer immunotherapy. A: RLBA screening for
PLIN1 antibodies in sera from all time points from index patient 2 as well as checkpoint-treated control patients without lipodystrophy (n = 7),
as done for case report 1. Dotted line indicates mean + 3 SD healthy control subjects (n = 11). Numbers to the right of circles indicate the time
point series, for reference in panel B. The left panel describes the clinical timeline corresponding to time points TO-T4. Checkpoint inhibitor ther-
apy (CPI) was discontinued at 34 cycles (16 months) due to progressive weight loss and elevated liver function tests (LFTs), with further workup
over subsequent months. B: Validation of autoantibodies to PLIN1 with use of immunohistochemistry on mouse omental adipose tissue, as in
Fig. 2B. Sera were used from either a control subject (immunotherapy but no AGL) or case report 2 patient (immunotherapy with AGL), with vari-
ous time points. Each column represents an individual sample; from left to right: sera from checkpoint control pretreatment, sera from check-
point control posttreatment with no autoimmunity, case report 1 pretherapy, case report 1 posttherapy 1, case report 1 posttherapy 3, case
report 1 posttherapy 4. Images are 600 x 600 pixel insets from original x40 image. Scale bar represents 100 um. LD, lipodystrophy.

model and as well as unbiased HuProt array data reveal-
ing increased prevalence of PLIN1 autoantibodies in
patients with AGL add to the growing evidence sup-
porting an autoimmune etiology for acquired lipodystrophy
and a potential role for anti-PLIN1 autoantibodies as a
biomarker.

Acquired lipodystrophy is a heterogenous form of lipo-
dystrophy that manifests as two major subtypes, AGL or
APL, depending on the pattern of fat loss throughout the
body (1). The etiology for both AGL and APL has gener-
ally been unclear, but clinical evidence suggests the patho-
physiologies may be distinct. For instance, AGL has low
serum levels of adipocytokines and is more frequently as-
sociated with autoimmune disease compared with APL
(30). Indeed, in our large cohort of subjects with AGL and

APL we found that PLIN1 autoantibodies were a specific
marker within a subset of AGL patients (36%). Our data
also reveal that PLIN1 autoantibodies are more likely to be
present in AGL patients with panniculitis (type 1) as com-
pared with those with autoimmune and idiopathic variety
of AGL (types 2 and 3) (26). AGL patients with PLIN1
autoantibodies are likely to be young and male, with in-
creased prevalence of lymphadenopathy, autoimmune hep-
atitis, and other autoimmune diseases. Although further
work will be needed to examine this association, it may
have some link to the disordered storage of fatty acids in
AGL with increased fat deposition in the liver that may
serve as a trigger for the autoimmune hepatitis. Overall,
our findings in the AGL cohort show that a significant frac-
tion of these patients harbor PLIN1 autoantibodies and
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Figure 4—Autoantibodies to PLIN1 are specific to the generalized subtype of acquired lipodystrophy. RLBA screening for PLIN1 antibod-
ies in sera from healthy control subjects (HC) (n = 63) or individuals with either lipodystrophy (AGL n = 46, APL n = 52) or autoimmune
metabolic disorders not involving lipodystrophy (type 1 diabetes [T1D] n = 110, type 2 diabetes [T2D] n = 24). Dotted line represents 3 SD
above the mean from healthy control subjects. Red dots depict 17 of 46 (37 %) AGL patients scoring positive for PLIN1 autoantibodies.

this serves as a biomarker linking the potential etiology to Interestingly, in a recent report Corvillo et al. (31) used
an autoimmune process in the subcutaneous fat that is di- a candidate-based approach in humans to identify PLIN1
rected by a PLIN1-specific immune response. as a putative autoantigen in autoimmune-associated AGL.

Figure 5—Clinical features of patients with AGL. A: A 20-year-old male with panniculitis diagnosed in early childhood. B: A 5-year-old
male with hepatomegaly, hepatic steatosis, splenomegaly, diabetes, and celiac disease. C: A 12-year-old female with diabetes, dermato-
myositis, hepatomegaly, and celiac disease. D: An 8-year-old male with panniculitis, fatty liver, hypothyroidism, and vitiligo. E: A 9-year-
old male with IgA deficiency, hepatomegaly, and splenomegaly.

220z Jequieoaq 0z Uo Josn AMvYElT 4SON Aq 1pd'z.L L LZAP/ES LT69/6S/L /2 L/ipd-ajoie/sa1aqelp/Bio"s|euInolsaladelp//:dny woy papeojumod



68 PLIN1 Autoantibodies and Acquired Lipodystrophy

Table 1—Demographics and prevalence of autoimmune
diseases among PLIN1 autoantibody-positive and -negative
patients with AGL

Positive Negative P

N 17 29
n male/n female 7/10 4/25 0.036
Age (years) 12 (3-59) 31 (7-59) 0.011
Panniculitis 65 17 0.003
Lymphadenopathy 35 7 0.038
Autoimmune hepatitis 24 3 0.055
Arthritis 35 17 0.3
Hashimoto thyroiditis 18 7 0.3
Polymyositis/dermatomyositis 12 14 1.0
Rheumatoid arthritis 19 7 0.3
Systemic lupus erythematosus 0 7 0.5
Autoimmune diseases per patient

0 18 55 0.003

1 35 35

2 18 10

3 29 0

Data are percentages or median (minimum-maximum) unless
otherwise indicated.

Our study is complementary to this preliminary report
and advances knowledge in several critical ways. First, the
previous study examined a total of five patients with
autoimmune-associated AGL, of whom only three were
positive for PLIN1 autoantibodies. Our study confirms
the very specific association of PLIN1 autoantibodies with
AGL, with a large cohort of AGL patients as well as APL
patients for comparison, bolstering confidence in PLIN1
autoantibodies as a potential biomarker. Second, in addi-
tion to the autoimmune variety of AGL, we show that
PLIN1 autoantibodies are present in the panniculitis vari-
ety of AGL, a clinical cohort not represented in the previ-
ous study. Third, Corvillo et al. propose a functional role of
PLIN1 autoantibodies in regulating lipolysis in vitro, but
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further investigation will be required for understanding of
whether these autoantibodies have a causal relationship
in vivo. Our novel association of PLIN1 autoantibodies in
the Aire”’~ mouse provides a model system to recapitulate
autoantibodies in vivo and rigorously test for a potential
function. Lastly, our extended findings of PLIN1 autoanti-
bodies associated with AGL in two distinct disease settings
provide clues about potential pathological mechanisms un-
derlying this poorly understood disorder.

The mechanisms that trigger production of PLIN1
autoantibodies in the context of AGL are unclear. How-
ever, the two case reports presented here are instructive
in that they occurred in the setting of a breakdown in
two key checkpoints on immune tolerance: 1) abnormal
central tolerance mediated by AIRE mutations and 2) inhi-
bition of PD1 on peripheral T cells through exposure to
immune checkpoint inhibitors (7,10). The co-occurrence of
additional autoimmune responses in both patients, including
autoimmune hepatitis and Addison disease in the APS1 pa-
tient and an anticancer response in the nivolumab-treated
patient, provides strong circumstantial evidence that
the lipodystrophy may also be of autoimmune origin.
Further bolstering this notion is the presence of T cell
infiltrates in the fat biopsy of the nivolumab-treated
patient (10). Lastly, presence of PLIN1 autoantibodies in
these two contexts points to peripheral immune tolerance
mechanisms playing a role in maintaining tolerance to
PLIN1.

Here we identify autoantibodies to PLIN1 in the first
reported case of lipodystrophy associated with APS1 in
humans (7). In the setting of APS1, loss of immune toler-
ance to peripheral organs is thought to occur through a
loss of proper display of tissue-specific antigens in the
thymus. This loss in T cell tolerance is also associated with
the development of autoantibodies that reflect the T cell spe-
cificity (19). Interestingly, in mining thymic gene expression
data from mice lacking Aire expression, we found evidence
that Plinl is expressed in the thymus in an Aire-dependent
fashion (Fig. 1D) similar to other known self-antigens like

Table 2—Prevalence of metabolic diseases and metabolic variables among PLIN1 autoantibody-positive and -negative

patients with AGL
Positive Negative P

N 17 29

Diabetes 71 52 0.24
Hypertriglyceridemia 80 75 1.0
Hypertension 12 39 0.09
Acute pancreatitis 12 14 1.0
Serum glucose (mg/dL) 88 (62-332) 103 (59-316) 0.62
Serum triglycerides (mg/dL) 343 (64-2,693) 278 (116-5,436) 0.68
Serum HDL cholesterol (mg/dL) 23 (11-51) 30 (10-87) 0.16
Blood HbA; (%) 7.2 (5-13) 5.1 (4.5-10.3) 0.051

Data are percentages or median (minimum-maximum) unless otherwise indicated.
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Ins2 (insulin) (21). The marked decrease in PLIN1 self-anti-
gen expression in the Aire-defidient thymus suggests that in-
dividuals with a deficiency in AIRE may harbor a greater risk
for the development of an immune response to PLIN1 and
therefore also a greater risk for developing autoimmunity to
peripheral adipose tissue that expresses PLIN1. Although lip-
odystrophy is rare in APS1, we suggest that additional
screening should be explored in this patient group and, con-
versely, that genetic testing for AIRE should be considered in
young patients presenting with unexplained lipodystrophy or
metabolic abnormalities. Although a single prior study sug-
gests a functional role of PLIN1 autoantibodies in regulat-
ing lipolysis in vitro, further investigation will be required
to understand whether these autoantibodies have a causal
relationship in vivo (31). Future studies should include
phenotyping of Aire ™ mice with a focus on acquired LD,
which has not been examined previously due to lack of
precedence.

As in case report no. 2, we also identified PLIN1 autoan-
tibodies in association with AGL in the setting of cancer
immunotherapy. As the deployment of immune checkpoint
blockade therapy across many types of cancers has in-
creased, so has the prevalence of associated irAEs (32). En-
docrine adverse events can appear suddenly in individual
patients and may manifest as common autoimmune dis-
eases such as hypothyroidism and type 1 diabetes or rare
autoimmune presentations such as hypophysitis and, more
recently, acquired lipodystrophy (10,24,25). Given the se-
vere consequences of some irAE, developing new and im-
proved markers for detecting those at risk is a clinical
priority. Due to the fact that autoantibodies commonly
precede detection of symptoms, autoantibodies to PLIN1
may provide a useful tool toward this goal. Future studies
are necessary to determine whether anti-PLIN1 antibody
testing may be useful for identifying patients at risk even
prior to the onset of clinically apparent symptoms.

Taken together, our results provide new insight into the
specificity of the immune response in a subset of cases of
idiopathic acquired lipodystrophy, adding to the growing ev-
idence for PLIN1 autoantibodies as a possible biomarker for
this syndrome. In addition, our findings of PLIN1 autoanti-
bodies in two distinct clinical settings of a break in immune
tolerance inform new mechanisms of the pathophysiology
of this poorly understood disease.
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