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Studying the phenomenon of cellular senescence has been hindered
by the lack of senescence-specific markers. As such, detection of
proteins informally associated with senescence accompanies the use
of senescence-associated β-galactosidase as a collection of semise-
lective markers to monitor the presence of senescent cells. To iden-
tify novel biomarkers of senescence, we immunized BALB/c mice
with senescent mouse lung fibroblasts and screened for antibodies
that recognized senescence-associated cell-surface antigens by FACS
analysis and a newly developed cell-based ELISA. The majority of
antibodies that we isolated, cloned, and sequenced belonged to the
IgM isotype of the innate immune system. In-depth characterization
of one of these monoclonal, polyreactive natural antibodies, the
IgM clone 9H4, revealed its ability to recognize the intermediate
filament vimentin. By using 9H4, we observed that senescent pri-
mary human fibroblasts express vimentin on their cell surface, and
MS analysis revealed a posttranslational modification on cysteine
328 (C328) by the oxidative adduct malondialdehyde (MDA). More-
over, elevated levels of secreted MDA-modified vimentin were de-
tected in the plasma of aged senescence-accelerated mouse prone 8
mice, which are known to have deregulated reactive oxygen species
metabolism and accelerated aging. Based on these findings, we
hypothesize that humoral innate immunity may recognize senes-
cent cells by the presence of membrane-bound MDA-vimentin, pre-
sumably as part of a senescence eradication mechanism that may
become impairedwith age and result in senescent cell accumulation.
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Cellular senescence is a multistep process that halts the pro-
liferation of damaged or dysfunctional cells to restrict the

progression of malignancy (1–3). Although senescence serves to
constrain aberrant proliferation to counteract cellular trans-
formation, the accumulation of senescent cells over time may
play an equally adverse role (4). Secreted proteins produced by
senescent cells are collectively referred to as senescence-associ-
ated secretory phenotype (SASP) factors (5). These factors in-
clude proinflammatory cytokines and chemokines, as well as
various growth factors, proteases, extracellular matrix proteins
and others (4–6). The accumulation of senescent cells and the
accompanied production of SASP have been implicated in tissue
dysfunction and overall loss of the regenerative potential of tis-
sues, both of which are observed with aging (7–9). Moreover, the
presence of SASP factors has also been shown to induce an
epithelial–mesenchyme transition and angiogenesis that supports
cancer cell invasiveness (5). Although senescent cells are thought
to naturally accumulate in various tissues and organs with age,
the mechanisms by which this occurs is not yet fully understood.
Evidence that senescent cells are targets of the immune system
suggests that the efficiency by which senescent cells are cleared
may play a key role in their accumulation (10, 11).

The shortage of markers needed to identify senescent cells and
to quantitate their numbers is a major hindrance to studying se-
nescence in vivo and in vitro (12). Currently, the detection of
proteins described to be associated with senescence, such as p16,
p21, IL-6, γ-H2AX, phosphorylated p38 MAPK, and most recently
GATA4, accompanies the use of senescence-associated β-galacto-
sidase (SA-β-Gal) as an assortment of semiselective senescence
markers, many of which are additionally involved in many senes-
cence-independent cellular processes (13, 14). Here, we describe
our efforts to identify senescence-specific markers (antibodies and
their corresponding antigens) by immunizing mice with senescent
cells. In this way, we set out to challenge the murine immune
system to respond to naturally occurring antigenic substrates: that
is, cell-surface immune ligands that can mediate recognition by the
immune system (15). Among the dozens of antibody clones that we
isolated and screened for immunoreactivity toward senescent cells,
many were of the IgM isotype. Germ-line–type IgMs, also termed
“natural antibodies,” are part of the innate immune system and are
the most evolutionarily conserved antibody isotype (16–18). As the
earliest isotype to be expressed during immune development, IgMs
are thought to have been selected during the evolution of immunity
for their contribution to critical immunoregulatory and house-
keeping functions, which include clearance of apoptotic cells to
prevent inflammation and autoimmunity (19, 20). Intriguingly,
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other components of the innate immune system, including natural
killer (NK) cells, neutrophils, dendritic cells, and macrophages,
functionally contribute to elimination of senescent cells (11, 15,
21). NK cells, for example, have been shown to recognize and
eliminate senescent cells after expression of NK receptor ligands,
adhesion molecules (intercellular adhesion molecule-1), and death
receptors (TRAIL-R and FAS), respectively (10, 11, 15). More-
over, natural IgMs have been shown to play a significant role in the
clearance of senescent red blood cells (22).
Ongoing efforts to determine the antigenic targets of our se-

nescence-associated antibodies resulted in the discovery of vimentin
on the surface of senescent cells. Vimentin is characteristically
known as a cytosolic protein that plays a major role in intermediate
filament assembly and function. Nonetheless, vimentin has also
been shown to interact with the nucleus and the membranes of cells
(23). Using our IgM clone 9H4, we show that vimentin accumulates
on the surface of senescent cells, and we demonstrate that senes-
cence-associated cell-surface vimentin is modified by the oxidative
adduct malondialdehyde (MDA). These observations are in
agreement with previous studies showing that one of the major
antigens of natural IgMs are oxidation-associated neo-epitopes,
which become distinctively exposed on the cell surface of dysfunc-
tional cells to allow recognition by the immune system (16, 24). MS
analysis confirmed the presence of MDA on senescence-associated
cell-surface vimentin and identified an oxidation-associated neo-
epitope on cysteine 328 (C328). Because the detection of senes-
cence-specific epitopes may support the development of non-
invasive clinical tools to identify and monitor age-related diseases
linked to the accumulation of senescent cells, we developed a
sandwich ELISA using 9H4 to measure secreted modified vimentin
in the plasma of the senescence-accelerated mouse prone 8
(SAMP8) mouse model, resulting in the detection of elevated
MDA-vimentin levels in SAMP8 mice compared with C57BL/6
mice. Taking these data together, we propose the detection of se-
creted MDA-modified vimentin as a readout of senescent cells.

Results
Generation of Antibodies Against Senescent Cells. Tissue culture cells
have previously been used to immunize mice to generate anti-
bodies to cell-surface antigens (25, 26). To generate antibodies
with immunoreactivity toward senescent cells, BALB/c mice were
immunized intraperitoneally with syngeneic bleomycin-treated,
senescent mouse lung fibroblasts (mLFs) (Fig. S1 A and B). The
induction of antibodies was evaluated via FACS analysis of un-
treated and bleomycin-treated mLFs following their incubation
with serum collected from immunized mice (Fig. S1C). Hybrid-
omas were then produced by fusion of splenocytes from selected
immunized mice with murine myeloma Sp2/0 cells, and a primary
screen of antibodies to compare binding between untreated and
senescent mLFs was performed again by FACS (Fig. S1D). An-
tibody clones that showed selective immunoreactivity toward se-
nescent cells were chosen, produced in large scale, isotyped, and
their light- and heavy-chain variable regions were sequenced.
Isotyping and sequencing showed that the majority of these anti-
body clones were germ-line–type IgMs (Fig. S2). IgMs, which are
often referred to as natural antibodies, are part of the innate
immune system (18, 27).
A senescence-associated cell-based ELISA (SACE) assay was

developed as a secondary screen to identify those antibodies with
highest affinity toward the cell surface of live senescent cells. To
generate senescent cells for SACE analysis, normal human pri-
mary dermal fibroblasts (NDFs) were treated with 10-Gy irradi-
ation (IR), plated on tissue culture dishes, and allowed to senesce
over the course of 2–3 wk (Fig. S3 A and B). Importantly, cellular
viability and cell size (as determined by FACS analysis) of these
IR-treated cells was comparable to that of untreated cells (Fig. S3
A and C). By applying our SACE assay, we observed that several
of our IgM antibodies, a subset which are shown in Fig. 1A, were

capable of discriminating between untreated and IR-treated cells.
Notably, the 9H4 antibody clone was particularly proficient at
recognizing senescent cells (Fig. 1A). Therefore, based on these
data, 9H4 was among those chosen for further characterization.
Although natural antibodies like the IgM E06 [an anti-phos-

phorylcholine (PC) antibody] have been shown to recognize
apoptotic cells (28–32), 9H4 failed to recognize Annexin V+

NDFs undergoing apoptosis following staurosporine treatment
(Fig. 1B and Fig. S3D). Moreover, we found that recognition of
senescent cells by the 9H4 antibody was dependent upon the
onset of senescence, as observed via a 3-wk-long time-course
experiment following IR, and by the antibody concentration used
in the SACE assay (Fig. 1 C and D). Levels of fibroblast surface
protein (FSP), a fibroblast surface antigen that was detected
using a commercial monoclonal IgM antibody (33), did not show
significant differences between untreated and IR-treated cells
(Fig. 1C). These data substantiate the method of isolating se-
nescence-associated antibodies following immunization with se-
nescent cells, which we independently validated by performing a
secondary screen using a modified cell-based ELISA. Further-
more, these efforts led to the identification of the IgM antibody
9H4 as a putative biomarker for recognizing senescent cells.

9H4 Recognizes Vimentin and Oxidative Posttranslational Modifications.
To begin to determine the antigenic targets of our 9H4 IgM clone,
we performed indirect immunofluorescence and observed that 9H4
colocalized predominantly with the intermediate filament vimentin
in PFA-fixed and Triton X-100 permeabilized untreated and IR-
treated NDF cells (Fig. 2A and Fig. S4A). As part of the type III
intermediate filament protein family, vimentin is a widely expressed
and highly conserved protein that supports cellular integrity and
provides resistance against mechanical stress (23). Immunoblotting
of whole-cell lysates (WCE) from untreated, bleomycin-treated, and
IR-treated NDF cells showed that 9H4 recognized a major band at
∼57 kDa, which slightly increased in the lysates of senescent cells
(Fig. 2B). A less-intense secondary band was also detected at
45 kDa (Fig. 2B). Consistent with these data, the molecular mass of
vimentin is ∼57 kDa, and the levels of vimentin have been shown to
increase during senescence in fibroblasts (34). To further confirm
that 9H4 recognized vimentin, we performed Western blot analysis
using vimentin produced in Escherichia coli and observed that 9H4
was capable of detecting the recombinant version of vimentin (Fig.
2C). 9H4 was also capable of detecting recombinant vimentin in a
sandwich ELISA using a commercial chicken polyclonal anti-
vimentin capture antibody (Fig. 2D).
IgMs are capable of forming polymers (mostly pentamers with 10

antigen-binding sites) through covalent linkage of disulfide bonds.
Consequently, naturally occurring IgMs are inherently polyreactive
and among the diverse antigens of natural antibodies are synthetic
haptens, nucleotides, polysaccharides, oxidized lipids, and advanced
glycation end products (AGEs) (17, 35, 36). To determine if 9H4
exhibited polyreactivity, we performed direct ELISAs using a series
of haptens and antigens previously used to characterize IgMs (35).
We also included the oxidation-specific adducts MDA and PC, as
well as the AGE-associated modification carboxymethyl lysine
(CML) conjugated to BSA in this analysis. 9H4 showed immuno-
reactivity against more than one antigen in the test group, sug-
gesting our IgM clone was indeed polyreactive (Fig. 2E and Fig.
S4B). Interestingly, of the naturally occurring antigens, 9H4 was
capable of binding to BSA-conjugated MDA, single-stranded DNA
(ssDNA), and to a lesser extent BSA-conjugated CML (Fig. 2E and
Fig. S4B). Unlike the E06 antibody, 9H4 failed to recognize PC-
BSA or double-stranded DNA (dsDNA), respectively (Fig. 2E and
Fig. S4 B and C). Taken together, these data show that the in-
termediate filament vimentin and the oxidative posttranslational
modifications MDA and CML are antigenic targets of 9H4.
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Enrichment of Vimentin on the Surface of Senescent Cells. In addi-
tion to playing a fundamental role as an intermediate filament in
cytoskeletal assemblies, vimentin has been shown to associate
with the nucleus and cell membranes of various cell types (37–
43). Because 9H4 recognizes senescent cells by SACE analysis,
which is an assay that requires robust antibody interactions with
cell-surface antigens, we performed a cellular fractionation ex-
periment to determine if vimentin was enriched on the surface
of senescent NDFs. Immunoblotting of subcellular fractions
showed vimentin, as detected by 9H4, resided predominantly in
the cytoskeletal fraction of untreated NDFs (Fig. 3A). Quanti-
fication by band densitometry analysis of immunoblots showed
that ∼50% of vimentin is associated with the cytoskeleton (Fig.
3B). In senescent cells, however, vimentin was observed to sub-
stantially increase in the membrane fraction by at least 20%,
which coincided with an equivalent decrease in signal from the
cytoskeletal fraction (Fig. 3 A and B). Notably, the percentage of
vimentin associated with the cytoplasm or nucleus did not appear
to change between the two conditions (Fig. 3 A and B).
To further confirm that vimentin was enriched on the mem-

branes of senescent cells, we fractionated cells and performed a
pull-down assay with 9H4. Coomassie staining of immunopreci-
pitated proteins revealed a band at 45 kDa, a band at 57 kDa,
and a band between 70 and 100 kDa (Fig. 3C). Of these bands,
only the 57-kDa band was immunoreactive with both 9H4 and a
commercial polyclonal antivimentin antibody (Fig. 3C). SACE
analysis using this commercial antivimentin antibody confirmed
enrichment of vimentin on the surface of senescent cells (Fig.
S5A). Importantly, fixation and permeabilization of cells with
methanol before SACE analysis resulted in the loss of assay

specificity, presumably because of intracellular vimentin accessibility
by the antibodies (Fig. S5B). Next, we performed an ELISA to
measure vimentin amounts in membrane lysates and determined that
vimentin was ∼four times more abundant on the surface of senescent
cells (Fig. S5C). The levels of FSP, as anticipated, did not change
between conditions (Fig. S5C). Finally, we performed indirect im-
munofluorescence on cells fixed by PFA (not permeabilized), and
observed that 9H4 also colocalized predominantly with the in-
termediate filament vimentin on the cell surface of untreated and IR-
treated NDF cells (Fig. 3D). Notably, dot-like arrangements of
vimentin were observed in untreated NDFs, resembling a pattern
previously published (40), the vimentin detected in senescent cells
appeared to occupy a larger and more prominent swath of the cell
surface (Fig. 3D). Enrichment of cell-surface vimentin was corre-
spondingly observed in bleomycin-treated mLFs immunostained with
9H4 (Fig. S5D). Taken together, these data demonstrate the en-
richment of vimentin on the surface of senescent cells.

Senescence-Associated Cell-Surface Vimentin Is Modified by MDA.
Vimentin was previously found to be modified by MDA in the
human brain cortex of Alzheimer’s patients and by CML in skin
fibroblasts isolated from elderly donors and exposed to UV light
(44, 45). Given that vimentin is the target of various post-
translational modifications that include oxidation (46, 47), we thus
examined whether these oxidative adducts were associated with
vimentin exposed on the surface of senescent cells. To that end,
we performed a combinatorial vimentin IP and time-course ex-
periment. NDF cells were irradiated, allowed to senesce, and
harvested at different time points over 21 d, and a commercial
polyclonal vimentin antibody was used to nondiscriminately isolate

Fig. 1. Generation and isolation of antibodies against senescent cells. (A) SACE analysis using IgM clones to detect immunoreactivity toward live senescent NDF
cells. An HRP-conjugated IgM-specific secondary antibody was used in conjunction with TMB substrate for colorimetric ELISA reading at an absorbance of 450 nm
to detect binding of IgMs to the surface of cells. DNA was stained with cell permeable Hoechst to normalize TMB absorbance values. Values (arbitrary units) and
SDs were calculated from triplicates. An unpaired Student’s t test was used for statistical analysis. (B) SACE analysis (as in A) using whole-molecule mouse IgM
(negative control) or the IgM antibodies 9H4 and E06 to detect immunoreactivity toward live untreated, senescent, or staurosporine-treated (0.1 μM for 16 h) NDF
cells. Values (arbitrary units) and SDs were calculated from triplicates. An unpaired Student’s t test was used for statistical analysis. (C) SACE analysis (as in A) using
whole-molecule mouse IgM (negative control) or the IgM antibodies 9H4 and anti-FSP to detect immunoreactivity toward live senescent NDF cells. Values (ar-
bitrary units) and SDs were calculated from triplicates. An unpaired Student’s t test was used for statistical analysis. (D) SACE analysis (as in A) using whole-
molecule mouse IgM (negative control) or the IgM antibodies 9H4 and anti-FSP to detect antibody dose-dependency and immunoreactivity toward live senescent
NDF cells. Values (arbitrary units) and SDs were calculated from triplicates. An unpaired Student’s t test was used for statistical analysis.
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all membrane-bound forms of vimentin (i.e., with or without
modifications). We observed that MDA-modified vimentin was
present in low amounts in untreated NDFs, as detected with an anti-
MDA antibody (Fig. 4A). Following IR-treatment to induce senes-
cence, we detected a significant increase in the levels of MDA ad-
duction on vimentin (Fig. 4A). Moreover, vimentin isolated from
senescent cells also appeared to be modified by CML, albeit to a
lesser extent, whereas vimentin did not appear to be modified by PC
(Fig. S6A). Importantly, we also observed MDA-modified vimentin
in NDFs transduced with HRas G12V (oncogene-induced senescent
cells) (Fig. 4B and Fig. S6B) and late-passage NDFs (containing a
majority of replicatively senescent cells) (Fig. 4C and Fig. S6C).
To identify amino acids potentially modified on vimentin, we

generated protein extracts from the plasma membranes of IR-
treated NDFs through a sucrose gradient centrifugation procedure
and performed an immunoprecipitation (IP) using the same
commercial polyclonal antivimentin antibody used in Fig. 4A.
Coomassie staining of immunoprecipitated proteins revealed
bands at 45 kDa and at ∼57 kDa (Fig. 4D). Tryptic digestion of the
57-kDa band was performed, and LC-MS/MS analysis was con-
ducted. MS analysis identified 43 peptide sequences of high con-
fidence, all of which matched the human vimentin amino acid

sequence and spanned 71% of the protein (Fig. 4D). Vimentin
peptides were unbiasedly analyzed for all posttranslational modi-
fications and specifically for MDA, CML, and PC adducts.
Vimentin from senescent NDF cells was found to be modified by
MDA at its single cysteine residue (C328), as indicated by a mass
change of +54.0105 Da (Fig. 4E). C328 is located at the C-terminal
end of the protein and is evolutionarily conserved (Fig. 4 F and G
and Fig. S6D). Interestingly, C328 has been shown to be required
for proper function of vimentin in human cells under normal and
oxidative conditions (48). The oxidative adduct aldehyde 4-
hydroxynonenal (HNE) has been previously shown to modify
vimentin at C328 (49); however, an HNE modification at C328 was
not identified in our proteomic screen. Moreover, despite detecting
CML adducts on senescence-associated cell-surface vimentin via IP-
Western (Fig. S6A), our proteomic screen failed to identify the
location of CML modifications. As anticipated based on pull-down
assays, PC modifications on vimentin were not identified.

Senescence-Associated Cell-Surface Vimentin Is Secreted into the
Extracellular Environment. Inflammation is considered to be a
major consequence of SASP, which proposes that senescent fi-
broblasts are primed to become proinflammatory cells. Despite

Fig. 2. IgM 9H4 clone recognizes the intermediate filament vimentin. (A) Immunofluorescence staining of 2% PFA fixed and Triton X-100 permeabilized untreated
NDF cells stained with IgM 9H4 clone (red) and an antivimentin antibody (green). DNA was stained with DAPI (blue). (Scale bar, 5 μm.) (B) Immunoblot of WCE from
untreated, IR-treated, or bleomycin-treated NDFs using IgM 9H4, as indicated. GAPDH is used as loading control. (C) Immunoblot of WCE from untreated or IR-treated
NDFs and recombinant human vimentin using IgM 9H4, as indicated. GAPDH is used as loading control. (D) Sandwich ELISAmeasuring increasing levels of recombinant
human vimentin. A polyclonal antivimentin (chicken) antibody was used as a capture antibody and IgM 9H4 was used to detect vimentin. (E) Polyreactivity of IgM 9H4
or whole-molecule IgM was measured by direct ELISA. Binding value was assessed for each antibody by testing their binding to BSA or the indicated BSA-conjugated
haptens. Values (arbitrary units) and SDs were calculated from triplicates. An unpaired Student’s t test was used for statistical analysis.
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lacking a secretory signal sequence, vimentin is externalized on
the cell surface and secreted in various physiological conditions
that involve induction of proinflammatory signals, suggesting a
possible phenotypic connection to SASP (42, 43, 50, 51). We
therefore sought to measure secreted vimentin using our poly-
reactive 9H4 antibody as a potential readout of senescent cells in
vitro and in vivo. To that end, we developed a sandwich ELISA
using a recombinant IgG version of our mouse IgM 9H4 anti-
body. This recombinant rabbit IgG 9H4 antibody was proficient
in recognizing vimentin by Western blot analysis and via sand-
wich ELISA, and continued to be polyreactive toward BSA-
conjugated MDA and to a lesser extent BSA-conjugated CML
(Fig. S7 A–C). To determine if senescent cells secrete vimentin,
we filtered and concentrated conditioned medium from untreated
and IR-treated NDF cells and performed our 9H4–vimentin sand-
wich ELISA. Vimentin levels were detected to be more than two
times higher in the conditioned media collected from IR-treated cells
than from control NDFs (Fig. S8A). Next, we applied our sandwich
ELISA to measure the levels of secreted vimentin in vivo by col-
lecting plasma from mice. For these studies, we used the SAMP8
mouse, which is a naturally occurring accelerated aging model that
has been extensively used to study a wide range of age-associated
degenerative disorders, including immune dysfunction, osteoporosis
and characteristic learning, memory deficits, and brain atrophy (52–

59). SAMP8 mice suffer from an increase in cellular oxidative
damage and excessive production of reactive oxygen species that
results in the progression of cellular senescence (as monitored via an
increase in SA-β-Gal positivity) and elevated levels of MDA with age
(52, 53). Applying our 9H4-vimentin ELISA, we detected vimentin in
the plasma of 35-wk-old SAMP8 mice (Fig. S8B). Importantly, a
sandwich ELISA designed to directly detectMDA-modified vimentin
(using a commercially available anti-MDA antibody for detection)
showed a comparable readout pattern compared with the levels of
vimentin (as detected with 9H4), suggesting 9H4 was detecting
MDA-modified vimentin (Fig. S8C). To determine the amount of
MDA-modified vimentin in the plasma of SAMP8 mice (in com-
parison with total vimentin), we immunodepleted MDA-bound
proteins from plasma samples using an anti-MDA antibody and
performed an immunoblot with remaining plasma proteins. Immu-
nodepletion of MDA-bound proteins resulted in the elimination of
all detectable vimentin, suggesting the majority of vimentin in the
plasma of SAMP8 is modified by MDA (Fig. S8D). Based on these
data, we propose the detection of secreted MDA-modified vimentin
is a readout of senescent cells.

MDA-Vimentin Levels Inversely Correlate with IgM Levels Against
MDA and Vimentin. To determine if the levels of MDA-modified
vimentin change with age in SAMP8 mice compared with C57BL6

Fig. 3. Oxidized cell-surface vimentin in senescent cells. (A) Immunoblot of WCE and cellular fractions (as indicated) from untreated or IR-treated NDFs using IgM
9H4. GAPDH is used as loading control. (B) Densitometry analysis of immunoblots (as in A) using ImageJ software. Averages are from three independent experiments
and SDs were calculated from an unpaired Student’s t test. (C) Isolated membrane lysates from IR-treated NDFs were immunoprecipitated with IgM 9H4. Immu-
nocomplexes were probed for vimentin using an antivimentin antibody and 9H4. (D) Immunofluorescence staining of 2% PFA fixed untreated (Left) or IR-treated
(Right) NDF cells stained with IgM 9H4 clone (red) and an antivimentin antibody (green). DNA was stained with live-cell permeable Hoechst (blue). (Scale bar, 5 μm.)
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(a commonly used inbred, wild-type laboratory mouse strain), we
collected plasma from age-matched, 35- and 54-wk-old SAMP8
and C57BL6 mice, respectively, and performed our 9H4-vimentin
ELISA. Elevated levels of MDA-vimentin in the plasma of
SAMP8 mice were detected to be higher at 35 and 54 wk of age
compared with age-matched C57BL/6 animals (Fig. 5A). These
findings are in agreement with the observation of elevated levels
of oxidative stress markers, including MDA, detected in the
plasma of aged SAMP8 mice (53, 55). Several studies have shown
associations between the levels of IgMs against oxidized LDL, the
presence of oxidized LDL, and diseased states, including cardio-
vascular disease (60–65); thus, we measured the levels of total
IgMs and IgMs against vimentin and MDA in our aged cohorts of
SAMP8 and C57BL/6 mice. The levels of IgMs in the plasma of
35- and 54-wk-old C57BL/6 mice slightly increased with age (Fig.
S9A), as reported for this strain (66), whereas IgMs against
vimentin and MDA remained statistically similar in the different
age groups (Fig. S9 B and C). Plasma IgM levels were similarly
observed to increase with age in SAMP8 mice (Fig. 5B); however,
the levels of IgMs against vimentin and MDA decreased with age
in these mice (Fig. 5 C and D). These data suggest that the pro-
ficiency by which senescent cells are recognized and eradicated by
the innate immune system: that is, via the presence of IgMs
against oxidized proteins like MDA-vimentin, may play a crucial
role in their accumulation with age.

Discussion
Understanding the mechanisms underlying the development of
senescence and the consequences related to the accumulation of
senescent cells continues to be a major focus of ongoing research.
One of the most challenging aspects of studying such a diverse and
multistep process is the lack of clear senescence-specific markers
that could be used to identify senescent cells directly or to detect
the presence of senescence cells in vivo. To that end, one major

goal of our work was the generation of antibodies against senescent
cells. This was accomplished by immunizing mice with senescent
mLFs. Previous attempts to use cultured cells to immunize mice
have been effective in generating antibodies to cell-surface anti-
gens. For example, immunization of mice using cultured malignant
prostate cells resulted in the isolation of the PR-1 antibody, which
recognizes an antigen present on adenocarcinomas of the prostate
(25). Similarly, the FSP antibody that was used throughout this
study was derived from mice that were immunized with human
thymic fibroblasts (67).
Among the antibody clones that were screened by FACS and

then by SACE for immunoreactivity toward senescent cells, a
majority emerged as germ-line–encoded, monoclonal IgMs. No-
tably, the PR-1 and FSP antibodies isolated following immuniza-
tion with cultured cells are also IgMs (25, 67). Germ-line–encoded
IgM antibodies or natural antibodies are part of the innate im-
mune system and appear without immunogenic challenge. A
phenotypically distinct subset of B cells (B-1 cells) are responsible
for producing natural IgMs in mice, and emerging data suggest the
existence of a similar human B-cell counterpart (17, 68, 69). In
addition to IgMs recognizing a wide range of microbial and viral
components, natural antibodies contribute to immune homeosta-
sis and perform housekeeping functions that include the recog-
nition and removal of apoptotic cells (70). Future studies will need
to be conducted to determine if the innate immune system plays a
major role in the targeting and clearance of senescent cells.
A major function of the innate immune system is the clearance

of apoptotic and damaged cells (10, 11, 21, 71–74). As such,
apoptotic cells have been shown to preferentially express or ex-
pose novel cell-surface antigens (neo-epitopes or “eat me” sig-
nals) that can be recognized by IgMs to initiate phagocytosis by
macrophages. The most widely characterized naturally occurring
antibody E06 (also known as T15) has the capacity to recognize
PC-containing antigens, such as oxidized LDL, which serve as an

Fig. 4. C328 in vimentin is modified by MDA. (A) Isolated membrane lysates from untreated and IR-treated NDFs (3, 7, 14, and 21 d post-IR, respectively) were
immunoprecipitated with antivimentin antibody. Immunocomplexes were probed using antibodies against vimentin and MDA (as indicated). (B) Isolated
membrane lysates from NDF cells transduced with Tet-inducible HRas G12V in the presence or absence of doxycycline (14-d postinduction) were immuno-
precipitated with a commercial antivimentin antibody. Immunocomplexes were probed with indicated antibodies, respectively. (C) Isolated membrane lysates
from early (8 PD) and late (64 PD) passage NDFs were immunoprecipitated with a commercial antivimentin antibody. Immunocomplexes were probed for
vimentin and MDA, respectively. (D) Plasma membrane lysates from IR-treated NDFs were immunoprecipitated with an antivimentin antibody for MS analysis.
Immunocomplexes were highlighted using Coomassie gel staining. An asterisk indicates vimentin at ∼57 kDa. (E) Summary of human vimentin peptides
identified by nanoCL-electrospray ioniuzation (ESI) MS/MS analysis. (F) Type and location of oxidized posttranslational modifications identified on human
vimentin by nanoCL-ESI-MS/MS analysis. (G) Schematic of human vimentin with major structural components. Location of C328 in the Coil 2B region is shown.
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“eat me” signal on the surface of apoptotic cells (29, 61). In our
studies, E06 failed to recognize senescent cells, reinforcing the
notion of a distinct phenotypic difference between apoptotic and
senescent cells. Unlike E06, one of the antibodies that we isolated
in our screen, the IgM 9H4, exhibited robust immunoreactivity
toward senescent cells and uncovered the presence of the in-
termediate filament vimentin on the surface of senescent cells.
Intriguingly, a number of neo-epitopes are modified intracellular
proteins that become exposed on the cell surface, as shown here
with vimentin in the context of cellular senescence. The increased
presence of MDA-modified vimentin on the surface of senescent
cells may indeed serve as an “eat me” signal to immunocytes, as
vimentin has been detected on the surface of apoptotic neutro-
phils (43, 75) and T cells (76), which ultimately leads to phago-
cytosis by macrophages. Moreover, another study has suggested
that cell-surface vimentin present on neighboring cells may in-
teract with radiation induced O-GlcNAc–modified proteins from
apoptotic cells to initiate their engulfment by macrophages (77).
Given that germ-line–encoded IgMs have been demonstrated

to be polyreactive and may recognize oxidation-associated epi-
topes (30, 78), we tested 9H4 for reactivity toward synthetic and
natural antigens, and we determined that 9H4 recognized MDA
alongside vimentin. Interestingly, up to 80% of natural anti-
bodies are thought to be polyreactive; however, the innate ability
of these IgMs to recognize multiple, distinct antigens is not clear
(35). One hypothesis is that certain ligands may position differ-
ently in subsites within the antibody combining site, whereas
another possibility is that cross-reacting antigens might share
similar epitopes that are capable of recognizing one particular
antibody. Notably, unique gene combinations are unlikely to

account for IgM polyreactivity (79). Moreover, although 9H4 is
proficient in recognizing MDA linked to BSA when tested via
ELISA, 9H4 appeared to have greater avidity for vimentin
compared with other MDA-linked molecules when denatured
proteins are probed via Western blot. A similar result is observed
with E06, which recognizes the phosphocholine head-group of
oxidized phospholipids that are present in oxidized LDL and
BSA-conjugated PC (29, 61). Nevertheless, when E06 is used for
Western blot analysis, the antibody recognizes a band of oxidized
LDL without highlighting other PC-modified proteins (80).
To determine if vimentin was modified by MDA oxidation, we

performed IP-Western studies and demonstrated the presence of
MDA on senescence-associated cell-surface vimentin, and LC-
MS/MS analysis revealed the addition of MDA on C328. C328 in
human vimentin has been shown to be the target of electrophilic
lipids that include cyclopentenone prostaglandins (cyPG), which
are reactive lipids that are generated under conditions of in-
flammation and oxidative stress (49, 81, 82). C328 is also subject
to covalent addition of the reactive aldehyde HNE, which is
similar to MDA (48). CML was previously shown to modify ly-
sines in the exposed linker regions of vimentin after UV treat-
ment (44), and although we detected CML-modified vimentin by
IP-Western, our proteomic screen failed to identify the location
of these modifications. Importantly, at the cellular level, the
modification of vimentin by these oxidation-associated modifi-
cations (cyPG, HNE, and CML) has been shown to result in the
disruption of the intermediate filament network and the gener-
ation of intracellular aggresomes (44, 48, 82).
Detection of vimentin is currently being explored as a bio-

marker in cancer (41, 83–85), and ongoing studies are currently
being conducted to correlate the presence of oxidized proteins,
like oxidized LDL to aging and organismal frailty (86, 87). Here,
we have developed a sandwich ELISA to detect secreted MDA-
modified vimentin using our 9H4 antibody in the context of pro-
filing cellular senescence in vitro and in vivo. Several studies have
used the senescence associated mouse SAMP8 to study and mon-
itor aging phenotypes related to elevated levels of oxidative stress,
including Alzheimer’s disease (52). Whole-exome sequencing of
SAMP8 mice revealed deleterious mutations in the disease-causing
genes Ogg1 and Mbd4 (88). OGG1 (8-oxoguanine glycosylase) is a
DNA glycosylate that repairs 8-hydroxyguanine (oh8Gua), a highly
mutagenic oxidative DNA damage (89–91), and methyl-CpG
binding domain 4 (Mbd4) is a DNA glycosylate involved in DNA
demethylation via the pathway (92, 93). BubR1-insufficient mice
have similarly been used to study accelerated aging and senescence
that results from chronic DNA damage signaling (94, 95).
We applied our 9H4 vimentin-based ELISA to measure

vimentin in the plasma of SAMP8 mice and showed SAMP8 mice
have elevated MDA-modified vimentin compared with a com-
monly used mouse model (C57BL/6). We also showed that the
levels of MDA-modified vimentin increased as SAMP8 mice age,
and this increase was coupled to a decrease in IgMs against
vimentin and MDA. Athough MDA-modified vimentin was pre-
viously identified in the brain cortex of Alzheimer’s patients via a
proteomic screen of MDA-oxidized proteins (45), astrocytes in the
brain demonstrate age-related changes that resemble those of the
SASP, including expression of several cytokines, accumulation of
proteotoxic aggregates, and elevated levels of vimentin (96).
Nonetheless, the accumulation of MDA-modified vimentin de-
tected in SAMP8 mice may also reflect senescence-independent
cellular changes in response to DNA-damage signaling constitu-
tively occurring in this mouse strain (97). Based on these data, we
propose the detection of secreted MDA-modified vimentin as a
product and readout of senescent cells. Given the growing evi-
dence that oxidized proteins are involved in the development of
human disease, the detection and monitoring of secreted proteins
like oxidized vimentin is certain to become a vital and noninvasive
biomarker for monitoring age-related illnesses (36, 86, 87, 98, 99).

Fig. 5. SAMP8 mice have elevated levels of oxidized vimentin. (A) Levels of
vimentin from the plasma of 35- and 54-wk-old SAMP8 and C57BL/6 mice
were measured using a vimentin-9H4 sandwich ELISA. Sandwich ELISA was
developed by using a polyclonal antivimentin (chicken) antibody as a cap-
ture antibody and a recombinant IgG 9H4 (rabbit) to detect vimentin. Mean
and SEM is shown. An unpaired Student’s t test was used for statistical
analysis. (B) Total IgM concentrations collected from the plasma of SAMP8
mice at 35 and 54 wk. Bars represent the median value for each group.
(C) Levels of IgMs against vimentin in 35- and 54-wk-old SAMP8 mice were
determined by ELISA. Bars represent the median value for each group.
(D) Levels of IgMs against MDA in 35- and 54-wk-old SAMP8 mice were
determined by ELISA. Bars represent the median value for each group.
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Materials and Methods
Animals. BALB/c (National Cancer Institute–Frederick Cancer Research and
Development Center, Frederick, MD), C57BL/6J (Jackson Laboratories), and
SAMP8 (Envigo) mice were provided a commercial rodent diet (5% 7012
Teklad LM-485 Mouse/Rat Sterilized Diet, Harlan) and sterile drinking water
ad libitum. All of the animals were confined to a limited-access facility with
environmentally controlled housing conditions maintained at 18–26 °C, 30–
70% air humidity, 12-h light/dark cycle. The animals were housed in micro-
isolation cages under pathogen-free conditions. Animal use in these exper-
iments was approved under Institutional Animal Care and Use Committee at
the Roswell Park Cancer Institute.

Cultured Primary Cells. Primary mLFs were isolated based on previously
published protocols (100–104). For bleomycin treatment to induce senes-
cence, mLFs were plated at a density of 1.5 × 105 per 10-cm plate and cul-
tured for 72–96 h. Then, 5 mL of medium [DMEM supplemented with 10%
(vol/vol) FBS and 10 U/mL Benzonase] was removed and replaced with an
equal volume of fresh medium supplemented with a 2× concentration of
bleomycin for a final concentration of 5 μg/mL for 72 h at 37 °C and 5% CO2.
Bleomycin-containing medium was removed and replaced with 10 mL of
fresh medium and the plates were returned to the incubator for at least 10-d
posttreatment before the collection of senescent cells. The percentage of
senescent mLFs was determined by SA-β-Gal assay. Senescent mLFs were
collected from the plates using TrypLE Express (ThermoFisher Scientific).
Human NDFs were purchased from AllCells and maintained in DMEM sup-
plemented with 10% (vol/vol) FBS serum, 100 units/mL of penicillin, 100 μg/mL
of streptomycin, and 2 mM L-Glutamine. NDFs were cultured at 37 °C in a 5%
CO2 incubator. To propagate NDF cells, cells were washed once with PBS and
trypsin/EDTA was added to detach cells from the tissue-culture dish surface.
To stop the Trypsin/EDTA reaction, culture medium was added and cells
were resuspended. Resuspended cells were counted and the viability mea-
sured using the automated cell counter NC-3000 and Via1 cassettes (Che-
mometec) according to the manufacturer’s protocol. To induce senescence
by IR, NDFs were grown to confluence and serum-starved for 48 h before
being subjected to 10 Gy IR, as previously reported (105). IR-treated cells
were plated and allowed to senesce for 2–3 wk, depending on experimental
plans. To induce senescence by bleomycin, bleomycin (15 μg/mL) was added
to NDF cells for 48 h, and bleomycin-treated cells were harvested for analysis
14 d posttreatment, as previously reported (106). Overexpression of HRas
612V was previously reported to induce oncogenic cellular senescence (ci-
tation). Thus, we introduced a doxycycline-regulated mutant H-Ras G12V
into NDF cells. A Lenti-X TET-inducible system was used for inducible ex-
pression of V5-tagged HRas G12V (Clontech). To transduce NDFs, cells were
incubated in complete medium containing lentivirus and 8 μg/mL polybrene
for 6 h. Lentivirus-containing medium was replaced with fresh medium, and
the next day, transduced NDFs were selected with 1 μg/mL of puromycin and
600 μg/mL geneticin. To induce expression of HRas G12V, 1 μg/mL of doxy-
cycline was added to these cells for 14 d, and the percentage of senescent
cells was determined by SA-β-Gal assay. To harvest proliferating and senes-
cent cells for experimental analysis, TrypLE Express was used to detach cells
from the tissue-culture dishes to prevent disruption of cell-surface proteins.
Annexin V assay was performed using the NC-3000 instrument according to
the manufacturer protocol (Chemometec, Application note 3017).

Generation of Antibodies. Six-week-old BALB/c female mice were immunized
intraperitoneally with 1.0 × 106 syngeneic bleomycin-induced senescent
mLFs. Two weeks after immunization, two subsequent booster injections
were given at 3-wk intervals. Induction of senescent cell-specific antibodies
was evaluated through FACS analysis of proliferating cells versus senescent
cells following their incubation with serum collected from immunized mice.
To obtain the preimmune control serum, mice were bled from the retro-
orbital plexus before immunization. Splenocytes were collected from im-
munized mice and fused with Sp2/0 mouse myeloma cells (cultured in
DMEM/F-12) supplemented with 10% (vol/vol) FBS, 1 mM sodium pyruvate,
10 mM Hepes buffer, 1× nonessential amino acids, 1× glutamax, 1× 2-mer-
captoethanol, and 100 U/mL penicillin/streptomycin to generate antibody-
producing hybridomas. Ten to 14 d after fusion, supernatants from 96-well
plates containing hybridoma colonies were removed and applied to primary
screening by FACS analysis. Hybridoma supernatants were incubated with
Balb/C mLFs (proliferating or senescent) at 4 °C for 30 min. Samples were
washed with 3 mL of Phosphate Azide Buffer (PBS with 0.5% BSA and 0.05%
sodium azide) and then centrifuged at 500 × g for 5 min. Cell pellets were
resuspended in 100 μL of buffer and incubated with goat anti-mouse IgG, F
(ab′)2-PE at 4 °C for 30 min. Notably, anti-IgG, F(ab′)2 antibodies react with
the F(ab′)2/Fab portion of IgG (i.e., the light chain) and are thus not specific

for IgG. As a result, anti-IgG, F(ab′)2 antibodies react with other Ig classes (IgA,
IgM, IgD, and IgE) sharing the same light chains. After washing and centrifu-
gation, pellets were resuspended in 120 μL of buffer and analyzed by
LSRFortessa Cytometer at RPCI Flow Cytometry Resource Facility. Hybridomas
were adapted to serum-free medium (supplemented with 1× glutamax, 1×
NEEA, 1× AA, 1× Na pyruvate, and 10 mM Hepes; Gibco) and cultured in two-
compartment Bioreactor CELLine flasks for large-scale production. Antibody
containing medium was harvested on days 14 and 21 and following the cen-
trifugation of the supernatant, and monoclonal IgMs were purified on affinity
column chromatography using a HiTrap IgM Purification HP column (GE
Healthcare) according to the manufacturer’s instructions. Buffer used to elute
antibody was exchanged using Zeba Spin Desalting column (ThermoFisher
Scientific), and the concentration of the antibodies were determined using a
Pierce BCA protein assay kit (ThermoFisher Scientific).

SACE. A 96-well plate was coatedwith 0.1% gelatin (ThermoFisher Scientific) in
PBS for 2 h before cell seeding. NDFs were lifted using TrypLE Express, counted
and 75,000 cells (untreated and IR-treated NDFs) were seeded per well in a
100 μL volume. The next day, cells were carefully washed with PBS containing
1 mM CaCl2 and 1 mM MgCl2. Cells were incubated with blocking buffer (2%
heat-inactivated goat serum in PBS) for 30 min on ice. After incubation,
blocking solution was removed. Primary antibodies were diluted in blocking
solution and added to each well in triplicate, and mouse IgM whole molecule
(Rockland) served as a negative control. Additional control wells were filled
with blocking solution minus primary antibodies. After a 60-min incubation on
ice, solutions containing primary antibodies were removed and replaced with
PBS to wash. Goat anti-mouse μ-specific IgM secondary antibody (HRP-conju-
gated; ThermoFisher Scientific) or a goat anti-rabbit IgA+IgG (H+L) (HRP-
conjugated) secondary antibody were diluted in blocking solution and added
to each well. After a 60-min incubation on ice, solution was removed and
replaced with PBS to wash. PBS containing Hoechst was added for 5–10 min to
label DNA. Cells were washed twice, and Hoechst signal was read with an
Infinite M1000 PRO microplate reader (Tecan). Signal from Hoechst staining
was used to detect cell numbers and to normalize 3,3′,5,5′-Tetrame-
thylbenzidine (TMB) values. Next, 1-Step Ultra TMB-ELISA Substrate Solution
(Fisher Scientific) was added to cells and plate was read over a 30-min time
period. To assay specificity, fixation and permeabilization of cells with meth-
anol was performed before SACE analysis (107). Prism 6 (GraphPad) and Excel
(Microsoft) were used to process and graph data.

Antibody Binding to Haptens and DNA by ELISA. BSA-conjugated antigens
[DNP-BSA (2,4-dinitrophenyl), Fluorescein-BSA, NIP-BSA (4-hydroxy-3-iodo-5-
nitrophenylacetyl), NP-BSA (Ratio > 20) (4-hydroxy-3-nitrophenylacetyl), PC-
BSA (phosphorylcholine), and TNP-BSA (2,4,6-trinitrophenyl) (Biosearch
Technologies); CML-BSA (carboxymethyl lysine), and MDA-BSA (malonalde-
hyde) (MyBiosource)] were serially diluted from 1 μg/mL in PBS to 0.0039 μg/mL.
Nunc Maxisorp 96-well plates were coated with 50 μL of each concentration
and incubated overnight at 4 °C. Nunc Maxisorp plates coated with ssDNA
(Sigma) or dsDNA (Sigma) from calf thymus were incubated overnight at
37 °C. After three washes with PBS containing 0.05% Tween-20, plates were
incubated for 1 h at room temperature with 80 μL PBS and 1% BSA as a
blocking reagent. In the meantime, antibodies were diluted to a final con-
centration of 10 μg/mL in PBS with 1% BSA. After three washes, 50 μL of
each antibody was added to wells and incubated for 2 h at room temper-
ature. The same volume of HRP-conjugated anti-IgM (1:3,000) or -IgG
(1:1,500) antibodies was added after three washes and incubated for 1 h.
After five washes, colorimetric substrate TMB was added and absorbance
was read at 650 nm after 30 min. Prism 6 (GraphPad) and Excel (Microsoft)
were used to process and graph data.

Sandwich ELISA for Detection of Vimentin. Nunc Maxisorp Black 96-well plates
(Thermo Scientific) were coated with 1.5 μg/mL of chicken polyclonal anti-
vimentin (Biolegend) and incubated overnight at 4 °C. Plates were washed
twice with Wash Buffer (PBS with 0.05% Tween-20) and blocked for 1 h at
room temperature with PBS plus 1% BSA (Blocker BSA in PBS, Fisher Scien-
tific). For the vimentin standard, human recombinant vimentin (Abcam,
ab73843) was serially diluted from 1 μg/mL in PBS to 0.0039 μg/mL, added to
the plate, and incubated for 1 h at room temperature. Blood was collected
from the saphenous vein (50 μL) of mice into heparinized collection vials
(Sarstedt), and plasma was obtained following centrifugation at 10,000 × g
for 7 min at 4 °C. Experimental samples were serially diluted and added to
the assay plate. After a 1-h incubation at room temperature, plates were
washed twice with Wash Buffer (PBS with 0.05% Tween-20) and primary
antibodies were added in blocking buffer for 1 h at room temperature
(mouse IgM 9H4; rabbit IgG 9H4; rabbit anti-MDA antibody; Abcam,
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ab6463). Plates were washed twice with Wash Buffer (PBS with 0.05% Tween-
20) and the secondary antibodies Goat anti-mouse μ-specific IgM secondary
antibody (HRP-conjugated; ThermoFisher Scientific) (for IgM 9H4) or peroxi-
dase-conjugated AffiniPure Goat Anti-Rabbit IgG (Rockland) were added in
blocking buffer for 1 h at room temperature. Plates were then washed five
times and peroxidase fluorogenic substrate (Quanta Blu, ThermoFisher Scien-
tific) was added and fluorescence (excitation 320 nm, emission 420 nm) was
read every 10 min for 40 min. To measure secreted vimentin in conditioned
media, complete media containing 10% FBS from untreated or IR-treated
(14-d post-IR) NDF cells was removed and cells were washed twice with PBS.
Serum-free DMEM containing 100 units/mL of penicillin, 100 μg/mL of strep-
tomycin, and 2 mM L-glutamine was added to cells, and NDFs were cultured at
37 °C in a 5% CO2 incubator for 72 h, as described previously (108). After 72 h,
conditioned media was collected, filtered (0.22 μm; EMD Millipore) and con-
centrated using Amicon Ultra centrifugal filters with a 3-kDa molecular weight
cut-off (Merck Millipore). Prism 6 (GraphPad), and Excel (Microsoft) were used
to process and graph data.

Immunodepletion of MDA-Vimentin from SAMP8 Plasma. Plasma from SAMP8
mice was collected and incubated with a rabbit polyclonal anti-MDA antibody
(Abcam, ab6463) for 1 h at 4 °C. Protein G Sepharose beads (ThermoFisher
Scientific) were added for 1 h at 4 °C to pull-down MDA-bound proteins.
Sepharose beads were pelleted by centrifugation, and the MDA-immunode-
pleted supernatant was collected and resuspended in sample buffer. Samples
were loaded on a Mini-Protean TGX 4–12% Gradient SDS/PAGE gel (Bio-Rad)
and electrophoresed at 100 V. The proteins were then transferred to nitro-
cellulose membranes in transfer buffer (25 mM Tris, 0.192 M glycine, and 20%
methanol) using Trans-Blot Turbo transfer system (Bio-Rad). After blocking for
30 min at room temperature with 5% nonfat dry milk in TBS-T (TBS containing
0.1% Tween 20), membranes were incubated in TBS-T for 1 h at room tem-
perature with a rabbit polyclonal antivimentin antibody (Abcam, ab45939). A
goat anti-rabbit IgA+IgG (H+L) HRP-conjugated antibody (ThermoFisher Sci-
entific) was used to detect rabbit-derived antibodies. Following incubation
with secondary antibodies, blots were washed thoroughly with TBS-T, in-
cubated with SuperSignal West Dura chemiluminescent peroxidase substrate
(Thermo Scientific) and exposed using FluorChem E System: Protein Simple.

Determination of IgM Titers in Plasma Samples. Antibody titers from plasma
samples were determined by a sandwich ELISA. Nunc Maxisorp black plates
were coated with Affinipure goat anti-mouse IgM diluted 1:1,000 in PBS.
After an overnight incubation at 4 °C, the plates were washed three times
with PBS-T (PBS + 0.05% Tween-20). Plates were then blocked with assay
buffer (PBS-T + 10% FBS) for 1 h at room temperature and washed once.
Plasma samples were serially diluted in assay buffer and added in duplicate
and incubated for 2 h at room temperature. Following three washes, per-
oxidase-conjugated rabbit anti-mouse IgM antibodies were added and in-
cubated for 1 h at room temperature. Plates were washed five times and
peroxidase fluorogenic substrate (Quanta Blu) was added and fluorescence
(excitation 320 nm, emission 420 nm) was read after 40 min with an Infinite
M1000 PRO microplate reader (Tecan). IgM titers were calculated from the
standard curve generated with using IgM whole molecule (Rockland). Prism
6 (GraphPad) and Excel (Microsoft) were used to process and graph data.

Determination of IgM Titers to Vimentin and MDA. Nunc Maxisorp black plates
were coated with human recombinant vimentin (Abcam, ab73843) or BSA-
conjugated antigens (PC-BSA and CML-BSA and MDA-BSA; MyBiosource)
diluted in PBS, and incubated overnight at 4 °C. After three washes with PBS
with 0.05% Tween-20, plates were incubated for 1 h at room temperature
and 1% BSA as a blocking reagent. After three washes, the plasma samples
were diluted to 1:500 and each sample was added to wells and incubated for
2 h at room temperature. HRP-conjugated anti-IgM antibody was added
after three washes and incubated for 1 h. Following five washes, fluorogenic
substrate was added and fluorescence was read after 30 min with an Infinite
M1000 PRO microplate reader (Tecan). Prism 6 (GraphPad) and Excel
(Microsoft) were used to process and graph data.
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