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Abstract

Aging results from the accumulation of molecular damage that
impairs normal biochemical processes. We previously reported that
age-linked damage to amino acid sequence NGR (Asn-Gly-Arg)
results in “gain-of-function” conformational switching to isoDGR
(isoAsp-Gly-Arg). This integrin-binding motif activates leukocytes
and promotes chronic inflammation, which are characteristic fea-
tures of age-linked cardiovascular disorders. We now report that
anti-isoDGR immunotherapy mitigates lifespan reduction of
Pcmtl ™/~ mouse. We observed extensive accumulation of isoDGR
and inflammatory cytokine expression in multiple tissues from
Pcmtl™/~ and naturally aged WT animals, which could also be
induced via injection of isoDGR-modified plasma proteins or syn-
thetic peptides into young WT animals. However, weekly injection
of anti-isoDGR mAb (1 mg/kg) was sufficient to significantly reduce
isoDGR-protein levels in body tissues, decreased pro-inflammatory
cytokine concentrations in blood plasma, improved cognition/coor-
dination metrics, and extended the average lifespan of Pcmtl ™/~
mice. Mechanistically, isoDGR-mAb mediated immune clearance of
damaged isoDGR-proteins via antibody-dependent cellular phago-
cytosis (ADCP). These results indicate that immunotherapy
targeting age-linked protein damage may represent an effective
intervention strategy in a range of human degenerative disorders.
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Introduction

Aging is a complex process of time-dependent decline in key biologi-
cal functions, resulting in increased susceptibility to chronic dis-
eases and reduced lifespan. At a molecular level, aging is thought to
be underpinned by progressive biomolecular damage caused by
degenerative protein modifications (DPMs), including oxidation,
deamidation, glycation, and a range of other non-enzymatic struc-
tural changes (Gallart-Palau et al, 2015, 2019; Truscott et al, 2016;
Delanghe et al, 2017; Hipp et al, 2019; Dai et al, 2020; Maksimovic
& David, 2021; Lépez-Otin et al, 2023). We now recognize that
aging is a consequence of deleterious chemical processes that dam-
age biomolecules and impair the homeostatic functions programmed
by our genomes (McKerrow & Robinson, 1974; Robinson &
Robinson, 2001b; Clarke, 2003; da Costa et al, 2016; Gladyshev
et al, 2021). However, it is unclear whether therapeutic targeting of
these damaged biomolecules represents an effective strategy for
maintaining tissue function and extending healthy lifespan.

The functional impact of DPMs depends on the mode of modifi-
cation and the target molecule involved. For example, deamidation
leads to the accumulation of isoaspartate residues that progressively
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disrupt protein integrity and alter biological activity (Geiger &
Clarke, 1987; Kim et al, 1997, 2018; Yamamoto et al, 1998; Robin-
son & Robinson, 2001b; Adav et al, 2014; Qin et al, 2015; Adav &
Sze, 2016; Hao et al, 2017; Juang et al, 2017; Park et al, 2021). How-
ever, “gain of function” structural changes caused by DPMs may
play equally important roles in human pathology (Curnis et al,
20006; Spitaleri et al, 2008; Corti & Curnis, 2011; Cheow et al, 2013;
Dutta et al, 2017; Park et al, 2021). Accumulation of isoaspartate
residues can occur via deamidation of asparagine or isomerization
of aspartic acid residues under the influence of microenvironmental
stresses, flanking amino acid sequences, and genetic factors (Geiger
& Clarke, 1987; Robinson & Robinson, 2001a, 2001b; Hao et al,
2011, 2017; Juang et al, 2017; Sze et al, 2020). Consequently, DPMs
greatly increase the diversity of biomolecules present in body tissues
(Smith et al, 2019), with a high probability of generating proteo-
forms capable of interacting with or binding to key biomolecules in
novel ways. Indeed, we recently reported that deamidation of the
amino acid sequence NGR (Asn-Gly-Arg) in extracellular matrix
(ECM) proteins results in “gain-of-function” conformational
switching to isoDGR (isoAsp-Gly-Arg) motifs (Cheow et al, 2013;
Dutta et al, 2017; Park et al, 2021) that can bind to integrins and
promote immune cell activation (Curnis et al, 2006; Spitaleri
et al, 2008; Corti & Curnis, 2011; Dutta et al, 2017). Unlike
isoaspartate-modified proteins within cells that can be repaired by
the Pcmtl enzyme, long-lived ECM proteins cannot be repaired
by intracellular mechanisms and are thus susceptible to progressive
damage over time (Geiger & Clarke, 1987; Robinson & Robinson,
2001b; Gallart-Palau et al, 2015; Truscott et al, 2016). Accordingly,
age-linked isoDGR modifications have previously been detected in
fibronectin, laminin, tenascin C, and several other ECM proteins
derived from human carotid plaque tissues (Cheow et al, 2013; Hao
et al, 2014; Dutta et al, 2017), suggesting that these molecules may
be capable of enhancing leukocyte binding to the atherosclerotic
matrix (Dutta et al, 2017; Park et al, 2021). While age-associated
DPMs have long been implicated in a range of chronic diseases
(McKerrow & Robinson, 1974; Clarke, 2003; Gallart-Palau et al,
2015, 2019; da Costa et al, 2016; Truscott et al, 2016; Delanghe
et al, 2017; Hipp et al, 2019; Dai et al, 2020; Gladyshev et al, 2021;
Maksimovic & David, 2021), and isoD accumulation has been identi-
fied as a “molecular clock” of aging (Robinson & Robinson, 2001b),
the potential benefits of targeting these structures with specific
immunotherapies remain largely unknown.

The protein l-isoaspartate (d-aspartate)-O-methyltransferase
(Pcmtl) enzyme is expressed in all mammalian tissues and mediates
the repair of age-linked protein damage (by promoting conversion of
abnormal aspartyl residues to l-aspartyl forms) (Geiger &
Clarke, 1987; Kim et al, 1997). Previous studies have shown that
global deletion of Pcmtl in mice leads to the accumulation of isoas-
partate in all body tissues, followed by death at around 42 days
(Kim et al, 1997, 1999; Yamamoto et al, 1998), modeling natural
decline in protein repair function as animals age. Moreover, genetic
association studies in humans have also identified a relationship
between PCMT1 function and various age-linked disorders (DeVry &
Clarke, 1999; Kosugi et al, 2008; Desrosiers & Fanélus, 2011;
D’Angelo et al, 2013; Adav et al, 2014; Biterge et al, 2014; Ogasa-
wara et al, 2016; Juang et al, 2017; Kim et al, 2018; Warmack
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et al, 2019; Chatterjee et al, 2020; Lv et al, 2021). Having previously
observed that long-lived matrix proteins undergo age-dependent
deamidation (Cheow et al, 2013; Dutta et al, 2017), we hypothesized
that isoDGR modification of ECM may represent the mechanistic link
in common pathologies affecting both elderly humans and Pcmt1~/~
mice. We previously observed that isoDGR motifs accumulate in
blood plasma and body tissues, which activates CD68" macrophage
to express pro-inflammatory cytokines (Park et al, 2021). We also
confirmed that interaction of isoDGR-modified proteins with macro-
phage integrins underpinned this pathology, suggesting a potential
role for this axis in the “inflammaging” characteristics of advanced
age (Ferrucci & Fabbri, 2018; Franceschi et al, 2018; Liberale
et al, 2020). Moreover, a (L-isoD)GR-specific monoclonal antibody
has been successfully generated and characterized (Park et al, 2021).
In the current study, we therefore tested whether anti-isoDGR immu-
notherapy can reduce chronic inflammation and extend the health-
span of Pcmtl ~/~ and naturally aged WT mice.

The human immune system has evolved to recognize and elimi-
nate pathogens as well as clearing dead cell debris through both
innate and adaptive responses (Mulder et al, 2019). Monoclonal
antibody technology now allows these natural defense mechanisms
to be harnessed for specific immunotherapy in cancer, autoimmu-
nity, infectious diseases, and many other disorders (Oostindie
et al, 2022). In addition to neutralizing harmful agents, monoclonal
antibodies can interact with leukocyte FcyRs to trigger effector func-
tions including antibody-dependent cellular toxicity (ADCC) and
antibody-dependent cellular phagocytosis (ADCP) (Nimmerjahn
et al, 2015; Maskalenko et al, 2022). ADCC is typically mediated by
natural Kkiller cells, which efficiently target and eliminate tumors.
ADCP is instead carried out by macrophages or other phagocytes
which engulf unwanted cells and debris, including abnormal host
proteins. Monoclonal antibodies may therefore be able to induce
clearance of specific protein damage from body tissues in vivo,
thereby alleviating age-linked pathology and potentially extending
healthy lifespan.

Here we report that weekly injection of 1 mg/kg isoDGR-specific
monoclonal antibody (mAb) significantly increased body weight,
improved behavior and coordination, and doubled average lifespan
in a Pcmtl ™/~ mouse model of chronic inflammation. In addition,
mADb treatment decreased levels of circulating pro-inflammatory
cytokines and reduced tissue inflammation in Pcmtl ™/~ mice,
strongly suggesting that isoDGR-modified proteins are at least partly
responsible for the pathology observed in these animals. In parallel
experiments using naturally aged WT mice, target-specific mAb
injection also significantly reduced circulating pro-inflammatory
cytokines and tissue inflammation in treated animals. Subsequent
functional assays demonstrated that anti-isoDGR mAb can induce
immune clearance of the target motif via ADCP both in vitro and in
vivo, while Western blot analysis revealed a significant reduction in
isoDGR-modified protein levels in both brain and liver tissues from
isoDGR-specific mADb treated but not isotype mAb-injected mice.
While damaged proteins are known to accumulate in body tissues
with advancing age, our data suggest that immunotherapy targeting
these damaged proteins may be an effective intervention in
age-linked disorders and could potentially extend healthy human
lifespan.

© 2023 The Authors
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Results

Anti-isoDGR immunotherapy doubles the lifespan of
Pcmtl ™/ mice

Global deletion of repair enzyme Pcmtl leads to tissue accumulation
of isoaspartate residues and premature death of Pcmtl™~ mice
(Kim et al, 1997; Yamamoto et al, 1998), but the mechanistic basis
of this pathology is not fully understood. We have previously shown
that isoDGR-modified fibronectin is a critical mediator of vascular
inflammation in Pcmt1™~ mice via interaction with monocyte-mac-
rophages in an atherosclerotic CVD model (Park et al, 2021). We
observed that isoDGR-modified proteins positively correlated with
CD68" macrophage cell frequency in both intima and adventitial
layers of the aorta, with isoDGR engagement of macrophage integ-
rins playing a key role in triggering inflammatory cytokine release
and progression of atherosclerotic lesions. To fully elucidate the role
of isoDGR motifs in age-linked disease, we generated global
Pcmtl ™/~ mice by crossing Pcmtl™~ parents (25% of pups born
were Pcmtl ™/~ consistent with the expected Mendelian ratio).
Genotypes were confirmed by PCR of tail genomic DNA and West-
ern blot analysis of liver protein extracts (Fig 1A). Pcmtl™~ neo-
nates were viable but displayed significantly reduced body weights,
chronic inflammation, and died prematurely compared to Pcmt™"
mice. We hypothesized that isoDGR-induced tissue inflammation is
partly responsible for the pathology observed in Pcmtl ™~ mice. We
therefore tested if anti-isoDGR immunotherapy using a motif-
specific mAb could be used to reduce levels of damaged proteins in
body tissues and decrease systemic inflammation in Pcmt1 ™/~ pups.
Strikingly, intraperitoneal injection (i.p.) of 1 mg/kg/week anti-
isoDGR mAb significantly increased body weight and reduced
inflammation in Pcmtl™~ mice (Fig 1B-D), while also doubling the
average lifespan of both male and female Pcmtl ™~ mice relative to
untreated or IgG1 isotype control-treated mice (Fig 1E). These data
strongly suggested that isoDGR-modified proteins can be targeted
with specific immunotherapy to reduce tissue damage, decrease
inflammation, and extend lifespan in vivo.

IsoDGR-specific antibody therapy improves motor function of
Pcmtl '~ mice

Deletion of Pcmtl in mice causes severe motor dysfunction associ-
ated with seizure activity. Cytosolic content from Pcmtl-deficient
tissues contained significantly elevated levels of protein damage
compared to Pcmtl*/* tissues (as evidenced by 4- to 8-fold higher
amounts of isoaspartyl residues). Intriguingly, protein damage accu-
mulated to particularly high levels in brain cytosol fractions from
Pcmtl ™/~ mice (Kim et al, 1997; Lowenson et al, 2001). We there-
fore proceeded to test the ability of isoDGR-specific immunotherapy
to preserve motor and cognitive functions in Pcmtl ™~ mice by
using clasping and ledge behavior tests (Cahill et al, 2019; Schoon-
over et al, 2020; Castillo-Mariqueo & Giménez-Llort, 2022). Six-
week-old Pcmt1™" and Pemt1™~ mice displayed normal extension
reflex in the hind-limbs and used body torsion when suspended in
the air. In contrast, Pcmtl™/~ mice exhibited severe hind-limb
clasping and displayed high dysfunction scores that improved upon
treatment with isoDGR-specific mAb (Fig 1F). Ledge tests also
revealed impaired motor coordination in Pcmtl™/~ mice, as

© 2023 The Authors
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evidenced by difficulty in paw placement and multiple limb slips
during forward movement. Consequently, KO mice took longer to
traverse the ledge than did Pcmtl™* and Pcmt1"/~ mice. However,
administration of isoDGR-specific mAb was sufficient to improve
paw placement and reduce limb slip frequency during forward
movement of Pcmtl ~/~ mice (Fig 1G).

Anti-isoDGR mAb treatment reduces isoDGR-modified protein
levels in body tissues

To understand the mechanism underlying these observed phenotype
changes, we next proceeded to test whether the therapeutic effects
of anti-isoDGR antibody could be attributed to antigen
neutralization or antibody-dependent effector functions mediated
via leukocyte Fc receptors (Biburger et al, 2014; Pinto et al, 2022). If
anti-isoDGR mAb simply neutralized the target motif in vivo, the
overall abundance of isoDGR-damaged proteins in tissues should
remain unchanged. Alternatively, if the beneficial effects of treat-
ment were mediated by antibody-induced leukocyte clearance of
isoDGR-damaged proteins, motif levels should be reduced in body
tissues. We therefore assessed isoDGR-modified protein levels by
Western blot analysis of whole brain and liver lysates from 6-week-
old Pcmtl ™/~ and naturally aged WT mice that had been treated or
not with anti-isoDGR mAb. This analysis indicated that Pcmtl ™/~
and old WT mice accumulated large quantities of isoDGR-damaged
proteins in both liver and brain relative to young Pcmtl*/* and
Pcmtl™/~ mice (Fig 2A and B), whereas isoDGR levels were signifi-
cantly reduced by specific mAb treatment (Fig 2C and D). While the
blood-brain barrier can limit antibody penetration into brain tissue,
we nonetheless observed a substantial reduction of isoDGR-modi-
fied proteins in mice treated with target-specific mAb (Fig 2C).
These data resemble the distribution of FDA-approved therapeutic
mAbs used to promote immune clearance of beta-amyloid deposits
from the brain in Alzheimer’s disease (Sevigny et al, 2017; Shcher-
binin et al, 2022; van Dyck et al, 2023).

IsoDGR mAb reduces macrophage infiltration and inflammation
of Pemt1™/~ liver

We previously identified that patients with atherosclerotic CVD dis-
play marked isoDGR accumulation in ECM components of the vas-
cular wall (Cheow et al, 2013; Dutta et al, 2017; Park et al, 2021),
which was also observed in aortic tissues from 8-month-old Pcmt1*/
* and Pcmtl™~ mice. Immunofluorescent imaging revealed that
isoDGR motifs positively correlated with CD68" macrophage infiltra-
tion of the vessel wall (Park et al, 2021), and this interaction was
later confirmed to be mediated by integrin binding. Importantly,
isoDGR-macrophage interactions triggered the secretion of several
pro-inflammatory cytokines/chemokines including MCP1 and TNFa,
thereby promoting vascular inflammation. Given our new finding
that isoDGR-damaged proteins also accumulate in the liver and
brain of Pcmt1 ™/~ mice, we next used immunofluorescent imaging
to detect isoDGR-modified proteins and assessed CD68" macrophage
distribution across multiple organs. Consistent with the Western
blot results, we observed that Pcmtl™~ mice display substantial
accumulation of isoDGR in the liver (Fig 3), spleen (Appendix
Figs S1 and S2), and thymus tissue (Appendix Fig S3), that was sig-
nificantly decreased by mAb treatment (Fig 3A and B). In line with
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Figure 1. IsoDGR mAb treatment improves motor function and extends lifespan of Pcmt1 '~ mice.

A Protein lysate from liver of Pcmt1** (left), Pcmt1*~, Pcmtl ™, and mAb-treated Pcmtl ™~ mice (right) were subjected to Western blot using antibodies against

Pcmtl (GAPDH was used as a loading control).

Mmoo 0w

Representative images of Pcmt1™* (left), Pcmtl~~, and mAb-treated Pcmtl ™/~ mice (right) at 6 weeks.
Pecmt1** (left), Pcmtl™~, and mAb-treated Pcmtl ™~ mice (right) at 165 days of age.
Dot plot shows average body weight (male or female) for each genotype at 6 weeks and 165 days of age (n = 5).
Graph shows percent survival after birth for Pcmt1**, Pemtl ™~ and mAb-treated Pcmtl ™/~ mice (male or female).
G (F) Dot plot shows quantitative analysis of hind-limb clasping test (n = 6) and (G) ledge scores (n = 5); Pcmt1 ™~ mice achieved higher scores than Pcmtl

** mice,

while anti-isoDGR mAb treatment reduced scores in Pcmtl ™~ animals at 6 weeks.

Data information: In this figure, we used 5 mice per group for experiments showed in (A-D), 5-17 mice showed in (E), and 6 mice showed in (F and G). Statistical
significances were determined by 1-way ANOVA, and survival were evaluated using Mantel-Cox log-rank test. Results are shown as mean =+ SD.

Source data are available online for this figure.

our hypothesis, isoDGR positively correlated with marked infiltra-
tion of CD68" monocytes-macrophages into each of the tissues ana-
lyzed (Fig 3C). Indeed, frequency of CD68" and F4/80" monocyte—
macrophages (Appendix Fig S2) increased proportionally with
isoDGR levels across multiple tissues (Fig 3D, Appendix Figs S1D
and S3D), whereas mAb treatment reduced F4/80" monocyte-mac-
rophage frequency in spleen from Pcmtl/~ mice (6 weeks old)
(Appendix Fig S2). Intriguingly, the lymphoid organs (spleen:
slope = 0.55, Appendix Fig S1D; thymus: slope = 0.20, Appendix
Fig S3D) are more sensitive to isoDGR-induced CD68" cells infiltra-
tion than the liver (slope = 0.086, Fig 3D), suggesting that aging
damaged isoDGR-proteins have a larger deleterious effect on these
immune organs than the liver. Together, these results suggest that
accumulation of isoDGR-proteins may contribute to inflammaging in
a Pcmtl ™/~ mouse model, whereas treatment with 1 mg/kg/week

4 of 16 EMBO Molecular Medicine ~15: €18526 | 2023

anti-isoDGR mAb was able to reduce isoDGR levels across all body
tissues analyzed, leading to a concomitant decline in CD68" macro-
phage infiltration (Fig 3A and C).

IsoDGR accumulation induces both local and systemic
inflammation in Pcmt1 ™/~ mice

IsoDGR-damaged proteins are recognized by macrophage integrins
and trigger pro-inflammatory cytokine release and cytotoxic func-
tions, suggesting a potential role in the inflammaging characteristic
of older individuals. Our previous findings also indicated that posi-
tive correlation of isoDGR-modified proteins with CD68" macro-
phage frequency may be involved in chronic inflammation of the
aorta in aged Pcmtl™ ™ mice (Park et al, 2021). In earlier work, we
observed that elevated levels of isoDGR-modified fibronectin in

© 2023 The Authors
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Figure 2. Anti-isoDGR mAb treatment reduces motif level in brain and liver from Pcmt1~/~ mice.

A-D Protein lysates from brain (&) and liver (B) of 6-week-old Pcmt1**, Pcmt1"~, Pcmtl ™, and mAb-treated Pcmtl~/~mice were subjected to Western blot using

+/—

isoDGR-specific antibody. Young Pcmtl

mice have isoDGR levels comparable to Pcmtl

** mice because they possess one copy of the Pcmt1 allele, allowing them

to express the functional repair enzyme. Protein loadings were visualized by Ponceau S. Graphs show quantification of isoDGR-modified protein levels in mouse

brain (C) and liver (D), individual points represent individual mice.

Data information: In this figure, we used 3 mice per group for all experiments. We compared four groups of mice and assessed statistical significance through one-way

ANOVA.
Source data are available online for this figure.

Pcmtl ™~ mice can activate macrophages to secrete proinflamma-
tory cytokines/chemokines that recruit blood monocytes into vascu-
lar tissues. To determine whether these effects also impact other
tissues, in the current study we assessed expression levels of inflam-
matory cytokines via RT-qPCR analysis of total liver RNA from 6-
week-old Pcmt1?/~, Pcmtl™~, mAb-treated Pcmt1™~, and Pcmt1™
* mice. These results revealed significantly higher expression of pro-
inflammatory factors including MCP1, TNFa, and IL23 in liver from
Pcmtl ™/~ mice, whereas mAb treatment effectively reduced
expression of these mediators (Fig 4A). To test whether the pro-
inflammatory effects of isoDGR accumulation were local or sys-
temic, we next assessed cytokine levels in blood plasma from
Pcmtl™*, Pemt1™~, Pcmtl™~, and mAb-treated Pcmtl ™/~ mice, as
well as naturally aged WT mice that were treated or not with
isoDGR-mAb. Multiplex bead arrays confirmed that elevated plasma
cytokine concentrations in Pcmtl™/~ and naturally aged WT mice
could be reversed by anti-isoDGR immunotherapy. Individual
mice with more extensive isoDGR accumulation (Figs 2 and 3,

© 2023 The Authors

Appendix Figs S1-S3) also displayed corresponding higher levels of
circulating pro-inflammatory cytokines (Fig 4B).

IsoDGR-modified proteins induce inflammation in young WT mice

To determine whether isoDGR can directly induce inflammation in
vivo, we next injected WT C57BL/6 mice with isoDGR-modified
plasma proteins (generated by incubating at pH 9 overnight to
induce deamidation). After dialysis with 1x PBS, isoDGR-modified
plasma proteins and unmodified WT control plasma were injected
intravenously into 6-week-old WT mice. After 24 h, we observed
significantly higher levels of pro-inflammatory cytokines in the cir-
culation of mice treated with isoDGR-plasma relative to WT plasma
(Appendix Fig S4A). Further analysis by immunostaining revealed
that mice injected with deamidated plasma proteins also displayed
increased levels of isoDGR-modified proteins in blood vessel walls
that were positively correlated with CD68" monocyte-macrophage
infiltration (Appendix Fig S4B). To further validate these findings,
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Figure 3. IsoDGR correlation with CD68" monocyte-macrophages in liver of Pcmt1~/~ mice in response to anti-isoDGR treatment.

A Representative immunostaining images showing isoDGR distribution and correlation with CD68" macrophages in cryosectioned liver tissue (Pcmtl*’*, Pcmtl~
Pcmt1 ™", and mAb-treated Pcmtl ™'~ mice at 6 weeks; n = 6).

B, C (B) IsoDGR or (C) CD68 fluorescence in 50 randomized regions from 3 images of 6 independent liver sections for each genotype were quantified using image |
(graphs show averaged values for the same region from 6 images).

D Plot showing the CD68 is proportionally increased with isoDGR accumulation, the slope indicates the sensitivity of the isoDGR-induced CD68" cells infiltration (aver-
age of 6 mice from B and C).

Data information: In this figure, we utilized 6 mice per condition for all experiments. We randomly selected 50 regions from 6 images for statistical analysis. Statistical

significance was assessed using the Kruskal-Wallis test, and the results are presented as mean values with standard errors (SE).

Source data are available online for this figure.

we next injected synthetic isoDGR peptide (Ac-GC(isoD)GRCGK) or observed a significant elevation of plasma MCP1, TNFa, IL-1a, and
PBS control into WT mice and collected blood plasma for assess- IL-6 concentrations in mice injected with isoDGR-peptide (Appendix
ment of pro-inflammatory cytokine levels 24 h later. Again, we Fig S5). Together, these results suggest that isoDGR accumulation in
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Figure 4. Elevated levels of local and systemic inflammation in Pcmt1~/~ mice.

A Graph shows quantitative PCR analysis of pro-inflammatory cytokines in liver tissue from Pcmt1™*, Pcmt1™~, Pemtl~~, and mAb-treated Pcmtl '~ mice at 6 weeks

(n = 4).

B Graph shows cytokine quantification by multiplex bead array in blood plasma from Pcmtl**, Pemt1*/~, Pemtl ™, and mAb-treated Pcmtl ™~ mice at 6 weeks

(n=05).

Data information: In this figure, we used 4-5 mice per group for all experiments. We compared four groups of mice and assessed statistical significance through one-

way ANOVA. The results are presented as mean values with standard errors (SE).
Source data are available online for this figure.

blood plasma and body tissues can activate macrophages via
integrin receptors to trigger the pathological release of pro-
inflammatory cytokines and chemokines.

Accumulation of isoDGR modified proteins in liver during aging
We next sought to confirm that iSoDGR can naturally accumulate in
body tissues with advancing age due to the declining activity of

Pcmtl enzyme. To do this, we used immunohistochemistry to inter-
rogate isoDGR and CD68" macrophage distribution in liver tissue

© 2023 The Authors

from both Pcmt1*/* and Pcmt1?/~ mice at 4, 15, and 24 months
(Fig SA-C) (Pcmt1 ™/~ mice could not be assessed due to premature
death of these animals). The results showed that isoDGR accumu-
lates in the liver with advancing age, and to a greater extent in
Pcmt1*/~ mice relative to Pcmt1™/* animals (Fig 5B and D). Pcmt1™/
~ mice also displayed more extensive liver infiltration of CD68" mac-
rophages than Pcmtl™* mice (Fig 5C and E), likely due to more
rapid decline in Pcmtl function. Intriguingly, the accumulation of
isoDGR-proteins was also faster (steeper slope from 15 to

24 months, Fig 5D) in older mice (both Pcmtl™* and Pemtl™/~),

EMBO Molecular Medicine 15: 185262023 7 of 16
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suggesting that age exerts a major influence on isoDGR-dependent
pathology. Next, we analyzed inflammatory cytokine levels in
plasma from 2-year-old Pcmtl** and Pcmtl™™ mice. We detected
significantly elevated concentrations of pro-inflammatory mediators
in plasma from Pcmtl™~ mice compared to Pemtl™* animals
(Appendix Fig S6). Together, these results indicate that age-linked
increase in isoDGR-modified protein levels promotes cytokine
release and likely contributes to chronic tissue inflammation in the
elderly (Franceschi et al, 2018).

Immune clearance of isoDGR via antibody-dependent cellular
phagocytosis (ADCP)

Weekly injection of isoDGR-specific mAb significantly extended the
average lifespan of Pemtl ™/~ mice by reducing chronic inflamma-
tion. To investigate the mechanism underpinning the therapeutic
effects of isoDGR-mADb, we next used FACS and immunofluorescent
imaging to assess whether isoDGR-mAb could induce immune clear-
ance of damaged proteins by RAW murine macrophages. RAW mac-
rophages were seeded into 24-well plates and treated for 24 h with
5 ug/ml FITC-labeled isoDGR-fibronectin (isoDGR-FN-FITC), or
native FN-FITC control, in the presence or absence of isoDGR-
specific mAb (0-5 pg/ml). After 45 min incubation, excess isoDGR-
FN-FITC was removed by washing with 1x PBS and quenched using
trypan blue. FITC-positive phagocytic cells were then analyzed and
quantified by FACS. This analysis revealed a clear mAb dose-
dependent increase in phagocytic activity that was not observed
with native FN-FITC control or in the absence of specific mAb
(Fig 6A), thus strongly indicating immune clearance of isoDGR-
antigens via ADCP. Accumulation of isoDGR-damaged fibrinogen
(isoDGR-FBG) has also been identified in both atherosclerotic tis-
sues and plasma from CVD patients (Dutta et al, 2017; Park
et al, 2021), and we observed a similar mAb dose-dependent clear-
ance when testing isoDGR-FBG antigen (Fig 6B). These data indicate
that the immune clearance observed was directed against isoDGR
rather than being determined by protein identity. Indeed, we were
also able to confirm mAb dose-dependent macrophage clearance of
both isoDGR-FN and isoDGR-FBG using fluorescence microscopy
(Appendix Fig S7).

To confirm that ADCP also contributes to the therapeutic effects
of isoDGR-mAb in vivo, we next examined the clearance of FITC-
labeled isoDGR peptide from the lungs of mice treated with motif-
specific antibody or isotype antibody control. We administered
FITC-isoDGR-peptides intranasally into 12-week-old C57BL/6J mice,
followed by injection of isoDGR-mAb or IgG1 isotype control. After
10 min, cells from broncho-alveolar lavage (BAL) fluid were col-
lected for FACS analysis, which revealed a significantly higher num-
ber of F4/80" phagocytic cells in mAb-treated animals relative to
untreated mice or those that received IgG1 isotype control injection
(Appendix Fig S8A). To further validate these results, we performed
further ADCP assays directly ex vivo using 1 x 10° BAL cells seeded
into 24-well plates with 10% RPMI media. The BAL cells were
treated with 5 pg/ml FITC-labeled isoDGR-fibronectin (isoDGR-FN-
FITC), then supplemented with isoDGR-mAb (1 or 5 pg/ml), and
incubated for 10 min. In these experiments, we consistently
observed a mAb dose-dependent increase in phagocytic activity that
was not detected among cells treated with IgG1 isotype control or in
the absence of mAb (Appendix Fig S8B), thus strongly indicating
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immune clearance of isoDGR-antigens via ADCP. Taken together,
these data strongly suggest that motif-specific mAb treatment stimu-
lates macrophage clearance of isoDGR-modified proteins by ADCP,
thereby reducing inflammatory cytokine expression in affected body
tissues and extending the lifespan of Pcmt1 ™/~ animals.

Immune clearance of isoDGR reduces inflammatory phenotype of
naturally aged C57BL/6 mice

To assess the role of isoDGR in natural age-induced inflammation,
we next compared 3- and 17-month-old WT C57BL/6J mice treated
with isoDGR-mADb, PBS, or IgG1 isotype control (1 mg/kg specific
mAb/isotype or 50 ul PBS was administered weekly for 2 months).
Mouse phenotypes were then assessed via plasma cytokine bead
assay (Fig 7), tissue isoDGR protein measurement by WB (Appendix
Fig S9A) and analyzing immune infiltration of various tissues by
immunohistochemistry (Appendix Fig S10-S12). As expected,
higher levels of inflammatory cytokines were observed in plasma
from 17-month-old mice compared to 3-month-old mice. Strikingly,
pro-inflammatory cytokine levels in blood plasma from 17-month-
old mice were markedly reduced upon isoDGR-mAb treatment, but
not following administration of IgG1 isotype control or PBS only
(Fig 7, MCP1, TNF-q, IL-27, IL-23, IL-17, IFN-B, GM-CSF, IL-12p70,
IL-6, IL-1B, IFN-y). These results correlated with isoDGR protein
levels detected in body tissues by WB, with significantly higher
levels of isoDGR damage being observed in liver from 17-month-old
mice compared to 3-month-old mice. Accordingly, mAb treatment
reduced levels of isoDGR-damaged proteins in liver tissue from 17-
month-old mice, whereas IgG1 isotype control or PBS injection were
unable to replicate these effects (Appendix Fig S9A). Together, these
data clearly indicate that mAb treatment reduces isoDGR levels in
body tissues, which is further associated with a marked decrease
in systemic inflammatory cytokines.

Next, we performed immunohistochemistry for phagocytic cell
types in liver and brain tissues from aged mice treated or not with
isoDGR-mAb. We observed that mAb treatment significantly
reduced isoDGR protein levels in both liver and brain tissues from
17-month-old mice compared to control mice. These results were
positively correlated with levels of CD68" (Appendix Fig S10) and
F4/80 monocytes-macrophages infiltrating liver (Appendix Fig S11),
and Ibal" microglia in the brain (Appendix Fig S12). Together, these
findings suggest that isoDGR-mADb treatment clears damaged pro-
teins from body tissues which in turn reduces interaction with
immune cells, leading to a reduction in inflammatory cytokine
levels and decreased tissue inflammation in aged mice.

Discussion

Tissue aging is underpinned by progressive biomolecular damage
that impairs the routine biochemical activities programmed by our
genomes (Clarke, 2003; da Costa et al, 2016; Hipp et al, 2019).
Molecular damage to body tissues often results from spontaneous
chemical processes, environmental stress, and the generation of
reactive metabolites. In particular, non-enzymatic alterations to pro-
tein side chains have been strongly linked with the impairment of
routine physiological processes (Gallart-Palau et al, 2015, 2019;
Adav & Sze, 2016; Truscott et al, 2016). These degenerative protein

© 2023 The Authors
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modifications (DPMs) greatly increase the diversity of biomole-
cules/proteoforms present in body tissues, including the generation
of species capable of mediating novel interactions, rather than sim-
ple loss of function (Curnis et al, 2006; Corti & Curnis, 2011; Dutta
et al, 2017). Among these different types of DPM, spontaneous pro-
tein deamidation has been proposed to represent “a molecular
clock” of tissue aging (Robinson & Robinson, 2001b), but the
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underlying mechanisms have remained unclear and thus limited the
development of interventions that target this DPM.

We previously developed custom proteomic techniques to enable
detailed study of global protein deamidation in complex biosamples
(Hao et al, 2011, 2017; Sze et al, 2020). These techniques were used
to investigate protein deamidation in vessel walls and plasma from
patients with cardiovascular diseases (CVD) and cerebrovascular
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Figure 5. Age-induced accumulation of isoDGR positively correlates with CD68* monocyte—macrophage infiltration of liver from Pcmt1*/* and Pcmt1*/~

mice.

+/+ +/—

A Representative immunostaining of isoDGR protein distribution and correlation with CD68" macrophages in cryosectioned liver tissue from Pcmt1™" and Pcmtl
mice at 4, 15 and 24 months.

B, C 1soDGR (B) or CD68 (C) fluorescent intensities in a set of 50 random regions taken from 6 images representing 6 independent liver sections per genotype (quantified
by Image ] software with average values plotted in the dot/bar graph).

D Plot showing the accumulation of isoDGR-motif with age in both Pcmtl
animal of both WT and HET mice (average of 6 mice from B).

E CD68" cells infiltration to tissues are proportional to the isoDGR levels (average of 6 mice from B and C).

++ +/—

and Pcmtl™ animals. Results indicate that isoDGR accumulation is accelerated in older

Data information: In this figure, we utilized 6 mice per condition for all experiments. We randomly selected 50 regions from 6 images for statistical analysis. Statistical
significance was assessed using the Kruskal-Wallis test, and the results are presented as mean values with standard errors (SE).
Source data are available online for this figure.
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Figure 6. isoDGR-specific mAb promotes ADCP of isoDGR-modified fibronectin and fibrinogen.

A Gating strategy used to quantify the number of phagocytic cells containing isoDGR-modified-fibronectin-FITC in the presence of varying concentration mAb treatment
(1,2 or 5 pg/ml). Histogram and bar graph represent the average number of phagocytic RAW macrophages (n = 5).

B Gating strategy used to quantify the number of phagocytic cells containing isoDGR-modified-fibrinogen-FITC in the presence of varying concentration mAb treatment
(1,2 or 5 pg/ml). Histogram and bar graph represent the average number of phagocytic RAW macrophages (n = 7).

Data information: For all experiments in this figure, n = 5-7 independent experiments per condition were performed. We compared five conditions and Kruskal-Wallis

test was used to assess statistical significances. Results shown are mean values + SE.

Source data are available online for this figure.

disease (CeVD). Intriguingly, we found that deamidation of extracel-
lular matrix (ECM) proteins in these tissues confers paradoxical
“gain-of-function” changes by generating an isoDGR integrin bind-
ing sequence, thereby promoting leukocyte adhesion and pro-
inflammatory cytokine expression (Cheow et al, 2013; Dutta
et al, 2017; Park et al, 2021). Proteome-wide sequence analysis also
showed that many ECM components are highly enriched in NGR
sequences that are susceptible to isoDGR modification. Thus, the

10 of 16 EMBO Molecular Medicine ~15: €18526 | 2023

risk of isoDGR-linked diseases will increase exponentially as protein
repair functions decline with advancing age.

In the current study, we tested the concept that target-specific
immunotherapy can promote immune clearance of isoDGR-modified
proteins in vivo, thereby decreasing tissue inflammation and
extending the lifespan of Pcmtl ™~ mice (which lack the corre-
sponding isoDGR repair enzyme). To this end, we generated hybrid-
oma cells that produce isoDGR-specific mAb (Park et al, 2021) for

© 2023 The Authors
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Figure 7. Immune clearance of isoDGR from naturally aging C57BL/6 mice reduced systemic inflammatory cytokines.

Graph shows quantification of inflammatory cytokines in plasma from 3-month-old, 17-month-old (PBS), 17-month-old (IgG1), 17-month-old (mAb) mice (n = 5).
Data information: In this figure, we used 5 mice per group for all experiments. We compared four groups of mice and assessed statistical significance through one-way

ANOVA. The results are presented as mean values with standard errors (SE).
Source data are available online for this figure.

use in immunoassays and to investigate the functional conse-
quences of motif accumulation/antibody targeting in both Pcmt1 ™/~
and WT mice. In this study, we observed a marked accumulation of
isoDGR and elevated expression of pro-inflammatory cytokines in
multiple body tissues from Pcmtl™~ and naturally aged WT mice.
To confirm that isoDGR is responsible for these effects, we also
induced deamidation of plasma proteins in vitro and showed that
these could recapitulate pathology upon injection into young WT

© 2023 The Authors

mice. Similar data were also obtained when injecting synthetic
isoDGR-peptides into young WT mice. Conversely, weekly injection
of 1 mg/kg isoDGR-mADb was sufficient to induce immune clearance
of isoDGR-modified proteins via ADCP both in vitro and in vivo.
Treatment with isoDGR-mADb not only doubled lifespan but also pre-
served behavior/coordination functions, and reduced pro-
inflammatory cytokine levels in the circulation and body tissues.
Together, these results indicate that mAb targeting of age-damaged
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proteins is a viable immunotherapeutic approach that could have
wide-ranging implications for the treatment of chronic diseases
prevalent in elderly populations.

Time-dependent biomolecular damage caused by DPMs (e.g. oxi-
dation, deamidation, glycation, carbamylation) is well-established
to mediate human aging and promote degenerative diseases. To
date, the majority of research into combating age-related molecular
damage has focused on the overexpression of specific repair
enzymes or restricting caloric intake to decrease levels of reactive
metabolites. Our study clearly indicates that immunotherapeutic
targeting of specific DPMs can trigger immune clearance of age-
damaged proteins to reduce pathology and extend lifespan. We
anticipate that future research in this area will uncover additional
DPM-induced mechanisms of biological aging, as well as stimulate
the development of novel immune-mediated and other therapies
that target DPMs to increase human healthy lifespan.

Materials and Methods

Animal experiments

All mouse procedures were conducted in a humane manner and
were approved by the NTU Institutional Animal Care and Use
Committee  (IACUC protocol # ARF-SBS/NIE/LKC-A18016,
A19029, A18059) or the Animal Care Committee at Brock Univer-
sity (AUP # 22-08-04). The experiments strictly adhered to the
international guiding principles for animal research and followed
guidelines on the care and use of laboratory animals for scientific
purposes. In this study, animals were randomly assigned to treat-
ment and control groups. However, blinding of animal groups
was not implemented as the experimental design did not involve
blinding procedures.

Mice deficient in deamidation repair enzyme Pcmtl were previ-
ously generated by Clarke and co-worker (Kim et al, 1999). We
obtained Pcmt1™~ (C57BL/6 background) mice from the Jackson
Laboratory (B6;129S4-Pcmtltm1Scl/J; Strain #:023343; RRID:
IMSR_JAX:023343). Pcmt1™~ (male and female) mice were bred to
yield litters comprising Pcmt1*/*, Pemt1*/~, and Pemtl ™/~ offspring
in the expected Mendelian ratios. Mouse genotype was confirmed
by PCR using the primers as shown in Table S1. Mice were main-
tained on normal chow diets and housed with regular light/dark
cycles.

Cell culture

The RAW 264.7 (ATCC® TIB-71™) cell line was acquired from
ATCC. Cells were maintained in complete DMEM high glucose
medium supplemented with 10% FBS and 1% penicillin/streptomy-
cin, in an atmosphere of 5% CO2 and 95% humidity at 37°C. Cells
were passaged when they reached 90% confluence, detached with a
cell scraper, and subcultured at a 1:4 ratio in T-75 flasks. Cells were
continuously cultured from the 2™ passage until passage number
13. Cells were frozen every fifth passage starting from the third pas-
sage. The phagocytosis experiment has been done within 5-13
passages. Regular testing for Mycoplasma contamination was
conducted. To maintain consistency in cell maintenance and phago-
cytosis assay done by a single individual.
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Anti-isoDGR immunotherapy

The monoclonal antibody specifically developed to target (L-isoD)
GR motif had been previously reported (Park et al, 2021). Pcmtl ™/~
pups were intraperitoneally (i.p.) injected with 1 mg/kg/week mAb
starting from 1 week old until use in the study. Age-matched control
animals were administered an equal volume of 1x PBS only. All
mice were fed a normal laboratory diet (Altromin 1320M, Germany)
from weaning onwards, body weight was measured weekly, and all
animals were included in the survival analyses. Motor functional
(hind-limb clasping test and ledge test) and behavioral functions
were analyzed at 6 weeks. Blood was collected to prepare plasma
for cytokine measurement.

Anti-isoDGR immunotherapy in naturally aged WT C57BL/6) mice

WT C57BL/6J mice at 17 months of age (catalog number: 000664)
were obtained from the Jackson Laboratory in Bar Harbor, ME,
USA. Animals were housed under specific pathogen-free (SPF) con-
ditions in isolator cages for 2 weeks prior to the start of the experi-
ments. The animal house maintained a room temperature of 24°C
with 12 h light/dark schedule. Mice were provided access to Purina
rodent chow diet and tap water ad libitum.

The mice were divided into four study groups, each containing a
minimum of 5 animals. Group 1 consisted of 3-month-old young
mice (bred in-house), whereas groups 2—4 were 17-month-old mice.
Group 2 received an i.p. injection of 50 ul PBS only, group 3
received an i.p. injection of 1 mg/kg/50 pl isoDGR-mAb, and group
4 received an i.p. injection of 1 mg/kg/50 ul IgG1 isotype control.
The isoDGR-mADb, IgG1, or PBS injections were administered once
per week to the respective groups for 2 months.

After the 2-month treatment period with mAb or controls (IgG1
and PBS), blood samples were collected from each group. The blood
was centrifuged at 1,500 x g to separate the plasma, which was then
analyzed to evaluate the effect of mAb on systemic inflammatory
cytokines using a LEGENDplex™ multiplex bead assay. Following
these experiments, mice were deep anesthetized using ketamine/
xylazine and then perfused with 20 ml of 1x PBS to remove blood
from body tissues. The liver and brain were collected from all
groups of mice for subsequent immunohistochemistry and Western
blot analysis.

Hind-limb clasping test

Mice were suspended by their tails and the extent of hindlimb
clasping was observed for 30 s. If both hind-limbs were splayed out-
ward away from the abdomen with spread toes, a score of 0 was
given. If one hind-limb was fully retracted or both hind-limbs par-
tially retracted without touching the abdomen and with toes spread,
a score of 1 was assigned. If both hind-limbs were partially retracted
and in contact with the abdomen but without touching each other, a
score of 2 was given. If both hind-limbs were fully clasped and
touching the abdomen, a score of 3 was assigned.

Ledge test

The ledge test for evaluating balance and coordination was carried
out as previously described, with a minor modification. Mice were
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placed on a ledge (90 cm long, 0.5 cm wide, 20 cm high), and paw
placement and forward movement were observed. Time taken to
cross the ledge and the number of paw slips were recorded. Mice
that left the ledge were excluded.

IsoDGR-antigen uptake/ADCP assays

Antibody-dependent cellular phagocytosis assays were performed by
fluorescence microscopy and FACS. A total of 5 x 10° murine RAW
macrophages were seeded into 24-well plates and treated with 5 pg/
ml FITC-labeled isoDGR-fibronectin (isoDGR-FN-FITC), FITC-labeled
isoDGR fibrinogen (isoDGR-FG-FITC), or native FN-FITC/FG-FITC
control for 24 h (Dutta et al, 2017). After 45 min incubation with
varying doses of isoDGR-mAb (0-5 pg/ml), excess fluorescence was
quenched by adding trypan blue and incubating for 10 min. The cells
were then washed 3 times and re-suspended in PBS. The mAb dose-
dependent uptake of isoDGR-antigen by RAW cells was determined
by FACS using FlowJo software to quantify phagocytic cells. To con-
firm the FACS results, cells were also examined by fluorescent imag-
ing using a Zeiss LSM710 confocal microscope. The fluorescence
intensity of each cell was calculated using Image J software.

Histological assessment and immunostaining of liver and brain
tissues

Tissues from Pemt1™/", Pemt1?/~, Pcmtl™’~, and mAb-treated
Pcmt]1~/~ mice were collected and fixed with 4% PFA at 4°C for
24 h. The tissues were washed with 1x PBS and transferred into
15% sucrose, followed by 30% sucrose, then stored at 4°C. Tissue
was embedded in OCT compound with dry ice and cut into 10 pm
sections using a Leica CM3060S Cryostat. The sections were
mounted onto Fisherbrand Superfrost Plus microscope slides and
kept in warm PBS for 20 min to remove OCT prior to staining with
hematoxylin and eosin. For immunostaining, slides were permeabi-
lized with 0.5% PBST for 2-3 h and then incubated with blocking
buffer (2.5% normal goat serum, 1% BSA in 0.5% PBST) for 1 h at
RT prior to the addition of primary antibodies (isoDGR [1:200] and
CD68 [1:200, Abcam, ab283654]) overnight at 4 °C. Slides were next
washed with PBS (3x) for 5 min then incubated with secondary
antibodies conjugated to AlexaFluor 488 and 594 (1:500) for 1 h at
RT. The slides were again washed with PBS (3x) for 5 min, then
incubated with DAPI for 15 min to visualize cell nuclei. After
staining, slides were washed with 1x PBS and mounted with aque-
ous mounting media. Images were acquired using a Zeiss LSM710
confocal microscope. The readings were acquired by Image J soft-
ware using images from n = 5 mice. The software randomly sam-
ples 50 readings in different locations per image.

Measurement of plasma cytokine levels

The LEGENDplex™ multiplex bead assay/mouse inflammation
panel (Biolegend, San Diego, CA), was used to measure 13 different
cytokines (IL23, ILla, IL1B, ILG6, IL10, IL12p70, IL17A, 1L23, IL27,
MCP1, IFNB, IFNy, TNFo, and GMCSF) in blood plasma from 6-
week-old Pcmt1™*, Pcmt1™~, Pemtl ™~ and mAb-treated Pemtl ™/~
mice as well as 17-week-old WT mice treated or not with iSoDGR-
mADb (assessed by LSRII flow cytometer according to the manufac-
turer’s protocol).

© 2023 The Authors
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The paper explained

Problem

As people get older, their bodies accumulate harmful changes called
isoDGR-motif at a molecular level that can disrupt the normal func-
tioning of their cells. These changes can trigger chronic inflammation
in the body. This kind of inflammation is often associated with age-
related health problems. Clearing out these damaged proteins from
the body may help people live longer and healthier.

Results

We conducted a study on mice that showed that a treatment that
targets this specific isoDGR-protein can reduce chronic inflammation
and extend the lifespan/healthspan of the mice. We found that the
premature aging mice and older normal mice had high levels of this
protein in their tissues, which was associated with inflammation and
other health problems. We also found that injecting synthetic isoDGR
peptides into young mice could cause these same problems. However,
when we treated the mice with a monoclonal antibody that targets
and removes isoDGR from the body, it significantly reduced the
amount of this protein and decreased inflammation. This treatment
also improved the mice’s behavior and coordination and significantly
extended their average lifespan. We showed that this treatment works
by helping the body’s immune system clear out the damaged isoDGR
proteins in tissues.

Impact

These findings suggest that using the immune system to target and
remove proteins that are damaged during aging may be a successful
way to treat age-related health problems.

Real-time PCR

Total RNA isolated from tissues was treated with DNase and
reverse-transcribed using a first-strand DNA synthesis kit from Invi-
trogen. The PCR was performed on an ABI Fast 7500 System
(Applied Biosystems, Foster City, CA). TagMan probes for the
respective genes were custom-generated by Applied Biosystems
based on the sequences in the Illumina array and used as per the
manufacturer’s instructions. Expression levels of target genes were
determined in triplicate from the standard curve and normalized to
GAPDH mRNA level. The primer sets used are showed in Table S2.

Western blot analysis

Western blot analysis was performed using standard methods. Pri-
mary antibodies and dilutions were as follows: isoDGR (mouse
monoclonal 1:1,000), Pcmtl (rabbit polyclonal, Abcam 1:1,000),
GAPDH (Invitrogen 1:1,000).

Statistics

Statistical analyses were performed using GraphPad Prism v9.0
(GraphPad Software, Inc., San Diego, CA). Kaplan-Meier survival
differences between experimental groups were evaluated using
Mantel-Cox log-rank test. Data were tested for normality
using D’Agostino & Pearson, or Shapiro-Wilk tests. For normally
distributed data, differences between groups were assessed either by
two-tailed unpaired Student’s t-test or one-way ANOVA for multiple
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group analyses, followed by Tukey’s multiple comparisons test. Oth-
erwise, Kruskal-Wallis test with Dunn’s multiple comparisons post
hoc test was used. P < 0.05 was considered significant.

Data availability

All data presented in this study are included in the main text or in
the appendix. This study includes no data deposited in external
repositories.

Expanded View for this article is available online.

Acknowledgements

This work was supported in part by the Singapore National Medical Research
Council (NMRC/OFIRG/0003/2016), Canadian Institutes of Health

Research Tierl Canada Research Chair (CRC-2020-00263), Canadian Institutes
of Health Research Project Grant (PJT-186091), The Natural Sciences and
Engineering Research Council of Canada Discovery Grant (RGPIN-2023-04304),
Canada Foundation for Innovation Grant, Ontario Research Fund, and start-up
research grant from Brock University.

Author contributions

Siu Kwan Sze: Conceptualization; resources; supervision; funding
acquisition; writing — original draft; project administration; writing — review
and editing. Pazhanichamy Kalailingam: Data curation; formal analysis;
validation; investigation; visualization; methodology; writing — original draft;
writing — review and editing. Khalilatul-Hanisah Mohd-Kahliab: Data
curation; formal analysis; methodology. SoFong Cam Ngan: Data curation;
methodology. Ranjith lyappan: Data curation; methodology. Evelin Melekh:
Methodology. Tian Lu: Methodology. Gan Wei Zien: Data curation;
methodology. Bhargy Sharma: Data curation; methodology. Tiannan Guo:
Resources; software. Adam J MacNeil: Resources; software. Rebecca EK
MacPherson: Resources; software; funding acquisition. Evangelia Litsa
Tsiani: Resources; funding acquisition. Deborah D O’Leary: Resources;
funding acquisition; writing — review and editing. Kah Leong Lim:
Resources; funding acquisition. I Hsin Su: Resources; software; writing —
review and editing. Yong-Gui Gao: Resources; funding acquisition; writing —
review and editing. A Mark Richards: Resources; software; writing — review
and editing. Raj N Kalaria: Resources; funding acquisition; writing — review
and editing. Christopher P Chen: Resources; software; funding acquisition;
writing — review and editing. Neil E McCarthy: Resources; software; funding
acquisition; writing — review and editing.

Disclosure and competing interests statement
The authors declare that they have no conflict of interest.

For more information

i https://brocku.ca/applied-health-sciences/health-sciences/faculty-
research/faculty-directory/newman-sze/.

i https://scholar.google.com/citations?user=Y7qo7dMAAAAJ&hl=en.

References

Adav SS, Sze SK (2016) Insight of brain degenerative protein modifications in
the pathology of neurodegeneration and dementia by proteomic profiling.
Mol Brain 9: 92

14 of 16 EMBO Molecular Medicine 15: 18526 | 2023

Pazhanichamy Kalailingam et al

Adav SS, Qian J, Ang YL, Kalaria RN, Lai MK, Chen CP, Sze SK (2014) iTRAQ
quantitative clinical proteomics revealed role of Na“K"-ATPase and its
correlation with deamidation in vascular dementia. / Proteome Res 13:
46354646

Biburger M, Lux A, Nimmerjahn F (2014) How immunoglobulin G antibodies
kill target cells: revisiting an old paradigm. Adv Immunol 124: 67 —94

Biterge B, Richter F, Mittler G, Schneider R (2014) Methylation of histone
H4 at aspartate 24 by protein L-isoaspartate O-methyltransferase
(PCMT1) links histone modifications with protein homeostasis. Sci Rep 4:
6674

Cahill LS, Zhang MA, Ramaglia V, Whetstone H, Sabbagh MP, Yi T}, Woo L,
Przybycien TS, Moshkova M, Zhao FL et al (2019) Aged hind-limb clasping
experimental autoimmune encephalomyelitis models aspects of the
neurodegenerative process seen in multiple sclerosis. Proc Natl Acad Sci
USA 116: 22710-22720

Castillo-Mariqueo L, Giménez-Llort L (2022) Clasping, ledge-score coordination
and early gait impairments as primary behavioural markers of functional
impairment in Alzheimer’s disease. Behav Brain Res 435: 114054

Chatterjee T, Das G, Chatterjee BK, Dhar J, Ghosh S, Chakrabarti P (2020) The
role of isoaspartate in fibrillation and its prevention by Protein-L-
isoaspartyl methyltransferase. Biochim Biophys Acta Gen Subj 1864: 129500

Cheow ESH, Hao PL, Hao PL, Sorokin V, Lee CN, Kleijn DPV, Sze SK (2013) The
role of protein deamidation in cardiovascular disease. In Proceedings of
the 23™ American Peptide Symposium, Vol. 17, pp 212-213

Clarke S (2003) Aging as war between chemical and biochemical processes:
protein methylation and the recognition of age-damaged proteins for
repair. Ageing Res Reuv 2: 263285

Corti A, Curnis F (2011) Isoaspartate-dependent molecular switches for
integrin-ligand recognition. J Cell Sci 124: 515-522

Curnis F, Longhi R, Crippa L, Cattaneo A, Dondossola E, Bachi A, Corti A
(2006) Spontaneous formation of L-isoaspartate and gain of function in
fibronectin. J Biol Chem 281: 36466 —36476

da Costa )P, Vitorino R, Silva GM, Vogel C, Duarte AC, Rocha-Santos T (2016)
A synopsis on aging-Theories, mechanisms and future prospects. Ageing
Res Rev 29: 90112

Dai Z, Ramesh V, Locasale JW (2020) The evolving metabolic landscape of
chromatin biology and epigenetics. Nat Rev Genet 21: 737 —753

D’Angelo S, Trojsi F, Salvatore A, Daniele L, Raimo M, Galletti P, Monsurro MR
(2013) Accumulation of altered aspartyl residues in erythrocyte membrane
proteins from patients with sporadic amyotrophic lateral sclerosis.
Neurochem Int 63: 626 —634

Delanghe S, Delanghe |R, Speeckaert R, Van Biesen W, Speeckaert MM (2017)
Mechanisms and consequences of carbamoylation. Nat Rev Nephrol 13:
580-593

Desrosiers RR, Fanélus | (2011) Damaged proteins bearing L-isoaspartyl
residues and aging: a dynamic equilibrium between generation of
isomerized forms and repair by PIMT. Curr Aging Sci 4: 8—18

DeVry CG, Clarke S (1999) Polymorphic forms of the protein L-isoaspartate (D-
aspartate) O-methyltransferase involved in the repair of age-damaged
proteins. /| Hum Genet 44: 275—288

Dutta B, Park JE, Kumar S, Hao P, Gallart-Palau X, Serra A, Ren Y, Sorokin V,
Lee CN, Ho HH et al (2017) Monocyte adhesion to atherosclerotic matrix
proteins is enhanced by Asn-Gly-Arg deamidation. Sci Rep 7: 5765

Ferrucci L, Fabbri E (2018) Inflammageing: chronic inflammation in ageing,
cardiovascular disease, and frailty. Nat Rev Cardiol 15: 505522

Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro A (2018)
Inflammaging: a new immune-metabolic viewpoint for age-related
diseases. Nat Rev Endocrinol 14: 576 —590

© 2023 The Authors

)82 8991 :6P.L9:¥OTZ TOY:Z0PI:SIEZ:008Z d | WO13 #7202 ‘v Yo N Lo Bio'ssaidoguue mman//:saiy WwoJy papeoumoq


https://doi.org/10.15252/emmm.202318526
https://brocku.ca/applied-health-sciences/health-sciences/faculty-research/faculty-directory/newman-sze/
https://brocku.ca/applied-health-sciences/health-sciences/faculty-research/faculty-directory/newman-sze/
https://scholar.google.com/citations?user=Y7qo7dMAAAAJ&hl=en

Pazhanichamy Kalailingam et al

Gallart-Palau X, Serra A, Sze SK (2015) Uncovering neurodegenerative protein
modifications via proteomic profiling. Int Rev Neurobiol 121: 87 -116

Gallart-Palau X, Tan LM, Serra A, Gao Y, Ho HH, Richards AM, Kandiah N,
Chen CP, Kalaria RN, Sze SK (2019) Degenerative protein modifications in
the aging vasculature and central nervous system: a problem shared is
not always halved. Ageing Res Rev 53: 100909

Geiger T, Clarke S (1987) Deamidation, isomerization, and racemization at
asparaginyl and aspartyl residues in peptides. Succinimide-linked
reactions that contribute to protein degradation. J Biol Chem 262:
785-794

Gladyshev VN, Kritchevsky SB, Clarke SG, Cuervo AM, Fiehn O, de Magalhaes
JP, Mau T, Maes M, Moritz RL, Niedernhofer L) et al (2021) Molecular
damage in aging. Nat Aging 1: 1096 —-1106

Hao P, Ren Y, Alpert AJ, Sze SK (2011) Detection, evaluation and minimization
of nonenzymatic deamidation in proteomic sample preparation. Mol Cell
Proteomics 10: 0111.009381

Hao P, Ren Y, Pasterkamp G, Moll FL, de Kleijn DP, Sze SK (2014) Deep
proteomic profiling of human carotid atherosclerotic plaques using
multidimensional LC-MS/MS. Proteomics Clin Appl 8: 631-635

Hao P, Adav SS, Gallart-Palau X, Sze SK (2017) Recent advances in mass
spectrometric analysis of protein deamidation. Mass Spectrom Reuv 36:
677—692

Hipp MS, Kasturi P, Hartl FU (2019) The proteostasis network and its decline
in ageing. Nat Rev Mol Cell Biol 20: 421435

Juang C, Chen B, Bru JL, Nguyen K, Huynh E, Momen M, Kim J, Aswad DW
(2017) Polymorphic variants of human protein I-isoaspartyl
methyltransferase affect catalytic activity, aggregation, and thermal
stability: implications for the etiology of neurological disorders and
cognitive aging. J Biol Chem 292: 3656 — 3665

Kim E, Lowenson |D, MacLaren DC, Clarke S, Young SG (1997) Deficiency of a
protein-repair enzyme results in the accumulation of altered proteins,
retardation of growth, and fatal seizures in mice. Proc Natl Acad Sci USA
94: 6132-6137

Kim E, Lowenson |D, Clarke S, Young SG (1999) Phenotypic analysis of
seizure-prone mice lacking L-isoaspartate (D-aspartate) O-
methyltransferase. / Biol Chem 274: 20671 —20678

Kim J, Chen B, Bru JL, Huynh E, Momen M, Aswad DW (2018) New findings
on SNP variants of human protein L-isoaspartyl methyltransferase that
affect catalytic activity, thermal stability, and aggregation. PLoS One 13:
0198266

Kosugi S, Furuchi T, Katane M, Sekine M, Shirasawa T, Homma H (2008)
Suppression of protein I-isoaspartyl (d-aspartyl) methyltransferase results
in hyperactivation of EGF-stimulated MEK-ERK signaling in cultured
mammalian cells. Biochem Biophys Res Commun 371: 2227

Liberale L, Montecucco F, Tardif JC, Libby P, Camici GG (2020) Inflamm-
ageing: the role of inflammation in age-dependent cardiovascular disease.
Eur Heart | 41: 2974 —-2982

Lépez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G (2023) Hallmarks
of aging: an expanding universe. Cell 186: 243278

Lowenson JD, Kim E, Young SG, Clarke S (2001) Limited accumulation of
damaged proteins in I-isoaspartyl (D-aspartyl) O-methyltransferase-
deficient mice. J Biol Chem 276: 20695 — 20702

Lv W, Zhao C, Tan Y, Hu W, Yu H, Zeng N, Zhang Q, Wu Y (2021)
Identification of an aging-related gene signature in predicting prognosis
and indicating tumor immune microenvironment in breast cancer. Front
Oncol 11: 796555

Maksimovic I, David Y (2021) Non-enzymatic covalent modifications as a new
chapter in the histone code. Trends Biochem Sci 46: 718 —730

© 2023 The Authors

EMBO Molecular Medicine

Maskalenko NA, Zhigarev D, Campbell KS (2022) Harnessing natural killer
cells for cancer immunotherapy: dispatching the first responders. Nat Rev
Drug Discouv 21: 559577

McKerrow JH, Robinson AB (1974) Primary sequence dependence of the
deamidation of rabbit muscle aldolase. Science 183: 85

Mulder WJM, Ochando J, Joosten LAB, Fayad ZA, Netea MG (2019)
Therapeutic targeting of trained immunity. Nat Rev Drug Discouv 18:
553-566

Nimmerjahn F, Gordan S, Lux A (2015) FcyR dependent mechanisms of
cytotoxic, agonistic, and neutralizing antibody activities. Trends Immunol
36: 325-336

Ogasawara M, Otani M, Takano M, Shudou M, Inaba Y, Nirasawa S,
Takahashi S, Kiyoi T, Tanaka Y, Kameda K et al (2016) The protective role
of protein L-isoaspartyl (D-aspartate) O-methyltransferase for
maintenance of mitochondrial morphology in A549 cell. Exp Lung Res 42:
245-262

Oostindie SC, Lazar GA, Schuurman J, Parren P (2022) Avidity in antibody
effector functions and biotherapeutic drug design. Nat Rev Drug Discov 21:
715-735

Park JE, JebaMercy G, Pazhanchamy K, Guo X, Ngan SC, Liou KCK, Lynn SE,
Ng SS, Meng W, Lim SC et al (2021) Aging-induced isoDGR-modified
fibronectin activates monocytic and endothelial cells to promote
atherosclerosis. Atherosclerosis 324: 58 —68

Pinto S, Pahl ], Schottelius A, Carter PJ, Koch ] (2022) Reimagining antibody-
dependent cellular cytotoxicity in cancer: the potential of natural killer
cell engagers. Trends Immunol 43: 932946

Qin Z, Dimitrijevic A, Aswad DW (2015) Accelerated protein damage in brains
of PIMT"~ mice; a possible model for the variability of cognitive decline
in human aging. Neurobiol Aging 36: 1029—1036

Robinson NE, Robinson AB (2001a) Deamidation of human proteins. Proc Natl
Acad Sci USA 98: 1240912413

Robinson NE, Robinson AB (2001b) Molecular clocks. Proc Natl Acad Sci USA
98: 944 -949

Schoonover KE, McMeekin LJ, Farmer CB, Varghese NE, Queern SL, Lapi SE,
Cowell RM, Roberts RC (2020) Interactions between knockout of
schizophrenia risk factor Dysbindin-1 and copper metabolism in mice.
Brain Res Bull 164: 339—349

Sevigny J, Chiao P, Bussiére T, Weinreb PH, Williams L, Maier M, Dunstan R,
Salloway S, Chen T, Ling Y et al (2017) Addendum: the antibody
aducanumab reduces AB plaques in Alzheimer’s disease. Nature 546: 564

Shcherbinin S, Evans CD, Lu M, Andersen SW, Pontecorvo M), Willis BA,
Gueorguieva I, Hauck PM, Brooks DA, Mintun MA et al (2022) Association
of amyloid reduction after donanemab treatment with tau pathology and
clinical outcomes: the TRAILBLAZER-ALZ randomized clinical trial. JAMA
Neurol 79: 1015-1024

Smith LM, Thomas PM, Shortreed MR, Schaffer LV, Fellers RT, LeDuc RD,
Tucholski T, Ge Y, Agar JN, Anderson LC et al (2019) A five-level
classification system for proteoform identifications. Nat Methods 16:
939-940

Spitaleri A, Mari S, Curnis F, Traversari C, Longhi R, Bordignon C, Corti A,
Rizzardi GP, Musco G (2008) Structural basis for the interaction of isoDGR
with the RGD-binding site of alphavbeta3 integrin. / Biol Chem 283:
19757 -19768

Sze SK, JebaMercy G, Ngan SC (2020) Profiling the ‘deamidome’ of complex
biosamples using mixed-mode chromatography-coupled tandem mass
spectrometry. Methods 200: 31—41

Truscott RJW, Schey KL, Friedrich MG (2016) Old proteins in man: a field in
its infancy. Trends Biochem Sci 41: 654 —664

EMBO Molecular Medicine 15: €18526|2023 15 of 16

)82 8991 :6P.L9:¥OTZ TOY:Z0PI:SIEZ:008Z d | WO13 #7202 ‘v Yo N Lo Bio'ssaidoguue mman//:saiy WwoJy papeoumoq



EMBO Molecular Medicine

van Dyck CH, Swanson CJ, Aisen P, Bateman R, Chen C, Gee M, Kanekiyo M,
Li D, Reyderman L, Cohen S et al (2023) Lecanemab in early Alzheimer’s
disease. N Engl | Med 388: 9-21

Warmack RA, Shawa H, Liu K, Lopez K, Loo JA, Horwitz |, Clarke SG (2019) The
|-isoaspartate modification within protein fragments in the aging lens can
promote protein aggregation. J Biol Chem 294: 1220312219

Yamamoto A, Takagi H, Kitamura D, Tatsuoka H, Nakano H, Kawano H,
Kuroyanagi H, Yahagi Y, Kobayashi S, Koizumi K et al (1998) Deficiency in

16 of 16 EMBO Molecular Medicine ~ 15: €18526 | 2023

Pazhanichamy Kalailingam et al

protein L-isoaspartyl methyltransferase results in a fatal progressive
epilepsy. | Neurosci 18: 2063 —2074
@ License: This is an open access article under the
terms of the Creative Commons Attribution License,
which permits use, distribution and reproduction in
any medium, provided the original work is properly
cited.

© 2023 The Authors

)82 8991 :6P.L9:¥OTZ TOY:Z0PI:SIEZ:008Z d | WO13 #7202 ‘v Yo N Lo Bio'ssaidoguue mman//:saiy WwoJy papeoumoq


http://creativecommons.org/licenses/by/4.0/

	 Abstract
	 Introduction
	 Results
	 �Anti-isoDGR� immunotherapy doubles the lifespan of Pcmt1-/-�mice
	 IsoDGR�-specific� antibody therapy improves motor function of Pcmt1-/-�mice
	 �Anti-isoDGR� mAb treatment reduces isoDGR�-modified protein levels in body tissues
	 IsoDGR mAb reduces macrophage infiltration and inflammation of Pcmt1-/-�liver
	 IsoDGR accumulation induces both local and systemic inflammation in Pcmt1-/-�mice
	emmm202318526-fig-0001
	 IsoDGR�-modified proteins induce inflammation in young WT�mice
	emmm202318526-fig-0002
	emmm202318526-fig-0003
	 Accumulation of isoDGR modified proteins in liver during�aging
	emmm202318526-fig-0004
	 Immune clearance of isoDGR via �antibody-dependent� cellular phagocytosis (ADCP)
	 Immune clearance of isoDGR reduces inflammatory phenotype of naturally aged C57BL/6�mice

	 Discussion
	emmm202318526-fig-0005
	emmm202318526-fig-0006
	emmm202318526-fig-0007

	 Materials and Methods
	 Animal experiments
	 Cell culture
	 �Anti-isoDGR� immunotherapy
	 �Anti-isoDGR� immunotherapy in naturally aged WT C57BL/6J�mice
	 �Hind-limb� clasping�test
	 Ledge�test
	 IsoDGR�-antigen� uptake/ADCP assays
	 Histological assessment and immunostaining of liver and brain tissues
	 Measurement of plasma cytokine levels
	 �Real-time� PCR
	 Western blot analysis
	 Statistics

	 Data availability
	emmm202318526-supitem
	 Acknowledgements
	 Author contributions
	 Disclosure and competing interests statement
	 For more information
	 References
	emmm202318526-bib-0001
	emmm202318526-bib-0002
	emmm202318526-bib-0003
	emmm202318526-bib-0004
	emmm202318526-bib-0005
	emmm202318526-bib-0006
	emmm202318526-bib-0007
	emmm202318526-bib-0008
	emmm202318526-bib-0009
	emmm202318526-bib-0010
	emmm202318526-bib-0011
	emmm202318526-bib-0012
	emmm202318526-bib-0013
	emmm202318526-bib-0014
	emmm202318526-bib-0015
	emmm202318526-bib-0016
	emmm202318526-bib-0017
	emmm202318526-bib-0018
	emmm202318526-bib-0019
	emmm202318526-bib-0020
	emmm202318526-bib-0021
	emmm202318526-bib-0022
	emmm202318526-bib-0023
	emmm202318526-bib-0024
	emmm202318526-bib-0025
	emmm202318526-bib-0026
	emmm202318526-bib-0027
	emmm202318526-bib-0028
	emmm202318526-bib-0029
	emmm202318526-bib-0030
	emmm202318526-bib-0031
	emmm202318526-bib-0032
	emmm202318526-bib-0033
	emmm202318526-bib-0034
	emmm202318526-bib-0035
	emmm202318526-bib-0036
	emmm202318526-bib-0037
	emmm202318526-bib-0038
	emmm202318526-bib-0039
	emmm202318526-bib-0040
	emmm202318526-bib-0041
	emmm202318526-bib-0042
	emmm202318526-bib-0043
	emmm202318526-bib-0044
	emmm202318526-bib-0045
	emmm202318526-bib-0046
	emmm202318526-bib-0047
	emmm202318526-bib-0048
	emmm202318526-bib-0049
	emmm202318526-bib-0050
	emmm202318526-bib-0051
	emmm202318526-bib-0052
	emmm202318526-bib-0053
	emmm202318526-bib-0054
	emmm202318526-bib-0055
	emmm202318526-bib-0056
	emmm202318526-bib-0057
	emmm202318526-bib-0058
	emmm202318526-bib-0059


