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Abstract

Background: The incidence of rheumatoid arthritis is correlated with age. In this study, we analyzed the association
of the incidence and severity of glucose-6-phosphate isomerase (G6PI)-induced arthritis with age in two different
mouse strains.

Methods: Young and very old mice from two different arthritis-susceptible wild-type mouse strains were analyzed
after a single subcutaneous injection of G6PI s.c. The metabolism and the function of synoviocytes were analyzed
in vitro, the production of bioactive lipid mediators by myeloid cells and synoviocytes was assessed in vitro and
ex vivo by UPLC-MS-MS, and flow cytometry was used to verify age-related changes of immune cell composition
and function.

Results: While the severity of arthritis was independent from age, the onset was delayed in old mice. Old mice
showed common signs of immune aging like thymic atrophy associated with decreased CD4" effector T cell
numbers. Despite its decrease, the effector T helper (Th) cell compartment in old mice was reactive and functionally
intact, and their Tregs exhibited unaltered suppressive capacities. In homeostasis, macrophages and synoviocytes
from old mice produced higher amounts of pro-inflammatory cyclooxygenase (COX)-derived products. However,
this functional difference did not remain upon challenge in vitro nor upon arthritis reactions ex vivo.

Conclusion: While old mice show a higher baseline of inflammatory functions, this does not result in increased
reaction towards self-antigens in arthritis-susceptible mouse strains. Together, our data from two different mouse
strains show that the susceptibility for G6PI-induced arthritis is not age-dependent.
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Introduction

Elder people commonly exhibit a low-grade systemic,
sterile inflammation, a phenomenon termed inflamma-
ging [1]. Paradoxically, they also exhibit higher mortality
to infections due to impaired immune responses, which
is termed immunosenescence [2]. Although a consider-
able number of studies focused on altered immune
mechanisms in the context of aging [3], harmonizing the
partially controversial concepts of inflammaging and
immunosenescence for clinical benefit still remains a
challenge to research.

A prominent feature of immune aging is the age-
related atrophy of the thymus. This reduces the output
of naive T cells, which shifts the balance within the
peripheral T cell compartment from naive to effector/
memory phenotypes accompanied by a substantially
reduced clonal T cell receptor (TCR) diversity [4]. An
age-dependent structural alteration of the secondary
lymphoid tissue architecture [5] not only hinders the mi-
gration of T cell and antigen-presenting cells (APCs) to
the peripheral lymphoid organs and thereby, the costi-
mulation of T cells by APCs [6, 7], but also disturbs the
maintenance of naive Th cells in the periphery [8].
Thereby, the induction of a concerted and specific
adaptive immune responses is hampered. However, an
age-associated increase of low-grade inflammation can
be triggered by the accumulation of misfolded proteins
or improper barrier function of mucosal surfaces [9]. In
addition, the defective removal of dead cells disturbs the
resolution of an immune response and supports the per-
sistence of inflammation [10]. In addition, senescent
cells secreting proinflammatory mediators accumulate in
various tissues and thereby increase basal inflammation
[11]. This phenomenon is commonly referred to as
senescence-associated secretory phenotype (SASP).
SASP-induced IL-1f and TNFa drive stromal cells into
senescent conditions resulting in reduced regenerative
processes such as wound healing [12]. Increased basal
levels of C-reactive protein (CRP) or pro-inflammatory
cytokines like IL-6 or chemokines like IL-8 are generally
associated with a shortened lifetime [9]. Thus, SASPs
may explain a prevalent setting of inflammaging in a
context of defective immune functions due to immuno-
senescence. How these age-related alterations in the im-
mune system functionality are related to rheumatoid
arthritis (RA) is still controversial. RA is a chronic
inflammatory joint disease that often results in joint de-
struction and disability. A combination of risk factors in-
cluding diet, microbiome composition, respiratory
exposure, and genetics is thought to contribute to RA
development [13]. Like RA, many autoimmune patholo-
gies have been epidemiologically investigated for their
correlation with age. Depending on the ethnicity of the
investigated cohort, the incidence of systemic lupus

Page 2 of 15

erythematodes (SLE) increases early in life and remains
constant or even decreases slowly until the age of 80
years, and subsequently declines [14]. Comparably, the
incidence rate of ankylosing spondylitis sharply increases
until 3rd decade of life and then slowly decreases [15].
In stark contrast, giant cell arteritis occurs at very old
age [16]. In comparison to these conditions, the docu-
mented relationship of rheumatoid arthritis (RA) inci-
dence with age appears to be enigmatic because the
incidence rate peaks between the age of 55 and 85 years,
but strongly declines thereafter [12, 17-19]. In contrast
to the incidence, the severity of RA symptoms correlates
with age and increases significantly beyond the age of 65
[20]. In line with this, the severity of bone erosions
strongly correlates with the age of RA onset [21].
Fibroblast-like synoviocytes (FLS) are important for the
structure of the synovial lining architecture and the pro-
duction of synovial fluid constituents [22]. Upon patho-
logical modulation, FLS are among the major drivers of
the progression of RA [23, 24]. Pathologic FLS are
located in the sublining layer and have originally been
described as a CD90" [23]. Recently, the identification
has been refined to CD34 FAPa"NOTCH3*CD90" FLS
being located at the blood vessel of RA synovium, which
differentiate from CD90" FLS population upon activation
of Notch3 signaling [23-25]. These pathogenic FLS at-
tract and activate leukocytes to the synovial surrounding
by production of large arrays of pro-inflammatory che-
mokines and cytokines like CCL2 and IL-6, respectively
[23, 24]. However, it remains to be elucidated, whether
how the homeostasis of these pathologic FLS is altered
in elder individuals. Similar to the increasing incidence
of RA in human beyond the age of 30, arthritis in mouse
models can only be properly induced if the mouse has
reached a certain age before immunization [26].

In the presented work, we used a highly synchronized
model of arthritis, the G6PI-induced arthritis model [27]
to investigate the relationship between onset and severity
of arthritic symptoms and age. We surveyed old mice
for age-related characteristics of immunosenescence and
inflammaging and avoided any strain-specific particular-
ities by inducing arthritis in DBA/1 as well as B6.NQ
mice. Our data demonstrate that the immune-related
changes upon organismal aging do not alter the highly
synchronized onset and progression of G6PI-induced
arthritis in mice.

Methods

Mice

B6.NQ mice express a congenic fragment containing the
Aq gene from the B10.Q mice [28] and were kindly pro-
vided by Dr. Rikard Holmdahl, Karolinska Institute,
Stockholm, Sweden. Terc”’~ mice, which exhibit a pre-
mature aging phenotype due to telomere shorting and
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chromosomal instability [29] were provided by Dr.
Lenhard Rudolph, Fritz-Lipmann-Institute (FLI-Leibniz),
Jena, Germany, and were backcrossed onto B6.NQ back-
ground. DBA/1 mice were purchased from Janvier labs,
France. All mice were bred and housed in the animal fa-
cility of the University Hospital Jena. All experiments
were conducted following approval by the Thiiringer
Landesamt fiir Verbraucherschutz, Bad Langensalza,
Germany; registration numbers 02-041/14, 02-079/14,
02-028/15, and 02-031/15. The exact age of every
mouse analyzed in this study is shown in the Supple-
mentary Tables.

Induction and assessment of arthritis

Recombinant human G6PI was prepared as previously
described [27]. DBA/1 and B6.NQ mice were immunized
by subcutaneous (s.c.) and intradermal (i.d.) injections,
respectively, which consisted of 400 pg recombinant hu-
man G6PI in PBS emulsified 1:1 (vol/vol) with complete
Freund’s Adjuvant (CFA; Sigma). Mice were examined
for signs of arthritis at least three times per week, and
the arthritis score was recorded for each mouse as de-
scribed before [30]. The maximum attainable score for
each mouse was 33. To summarize individual experi-
ments, the average arthritis score was calculated in 7
day—intervals with the median days 7, 14, 21, 28, 35, 42,
49, and 56. To assess the onset of arthritis, the day 9
time point was calculated from scores at days 8, 9 and
10.

Preparation of single cell suspensions ex vivo

All 4 limbs of the mice were collected. Upon careful re-
moval of the skin, tendons, and muscles, the paws were
separated at the wrist and ankle regions, respectively, by
cutting the filaments without injuring the bones. Isolated
paws were digested in 1 mg/mL collagenase type IV
(Worthington, LS004189) in fully supplemented cell cul-
ture medium (Dulbecco’s modified Eagle’s medium
(DMEM), Sigma, D5796, high glucose); supplemented
with 10% fetal calf serum (FCS), 1 mM sodium pyruvate
(Sigma), 50 puM B-mercaptoethanol (Gibco), 100 U/ml
streptomycin/, and 10 mg/ml penicillin (PAN Biotech).
Tissue clumps and separated bones were removed by
passing cells through cell strainers (70um, BD Falcon),
followed by a washing step in fully supplemented
DMEM. Cell numbers were counted with the help of a
Neubauer chamber.

The spleens and lymph nodes (LNs) were minced
through a 70-pm cell strainer (BD Falcon). Splenic
erythrocytes were lysed by in erythrocyte lysis buffer
(0.15mM NH,Cl, 1mM KHCO3, 0.1mM Na,EDTA, pH
7.4) at RT for 5 min. Cells were either recovered in cell
culture medium (RPMI 1640, Sigma, R8758); supple-
mented with 10% FCS, 1 mM sodium pyruvate (Sigma),
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50 uM p-mercaptoethanol (Gibco), 100 U/ml strepto-
mycin/, and 10 mg/ml penicillin (PAN Biotech) for later
cell culture experiments (= fully supplemented), or in
PBA-E (PBS, 5 mg/mL, BSA, 10 mM NaNs3; 2 mM
EDTA) for flow cytometrical cell analysis.

Synoviocyte cell culture

Upon purification, synoviocytes were seeded fully sup-
plemented DMEM in a T75 culture flask and incubated
at 37°C and 5% CO, for 3 days. After 3 days, the non-
adherent cells were removed by replacement with fresh
medium. At 90% confluence the cells were detached by
trypsinization (0.25% Trypsin in serum-free DMEM) for
5 min at 37°C, and recovered cells were passaged 1:3 to
a new T75 culture flask.

Antigen-specific Th cell stimulation

To investigate the reactivity of Th cells, single cell sus-
pensions of pooled lymph nodes (inguinal, brachial, axil-
lary) were prepared and 107 cells per mouse were
restimulated. To analyze the functional capacities of Th
cells, cell suspensions were restimulated with aCD3/
aCD28 beads (Dynabeads Mouse T-Activator CD3/
CD28, Gibco) in a ratio of 1:2 (beads:cells). To analyze
G6PI-specific Th cells, 5 x 10° single cells were restimu-
lated with 100 pug G6PI in 500 pl. After 2h of stimula-
tion, Brefeldin A (Sigma) was added to the preparation
for further 4h. Subsequently, the cells were fixed with
2% formaldehyde/PBS for intracellular cytokine staining.

Flow cytometry

For flow-cytometric analysis, cell suspensions (synovio-
cytes: 500,000 cells/sample; splenocytes or lymph node
cells: 5 x 10° cells/ sample) were incubated in 2 pg/mL
polyclonal rat IgGs (Jackson Immunoresearch laborator-
ies) for 10 min at 4°C and subsequently stained with 2
pg/mL of fluorophore-conjugated antibodies directed
against the surface antigens CD45 (clone REA737, Vio-
Green, Miltenyi), CD90.2 (APC-eFluor780, clone 53-2.1,
Invitrogen), F4/80 (clone BMS8, PE/Cy7 or APC/Cy7,
BioLegend), CD11b (AlexaFluor700, clone M1/70,
eBioscience), CD11b (BV605, clone M1/70, BioLegend),
Ly6G (clone 1A8, AlexaFluor700, BioLegend), SiglecF
(clone REA798, APC, Miltenyi), or MHC-II (clone M5/
114.15.2, PE, eBioscience), CD4 (clone GK1.5, APC/Cy?7,
BioLegend), CD8 (clone 53-6.7, PE/Cy7, BioLegend),
CD25 (clone 3C7, APC, BioLegend), CD62L (clone
MEL-14, FITC, BioLegend), CD44 (clone REA664, PE/
Cy7, Miltenyi), CD11c (clone N418, PE, Invitrogen), and
CD19 (clone 6D5, AlexaFluor700, BioLegend) as indi-
cated. Before analysis, 4',6-Diamidin-2-phenylindol
(DAPI, Sigma) or Propidium iodide (PI, Miltenyi) was
added to the samples. Samples were analyzed using a BD
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LSRII flow cytometer and FlowJo software (TreeStar,
Inc.).

The formaldehyde-fixed cells were incubated in 1 pg/
mL polyclonal rat IgG (Jackson Immunoresearch
laboratories) in PBA-E with 0.5% (w/V) saponin for 10
min at 4°C and subsequently stained with fluorophore-
conjugated antibodies directed against CD4 (clone
GK1.5, AlexaFluor700, BioLegend), CD154 (clone MRI,
PE, Invitrogen), IFNy (clone XMG1.2, APC/Cy7, BioLe-
gend), IL-4 (clone 11B11, BV421, BiolLegend), IL-17A
(clone TC11-18H10.1, APC, BioLegend), GM-CSF (clone
MP1-22E9, PerCP/Cy5.5, BioLegend), and TNFa (clone
MP6-XT22, BV510, BioLegend) in PBA-E with 0.5 % (w/
V) saponin in darkness at 4°C for 20 min. Upon washing
with PBA-E with 0.5 % (w/V) saponin, the samples were
recovered in PBA-E for flowcytometric analysis.

For transcription factor staining, the FoxP3 staining kit
(Invitrogen) was used according to the manufacturer’s
protocol. In brief, cells were fixed with the Fix/Perm
buffer at 4°C for 60 min, followed by washing with
permeabilization buffer and staining with antibodies
against CD4 (clone GK1.5, APC/Cy7, BioLegend), FoxP3
(clone MF14, BV421, BioLegend), RORyt (clone Q31-
378, PE, BD Bioscience), GATA3 (clone 16E10A23,
APC, BiolLegend), and Helios (clone 22F6, PerCP-
eFluor710, Invitrogen) in permeabilization buffer at 4°C
for 45 min. Subsequently, the samples were washed with
permeabilization buffer and resuspended in PBA-E for
flowcytometrical analyses.

Suppression assay

Living CD11c™" ¢DCs, CD4*CD25* Tregs and
CD4"CD25CD62L*CD44™ naive Th cells were isolated
from splenocytes with a FACS ARIA III sorter (BD). 10
naive Th cells/mL were stained with 5 uM pre-activated
CEDA-SE in PBS/0.5% BSA and incubated for 5 min.
Upon washing with PBS/0.5% BSA, 10°> CFSE-labeled Th
cells/well were cultured in the presence of 1 pg/mL of
soluble a-CD3e and 2x10* ¢cDCs in a 96-well plate for 3
days. Th cells were composed of Tregs and naive Th
cells in the indicated ratios. CFSE dilution was analyzed
among CD4"CD11c¢-CFSE" culture cells, and the prolif-
eration index represents the total number of recovered
cells divided by the number of starting cells calculated
by the amount of CFESE dilution cycles of each cell.

Analysis of lipid mediators (LM)

Cells obtained from the peritoneal lavage was cultured
in RPMI 1640 supplemented with 10% FCS, 2 mmol/L
glutamine (Biochrom/Merck, Berlin, Germany), and
penicillin-streptomycin (Biochrom/Merck) for 24 h and
washed once with PBS. Peritoneal lavage cells were stim-
ulated in PBS containing ImM CaCl, with 1% Staphylo-
coccus (S.) aureus conditioned medium (SACM) of the
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6850 wt strain or 1% brain heart infusion as vehicle for
180 min at 37°C. Preparation of SACM is described by
Jordan et al. [31]. Synovial cells of the small joints were
isolated and directly stimulated in PBS containing 1 mM
CaCl, with 2.5 uM Ca®*-ionophore A23187 (Cayman
Chemical/Biomol GmbH, Hamburg, Germany) or ve-
hicle for 180 min. Cells were transferred into ice-cold
methanol containing 10 puL of deuterium-labeled internal
standards (200 nM d8-5S-HETE, d4-LTB,, d5-LXA,, d5-
RvD2, d4-PGE,, and 10 puM d8-AA) to facilitate quantifi-
cation and sample recovery. Sample preparation was
adapted from previously published studies [32]. In brief,
samples were kept at —20°C for 60 min to allow protein
precipitation and transferred into acidified H,O followed
by solid phase extraction (Sep-Pak® Vac 6cc 500 mg/ 6
mL C18; Waters, Milford, MA).Upon drying by evapor-
ation (TurboVap LV, Biotage, Uppsala, Sweden), lipid
mediator (LM) profiling was performed with an
Acquity™ UPLC system (Waters, Milford, MA, USA) and
a QTRAP 5500 Mass Spectrometer (ABSciex, Darm-
stadt, Germany) equipped with a Turbo V™ Source and
electrospray ionization as previously published [33, 34].
The following groups of LM were analyzed: specialized
pro-resolving mediators (SPM, represents the sum of
PD1, PDX, RvD2, RvD5, MaR1, MaR2, and LXA,), COX
products (represents the sum of PGE,, PGD,, PGF,,,
and TXB,), 5-LOX products (represents the sum of
LTB4, trans-LTB4, and 5-HETE), 15-LOX products
(represents the sum of 17-HDHA, 15-HEPE, and 15-
HETE), and 12-LOX products (represents the sum of
14-HDHA, 12-HEPE, and 12-HETE).

Metabolic assay

Oxygen consumption rate (OCR) and Extra Cellular
Acidification Rate (ECAR) were measured using the Agi-
lent Seahorse XFp Cell Energy Phenotype test kit at the
XFe96 Extracellular Flux Analyzer (Agilent) according to
manufacturer’s instructions. FLS were seeded onto XF96
culture microplates (5000 cells per well) in complete
FLS medium and allowed to adhere and grow for 24 h in
a 37°C humidified incubator with 5% CO,. Measure-
ments of metabolism were performed in unbuffered
media. One hour prior to the start of the assay, the
media were replaced by unbuffered (pH 7.4) DMEM
containing 2 mM glutamine, 1 mM sodium pyruva-
te,10mM glucose, and incubated at 37°C without COs,.
The results were normalized to cell numbers by photo-
metric measurement of Bradford staining of the cultured
cells after the metabolic assay.

Invasion assay

Transwell cell culture inserts (pore size 8 pm, Corning)
were coated with MEM (Sigma) containing 40% collagen
(PureCol, Sigma) at 37°C for 90 min. 2x10* FLS were
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seeded into the precoated insert in serum-free DMEM
and introduced into a 24-well plate containing fully sup-
plemented DMEM. After 36 h, the inserts were washed
in PBS and subsequently incubated in crystal violet
solution (Sigma) at RT in the dark for 20 min. Upon re-
peated washing and subsequent drying, the membranes
were removed from the inserts and coated with Entellan
solution (Millipore) on microscope slides. Pictures of
whole membranes were obtained by binning in a 10x
magnification with a Zeiss Axioobserver Z1. The ratio of
the stained surfaces was calculated with the Biovoxxel
Toolbox in the Fiji/Image] software.

Senescence assay

FLS of minimum P3 were cultured until 90% confluency.
Upon removing culture medium by repeated washing
with PBS, cells were fixed with 2% formaldehyde/H,O at
RT for 15 min. Upon repeated washing, fixed cells were
stained with a Senescence B-Galactosidase Staining Kit
(Cell Signaling Technology #9860) according to manu-
facturer’s protocol.

Statistics

All data were tested for normal distribution using
Shapiro-Wilk test. Equal variance was tested using
Brown-Forsythe test. If data were normally distributed
with equal variance, a two-sided Student’s t test was
performed. Otherwise, Mann-Whitney rank sum test
was performed. Statistical significance is indicated as
"*non-significant; *p<0.05, **p<0.01, and **p<0.001.

Results

We induced arthritis in young (average 13 weeks) and
very old (average 93 weeks) DBA/1 mice by injection of
G6PI/CFA. The synchronized incidence and progression
of arthritis allow us to validate age-dependent severity,
onset, and susceptibility in genetically identical inbred
mice. Surprisingly, there was no significant difference in
the incidence or severity of arthritis between young and
old mice (Fig. 1a). However, the onset of arthritis was
slightly delayed in old mice (Fig. 1b), predominantly in
old male mice (Supplement-Figure 1 a-c). The percent-
ages of mice developing mild and severe symptoms were
similar in young and old cohorts (Fig. 1c). When we re-
covered cells from the small joints of young and old
mice before or after the arthritis induction, we yielded
similar numbers of synoviocytes (Fig. 1d). The numbers
of CD45" hematopoietic cells and CD45" stromal cells
were also similar in both groups at dO (Fig. le). These
similarities were supported on histological levels by an
intact bone structure (Supplement-Figure 2 a) and by
the complete recovery from any joint infiltration
(Supplement-Figure 2 b) beyond day 56 after immunization
with G6PI in young and old mice. While we detected no
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alteration of the overall CD90*CD45™ FLS population be-
tween young and old mice at any time point investigated,
we recovered less CD90'CD45™ FLS from the small joints of
non-immunized old mice compared to young mice (Fig.
1f). Although we did not focus on FLS subpopulations in
detail, that overall difference of CD90°'CD45™ FLS between
young and old mice observed in naive mice was no longer
detectable at day 56 after arthritis induction (Fig. 1f).

The genetic background of mice is known to be a fac-
tor for the bias of immune responses, e.g., with C57BL/6
mice and BALB/c mice being prone to Thl or Th2-
mediated responses, respectively [35]. To exclude strain-
dependent differences in an age-associated susceptibility
to arthritis, we investigated a G6PI-induced arthritis in
young and old B6.NQ mice [28]. In addition, we used an
established genetic mouse model for premature aging,
the Terc”’” mouse, which rapidly ages when bred inter se
for 4 generations [29]. Strikingly, B6.NQ and B6.NQ/
Terc”™ mice fully confirmed our previous data using
DBA/1 mice with regard both to the similar clinical
course of the G6PI-induced arthritis in young and old
mice (Fig. 1g) and the delayed onset of arthritis in old
mice (Fig. 1h). In contrast to DBA/1 mice, in which fe-
male mice did not display any delay in the onset of arth-
ritis, female old C57BL/6 mice did show a delayed onset
(Supplement-Figure 1 d, e).

After recovery from arthritis, synovial fibroblasts display
increased signs of senescence in old mice

In RA, FLS have been reported to be major drivers of
disease progression and are characterized by an in-
creased aggressiveness with enhanced invasive functions
leading to massive joint destruction [23, 24]. Alterations
in metabolic pathways were reported to regulate such
pathologic mechanisms and thereby impact the progres-
sion of arthritis [36]. When we tested the metabolic ac-
tivity of FLS from young and old mice, we did not detect
significant differences in the basic oxygen consumption
rate (OCR) (Fig. 2a) or in the extra cellular acidification
rate (ECAR), which represents a measure for glycolytic
activity (Fig. 2b). Differences in the oxygen consumption
between young and old FLS upon recovery from arthritis
did not reach statistical significance (Fig. 2a). In contrast,
we detected a statistically significantly increased glyco-
lytic activity in FLS from old mice 56 days after G6PI-
immunization (Fig. 2b). However, upon challenge, the
maximal capacities to consume oxygen or to perform
glycolysis were similar in young and old animals (Fig. 2a,
b). To test whether an increased glycolytic activity is as-
sociated with an invasive, pathologic fibroblast activation
as described in rheumatoid arthritis [37], we performed
a collagen-based invasion assay to test FLS from young
and old mice obtained at day 56 after arthritis induction
after the mice had recovered from arthritis. Invasion
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Fig. 1 Young and old mice are similarly susceptible to G6PIl-induced arthritis. Young (average age of 10 weeks, n=74) or old (average age of 96 weeks,
n=26) DBA/1 mice were immunized with G6PI. Arthritis severity was scored after immunization. a The scores were summarized in the diagram in
intervals with the average time point indicated on the x-axis. b Score at day 9 is shown separately. ¢ Percentage of mice developing arthritis of low
severity (max. score < 5), intermediate severity (max. score of 5-20) or strong severity (max. score > 20). d—f Before induction and after recovery from
arthritis, synovial cells of the small joints were extracted and total number of all cells recovered (d), CD45" cells or CD45" cells (e), and CD90*CD45 or
CD90CDA45 cells were determined (f). Individually analyzed mice were grouped into young dO (average age of 16 weeks, n=8), young d56 (average
age of 25 weeks, n=5), old d0 (average age of 66 weeks, n=4), or old d56 (average age of 89 weeks, n=6). g Young B6.NQ (open circles, average age of
10 weeks, n=49), generation 4 B6.NQ/Terc” (gray diamonds, average age of 40 weeks, n=16), or old B6NQ (dark gray squares, average age of 70
weeks, n=11) mice were immunized with G6PI in CFA s.c.. Arthritis was scored for 42 days. h Score of the day 9 interval is separately shown as box plot
(n.d. = not detectable). Statistical testing was performed as described in the methods section. n.s. non-significant

capacity was not significantly increased in FLS from old into functional differences (Fig. 2c). This was supported
mice compared to FLS from young mice, and thus, the by the absence of destruction and infiltration of the
observed basal metabolic differences did not translate small joints (Supplement-Figure 2). Interestingly (-
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Fig. 2 Upon arthritis FLS from old mice are more senescent and show higher glycolysis. Young and old mice were immunized with G6PI. Before
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galactosidase, which is a commonly used marker for sen-
escent cells [38] and increases upon continuous replica-
tion [39], was increased in FLS from old mice (Fig. 2d).

Basal differences in inflammatory mediator production
disappear upon arthritis resolution

Flow cytometric analyses of synovial cells (Fig. 3a) re-
vealed an increased frequency of neutrophils in old mice
in steady-state conditions (Fig. 3b). In contrast to this,
the frequencies of both, tissue macrophages (F4/80%)
and proinflammatory monocytes (F4/807) among
CD11b" myeloid cells were reduced in old mice (Fig.
3b). Upon recovery of young mice from arthritis, the
neutrophil frequencies were higher than before arthritis

induction and even exceeded the frequencies in old mice
(Fig. 3b, c). Lipid mediators regulate inflammation, while
COX-derived prostaglandins (PG) and 5-lipoxygenase
(LOX)-derived Leukotrienes (LT) support inflammatory
processes, and 12/15-LOX-derived specialized proresolving
mediators (SPM) promote resolution of inflammation and
tissue repair [40]. In line with the increased frequencies of
neutrophils in the joints of old mice under steady state con-
ditions, we detected higher levels of proinflammatory COX
products in the small joints of non-immunized old mice
compared to young mice (Fig. 3d). This enhanced produc-
tion of COX products as well as an elevated generation of
12-LOX products by synoviocytes from old mice was no
longer statistically significant upon activation with the
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(See figure on previous page.)

Fig. 3 Enhanced immune effector cells and function in old mice are normalized upon challenge. a-c Synoviocytes from the small joints were
extracted, and their composition was analyzed by flow cytometry. Gating strategy for myeloid subsets is shown in a. Pie charts show the
frequencies of Ly6G" neutrophils (n=6-12 mice), SiglecF" eosinophils (n=2-8 mice/group), F4/80"CD11b™ (n=2-5 mice/group), F4/80°CD11b"* (n=
2-5 mice/group), F4/80°CD11b* (n=2-5 mice/group), and Ly6G SiglecF F4/80°CD11b™ (other; n=2-5 mice/group) subsets among synoviocytes of
young (average age of 14 weeks) and old (average age of 85 weeks) mice before (b), or of young (average age of 22 weeks) and old (max. n = 8
mice, average age of 97 weeks) mice 56 days after (c) immunization with G6PI. d, e Synoviocytes from the small joints were extracted and
directly stimulated with 2.5 uM of the Ca>* ionophore A23187 or vehicle (unstim) for 3 h. Subsequently, lipid mediators were quantified by UPLC-
MS-MS. Amounts of lipid mediators were related to the amounts of free fatty acids, and frequencies of metabolites among all analyzed mediators
are depicted in the pie charts representing synovial cells of young (average age of 9 weeks) and old (average age of 102 weeks) mice before (d,

n=3 mice/group); or of young (average age of 29 weeks) and old (average age of 102 weeks) mice 8 weeks after G6PI immunization (e, n=6
mice/group). f, g Peritoneal lavage cells from young or old mice were analyzed by flow cytometry. Representative plots are shown in (f). Pie
charts (g) show summarized lavage compositions from young (left, n=11 mice, average age of 10 weeks) or old (right, n=11 mice, average age of
106 weeks). h Peritoneal lavage cells from young (n=7 mice in 4 analyses, average age of 16 weeks) and old mice (n=9 mice in 4 analyses,
average age of 86 weeks) were cultured overnight to recover peritoneal macrophages. Subsequently, adherent cells were stimulated with 1%
SACM or vehicle (unstim) for 3 h or left untreated. Lipid mediators were quantified by UPLC-MS-MS. Amounts of lipid mediators were related to
the amounts of free fatty acids and frequencies of metabolites among all analyzed mediators are depicted in the pie charts (n=4 mice/group). All
pie charts show average values. Statistical testing was performed as described in the methods section

pro-inflammatory stimulus Ca**-ionophore A23187 (Fig.
3d). Notably, the 15-LOX products were produced at
slightly lower levels by synoviocytes from old mice during
homeostasis, which was not altered upon stimulation with
A23187 (Fig. 3d). While the levels of 5-LOX products pro-
duced by synoviocytes in steady state were comparable,
their induction by A23187 stimulation was slightly lower in
synoviocytes from old mice (Fig. 3d). Upon arthritis, the
lipid mediator profiles were similar between synoviocytes
from young or old mice (Fig. 3e). However, we could detect
a slight increase in the capacity to produce pro-
inflammatory COX products in synoviocytes from old mice
upon arthritis when stimulated with A23187 (Fig. 3e).
Within tissues, macrophages are important for tissue
homeostasis via their production of lipid mediators and the
removal of apoptotic or dead cells [41]. Considering that
macrophages are major constituents of the protective bar-
rier around the joint space [42] and are highly sensitive to
changes in the tissue environment throughout the body,
e.g., by detecting pathogenic stimuli upon infection [43], we
analyzed whether we could detect similar age-related
changes in the peritoneum. Reflecting the alteration of the
cellular composition in the small joints of old mice, we de-
tected decreased frequencies of F4/80"CD11b" macro-
phages in the peritoneal cavity in old mice compared to
young mice (Fig. 3f, g). In line with earlier reports, [44] we
detected decreased frequencies of myeloid cells in the peri-
toneal lavage fluid of old mice and increased frequencies of
B and T lymphocytes (Supplement-Figure 3). Comparable
to synoviocytes, macrophages from old mice produced lar-
ger amounts of proinflammatory COX products under
homeostatic conditions (Fig. 3h). However, upon challenge
of these macrophages with SACM to activate all
inflammation-related pathways [31], the age-related func-
tional differences disappeared (Fig. 3h). Collectively, while
the impact of age was clearly visible in steady state repre-
sented by increased production of pro-inflammatory lipid

mediators and accumulation of neutrophils in the joints of
old mice, the capacities to react to proinflammatory stimuli
and to attract neutrophils remained comparable between
young and old mice.

Reduced T helper lymphocytes display an increased
autoimmune character

Despite the reduced overall cellularity of spleen, thymus
and peripheral lymph nodes (periLNs) in old mice
(Supplement-Figure 4 a), the frequency of CD4" but not
CD8" single positive Th cells among the CD45" thymo-
cytes was increased when compared to young mice
(Supplement-Figure 4 b). This was exclusively attribut-
able to the Foxp3™ CD4" Th cells (Supplement-Figure 4
). The increased frequency of FoxP3'CD4" Th cells in
the thymus of old animals was not reflected in the
spleen (Supplement-Figure 4 d). Immigration of lympho-
cytes to periLNs is impaired in old individuals due to
distorted architecture [5]. In line with that we observed
a massive decrease of FoxP3" CD4" Th cells among the
CD45" cells in the periLNs (Supplement-Figure 4 e). We
detected unaltered GATA3" or RORyt" FoxP3™ Th cells
among hematopoietic cells (Supplement-Figure 4 f, g),
which indicated that this drop in FoxP3™ Th cells was
not due to reduced Th effector/memory cells. Helios,
which is a transcription factor strongly associated with
Treg characteristics [45] was increased in FoxP3 CD4"
Th cells from old mice (Supplement-Figure 4 f, g).
Helios expression in nonTreg cells is associated with a
Treg-alike state [46], which suggested that the pool of
effector/memory Th cells in old mice was efficiently
constrained, while the newly generated CD4" Th cells
decreased in old mice compared to young mice. Along-
side the fully functional capacity of myeloid cells to pro-
duce lipid mediators upon activation (Fig. 3), young and
old T cells responded similarly to TCR stimulation via
CD3/CD28 (Fig. 4 a, c). However, activated CD154" Th
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Fig. 4 Old mice generate more TNFa-producing G6PI-specific Th cells. a-d Peripheral LN cells from young (average age of 8 weeks, n=5) or old
(average age of 103 weeks, n=5) mice were restimulated with anti-CD3/CD28 beads (0.5 beads/cell) for 6h, fixed and intracellularly stained for
IFNy, IL-4, IL-17A, GM-CSF, and TNFa in combination with CD154 and CD4. FACS plots show representative staining for CD154* among CD4™ cells
(@) and for cytokine producers among CD154"CD4" cells (b). Diagrams show average frequencies of CD154" cells among CD4" cells (c) or of
cytokine producers among CD154°CD4" cells (d). e-g Peripheral LNs were collected from young (average age of 9 weeks, n=7) and old mice
(average age of 89 weeks, n=7) at day 6 after immunization with G6PI. Whole LN cells were restimulated with G6PI for 6h, fixed and stained
intracellularly for cytokines in combination with CD154 and CD4. FACS plots show representative staining for CD154* among CD4" cells (e).
Diagrams show average frequencies of CD154" among CD4" cells (f) or of indicated cytokines among CD154"CD4" (g). Statistical testing was
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cells in the draining lymph nodes of old mice produced
more IFNy, IL-4, IL-17A, and GM-CSE, but not TNFq,
than those of young mice (Fig. 4b, d). Upon
immunization with G6PI, we detected an enhanced fre-
quency of G6PI-specific Th cells in the pLN of old mice
compared to young mice (Fig. 4e, f). Among these G6PI-
specific Th cells, we observed significantly higher fre-
quencies of TNFa producing Th cells, whereas the fre-
quencies of IFNy, IL-4, IL-17A, or GM-CSF producers
remained similar among the G6PI-reactive Th cells from
old and young mice (Fig. 4g). Collectively and in line
with former reports [4], we observed a preservation of
peripheral Th effector/memory in arthritis-susceptible
old mice. However, we found more TNFa-producing
autoreactive G6PI-specific Th cells upon immunization
of old mice.

Tregs functionality is not associated with aging

We were intrigued by the controversial finding that
more pathogenic Th were induced in old than in young
mice, without aggravating the peak response or reso-
lution of the G6PI arthritis. We previously demonstrated
that Tregs suppress autoreactive Th cells to maintain
the immune balance and are required to limit severity of
arthritis, eventually preventing chronicity in the G6PI
arthritis model [47]. To analyze, whether an enhanced
Treg functionality compensating for the systemic low-
grade inflammation in old G6PI-susceptible mouse
strains ultimately resulted in an unaltered arthritis re-
sponse, we performed suppression assays using Tregs
from young and old mice to suppress proliferation of
naive Th cells from young mice. Surprisingly, we did not
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observe any change in the ability of Tregs from old mice
compared to their young counterparts to suppress Th
cell proliferation (Fig. 5a, b). In summary, the suppres-
sive ability of Tregs is not altered in old mice. Therefore,
we conclude that the enhanced relative number of Tregs
(Supplement-Figure 4 e) outbalances the enhanced num-
bers of G6PI-reactive Th cells in old mice.

Discussion

In contrast to rheumatic disorders with an onset early in
life like SLE [14, 17] and ankylosing spondylitis [15], or
with an onset very late in life like giant cell arteritis [16],
the correlation of RA to aging appears to be enigmatic
[12, 17]. Despite the strong increase of RA incidence up
to the 5th decade, beyond the age of 55, the incidence
rate slope turns to flatten out and it even drops in the
8th decade [12, 17-19]. While the pathology of RA has
been transferred to animal models to investigate mecha-
nisms of arthritis by immunization of susceptible strains,
by generation of genetic models or by transfer of serum
containing arthritogenic antibodies, the correlation of
age, and the progression of arthritis has not been stud-
ied, yet. To address this observation experimentally, we
used the G6PI-induced arthritis model in DBA/1 and in
a susceptible BL/6 mouse line, the B6.NQ mouse line
[28]. The G6PI-induced arthritis model is predestined to
age-related arthritis experiments due to its synchronicity
of onset and recovery phase [27]. Genetically induced,
spontaneous arthritis models such as SKG [48] or
TNFa-tg [49] non-synchronously develop only at a cer-
tain age and thus cannot be used to address an arthritis-
age-relationship. Passive models of arthritis induction
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Fig. 5 Tregs from young and old mice have similar suppressive capacities. a, b In 3 independent experiments, CD25*CD4" regulatory T cells were
sorted from young (average age <12 weeks, n=8) or old (average age >81 weeks, n=9) mice. Tregs were cocultured with CFSE-labeled
CD25CD62L7CD44 CD4™ cells from young mice in the presence of splenic conventional DCs from young mice and soluble anti-CD3e antibodies
for 3 days. CFSE dilution was analyzed (a), and the proliferation index was calculated as a measure representing the proliferation cycles/starting
cell. Different ratios of Tregs and Th cells were analyzed as shown in the diagrams (b). The “noTreg” control is identical in all ratio combination of
Tregs-Th cell ratios displayed. Statistical testing was performed as described in the methods section. n.s. non-significant
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like CAIA [50] or K/BxN-STIA [51] display synchronous
onsets, but are not applicable to investigate age-related
mechanisms of arthritis, because they circumvent the
activation of T cell compartment, which is affected by
age-related immunosenescence [52]. While the com-
monly used arthritis model of collagen-II-induced arth-
ritis (CIA) involves T cell activation, it displays
considerable variability of incidence and synchronicity
[53, 54]. Employing the highly synchronous G6PI-
induced arthritis mouse model in the present study, we
did not observe a different arthritis progression correlat-
ing with age. The major period of investigation is
between day 9 (onset) and day 14 (maximum), and
therefore, the initial age of the young mice selected is
not majorly changed by the length of the experiment.
The use of DBA/1 as well as C57BL/6 background ex-
cluded a strain-specific phenomenon that was further
supported by the fact that premature-aged B6.NQ/
Terc’™ mice [29] developed a similar arthritis progres-
sion. In a recent 8-year follow-up study in a large cohort,
the disease course upon onset of RA was independent
from sex and age [55], which fits our results. Interest-
ingly, we observed a slight delay in the onset of arthritis
in old mice (Fig. 1a, b). In DBA/1 mice that delay did
not affect female mice and was predominantly associated
with old male mice (Supplement-Figure 1 a-c). Surpris-
ingly, old female C57BL/6 mice did show a delayed de-
velopment of G6PI-induced arthritis comparable to old
male DBA/1 mice (Supplement-Figure 1 d, e). Thus, a
sex-specific age-related difference in the strength of
arthritis is either strain-dependent, or the cohort we
investigated for sex-specific discrimination of the age-
related changes was too small. However, the investiga-
tion of sex-specific age-related alterations is beyond the
focus of the presented study, but should be taken into
consideration in future investigations. Of note, men
younger than 40 years of age have the least disease activ-
ity and pain, while females older than 70 years show the
worst disease characteristics [55]. In contrast to the gen-
erally similar arthritis responses of young and old mice,
signs of immunosenescence were clearly detectable in
old mice as evidenced by decreased hematopoietic cell
numbers in the thymus, spleen, and lymph nodes. In line
with earlier studies [8, 56], the compartment of Th cells
in the lymph nodes was reduced in old mice, but showed
an enhanced inflammatory potential reflected by an in-
creased production of proinflammatory cytokines upon
polyclonal stimulation. This was accompanied by an in-
creased antigen-specific reactivity towards G6PI upon
immunization in old versus young animals. That reflects
the increased severity of symptoms observed in elder on-
set RA compared to young onset RA patients [55, 57].
Naive T cells in the aged lymph nodes are insufficiently
maintained due to a lacking access to IL-7 as
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consequence of structural changes in the tissue [8].
However, these maintenance problems are not evident
in the spleen [8]. In line with this, we did observe a
strong reduction in conventional Th cells (Tcons) in the
peripheral LNs, but not in the spleen. The unchanged ef-
fector/memory phenotype of the Th cells suggested a
decrease of naive Th cells in aged lymph nodes, but not
of functional effector Th cells. An alteration in the struc-
tural organization of LNs in aged mice results in a ham-
pered migration of T cells and APCs [6, 7] and thereby
potentially delayed the induction of arthritis upon
immunization. Comparable delays in the initiation of an
immune response in aged mice have been observed in
mouse models for EAE [58], DTH [7], and viral clear-
ance [7, 59].

In contrast to the Tcon compartment, the absolute
Treg number was not altered and thus resulted in an in-
creased Treg/Tcon ratio among the generally reduced
Th cell compartment. Together with non-altered sup-
pressive capacities, this likely outbalances the increased
frequencies of auto-reactive Th cells in old mice. Al-
though many reports presented data on the fate of the
overall T effector/memory compartment, it remains
completely unresolved, how for example the Treg-Th17
axis is balanced in age [56]. Taking in consideration all
aforementioned findings, the observed delayed onset of
arthritis in old mice might be the consequence of altered
structure of lymphoid organs and thus, in spatial insuffi-
ciency for priming events [5-8].

Alongside the alteration in the T cell compartment,
we detected the increased number of neutrophils in the
joint and altered capacities of myeloid cells to produce
proinflammatory mediators, i.e., COX-derived PGE, and
TXB, in aged animals. In contrast to the enhanced ratio
of autoreactive TNFa-producing Th cells upon inflam-
matory arthritic response, the cellularity and production
of proinflammatory mediators was restored to levels
found in young mice.

The stromal compartment has been shown to sustain
or even exaggerate the pathological signs of RA [23, 24].
We did not observe any major differences in the popula-
tion of CD90"CD45" FLS, which have been associated
with perpetuating chronic inflammation in RA driven by
increased synovial tissue vascularization [23-25, 60].
While the population of the CD90°CD45 FLS was
reduced in the joints of old mice in steady state, their
numbers were restored upon arthritis. As the
CD90*CD45 FLS differentiate from CD90 CD45 FLS
[25], reduced initial numbers might delay the onset of
an arthritic response. The restoration of the
CD90°CD45™ FLS numbers upon arthritis points to a still
sufficient hyperplastic capacity of old FLS to drive an in-
flammatory arthritis response. Such an increased hyper-
plasia to restore their numbers is supported by the
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overall increased glycolytic activity of the old FLS and by
their slightly increased [-galactosidase activity upon
arthritis, both signs for fibroblast activation in the back-
ground of arthritis [37, 39]. However, we did not observe
an increased aggressiveness of these hyperplastic FLS in
an invasion assay, which is in line with a pathologically
proinflammatory potential within the CD90*CD45" FLS,
but not within CD90°'CD45 FLS [23, 24]. However,
these results should be interpreted carefully, because re-
cently Wei et al. showed that already upon 2 passages of
cell culture, FLS might lose their positional identity asso-
ciated with disease progression and converge to compar-
able signature gene expressions [25]. In addition to this,
a more in-depth analysis of FAPa co-expression [24] or
CD34 co-expression [23] among FLS is needed to evalu-
ate subset functionality among FLS from young and old
mice.

Apart from expected signs of persistent systemic low-
grade inflammation in steady state, we could not detect
any functional changes in cells derived from old mice
compared to cells from young mice upon challenge that
is ultimately illustrated by an unaltered arthritis response
in the different mouse strains at young and old ages. All
mice investigated in the presented study were not only
inbred but also were maintained under SPF conditions.
To limit any alteration in the microbiome of old mice,
which eventually accumulates species modulating the
onset and development of arthritis [61-64], all mice had
a shared source of food.

Conclusions

In the presented work, we did not find any significant
increase in the severity of G6PI-induced arthritis in old
compared to young mice. However, all old mice clearly
developed age-related changes in the immune system
reflecting inflammaging and immunosenescence in old
mice compared to their young counterparts. In contrast
to an expected higher susceptibility for arthritis of old
mice, we observed a delayed onset of G6PI-induced
arthritis when compared to young mice. With the G6PI-
induced arthritis model being highly synchronized in on-
set and progression, and being applicable to DBA/1 and
B6.NQ mouse strains, we excluded a mouse strain-
specific abnormality of the age relationship of G6PI-
induced arthritis. Thus, we demonstrated that overall in-
cidence and severity of experimental arthritis is not age-
related. We here propose a model in that arthritis syn-
chronously develops and progresses age-independent
under SPF conditions, which is of high value to study
potential factors connected with the incidence of arth-
ritis during lifetime.
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Additional file 1: Supplement-Figure 1. Sex-specifically delayed onset
of G6Pl-induced Arthritis in DBA/1 mice. DBA/1 mice analyzed in Figure 1
in a G6PI-induced arthritis were separated into young female (n=38),
young male cohorts (n=36), old female (n=15), and old male cohorts (n=
11). @) Comparable with Figure 1, the scores were summarized according
to sex- and age-discriminated cohorts in the diagram. b, €) Scores at day
9 (b) and day 14 (c) are shown separately. d) Young (n=20) and old (n=
11) female B6.NQ mice from the cohort shown in Figure 1 are separately
shown in the diagram. e) Scores of the day 9 intervals of the female
B6.NQ mice are separately shown. Statistical testing was performed as de-
scribed in the methods section.

Additional file 2: Supplement-Figure 2. Comparable recovery of
young and old mice upon G6PIl-induced arthritis. Young (n=3) or old (n=3)
DBA/1 mice were immunized with G6PI. Upon recovery from arthritis (arth-
ritis >d56), histology was performed as described by Lories and colleagues
[65]. Paws from non-immunized young (n=3) and old (n=3) DBA/1 mice
were used as controls (naive). Representative sections stained with H&E are
shown. Bars indicate size of the area (200 um). @) Growth plate structure is
shown. b) Synovial space with attached synovial membrane is shown.

Additional file 3: Supplement-Figure 3. Old mice have reduced
peritoneal myeloid cells. Peritoneal lavage from young (average age of 9
weeks, n=5) or old (average age of 113 weeks) mice was stained with
antibodies against F4/80, CD11b, CD19, CD90 and CD45 and analyze by flow
cytometry. a) Gating strategy. b) Distribution of subsets among living CD45+
is shown in the pie charts: myeloid cells = CD45" and F4/80" or CD11b%, T
cells: CD45"F4/80CD11°CDI0™; B cells: CD45F4/80CD116b'CDIOCD19™.
Statistical testing was performed as described in the methods section.

Additional file 4: Supplement-Figure 4. Old mice overall possess less
FoxP3™ Th cells, but more Helios™ FoxP3™ Th cells. a-f) Spleens, thymi or
peripheral LN (inguinal, brachial, axillary) cells from young (average age of
18 weeks) and old (average age of 101 week) mice were collected. a) Total
CD45" cell counts are summarized (n=8/ group). b, €) Thymocytes (n=8
mice/ age group) were stained intracellularly for FoxP3, CD4, CD8 and
CD45. CD4* or CD8* single-positive cells among CD45* thymocytes were
analyzed as represented in the FACS plots and summarized in the diagrams
(b). Frequencies of FoxP3" or FoxP3'CD4" cells among CD45" thymocytes
are summarized in (c). d, e) Splenocytes (d) and peripheral LN cells (e) were
stained as described in (c). Data are summarized in the box plots (n=8/
group). f) Peripheral LN cells were intracellularly stained for CD45, CD4,
FoxP3, RORyt, GATA3 (all n=8) and Helios (n=5). Frequencies of the indicated
FoxP3'CD4" populations among CD45" cells are shown. Statistical testing
was performed as described in the methods section.

Additional file 5: Supplement-Tables. Ages of analyzed mice. Every
age of any mouse analyzed is shown in the tables.
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