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Abstract

Methotrexate (MTX) efficacy in autoimmune arthritis is variable and unpredictable resulting in the
need for the identification of biomarkers to guide drug therapy. This study utilizes the collagen-
induced arthritis mouse model to investigate erythrocyte MTX disposition and anti-folate activity
as biochemical markers of efficacy in autoimmune arthritis. Following induction of arthritis,
DBA/1J mice were treated with once-weekly subcutaneous MTX at varying doses over a period of

Corresponding Author: Ryan S. Funk, ryanfunk@kumc.edu; University of Kansas Medical Center, Department of Pharmacy
Practice, 3901 Rainbow Blvd, MS 4047, Rm 6013, Kansas City, KS 66160, phone: 913-945-6904, fax: 913-945-2355.
AUTHORSHIP CONTRIBUTIONS
Rakesh Singh: Data curation; Formal analysis; Investigation; Resources; Writing - review & editing
Leon van Haandel: Data curation; Formal analysis; Investigation; Methodology; Writing - review & editing
Paul Kiptoo: Data curation; Investigation; Methodology; Writing - review & editing Mara Becker: Conceptualization; Formal analysis;
Funding acquisition; Resources; Software; Writing - review & editing
Teruna Siahaan: Conceptualization; Funding acquisition; Methodology; Project administration; Resources; Supervision; Writing -
review & editing
Ryan Funk: Conceptualization; Data curation; Formal analysis; Funding acquisition; Investigation; Project administration; Resources;
§upervision; Roles/Writing - original draft

These authors contributed equally to this study.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

DECLARATION OF INTERESTS

The authors declare no personal or financial conflicts of interest related to this work.

We wish to confirm that there are no known conflicts of interest associated with this publication and there has been no significant
financial support for this work that could have influenced its outcome. We confirm that the manuscript has been read and approved by
all named authors and that there are no other persons who satisfied the criteria for authorship but are not listed. We further confirm that
the order of authors listed in the manuscript has been approved by all of us. We confirm that we have given due consideration to the
protection of intellectual property associated with this work and that there are no impediments to publication, including the timing of
publication, with respect to intellectual property. In so doing we confirm that we have followed the regulations of our institutions
concerning intellectual property. We further confirm that any aspect of the work covered in this manuscript that has involved
experimental animals has been conducted with the ethical approval of all relevant bodies and that such approvals are acknowledged
within the manuscript. We understand that the Corresponding Author is the sole contact for the Editorial process. He is responsible for
communicating with the other authors about progress, submissions of revisions and final approval of proofs. We confirm that we have
provided a current, correct email address which is accessible by the Corresponding Author and which has been configured to accept
email from ryanfunk@kumc.edu.

SUBMISSION DECLARATION

This work has not been previously published, nor is it under review for publication elsewhere. This manuscript has been reviewed and
approved by all authors.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Singh et al. Page 2

40 days. At the completion of the study tissue samples were analyzed for MTX and folate content
and assessed for their relationship with MTX efficacy. MTX treatment resulted in a reduction in
disease activity that was variable and dose-dependent. Erythrocyte accumulation of MTX and its
polyglutamate metabolites were dose proportionate, however, polyglutamate metabolites
represented a mean£S.E.M. of 8.9+0.4% of total erythrocyte MTX, which is markedly lower than
previously observed in humans and failed to display any significant association with MTX
efficacy. MTX treatment resulted in reductions in erythrocyte 5-methyl-tetrahydrofolate (SmTHF)
levels that were similar to those previously observed in human studies. Disease induction was
associated with a decrease in liver 5SmTHF and increased formyl-tetrahydrofolate (fTHF) that was
normalized in MTX treated mice. MTX efficacy was associated with reductions in erythrocyte
5mTHF (P=0.04) and increases in liver 5SmTHF (P=0.0001). Together, these findings demonstrate
a relationship between alterations in tissue folate levels and MTX efficacy, and supports
erythrocyte levels of 5SmTHF as a marker of MTX efficacy in autoimmune arthritis.
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1. INTRODUCTION

Methotrexate (MTX) is the cornerstone of therapy for autoimmune arthritis, including
rheumatoid arthritis (RA) and juvenile idiopathic arthritis (JIA).(Giannini et al., 1992;
Weinblatt, 2013; Weinblatt et al., 1985; Williams et al., 1985) However, response to MTX is
variable with one-in-three patients failing to adequately respond and is characterized by a
delayed onset-of-action requiring up to six-months of therapy for maximum response.
(Giannini et al., 1992; Lambert et al., 2004; Ruperto et al., 2004; Sergeant et al., 2018) At
this time there are no established biomarkers that allow clinicians to stratify patients based
on their likelihood of response to MTX.(Funk and Becker, 2016) Therefore, with the current
therapeutic goal of early and effective control of disease to improve long-term outcomes,
there remains a critical need to identify clinical biomarkers associated with the efficacy of
MTX to guide clinicians in the early selection and optimization of drug therapy.(Bluett and
Barton, 2017; Smolewska, 2016) As a result, this work seeks to utilize an established
autoimmune arthritis mouse model to define the relationship between MTX efficacy and
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proposed pharmacologic biomarkers, including erythrocyte levels of MTX polyglutamate
metabolites and the major circulating form of folate, 5-methyl-tetrahydrofolate (5mTHF).

MTX is a potent inhibitor of dihydrofolate reductase (DHFR) and results in the depletion of
the bioactive folate pool with inhibition of the various folate-dependent methylation
reactions, including nucleotide and methionine biosynthesis.(Bailey and Gregory, 1999;
Kremer, 2004; White and Goldman, 1976) MTX is also metabolized intracellularly through
the addition of up to six glutamate residues.(Kim et al., 1993) The resulting polyglutamate
metabolites become increasingly potent direct inhibitors of several folate-dependent
enzymes.(Allegra et al., 1985a; Allegra et al., 1985b; Baram et al., 1988; Sant et al., 1992)
As a result of the short circulating half-life of MTX and the relative abundance of MTX
polyglutamate metabolites in tissues, it has been hypothesized that the pharmacological
basis for MTX response in autoimmune arthritis is not through the inhibition of DHFR, but
rather through the inhibition of the folate-dependent enzymes by the polyglutamate
metabolites of MTX.(Chabner et al., 1985)

Efforts to identify clinical biomarkers of MTX efficacy have primarily focused on
establishing the relationship between concentrations of the polyglutamate metabolites of
MTX in patient erythrocytes and clinical response.(Danila et al., 2010) Some studies have
demonstrated relationships between erythrocyte concentrations of these metabolites and
efficacy, but overall findings have been conflicting.(de Rotte et al., 2015; Stamp et al., 2010)
Recent work in our lab measuring folates in the erythrocytes of children with JIA have
demonstrated that in addition to the accumulation of MTX polyglutamates in patient
erythrocytes, MTX treatment is also associated with a marked depletion of circulating folate
levels re.(Funk et al., 2014) In particular, JIA patients treated with MTX have an
approximately 30% reduction in erythrocyte levels of the major circulating bioactive form of
folate, 5SmTHF. As a result, we hypothesize that erythrocyte 5SmTHF levels represent an
accessible pool of tissue folates that can be used to measure the pharmacologic response to
MTX.

As a pharmacodynamic measurement of MTX activity we hypothesize that erythrocyte
levels of 5SmTHF represents a clinical biomarker of MTX efficacy that can be used to help
guide drug therapy in the treatment of autoimmune arthritis. However, there remains limited
data available evaluating the antifolate activity of MTX and its relationship with efficacy in
autoimmune arthritis. Therefore, this work utilizes the established collagen-induced arthritis
mouse model of autoimmune arthritis to evaluate the relationship of MTX efficacy with both
MTX disposition and antifolate activity.

MATERIALS AND METHODS

2.1. Animals.

Male DBA/1J mice at 6 to 8 weeks of age were purchased from Jackson Laboratory (Bar
Harbor, ME) and housed under pathogen-free conditions at an Association and Accreditation
of Laboratory Animal Care approved Animal Care Unit at The University of Kansas. All
experimental procedures were conducted in accordance with the Guide for the Care and Use
of Laboratory Animals as adopted and promulgated by the U.S. National Institutes of
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Health, and were conducted under a protocol approved by the Institutional Animal Care and
Use Committee at The University of Kansas.

Disease Induction and Treatment.

Following a one-week acclimation period, mice at 7- to 9-weeks of age were administered
intradermal tail injections of a commercially prepared collagen/CFA emulsion containing 1
mg/ml chicken type Il collagen and 2 mg/ml killed mycobacterium tuberculosis H37Ra
(Hooke Laboratories, Lawrence, MA) at experimental day 0. Mice undergoing the disease
induction protocol received a subsequent intradermal tail booster injection on day 19 of
collagen/IFA emulsion containing 1 mg/ml chicken type Il collagen. The study included
healthy control mice (n=5), and mice undergoing the disease induction protocol treated with
vehicle alone that served as the positive disease control group (n=5), or mice undergoing the
disease induction protocol treated with once weekly subcutaneous doses of MTX (n=20) at
doses of 2, 10, 20, or 50 mg/kg with five mice in each dosing group. MTX dosing was
initiated in all mice at the same time and was started following the first observable measure
of disease activity as determined by disease scoring and resulted in a total of 6 weekly doses
over the 54-day experimental period. Mice were fed with normal chow ad libitum. For mice
developing clinical arthritis normal chow was substituted initially with moistened normal
chow at day 37, and later with DietGel® Recovery (Clear H20, Portland, ME) at day 47 due
to concerns with animal weight loss and possible dehydration. Mice were closely monitored
throughout the study for humane endpoints and resulted in the removal from the study of six
mice due to extensive tail blistering secondary to the intradermal collagen emulsion
injections. Two mice were found deceased following the second intradermal tail injection.
Mice were monitored two to three times weekly for changes in weight, disease activity
scoring, and paw volume measurements throughout the duration of the study. At
experimental day 54, all mice were euthanized by CO, asphyxiation and tissue samples were
harvested for analysis. At the conclusion of the study there remained a total of 22 mice,
including: 5 mice per group in the untreated healthy control group, 4 mice per group in the 0
and 50 mg/kg MTX treatment group, and 3 mice per group in the 2, 10, and 20 mg/kg MTX
treatment group, with a total of 13 mice treated with MTX at varying doses.

Disease Activity Scoring.

Disease activity scores resulted from the assessment of clinical arthritis in all four limbs
using an established scoring system.(Brand et al., 2007) Briefly, a disease severity score
between 0 and 4 was determined for each limb by visual inspection and agreement by two
investigators. A severity score of 0 was assigned if there was no evidence of erythema and
swelling of the limb, a score of 1 was assigned for erythema and swelling isolated to a single
digit, a score of 2 was assigned for erythema and swelling in > 1 digit or mild swelling of
the entire paw, a score of 3 was assigned for erythema and swelling of the entire paw, and a
score of 4 was assigned for severe swelling of the entire paw or limb ankyloses. The
resulting disease activity score was the sum of the disease severity score for each limb with a
maximum score of 16 and was individually tracked for each animal over the duration of the
study.
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2.4. Paw Volume Measurements.

Anrthritis disease activity was also routinely monitored by measuring paw volume using limb
water volume displacement.(Buyuktimkin et al., 2014) Briefly, paw volumes were
determined by measuring the volume of water displaced by each paw by dipping each
individual paw in a water bath and using a syringe to measure the volume of water
displaced. Hind and front paws were submerged up to and including the ankle and elbow
joints, respectively. Paw volume measurement were collected through the duration of the
study and were reported as the sum of the total water volume displaced by all four paws for
each animal.

2.5. Joint Histopathology Studies.

Disease activity was also assessed by histological examination of all four limbs of each
animal at the completion of the study. Limbs were collected on day 54 of the study and fixed
in 10% buffered formalin prior to embedding in paraffin and staining with hematoxylin and
eosin. Arthritic disease activity was scored individually on a scale of 1 to 4 in each of five
categories: acute inflammation, chronic inflammation, synovial membrane thickening,
formation of pannus/granulation tissue, and articular damage. A score of 0.0 was assigned
for no lesions or changes, a score of 0.5 to 1.0 was assigned for mild changes, a score of 1.5
to 2.0 was assigned for moderate changes, a score of 2.5 to 3.0 was assigned for marked
changes, and a score of 3.5 to 4.0 was assigned for severe changes. The average composite
joint histology score for the front and hind limbs of each mouse was determined individually
with a maximum possible score of 20. Histopathology evaluations were conducted by Dr.
Stanley Kosanke at the University of Oklahoma Health Sciences Center.

2.6. Methotrexate and Folate Analysis.

Blood samples were obtained by cardiac puncture following euthanization at experimental
day 54 and were collected into potassium EDTA-containing tubes. Separation of blood into
erythrocyte and plasma fractions was accomplished by centrifugation at 1600 g for 10 min at
room temperature. The resulting erythrocyte pellet was washed once by re-suspension in
PBS at room temperature and pelleted by centrifugation at 1600 g for 10 min at room
temperature. Erythrocyte samples were stored at —80 °C prior to analysis. Fresh liver
samples were also collected following euthanization and stored at —80 °C prior to analysis.
Erythrocyte and liver samples were analyzed using an established UPLC-MS/MS method to
quantify the tissue content of MTX and its polyglutamate metabolites containing up to a
total of seven glutamic acid residues.(van Haandel et al., 2011) Similarly, erythrocyte
content of 5mTHF and liver content of 5SmTHF, fTHF, tetrahydrofolate (THF) and folic acid
(FA) were determined using previously established UPLC-MS/MS assays.(Funk et al., 2014;
van Haandel et al., 2012) Erythrocyte samples were normalized to packed erythrocyte
volume and reported as nmole of analyte per liter of packed erythrocyte volume. Liver
samples were normalized based on the weight of liver tissue from which the analytes were
extracted and are reported as pmole per mg of tissue. Changes in tissue folate content were
also expressed as a percentage change based on mean folate levels in animals with arthritis
not treated with MTX. Comparisons with folate and MTX measurements from human
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subjects were derived from previously published work evaluating erythrocyte MTX and
folate levels in patients with JIA.(Becker et al., 2010; Funk et al., 2014)

2.7. Statistical Analysis.

Data collection and statistical testing was conducted using the statistical package in Excel
2016 (Microsoft, Redmond, Washington) and JMP v11 (SAS Institute Inc, Cary, NC).
Differences between the treatment groups and by dose stratification in paw volume
measurements, changes in weight, and tissue folate levels were evaluated by unpaired two-
tailed Student’s t-test analysis. Disease activity and histological scoring data were evaluated
by non-parametric analysis using the Wilcoxon rank-sum test. Spearman’s rank correlation
analyses were used for multivariable correlation testing, including evaluation of the
relationship of tissue MTX and folate levels with measures of disease activity. The results of
multivariable correlation analyses are presented as a Spearman’s correlation coefficient (p)
along with corresponding P-values.

3. RESULTS

3.1. MTX efficacy in the collagen-induced arthritis (CIA) mouse model.

The efficacy of MTX in autoimmune arthritis was evaluated in the CIA mouse model using
the experimental design illustrated in Fig. 1 and initially included two control groups with
five mice per group and a MTX treatment group of twenty mice that was stratified into four
subgroups of five mice per group based on the dose of MTX administered. Except for the
healthy control mice, all mice underwent the CIA protocol with induction and booster
injections at days 0 and 19, respectively. MTX treatment was initiated upon the first signs of
disease activity and was marked by the observation of digit redness and swelling at day 14 in
two mice. MTX was administered once weekly via the subcutaneous route at doses of 2, 10,
20 or 50 mg/kg and was initiated at the same time for all mice. Eight mice were removed
during the study and were all mice undergoing the arthritis induction procedure. Two mice
were found deceased shortly after their CIA booster injection given on day 19 and six mice
were removed by the attending veterinarian and euthanized as a result of extensive tail
blistering by day 26. At the completion of the study the healthy control group had five mice,
the positive disease control group had four mice, and the MTX treatment group had 13 mice
with three mice each receiving doses of 2, 10, and 20 mg/kg MTX and four mice receiving
50 mg/kg MTX.

Over the duration of the study all mice undergoing the CIA regimen developed measurable
disease activity, defined here as a disease activity score of at least one, at some point
throughout the study and resulted in an overall induction incidence of 100% by day 37 (Fig.
2A). No measurable disease activity was noted in the healthy control group over the duration
of the study. Several mice treated with 10 and 20 mg/kg MTX developed only transient digit
inflammation resulting in a decreased overall incidence of disease throughout most of the
study. At the completion of the study (i.e. day 54) 0% of the healthy mice, 100% of the CIA
control mice, and 76% of the MTX treated mice had measurable disease activity. When
stratified by MTX dose 100% of mice in the 2 and 50 mg/kg MTX groups had measurable
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disease activity, whereas 67% of mice in the 10 mg/kg MTX group and 33% in the 20 mg/kg
MTX group had measurable disease activity.

Measures of MTX efficacy in this study included disease activity scores, paw volume
measurements, monitoring for changes in animal weight, and endpoint joint histology
scoring. Disease activity scores appeared to peak around day 37 with minimal subsequent
change throughout the duration of the study (Fig. 2B). Representative images of a normal
paw from a control mouse and an active disease paw are provided in the supplemental data
(Supplemental Fig. 1). Compared to the CIA control mice treated with vehicle alone (i.e. 0
mg/kg MTX), treatment with MTX at doses of 2, 10 and 20 mg/kg appeared to result in a
dose dependent reduction in disease activity scores, whereas 50 mg/kg MTX appeared to
display a paradoxical increase in disease activity scores to a level similar to those seen in the
2 mg/kg MTX group. Measurement of paw volume showed a continued increase in paw
volume in the untreated CIA group up to day 37, with a trend towards decreasing paw
volumes over the remainder of the study (Fig. 2C). Compared to the CIA control group,
mice treated with MTX had markedly lower maximum paw volume measurements that
approached those of untreated control mice by the end of the study. The most pronounced
decrease in paw volume were observed with the 20 mg/kg MTX treatment group. Induction
of arthritis corresponded to a marked suppression of weight gain that peaked at day 37 (Fig.
2D). However, by day 54 a strong rebound in weight was observed in all groups with a
marked weight gain in the last week that likely reflected the switching of all animals to a
nutritionally fortified soft water gel diet due to concerns of dehydration in some animals.
Maximum suppression of weight gain was observed in the 2 mg/kg MTX treated mice,
whereas mice treated with 0 and 50 mg/kg MTX displayed a similar level of suppression of
weight gain, and the least suppression of weight gain was observed in the 10 and 20 mg/kg
MTX treatment groups.

At the completion of the study on day 54, endpoint analysis of disease activity was
completed and included evaluation of final disease activity scores, paw volume
measurements, changes in weight from baseline, and post-euthanasia knee and elbow joint
histological scoring by an independent pathologist. Based on disease activity scores, the CIA
protocol resulted in a robust induction of arthritis that displayed minimal variability in the
CIA control group (i.e. 0 mg/kg) with nearly maximal disease within the group based on the
16-point disease activity scale (Fig. 3A). Overall, mice treated with MTX as a group had
reductions in meanS.E.M. disease activity scores compared to the CIA control group
(6.5+1.4 vs. 13.8+£1.3, P=0.03). Evaluation of the dose-response relationship revealed a trend
with 20 mg/kg MTX resulting in the greatest reduction in disease activity, however the dose
stratified results did not reach statistical significance. Similarly, endpoint paw volumes as a
measure of paw swelling and inflammation associated with disease activity showed that the
CIA protocol resulted in a robust and reproducible increase in disease activity in the CIA
disease control group (Fig. 3B). Similarly, mice treated with MTX as group had significant
reductions in mean+S.E.M. paw volume measurements compared to the CIA control group
(0.71£0.02 ml vs. 1.04+0.03 ml, P<0.0001) and stratification by dose showed that all of the
MTX treatment regimens were associated with significant and similar reductions in paw
swelling by the completion of the study (Fig. 3B). The CIA protocol also resulted in a
marked and reproducible reduction in weight gain over the duration of the study that
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continued to be significant at the endpoint analysis (Fig. 3C). Overall, mice treated with
MTX as a group had non-statistically significant increases in mean+S.E.M. percentage
weight gain compared to the CIA control group (13.1+1.6% vs. 11.1+0.8%, P=0.19),
however stratification by dose demonstrated a dose-dependent improvement in weight gain
with a maximal and statistically significant effect observed with the 20 mg/kg MTX
treatment group. Limb samples for each animal were submitted for histologic scoring and
resulted in a composite score that further supported a robust and reproducible induction of
disease in the CIA mice (Fig. 3D). As a group, mice treated with MTX had non-statistically
significant lower mean+S.E.M. joint histology scores compared to the CIA disease control
group (5.1+1.5 vs. 9.9+1.9, P=0.09), and consistent with the other measures of disease
activity showed a dose-dependent and statistically significant reduction with MTX treatment
at 20 mg/kg. Representative images from joint histologic scoring are provided in the
supplemental data (Supplemental Fig. 2).

Multivariable analysis by Spearman’s rank correlation analysis revealed a high level of
correlation between the various independent measures of disease activity. Endpoint disease
activity scores strongly correlated with endpoint paw volume measurements (p=0.86,
P<0.0001), change in weight from baseline (p=-0.75, P<0.0001), and joint histology scores
(p=0.85, P<0.0001). These endpoint measures of disease activity were used in all subsequent
covariate analyses of potential biological markers of MTX efficacy in the CIA mice.

3.2. Tissue accumulation of MTX and its polyglutamate metabolites.

MTX uptake and formation of polyglutamate metabolites were measured at day 54
following six consecutive once weekly subcutaneous MTX injections (Fig. 4). For
comparison, the observed erythrocyte concentrations of total MTX (MTXto7aL), parent
MTX (MTX-Gluy), and the polyglutamate metabolites of MTX (MTX-Glu,_7), and the
percentage of erythrocyte MTX as a polyglutamate metabolite are plotted for each treatment
condition for the CIA mice along with measured levels of these analytes from our previous
work in patients with JIA for reference.(Becker et al., 2010) Erythrocyte concentrations of
MTXtoTaL for mice treated with 2 mg/kg MTX were of a similar magnitude to those
previously observed in patients with JIA receiving MTX therapy, and increased dose
proportionately up to the highest tested dose of 50 mg/kg (Fig. 4A). Although the
erythrocyte concentrations of MTX-Glu; (Fig. 4B) and MTX-Glu,_7 (Fig. 4C) in mice also
displayed a similar dose dependency, the majority of erythrocyte MTX existed in the parent
form of the drug with relatively low levels of the polyglutamate metabolites. At the highest
MTX dose tested, erythrocyte MTX-Gluy levels were over 16-fold higher in mice than the
reference JIA patient population, however erythrocyte MTX-Glu,_7 levels were 62% lower
than those observed in the reference JIA population. The percentage of erythrocyte MTX
existing as a polyglutamate (i.e. MTX-Glu,_7) did not change as a function of dose and
represented a mean£S.E.M. of 8.9+0.4% of erythrocyte MTXtotaL compared to 78.8+1.4%
previously measured in patients with JIA (Fig. 4D).

Levels of MTX and its polyglutamate metabolites were also measured in liver samples
collected at the completion of the study for each group of mice (Supplemental Fig. 3).
Interestingly, Liver MTXyg1a failed to demonstrate the clear dose-proportionality observed

Eur J Pharmacol. Author manuscript; available in PMC 2020 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Singh et al.

3.3.

Page 9

for erythrocyte MTXtoTaL, @nd included a lack of dose-proportionate changes in both levels
of MTX-Glu; and MTX-Glu,_7. In contrast, a higher percentage of MTX existing in its
polyglutamated form was observed in the liver and was moderately proportional to dose with
a mean£S.E.M. of 24.8+2.6% of liver MTXtotaL in mice treated with 50 mg/kg MTX. No
significant correlations were observed between liver and erythrocyte concentrations of MTX
and resulted in poor correlations between measurements of liver and erythrocyte MTXtotaL
(p=0.46, P=0.11), as well as liver and erythrocyte MTX-Glu,_7 (p=0.48, P=0.09).

MTX levels fail to be associated with measures of efficacy.

Measured erythrocyte and liver levels of MTX were evaluated for their relationship with the
various endpoint measures of MTX efficacy to interrogate the association of these potential
biomarkers with the observed efficacy of MTX. By Spearman’s rank correlation analysis,
liver and erythrocyte levels of MTXto1aL, MTX-Glu; and MTX-Glu,y_7 were evaluated for
their relationship with the endpoint measures of MTX efficacy, including: disease activity
score, paw volume measurements, change in weight from baseline, or the joint histology
score. Interestingly, no significant relationship between any of the measures of tissue MTX
disposition and any of the endpoint measures of disease activity were observed
(Supplemental Table 1).

3.4. Dysregulation of tissue folates following induction of arthritis and treatment with

MTX.

Mouse erythrocytes collected at the completion of the study were analyzed for 5SmTHF
content (Fig. 5A). Measured erythrocyte 5SmTHF levels from our JIA patient population
were plotted for reference and were less than half the concentration observed in mice and are
consistent with the previously reported high folate levels in mice.(McKay et al., 2011) In the
CIA control mice (i.e. 0 mg/kg), levels of 5SmTHF were found to be slightly elevated
compared to healthy control animals, however the difference did not reach statistical
significance. Overall, the group of mice treated with MTX had significantly lower mean
+S.E.M. erythrocyte 5SmTHF levels compared to the CIA disease control group (2246+160
vs. 3170+400 nmol/l, P=0.02) and was associated with a dose-dependent reduction that
peaked at 20 mg/kg MTX and was significant for both the 20 mg/kg and 50 mg/kg MTX
treated mice. The percentage reduction in erythrocyte 5SmTHF content using the untreated
CIA mice (i.e. 0 mg/kg) as the reference group was evaluated and compared to our previous
findings in the JIA patient population (Fig. 5B). Compared to the CIA disease control mice,
treatment with 20 mg/kg and 50 mg/kg MTX weekly resulted in mean+S.E.M. reductions of
erythrocyte 5SmTHF of 36£7% and 32+8%, respectively, which is similar in magnitude to
that previously observed in JIA patients treated with MTX.(Funk et al., 2014)

Liver folate content was also measured and included levels of FA, THF, f-THF and 5SmTHF
(Fig. 5C). Total liver folate, which is represented as the sum of the folates species measured,
was not found to change significantly with the induction of arthritis. Total liver folate levels
were not found to be different between the CIA disease control mice and the MTX treated
mice, as a group or stratified by dose. However, comparisons of individual folate isoforms
revealed that compared to healthy control mice, CIA control mice had significant reductions
in meanxS.E.M. liver SmTHF levels (8.9+0.8 vs. 5.6+0.6 nmol/l, P=0.003) as well as
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marked elevations in meanzS.E.M. liver f-THF levels (3.5+0.3 vs. 5.6+0.3 nmol/l, P=0.01)
resulting in a shift in the mean%S.E.M. ratio for 5SmTHF:f-THF in healthy control mice from
2.5+0.1 to 1.0+0.1 in the CIA control mice (P=0.005) that represented a shift in favor of the
oxidized form of methylated folate in the disease mice. Mean%S.E.M. liver 5SmTHF levels in
the MTX treated mice were increased compared to the CIA disease control mice (7.1+£0.4 vs.
5.6+0.6 nmol/l, P=0.08), but didn’t reach statistical significance. However, by MTX dose
stratification the 50 mg/kg MTX treatment was associated with a significant increase in liver
5mTHF levels (Fig. 5D). Compared to the CIA control mice, mice receiving MTX treatment
as a group had a significant overall reduction in meanzS.E.M. liver f-THF levels (5.6+0.3
vs. 4.0£0.4 nmol/l, P=0.02), and by dose stratification were statistically significant for the 10
mg/kg (P=0.02) and 50 mg/kg (P=0.0009) MTX treated mice. Treatment with 50 mg/kg
MTX was also found to cause a marked reduction in meanzS.E.M. liver THF levels (5.7+0.6
vs. 2.6£0.5, P=0.007). No change in FA levels were observed either between disease and
healthy groups, nor between untreated and MTX treated groups. As a result of MTX
treatment causing an increase in liver 5SmTHF and a decrease in liver f-THF, MTX treatment
was associated with a significant increase in the mean+S.E.M. ratio of liver 5SmTHF:f-THF
from 1.0£0.1 in the CIA control mice to 2.0£0.2 in the MTX treated mice (P=0.02).

3.5. Association of tissue folate levels with MTX efficacy.

The association of measured folate levels in erythrocytes and the liver were evaluated for
their association with the various endpoint measures of MTX efficacy. By Spearman’s rank
correlation analysis, reductions in erythrocyte and liver 5SmTHF were represented as a
percentage change from the CIA control mice (Fig. 6). Reductions in erythrocyte 5SmTHF
levels were associated with reductions in both paw volume measurements (Fig. 6A) and
disease activity scores (Fig. 6B). Similarly, increases in liver 5SmTHF were associated with
reductions in paw volume measurements (Fig. 6C) and reductions in disease activity scores
(Fig. 6D). Increases in liver 5SmTHF were also associated with increased MTX efficacy by
both measured changes in weight from baseline (p=0.50, P=0.02) and by joint histology
scores (p=—0.56, P=0.007). Measures of total liver folate levels, liver THF, f-THF and FA
were not found to be significantly associated with any of the measures of MTX efficacy.
However, increases in the ratio of liver 5mTHF:f-THF were associated with increased MTX
efficacy by both paw volume measurements (p=—0.60, P=0.003) and by disease activity
scores (p=—0.50, P=0.02).

4. DISCUSSION

In this study we evaluated erythrocyte MTX polyglutamates and 5SmTHF as putative
pharmacologic markers of MTX response in autoimmune arthritis using the CIA mouse
model. We found that our CIA protocol induced robust and reproducible arthritis that was
responsive to MTX treatment. Although the response to MTX was variable, MTX treatment
was found to be associated with the reduction in multiple independent measures of arthritis
disease activity and displayed a dose-dependency. However, with our small sample sizes in
each group ranging from three to five mice per group in our dose stratified analysis it is
difficult to make definitive conclusions regarding the dose-dependence for the observed
efficacy of MTX in this model. With a similar caution regarding our relatively small sample
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sizes in the dose-stratification analyses, we also found dose proportionate accumulation of
MTX polyglutamates and a corresponding depletion of 5mTHF in circulating erythrocytes,
along with corresponding measures of MTX polyglutamate accumulation and altered folate
homeostasis in the liver. Interrogation of the association between the effect of MTX on
disease activity (i.e. efficacy) and these molecular markers of MTX activity demonstrated
that the efficacy of MTX was associated with the enhanced depletion of erythrocyte SmTHF,
but failed to demonstrate a similar relationship with the accumulation of MTX
polyglutamates in erythrocytes. Therefore, these studies further support the role of
erythrocyte 5SmTHF as a molecular biomarker of MTX response in autoimmune arthritis.

Subcutaneous weekly MTX administration is common in clinical practice and was the basis
for the dosing regimen chosen for this study.(Hazlewood et al., 2016; Vena et al., 2018) This
regimen is based on the reduced risk of MTX-related toxicities associated with an extended
dosing interval and the avoidance of variable bioavailability related to the saturable
transporter mediated absorption across the gastrointestinal lumen when given orally.
(Hoekstra et al., 2004; Radmanesh et al., 2011; Weinstein et al., 1973) However, based on
previous data demonstrating reductions in erythrocyte 5SmTHF in JIA patients receiving
either oral or subcutaneous MTX, the observations made in this study are expected to
similarly apply to the use of oral MTX.23 Interestingly, our data appeared to display a dose-
dependent reduction in disease activity that peaked at 20 mg/kg weekly, but appeared to
demonstrate reduced efficacy at 50 mg/kg. Although, unexpected, this apparent paradoxical
dose-response relationship for MTX in autoimmune disease had been previously reported.
Specifically, the MRL/Ipr spontaneous autoimmune disease mouse model has previously
demonstrated a dose-dependent reduction in arthritis disease activity at weekly MTX doses
up to 25 mg/kg with an apparent reduction in efficacy at the 100 mg/kg weekly dose.
(Baggott et al., 1992) Although the mechanistic basis for this paradoxical response remains
unknown, the authors of the previous work associated these higher doses with MTX toxicity
based on a measured decrease in mouse lifespan. Here, based on the known impact of MTX
on the balance of effector and regulatory immune function, we speculate that MTX-
mediated selective suppression of effector immunologic activity may be lost at higher MTX
doses with increased activity towards immunoregulatory pathways resulting in an overall
increased susceptibility to autoimmune disease induction and a reduction in MTX efficacy.
(Charlton and Lafferty, 1995; Constantin et al., 1998; Herman et al., 2008; Yamaki et al.,
2003)

Despite the widespread use of MTX as a positive control in drug efficacy studies utilizing
the CIA mouse model, this is the first study to investigate the /n vivotissue formation of
MTX polyglutamate metabolites and the antifolate effect of MTX in this model.(Lange et
al., 2005; Luo et al., 2013; Neurath et al., 1999; Zhang et al., 2013) Previous work in a rat
model of collagen-induced arthritis developed a mathematical pharmacokinetic-
pharmacodynamic model for MTX polyglutamate formation and efficacy, however an
exploration of the validity of MTX polyglutamates as a biochemical marker of efficacy was
not undertaken.(Liu et al., 2013) The low level of MTX polyglutamate formation in the CIA
mouse model was initially surprising based on the established efficacy of MTX in this model
and the perceived importance of MTX polyglutamates as critical to the pharmacologic
activity of MTX.(Chabner et al., 1985; Neurath et al., 1999) However, recent studies using
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dermal fibroblasts from the DBA/1J mouse strain have demonstrated that they are deficient
in the formation of MTX polyglutamates, which might explain the high MTX dose
requirements needed in these animals.(Inglis et al., 2007; You et al., 2013) In agreement
with this previous report we found approximately 10 to 25% of tissue MTX to exist as a
polyglutamate in the DBA/1J mice, which is far below the high level of polyglutamation that
we typically see in patients (i.e. ~80%).(Becker et al., 2010) Despite the low level of MTX
polyglutamate formation in our mice, we did observe efficacy with MTX, however,
erythrocyte MTX polyglutamate levels failed to demonstrate any significant relationship
with any of the measures of MTX efficacy. Therefore, this data supports MTX
polyglutamates as an important marker of MTX exposure, as has been supported by studies
showing the dose-dependent accumulation of these metabolites in erythrocytes with the
potential use of these analytes to dose correct for pharmacokinetic variation and capture
potential treatment non-adherence.(Dervieux et al., 2005; Hawwa et al., 2015; Stamp et al.,
2009) However, the inability of our data to draw a correlation between the formation of
these metabolites and efficacy suggests that non-pharmacokinetic variables may represent an
important source for the observed variation in MTX efficacy.

Interestingly, we observe a slight but non-statistically significant elevation in erythrocyte
levels of 5SmTHF in the disease animals, and despite no change in total folate in the liver
there was a shift in the ratio of liver 5SmTHF to f-THF following induction of disease.
Although previous work has shown that rheumatoid arthritis is associated with reduced
circulating folate concentrations, unpublished work in our laboratory measuring erythrocyte
levels of 5SmTHF have demonstrated an association between increased erythrocyte 5SmTHF
content and reduced hematocrit in JIA patients with active disease.(Omer and Mowat, 1968)
Therefore, we speculate that induction of disease likely results in an anemic response,
similar to that observed in patients with autoimmune arthritis, and because the anemia is
likely an iron-deficient anemia the existing erythrocytes are likely enriched in 5SmTHF
content resulting in an increase in the amount of 5SmTHF per packed volume of erythrocytes.
(Baer et al., 1990; Omer et al., 1970) The shift in liver folate homeostasis resulting in an
increase in f-THF and decrease in 5SmTHF is currently unexplained, but has been a
documented phenomenon occurring in animals treated with methionine.(Brody et al., 1982)
Whether the shift towards f-THF represents an enzymatic shift in the production of f-THF at
the cost of 5SmTHF production, or whether it represents the enzymatic or chemical oxidation
of 5mTHF to f-THF is unknown, but we speculate that increased oxidative stress in the
disease animal results in the chemical oxidation of 5mTHF resulting in the increased
conversion to f-THF.(Choi, 2007; Lumb et al., 1988)

The observation that changes in tissue folate levels is directly associated with the efficacy of
MTX appears to contradict previous clinical studies failing to measure changes in circulating
folate levels in patients treated with MTX.(de Rotte et al., 2013; Morgan et al., 1994) In fact,
these previous observations have served as the basis for the longstanding argument that the
pharmacologic activity of MTX in autoimmune arthritis is independent of its antifolate
activity.(Cronstein, 1992) However, in contrast to this prior work, recent work by our group
has clearly demonstrated that initiation of MTX is associated with an approximately 30%
reduction in erythrocyte 5SmTHF levels in JIA patients despite the fact they were receiving
daily folic acid supplementation.(Funk et al., 2014) We speculate the differing effects of
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MTX on folates in our studies and previous studies reflects differences in the analytical
methodologies utilized to quantify folate levels, and believe the UPLC-MS/MS methods
used in our studies are more selective and sensitive for the absolute quantification of folates.
(van Haandel and Stobaugh, 2013) As a result, our data supports a clinically significant anti-
folate effect of MTX that results in the reduction of erythrocyte concentrations of 5SmTHF in
both patients treated with MTX and in our CIA mouse model. Further, in the CIA mouse
model we have now demonstrated that this anti-folate effect is directly associated with the
efficacy of MTX and hypothesize that the same would be true in patients.

In conclusion, the key finding of this study is that MTX causes a reduction in arthritis
disease activity in the CIA mouse model and fails to demonstrate a clear relationship with
the tissue accumulation of MTX polyglutamates, but rather appears to be associated with
MTX-mediated changes in tissue folate levels. Together, these results support tissue folate
homeostasis as a key pharmacologic target of MTX therapy in autoimmune arthritis and
indicates that erythrocyte SmTHF levels may represent an accessible pharmacodynamic
biomarker of MTX efficacy in the treatment of autoimmune arthritis.
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Fig. 1. Diagram of disease induction and MTX treatment study design.
DBA/1J mice were split into 3 groups including a healthy control group, a CIA disease

control group, and a MTX treatment group. The CIA disease control group of MTX
treatment group underwent the CIA disease induction protocol including an initial injection
of collagen/CFA at day 0 and a booster injection of collagen/IFA at day 19. The MTX
treatment group were further stratified into 4 subgroups and administered subcutaneous
MTX at doses of 2, 10, 20, or 50 mg/kg weekly starting on day 14 for a total of 6 doses.
Disease activity scores, paw volume measurements, and animal weight were collected
throughout the study. At day 54 mice were euthanized and tissues were collected for MTX
and folate analysis. Eight mice were lost during the study and not included in the terminal
analysis.
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Fig. 2. Effect of MTX on disease incidence and activity in the CIA mouse model.
Disease incidence and activity were compared amongst control mice and mice undergoing

the CIA protocol treated with weekly subcutaneous MTX at doses of 0, 2, 10, 20, or 50
mg/kg. Groups were compared based on the incidence of arthritis (A), disease activity (B),
paw volume (C), and change in weight from baseline (D). Parameters were measured over
the 54-day experimental period and the resulting mean+S.E.M. for each experimental group
is presented.
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Fig. 3. Endpoint analysis of MTX efficacy in the CIA mouse model.
Endpoint measures of disease activity collected at day 54 of the study, including: disease

activity scores (A), paw volume measurements (B), changes in weight from baseline (C),
and joint histology scores (D) were compared in control mice and mice undergoing the CIA
protocol treated with weekly subcutaneous MTX at doses of 0, 2, 10, 20, or 50 mg/kg. The
groups were compared based on endpoint. The resulting mean+S.E.M. for each experimental
group is presented and was compared by Wilcoxon rank-sum or Student’s t-test analysis, as
appropriate.
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Fig. 4. Erythrocyte MTX polyglutamate formation in the CIA mouse model.
Total erythrocyte MTX (A), erythrocyte concentrations of parent MTX (B), erythrocyte

concentrations of polyglutamate metabolites of MTX (C), and the percent of MTXtoTAL
existing as a polyglutamate (D) were compared amongst CIA mice treated with weekly
subcutaneous MTX at doses of 0, 2, 10, 20, or 50 mg/kg. The resulting mean+S.E.M. for
each experimental group is presented and was compared by Student’s t-test analysis.
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Fig. 5. Effect of MTX on erythrocyte and liver 5SmTHF in the CIA mouse model.
Erythrocyte concentrations of 5SmTHF (A), percentage change in erythrocyte 5SmTHF (B),

liver levels of 5SmTHF (C), and percentage change in liver 5SmTHF (D) were compared
amongst control mice and mice undergoing the CIA protocol treated with weekly
subcutaneous MTX at doses of 0, 2, 10, 20, or 50 mg/kg. The resulting mean+S.E.M. for
each experimental group is presented and was compared by Student’s t-test analysis.
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Fig. 6. Association of tissue folates with MTX efficacy in the CIA mouse model.
The percentage change in erythrocyte 5mTHF in the CIA mouse model was evaluated by

Spearman’s rank correlation analysis for their relationship with MTX efficacy by endpoint
measures of paw volume (A) and disease activity (B). The percentage change in liver
5mTHF in the CIA mouse model was evaluated by Spearman’s rank correlation analysis for
their relationship with MTX efficacy by endpoint measures of paw volume (C) and disease
activity (D). The resulting Spearman’s correlation coefficient (p) and associated P-values are

provided.
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