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Background: TK2 is a nuclear gene encoding themitochondrial matrix protein thymidine kinase 2 (TK2), a critical
enzyme in the mitochondrial nucleotide salvage pathway. Deficiency of TK2 activity causes mitochondrial DNA
(mtDNA) depletion, which in humans manifests predominantly as a mitochondrial myopathy with onset typi-
cally in infancy and childhood. We previously showed that oral treatment of the Tk2 H126N knock-in mouse
model (Tk2−/−) with the TK2 substrates, deoxycytidine (dCtd) and thymidine (dThd), delayed disease onset
and prolonged median survival by 3-fold. Nevertheless, dCtd + dThd treated Tk2−/− mice showed mtDNA de-
pletion in brain as early as postnatal day 13 and in virtually all other tissues at age 29 days.
Methods: To enhance mechanistic understanding and efficacy of dCtd + dThd therapy, we studied the bioavail-
ability of dCtd and dThd in various tissues aswell as levels of the cytosolic enzymes, TK1 and dCK that convert the
deoxynucleosides into dCMP and dTMP.
Findings: Parenteral treatment relative to oral treatment produced higher levels of dCtd and dThd and improved
mtDNA levels in liver and heart, but did not ameliorate molecular defects in brain or prolong survival. Down-
regulation of TK1 correlated with temporal- and tissue-specificity of response to dCtd + dThd. Finally, we ob-
served in human infant and adult muscle expression of TK1 and dCK, which account for the long-term efficacy
to dCtd + dThd therapy in TK2 deficient patients.
Interpretations: These data indicate that the cytosolic pyrimidine salvage pathway enzymes TK1 and dCK are crit-
ical for therapeutic efficacy of deoxynucleoside therapy for Tk2 deficiency.
Fund: National Institutes of Health P01HD32062.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In dividing cells, pyrimidine nucleotides for DNA replication are syn-
thesized by both de novo and cell cycle-dependent cytosolic salvage
pathways (Fig. 1) [1]. The de novo pathway involves conversion of ribo-
nucleotide diphosphates (rNDP) to deoxynucleoside diphosphates
(dNDP) via ribonucleotide reductase whereas salvage pathways serially
phosphorylate deoxnucleoside to generate deoxynucleoside triphos-
phate (dNTPs). In contrast to replicating cells, quiescent cells downreg-
ulate the cytosolic pathways and instead, rely on the mitochondrial
salvage pathway for replication and maintenance of mitochondrial
DNA (mtDNA). Thymidine kinase 2 (TK2), which is essential for
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mitochondrial pyrimidine salvage, phosphorylates deoxycytidine
(dCtd) and thymidine (deoxythymidine [dThd]) to generate
deoxycytidine monophosphate (dCMP) and deoxythymidine
monophosphate (dTMP), which are subsequently phosphorylated to
dCTP and dTTP and incorporated into mtDNA during replication. Muta-
tions in the nuclear gene TK2, impairing TK2 activity cause dNTP pool
imbalances that ultimately lead to mtDNA depletion and multiple dele-
tions as well as deficiencies in oxidative phosphorylation (OxPhos) en-
zyme activities and levels. TK2 deficiency is inherited as an autosomal
recessive disorder andmanifests predominantly as amitochondrialmy-
opathy during infancy or childhood leading to early death [2,3], al-
though there are cases of adult-onset myopathy [4]. In fact, recent
reports are expanding the phenotypic spectrum of TK2 deficiency,
which spans three major clinical presentations: 1) Infantile-onset my-
opathy (~40% of cases) characterized by severe mtDNA depletion in
muscle and early mortality (median survival of 20 months);
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

Thymidine kinase 2 (TK2) deficiency is a devastating disorder that
typically manifests in infancy or early childhood as a myopathy.
We previously showed that treatment with deoxypyrimidine
monophosphate or pyrimidine deoxynucleoside delays disease
onset and prolongs survival of the Tk2 knock-in mouse. To im-
prove efficacy of deoxynucleoside treatment in the TK2 mouse,
we have investigated the molecular mechanism of this therapy.
To gather further evidence,we performed searches in PubMed, in-
cluding, but not limited, to the terms: “deoxynucleoside trans-
porter”, “deoxynucleoside and blood brain barrier”, “TK2
deficiency”, “Mitochondrial DNA depletion” and “mitochondrial
myopathy”.

Added value of this study

In this paper, together with Blazquez et al., we describe the mech-
anisms responsible for the incomplete response of the Tk2 knock-
in mice to deoxynucleoside treatment. We showed that levels of
the cytosolic kinases Tk1 and Dck in target tissues are critical in
dictating response to deoxycytidine (dCtd) and deoxythymidine
(dThd) therapy in Tk2 deficiency. In addition, we showed that, in
the presence of these kinases, improved delivery of the drugs pro-
duced higher levels of dCtd and dThd and improved response in
multiple tissues, but not in brain.

Implications of all the available evidence

TK2 deficiency is a progressive and often fatal disease. Under a
compassionate use protocol, dCtd and dThd have shown evi-
dence of efficacy in TK2 deficient patients [38] leading to a
phase 2 clinical trial (NCT03845712). Because long-term efficacy
has not been established, it is critical to better understand all the
factors contributing to the response to deoxynucleoside therapy
for TK2 deficiency. Furthermore, patients affected with other dis-
orders due to unbalancedmitochondrial nucleotide poolsmayben-
efit from analogous treatments based upon experience gained
with the dCtd and dThd for TK2 deficiency.

Fig. 1. Deoxynucleotide salvage and de novo synthesis pathways. In the deoxynucleotide
salvage pathways, thymidine (dThd) is phosphorylated by thymidine kinase 1 (TK1) in
cytosol and by thymidine kinase 2 (TK2) in mitochondria. In contrast, deoxycytidine
(dCtd) is phosphorylated by deoxycytidine kinase (DCK) in cytosol and by TK2 in
mitochondria. The purine nucleosides are phosphorylated by DCK in cytosol and by
deoxyguanoside kinase (DGK) in mitochondria. In the de novo pathway, ribonucleoside
diphosphates are converted to deoxynucleoside diphosphates by ribonucleotide
reductase (RNR). Equilibrative nucleoside transporter 1 (ENT1) and 2 (ENT2) transport
pyrimidine and purine nucleosides across mitochondrial membranes. Purine and
pyrimidine nucleotide carrier 1 (PNC1) and 2 (PNC2) transport deoxynucleoside
diphosphates and deoxynucleoside triphosphates across mitochondrial membranes.
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2) Childhood-onset (1–12 years-old) myopathy (~40% of cases) also
with severe muscle mtDNA depletion but longer survival (N9 years)
compared to the infantile-onset presentation; and 3) Late-onset myop-
athy (~20% of cases)withmild weakness at onset and slow progression,
multiple mtDNA deletions, reduced mtDNA copy number, or both in
muscle and a median survival of 50 years [5]. A recent review indicates
that the late-onset form may have a worse prognosis than initially re-
ported due to the high risk of early and progressive respiratory insuffi-
ciency [6].

We previously generated a TK2 H126N knock-in mouse model
(Tk2−/−) which recapitulates molecular and biochemical features of
TK2 deficiency patients [7]. Although brain and spinal cord are the
most affected tissues in the mouse model, patients manifest predom-
inantly a myopathy. This mouse model has been useful for developing
therapies for TK2 deficient patients as well as to better understand the
mechanisms of the disease and mechanisms of action of therapies
[8,9]. In previous studies, we showed that oral treatment of the Tk2
H126N knock-in mouse (Tk2−/−) with dCtd + dThd (each at 520
mg/kg/day) delayed disease onset and prolonged the median lifespan
of the animals by 3-fold [8]. We also demonstrated efficacy of dTMP
+ dCMP therapy in Tk2−/− mice; however, rapid catabolism of
these deoxynucleotides to dCtd + dThd indicated that
deoxynucleosides are the active therapeutic agents [9]. Nevertheless,
with both therapies we observed mtDNA depletion in brain as early
as at postnatal day 13 (P13) as well as in other tissues at P29. In con-
trast, small intestine showed a robust therapeutic response to this
treatment, with correction of mtDNA depletion at P29. The fact that
the treatment was orally administered, which presumably lead to a
higher bioavailability of dCtd and dThd in intestine relative to other
tissues, likely accounted for the strong response. Furthermore, we pre-
viously observed that thymidine phosphorylase (TP) activity, which
catabolizes dThd, increases dramatically from P13 to P29 in small in-
testine [9]. This high TP activity may partially account for the
diminishing response to treatment in mice during this period, as the
bioavailability of the nucleosides decreases in other tissues. In this
study, we have observed that parenteral dCtd + dThd administration
was more efficient than oral treatment at raising levels of nucleosides
in blood and liver as well as rescuing levels of mtDNA in liver and
heart. Nevertheless, parenteral treatment did not improve the thera-
peutic response to dCtd + dThd in brain, even when bioavailability
was further increased using Focused Ultrasound (FUS)-induced
Blood Brain Barrier (BBB) opening. In fact, we observed that TK1 pro-
tein levels in brain, and not nucleoside levels, were the limiting factor
of the therapeutic response in Tk2−/− mouse brain. Thus, both extrin-
sic factors (treatment route and nucleoside bioavailability) and intrin-
sic factors (catabolic and metabolic enzyme levels) contribute to the
effectiveness of dCtd + dThd therapy in TK2 deficiency.
2. Materials and methods

2.1. Mice

Generation and characterization of Tk2 H126N knock-in mice were
previously reported [7]. All experiments were performed according to
a protocol approved by the Institutional Animal Care and Use Commit-
tee of the Columbia University Medical Center, and were consistent
with the National Institutes of Health Guide for the Care and Use of Lab-
oratory Animals. Mice were housed and bred according to international
standard conditions, with a 12-h light, 12-h dark cycle.
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2.2. Treatment administration and experimental plan

To assess the pharmacokinetics of oral, intraperitoneal (IP), and in-
travenous (IV, via tail vein) treatment, 6-month-old Tk2+mice received
one dose of deoxycytidine (dCtd) and deoxythymidine (dThd)
(Hongene Biotechnology, Inc.) at a concentration of 520 mg/kg in 100
μl of either autoclaved water for oral gavage or phosphate buffered sa-
line (PBS) 1× for IP or IV injection. Blood for high performance liquid
chromatography (HPLC) measurements were collected from the retro-
orbital sinus before treatment and up to two additional samples for
each mouse covering the following time-points: T = 0, 5 min, 15 min,
30min, 45min, 60min, 2 h, 6 h, and 24 h. At least twomicewere eutha-
nized at each time-point; blood, brain, and liver were collected for HPLC
measurements.

To assess the therapeutic efficacy of IP dCtd + dThd therapy or IP
dThd therapy, doses of 520 mg/kg of each nucleoside were prepared
in 50 μl of autoclaved PBS 1× and administered daily to Tk2 H126N
knockin mice (Tk2−/−) and age-matched controls (Tk2+) starting at
postnatal day 4. At age 21 days, mice were separated from their
mothers and treatment was continued with doses prepared in 100 μl
of PBS 1×.Mutant and control Tk2+ mice were weighed and observed
daily. Mice were either euthanized at postnatal day 13 or 29 for mo-
lecular and biochemical characterization, or continued under treat-
ment and followed for assessment of survival. Organs (brain, liver,
heart, kidney, small intestine, and quadriceps muscle) were removed
and frozen in the liquid phase of isopentane, pre-cooled near its freez-
ing point (−160 °C) with dry ice. All the experiments were performed
with at least 3 mice per group. Both heterozygous and homozygous
Tk2 wild-type mice were considered as control group (Tk2+) since
no clinical and biochemical differences were observed previously
[7,10].

To assess safety and efficacy of nucleoside delivery to the brain with
FUS-induced BBB opening, untreated Tk2+ mice received pulsed FUS
beam targeted transcranially to the left hemisphere. Mice were either
euthanized at postnatal day 29 for safety assessment (brain hematoxy-
lin and eosin staining) or after 15min, 1 h, 2 h, 6 h, or 24 h of treatment
for nucleoside concentrations measurement in each brain hemisphere
as well as in liver (measured by HPLC).

To assess the therapeutic efficacy of FUS-induced BBB opening,
Tk2−/− mice were treated with 520 mg/kg of dCtd + dThd adminis-
tered in 50 μl of autoclaved PBS 1× by daily IP injection, starting at
postnatal day 4. At age 21 days, mice were separated from their
mother and received two pulses of FUS in combination with lipid
microbubbles (described below). mtDNA copy number was
determined.

2.3. Phenotype assessment

Body weight was assessed daily, because we previously ob-
served that plateauing of weight at P10 was the first sign of disease
and followed by head tremor [7]. To define the degree of safety and
efficacy of each therapy, we compared survival time, age-at-onset
of disease, type and severity of abnormal signs, side-effects, and
proportion of treatment termination due to adverse events in
treated and untreated Tk2−/− mice. Behavior, survival time, and
body weights of the mice were assessed daily beginning at postna-
tal day 4.

2.4. dNTP pool by polymerase extension assay

Mitochondrial levels of dATP, dGTP, dCTP, and dTTP were measured
using a radioactivity assay as previously described [11,12] with one
modification; reactions were spotted in Zeta-Probe® GT Genomic
Tested Blotting Membranes (Biorad, Hercules, CA, USA) instead of
Whatman DE81 discs (GE Healthcare Life Sciences, UK).
2.5. Nucleosides measurements by HPLC

Deoxythymidine (dThd), deoxycytidine (dCtd) deoxyuridine (dU),
uracil (U), and thymine (Thy) levels were assessed by a gradient-
elution HPLC method as described [13,14], with minor modifications.
Briefly, deproteinized samples were injected into an Alliance HPLC sys-
tem (Waters Corporation, Milford, MA) with an Alltima C18NUC
reversed-phase column (Grace AllTech Corporation, Columbia, MD) at
a constant flow rate of 1.5 ml/min (except where indicated) using four
buffers: eluent A (20 mM potassium phosphate, pH 5.6), eluent B
(water) and eluent C (methanol). Samples were eluted over 60 min
with a gradient as follows: 0–5 min, 100% eluent A; 5–25 min,
100–71% eluent A, 29% eluent B; 25–26 min, 0–100% eluent C;
26–30 min, 100% eluent C; 30–31 min, 0–100% eluent B; 31–35 min,
100% eluent B (1.5–2 ml/min); 35–45 min, 100% eluent B (2 ml/min);
45–46 min, 100% eluent B (2–1.5 ml/min); 46–47 min, 0–100% eluent
C; 47–50 min, 100% eluent C; 50–51 min, 0–100% eluent A; and
51–60 min, 100% eluent A.

Absorbance of the elutes were monitored at 267 nm and dThd and
dU peaks were quantified by comparing their peak areas with a calibra-
tion curve obtained with standards in aqueous solution. For definitive
identification of dThd, dU, U, and T peaks for each sample,we used a sec-
ond aliquot treated with an excess of purified E. coli TP (Sigma) to spe-
cifically catabolize dThd to T and dU to U. The lower detection limit of
this method is 0·05 mmol/l for all nucleosides. Results were expressed
as nmol/mg of protein.

2.6. RT-qPCR: mitochondrial DNA quantification

mtDNA levels were assessed as previously described [10] by real-
time PCR using the ddCt method in a Step One Plus Real Time PCR Sys-
tem (Applied Biosystems). For murine COX I (mtDNA), we used the fol-
lowing primers and probes:

Forward: 5′-TGCTAGCCGCAGGCATTACT-3′
Reverse: 5′-CGGGATCAAAGAAAGTTGTGTTT-3
MGB-FAM detection probe: 5′-TACTACTAACAGACCGCAACC-3′
For mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH,

nuclear DNA [nDNA]) we used the GAPDH Endogenous Control assay
(catalog number 4352339E, Applied Biosystems, Invitrogen, Foster
City, CA).. mtDNA values were normalized to nDNA values and
expressed as a percentage relative to wild-type (100%).

2.7. Human muscle samples

Frozen human muscle specimens were obtained as diagnostic left-
overs from one infant and three adult non-mitochondrial myopathy pa-
tients. Informed consent was obtained from each patient. Muscle
samples (20–40 mg) were homogenized using 0·9–2·0 mm Stainless
steel beads and the Bullet Blender Storm (Next Advance Inc.) in CPTme-
dium (10%W/V) containing 50mMTris HCl, 100mMNaCl, 1mMEDTA,
0·5% SDS and pH adjusted to 7·4. After homogenization, samples were
centrifuged at 2500 rpm for 20 min and supernatants were used for
immunoblotting.

2.8. Immunoblotting

To assess protein levels of the mitochondrial respiratory chain
complexes, thirty micrograms of whole mouse brain extracts were
obtained using the same protocol as for human muscle samples
and electrophoresed in 10–20% Tris-Glycine Gel (Novex™
WedgeWell™, ThermoFisher Scientific Invitrogen, Waltham, MA)
and transferred to Immun-Blot™ PVDF membranes (Bio-Rad, Hercu-
les, CA). Membranes were probed with MitoProfile® Total OXPHOS
Rodent WB Antibody Cocktail of antibodies (MitoScience LLC Cat#
MS604, RRID:AB_2629281) against CI subunit Ndufb8, CII-30 kDa,
CIII-Core protein 2, CIV subunit I, and CV alpha subunit. For

nif-antibody:AB_2629281
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assessment of mouse TK1 and dCK protein levels, 20 μg of brain,
heart, liver, intestine, and muscle were electrophoresed and mem-
branes were probed with rabbit anti-TK1 (SAB2107332, Sigma-
Aldrich, St Louis, MO) and rabbit anti-dCK (Sigma-Aldrich Cat#
SAB2100535, RRID:AB_10599413). For assessment of TK1 protein
levels in human samples, 20 μg of tissue were electrophoresed and
membranes were probed with rabbit anti-TK1 (Abcam Cat#
ab76495, RRID:AB_1524488). In all membranes, levels of vinculin
were assessed as loading control (Abcam Cat# ab18058, RRID:AB_
444215). Protein–antibody interaction was detected with either
anti-mouse (Sigma-Aldrich Cat# A0168, RRID:AB_257867) or anti-
rabbit (Sigma-Aldrich Cat# A2074, RRID:AB_257972) peroxidase-
conjugated mouse IgG antibody, using Amersham™ ECL Plus west-
ern blotting detection system (GE Healthcare Life Sciences, UK).
Quantification of proteins were carried out using NIH ImageJ 1.37 V
software. Average grey value was calculated within selected areas
as the sum of the grey values of all the pixels in the selection divided
by the number of pixels.
2.9. Mitochondrial OxPhos enzyme activities by spectrophotometer analysis

Mitochondrial OxPhos enzymes analysis was performed in cere-
brum tissue as previously described [15,16].
2.10. Focused ultrasound blood brain barrier opening

The experimental FUS system was previously described [17–19].
Briefly, the targeting procedure utilized a grid system to locate skull su-
tures [20–22]. The FUS focus was placed 3 mm below the skull taking
into account 18% attenuation for acoustic pressure loss through the
skull [20–22]. For experiments on safety and nucleoside delivery to
the brain, each animal received pulsed FUS beams (pulse length
6·56 ms; duration 2 min) at acoustic pressures of 225, 300 and
450 kPa, targeted transcranially 1·2 mm anterior and 0·3 mm left of
the lambda suture, while the right hemisphere served as a control.
Hence, each animal served as its own control, thereby reducing the var-
iability caused by physiologic differences among animals. For assess-
ments of mtDNA copy numbers, each animal received two pulsed FUS
beams, targeting 1·2 mm anterior and 0·3 and 0·5 mm left to lambda,
at acoustic pressures of 300 kPa.

Lipid-coatedmicrobubbles (4–5 μm)were synthesized as previously
described [23]. Prior to microbubbles administration, a 30-s sonication
using the same acoustic settings described above was applied in order
to measure the baseline background signal required for acoustic emis-
sion analysis. The injected microbubbles were freshly diluted before
each injection. A bolus of 50 μl diluted microbubbles in saline solution
(8 × 108 microbubbles/ml) was injected intravenously through the tail
vein immediately before sonication, together with a dose of 50 μl of
dCtd + dThd, so each animal received 520 mg/kg of dCtd + dThd.
2.11. Statistical methods

Data are expressed as themean± standard deviation (SD) of at least
3 experiments per group. For data grouped in columns, Mann-Whitney
test was used to compare each group. For survival curves, Mantel-Cox
test was used to compare groups. A p-value of b0·05 was considered
to be statistically significant.
2.12. Data availability

The raw data that support the findings of this study and protocols
used are available from the corresponding author, upon reasonable
request.
3. Results

3.1. Parenteral treatment raises levels of nucleosides in blood and livermore
effectively than in brain

The highest levels of dCtd and dThd in plasma, were observed after
IV administration, followed by IP injection, and oral gavage. For both
compounds, the peaks of maximum concentration in plasma were at
5 min post-IV injection and 20 min after IP injection. Levels of dCtd
were only slightly elevated after oral gavage (b1% of levels reached
with either IV and IP injection). In contrast, dThd peak concentrations
in plasma were attained 1 h after oral treatment, and were 2–5% of
peak levels reached after either IV or IP injections. Plasma concentra-
tions of dU (peak of 1·3 mM 2 h after IP injection) and Thy (peak of
27 μM 1 h after IP injection) were increased in plasma after IV and IP
treatment, indicating robust deoxynucleoside catabolism of dCtd to dU
by cytidine deaminase (CDA) and dThd to Thy by TP (Fig. 2). Because
peak levels of dU were higher than Thy, activity of CDA appears to be
higher than for TP.

Levels of dCtd in brain peaked at 1 h after IV injection and at 6 h after
IP injection and oral gavage. Maximum levels of dCtd were 4–5 fold
higher after parenteral administration compared to the oral treatment
(Fig. 2). Levels of dThd in brain were also elevated with peaks at 2 h
after administration via all routes. Paradoxically, although IP and IV
treatment provided higher concentrations of dThd in brain, cerebral
concentrations of dThd after oral gavage was in the same order of mag-
nitude as that reached by parenteral routes indicating that most of the
deoxynucleosides in plasma after IV or IP treatment did not reach the
brain (Fig. 2). Although similar concentrations of dCtd and dThd in
plasma after parenteral treatment (4–10 mM), levels of dThd in brain
were 10-fold higher than levels of dCtd (1–2 nmol/mg vs 0·08–0·1
nmol/mg). The higher concentrations of dThd relative to dCtd in the
brain is likely due to the higher catabolic activity of CDA relative to TP.

In liver, maximum levels of dCtd were reached 1 h after IV injection
and 6 h after IP injection. Oral gavage slightly raised dCtd levels 6 h after
treatment; however, this increasewas b10% compared to IP administra-
tion and b1% after IV treatment. Maximum levels of dThd were reached
2 h after IV and 6 h after IP injection. Two hours after oral gavage, peak
dThd concentration was 0·1–0·5% of levels reached after IP and IV
treatment (Fig. 2). As observed in brain, concentrations of dThd in
liver were 10-fold higher than dCtd. Peak levels of dCtd and dThd in
liver after IP injection were 8·6- and 5·2-fold higher than in brain,
while peak levels of dCtd and dThd after IV injection were 3·3- and
3·0-fold higher in liver than in brain, indicating that despite nucleoside
transport across the BBB, uptake efficiency is lower for brain than for
visceral organs.

3.2. IP dCtd + dThd therapy improves molecular and biochemical features
in tissues except brain

Because parenteral treatment more efficiently raised levels of dCtd
and dThd in plasma, liver, and brain relative to oral gavage, we assessed
molecular effects of IP treatment of dCtd + dThd (each at 520
mg/kg/day) in the Tk2−/− mice starting at postnatal day 4. Both oral
and IP treatment with dCtd + dThd failed to elevate mitochondrial
levels of dTTP in the brain at postnatal day 29 compared to treated
Tk2+ mice (oral: 14·8 ± 18·7% vs 100 ± 28·5% in Tk2+, p = 0·0025;
IP: 12·3± 6·3% vs 100± 33·6% in Tk2+, p= 0·0025) (Fig. 3). IP treat-
ment only slightly increased levels ofmtDNA copy number compared to
oral treatment at postnatal day 13 in the brain (68·9 ± 23·5% with IP
treatment vs 52·0 ± 9·0% with oral treatment, p N 0·05) but not at
postnatal day 29 (22·1 ± 5·1% vs 25·1 ± 6·1%, p N 0·05) (Fig. 4). De-
spite similar levels of mtDNA copy number in brain, IP treatment was
more efficient at rescuing levels of RCE complex I in Tk2−/− mice at
postnatal day 29, compared to oral treatment (normalized to complex
II: 103·2 ± 20·9% with IP treatment vs 57·7 ± 9·4%, with oral

nif-antibody:AB_10599413
nif-antibody:AB_1524488
nif-antibody:AB_444215
nif-antibody:AB_444215
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nif-antibody:AB_257972


Fig. 2. Pharmacokinetics of dCtd+dThd treatment. Concentration of dCtd (deoxycytidine), dThd (thymidine), dU (deoxyuridine) and thymine after administration of 520mg/kg of dCtd+ dThd using oral gavage (red line) intra-peritoneal injection
(blue line) or intra-venous injection (orange line). Concentrations are either as μM (plasma) or nmol/mg of protein (tissues). Time points b 1 h after treatment are represented in minutes.
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treatment, p= 0·0025; normalized to vinculin: 124·1± 38·8% with IP
treatment vs 67·0 ± 20·2%, with oral treatment, p = 0·059) (Supple-
mentary Fig. 1). Nevertheless, deficiencies in the activities of both com-
plex II (normalized by CS: 68·4 ± 11·8%, p = 0·036; normalized
to protein concentration: 62·6 ± 16·3%, p = 0·036) and complex IV
(normalized by CS: 59·4 ± 7·0%, p = 0·009; normalized to
protein concentration: 56·1 ± 18·6%, p = 0·009) were observed in
Tk2−/− IP 520 dCtd+dThd (Supplementary Figs. 2 and 3).

In contrast, IP injection, and not oral gavage, efficiently restored mi-
tochondrial levels of dCTP in liver from Tk2−/−mice at postnatal day 29
(oral: 21·7 ± 21·1% vs 100 ± 40·1% in Tk2+, p = 0·012; IP: 89·0 ±
47·6% vs 100 ± 22·3% in Tk2+, p N 0·05; Tk2−/− oral dCtd+dThdvs
Tk2−/− IPdCtd+dThd, p = 0·012) (Fig. 4). Furthermore, mtDNA copy
number at postnatal day 29were higher in Tk2−/− IPdCtd+dThd compared
to Tk2−/− oraldCtd+dThd in liver (67·8± 16·0%with IP treatment vs 44·9
± 12·2%with oral treatment, p= 0·030), heart (74·5± 14·9% with IP
treatment vs 34·8 ± 9·4% with oral treatment, p = 0·0025) and skele-
tal muscle (49·8 ± 27·6% with IP treatment vs 34·8 ± 5·7% with oral
treatment, p N 0·05) (Fig. 4).

3.3. IP dCtd + dThd therapy does not modify disease course of the Tk2−/−

mice compared to oral treatment

To test whether the rise in mtDNA levels in visceral organs and skel-
etalmuscles ofmice given IP treatment had any effect on disease course,
we assessed growth rate and survival time. Both Tk2−/− IP dCtd+dThd and
Tk2−/− oral dCtd+dThd animals gained weight at the same rate as Tk2+

mice until postnatal day 20, when Tk2−/− growth rate slowed regard-
less the treatment route (Supplementary Fig. 4). There were no statisti-
cally significant differences in survival between IP and oral treatment
Fig. 3. Levels of dCTP and dTTP in brain and liver. Values are expressed as percents of levels in Tk
Tk2+ versus Tk2−/−mice within each treatment are indicated.
(Supplementary Fig. 4), although a mild trend towards longer survival
was observed in mice with oral treatment (Tk2−/− IP dCtd+dThd, 40·2
± 13·3 vs Tk2−/− oraldCtd+dThd, 43·2 ± 11·1; p = 0·32). These results
demonstrated that IP dCtd + dThd treatment did not delay disease-
onset or improve survival time compared to oral therapy despite ame-
lioration of themolecular defects in visceral organs and skeletal muscle.
These findings indicate that disease progression in the brain is responsi-
ble for both disease-onset and early death. Both Tk2+ IP dCtd+dThd and
Tk2+ oraldCtd+dThd showed similar growth rates as untreated Tk2+; fur-
thermore, they appeared normal and showed no signs of side-effects re-
lated to the treatment.

3.4. FUS-induced BBB opening improves delivery of dCtd and dThd into the
brain

To assess whether the lack of improvement of Tk2−/− animals with
IP 520 mg/kg/day of dCtd + dThd therapy relative to oral therapy was
due to poor penetration of dCtd and dThd through the BBB, we first
tested whether levels of dCtd and dThd in brain after IV injection of
520mg could be enhanced using FUS-induced BBB opening in combina-
tion with lipid microbubbles compared to IV dCtd + dThd treatment
alone. To test the safety of this procedure, two Tk2+ mice at P21 were
injected (IV) with monodisperse lipid-coated microbubbles (4–5 μm)
and received single pulsed FUS beams at acoustic pressures of 300 and
450 kPa. FUS was placed 0·3 mm left and 1·2 mm anterior to the
lambda suture. Mice were euthanized at P29 and hematoxylin and
eosin (H&E) staining of whole brain was performed to evaluate tissue
damage in the treated (left) hemisphere. Although bothmice developed
normally after the procedure and no signs of tissue damage were ob-
served in the H&E staining, we detected higher levels of inertial
2+mice for each treatment. P values b .05 byMannWhitney tests comparing dNTP levels in



Fig. 4. Levels of Mitochondrial DNA. Values are represented as percents of mtDNA levels in Tk2+ mice within each treatment. P values b 0·05 (*) or b0·01 (**) fromMannWhitney tests
between orally- and IP-treated Tk2−/−are indicated.
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cavitation, which might be harmful, in the animal treated with acoustic
pressure of 450 kPa (Supplementary Fig. 5). We then tested the effects
of FUS-induced BBB opening on levels of dCtd and dThd in brain. Four
Tk2+ mice at P21 were injected (IV) with monodisperse lipid-coated
microbubbles (4–5 μm) and one dose of 520mg/kg of dCtd+dThd. An-
imals received one pulsed FUS beam at either acoustic pressure of 200
or300 kPa. FUS was placed 0·3 mm left and 1·2 mm anterior to the
lambda suture, so within the same animal, we measured dCtd, dThd,
dU, and T levels by HPLC in both the treated (left) and untreated
(right) hemisphere.

We observed that, 1 h after treatment, levels of dThd, dCtd and dU
were increased exclusively in the left hemispheres of those mice
under FUS procedure using an acoustic pressure of 300 kPa, while
right hemispheres of these mice as well as both left and right hemi-
spheres of animals treatedwith an acoustic pressure of 200 kPa showed
levels similar to those animals treated with IV dCtd + dThd alone
(Fig. 5). These results indicate that FUS at acoustic pressure of
300 kPa, but not 200 kPa, in combination with lipid microbubbles was
efficient opening the BBB and allowed for a higher targeted brain dCtd
and dThd delivery. Levels of these compounds in liver were similar be-
tween dCtd + dThd + FUS-treated and dCtd + dThd-treated animals
(Supplementary Fig. 6), showing that the dCtd + dThd dose received
was equivalent in all the animals and that differences in brain are caused
by the opening of the BBB with FUS in conjunction with microbubbles.

To assess the pharmacokinetics of dCtd and dThd when adminis-
tered IV in conjunction with FUS and microbubbles, we measured nu-
cleoside levels in each brain hemispheres of Tk2+ mice at several time
points after the treatment. We observed that differences in nucleoside
levels in each of the treated and untreated hemispheres were only
apparent 1 h after the treatment, which may be explained by the
rapid catabolism of dCtd to dU and dThd to T (Supplementary Fig. 7).

3.5. Increased dCtd and dThd levels in brain does not improve response to
dCtd + dThd therapy

To test whether targeted brain dCtd and dThd delivery by the FUS
procedure enhanced parenteral dCtd + dThd treatment, Tk2−/− mice
were treated at P21 with FUS in combination with lipid microbubbles
and one dose of 520mg/kg of dCtd+dThd intravenously. Two different
FUS beams were placed at 1·2 mm anterior and both 0·3 and 0·5 mm
left of the lambda suture. Animals were then maintained until P29 and
continued on the IP dCtd + dThd treatment (520 mg/kg/day) until
they were euthanized. Brain samples from the area where FUSwas per-
formed in the left hemisphere and from the homologous area in the
right hemisphere showed no significant differences in themtDNA levels
within each animal (Fig. 6 left panel). Furthermore, mtDNA levels
were similar as those found in the Tk2−/− IP dCtd+dThd animals at P29
(Tk2−/− IP 520 mg, 19·6 ± 5·3%; Tk2−/− IP 520 mg+FUS right hemisphere,
24·6 ± 3·06%; Tk2−/− IP 520 mg+FUS left hemisphere, 25·2 ± 2·18%, Fig. 6
right panel) indicating that other factors, rather than lower bioavailabil-
ity of dCtd and dThd in brain, account for the lack of response in brain to
deoxynucleoside treatment.

3.6. Down-regulation of TK1 during growth determines failure to response
to dCtd + dThd therapy

To unravel the intrinsic factors underlying lack of response to
dCtd + dThd therapy in brain of Tk2−/− mice, we measured levels



Fig. 5. Levels of dCtd and dThd in brain after FUS-induced BBB opening. FUS was performed in two mice using 300 kPa and two additional mice using 200 kPa, while three mice used as
controls (“No FUS” controls). Treatmentwith 520mg/kg of dCtd+ dThd via intravenous injectionwas followed in all sevenmice, and one additional mousewas left without treatment as
an “Untreated” control.
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of the cytosolic enzymes dCK and TK1 from Tk2+ mice at P4 and P29
and normalized to levels in liver at P29 for comparisons. The highest
levels of dCK were found in heart (238·6 ± 26·3% at P4 and 267·6 ±
63·8% at P29) followed by brain (105·7 ± 43·8% at P4 and 163·7 ±
194·7% at P29) liver (103·6 ± 37·5% at P4 and 100·0 ± 13·1% at
P29) and muscle (35·1 ± 10·4% at P4 and 121·6 ± 29·9% at P29).
Fig. 6.mtDNA levels in FUS-treatedmice. Left panel:mtDNA levels in right (untreated) and left (
expressed as percents of mtDNA level in Tk2+ mice. Right panel: Values are expressed as per
injection. RH and LH denotes right hemisphere and left hemisphere, respectively.
Intestinal levels of dCK were below the detection limit. We did not
find a significant down-regulation of dCK at P29 with respect to P4
(Fig. 7). In fact, levels of dCK at P29 were higher in brain (154·9 ±
184·2% of levels at P4) and muscle (346·2 ± 85·2% of levels at P4)
and similar in heart (112·1 ± 26·7% of levels at P4) and liver
(107·9 ± 40·6% of levels at P4).
treated) hemisphere fromTk2−/−. Lines connect values from eachmouse brain. Values are
cents of of mtDNA level in Tk2+ mice treated with 520 mg/kg/day of dCtd + dThd via IP



Fig. 7. TK1 and dCK levels in mice. Right panel: Immunoblots showing bands corresponding to vinculin (loading control, 130 KDa), TK1 (26 KDa) and dCK (30 KDa). Four first lanes
correspond to tissues from mice euthanized at age 4 days and three last lanes correspond to tissues from mice euthanized at age 29 days. Blots have been cropped to improve
visualization. Negative controls and molecular size markers were loaded on each immunoblot. Left panel: Quantification of immunoblots from right panel. Vinculin was used as
loading control to normalize values from TK1 and dCK bands within each lane. Values are expressed either as percentage of the average value at age 4 days within each tissue or as
percentage of the average in liver at age 29 days.

Fig. 8. Survival and mtDNA levels after dThd treatment. Upper left graph represents survival, represented as percent survival within each treatment group, of Tk2−/− mice. Remaining
graphs represent mtDNA levels in brain, liver, and muscle. Values as expressed as percents of mtDNA in untreated Tk2+ mice. P values b .05 from Mann Whitney tests between dCtd
+ dThd- and dThd-treated Tk2−/−mice are indicated.
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The highest levels of TK1 were found in liver (174·3 ± 24·1% at P4
and 100·0 ± 19·9% at P29). TK1 was poorly expressed at P4 in brain
(2·0 ± 2·4%), heart (26·3 ± 5·3%) and muscle (14·0 ± 1·1%), and it
was below the detection level in all three tissues at P29 (Fig. 7). In
contrast, intestinal TK1 activity increased from P4 (3·8 ± 1·9%) to
P29 (14·7 ± 2·3%), indicating that response to dCtd + dThd therapy
at older ages is highly dependent on the expression of TK1 in target
tissues.

These results suggest that the down-regulation of TK1 in most tis-
sues, asmice continue to develop, prevents these tissues frommaintain-
ing responds to the dCtd + dThd therapy; regardless of the dose or
bioavailability of each nucleoside.
3.7. Treatment with dThd alone reveals that both dCtd and dThd are neces-
sary for the therapeutic response

To assess the therapeutic properties of dCtd, we treated our
Tk2−/− mice with 520 mg/kg/day of dThd using IP injection from
postnatal day 4. Although showing a similar survival (no statistical
differences compared to dCtd + dThd treatment via IP) mtDNA copy
number at postnatal day 29 in liver was dramatically reduced com-
pared to the combined dCtd + dThd treatment via IP (15·8 ± 4·5%
vs 58·8 ± 16·6% in dThd and dCtd + dThd treated Tk2−/− mice re-
spectively, p = 0·005) (Fig. 8). mtDNA levels in skeletal muscle
were also reduced when treated with dThd compared to dCtd
+ dThd (13·5 ± 1·7% vs 36·3 ± 26·7% in dThd and dCtd + dThd
treated Tk2−/− mice respectively, p = 0·005). Interestingly, mtDNA
copy number in brain at P29 was similar in both groups of mice,
which likely accounts for the similar survival rate observed. These re-
sults are consistent with our previous observation that high dCtd
levels using IP treatment effectively rescue mitochondrial dCTP levels
in liver and indicate that dCtd is critical to achieve a therapeutic re-
sponse at least in liver.
Fig. 9. TK1 and dCK levels in human. Left panel: Representative immunoblots showing bands cor
from an infant subject, three adjacent lanes are loaded with muscle protein extract from three
Catalog # CI64 10 μg) as positive control. Right panel: Quantitation of TK1 (upper graph) and d
dCK bands within each lane. Values are expressed as percents of levels in the infantile subject
3.8. dCK and TK1 protein levels in human muscle

To assesswhether humanmuscle alsomanifests down-regulation of
dCK, TK1, or both during development, we measured levels of both en-
zymes inmuscle samples fromone infant and three adults. Levels of dCK
were similar between the infantile sample and the three adult muscle
samples (Fig. 9). In contrast, levels of TK1 were lower in the adult mus-
cle samples compared to the infant sample (Fig. 9). Nevertheless, levels
of TK1 in the adult muscle samples were still detectable, unlike mice
samples, and ranged between 56% and 79% of levels in the infantmuscle
sample (Fig. 9). This result suggests that down-regulation of TK1 is
milder in human muscle respect to mouse muscle and therefore
human muscle is more likely to respond to dCtd + dThd therapy than
mouse muscle.

4. Discussion

Mitochondrial Depletion Syndrome (MDS) is a group of heteroge-
neous disorders characterized by reductions in mtDNA copy number
causing secondary deficiencies of the OxPhos complexes in affected tis-
sues. TK2 deficiency is a devastating disorder and one of the most com-
mon forms of MDS. It predominantly affects infants and children and
manifests as a progressive skeletal myopathy leading to early death, al-
though several reports have widened the phenotypic spectrum with
three different disease presentations: infantile-onset rapidly progres-
sive myopathy, childhood-onset progressive myopathy, and late-onset
slowly progressive myopathy [5].

We previously showed that oral treatment with dCtd and dThd, the
substrates for TK2, delayed disease onset and prolonged the lifespan of
animals by 3-fold [8]. Although the treatment prevented mtDNA deple-
tion in most tissues at postnatal day 13, mtDNA copy number was re-
duced in multiple tissues at day 29 and was strikingly low in near-
terminal mice. Both normal levels of mtDNA copy number in small in-
testine, even in near-terminal animals, and previous data have revealed
responding to TK1, dCK, and vinculin. The far left lane is loadedwithmuscle protein extract
adult subjects and the far right lane is loaded with human recombinant TK1 (Novoprotein
CK (lower graph). Vinculin was used as loading control to normalize values from TK1 and
sample.
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up regulation of TP activity in small intestine from postnatal day 13 to
postnatal day 29 [9], indicating that bioavailability of dCtd and dThd in
target tissues is critical for this therapy. Furthermore, catabolism of
dThd to T by TP could account for the lack of response to the oral treat-
ment at later ages.

To test this hypothesis, we initially studied the pharmacokinetics of
dCtd+ dThd therapy in adult mice using different routes of administra-
tion to avoid TP catabolism in the small intestine. In fact, parenteral
routes of administration dramatically increased levels of dCtd and
dThd in both plasma and liver, while levels in brain were only slightly
higher than those reached with the oral treatment. Uptake of nucleo-
sides in the BBB depends highly on the equilibrative nucleoside trans-
porters (ENT)-1 and ENT-2 [24] and functional characterization of
ENT-1 has revealed that this transporter has a Vmax value below the
mM range, therefore uptake of dCtd and dThd by ENT-1 is likely satu-
rated at the concentrations reached in plasma by either IP or IV treat-
ment [25,26].

Consistent with this observation, IP treatment of dCtd + dThd res-
cued mitochondrial dCTP levels in liver and resulted in higher mtDNA
copy number in liver, heart, and muscle at P29, compared to the oral
treatment. However, levels of both mitochondrial dTTP and mtDNA in
brain as well as disease onset and survival were comparable with IP
and oral treatment. These results supported our hypothesis that higher
bioavailability (levels) of dCtd and dThd in visceral tissues, is critical for
optimal response to this therapy. We further tested whether, as in vis-
ceral organs, a higher bioavailability of dCtd and dThd in brain improves
the response of this tissue to the therapy. FUS-induced BBB opening has
been shown to be a safe and efficient way to transiently disrupt the BBB
[17,19,27]. Using FUS in conjunction with lipid microbubbles during IV
dCtd + dThd treatment, we efficiently increased levels of both dCtd
and dThd in brain after treatment. In fact, levels of dCtd and dT one
hour after the treatment with FUS were in the same range as those
found in liver. Nevertheless, the higher delivery of nucleosides into
the brain was not sufficient to rescue mtDNA copy number in the
targeted area, indicating that other factors are responsible for the lack
of response of the brain to the dCtd + dThd therapy.

The cytosolic enzymes dCK and TK1 enzymes, which phosphorylate
dCtd to dCMP and dThd to dTMP, may partially compensate for Tk2 de-
ficiency and are postulated to serve as the initial step in themechanism
of action of dCtd + dThd therapy. dCMP and dTMP need to be
transported from cytosol to the mitochondria through the pyrimidine
nucleotide carrier PNC1 [28], thus bypassing Tk2 activity.We previously
described that down-regulation of cytosolic TK1 activity in mice, when
the pyrimidine salvage pathway is forced to rely exclusively on mito-
chondrial Tk2, determines the onset and tissue specificity of Tk2 defi-
ciency [10]. However, based upon our new immunoblot data, we infer
that dCK and TK1 activities in target tissues play critical roles in the
time- and tissue-specific response to dCtd + dThd treatment in
Tk2−/− mice. Regulation of Tk1 and dCK differ, as Tk1 is reported to
be cell-cycle dependent and is down-regulated in post-mitotic tissues
[29], whereas dCK is not cell cycle dependent and its expression can
be up-regulated by decreased levels of dCTP [30]. Our data show an
up-regulation of dCK levels in brain andmuscle from P4 to P29 and a se-
vere down-regulation of TK1 at P29 to non-detectable levels, which
likely explains the poor response to therapy in animal at this age. At
P4, the lowest levels of TK1 are found in brain, which may explain
why this is the first tissue to manifest poor response to dCtd + dThd
therapy, even after increasing the bioavailability of dCtd and dThd in
brain with the parenteral treatment and FUS-induced breakdown of
the BBB. Higher expression of TK1 in heart and muscle at P4 delays
the onset in these organs with respect to brain and predisposes them
to better responses when higher levels of dCtd and dThd are achieved
with parenteral treatment. Furthermore, up-regulation of TK1 in intes-
tine fromP4 to P29 likely accounts for the striking response of this tissue
to dCtd + dThd therapy.
Our observation that TK1 levels correlates with tissue response to
dCtd + dThd therapy in addition to the fact that oral administration
of dThd alone (and not with dCtd alone) has been shown to be as ef-
ficacious as oral dCtd + dThd therapy at extending lifespans of the
Tk2 KO mouse [31] indicate that dThd is the primary therapeutic
component of this treatment; however, our study also reveals that
both, dCtd and dThd, are necessary for optimal therapeutic response
in some tissues. While down-regulation of TK1 in brain leads to re-
duced mitochondrial dTTP levels and triggers the onset of central
nervous system dysfunction, TK1 activity in liver spares this tissue
from decreased dTTP. In contrast, decreased dCTP level appears to
be the cause of mtDNA depletion in liver despite high activity of
dCK in this tissue, because dCtd is rapidly catabolized to dU, thereby
reducing the efficiency of this branch of the dCtd+ dThd therapy. In-
creased bioavailability of dCtd using parenteral treatment, in combi-
nationwith endogenous dCK activity rescued dCTP deficiency in liver
mitochondria, thereby preventing mtDNA depletion and improving
therapeutic response in liver.

In contrast to our Tk2 H126N knock-in mouse model, which mani-
fests a prominent encephalopathy [7], most patients with TK2 defi-
ciency present with mitochondrial myopathy [2,4,32–36], indicating
that skeletal muscle is the major target tissue for dCtd + dThd therapy
in humans. Although the number of human muscle samples was low
and therefore results should be considered preliminary observations,
our study suggests that down-regulation of TK1 in human muscle is
not as dramatic as in mice. Thus, this human TK2 deficient myopathy
is likely to respond to dCtd + dThd therapy, regardless of age. We fur-
ther speculate that in TK2 deficient patients with partial residual en-
zyme activity, levels of TK2 activity in tissues may contribute to
treatment response. Furthermore, our data in Tk2 deficientmice further
suggest that administration of dThd alone may not be as effective as
dCtd + dThd therapy rescuing mtDNA levels in skeletal muscle.

In summary, our study demonstrates the critical roles of TK1 and
dCK in the mechanism of action of dCtd + dThd therapy in our
Tk2−/− mouse model. Our data support the hypothesis that
deoxynucleosides (dCtd and dThd) are phosphorylated in the cytosol
by Dck and Tk1, respectively. In the presence of these enzymes, higher
bioavailability of deoxynucleoside may enhance the therapy, but in
the absence of these enzymes, there is no response to this treatment.
After deoxynucleosides phosphorylation, monophosphates are further
transported into the mitochondria by the pyrimidine nucleotide carrier
PNC1 [37], bypassing the defects in TK2 enzyme activity. We also
showed the vital role of both dCtd and dThd bioavailability in the re-
sponse to the deoxynucleoside substrate enhancement therapy. Al-
though parenteral administration prevented catabolism of the dCtd
+ dThd in small intestine, increased bioavailability, and thus yielded
higher levels of mtDNA copy number in several tissues such as liver
and heart, the slight increase of mtDNA in skeletal muscle was not
sufficient to justify a change of the administration route in patients
currently on this therapy. Furthermore, parenteral treatment in
patients may cause side-effects that might compromise the safety of
the therapy.

Although the mechanism of action of the dCtd + dThd therapy via
TK1 and dCK activity appears straight forward, our study indicates mul-
tiple factors modulating response to this treatment. Our assessment of
effects of TK1 and dCK levels and nucleoside bioavailability in tissues
of deoxynucleoside treated Tk2−/− mice indicate that response to this
substrate enhancement therapy is influenced by both anabolic and cat-
abolic enzymes and nucleoside transporters in target tissues. Under-
standing all these variables will help us not only to optimize the dCtd
+ dThd treatment for TK2 deficiency, but also to translate and develop
novel therapies based on nucleosides supplementation in other MDS
disorders in which mitochondrial dNTP metabolism is compromised.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2019.07.037.
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