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Figure 7. Overall glycolytic rates in healthy volunteers
after PK-R activation remained normal
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Pyruvate kinase (PK) deﬁciency is a glycolytic enzymopathy
that causes lifelong chronic hemolytic anemia.
PK deﬁciency is caused by abnormalities of the PK red blood
cell isoform R (PK-R) due to mutations in the PKLR gene.
Mutations in PK-R typically affect protein stability, catalytic
activity, or both, which adversely affects glycolysis and leads
to severe energy starvation in red blood cells.
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Figure 9. AG-348 rescues metabolic phenotypes in responsive patients

Figure 10. Independent metrics of glycolytic ﬂux in PK
deﬁciency patients show consistent results

t = 0, 0.5, 1, 2…8 hr
Metabolite extraction and
LC/MS analysis

LC/MS = liquid chromatography–mass spectrometry

A metabolic tracer, U-13C glucose, was added to blood collected from
volunteers and PK deﬁciency patients treated with AG-348. Blood was
incubated ex vivo at 37°C, and samples were taken continuously over an
8-hr time course to monitor the propagation of glucose carbon through
glycolysis. The labeling patterns of glycolytic intermediates such as
2,3-DPG, as well as the accumulation rates of end-product metabolites
such as lactate, were used to characterize blood cell metabolism.
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Two independent metrics were used to assess glycolytic ﬂux in PK deﬁciency patients: the
total lactate production rate and the rate of labeling in 2,3-DPG. Use of 2,3-DPG ﬁrst-order
kinetics was justiﬁed by the fact that it accounts for the vast majority of the pool of glycolytic
metabolites, and that metabolites in lower glycolysis showed virtually identical labeling
kinetics. The two metrics gave highly consistent results.
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Despite the clear indications of increased PK-R enzymatic activity, overall
glycolytic rates after 2 weeks of AG-348 dosing remained within observed
natural variation. This revealed the strong homeostatic regulation of
glycolysis in healthy volunteers, which appears to be largely insensitive to
ﬂuctuations in PK activity.
This is consistent with theoretical models of erythrocyte glycolysis, which
suggest that PK-R in healthy erythrocytes is not rate-limiting for glycolysis.

Figure 8. Metabolic analysis reveals reduced
glycolytic ﬂux in PK-deﬁcient blood
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Previously, we had demonstrated that 2,3-DPG levels are decreased and
ATP levels are increased in blood samples from healthy volunteers treated
with AG-348. PK-R activity was measured in red blood cells from these
volunteers and found to be elevated posttreatment.
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AG-348 phase 2 in PK deficiency patients (DRIVE PK: NCT02476916)

Blood samples were collected at the indicated times (up to 14 days for healthy
volunteers and up to 6 months for PK deﬁciency patients) to assess PK-R
activity, levels of ATP/2,3-DPG, and PK-R ﬂux, and for metabolomic proﬁling.
Dose levels evaluated in this study include 120 mg BID and 360 mg BID
(healthy volunteers) and 50 mg BID and 300 mg BID (PK deﬁciency patients).
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After 14 days of dosing with AG-348, healthy volunteers showed a number
of metabolic phenotypes consistent with activation of the wild-type
PK-R enzyme. These included decreased concentrations of glycolytic
intermediates such as 2,3-DPG and PEP relative to both predosing
samples and placebo control volunteers.
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Figure 6. Healthy volunteers show metabolic
markers of increased PK-R activity
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Figure 3. Metabolic proﬁling and stable isotope
tracing experiments were conducted in
blood from healthy volunteers (n=16) and PK
deﬁciency patients (n=8) receiving AG-348
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Figure 11. Metabolic markers of immature red cells are reduced
in PK deﬁciency patients that respond to AG-348
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Phase 1 studies of AG-348 in healthy volunteers
(NCT02108106, NCT02149966) have been completed,
and a phase 2 study in patients with PK deﬁciency is
ongoing (DRIVE PK: NCT02476916).

PK-R crystal structure showing
location of AG-348 binding site
(orange) and some mutations
observed in PK deﬁciency (red).
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Figure 2. AG-348 is a ﬁrst-in-class allosteric
activator of PK-R and is in clinical
development to treat PK deﬁciency
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2,3-DPG = 2,3-diphosphoglycerate; 3PG = 3-phosphoglycerate; ADP = adenosine diphosphate; ATP = adenosine
triphosphate; CoA = coenzyme A; FBP = fructose-1,6-bisphosphate; PEP = phosphoenolpyruvate
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34 PK deﬁciency patients have enrolled in the DRIVE PK study, and 15 of
32 patients with ≥3 weeks of data had a maximal increase in hemoglobin
>1.0 g/dL.
Eight PK deﬁciency patients have undergone extensive metabolic
characterization to determine unique qualities of metabolism in PK
deﬁciency. Compared with healthy volunteers, PK deﬁciency patient blood
cells showed signiﬁcantly decreased lactate production rates, consistent
with a metabolic bottleneck in glycolysis caused by the PK-R mutation.
Additionally, PK deﬁciency patients exhibited a number of other distinct
metabolic qualities, such as high concentrations of nucleotides, amino
acids, and tricarboxylic acid cycle metabolites.
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An additional observation from the metabolic ﬂux analysis of PK deﬁciency patient blood
was the signiﬁcant propagation of 13C from glucose into tricarboxylic acid cycle metabolites
such as citrate, fumarate, and malate. This labeling, which was absent in healthy volunteers,
strongly suggested the presence of active mitochondrial metabolism. Since erythrocytes
lose their mitochondria during the development process, this metabolism is likely performed
by reticulocytes, consistent with the fact that PK deﬁciency patients tend to have hyperactive
bone marrow and increased reticulocyte counts in peripheral blood. Additionally, incomplete
labeling of glycolytic intermediates demonstrated the existence of a metabolically
inactive cell subpopulation, further suggesting that reticulocytes play an important role in
maintaining blood metabolism in PK deﬁciency patients.
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A >50% increase in glycolytic ﬂux was observed in PK deﬁciency
patients treated with AG-348 who had a hemoglobin increase
>1.0 g/dL, but was not observed in patients without such an
increase.
Metabolic markers of immature red cells are reduced in PK
deﬁciency patients that respond to AG-348.
Strong homeostatic regulation of overall rates of glycolysis was
observed in healthy volunteers, even in the presence of activated
PK-R.
These data demonstrate that hemoglobin increases in PK
deﬁciency patients treated with AG-348 are associated with
increased red cell glycolysis.

NHV = normal healthy volunteer; PKD-A to H = individual PK deficiency patients

Of the eight PK deﬁciency patients undergoing extensive metabolic characterization, four had a maximal increase in hemoglobin of >1.0 g/dL.
In those patients, we observed a >0.1 mmol/L/hr (>50%) increase in glycolytic rates. Additionally, we observed increased incorporation of 13C
into glycolytic intermediates such as 2,3-DPG, suggesting an increase in metabolically active erythrocytes. None of the four PK deﬁciency patients
that did not have a hemoglobin increase of >1.0 g/dL showed signiﬁcant metabolic changes.
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