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ABSTRACT

Pyruvate kinase (PK) deficiency is a rare hereditary disorder affecting red cell (RBC) glycolysis,
causing changes in metabolism including a deficiency in ATP. This affects red cell
homeostasis, promoting premature removal of RBCs from the circulation. In this study we
characterized and evaluated the effect of AG-348, an allosteric activator of PK that is
currently in clinical trials for treatment of PK deficiency, on RBCs and erythroid precursors
from PK-deficient patients. In 15 patients ex vivo treatment with AG-348 resulted in
increased enzymatic activity in all patient cells after 24 hours (mean increase 1.8-fold, range
1.2-3.4). ATP levels increased (mean increase 1.5-fold, range 1.0-2.2) similar to control cells
(mean increase 1.6-fold, range, 1.4-1.8). Generally, PK thermostability was strongly reduced
in PK-deficient RBCs. Ex vivo treatment with AG-348 increased residual activity 1.4 to >10-
fold than residual activity of vehicle-treated samples. Protein analyses suggests that a
sufficient level of PK protein is required for cells to respond to AG-348 treatment ex-vivo, as
treatment effects were minimal in patient cells with very low or undetectable levels of PK-R.
In half of the patients, ex vivo treatment with AG-348 was associated with an increase in RBC
deformability. These data support the hypothesis that drug intervention with AG-348
effectively upregulates PK enzymatic activity and increases stability in PK-deficient RBCs over
a broad range of PKLR genotypes. The concomitant increase in ATP levels suggests that
glycolytic pathway activity may be restored. AG-348 treatment may represent an attractive
way to correct the underlying pathologies of PK deficiency. (AG-348 is currently in clinical
trials for the treatment of PK deficiency. ClinicalTrials.gov: NCT02476916, NCT03853798,
NCT03548220, NCT03559699).



INTRODUCTION

Pyruvate kinase (PK) deficiency is a rare hereditary disorder affecting red blood cell (RBC)
glycolysis resulting in life long chronic hemolytic anemia." It is the most common cause of
chronic hereditary nonspherocytic hemolytic anemia, although its exact prevalence is
unknown.>* PK deficiency is an autosomal recessive disease that occurs worldwide. It is
caused by mutations in PKLR, the gene encoding the red blood cell and liver specific
isoforms PK-R and PK-L, respectively.>® Humans express two additional PK isoforms, PK-M1
and PK-M2, both encoded by the PKM gene. PK-M2 is expressed in early fetal tissues and
most adult tissues, including early stage erythroblasts, whereas expression of PK-ML1 is

confined to muscle.

To date, more than 370 mutations have been reported in PKLR associated with PK deficiency
(van Wijk, in preparation). Most of these mutations are missense mutations encoding single
amino acid changes that affect the enzyme’s structure, stability or catalytic function.”® Only a
few mutations occur relatively frequently, implying that the majority of patients harbor a

unique combination of mutations.’

PK is an allosterically regulated homotetrameric enzyme that catalyzes the conversion of
phosphoenol pyruvate (PEP) to pyruvate in the final step of glycolysis, thereby producing
energy in the form of ATP. PK-deficient RBCs are characterized by changes in metabolism
associated with defective glycolysis, including a build-up of the upstream metabolite 2,3-
disphosphoglycerate (2,3-DPG) and deficiency in the PK product ATP. Since RBCs rely totally
on glycolysis for ATP production it is hypothesized that insufficient energy production affects
red cell homeostasis, promoting premature removal of PK-deficient RBCs from the
circulation by the spleen. Increased RBC dehydration resulting from increased activity of the
Gardos channel, and consequent potassium efflux’*% as well as ATP depletion-mediated
changes in RBC membrane integrity have been proposed as mechanisms triggering this
premature clearance.”* In addition, ineffective erythropoiesis may contribute to the

pathophysiological consequences of PK deficiency.™ ™

Clinically, PK deficiency manifests as chronic hemolytic anemia of highly variable clinical
severity. Patients may present with severe neonatal anemia requiring exchange transfusion,

whereas at the other end of the spectrum patients are diagnosed later in life with fully



compensated hemolysis. The ongoing Pyruvate Kinase Deficiency Natural History Study
showed that apart from anemia, the most frequent reported complications were iron
overload and gallstones. However, other complications such as aplastic crises, osteoporosis,
extramedullary hematopoiesis, post-splenectomy sepsis, pulmonary hypertension, and leg
ulcers are not uncommon. Typically, worsening of hemolysis occurs during infections, stress,

and pregnancy.'®

Current treatment for PK deficiency is generally supportive, with splenectomy, blood
transfusion and iron chelation as the main therapies, focusing on the anemia and iron
overload state.”” Splenectomy is effective for the majority of PK-deficient patients, in that it
reduces transfusion burden and improves baseline hemoglobin levels post splenectomy by
an average of 1.6 g/dL. Fourteen percent of patients who underwent splenectomy however
continued to require regular transfusions.'® Curative treatment possibilities include stem cell

transplantation (SCT) or experimental gene therapy.?*%

Recently, it was shown that AG-348 is an allosteric activator of PK-R. This small molecule
directly targets PK-R by binding in a pocket at the dimer-dimer interface, distinct from the
allosteric activator fructose-1,6-bisphosphate binding domain (FBP). This induces the active
R-state conformation of the PK-R tetramer, resulting in enhanced activity of both wild type
and mutant PK-R.”? Phase I studies in healthy volunteers demonstrated glycolytic pathway
activation upon treatment with AG-348 demonstrating its potential for treating PK
deficiency.” Data from a Phase II study in PK deficiency patients treated with AG-348

showed that approximately half of treated subjects experienced a rise in hemoglobin.”

In this study we further evaluated the effect of ex vivo treatment with AG-348 on PK deficient
red cells with a broad range of patient genotypes, including effects on enzyme activity and
ATP levels. In particular, for the first time we report the effects of AG-348 on PK
thermostability in red cell lysates, PK-R protein level, RBC deformability and the effect of AG-

348 during in vitro PK-deficient erythropoiesis.



METHODS

This study was approved by the ethical committee of the University Medical Center Utrecht
(Protocol 14-571/M).

Metabolic Profiling

Frozen whole blood samples were extracted with hot 70% ethanol, dried and resuspended in
water. Relative abundance of central carbon metabolites was performed by UPLC-MS with
high resolution accurate mass detection on a QExactive™ Orbitrap mass spectrometer
(Thermo Fisher Scientific).?> Peak identification and integration was done with Maven
software.” Quantitative analysis of ATP and 2,3-DPG was performed as described

previously.”’

PK activity, protein levels, and thermostability.

RBCs were purified using microcrystalline a-cellulose columns.”®*® PK and hexokinase activity
was measured as described.”** PK thermostability was measured as described® after 0, 5,

10, 20, 40 and 60 minutes of incubation (53°C).

PK activity after ex vivo treatment with AG-348 was measured using low substrate (0.5 mM).
PK-R protein levels were determined by Mesoscale Assay (MesoScale Discovery) as
described? using Goat anti-PKLR antibody (Aviva) and Mouse anti-PKLR antibody (Abcam).
SULFO-TAG goat anti-mouse (Mesoscale discovery) was used as detection antibody. Protein
level was determined by normalizing light intensity of the SULFO-TAG
electrochemiluminescence to lysate protein concentration.

Western blot of PK-R and PK-M2 was performed as described® using polyclonal antibodies
against PK-L*2 and monoclonal antibodies against PK-M2 (PodiCeps). Alexa Fluor® 680-
conjugated goat anti-mouse and goat anti-rabbit antibodies (Li-Cor, Invitrogen) were used

as detection antibodies.



Ex vivo treatment with AG-348 .

Purified RBCs or whole blood of patients and controls were incubated for 3, 6 and 24 hours
at 37°C in presence or absence of AG-348 in phosphate-buffered saline containing 1%
glucose, 170 mg/L adenine, and 5.25 g/L mannitol (AGAM, pH 7.40). RBCs were incubated
with different dosages of AG-348 (up to 10 uM) up to 24 hours, at 37°C. After 6 and 24 hours
PK-R activity and ATP levels (CellTiterGlo; Promega, Madison, WI) were measured. For
thermostability, RBC lysates were incubated for 2 hours with AG-348.

Osmoscan and deformability

Osmoscan and deformability measurements were performed using the Lorrca
(RRMechatronics).**** AGAM buffer was added to whole blood (1:10), and supplemented
with either AG-348 (20 uM) or DMSO (untreated). Samples were incubated 24 hours at 37°C

before measurements.

AG-348 treatment during in vitro erythropoiesis

Erythroid cells were produced from peripheral blood mononuclear cells (PBMC).*> For
proliferation, cells were cultured 10 days in CellQuin medium (Sanquin), supplemented with
Stem Cell Factor (100ng/mL, Amgen), Epo (2U/mL, EPREX), dexamethasone (1uM, Sigma),
and 1ng/mL IL-3 (R&D systems). After 10 days, cells were reseeded (2E® cells/mL) in CellQuin
medium supplemented with EPO (10 U/mL, Eprex), heparine (5U/mL, Leo Pharmacy), human
AB plasma (3%, Sigma). At day 5 CellQuin was replaced by RetQuin medium (Sanquin). AG-
348 (2 pmol/L) was added at days 0, 1, 3-10 during proliferation and day 0O, 2, and 4 during

differentiation.

Statistical Analysis

Statistical analysis was performed using Graphpad Prism (v7.04). T-test, Mann-Whitney test

or Wilcoxon test was used when appropriate. One-way ANOVA was carried out or a Kruskal-



Wallis test, followed by Dunn'’s tests for post-hoc analysis. Pearson’s correlation was used to

determine correlations of laboratory parameters with enzyme activity measurements.



RESULTS

Fifteen adult, transfusion independent, PK-deficient patients were enrolled for this study
(median age 44.0 years, range 20.0-51.5). PK deficiency was confirmed by demonstrating
compound heterozygosity or homozygosity for mutations in PKLR (Sanger sequencing).

Whole blood from 15 healthy volunteers was used as control samples.

Baseline patient characteristics displayed varying degrees of anemia (Table 1). In addition,
most patients had strongly elevated reticulocyte counts, a prominent feature of PKD patients
in particular after splenectomy." Most patients showed reduced red cell PK activity (Figure
1A) and reduced PK thermal stability (Figure 1C). Since the activity of many red cell enzymes
is red cell age—dependent,36 we also compared PK activity to hexokinase (HK) activity (Table 1
and Figure 1B). This PK/HK ratio was clearly decreased in all patients, indicating a relatively
strong decrease in activity of PK (r=-0.677, p<0.01, Figure 1B). When causative mutations
where classified as missense (M) or non-missense (NM) a genotype to phenotype correlation
was identified.”® All four patients without splenectomy were of the M/M genotype, which is
in line with the lower likelihood of splenectomy in this group.’® Similarly, these patients had

generally higher hemoglobin levels and lower reticulocyte counts (Table 1).

PK-R protein levels correlate with PK activity

Protein levels of PK-R were measured by both western blot and MSD. PK-R protein levels
were variable between patients (Figure 1C and D). In general, PK-activity correlated well
positively with PK-R protein levels. The most notable exception was patient 4. RBCs from this
patient contained very low levels of protein, as measured by both Western Blot and ELISA,
but repeated measurements showed high levels of PK-activity (Table 1, Figure 1A, D and E).
Low levels of PK-R protein in this patient could result from combined instability of the
p.ArgSlOGIn37 mutant as well as the truncated p.(Arg488*) PK-R nonsense mutant. In line
with this, PK thermostability was also strongly reduced in this patient (Figure 1C). The reason

for the high PK activity in this patient remains unknown however.



Increased PK-M2 expression, that could perhaps compensate for the loss in PK-R*® activity
was not detected, except for patient 3, and to a lesser degree in RBCs from patient 1 (Figure

1D).

PK-deficient red blood cells show glycolytic intermediates levels that are consistent

with decreased pyruvate kinase activity.

Metabolic profiling of PKD patients was performed by LC-MS/MS on whole blood.
Consistent with a decrease in PK activity at the final step of glycolysis, levels of phosphoenol
pyruvate (PEP) were significantly increased (p<0.0001) whereas levels of pyruvate and ATP
were significantly decreased (both p<0.0001, Figure 2). In addition, dihydroxyacetone
phosphate (DHAP) and 2,3-DPG levels were increased (p<0.001 and p<0.0001), indicative of

retrograde accumulation of upstream glycolytic intermediates.

Ex vivo incubation with AG-348 increases PK activity and ATP in a dose dependent

manner

Ex vivo treatment of PK-deficient and healthy control RBCs with increasing dose of AG-348
showed an increase in PK-activity and ATP levels. Illustrative PK activity dose response curves
of two patients are shown in figure 3A and B. Incubations with 10 uM AG-348 showed a
mean 1.3 fold increase (range 1.0-2.0) in PK-activity in PK-deficient RBCs after 6 hours
(p<0.0001) and of 1.8 (range 1.2-3.4) after 24 hours (p<0.0001, figure 3E). Similar values were
obtained from control cells 1.4 after 6 hours (p<0.01, range 0.9-1.9) and 2.3 (range, 1.2-7.1)
after 24 hours (p<0.0001).

ATP levels increased accordingly in a dose dependent manner (figure 3C and D). AG-348
treatment significantly increased mean ATP levels in PK-deficient RBCs to 1.4 fold (range 1.0-
2.3) after six hours (p<0.01) and 1.5 fold (range 1.0-2.2) after 24 hours (p<0.0001). The mean
increase in ATP levels in control cells was 1.5 fold (range 1.3-1.7) after 6 hours (p<0.001) and

1.6 fold (range 1.4-1.8) after 24 hours (p<0.0001). We observed no differences in PK activity



and ATP response between PK-deficient patients with M/M and M/NM genotypes (Table 1,
Figure 3E and F).

Since glycolysis in RBCs is known to be regulated by band 3* we verified RBC band 3
expression levels by Western Blot analysis. We observed no differences in band 3 expression

levels of PK-deficient patients compared to healthy controls (Supplemental Figure 1).

Collectively, these results are consistent with previous reports,®” and illustrate the ability of

AG-348 to stimulate PK activity in patient samples with a range of genotypes.

Ex vivo treatment with AG-348 restores PK thermostability.

At baseline, PK-R thermostability was strongly reduced in all PK-deficient patients (figure 4C).
Whereas RBCs from healthy controls showed a mean residual activity of 81% (range 64-
108%) after incubation at 53 °C for 60 minutes, the mean residual PK-R activity in PK-
deficient patients was significantly decreased under these conditions to only 30% (range 6-
54%, p<0.0001). This confirms earlier observations®® and shows that PK thermostability is a
common feature of many different mutant forms of PK-R, and not just restricted to known

unstable variants like p.Arg510Gin.

Treating PK-deficient RBCs ex vivo with AG-348 (2 puM) prior to this assay showed a clear
effect on stability of the enzyme (Fig 4C, illustrative examples of RBCs from patients 12 and 9
are displayed in Figure 4A and B). Ex-vivo treatment with AG-348 lead to a mean residual PK
activity of 58% (range 0-115%, p<0.001) in RBCs from PK-deficient patients and 106% in
controls (range 99-111%, p=0.13). We observed no differences in PK thermostability
response between PK-deficient patients with M/M and M/NM genotypes (Table 1, Figure
4Q).

Effect of ex vivo AG-348 treatment on deformability of PK-deficient RBCs.

10



Because RBC deformability is partly ATP dependent’®*" we investigated the effect of ex vivo
AG-348 treatment on this important RBC functional property by osmotic gradient
ektacytometry (osmoscan) and deformability measurements. Figure 5A shows osmoscan
curves of the 15 healthy control samples (gray) and that of patient 7 (red) as an example. At
baseline, maximum deformability (Eln.) of PK-deficient RBCs was significantly decreased
compared to controls, although the difference was small (p<0.01, figure 5D). Similarly, Omin
and Ohyper, reflecting RBC surface-to-volume ratio and hydration status,* respectively, were
significantly different in PK-deficient patients (p=0.039 and 0.047, figure 5C and E). This
implies that PK-deficient RBCs are somewhat less deformable than normal RBCs, possibly

due to a slightly lower surface to volume ratio and a slight increase in RBC hydration.

When PK-deficient patients were divided according to genotype (Table 1) there was a
significant difference between M/M and M/NM genotypes, indicating that a more severe

genotype results in lower maximal RBC deformability (El.a, p 0.039, figure 5B).

After 24 hours of ex vivo treatment with AG-348, an improvement in RBC deformability was
observed in about half of the PK-deficient patients (Figure 5F, patients 1, 3, 4, 6, 7, 8, and 9)
compared to their untreated RBCs. The effect of these changes were similar in magnitude to
the baseline difference in deformability observed between PK-deficient RBCs and control
RBCs (Figure 5C). Taken in aggregate, however, there was no overall significant improvement

of deformability.

Effect of ex vivo AG-348 treatment on PK-R-deficient erythroid development.

During erythropoiesis PK-M2 levels are gradually replaced by PK-R** and AG-348 has been
described to also activate PK-M2.%2 Because, PK deficiency has been associated with

ineffective erythropoiesis™™"’

we next investigated the effect of ex vivo AG-348 treatment on
erythroid development from four PK-deficient patients and controls. Morphologically there
were no major abnormalities in erythroid development between healthy controls and PK-
deficient patients (Figure 6A). This was supported by absence of differences in erythroid

surface marker expression®> (supplemental Figure 2A). There was no difference in erythroid
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differentiation with or without AG-348 treatment. This was observed in both healthy control
cells as well as PK-deficient cells (Supplemental Figure 2B and C).

In presence of AG-348 (2 uM) we did note however a small increase in cell number in both
normal controls and patients after proliferation for 10 days, although the difference was not
significant (p=0.059, Figure 6B).

Western Blot analysis of PK-R and PK-M2 protein levels of healthy control samples clearly
showed an increase of expression of PK-R and a decrease of PK-M2 during differentiation
(Supplemental Figure 3). The decrease in PK-M2 was also observed in all patient samples,
whereas a clear increase in PK-R expression was seen only in samples from patients 7 and 15
(Supplemental Figure 3). PK-R protein levels were low or inconclusive in patients 3 and 10.
Presence of AG-348 during ex vivo erythropoiesis was associated with higher levels of PK-R
in patients 7 and 15. There was no effect of AG-348 on PK-M2 expression.

On the level of enzymatic activity the PK/HK ratio from cultured red cells was higher in
presence of AG-348 in both patients and healthy controls, although this effect did not meet

statistical significance (p=0.064, Figure 6C).
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DISCUSSION

In this study we characterized and evaluated the effect of AG-348, a recently reported first-

in-class allosteric activator of PK-R?>?

that is currently in clinical trials for the treatment of PK
deficiency (ClinicalTrials.gov: NCT02476916, NCT03853798, NCT03548220, NCT03559699).
Our findings indicate that ex vivo treatment with AG-348 effectively increases PK-R activity
over a broad range of PKLR genotypes as assessed by enzymatic activity as well as cellular
ATP levels. Our findings are consistent with those previously reported by Kung et al.,”” and
further extend those findings through the evaluation of a substantially larger cohort of PK-
deficient blood samples, including a comprehensive baseline metabolomics analysis, and
assessment for the first time of the effects of PK deficiency on parameters such as red cell
deformability and ex-vivo expansion of erythroid progenitors.

Our cohort shows an overall mean 1.8-fold increase in PK activity in response to ex vivo
treatment with AG-348 (range 1.2 — 3.4, Figure 3E). This is very similar to the previously
reported mean fold increase of 2.1 (range 1.3 — 3.4). Similarly, the 1.5-fold increase in ATP
levels we observed in PK-deficient RBCs (range 1.0 — 2.2) was comparable to previously

reported results (mean fold increase 1.7; range 1.3 — 2.4).

PK-thermostability was found to be significantly improved upon ex vivo treatment with AG-
348 even though there was a high variability in response among the different genotypes
(Figure 4). An interesting subset comprised six PK-deficient patients (patients 4, 7, 10, 11, 14,
and 15) who had the common PK-R mutation ¢.1529G>A p.(Arg510GIn), previously shown to
have little defect in catalytic activity but to be highly unstable. Five of these patients had
unmeasurably low PK activity in the thermostability test, and the activity of four could be
restored by pre-incubating RBCs with AG-348 (Figure 4, patients 7, 10, 11 and 14). These four
patients carried the p.(Arg510GIn) mutation in trans to a splice site mutation (patient 7), a
missense mutation (patients 10 and 14), and a nonsense mutation (patient 11). A significant
outlier was patient 15, who was homozygous for p.(Arg510GIn), suggesting the possibility
that it may be more difficult to stabilize this mutation in the homozygous condition. Another
outlier was patient 4, who had p.(Arg510GlIn) paired with the nonsense mutation p.(Arg488*)
yet had a relatively modest loss of activity in the thermostability test. Collectively these data

illustrate that AG-348 has the potential to stabilize a diverse range of different mutant PK-R
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molecules in vitro, but also demonstrate the complex variability that is introduced by the

compound heterozygous state of most patients.

One surprising result was that the effects of AG-348 were variable across the different
patient samples and that overall increases in PK-activity, ATP and thermostability were not
observed in concert in some patients. For example patient 13 shows a clear response in
terms of PK activity after AG-348 treatment for 24 hours whereas the ATP response was
present at 6 hours and back to baseline by 24 hours. However we did observe that residual
PK-R protein levels at baseline are important for the response to AG-348. When grouping
patients according to their response in PK activity or ATP levels (i.e. >1.5-fold versus <1.5-
fold response) PK-R protein levels at baseline (Figure 1E) were found to be higher in the
patients that showed a >1.5-fold increase upon ex vivo treatment with AG-348 (Figure 7).
This suggests that the amount of PK-R protein is an important determinant for the in vitro
activity of AG-348, and is consistent with its mechanism of action via direct binding and

stimulation of mutant enzyme.

While the in vitro assessments as presented in this study provide clear evidence that AG-348
can stimulate the activity of mutant PKR enzymes in a variety of contexts, the central
question is whether changes in these parameters would be associated with increased
likelihood of clinical response to AG-348. Recently, data from the Phase 2 study of AG-348
in PK deficient patients have been published.?* Analysis of those results suggests some
parallels between our data and the response observed in treated patients. For instance, the
clinical manuscript demonstrates that higher baseline PK-R protein levels in patients is
associated with Hb increases, which parallels the findings described here. Similarly to the
effects on thermostability noted above in patients with the p.(Arg510GIn) mutation, such

patients in Phase 2 had variable Hb responses.**

For the first time, we report here on the effects of AG-348 on ex vivo produced PK-R
deficient red blood cells. In presence of AG-348 we observed a trend towards a slightly
improved proliferation of erythroid progenitor cells in both healthy controls and PK-deficient
patients of various PKLR genotypes (Figure 5B). Further studies are warranted to establish
this more firmly, but it could indicate that, apart from acting on mature RBCs in the

circulation, AG-348 could have a potential beneficial effect on both normal and PK-deficient
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early stage erythroid development. In addition, we show that ex vivo produced (mutant) PK-R
can be activated to a similar degree as (mutant) PK-R from RBCs from patients and healthy
controls (Figure 6C). This was particularly evident for patients 7 and 15, who also showed the
most pronounced effect of AG-348 on PK-R protein levels (Supplemental Figure 3).

At the same time, based on cell count, morphology, and erythroid differentiation markers we
did not observe major differences between normal and PK-deficient ex vivo erythroid
proliferation. This is in contrast with previous reports that suggest ineffective erythropoiesis
is a pathophysiological feature of PK deficiency, based on increased numbers of apoptotic
early erythroid progenitor cells in the spleen of one PK-deficient patient,'® and similar
findings in the spleen from a mouse model of PK deficiency.”® Regarding this observed
discrepancy between our findings and previous studies, a possible confounder is that we
grew erythroid cells from a fixed number of PBMCs. There likely will be variation between
patients and controls in terms of PBMC composition, in particular the number of CD34" cells.
This may influence the eventual outcome of cellular proliferation. More importantly,
genotype-phenotype correlations could explain these conflicting results as different
genotypes result in different complications,'® indicating that different mutations could result

in a large variability in the occurrence of ineffective hematopoiesis.

A limitation of this study is the absence of a functional assay that could directly measure the
effect of ATP increase. We did observe an improvement of red blood cell deformability as
measured by osmotic gradient ektacytometry after ex vivo treatment with AG-348 in half of
the patients (figure 5F). However, this technique likely underestimates the effect of ATP
increase by AG-348. Although ektacytometry is an important and established method in the

3344546 it has some limitations.

diagnosis of RBC membrane and hydration disorders
Ektacytometry reflects the passive deformation of RBCs in contrast to filter based assays or
microfluidics which forces RBCs to actively deform. The latter is thought to be more
dependent on ATP.**! This could explain the finding of only a small correlation with ATP

levels and deformability measured in RBC concentrates intended for transfusion.*

Our results show only a slight difference in RBC deformability between PK-deficient patient
and healthy controls, with the lowest deformability observed in M/NM patients (figure 5B).

This is in line with recent findings™ using the same technique, but contrasts with earlier
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findings based on a filtration based assay."” We also observed normal deformability in the
splenectomized PK-deficient patients compared to a small decrease in Ely. in non-
splenectomized patients, which correlated inversely to reticulocyte count (r=-0.740,
p=0.0016). These results are in line with previous studies, that show that reticulocytes of PK-
deficient patients are preferentially removed by the spleen™ probably due to their
compromised deformability as a result of insufficient ATP-levels.*’ It has been suggested that
such a decreased deformability could be due to the decreased hydration as a result of K*
efflux through PIEZO1 mediated Ca®" influx and activation of Gardos channels.” However,
the osmoscan data show no signs of dehydration of RBCs (i.e. decreased Onyper), Which is
clearly measurable on RBCs of patients with hereditary xerocytosis, where dehydration is

thought to occur through the same mechanism.*

Collectively, the data presented in this study support the hypothesis that drug intervention
with AG-348 effectively upregulates PK-R enzymatic activity and increases stability in PK-
deficient RBCs over a broad range of PKLR genotypes. The concomitant increase in ATP
levels suggests that glycolytic pathway activity may be restored. AG-348 treatment may

therefore represent an attractive way to correct the underlying pathologies of PK deficiency.

Author contributions: CK, BAO, PAK and RW designed the experiments. BAO, SS, KJ,

VC and PAK recruited, and collected samples and/or performed experiments. PAK, JH, LD
and CK provided AG-348. MAER, and RW analyzed the data and wrote the manuscript with
input and revisions of BAO, PAK, GP, VC, WWS, EJB and CK.

Funding

This research has been supported by AGIOS Pharmaceuticals, and in part by an unrestricted

grant provided by RR Mechatronics.

Acknowledgements

The authors would like to thank all the PK-deficient patients that participated in this study.

16



17



REFERENCES:

1

Koralkova P, Van Solinge WW, Van Wijk R. Rare hereditary red blood cell
enzymopathies associated with hemolytic anemia - pathophysiology, clinical aspects,

and laboratory diagnosis. Int J Lab Hematol. 2014;36(3):388-397.

Beutler E, Gelbart T. Estimating the prevalence of pyruvate kinase deficiency from the

gene frequency in the general white population. Blood. 2000;95(11):3585-3588.

Carey PJ, Chandler J, Hendrick A, et al. To the editor: Prevalence of pyruvate kinase
deficiency in a northern European population in the north of England. Blood.

2000;96(12):4005-4007.

de Medicis E, Ross P, Friedman R, et al. Hereditary nonspherocytic hemolytic anemia
due to pyruvate kinase deficiency: a prevalence study in Quebec (Canada). Hum

Hered. 1992;42(3):179-183.

Kanno H, Fujii H, Miwa S. Structural Analysis of Human Pyruvate Kinase L-Gene and
Identification of the Promoter Activity in Erythroid Cells . Biochem Biophys Res
Commun. 1992;188(2):516-523.

Kanno H, Fujii H, Hirono A, Miwa S. cDNA cloning of human R-type pyruvate kinase
and identification of a single amino acid substitution ( Thr384 --> Met ) affecting
enzymatic stability in a pyruvate kinase variant ( PK Tokyo ) associated with hereditary

hemolytic anemia. Proc Natl Acad Sci U S A. 1991;88(18):8218-8221.

Zanella A, Fermo E, Bianchi P, Chiarelli LR, Valentini G. Pyruvate kinase deficiency: The

genotype-phenotype association. Blood Rev. 2007;21(4):217-231.

Van Wijk R, Huizinga EG, Van Wesel ACW, Van Oirschot BA, Hadders MA, Van Solinge
WW. Fifteen novel mutations in PKLR associated with pyruvate kinase (PK) deficiency:
Structural implications of amino acid substitutions in PK. Hum Mutat. 2009;30(3):446-
453.

Canu G, De Bonis M, Minucci A, Capoluongo E. Red blood cell PK deficiency: An
update of PK-LR gene mutation database. Blood Cells Mol Dis. 2016;57:100-109.

18



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Glader B. Salicylate-induced injury of pyruvate-kinase-deficient erythrocytes. N Engl J
Med. 1976;294(17):916-918.

Mentzer WC, Baehner RL, Schmidt-Schénbein H, Robinson SH, Nathan DG. Selective
reticulocyte destruction in erythrocyte pyruvate kinase deficiency. J Clin Invest.

1971,50(3):688-699.

Koller CA, Orringer EP, Parker JC. Quinine protects pyruvateOkinase deficient red cells

from dehydration. Am J Hematol. 1979;7(3):193-199.

Park Y, Best CA, Badizadegan K, et al. Measurement of red blood cell mechanics

during morphological changes. Proc Natl Acad Sci U S A. 2010;107(15):6731-6736.

Weed RI, LaCelle PL, Merrill EW. Metabolic dependence of red cell deformability. J Clin
Invest. 1969;48(5):795-809.

Aizawa S, Harada T, Kanbe E, et al. Ineffective erythropoiesis in mutant mice with

deficient pyruvate kinase activity. Exp Hematol. 2005;33(11):1292-1298.

Aizawa S, Kohdera U, Hiramoto M, et al. Ineffective erythropoiesis in the spleen of a

patient with pyruvate kinase deficiency. Am J Hematol. 2003;74(1):68-72.

Aisaki K ichi, Aizawa S, Fujii H, Kanno J, Kanno H. Glycolytic inhibition by mutation of
pyruvate kinase gene increases oxidative stress and causes apoptosis of a pyruvate

kinase deficient cell line. Exp Hematol. 2007;35(8):1190-1200.

Grace RF, Bianchi P, van Beers EJ, et al. The clinical spectrum of pyruvate kinase
deficiency: data from the Pyruvate Kinase Deficiency Natural History Study. Blood.
2018;131(20):2183-2192.

Grace RF, Mark Layton D, Barcellini W. How we manage patients with pyruvate kinase

deficiency. Br J Haematol. 2019;184(5):721-734.

van Straaten S, Bierings M, Bianchi P, et al. Worldwide study of hematopoietic
allogeneic stem cell transplantation in pyruvate kinase deficiency. Haematologica.

2018;103(2):e82-e86.

Garcia-Gomez M, Calabria A, Garcia-Bravo M, et al. Safe and efficient gene therapy for

19



22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

pyruvate kinase deficiency. Mol Ther. 2016;24(7):1187-1198.

Kung C, Hixon J, Kosinski PA, et al. AG-348 enhances pyruvate kinase activity in red
blood cells from patients with pyruvate kinase deficiency. Blood. 2017;130(11):1347-
1356.

Yang H, Merica E, Chen Y, et al. Phase 1 Single- and Multiple-Ascending-Dose
Randomized Studies of the Safety, Pharmacokinetics, and Pharmacodynamics of AG-
348, a First-in-Class Allosteric Activator of Pyruvate Kinase R, in Healthy Volunteers.

Clin Pharmacol Drug Dev. 2019;8(2):246-259.

Grace RF, Rose C, Layton M, et al. Safety and Efficacy of Mitapivat in Pyruvate Kinase
Deficiency. N Engl J Med. 2019;381(10):933-944.

Allen EL, Ulanet DB, Pirman D, et al. Differential Aspartate Usage Identifies a Subset of
Cancer Cells Particularly Dependent on OGDH. Cell Rep. 2016;17(3):876-890.

Clasquin MF, Melamud E, Rabinowitz JD. LC-MS Data Processing with MAVEN: A
Metabolomic Analysis and Visualization Engine. Curr Protoc Bioinformatic.

2012;Chapter 14:Unit14.11.

Kim H, Kosinski P, Kung C, et al. A fit-for-purpose LC-MS/MS method for the
simultaneous quantitation of ATP and 2,3-DPG in human K2EDTA whole blood. J
Chromatogr B Analyt Biomed Life Sci. 2017;1061-1062:89-96.

Beutler E, Blume K, Kaplan J, Lohr G, Ramot B, Valentine W. International Committee
for Standardization in Haematology: Recommended Methods for Red-Cell Enzyme

Analysis. Br J Haematol. 1977;35(2):331-340.
Beutler E. Red Cell Metabolism. A Manual of Biochemical Methods. 1980.

Blume KG, Arnold H, Lohr GW, Beutler E. Additional diagnostic procedures for the
detection of abnormal red cell pyruvate kinase. Clin Chim Acta. 1973;43(3):443-446.

van Oirschot BA, Francois JJJM, Van Solinge WW, et al. Novel type of red blood cell
pyruvate kinase hyperactivity predicts a remote regulatory locus involved in PKLR

gene expression. Am J Hematol. 2014;89(4):380-384.

20



32.

33.

34.

35.

36.

37.

38.

39.

40.

Rijksen G, Veerman AJP, Schipper-Kester GPM, Staal GEJ. Diagnosis of Pyruvate Kinase
Deficiency in a Transfusion-Dependent Patient With Severe Hemolytic Anemia. Am J

Hematol. 1990;35(3):187-193.

Lazarova E, Gulbis B, Oirschot B Van, Van Wijk R. Next-generation osmotic gradient
ektacytometry for the diagnosis of hereditary spherocytosis: Interlaboratory method

validation and experience. Clin Chem Lab Med. 2017;55(3):394-402.

DaCosta L, Suner L, Galimand J, et al. Diagnostic tool for red blood cell membrane
disorders: Assessment of a new generation ektacytometer. Blood Cells Mol Dis.

2016;56(1):9-22.

van den Akker E, Satchwell TJ, Pellegrin S, Daniels G, Toye AM. The majority of the in
vitro erythroid expansion potential resides in CD34 - cells, outweighing the
contribution of CD34 + cells and significantly increasing the erythroblast yield from

peripheral blood samples. Haematologica. 2010;95(9):1594-1598.

Jansen G, Koenderman L, Rijksen G, Cats BP, Staal GEJ. Characteristics of hexokinase,
pyruvate kinase, and glucosed60phosphate dehydrogenase during adult and neonatal

reticulocyte maturation. Am J Hematol. 1985;20(3):203-215.

Wang C, Chiarelli LR, Bianchi P, et al. Human erythrocyte pyruvate kinase:
Characterization of the recombinant enzyme and a mutant form (R510Q) causing

nonspherocytic hemolytic anemia. Blood. 2001;98(10):3113-3120.

Diez A, Gilsanz F, Martinez J, Pérez-Benavente S, Meza NW, Bautista JM. Life-
threatening nonspherocytic hemolytic anemia in a patient with a null mutation in the
PKLR gene and no compensatory PKM gene expression. Blood. 2005;106(5):1851-
1856.

Rogers SC, Ross JGC, D'Avignon A, et al. Sickle hemoglobin disturbs normal coupling
among erythrocyte O2 content, glycolysis, and antioxidant capacity. Blood.

2013;121(9):1651-1662.

Karger R, Lukow C, Kretschmer V. Deformability of red blood cells and correlation with

atp content during storage as leukocyte-depleted whole blood. Transfus Med

21



41.

42.

43.

44,

45.

46.

47.

48.

Hemother. 2012;39(4):277-282.

Fischer DJ, Torrence NJ, Sprung RJ, Spence DM. Determination of erythrocyte
deformability and its correlation to cellular ATP release using microbore tubing with

diameters that approximate resistance vessels in vivo. Analyst. 2003;128(9):1163-1168.

Clark R, Rossi E. Osmotic gradient ektacytometry: comprehensive characterization of

red cell volume and surface maintenance. Blood. 1983;61(5):899-911.

Nijhof W, Wierenga PK, Staal GEJ, Jansen G. Changes in activities and isozyme patterns
of glycolytic enzymes during erythroid differentiation in vitro. Blood. 1984;64(3):607-
613.

Takegawa S, Fujii H, Miwa S. Change of pyruvate kinase isozymes from M2- to L-type
during development of the red cell. Br ) Haematol. 1983;54(3):467-474.

Zaninoni A, Fermo E, Vercellati C, et al. Use of laser assisted optical rotational cell
analyzer (LoRRca MaxSis) in the diagnosis of RBC membrane disorders, enzyme
defects, and congenital dyserythropoietic anemias: A monocentric study on 202

patients. Front Physiol. 2018;9:451.

Llaudet-Planas E, Vives-Corrons JL, Rizzuto V, et al. Osmotic gradient ektacytometry: A
valuable screening test for hereditary spherocytosis and other red blood cell

membrane disorders. Int J Lab Hematol. 2018;40(1):94-102.

Leblond PF, Coulombe L, Lyonnais J. Erythrocyte Populations in Pyruvate Kinase

Deficiency Anaemia Following Splenectomy. Br J Haematol. 1978;39(1):63-70.

Cahalan SM, Lukacs V, Ranade SS, Chien S, Bandell M, Patapoutian A. Piezol links

mechanical forces to red blood cell volume. Elife. 2015:4.

22



Table 1 Genotypes and baseline characteristics of PK-deficient patients

Nr. |[Sex |PKLR mutation Amino acid change Genotype |(Splenectomy (gj:L) T;; (U/l;ll(-lb) (U/:I;b) P:Z:K

P1 F |c1121T>C/c.1456C>T p.(Leu374Pro)/p.(Arg486Trp) M/M Yes 9.7 10.0 9.0 5.0 18

P2 M c.331G>A/c.1456C>T p.(Glyl11Arg)/p.(Arg486Trp) M/M No 11.2 7.0 31 17 18

P3 M |c1178A>G/c.1456C>T p.(Asn393Ser)/p.(Arg486Trp) M/M Yes 94 >35.0 16.9 6.2 27

P4 F c.1462C>T/c.1529G>A p-(Arg488*)/p.(Arg510GIn) M/NM Yes 6.6 >34.0 159 74 21

P5 F |c1121T>C/c.1706G>A p.Leu374Pro)/p.(Arg569Gin) M/M No 10.9 7.0 21 15 14

P6 |F  |c.507+1G>A/c.1436G>A | p.[=; 0]/p.(Arg479His) M/NM Yes 7.7 75.0 19 6.0 0.3

p7 M [c376-2A>C/c.1529G>A  |p.(Glul25_Tyr126ins32;Tyr126Ala |M/NM Yes 8.0 55.0 17 5.6 0.3
fs*83)/p.(Arg510Glin)

P8 F ¢.331G>A/c.1456C>T p.(Glyl11Arg/p.(Arg486Trp) M/M No 11.9 5.0 2.2 14 16

P9 M |c.331G>A/c.1492C>T p.(Gly111Arg)/p.(Arg498Cys) M/M Yes 10.3 40.0 25 41 0.6

P10 |M |c.1154G>A/c.1529G>A p.(Arg385Lys)/p.(Arg510GIn) M/M No 134 15.0 27 20 13

P11 |M |c.721G>T/c.1529G>A p.(Glu241*)/p.(Arg510GIn) M/NM Yes 8.2 85.0 2.2 6.1 04

P12 M |c142_159del/c494G>T |p.(Thrd48_Thr53del)/p.(Glyl65Val) |M/NM Yes 129 20.0 10.0 35 2.8

P13 |M |c1269G>A/c.1654G>A p.(IMet373_Ala423del; 0]) M/NM Yes 9.7 55.0 18 58 0.3
/p.(Val552Met)

P14 |F c401T>A/c.1529G>A p.(Vall34Asp)/p.(Arg510GlIn) M/M Yes 9.6 60.0 12 52 0.2

P15 |M |c1529G>A/c.1529G>A p-(Arg510GIn)/p.(Arg510GIn) M/M Yes 12.8 40.0 16 2.8 0.6

Contr. No 141(1,3) |1.18(0.3) |12.7(23) |1.1(0.2) |11.9(2.1)
Reference range values: M:13.8-17.2 | 1.0-20 [9.2-169 |0.9-14 9.0-16.6

F:11.9-155
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Figure/Table Legends

Table 1. Genotypes, amino acid change, splenectomy status and laboratory parameters are
shown for all fifteen PK-deficient patients included in this study. Enzyme activity of PK was
decreased or normal. HK activity was almost always increased due to reticulocytosis. PK/HK
ratio was strongly decreased in all cases, indicative of PK deficiency. Mean values (standard
deviation) of 15 healthy controls are shown. Reference range values of the UMC Utrecht

population are also included.

M, male. F, female. Hb, hemoglobin. Ret., reticulocytes. PK, pyruvate kinase. U, units. HK,

hexokinase. M/M: missense/missense, M/NM: missense/nonmissense.

Figure 1. Baseline levels of PK activity, PK/Hexokinase (HK) ratio, PK thermostability,
and PK-R protein levels in PK-deficient patients and controls. (A) PK activity of PK
deficient patients (red) and healthy controls (grey). (B) PK/HK Ratio in patients (red) and
healthy controls (grey), as a means to evaluate PK activity in the presence of high number of
reticulocytes, reflected by increased HK activity. (C) PK-thermostability of patients (red) and
controls (grey). (D) PK-R protein levels of patients (P#) and controls (HC) measured by
western blot. (E) PK-R protein levels of patients (red) and controls (grey) measured by MSD.

PK: pyruvate kinase, HK: hexokinase, ECL: electrochemiluminescence.

Figure 2. PK-deficient patients show glycolytic intermediates levels that are consistent
with decreased pyruvate kinase activity. Upstream intermediates of PK of PK-deficient
patients (red) are significantly increased compared to values of health controls (grey), with
for example an almost 2-fold increase in 2,3-DPG. Downstream targets, pyruvate and ATP,
are significantly decreased compared to healthy controls.
PKD: pyruvate kinase deficiency, G6P: glucose-6-phosphate, DHAP: dihydroxyacetone
phosphate, 2,3-DPG: 2,3-diphosphoglycerate, PEP: phosphoenol pyruvate, FBP: fructose
biphosphate, 2PG: 2-phosphoglycerate, 3PG: 3-phosphoglycerate, GAP: glyceraldehyde
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phosphate, 1,3-DPG: 1,3-diphosphoglycerate, HK: hexokinase, PGL: phosphogluco isomerase,
PFK: phosphofructokinase, FBA: fructose biphosphate aldolase, TPL triosephosphate
isomerase, GAPDH: glyceraldehyde phosphate dehydrogenase, BPGM: bisphosphoglycerate
mutase, PGK: phosphoglycerate kinase, BPKG: bisphosphoglycerate kinase, PGM:

phosphoglycerate mutase, ENO: enolase, LDH: lactate dehydrogenase.

Figure 3. Ex vivo AG-348 treatment of RBCs increase PK activity and ATP levels in a
dose dependent manner. (A and B) representative patient dose response curves of PK
activity, expressed as fold activation compared to incubation without AG-348, as measured
in RBCs of patients 12 (A) and 9 (B) after 6 (turquoise) and 24 hour (dark green) incubation
with AG-348. (C and D) representative patient ATP dose response curves, expressed as fold
activation compared to incubation without AG-348, as measured in RBCs of patients 12 (C)
and 9 (D) after 6 (turquoise) and 24 hour (dark green) incubation with AG-348. (E) PK
activation in RBCs of 15 PK deficient patients after six (turquoise) and 24 hours (dark green)
incubation with 10 pM AG-348. Mean PK fold activation of healthy controls after six (light
gray) and 24 hours (dark gray) incubation with AG-348 10uM is shown on the left of the
graph. (F) ATP response (fold activation) of 15 PK deficient patients after six (turquoise) and
24 hours (dark green) incubation with 10 pM AG-348. Mean ATP response of healthy
controls is shown on the left of the graph (gray bars). Error bars represent standard
deviation. Dashed turquoise line represents 6 hour incubation with AG-348, solid dark green

line represents 24 hour incubation.

Figure 4. PK thermostability is restored upon ex vivo treatment with AG-348. (A and B)
Representative PKD patient’s PK thermostability of RBC lysates of patients 12 (A) and 9 (B)
pre-incubated in absence (dashed line) or presence (solid line) of 2 uM AG-348 for 2 hours at
37°C. For PK thermostability, residual PK activity (%) is measured after 5, 10, 20, 40 and 60
minutes of heat treatment at 53°C. (C) Residual PK activity (%) after 60 minutes of heat
treatment of 15 PK deficient pre-incubated in absence (light turquoise) and presence (dark

turquoise bars) of 2 uM AG-348. Levels are normalized to baseline levels of PK-activity
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before heat treatment. Absence of bars indicate that PK residual activity was below the

detection limit. Error bars represent standard deviation.

Figure 5. Red blood cell deformability in PK-deficient patients is slightly decreased. (A)
Osmoscan curve of patient 7 (red) and 15 healthy controls (grey). (B) Maximum deformability
(EImax) is slightly decreased in PK deficiency compared to controls. When grouped
according to genotype, i.e. M/M versus M/NM there is a significant difference, indicating
that a more severe genotype results in lower maximal RBC deformability. (C) Omin is slightly
increased in PK-deficient patients compared to healthy controls. (D) Elmax is slightly
decreased in PK-deficient patients compared to healthy controls. (E) Onyper is slightly
increased in PK-deficient patients compared to healthy controls. (F) After 24 hours of ex vivo
treatment with 20 uM AG-348 in about half of the PK-deficient patients an improvement in
RBC deformability was observed (patients 1, 3, 4, 6, 7, 8, and 9) compared to their untreated
RBCs.

PKD: pyruvate kinase deficiency, HCs: healthy controls, M/M: missense/missense, M/NM:

missense/non-missense, Error bars represent standard deviation. ** p<0.01, *p<0.05.

Figure 6. Ex vivo treatment with AG-348 does not evidently affect PK-deficient ex vivo
erythroid proliferation and differentiation. (A) Morphology of ex vivo cultured erythroid
cells of a PK-deficient patient (P3) and a healthy control at the final stage of proliferation
(day 10) and on various days during differentiation (day 0, 4 and 10). (B) Ex vivo erythroid
proliferation (cell numbers in %) was slightly higher when cells were cultured in presence of 2
UM AG-348 (dark purple) compared to 0 pM AG-348 (light purple). This was also observed
for healthy controls. (C) PK/HK ratio of erythroid cells of PK-deficient patients (purple) and
healthy controls (grey) cultured in presence (dark) or absence (light) of 2 yM AG-348

respectively was increased compared to cells cultured without AG-348.

W/o: with/without, HC: healthy control, P: patient. Error bars represent standard deviation.
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Figure 7. PK-deficient red cells with higher PK-R protein levels are more likely to show
an increase in ATP levels and/or PK-R activity after ex vivo treatment with AG-348.
Base line PK-R protein levels in patients showing a response in PK activity or ATP levels (i.e.
>1.5-fold response versus <1.5-fold response, red bars) upon ex vivo treatment with AG-348

PK-R levels of healthy controls are shown in grey.

ECL: Electrochemiluminescense, gHb: gram hemoglobin. Error bars represent standard

deviation.
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SUPPLEMENTAL DATA

SUPPLEMENTAL FIGURES

Band3 .-‘-.------.---

Supplemental Figure 1. Band 3 expression levels are comparable between PK-deficient patients and healthy controls. Erythroid
surface marker Band 3 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels were determined by Western Blot analysis and
the Band 3/GAPDH ratio was used to evaluate band 3 expression levels. Band 3 expression levels of PK-deficient patients (median
band3/GAPDH ratio: 2.7, range 1.0-4.8, n=14) were comparable to healthy controls (median ratio: 2.3, range 1.9-2.7, n=3). Patient 3 was
excluded from this analysis because this sample may be degraded. A mutated form of band 3 is unlikely because of an essentially normal
osmoscan profile as measured on this patient (not shown).
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Supplemental Figure 2. Erythroid surface marker expression during erythroid differentiation is comparable between PK-
deficient patients and healthy controls and is not influenced by AG-348. (A) Erythroid surface markers CD44, Band 3, glycophorin A
(GPA) and CD71 were measured on day 0, 2, 4, 6, 8 and 10 of differentiation in cultured erythroid cells of PK-deficient patients and
healthy controls. (B) Erythroid surface markers measured during differentiation in erythroid cells from healthy controls cultured in
absence (solid grey line) and presence of AG-348 (dashed grey line). (C) Erythroid surface markers measured during differentiation in
erythroid cells of PK-deficient patients cultured in absence (solid red line) and presence of AG-348 (dashed red line).
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Supplemental Figure 3. PK-R and PK-M2 expression during ex vivo erythropoiesis is not influenced by AG-
348. PK-R and PK-M2 levels were determined by Western Blot analysis on consecutive days during erythroid
differentiation. Levels of PK-M2 gradually decreased during differentiation whereas PK-R levels increased, although
not evidently recapitulated in all patients. Erythroid cells from healthy controls, and patient samples 7 and 15
showed an increase in PK-R expression when grown in presence of AG-348.



SUPPLEMENTAL METHODS

Whole blood from patients with PKD was collected according to protocol that was approved by
the ethical committee of the University Medical Center Utrecht (Protocol 14-571/M). Whole
blood of healthy controls was collected through the Mini Donor Service, which is approved by the
ethical committee of the University Medical Center Utrecht and in accordance to the declaration

of Helsinki.

Hematological laboratory parameters.

Routine hematological parameters were measured using the Abbott Cell-Dyne Sapphire (Abbott

Diagnostics, Santa Clara, CA, USA).

Metabolic Profiling

Relative abundance of central carbon metabolites was performed by UPLC-MS. Frozen whole
blood samples were thawed on ice and 10 pL aliquots were extracted with 120 pL of hot 70%
ethanol containing 100 ng/mL L-glutamate (13C5, D5, 15N) as an internal standard. Samples
were vortexed and centrifuged at 14000 rpm for 10 minutes at 42 C; supernatants were dried
down and resuspended in water with 2-ketobutyrate (13C4, D2) internal standard. Metabolites
were analyzed by high resolution accurate mass detection (HRAM) on a QExactive™ Orbitrap
mass spectrometer (Thermo Fisher Scientific) as described previously.! Peak identification and
integration was done with Maven software.2 Quantitative analysis of ATP and 2,3-DPG was

performed as described previously.3

PK activity measurements, protein levels, and thermostability test.

RBCs were purified from whole blood using a microcrystalline cellulose-a-cellulose column
according to standardized methods.#> Columns were centrifuged and washed twice with NaCl
0.9% before further experiments. PK and hexokinase (HK) activity was measured in lysates of
purified RBCs as described.4+5 PK thermostability was measured essentially as described¢ on the
same hemolysates, after 0, 5, 10, 20, 40 and 60 minutes of incubation at 53°C. Aliquots were

chilled for 5 minutes and centrifuged for 3 minutes at 600 g.



PK activity measurements after ex vivo treatment with AG-348 were performed at low substrate
conditions (final concentration phosphoenol pyruvate (PEP) 0.5 mM). Protein levels of PK-R were
determined by Mesoscale Assay (MesoScale Discovery) as described’ using Goat anti-PKLR
antibody (Aviva) and Mouse anti-PKLR antibody (Abcam) both in Tris buffered saline + 0.5%
Tween 20 (TBS-T) as sandwich antibodies in a multi-array 96 well plate. SULFO-TAG goat anti-
mouse (Mesoscale discovery) was used as the detection antibody and the signal was measured
using a MesoScale Discovery instrument. The PKR protein level was determined by normalizing
the light intensity of the SULFO-TAG electrochemiluminescence (ECL) to the protein
concentration of the lysate (final units: ECL/g of protein).

Western blot analysis of PK-R and PK-M2 was performed as previously described® using
polyclonal antibodies directed against PK-L9 and monoclonal antibodies raised against PK-M2
(PodiCeps, Utrecht, The Netherlands). Blots were visualized using Alexa Fluor® 680-conjugated
goat anti-mouse and goat anti-rabbit antibodies (Li-Cor, Invitrogen) and quantified using the

Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE).

Ex vivo treatment of wild type and PK-deficient RBCs with AG-348 .

Purified RBCs or whole blood of patients and controls were incubated for 3, 6 and 24 hours at
37°C in presence or absence of AG-348. Purified RBCs or whole blood was added to phosphate-
buffered saline containing 1% glucose, 170 mg/L adenine, and 5.25 g/L mannitol (pH 7.40)
(AGAM buffer) prior to incubation. Purified RBCs from patients and healthy control subjects were
incubated with different dosages of AG-348 (up to 10 pM) up to 24 hours at 37°C. After 6 and 24
hours PK-R activity and ATP levels (CellTiterGlo; Promega, Madison, WI) were measured. For
determination of PK-R thermostability, RBC lysates were incubated for 2 hours with AG-348
(37°C) prior to testing. Because in the latter case AG-348 does not need to cross the membrane, a

lower concentration of AG-348 was used (2 pM).

Band 3 expression levels

Western blot analysis of band 3 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
performed on purified RBCs using monoclonal antibodies directed against human band 3 (Sigma)
and polyclonal anti-human GAPDH antibodies (Sigma). Blots were visualized using Alexa Fluor®
680-conjugated goat anti-mouse and goat anti-rabbit antibodies (Li-Cor, Invitrogen) and
quantified using the Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE). Band

3/GAPDH ratio was calculated to evaluate band 3 expression levels.



Osmotic gradient ektacytometry (osmoscan) and deformability measurements

Osmotic gradient ektacytometry (osmoscan) and deformability measurements were performed
using the Laser Optical Rotational Red Cell Analyzer (Lorrca, RR Mechatronics, Zwaag, The
Netherlands) as described.10.11 Elongation index (EI) was calculated from height and width of the
diffraction pattern and reflects RBC deformability. To study the effect of AG-348 AGAM buffer was
added to whole blood (1:10 ratio), and supplemented with either AG-348 (final concentration 20
uM) or DMSO (untreated samples). Samples were incubated for 24 hours at 37°C, after which

deformability was measured.

Ex vivo production of red blood cells and treatment with AG-348

Erythroid cells from PK-deficient patients and healthy controls were produced from peripheral
blood mononuclear cells (PBMC) as described.12 Briefly, PBMCs were isolated from peripheral
blood by density purification using Percoll (GE Healthcare, Little Chalfont, UK). For proliferation,
cells were cultured for 10 days in CellQuin medium (kind gift from Emile van den Akker, Sanquin,
Amsterdam, The Netherlands), supplemented with Stem Cell Factor (100ng/mL, Amgen), Epo
(2U/mL, EPREX), dexamethasone (1uM, Sigma), and 1ng/mL IL-3 (R&D systems). After 10 days,
cells were washed three times with PBS and reseeded at 2ES cells/mL in CellQuin medium
supplemented with EPO (10 U/mL, Eprex), heparine (5U/mL, Leo Pharmacy), human blood group
AB plasma (3%, Sigma). At day 5 of differentiation CellQuin medium was replaced by RetQuin
medium (Emile van den Akker, Sanquin, Amsterdam, The Netherlands). AG-348 was added at a
final concentration of 2 pmol/L at days 0, 1, 3-10 during proliferation and day 0, 2, and 4 during
differentiation. Under these conditions mean AG-348 levels in medium are 2.4 pmol/L (range 1.4
- 3.8 umol/L) as determined by a validated liquid chromatography with tandem mass
spectrometry (LC-MS/MS) method.13

Statistical Analysis

Statistical analysis was performed using Graphpad Prism (v7.04). T-test, Mann-Whitney test or
Wilcoxon test was used when appropriate. One-way ANOVA (Post-hoc Tukey’s test or Dunnett’s
test) was carried out or a Kruskal-Wallis test, followed by Dunn’s tests for post-hoc analysis was
used when appropriate. Pearson’s correlation was used to determine correlations of laboratory
parameters with enzyme activity measurements. A p-value of <0.05 was considered statistical

significant.
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