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METABOLIC DISORDERS

Recombinant porphobilinogen deaminase targeted
to theliver corrects enzymopenia in a mouse model

of acute intermittent porphyria
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Correction of enzymatic deficits in hepatocytes by systemic administration of a recombinant protein is a desired
therapeutic goal for hepatic enzymopenic disorders such as acute intermittent porphyria (AIP), an inherited
porphobilinogen deaminase (PBGD) deficiency. Apolipoprotein A-l (ApoAl) is internalized into hepatocytes during
the centripetal transport of cholesterol. Here, we generated a recombinant protein formed by linking ApoAl to the
amino terminus of human PBGD (rhApoAI-PBGD) in an attempt to transfer PBGD into liver cells. In vivo experi-
ments showed that, after intravenous injection, rhApoAI-PBGD circulates in blood incorporated into high-density
lipoprotein (HDL), penetrates into hepatocytes, and crosses the blood-brain barrier, increasing PBGD activity in
both the liver and brain. Consistently, the intravenous administration of rhApoAI-PBGD or the hyperfunctional
rApoAIl-PBGD-1129M/N340S (rApoAl-PBGDm:s) variant efficiently prevented and abrogated phenobarbital-induced
acute attacks in a mouse model of AIP. One month after a single intravenous dose of rApoAl-PBGDms, the protein
was still detectable in the liver, and hepatic PBGD activity remained increased above control values. A long-lasting
therapeutic effect of rApoAl-PBGDms was observed after either intravenous or subcutaneous administration. These
data describe a method to deliver PBGD to hepatocytes with resulting enhanced hepatic enzymatic activity and
protection against AIP attacks in rodent models, suggesting that the approach might be an effective therapy for AIP.

INTRODUCTION

Acute intermittent porphyria (AIP; Mendelian Inheritance in Man:
176000) is a rare metabolic disorder caused by autosomal dominant
loss-of-function mutations of porphobilinogen deaminase (PBGD;
enzyme commission number 2.5.1.61), the third enzyme of the heme
biosynthesis pathway. Heme controls its own synthesis by modu-
lating the expression of 3-aminolevulinate synthase 1 (ALASI), the first
enzyme of the pathway. In patients with AIP, factors that activate
heme biosynthesis, such as fasting, hormones, and certain drugs,
strongly up-regulate ALAS]1, leading to accumulation of the heme
precursors, §-aminolevulinate (ALA) and porphobilinogen (PBG),
and the associated occurrence of acute neurovisceral attacks. These
are characterized by abdominal pain, hypertension, nausea, vomiting,
anxiety, insomnia, and, occasionally, motor neuropathy, which may
progress to tetraplegia (1, 2). About 5% of patients suffer a devastating
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form of the disease with frequent and severe attacks, seriously
affecting their life quality (1, 2).

Treatment of acute attacks relies on intravenous hemin infusion,
which initiates a feedback inhibition of ALASI and reduction of ALA
and PBG production. However, the benefit of hemin is short-lived
and its repeated use is associated with side effects such as phlebitis and
iron overload (3, 4). Recently, givosiran, an RNA interference agent
targeting hepatic ALASI mRNA, has received U.S. Food and Drug
Administration approval for the prevention of porphyric attacks.
However, this emerging therapy does not normalize heme stores and
may increase the risk of hepatic and renal adverse events (5-8). With
the aim of enhancing hepatic PBGD expression, liver-directed gene
therapy has been tried in patients with severe porphyria using an
adeno-associated virus serotype 5 (AAV5) vector encoding PBGD.
This treatment was well tolerated but did not achieve correction of
the enzymatic defect, likely due to insufficient liver transduction (9).
More recently, the use of lipid nanoparticles containing mRNA en-
coding PBGD has been shown to restore hepatic enzymatic activity
in AIP mice (10). In addition, enzyme replacement therapy has been
attempted using intravenous administration of rhPBGD. However,
the half-life of this protein is very short and the clinical trial per-
formed to test its therapeutic value was promptly interrupted due to
lack of efficacy (11). Orthotopic liver transplantation represents a
curative strategy; however, it is costly and advanced pretransplant
neurological impairment and diminished renal function increase the
risk for poor outcomes (12).

In this work, we aimed to increase hepatic PBGD activity in AIP
mice using a recombinant PBGD protein targeted to the liver. As
apolipoprotein A-I (ApoAl) is an integral part of high-density lipo-
protein (HDL), a lipoprotein that mediates the centripetal transport
of cholesterol from periphery to the liver (13), and ApoAl receptors
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are highly expressed by parenchymal liver
cells (14), we reasoned that binding PBGD
to ApoAl could promote internalization
of the enzyme into hepatocytes. Here,
we tested the efficacy of ApoAl bound
to PBGD to treat a well-characterized
murine model of AIP.

RESULTS

Pharmacokinetics and
pharmacodynamics of the
recombinant proteins

We produced two recombinant ApoAl-
conjugated PBGD molecules, with human
ApoAl either at the N or C terminus
of human PBGD (rthApoAI-PBGD and
rhPBGD-ApoAlI, respectively). AIP
mice were injected intravenously with
rhApoAI-PBGD, rhPBGD-ApoAl, or
unconjugated rhPBGD (60 nmol/kg).
We observed that thPBGD was short-
lived in the circulation (half-life of
0.75 hours), whereas the other two mol-
ecules persisted in serum for an extended
period of time (P < 0.001), where the
half-life of rhApoAI-PBGD and rhPBGD-
ApoAlis 9.9 and 7.5 hours, respectively
(Fig. 1A).

As ApoAlis akey component of HDL,
we investigated whether rhApoAI-PBGD
circulates incorporated into these parti-
cles. Therefore, we performed Western
blot analysis of lipoprotein fractions ob-
tained from the serum of AIP mice that
had received an intravenous injection of
rhApoAI-PBGD (60 nmol/kg) 72 hours
previously. The immunoblot probed with
anti-PBGD revealed a conspicuous band
in the HDL fraction corresponding to
the molecular weight of rhApoAI-PBGD
(68 kDa) and that was absent in low-
density and very low density lipoproteins
(LDL and VLDL, respectively) (Fig. 1B).
In contrast, in the HDL fraction, anti-
ApoAl detected the endogenous ApoAl
band at 28 kDa and two other bands at 68
and 66 kDa corresponding to rhApoAI-
PBGD and a partially proteolyzed product.
In agreement with these observations,
measurable PBGD enzymatic activity was
found in the HDL fraction of AIP mice
72 hours after dosing with rhApoAI-
PBGD, whereas no PBGD activity was

present in HDL from mice given thPBGD 36 hours previously

(Fig. 1C).

We then analyzed whether the linkage of PBGD to ApoAl enabled
transferring the enzyme to the liver tissue. Female ATP mice were treated
with intravenous injection of rhApoAI-PBGD or rhPBGD-ApoAl
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AIP mice sacri
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ficed 24 hours after intravenous injection of rhPBGD or rhApoAI-PBGD (300 nmol/kg).

(30, 60, or 300 nmol/kg), and liver samples were taken 24 hours after
injection. The administration of these compounds caused a dose-
related increase of hepatic PBGD enzymatic activity. In contrast,
rhPBGD given intravenously at the highest dose (300 nmol/kg) did
not modify hepatic PBGD activity when compared to animals given
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saline (Fig. 1D). rhApoAI-PBGD increased hepatic enzymatic ac-
tivity more than rhPBGD-ApoAlI, and accordingly, the former was
selected for subsequent studies.

In line with these findings, immunochemical detection of PBGD
in liver samples taken from AIP mice 24 hours after intravenous
injection of rhApoAI-PBGD (300 nmol/kg) showed the presence of
areas of hepatocytes (mainly around centrilobular veins), exhibiting
positive staining, whereas untreated animals or treated with the same
dose of rhPBGD showed no positivity (Fig. 1E and fig. S1). Positive
areas were 0% in the liver of control and rhPBGD-injected mice, and
3.24% and 9.01% in the liver of mice injected with rhApoAI-PBGD,
at resolutions of 300 and 90 pm, respectively (Fig. 1E). Consistent
with this observation, PBGD immunoblots of liver tissue collected
24 hours after intravenous administration of rhApoAI-PBGD
(300 nmol/kg) revealed the presence of a strong band of 68 kDa
corresponding to the molecular size of rhApoAI-PBGD, and no signal
was observed in those mice treated with an equal dose of rhPBGD
[Fig. 1F; thApoAI-PBGD/endogenous PBGD ratio of 0.0 + 0.06 in
control and rhPBGD-mice versus 14.9 + 7.6 in animals injected with
rhApoAI-PBGD, P < 0.05 with anti-PBGD antibody; rhApoAI-PBGD/
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) ratio of 0.0 +
0.04 in control and mice inoculated with rhPBGD versus 1.1 + 0.4 in
animal injected with thApoAI-PBGD, P < 0.05]. The 68-kDa band
was still present in livers from mice sacrificed 3 and 5 days after
administering rhApoAI-PBGD, indicating prolonged persistence of
the conjugated protein in the hepatic tissue [fig. S2; thApoAI-PBGD/
endogenous PBGD ratio of 0 + 0 in control and mice injected with
rhPBGD versus 1.5 + 0.01 (P < 0.001) and 0.9 + 0.02 (P < 0.01) in
rhApoAI-PBGD-injected animals on days 3 and 5, respectively].

Next, the stability of PBGD linked to ApoAI within liver cells was
evaluated, as compared to unconjugated PBGD. For this purpose,
liver parenchymal cells of AIP mice were transfected with mRNA
encoding ApoAI-PBGD or PBGD formulated in lipid nanoparticles,
a technology previously described that transiently expresses the pro-
tein of interest into the hepatocytes (10). Some animals were sacri-
ficed 24 hours after the administration of lipid nanoparticles to
confirm that hepatic PBGD activity was similar in both groups of
treated AIP mice (fig. S3A). Mice were then subjected to two pheno-
barbital challenges: the first between days 1 and 4 after therapy and
the second between days 12 and 15. During the first challenge,
both groups were similarly protected against the accumulation of
porphyrin precursors. However, during the second challenge, the
protection was maintained only in animals treated with ApoAI-PBGD
mRNA (as estimated by pain score and urinary ALA and PBG
excretion) (fig. S3, B to F). These data confirm that ApoAI-PBGD is
more stable in the liver than the unconjugated protein.

We then performed a kinetic study analyzing hepatic PBGD
activity in parallel with liquid chromatography-tandem mass
spectrometry (LC-MS/MS) determination of intrahepatic content
of human PBGD peptide. The study was performed in female AIP
mice intravenously injected with rhPBGD, rhApoAI-PBGD, or the
conjugated form of a PBGD variant (rApoAI-PBGD-1291M/N340S
or PBGDms) (300 nmol/kg) containing two amino acid substitutions
(I129M and N340S), which confer enhanced enzymatic activity to
the protein (15). Animals were euthanized at different time points
(4 hours and days 1, 3, 5, and 35), and PBGD activity was determined
in fresh liver extracts, allocating part of the liver sample to LC-MS/MS
analysis. After administering rhApoAI-PBGD or rApoAI-PBGDms,
both hepatic PBGD activity and human PBGD peptide content

Cérdoba et al., Sci. Transl. Med. 14, eabc0700 (2022) 12 January 2022

peaked at 4 hours with progressive decay during the following days
(Fig. 2, A and B). In animals given rApoAI-PBGDms, the human
PBGD peptide was detectable at day 35 after treatment in conjunc-
tion with a PBGD activity still higher than that found in noninjected
AIP mice. In sharp contrast, treatment with rhPBGD resulted in a
very slight rise of intrahepatic human PBGD peptide and failure to
increase enzymatic activity above values observed in untreated AIP
mice. These results establish a clear link between hepatic PBGD
activity and liver uptake of the fusion proteins. Furthermore, they
also demonstrate that rApoAI-PBGDms remains functional in the
liver for a sustained period of time.

To further ascertain that PBGD linked to ApoAl is internalized
by liver cells, AIP mice were treated with an intravenous injection of
murine apoAl-pbgd (mapoAl-pbgd) or rApoAI-PBGDms (300 nmol/kg),
and 3 days later, the presence of PBGD in hepatocytes isolated from
the liver of these mice was analyzed by immunofluorescence. Using
confocal microscopy, we found clear PBGD reactivity in the cyto-
plasm of hepatocytes from mice treated with the conjugated proteins,
whereas a very faint signal (likely corresponding to endogenous
PBGD) was observed in untreated controls (fig. S4; green area: 0.05,
0.6, and 2.53% in A’, B, and C, respectively).

To gain insight into the uptake of ApoAl conjugates of PBGD
into parenchymal liver cells, cultured primary mouse hepatocytes
were incubated for 4 hours in the presence of rhPBGD, rPBGDms,
rhApoAI-PBGD, and rApoAI-PBGDms. Then, the cells were
analyzed by immunofluorescence using anti-human PBGD and con-
focal microscopy. We observed that both rhPBGD and rPBGDms
remained localized extracellularly, whereas rhApoAI-PBGD and
rApoAI-PBGDms were found within the cytoplasm (Fig. 2C). Next,
we examined the role of the HDL endocytosis pathway in the trans-
port of the conjugated proteins into liver cells. Isolated hepatocytes
were incubated with thApoAI-PBGD or rApoAI-PBGDms in the
presence or absence of HDL (as a competitor) or BLT-1 (an inhibitor
of SR-B1, the main HDL receptor). The immunopositive pattern
was different depending on the condition used (Fig. 2D). These
images suggest that the recombinant conjugated proteins showed
differential access to the perinuclear region under conditions of
ApoAl interaction with the HDL receptor (Fig. 2D).

To further examine the traffic of rhApoAI-PBGD into liver cells
in vivo, we intravenously injected this protein (60 nmol/kg) into
ATP mice with or without concomitant administration of liposomes
containing chloroquine (LipoCQ), an endosomal disrupting agent
(16). We observed that, 24 hours after protein infusion, hepatic PBGD
activity increased when LipoCQ was given in conjunction with
rhApoAI-PBGD (fig. S5), supporting the idea that the conjugated
protein trafficked through the endocytic compartment of liver cells.

As HDL crosses the brain-blood barrier (BBB) (17) and acts as a
carrier for rhApoAI-PBGD, we tested whether this molecule gains
access to the central nervous system. In AIP mice treated intrave-
nously with rhPBGD or rApoAI-PBGDms (60 nmol/kg) or saline,
we found that only the conjugated protein was able to raise PBGD
activity in cerebral tissue (fig. S6A). To get insight into the mecha-
nism by which conjugated PBGD is transported to the brain, we
analyzed the kinetics of serum and brain PBGD activity in AIP
mice whose liver had been transfected with a plasmid encoding
rhApoAI-PBGD linked to a signal peptide to promote its secretion.
Liver transduction was performed by hydrodynamic injection, which
enables transient expression of the transgenic protein. We observed
that serum PBGD activity peaked at day 2 and then decreased,
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(fig. S6C). It should be noted that the
brain vasculature was thoroughly washed
before tissue processing, thus excluding
circulating proteins as a source of brain
PBGD activity.
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Scale bar, 20 um.

whereas the enzymatic activity in the brain increased progressively
from days 2 to 7 after injection (fig. S6B), suggesting a saturable
transport mechanism. In line with this idea, we found that, 7 days
after therapy, brain PBGD activity was similar in animals that re-
ceived a single dose of rhApoAI-PBGD (15, 30, or 60 nmol/kg)
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We then proceeded to study whether the
administration of rhApoAI-PBGD could
abrogate acute porphyric attacks in AIP
mice. Acute attacks are characterized by
high urinary ALA and PBG excretion in
association with pain and motor distur-
bance. In AIP mice, these crises were
induced by administering phenobarbital
for four consecutive days (Fig. 3, A to C).
We found that the injection (intravenous)
of a single dose of unconjugated rhPBGD
(300 nmol/kg, equivalent to 12.5 mg/kg)
24 hours after the first phenobarbital dose
(day 1) resulted in a very modest reduc-
tion in the rise of porphyrin precursors
when compared to untreated AIP mice
(Fig. 3A and fig. S7). In contrast, a
single dose of rhApoAI-PBGD (30, 60, or
300 nmol/kg) (intravenous) efficiently
blocked the increase of urinary ALA and
PBG, an effect that was more pronounced
with the higher doses. rhApoAI-PBGD
was more effective at reducing heme
precursors than three consecutive doses of
hemin (12.27 pmol/kg per dose, equiva-
lent to 8 mg/kg, intraperitoneally), which
is the current standard treatment for acute
porphyric attacks (Fig. 3A and fig. S7).

Four hours after the last phenobarbital
dose (day 4), motor dysfunction and pain
were assessed in AIP mice by means of
the rotarod test and the mouse grimace
scale, respectively (Fig. 3, B and C).
Both hemin and rhApoAI-PBGD, but
not rhPBGD, conferred protection against
motor dysfunction. Pain was significantly
(P < 0.001) attenuated in mice that re-
ceived hemin or rhApoAI-PBGD (60 and
300 nmol/kg) but not in the other groups.
Of interest, hemin administration, al-
though less efficient at decreasing the
accumulation of porphyrin precursors,
highly reduced pain score when com-
pared with AIP mice receiving recom-
binant protein (30 nmol/kg) (Fig. 3C). These data suggest that low
heme stores and not only the increase of neurotoxic precursors
might play a role in the genesis of pain.

Therapeutic efficacy was further assessed in AIP mice by admin-
istering the recombinant protein during an ongoing porphyric attack,

rApoAl-PBGDms
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Fig. 3. rhApoAl-PBGD protects AIP mice against phenobarbital-induced acute attack. (A) PBG urinary excretion over four consecutive days. (B) Motor coordination
using the rotarod test and (C) pain scores evaluated 4 hours after the last phenobarbital dose. (D and E) Urinary PBG excretion and quantification of total peak area before
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(F to ) Effect of three consecutive subcutaneous (sc) doses (60 nmol/kg) of rhApoAI-PBGD or rApoAl-PBGDms in AIP mice experiencing phenobarbital-induced acute
attacks (n=4). (F) PBG urinary excretion over four consecutive days. Four hours after the last phenobarbital challenge, (G) motor coordination and (H) pain score were deter-
mined. (I) Hepatic PBGD activity analyzed 2 days after the last phenobarbital dose. Data are means of two independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001
versus control saline AIP group.
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which was induced by challenging the mice with five consecutive
doses of phenobarbital. Administration of a single injection of
300 nmol/kg (intravenous) of either rhApoAI-PBGD, rApoAl-
PBGDms, or recombinant murine apoAI-pbgd (rmapoAl-pbgd),
2 hours after the fourth injection of phenobarbital, decreased urinary
PBG excretion to baseline in only 1 day (Fig. 3, D and E). The decline
in urinary ALA accumulation was slower and it reverted to normal
values at day 3 post-injection (fig. S8). Thus, the three recombinant
proteins were equally effective in reverting an ongoing acute attack.

Repeated subcutaneous administration of rApoAl-PBGDms
counteracts recurrent acute attacks in AIP mice

The subcutaneous route of administration of a therapy would be ad-
vantageous for those patients with recurrent porphyric attacks, as it
would enable self-administration of the treatment without the need
for repetitive hospitalizations. Thus, we tested whether ApoAI-PBGD
conjugates given subcutaneously could protect against phenobarbi-
tal-induced attacks. AIP mice were subjected to phenobarbital chal-
lenge for 4 days and treated with 3 daily subcutaneous doses of either
rhApoAI-PBGD or rApoAI-PBGDms (45, 30 and 30 nmol/kg). At
this dose, the treatment failed to show any substantial reduction in
urinary ALA or PBG excretion (fig. S9). The following week the same
mice were similarly challenged with phenobarbital but received 3 dai-
ly subcutaneous injections of rhApoAI-PBGD or rApoAI-PBGDms
(60 nmol/kg). At this dose, rhApoAI-PBGD exerted a partial protec-
tive effect (Fig. 3, F to H), but rApoAI-PBGDms efficiently reduced
the accumulation of both ALA and PBG and abrogated pain and
motor dysfunction (fig. S9). At the end of the study (24 hours after
the last dose of the therapeutic protein), hepatic PBGD activity in
mice treated with subcutaneous rApoAI-PBGDms was higher than in
those treated with subcutaneous rhApoAI-PBGD. Furthermore, the
hepatic PBGD activity in mice treated with three daily subcutaneous
injections of rApoAI-PBGDms was comparable to that observed
24 hours after a single intravenous dose (60 nmol/kg) of rhApoAI-PBGD
or rApoAI-PBGDms (Fig. 3I). These findings emphasize the higher
potency of rApoAI-PBGDms and also show that, despite six repeated
doses of the conjugated proteins, the therapeutic efficacy is main-
tained, suggesting low immunogenicity of the molecules.

To gain further insight into the immunogenicity of PBGD bound
to ApoAl, AIP mice were injected with four doses of mapoAI-pbgd
protein (60 nmol/kg) on days 1, 7, 14, and 21. Another group of mice
was administered with seven intravenous doses of rhApoAI-PBGD
protein, from 1 to 6 weeks, and on week 8. Antibodies against PBGD
and ApoAl were determined at different time points (fig. S10). We
found that none of the five mice injected with the murine protein
developed antidrug antibodies against either PBGD or ApoAlI pro-
teins. Only one of five animals injected with the human recombinant
protein developed antibodies, albeit at very low titers.

A loading dose of rApoAl-PBGDms provides long-term
protection against recurrent porphyric attacks in AIP mice
As mentioned, high hepatic PBGD activity was induced in AIP mice
after intravenous administration of rhApoAI-PBGD (300 nmol/kg)
(5.8 £ 0.5 U). When using the same dose of rApoAI-PBGDms, the
enzymatic activity in the liver was raised to even higher values
(7.9 £33 U, P < 0.01), whereas it did not change (as compared to
untreated mice) after administration of rPBGDms (2.8 + 0.3 U). We
next investigated whether a single loading dose of these compounds
could afford long-lasting protection against acute attacks in AIP mice.

Cérdoba et al., Sci. Transl. Med. 14, eabc0700 (2022) 12 January 2022

Animals were subjected to four phenobarbital challenges (four daily
phenobarbital doses each challenge) over a period of 5 weeks and
received a single intravenous dose of rPBGDms, rApoAI-PBGDms,
or thApoAI-PBGD (300 nmol/kg) on day 1 of the first phenobarbital
challenge. To compare the protective effect of these proteins with
hemin, a group of AIP mice received one intravenous dose of hemin
(8 mg/kg) on days -7, -5, and -3 and on the first day of each
phenobarbital challenge. Our results showed that neither rPBGDms
nor hemin administration prevented the increase of urinary PBG
(Fig. 4A and fig. S11A) and ALA (fig. S11, B and C) excretion at any
time point during the study period. However, rhApoAI-PBGD was
able to prevent the accumulation of porphyrin precursors during
the first induced attack. rApoAI-PBGDms had more lasting and
marked effects as it efficiently blocked the rise of PBG and ALA
during the first porphyric attack and caused an important reduction
in the urinary excretion of porphyrin precursors during the second,
third, and fourth induced attacks (Fig. 4A and fig. S11, A to C).

Furthermore, both rApoAI-PBGDms and rhApoAI-PBGD pro-
tected against pain and motor disturbance (Fig. 4, B and C), with
the therapeutic effects being longer-lasting with rApoAI-PBGDms.
Moreover, after the fourth induced acute attack, the amplitude of the
muscle action potential was decreased in untreated AIP mice and in
those that received rPBGDms or hemin, whereas it was normal in
animals treated with either rhApoAI-PBGD or rApoAI-PBGDms
(fig. S11D). By the end of the study (day 35), the strong overexpres-
sion of AlasI gene that occurred in the liver of AIP mice as a result
of repeated phenobarbital challenges was completely abrogated in the
groups treated with rApoAI-PBGDms (Fig. 4D), reflecting normal-
ization of hepatic heme metabolism in these animals. In mice treated
with rhApoAI-PBGD, the decrease in Alas] mRNA did not reach
statistical significance compared to untreated AIP controls. In
accordance with these findings, as mentioned above (Fig. 2A),
hepatic PBGD activity at day 35 still remained elevated in the
rApoAI-PBGDms group compared to untreated AIP, but not in
animals treated with rhApoAI-PBGD (fig. S11E). Thus, rApoAl-
PBGDms outperforms thApoAI-PBGD in providing AIP animals
with long-lasting protection against porphyric attacks.

Long-term protection against recurrent porphyric attacks was
also assayed after subcutaneous administration of the therapy. Pre-
liminary data showed that two consecutive subcutaneous doses of
the conjugated protein (300 nmol/kg) (given 24 hours apart) are
needed to increase hepatic PBGD activity (24 hours after the last
injection) to values similar to those achieved with a single intravenous
dose (Fig. 4E). Using this subcutaneous dosing schedule, we found
that rApoAI-PBGDms administered at the beginning of the study
was able to protect against accumulation of porphyrin precursors,
motor discoordination, and pain (Fig. 4, F to I, and fig. S12) during
three phenobarbital challenges over a period of 2 weeks. These
effects were comparable to those exerted by intravenous hemin given
repeatedly three times in each attack. At the end of the study, mice
were sacrificed to determine hepatic Alas] mRNA expression. We
found that Alasl was highly induced in control AIP mice that re-
ceived saline but showed normal values in porphyric animals treated
with hemin or rApoAI-PBGDms (Fig. 4]).

DISCUSSION
Here, we describe a method enabling a recombinant enzyme to enter
hepatocytes where it remains active for about 1 month after its
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Fig. 4. Long-term protection of AIP mice against acute attacks by administration of rApoAl-PBGDms.
(A) Twenty-four-hour urinary PBG excretion was determined in each phenobarbital challenge. ip, intraperitoneally. (B) Pain
score and (C) motor coordination evaluated 4 hours after the last phenobarbital injection in each challenge. (D) Alas1
expression and at sacrifice on day 35 in liver samples from all animals. (E) Hepatic PBGD activity after administration
of one or two doses of rhApoAIl-PBGD or rApoAIl-PBGDms in AIP mice. (F) Urinary PBG excretion and (G) quantification
of total area under the curve in AIP mice subjected to three subsequent phenobarbital challenges. (H) Motor coordi-
nation and (1) pain score determined after the fourth phenobarbital dose of the last challenge. (J) Hepatic Alas1 ex-
pression at sacrifice at day 18. WT, wild type. *P < 0.05, **P < 0.01, and ***P < 0.001 versus saline AIP group. *P < 0.05,
**P <0.01, and ***P < 0.001 versus control saline in each challenge.

systemic administration. We have applied this method to treat a
murine model of AIP, a PBGD deficiency causing a blockade of the

heme biosynthesis pathway.

Previous reports have used peptide moieties like the transactivator
of transcription (TAT) human immunodeficiency virus (HIV-Tat)
peptide or fragments of the human hepatocyte growth factor (HGF)
to deliver proteins, including enzyme cargo, to the liver (18-21).

Coérdoba et al., Sci. Transl. Med. 14, eabc0700 (2022)

However, these approaches have limita-
tions that restrict their clinical applica-
tion. In particular, the HIV-Tat peptide
is immunogenic and cannot be repeat-
edly administered, and the HGF moiety
was able to maintain enzymatic activity
(phenylalanine hydrolase) in mouse liver
for only 6 hours, which greatly reduces
its clinical utility. In this work, we show
that the protein formed by linking ApoAI
to the N terminus of PBGD has long
half-life in circulation where it is found
incorporated into HDL. After intra-
venous injection, thApoAI-PBGD and the
hyperfunctional rApoAI-PBGDms enter
hepatocytes to enhance enzymatic func-
tion in the liver. We were able to show
that, 35 days after a single loading dose
of rApoAI-PBGDms, the protein was
still detectable in the liver, and hepatic
PBGD activity remained above that found
in AIP mice. Both thApoAI-PBGD and
rApoAI-PBGDms dosed intravenously
prevented and abrogated phenobarbital-
induced porphyric attacks in AIP mice,
with the effect of the latter protein being
more durable. Intravenous administra-
tion of a single loading dose of rApoAI-
PBGDms provided long-lasting protection
against porphyric attacks, offering the
possibility of using this therapy prophy-
lactically in patients with very frequent
attacks. Moreover, the therapeutic effect
of rApoAI-PBGDms was observed not
only after intravenous injection of the pro-
tein but also after its subcutaneous admin-
istration, a property that may allow patients
to treat themselves when symptoms start,
thereby potentially avoiding hospitalization.

Previous findings from our group,
and from other authors, have shown that
only a small increase of PBGD hepatic
activity above the values present in AIP
animals is enough to protect against
porphyria crises (10, 22-24). As indicated
before, the administration of PBGD
bound to ApoAlI leads to an enhance-
ment of hepatic PBGD activity that
resolves and prevents porphyric attacks.
Unlike hemin or givosiran, the two ap-
proved therapies for AIP (3, 25), which
act through repression of Alasl induc-

tion (by increasing heme stores or via RNA interference, respectively),
rhApoAI-PBGD or rApoAI-PBGDms, restores hepatic PBGD activity

and the regulation of the heme synthesis pathway.

12 January 2022

Our results show that, after systemic administration, rhApoAI-
PBGD and rApoAI-PBGDms penetrate liver cells, where they
seemingly undergo endosomal trafficking, as has been described
for endogenous ApoAl (26). The observation that liposomal chloroquine
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given concurrently with rhApoAI-PBGD enhances hepatic PBGD activity
is consistent with this concept. Because PBGD functions in the cy-
tosol, the administered protein would have to exit the endosomes
to fulfill its function. The mechanism by which this would occur has not
been clarified, but might be related to increased endosomal cargo
after the injection of sufficiently high doses of the ApoAI conjugates.
We observed that rhApoAI-PBGD is preferentially taken up by zone 3
hepatocytes. This is an interesting finding, as genes of the heme
synthesis pathway are more abundantly expressed in this area (27).

The injection of PBGD bound to ApoAl increased PBGD activity
not only in the liver but also in the brain. It should be noted that rhApoAI-
PBGD circulates incorporated into HDLs and that transcellular trans-
port of HDL across the BBB is an important property of these lipoproteins
(28). Here, we present data indicating that rhApoAI-PBGD crosses
the BBB via a saturable transport mechanism, as our group has pre-
viously reported for other proteins linked to ApoAI (29). Brain PBGD
activity was measured after thoroughly washing cerebral vessels, thus
excluding intravascular protein as a source of enzymatic activity. In
our study, we were unable to obtain conclusive information on the
cerebral distribution of the recombinant proteins. Unfortunately, the
sensitivity of the immunohistochemical method did not allow us to
establish the cell type (vascular endothelium, neurons, and glia) where
the exogenous PBGD was located. However, irrespective of the cell
type, the penetration of PBGD into the brain may contribute to the
local elimination of toxic porphyrin precursors within the cerebral tissue
during porphyric attacks. Further studies are needed to define the type
of cell in the central nervous system where the fusion ApoAI proteins
localize after their intravenous or subcutaneous administration.

In common with other enzyme replacement therapies using
recombinant proteins, a potential limitation of our therapeutic ap-
proach is that repeated administration of the fusion protein might
induce neutralizing antibodies. However, in a previous clinical trial
in patients with AIP treated with intravenous rhPBGD, no substan-
tial neutralizing antibodies against the recombinant protein and no
adverse effects were observed. Only 7 of 40 subjects involved in the
trial developed non-neutralizing antibodies against rhPBGD (11). In
our AIP mice, the therapeutic efficacy is maintained after the ad-
ministration of six repeated doses of thApoAI-PBGD or rApoAl-
PBGDms. Moreover, in AIP mice receiving four weekly doses of
murine or human ApoAI PBGD conjugates, none of those given the
murine protein developed antibodies, and only one of the five animals
injected with the human protein generated low antibody titers. Al-
though our findings indicate low immunogenicity of ApoAI-PBGD
conjugates, the potential development of neutralizing antibodies
upon long-term iterative administration of the therapy should be
carefully monitored in future clinical trials. Another limitation for
translating the recombinant conjugated ApoAl proteins to the clin-
ical arena might emerge with large-scale production; thus, further
optimization of the process should be carefully considered.

In conclusion, we describe a system enabling a functional enzyme
to enter parenchymal liver cells after its intravenous or subcutaneous
injection, and we show that this treatment modality can be used to
correct hepatic enzymatic defects like AIP in a preclinical model.

MATERIALS AND METHODS

Study design

To evaluate the therapeutic efficacy of rPBGD proteins conjugated
to ApoAl, we designed pharmacokinetic studies with the recombinant

Cérdoba et al., Sci. Transl. Med. 14, eabc0700 (2022) 12 January 2022

ApoAl-conjugated proteins after intravenous or subcutaneous ad-
ministration in female AIP mice (10 to 20 weeks old). We deter-
mined serum and hepatic PBGD activity, as well as the presence of
PBGD protein by immunoblot and immunohistochemistry (IHC),
and a PBGD peptide by LC-MS/MS in liver samples at different time
points. Next, we designed in vitro studies to gain insight into the
uptake of ApoAl conjugates of PBGD into primary mouse hepatocytes
by immunofluorescence analysis and confocal microscopy. For
pharmacodynamic studies, male AIP mice (10 to 16 weeks old)
challenged with phenobarbital were intravenously or subcutaneously
injected with rhPBGD, rhApoAI-PBGD, rApoAI-PBGDms, and
rmApoAI-PBGD to compare their short- and long-term efficacy in
preventing acute porphyria attacks. For this purpose, ALA and PBG
urinary excretion and behavioral studies (pain and motor coordina-
tion tests) were assayed; besides, hepatic heme synthesis pathway
status was analyzed after sacrifice (Alasl expression and PBGD
activity). Experimental protocols were approved by the Ethics
Committee of the University of Navarra (CEEA009-11 and CEEA048-15),
according to European Council guidelines.

Mouse strains

Compound heterozygote mice [C57BL/6-PPedtmli(neo)Uam,
C57BL/6-PPedtm2(neollam) wwore y15ed as a disease model for AIP (30).
Biochemical alterations in this mouse model resemble those of
human porphyria, mainly decreased hepatic PBGD activity (30% of
steady-state values) and increased urinary excretion of the heme
precursors PBG and ALA after treatment with drugs such as
phenobarbital (22).

Production of recombinant proteins

rhPBGD-ApoAlI (68 kDa), mapoAI-pbgd and rhApoAI-PBGD
(68 kDa), rApoAI-PBGDms (68 kDa), rhPBGD (42 kDa), and
rPBGDms (42 kDa) were produced and purified by GenScript
(sequences are detailed in the Supplementary Materials). The com-
plete sequence was subcloned into target Expression Vector E3 for
Escherichia coli expression. E. coli BL21 (DE3) was transformed
with recombinant plasmids, and a single colony was inoculated into
lysogeny broth medium containing relevant antibiotic. Isopropyl-
B-p-thiogalactopyranoside (IPTG) was introduced for induction of
the recombinant proteins. Cells were harvested by centrifugation,
and cell pellets were lysed by sonication. Target protein was isolated
from supernatant after a one-step purification using a nickel column.
Proteins were dialyzed, followed by 0.22-pm filter sterilization, and
analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) and
Western blot using a mouse anti-His mAb (GenScript, catalog
no. A00186). The purity of the recombinant proteins was estimated
by size exclusion chromatography-multiangle light scattering and
was determined to be 94.7% for rhPBGD and 98.6% for rPBGDms.
The conjugated proteins showed 70% purity in the case of rhApoAlI-
PBGD (20% were aggregates of higher molecular mass and 10% were
degradation products) and 67% in the case of rApoAI-PBGDms
(19% were aggregates and 13% were degradation products). Endotoxin
concentration was lower than 0.4 EU/ug (LAL Endotoxin Assay Kit;
GenScript, catalog no. L00350). The concentration of the recombi-
nant protein productions was determined by a commercial ApoAl
ELISA kit (Mabtech AB, 37101HP2). The functionality of the enzyme
was confirmed in vitro by determination of PBGD activity (22). The
specific activity of the purified protein rApoAI-PBGDms is higher
than that of rhApoAI-PBGD (104.4 + 22.8 pmol uroporphyrin/mg
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per hour versus 72.9 + 13.3 pmol uroporphyrin/mg per hour,
P < 0.01). Conjugation with ApoAlI did not modify the activity of
the human PBGD (78.2 + 7.6 pmol uroporphyrin/mg per hour of
rhPBGD versus rhApoAI-PBGD, not significant).

Chloroquine-encapsulated liposomes

LipoCQ was prepared by the film hydration method. Briefly, the
lipids HSPC (r-a-phosphatidylcholine, hydrogenated), cholesterol, and
DSPE-PEG2000 (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethyleneglycol)-2000]) at a molar ratio of 1.85:1:0.12
were dissolved in a solution of chloroform:methanol [9:1 (v/v)].
The film, formed by evaporation of the organic solvents at 65°C
(Biichi), was hydrated with a buffer solution of ammonium sulfate
(250 mM) at pH 5.5 (Biichi Waterbath, B-480). Liposomes, extruded
through a polycarbonate membrane (100 nm pore) using a Mini-
Extruder device (Avanti Polar Lipids Inc.), were washed for 1 hour
at 4°C in Hepes saline buffer at pH 7.4 using the Amicon system
(10,000 molecular weight cutoff) (EMD Millipore). This formulation
was incubated at 60°C with chloroquine at a molar ratio of 1:0.15 in
a thermoshaker for 1 hour. Formulated chloroquine liposomes were
washed in Hepes saline buffer at pH 6.7 and characterized. Particle
size (about 130 + 1.2 nm) was analyzed by laser diffractometry
(Zetasizer Nano Series, Malvern Instruments Limited) and showed
a homogeneous population of liposomes with high encapsulation
efficiency (about 97%) that was measured by spectrophotometry at
343 nm (31).

Production of lipid nanoparticles containing modified
mRNAs encoding the human PBGD or ApoAI-PBGD protein
As previously described (10), the mRNAs were synthesized in vitro
by T7 RNA polymerase-mediated transcription from a linearized
DNA template, which incorporates the 5" and 3’ untranslated regions
and a poly-A tail. The mRNAs used Capl and full replacement of
uridine with N1-methylpseudouridine to increase mRNA potency.
After purification, the mRNA was diluted in acetate buffer to the
desired concentration and formulated for intravenous delivery using
a procedure previously described (10).

Pharmacokinetic studies

The serum half-life of the recombinant proteins was analyzed in
female AIP mice (n > 5 per group) after intravenous administration
of recombinant protein (60 nmol/kg, equivalent to 4.08 mg/kg).
Blood samples were collected at different time points (5 min, 10 min,
30 min, 60 min, 2 hours, 4 hours, 8 hours, 24 hours, 48 hours, 3 days,
4 days, 5 days, 6 days, and 7 days). Samples were centrifuged for
5 min at 2.3g, and PBGD activity was biochemically determined using
15 pl of fresh plasma as previously described (22). Half-life was cal-
culated using the Prism 6.0 computer program (GraphPad Software),
fitting the one-phase decay of the PBGD activity.

Detection of the recombinant proteins in serum

lipoprotein fractions

To analyze whether unconjugated and conjugated rhPBGD protein
circulates bound to lipoproteins, recombinant proteins (60 nmol/kg)
were injected intravenously via tail vein injection. Blood samples were
collected in AIP mice at 36 hours after injection for rhPBGD and
72 hours for rhApoAI-PBGD, and different lipoprotein fractions
were extracted from the serum. Briefly, 400 ul of serum was mixed
with 1100 pl of sodium bromide (NaBr, Fluka, Merck) buffer at a
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density (p) of 1.006 g/liter. Samples were centrifuged at 256,516g for
2 hours at 4°C, and serum lipoproteins were distributed on a density
gradient. At the top, VLDL was collected. Then, a new NaBr buffer
(p = 1.4 g/liter) was added, adjusting the final density to 1.04 g/liter.
A second centrifugation (256,516¢) for 2.5 hours distributes the
LDL fraction to the top. Last, another centrifugation (256,516g) for
3 hours after the addition of NaBr buffer (p = 1.4 g/liter, adjusting
the final density to 1.21 g/liter) was performed, which shifted the
HDL fraction to the top.

The presence of conjugated thPBGD protein in each of the fractions
was determined by enzymatic activity (22) and by Western blot
analysis. Briefly, 15 ul of each lipoprotein fraction was mixed 1:3
with sample buffer [containing 50% glycerol, 10% SDS, 300 mM tris
(pH 6.8), and 0.05% bromophenol blue] and heated for 5 min at
95°C. For each sample, proteins were separated by 8% SDS-PAGE
and transferred to a nitrocellulose membrane (Whatman). The
membrane was blocked (5% milk in tris-buffered saline-Tween
20 (0.1% TBS-T)] for 1 hour at room temperature and washed three
times. Recombinant protein was detected using a rabbit polyclonal
antibody against PBGD diluted 1:200 (H-300, Santa Cruz Biotech-
nology) or with a goat polyclonal antibody against ApoAI diluted
1:400 (E-20, Santa Cruz Biotechnology) overnight at 4°C. Horseradish
peroxidase (HRP)-labeled secondary antibodies against rabbit
(Sigma-Aldrich) or goat (R&D Systems) immunoglobulin G (IgG),
respectively, were diluted 1:10,000; the membrane was then washed
again with 0.1% TBS-T; and the proteins were detected using a
Western Lightning Plus ECL kit (PerkinElmer) according to the
manufacturer’s instructions. Prestained protein standards with a
molecular mass range from 205 to 7 kDa were used (Bio-Rad).

Western blot, liver IHC, and hepatic PBGD activity

Female AIP mice received a single intravenous administration
(30, 60, or 300 nmol/kg, equivalent to 2.04, 4.08, or 20.4 mg/kg, re-
spectively) or three consecutive subcutaneous doses of recombinant
conjugated proteins (60 nmol/kg) (n = 5 per group). As a control,
female AIP mice groups received unconjugated PBGD (300 nmol/kg,
n = 4) or saline (n = 8). At sacrifice, mice were perfused with pre-
warmed phosphate-buffered saline to eliminate the blood from the
liver. For Western blot assay, liver samples were homogenized in
radioimmunoprecipitation assay (RIPA) lysis buffer [50 mM tris-HCI
(pH 7.4), 150 mM KCI, 0.1% SDS, 2% NP-40, 10 mM sodium
deoxycholate, and Protease Inhibitor Cocktail cOmplete 1X (Roche
Diagnostics S.L.)] and protein concentrations were determined
using the Bio-Rad Protein Assay Dye Reagent Concentrate Kit. Each
sample (30 to 50 pg) was resolved by 12% acrylamide gel for
SDS-PAGE and transferred to a polyvinylidene difluoride or nitro-
cellulose membrane. Membranes were blocked with 5% milk in TBS
containing 0.1% Tween 20 for 1 hour at room temperature and
incubated overnight at 4°C with the specific antibody: anti-PBGD
antibody (1:1000 dilution; Abcam, ab129092), anti-ApoAlI (1:500 dilu-
tion; Santa Cruz Biotechnology, sc-30089), and anti-GAPDH anti-
body (1:10,000 dilution; Cell Signaling Technology Inc., ref. 2118).
Then, blots were probed with HRP-conjugated anti-rabbit IgG
antibody (1:10,000 dilution; Cell Signaling Technology Inc., ref. 7074).
Signals were detected using a Western Lightning Plus ECL kit
(PerkinElmer). IHC to detect PBGD in hepatic tissue was performed
in formalin-fixed liver sections using a human PBGD antibody
(Novus Biologicals, NBP2-33600) as previously described (10). PBGD
enzyme activity was determined in fresh liver extracts as previously

9 of 12

202 ‘0€ Atenuer uoeireAeN ap PepsieAun e 610°80us 10 Mmm//sdny Wod) pepeojumod



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

reported (22). The exogenous PBGD expression was also monitored
in the liver by LC-MS/MS measurements. Mouse livers were homog-
enized in a buffer containing 100 mM ammonium bicarbonate and
8 M urea. Each sample was spiked with isotopically labeled signature
peptide specific for human PBGD (ASYPGLQFEITAMSTTGDK,
natural C and N atoms on lysine are fully replaced by 13C and 15N
isotopes, respectively; Thermo Pierce) as an internal standard. Mea-
surements were performed in the Thermo Easy 1000 nano-UPLC,
Orbitrap Fusion Mass Spectrometer, as previously described (32).

Brain PBGD activity

Transcardial perfusion with saline was performed at sacrifice to re-
move all blood from the brain. PBGD activity was determined in
fresh brain homogenates by the conversion ratio of PBG to uropor-
phyrin per hour, as previously described for liver samples (22). To
assess whether rhApoAI-PBGD was delivered to neurons or glia,
circulating into brain capillary or only incorporated in its endothelial
cell, an IHC with an anti-PBGD antibody was performed on frozen
brain samples.

Confocal microscopy

A total of 200,000 primary hepatocytes from male AIP mice
were seeded in glass coverslips previously covered with collagen
(Menzel-Glaser) in 12-well plates and starved for 4 hours before addi-
tion of the recombinant proteins rhApoAI-PBGD, rApoAI-PBGDms,
rhPBGD, or rPBGDms (200 uM). Cells treated with phosphate-buffered
saline were also analyzed as a negative control, and all conditions
were performed in duplicate. Four hours after the treatment, cells
were fixed with formaldehyde, washed three times, blocked with
2% bovine serum albumin and 3% normal goat serum, and incubated
with the PBGD antibody (1:800 in blocking solution) overnight at
4°C. The secondary antibody used for detection was an Alexa Fluor 488-
conjugated goat anti-rabbit IgG (1:400 dilution, 1 hour at room tem-
perature; Abcam, ab150077). Then, cells were washed and mounted
in mounting medium with 4',6-diamidino-2-phenylindole (DAPI).
Cells were viewed on an LSM 800 confocal microscope (Carl Zeiss
Microscopy S.L.). Pictures were taken with an AxioCam HR digital
camera, and images were acquired with the LSM acquisition software
(Carl Zeiss Microscopy S.L.).

Induction of acute porphyric attacks in AIP mice

and therapeutic effect of rhApoAl-PBGD or

rApoAl-PBGDms proteins

Pharmacodynamic studies were performed with male mice because
they have increased sensitivity to phenobarbital as evidenced by a
greater induction of hepatic ALAS1 and accumulation of precursors
after the phenobarbital challenge, as previously reported (33). The
therapeutic effect of hApoAI-PBGD and rhApoAI-PBGD was tested
in male AIP mice in which acute porphyric attacks were induced by
intraperitoneal administration of four increasing doses of pheno-
barbital at 24-hour intervals (75, 80, 85, and 90 mg/kg body weight).
After each phenobarbital dose, mice were housed in metabolic cages
to collect 24-hour urine samples. For porphyrin precursor measure-
ments, PBG was retained in buffer anion-exchange resin (BioSystems
SA) and eluted with acetic acid (1 M), and the Ehrlich’s reac-
tion product was spectrophotometrically quantified at 555 nm in
Ultrospec 3000 (Amersham Pharmacia Biotech). ALA was retained
in buffer cation-exchange resin (BioSystems SA) and eluted with
sodium acetate (1 M). The eluate was incubated in a boiling water
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bath for 10 min in the presence of acetylacetone to form PBG
and then measured as described above. An ALA standard that
followed the same cycling process allowed quantification and to
normalize the amount of precursor present in each study. Last,
daily urinary PBG and ALA excretion were normalized to urine
creatinine values.

Pain assessment, rotarod test (Ugo Basile 7650), and gait analysis
(10) were performed in mice 4 to 6 hours after the last phenobarbital
injection of each induced acute attack. Facial expression [orbital
tightening, nose bulge, cheek bulge, ear position, and whisker change
(34)] and other parameters such as abdominal grooming, motor
coordination, and respiratory distress were scored to quantify the
subjective experience of pain after each of the challenges. Neuromotor
impairment was measured analyzing the retention time on a rotarod.
Baseline retention time was 100% for each mouse, and results ob-
tained after the phenobarbital-induced acute attacks were plotted as
a percentage of basal retention time + SD. Action potential amplitude
of the sciatic nerve was measured for the long-term efficacy study
after four recurrent acute attacks on day 32, 8 hours after the last
phenobarbital dose.

RNA extraction and quantitative polymerase chain reaction (QPCR)
determination of hepatic expression of Alasl were performed as re-
ported (4). Briefly, mRNA was extracted from liver tissues using
TRIzol (Invitrogen, Thermo Fisher Scientific Inc.) and then con-
verted into complementary DNA (cDNA) by reverse transcription
PCR (RT-PCR). gPCR was performed using specific primers anneal-
ing [forward primer, 5'-CAAAGAAACCCCTCCAGCCAATGA-3’;
reverse primer, 5'- GCTGTGTGCCGTCTGGAGTCTGTG-3';
product length, 101 base pairs (bp)] and iQ SYBR Green Supermix
in an iQ5 real-time PCR detection system (Bio-Rad). The relative
amount of gene transcripts was calculated as the n-fold difference
compared to the control mouse B-actin gene as an internal control
(forward primer, 5'-CGCGTCCACCCGCGAG-3'; reverse primer,
5'-CCTGGTGCCTAGGGCG-3'; product length, 193 bp). Results
are expressed according to the formula 2A1ACtin) ~ ACHgeNe) | yohepe
ACt represents the difference in threshold cycle between the target
and control genes.

Anti-drug antibody enzyme-linked immunosorbent assay

In a multiwell plate (conical bottom plates) coated with antigen, 2.5 ul
of blood serum diluted 1:20 with assay diluent was deposited in wells
A and B. Then, samples were successively diluted 1:2 with assay
diluent from wells B to H. After adding the Protein A-HRP (0.5 mg;
Sigma-Aldrich, ref. P8651) in blocking solution with a 1:5000 dilu-
tion, and the enzyme substrate (TMB Substrate Reagent; BD Biosci-
ences, ref. 555214), absorbance was read at 450 nm. Serum samples
taken before protein administration were used as negative control,
and a commercial anti-PBGD antibody (Abcam, ab129092) was used
as positive control.

Statistical analyses

Results were plotted as means + SD. Data were transformed using
the formula log(1 + x) to normalize the variances. Student’s ¢ tests
were used to compare two groups, and differences between more
than two groups were detected using a one-way analysis of variance
(ANOVA). Pairwise comparisons were made using Bonferroni’s
multiple comparison tests. Differences were statistically significant
when P < 0.05. Statistical analyses were carried out with GraphPad
Prism 6.0 (GraphPad Software).
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