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Inherited metabolic disorders are often characterized by the lack of an essential enzyme and are currently treated by
dietary restriction and other strategies to replace the substrates or products of the missing enzyme. Patients with
homocystinuria lack the enzyme cystathionine β-synthase (CBS), and many of these individuals do not respond to current
treatment protocols. In this issue of the JCI, Bublil and colleagues demonstrate that enzyme replacement therapy (ERT)
provides long-term amelioration of homocystinuria-associated phenotypes in CBS-deficient murine models. A PEGylated
form of CBS provided long-term stability and, when used in conjunction with the methylation agent betaine, dramatically
increased survival in mice fed a normal diet. The results of this study provide one of the first examples of ERT for a
metabolic disorder and suggest that PEGylated CBS should be further explored for use in patients.
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Inherited metabolic disorders — 
limited therapeutic options
The introduction of tandem mass spec-
trometry–based diagnostic methods in 
this millennium has led to increased 
detection of inherited disorders of 
metabolism during newborn screening 
(1). The rising prevalence of these con-
ditions has emphasized the need for 
new treatments, which have previously 
been limited to dietary restrictions and 
cofactor supplementation. These strat-
egies are aimed at relieving the effects 
of an underlying enzyme deficiency and 
not the enzyme itself. Researchers have 
developed biologics with the goal of 
replacing the deficient enzyme, mainly in 
the form of enzyme replacement therapy 
(ERT) for lysosomal storage disorders 
(2). However, this same approach has 
not been readily applied to nonlysosomal 
metabolic disorders.

Homocystinuria was first described 
in 1962 as the constellation of tall, thin 
body type (so-called Marfanoid habitus), 

lens subluxation with high myopia, fre-
quent developmental disability, and risk 
for thrombosis and stroke (3). Soon after 
the initial description, cystathionine 
β-synthase (CBS) deficiency was char-
acterized as the underlying cause of this 
disorder. Loss of this enzyme results in 
elevated methionine and homocysteine, 
the latter of which is implicated in throm-
bogenesis (4). CBS resides at the inter-
section of the transmethylation, trans-
sulfuration, and remethylation pathways; 
therefore, CBS deficiency fundamentally 
blocks the degradation of homocysteine 
to cysteine (Figure 1B). Current thera-
peutic strategies focus on dietary restric-
tion of methionine and supplementation 
with pyridoxine, which serves as a CBS 
cofactor. Approximately 50% of patients 
with homocystinuria do not respond 
to these treatments and require more 
arduous dietary restriction and supple-
mentation with betaine to drive remeth-
ylation of homocysteine, with varying  
success (Figure 1).

Modified CBS for 
homocystinuria ERT
In this issue, Bublil and colleagues provide 
a new example of ERT (5). Specifically, they 
show that treating classic homocystinuria 
requires modification of the CBS amino 
acid sequence and PEGylation (conjuga-
tion with PEG) of the enzyme. Moreover, 
this ERT strategy achieved a more stable 
correction of homocystinuria in a CBS- 
deficient mouse model than did replace-
ment with nonmodified CBS. Homo-
cystinuria mice treated with PEGylated 
CBS exhibited a 75% reduction in homo-
cysteinemia and normalization of cysteine 
(Figure 1C). This impressive reduction 
suggests that use of the PEGylated CBS 
has promise to relieve the risk for throm-
bosis and to potentially reduce the risk for 
lens subluxation in patients detected by 
newborn screening.

The work of Bublil et al. represents a 
feat of bioengineering that has addressed 
several hurdles to ERT with CBS (5). 
PEGylation of CBS stabilized the sub-
cutaneously administered enzyme and 
led to a uniform reduction in plasma 
homocysteine levels in the treated mice. 
In contrast, unmodified CBS resulted 
in a variable and reduced effect. The 
plasma cystathionine concentration 
increased in correlation with decreased 
homocysteine in PEGylated CBS–treated 
mice, confirming that the homocysteine- 
lowering effect was from CBS activity. 
Homocysteine was reduced in target tis-
sues, including liver, kidney, and brain, 
demonstrating systemic correction fol-
lowing subcutaneous administration of 
PEGylated CBS. The addition of a second 
modification, mutation of the highly reac-
tive cysteine at position 15 to serine (CBS 
C15S), reduced the formation of CBS 
aggregates and promoted more uniform 
PEGylation of the recombinant enzyme. 
Evaluation of double-modified CBS, the 
methylation agent betaine, and the two 
treatments in combination revealed that 
both PEGylated CBS C15S and betaine 
independently reduced homocysteine in 
CBS-deficient mice; however, together, 
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ited disorders of amino acid metabolism, 
especially in combination with newborn 
screening and presymptomatic treatment.
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thrombosis and stroke (8). Betaine alone 
may be effective in nonresponsive patients 
for whom dietary therapy has been inef-
fective (9), and therefore ERT might not be 
needed for every nonresponsive patient.

More work will need to be done before 
ERT for homocystinuria is used in the 
clinic. Even if no unanticipated toxicities 
of PEGylated CBS are revealed, there 
are several limitations to the use of ERT 
in patients. ERT requires frequent injec-
tions, albeit these could be self-admin-
istered subcutaneously. Patients on ERT 
are also at risk for developing hypersensi-
tivity and neutralizing immune responses 
against the recombinant enzyme. Finally, 
the cost of these treatments is likely to 
remain high (10). However, the success of 
ERT for homocystinuria also forecasts the 
development of gene therapy such as that 
underway for lysosomal storage disorders 
to address these limitations (11). Over-
all, the development of ERT for homo-
cystinuria holds great promise for the 
treatment of this disorder and other inher-

the two treatments had synergistic 
effects and sustained the homocysteine 
reduction over a 3-week period. Finally, 
ERT with PEGylated CBS C15S prevented 
mortality and partially reversed hepatos-
teatosis, confirming the efficacy of this 
strategy in the mouse model.

Conclusions and future 
directions
The results of the study by Bublil and col-
leagues indicate that ERT has potential as 
an effective treatment for individuals with 
so-called nonresponsive homocystinuria 
that fails to respond to pyridoxine supple-
mentation and leads to developmental dis-
ability (6). The clinical relevance for an ERT 
strategy to treat nonresponsive individuals 
is great, given the severity of this form of 
the disease, which presents with earlier-on-
set lens subluxation and severe myopia 
(7). The treatment goal of reduced plasma 
homocysteine concentrations is critical 
for preventing homocystinuria-associated 
complications, including the recurrence of 

Figure 1. ERT for homocystinuria. (A) In healthy individuals, methionine from dietary sources is 
metabolized into homocysteine, which is then converted into cysteine by the enzyme CBS. (B) Homo-
cystinuria develops in individuals lacking CBS. Elevated homocysteine results in a variety of adverse 
effects, including thromboembolism, connective tissue disorders, Marfanoid habitus, osteoporosis, 
and cognitive impairment. Homocysteine and methionine are elevated to extremely high concentra-
tions. (C) In this issue, Bublil and colleagues developed a strategy for ERT (5). In a murine model of 
homocystinuria, a PEGylated form of CBS provided long-term reduction of homocysteine levels. More-
over, the introduction of a C15S mutation reduced aggregation of the recombinant, PEGylated enzyme.
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