
T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med  nejm.org 1

From the Lowy Medical Research Institute 
(M.L.G., K.E., R.F., J.T., S.G., S.H.-P., Y.I., L. 
Scheppke, M.I.D., M.K., M. Friedlander), 
University of California, San Diego (M.W., 
M.K.H., M. Baldini, M.G.B., C.M.M.), Scripps 
Research Institute (S.H.-P., Y.I., M.K., M. 
Friedlander), and Scripps Clinic Medical 
Group (M. Friedlander), La Jolla, and Point 
Loma Nazarene University, San Diego 
(M.I.D.) — all in California; Moran Eye 
 Center, University of Utah, Salt Lake City  
(L. Sauer, B.J.H., P.S.B.); Moorfields Eye Hos-
pital (T.F.C.H., C.E.) and University College 
London Institute of Ophthalmology (S.M.W., 
M. Fruttiger), London; Columbia University, 
New York (C.C., T.N., R.A.); Walter and Eliza 
Hall Institute of Medical Research, Parkville, 
VIC (R.B., M. Bahlo), Royal Victorian Eye and 
Ear Hospital (M.O.) and University of Mel-
bourne Centre for Eye Research (R.G.), Mel-
bourne, VIC, and the Save Sight Institute, 
University of Sydney, Sydney (M.G.) — all in 
Australia; and Massachusetts General Hos-
pital, Boston (F.E.). Address reprint requests 
to Dr. Friedlander at Lowy Medical Research 
Institute, 3366 N. Torrey Pines Ct., Suite 300, 
La Jolla, CA 92037, or at  friedlan@  scripps . edu.

Drs. Gantner, Eade, and Wallace and Drs. 
Bernstein, Metallo, and Friedlander con-
tributed equally to this article.

This article was published on September 11, 
2019, at NEJM.org.

DOI: 10.1056/NEJMoa1815111
Copyright © 2019 Massachusetts Medical Society.

BACKGROUND
Identifying mechanisms of diseases with complex inheritance patterns, such as 
macular telangiectasia type 2, is challenging. A link between macular telangiecta-
sia type 2 and altered serine metabolism has been established previously.

METHODS
Through exome sequence analysis of a patient with macular telangiectasia type 2 
and his family members, we identified a variant in SPTLC1 encoding a subunit of 
serine palmitoyltransferase (SPT). Because mutations affecting SPT are known to 
cause hereditary sensory and autonomic neuropathy type 1 (HSAN1), we examined 
10 additional persons with HSAN1 for ophthalmologic disease. We assayed serum 
amino acid and sphingoid base levels, including levels of deoxysphingolipids, in 
patients who had macular telangiectasia type 2 but did not have HSAN1 or patho-
genic variants affecting SPT. We characterized mice with low serine levels and 
tested the effects of deoxysphingolipids on human retinal organoids.

RESULTS
Two variants known to cause HSAN1 were identified as causal for macular telan-
giectasia type 2: of 11 patients with HSAN1, 9 also had macular telangiectasia type 
2. Circulating deoxysphingolipid levels were 84.2% higher among 125 patients with 
macular telangiectasia type 2 who did not have pathogenic variants affecting SPT 
than among 94 unaffected controls. Deoxysphingolipid levels were negatively cor-
related with serine levels, which were 20.6% lower than among controls. Reduction 
of serine levels in mice led to increases in levels of retinal deoxysphingolipids and 
compromised visual function. Deoxysphingolipids caused photoreceptor-cell death 
in retinal organoids, but not in the presence of regulators of lipid metabolism.

CONCLUSIONS
Elevated levels of atypical deoxysphingolipids, caused by variant SPTLC1 or SPTLC2 or 
by low serine levels, were risk factors for macular telangiectasia type 2, as well as for 
peripheral neuropathy. (Funded by the Lowy Medical Research Institute and others.)
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Understanding the pathophysiology 
of diseases with complex genetic inheri-
tance patterns is challenging. Macular 

telangiectasia type 2, which has a prevalence of 
0.0045% to 0.06%, is a rare macular disease that 
leads to loss of central vision, with the onset of 
symptoms occurring in the fifth or sixth decade 
of life.1-4 The condition has a strong genetic 
component, as evidenced by extended families 
having multiple affected family members.5 How-
ever, the inheritance pattern is not clear because 
of the variable penetrance and expressivity of the 
disease.6,7 Recent insights into macular telangi-
ectasia type 2 have come from genomewide as-
sociation and metabolomic studies, which have 
suggested that it is associated with low serine 
levels in blood.8 Serine is a substrate in numerous 
metabolic pathways, including protein, nucleotide, 
and lipid synthesis. Whether and how low levels 
of serine affect macular health is unknown.

Serine palmitoyltransferase (SPT) condenses 
serine and palmitoyl-CoA and is the rate-limiting 
enzyme in sphingolipid synthesis.9 Variants in 
the genes SPTLC1 and SPTLC2, encoding two SPT 
subunits, result in the increased synthesis of 
atypical deoxysphingolipids and are causative for 
the rare disorder hereditary sensory and auto-
nomic neuropathy type 1 (HSAN1).10-12 Deoxy-
sphingolipids are toxic to multiple cell types, es-
pecially neurons.10,13-17 In vitro studies have shown 
that deoxysphingolipids can also accumulate in 
the absence of mutations in SPTLC1 or SPTLC2 
when levels of serine are low.18 In this study, we 
investigated the role of deoxysphingolipids in 
macular telangiectasia type 2 and examined how 
a metabolic defect might lead to disease in both 
the eye and the peripheral nervous system.

Me thods

Study Participants and Genetic Analyses

We enrolled patients with macular telangiectasia 
type 2, HSAN1, or both conditions, as well as 
available family members and unaffected con-
trols; all participants provided written informed 
consent, and the study was approved by local 
institutional review boards. Clinical diagnoses 
were confirmed by experienced retina specialists 
at the Moorfields Eye Hospital Reading Centre 
who were not aware of previous diagnoses. Ge-
nomic DNA from patients with macular telangi-

ectasia type 2 and their family members was 
analyzed by exome sequencing. Exome sequence 
was captured with SeqCap EZ Exome, version 3. 
Raw sequence data were quality filtered with 
CASAVA (Illumina) and aligned to the Human 
Reference Genome, build hg19. All potentially 
disease-associated variants that were detected 
were confirmed by Sanger sequencing.

Clinical Examinations

All participants underwent dilated retinal exami-
nation and standard ophthalmic imaging, con-
ducted with the use of a Heidelberg Spectralis 
confocal imaging system. Dual-wavelength auto-
fluorescence macular pigment imaging and fluo-
rescence lifetime imaging ophthalmoscopy (FLIO) 
were performed with prototype instruments pro-
vided by Heidelberg Engineering.19

Statistical Analysis

Linear mixed models controlling for covariates 
with a significant effect on metabolite levels in 
plasma were used to assess differences in these 
levels between unaffected persons and persons 
with macular telangiectasia type 2. For all ex-
periments, P values from tests performed on the 
same data set were corrected for multiple testing 
by the Benjamini–Hochberg procedure. The re-
gression coefficient b represents the magnitude 
of the effect. (Additional details of the statistical 
analysis, as well as details of the experiments 
conducted in mice and cell culture, are provided 
in Supplementary Appendix 1, available with the 
full text of this article at NEJM.org.)

R esult s

HSAN1 and Susceptibility to Macular 
Telangiectasia Type 2

A 21-year-old man (Family Member III-3 [Family 1] 
in Fig. 1 and Table 1) presented with bull’s-eye 
maculopathy in both eyes. Clinical examination 
revealed findings diagnostic for macular telangi-
ectasia type 2, including parafoveal telangiectatic 
retinal vessels, “right angle” venules, retinal 
opacification, pigment clumping, low levels of 
macular carotenoid pigment, late and mild leak-
age on fluorescein angiography, blue light–reflec-
tance abnormalities, and intraretinal cysts and 
ellipsoid zone defects on optical coherence to-
mography (OCT). His parents and both siblings 
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were then examined, which led to a diagnosis of 
macular telangiectasia type 2 in the father (II-2). 
One sister (III-2) was described as “possibly af-
fected” because of reduced macular pigment and 
subtle parafoveal leakage as revealed by late-phase 
fluorescein angiography. The other sister (III-1) 
was not affected. The proband and his father 
and possibly affected sister reported having a 
familial peripheral neuropathy that had been 
diagnosed as Charcot–Marie–Tooth disease.

Exome sequencing revealed that these family 
members had the p.Cys133Tyr mutation in SPTLC1 
(variant NM_006415.3 [SPTLC1]: c.398G→A; ge-
nomic location, 9:92080045 [GRCh38]; ClinVar ac-
cession number, VCV000004800.1),20 which is di-
agnostic of the rare disorder hereditary sensory 
and autonomic neuropathy type 1A (HSAN1A).20 
The variant is pathogenic according to American 
College of Medical Genetics criteria for causality21 
and cosegregated with both macular telangiec-
tasia type 2 and HSAN1A in this family (Fig. 1B).

To determine whether HSAN1-associated mu-
tations are causal for macular telangiectasia 
type 2, we examined 10 consecutive patients with 
HSAN1 (including members of two additional 
affected families) who had no known relationship 
to the index family (Table 1, and Fig. S1 in Sup-
plementary Appendix 1). Six patients carried the 
p.Cys133Tyr mutation, two carried the p.Cys133Trp 
mutation in SPTLC1, and two carried the  
p.Ser384Phe mutation in SPTLC2, a variant previ-
ously shown to result in increased deoxysphingo-
lipid levels and to cause HSAN1C, a disease 
closely related to HSAN1A (Table 1).22 Macular 
telangiectasia type 2 is an orphan disease, affect-
ing approximately 1 in 5000 persons.3,4 We ob-
served macular telangiectasia type 2 in 9 of the 
13 patients with HSAN1 we examined (P = 2.2×10−16 
by one-sided binomial test). Of the remaining 
4 patients with HSAN1, 2 had abnormal macular 
features (III-2 in Family 1) or macular telangiec-
tasia type 2–associated changes (III-2 in Family 1 
and III-2 in Family 2). All 4 patients were younger 
than 50 years of age and were too young for a 
definitive diagnosis; they were also taking serine 
supplements, which may delay disease onset. 
The macular telangiectasia type 2 phenotype ob-
served in the patients with HSAN1 was typical of 
that observed in the patients without HSAN1. 
We further characterized 6 patients with HSAN1 
(including those graded as unaffected or possibly 

affected) with the use of FLIO. Each patient had 
changes characteristic of macular telangiectasia 
type 2 (parafoveal shifts to longer fluorescence 
lifetimes),19 whereas family members without 
HSAN1A-associated mutations had normal FLIO 
images (Fig. 1B, and Fig. S1B in Supplementary 
Appendix 1).

Family Members I-2 and II-1 in Family 3, who 
were carrying the p.Ser384Phe mutation in SPTLC2 
(causing HSAN1C22), also had a diagnosis of 
macular telangiectasia type 2 (Fig. S1 in Sup-
plementary Appendix 1). The two patients with 
HSAN1A who had the SPTLC1 p.Cys133Trp variant 
(Patient 2 and Patient 3), which is also associ-
ated with high deoxysphingolipid levels,18 were 
designated as not affected with macular telangi-
ectasia type 2. Both patients were younger than 
50 years of age.

Deoxysphingolipid Levels in Patients  
with Macular Telangiectasia Type 2

Although the majority of patients with macular 
telangiectasia type 2 do not have a pathogenic 
variant affecting either subunit of SPT, they have 
lower levels of serine in serum than do unaffected 
controls.8 Under low-serine conditions, alanine 
incorporation by SPT is increased, which results 
in the generation of deoxysphingolipids that lack 
the hydroxyl moiety critical for synthesis and 
degradation of more complex sphingolipids 
(Fig. 2A).9,23 To determine whether deoxysphin-
golipid levels are elevated in patients with macu-
lar telangiectasia type 2, we assayed amino acids 
and total hydrolyzed sphingoid bases in serum 
specimens from 125 nonconsanguineous patients 
with the condition and 94 unaffected controls 
(Table S1 in Supplementary Appendix 1). We had 
previously sequenced the exomes of these patients 
and found no pathogenic variants in SPTLC1 or 
SPTLC2.

We used linear mixed models to assess 
whether there were differences in metabolite 
levels between patients with macular telangiec-
tasia type 2 and unaffected controls. The effect 
of available covariates (ethnic group, sex at birth, 
age, collection site, and diabetes status) was es-
timated, and only significant covariates were 
included in the final model. We detected no 
significant differences in levels of sphinganine 
(b = 0.043, P = 0.476) but found that levels of se-
rum deoxysphinganine were, on average, 84.2% 
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higher in the cohort with macular telangiectasia 
type 2 (b = 0.611, P = 1.04×10−10), indicating that 
levels of these toxic lipids are elevated in the 
broader (non-HSAN1) population of patients with 
the condition (Fig. 2B and 2C; the data set for 

the graphs shown in Fig. 2 are provided in Sup-
plementary Appendix 2, available at NEJM.org). 
To address whether deoxysphingolipid levels cor-
related with disease severity, we analyzed the 
relationship between deoxysphingolipid levels 
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and a quantifiable anatomical abnormality, loss 
of the ellipsoid zone (representing a break in the 
OCT reflectance pattern). The extent of loss is 
known to correlate with function as assessed by 
microperimetry24-27 and hence can be used as a 
measure of disease progression. We found a posi-
tive relationship between ellipsoid-zone loss and 
deoxysphinganine levels in the 125 patients with 
macular telangiectasia type 2 (b = 0.148; 95% 
confidence interval, 0.004 to 0.299). (Additional 
details of these analyses are provided in Tables 
S2 through S6, S9, and S10 in Supplementary 
Appendix 1.)

Elevated deoxysphinganine levels have been 
reported in patients with type 2 diabetes,13,28 and 
patients with macular telangiectasia type 2 have 
a higher prevalence of type 2 diabetes than the 
general population.29 We therefore evaluated the 
relationship among these two conditions and de-
oxysphinganine levels. We found that deoxysphin-
ganine levels were not significantly higher in 
patients with macular telangiectasia type 2 who 
had type 2 diabetes than in those who did not 
have type 2 diabetes (b = 0.328, P = 0.07) (Table S5 
in Supplementary Appendix 1). Among persons 
who did not have macular telangiectasia type 2, 
levels did not differ significantly between those 
who had type 2 diabetes and those who did not 
(b = −0.116, P = 0.46). When patients with type 2 
diabetes were excluded from the entire group, 

Family and 
Patient No. Variant Affecting SPT Sex

Birth Year  
(Age in Years)

Macular Telangiectasia 
Type 2 Status FLIO

Serine 
Supplementation†

Family 1

III-3 SPTLC1 p.Cys133Tyr M 1994 (24) Affected Positive No

II-2 SPTLC1 p.Cys133Tyr M 1965 (53) Affected Positive No

III-2 SPTLC1 p.Cys133Tyr F 1992 (26) Possibly affected Positive No

Family 2

III-2 SPTLC1 p.Cys133Tyr F 1980 (38) Unaffected Positive Yes

II-2 SPTLC1 p.Cys133Tyr F 1951 (67) Affected Positive Yes

III-3 SPTLC1 p.Cys133Tyr M 1953 (65) Affected NT Yes

III-1 SPTLC1 p.Cys133Tyr M 1974 (44) Affected Positive Yes

IV-1 SPTLC1 p.Cys133Tyr F 1972 (46) Affected NT Yes

Patient 1 SPTLC1 p.Cys133Tyr F 1963 (55) Affected NT Yes

Family 3

II-1 SPTLC2 p.Ser384Phe M 1974 (44) Affected NT No

I-2 SPTLC2 p.Ser384Phe M 1953 (65) Affected NT No

Patient 2 SPTLC1 p.Cys133Trp F 1980 (38) Unaffected NT Yes

Patient 3 SPTLC1 p.Cys133Trp M 1973 (45) Unaffected NT Yes

*  FLIO denotes fluorescence lifetime imaging ophthalmoscopy, NT not tested, and SPT serine palmitoyltransferase.
†  The patients who received serine supplementation had been taking high-dose serine supplements for at least 1 year  before examination.

Table 1. Genetic and Clinical Features of Patients with Hereditary Sensory and Autonomic Neuropathy Type 1.*

Figure 1 (facing page). Macular Telangiectasia Type 2  
in Patients with Hereditary Sensory and Autonomic 
Neuropathy Type 1A (HSAN1A) and the SPTLC1 
p.Cys133Tyr Variant.

Panel A shows a pedigree of Family 1. Squares indicate 
male family members, and circles female family mem-
bers; a slash through a symbol indicates that the family 
member is deceased. A half-solid symbol indicates mac-
ular telangiectasia type 2, and a half-gray symbol indi-
cates HSAN1A. The quarter-solid symbol representing 
Family Member III-2 indicates possibly affected status. 
The amino acid status of SPTLC1 at position 133, as 
predicted on the basis of the genetic variants, is shown. 
Panel B shows ophthalmologic images of Family Mem-
bers III-3 (affected), III-2 (possibly affected), and III-1 
(unaffected), highlighting features of macular telangi-
ectasia type 2, including temporal right-angle vessels, 
parafoveal opacification, and pigment clumping. Late-
fluorescein angiographic images show strong parafo-
veal hyperfluorescence in III-3, subtle inferotemporal 
hyperfluorescence in III-2 (red arrowhead), and no hyper-
fluorescence in the unaffected family member, III-1. 
Fluorescence lifetime imaging ophthalmoscopy (FLIO) 
images of Family Member III-3 show a characteristic 
parafoveal blue ring of long FLIO lifetimes and redistri-
bution of the foveal macular pigment in an orange ring 
of short FLIO lifetimes around the macular telangiecta-
sia type 2 area. Family Member III-2 has a less intense 
blue parafoveal ring that is most pronounced at the same 
site where fluorescein staining was observed (white 
 arrowhead). The unaffected sister (III-1) has a normal 
FLIO with normal macular pigment (orange spot cen-
tered on the fovea) and no parafoveal blue ring. Tm(ps) 
denotes mean fluorescence lifetime in picoseconds.
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levels of deoxysphinganine were higher among 
patients with macular telangiectasia type 2 than 
among unaffected controls (b = 0.516, P = 9.3×10−07), 
which suggests that the elevation in deoxysphin-
ganine levels in patients with macular telangiec-
tasia type 2 is not driven by the greater number 
of patients with type 2 diabetes in this group 
(Table S1 in Supplementary Appendix 1).

Consistent with our previous findings,8 serine 
levels were significantly lower in serum speci-
mens from patients with macular telangiectasia 
type 2 than among controls, by 20.6% on aver-
age (b = −0.231, P = 6.63×10−10) (Fig. 2D). In addi-
tion, levels of deoxysphinganine showed the 
strongest correlations with levels of plasma ser-
ine (b = −1.27, P = 5.55×10−18) and alanine (b = 0.63, 

Figure 2. Deoxysphinganine and Serine Levels in Patients with Macular Telangiectasia Type 2.

Panel A shows the generation of deoxysphingolipids under various conditions. Double arrows denote two sequential reactions in the bio-
synthetic pathway. SPT denotes serine palmitoyltransferase, and SPTvar variant SPT. Panels B through D show the quantitative levels of 
the metabolites sphinganine (Panel B), deoxysphinganine (Panel C), and serine (Panel D) in serum from 125 patients with macular tel-
angiectasia type 2 (MacTel) and 94 controls; patients with known SPTLC1 or SPTLC2 variants were excluded. Data represented by the box-
and-whisker plots are the median, first and third quartiles, and 5th and 95th percentiles. Linear mixed modeling was performed for statis-
tical comparison. Panels E and F show correlation plots of serine and alanine levels, respectively, as compared with deoxysphinganine 
levels. The term rs denotes the Spearman rank correlation coefficient; the P values are from linear mixed models.
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P = 7.59×10−05) (Fig. 2E and 2F), associations that 
remained significant when we controlled for 
other covariates and macular telangiectasia type 2 
status. Patients with macular telangiectasia type 2 
had total deoxysphinganine levels that were 
similar to, and in some cases higher than, those 
of patients with HSAN1, which suggested that 
reduced serine levels are sufficient to increase 
deoxysphinganine to disease-associated levels. 
These results show that reduced levels of circu-
lating serine, regardless of the cause, result in 
accumulation of deoxysphinganine in serum in 
patients. (Additional details of these analyses 
are provided in Tables S6 through S10 and Fig-
ure S2A in Supplementary Appendix 1.)

We next determined the specific sphingolipid 
species that were represented in the total hydro-
lyzed deoxysphinganine pool and the way in which 
they were transported systemically (Fig. S2B and 
S2C in Supplementary Appendix 1). By compar-
ing levels of free deoxysphinganine with levels 
of hydrolyzed deoxysphinganine (the sum of free 
deoxysphinganine plus deoxydihydroceramide), 
we found that nearly 90% of the pool of de-
oxysphinganines was derived from deoxydihydro-
ceramide. When we measured the deoxysphin-
ganine levels in fractionated serum we found 
that, similar to other sphingolipids,30 deoxysphin-
ganines were complexed with the low- and very-
low-density lipoproteins, which suggests that 
the liver is the primary source of circulating 
deoxysphingolipids.

Low Serine Levels in a Mouse Model

We next tested whether low levels of circulating 
serine (macular telangiectasia type 2 phenotype) 
would be sufficient to increase tissue deoxysphin-
golipid levels. We fed 8-week-old male mice an 
isocaloric and isonitrogenous control diet or a 
diet that was depleted of serine and glycine (de-
pletion of glycine prevents its compensatory 
conversion to serine31). We found no appreciable 
difference in food consumption, body weight, or 
body composition between the two groups of 
mice (Fig. S3A through S3D in Supplementary 
Appendix 1). Mice that were fed a serine- and 
glycine-free diet had lower serine levels through-
out the day than did those that were fed the 
control diet (P = 9.3×10−14) (Fig. 3A).

The mice with low circulating serine levels 
had deoxysphinganine levels that were 3 times 
as high as those in the mice that were fed the 

control diet (P = 0.002) and had no change in 
sphinganine levels (Fig. 3B). We found a negative 
correlation between serine levels and deoxysphin-
ganine levels (r = −0.803). The retina and retinal 
pigment epithelium from mice that were fed the 
serine- and glycine-free diet also had elevated 
deoxysphinganine levels (P<0.001 and P = 0.006, 
respectively) (Fig. 3C and 3D). We examined the 
sciatic nerve and found a similar elevation in 
deoxysphinganine relative to the nerve in control 
mice (P = 0.04) (Fig. 3E). The ratio of deoxysphin-
ganine to sphinganine was also elevated in the 
plasma and tissues. (Additional details of these 
analyses are provided in Figure S3 in Supple-
mentary Appendix 1.)

Retinal and peripheral sensory deficits devel-
oped in mice that were fed the serine- and glycine-
free diet for 10 months. Electroretinographic 
measurements showed significant deficits in the 
photopic and flicker responses (P = 0.002 and 
P = 0.005, respectively) (Fig. 3F, 3G, and 3H, and 
Fig. S4 in Supplementary Appendix 1). Similar to 
a mouse model of HSAN1 in which mutant 
SPTLC1 was overexpressed,12 mice that were fed 
the depleted diet also had an elevated thermal 
latency threshold (P = 0.005) (Fig. 3I). A reduction 
in serine and glycine levels in plasma is sufficient 
to increase plasma and tissue levels of de-
oxysphingolipids and causes functional retinal 
and peripheral sensory deficits.

Retinal Toxicity of Deoxydihydroceramide

A characteristic late-stage manifestation of macu-
lar telangiectasia type 2 is the loss of photo-
receptors in the macula32; this process can be 
modeled in vitro with human induced pluripo-
tent stem cell–derived retinal organoids, which 
are stratified retinal tissues containing most of 
the major neural retinal cell types, including func-
tional photoreceptors and Müller glia (Fig. 4A).33 
Treatment of retinal organoids with deoxysphin-
ganine induced photoreceptor apoptosis in a dose-
dependent manner (Fig. 4B), with toxic effects at 
50 nmol per liter (P = 0.03), a concentration de-
tected in patients with macular telangiectasia 
type 2 and HSAN1 (Fig. S2A in Supplementary 
Appendix 1). In contrast, toxic effects were not 
observed when organoids were treated with two 
distinct deoxysphingosine species.34 Inhibition of 
ceramide synthase with fumonisin B1 prevented 
deoxysphinganine-induced cell death (P = 6×10−16) 
(Fig. 4C and 4D), indicating that the toxic effects 
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Figure 3. Serine and Deoxysphinganine Levels and Retinal and Peripheral Neural Defects in Wild-Type Mice.

Panel A shows serine levels in plasma measured in mice that were fed a control diet or serine- and glycine-free diet 
for 2 weeks (5 mice in each group). Panels B through E show the quantification of total hydrolyzed deoxysphinganine 
in plasma and in the indicated tissues in mice that were fed a control diet or a serine- and glycine-free diet for 3 months 
(5 mice in each group). Deoxysphinganine levels are normalized to the milligrams of tissue protein. RPE denotes 
retinal pigment epithelium. Panels F and G show electroretinographic (ERG) measurements of photopic responses 
to a flash in light-adapted mice that were fed a control or a serine- and glycine-free diet for 10 months (8 to 10 eyes 
in each group). Panel H shows representative photopic flicker responses from mice that were fed a control or a ser-
ine- and glycine-free diet. Panel I shows peripheral neural function evaluated by hot-plate assay indicating “time to 
flick” (i.e., time to a visible reaction to a thermal stimulus) in mice that were fed a control or a serine- and glycine-
free diet for 10 months (8 mice in each group). Data represented by the box-and-whisker plots are the median, first 
and third quartile, and minimum and maximum values. P values were determined with Student’s t-test and correct-
ed for multiple testing by the Benjamini–Hochberg procedure (Tables S14 and S15 in Supplementary Appendix 1).
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were due to one or both of its downstream prod-
ucts, deoxydihydroceramide and deoxyceramide 
(Fig. 4D). To distinguish between these, we 
quantified ceramide species after treatment with 
deoxysphinganine, sphinganine, sphingosine, or 

either species of deoxysphingosine and found 
that only the levels of deoxydihydroceramide 
correlated with toxicity. (Additional details of 
these analyses are provided in Figures S5 through 
S7 in Supplementary Appendix 1.)

Figure 4. Effect of PPAR-α Agonist Fenofibrate on Deoxysphingolipid Toxicity in Human Photoreceptors.

Panel A, subpanel a shows live bright-field image of human retinal organoid tissue showing outer segments (OS) projecting from the 
outer nuclear layer (ONL); subpanels b through d show representative confocal images of cell death (indicated by terminal deoxynucleo-
tidyl transferase dUTP nick end labeling [TUNEL] staining) within the photoreceptors (indicated by the presence of α-recoverin) of the 
retinal organoid ONL after 4 days of treatment with control media (subpanel b), deoxysphinganine (1 μmol per liter) (subpanel c), or de-
oxysphinganine (1 μmol per liter) plus fenofibrate (20 μmol per liter) (subpanel d). Blue staining with 4′,6-diamidino-2-phenylindole (DAPI) 
indicates the presence of cell nuclei. Panel B shows the toxicity dose response of deoxysphinganine in retinal organoids. Cell death was 
quantified in human photoreceptors cultured in varying concentrations of deoxysphinganine for 8 days (9 per group) (Table S15 in Sup-
plementary Appendix 1). Panel C shows pharmacologic rescue of deoxysphinganine toxicity. Cell death was quantified in human photo-
receptors after treatment with control media (6 organoids), deoxysphinganine (1 μmol per liter) (22 organoids), deoxysphinganine (1 μmol 
per liter) plus fumonisin B1 (35 μmol per liter) (12 organoids), or deoxysphinganine (1 μmol per liter) plus fenofibrate (20 μmol per liter) 
(21 organoids). Bar graphs with T bars indicate the means and standard errors. P values were determined with the Wald test on a linear 
regression analysis. Cell death (the number of dead cells within the defined area) was normalized by a square-root transformation. Model 
assumptions were assessed with model diagnostics plots (Tables S16 and S17 in Supplementary Appendix 1). Panel D shows the steps 
in the ceramide–deoxyceramide pathway, including the interaction of fumonisin B1 and fenofibrate. Both pathways share the enzymes 
shown in gray. Deoxysphingosine is degraded through ω-hydroxylation; it cannot be degraded through the sphingosine-1-phosphate 
(S1P) pathway. Double arrows denote two sequential reactions in the biosynthetic pathway. CerS denotes ceramide synthase, and SPT 
serine palmitoyltransferase.
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Fenofibrate and Deoxysphingolipid-Induced 
Retinal Toxicity

We sought to ameliorate the toxic effects of de-
oxydihydroceramide with the use of the peroxi-
some proliferator-activated receptor α (PPAR-α) 
agonist fenofibrate (Fig. 4D). Fenofibrate has been 
shown to stimulate degradation of deoxysphin-
golipids in a human embryonic kidney cell line 
and has been used to reduce deoxysphinganine 
levels in patients with dyslipidemia.35,36 We found 
that concurrent treatment of retinal organoids 
with fenofibrate at a concentration of 20 μmol 
per liter decreased deoxysphinganine-induced cell 
death in photoreceptors by approximately 80% 
(P = 1.85×10−13) (Fig. 4A and 4C).

Discussion

In addition to finding that altered amino acid 
and sphingolipid metabolism were the basis of 
the photoreceptor loss in patients with macular 
telangiectasia type 2, we have expanded the defi-
nition of diseases caused by variants in SPTLC1 
or SPTLC2 and have shown a link between abnor-
mal systemic serine metabolism and tissue-spe-
cific disease. HSAN1-associated variants in these 
genes lead to pathologic accumulation of de-
oxysphinganine; our data show that these muta-
tions also cause macular telangiectasia type 2. 
The vast majority of patients with macular telan-
giectasia type 2 do not have variants in SPTLC1 
or SPTLC2, but these patients do have low serine 
levels and elevated deoxysphingolipid levels. Re-
ducing circulating serine in mice is sufficient to 
increase deoxysphingolipid levels and cause func-
tional defects in the retina and peripheral nerves. 
We therefore conclude that elevated deoxysphin-
golipid levels can cause macular disease in the 
broader population of patients with macular 
telangiectasia type 2, as well as in patients with 
HSAN1.

We do not know why serine levels are sys-
temically low in patients with macular telangiec-
tasia type 2. Given that serine is central to nu-
merous metabolic pathways, the genetic regulators 
are probably diverse. A genomewide association 
study identified loci associated with the condi-
tion within or near two of the three genes in-
volved in de novo serine synthesis — PHGDH and 
PSPH8 — which supports speculation that perhaps 
serine synthesis is impaired in some patients. 

Perhaps, as well, some patients have elevated 
levels of deoxysphingolipids because of high ala-
nine levels or impaired lipid degradation. The 
multiple means of regulating serine and de-
oxysphingolipid levels may reflect the genetic 
heterogeneity observed in macular telangiectasia 
type 2. Variations in environmental factors, such 
as diet, could also explain the variable penetrance 
of macular telangiectasia type 2 in families.

Although elevated levels of deoxysphingo-
lipids are known to be cytotoxic,10,13,28,37 the mech-
anism of their toxicity is not fully understood. 
Deoxysphingolipids have been reported to dis-
rupt mitochondrial function.16 In this study, we 
have shown that these lipids are toxic to human 
photoreceptors and identified deoxydihydrocera-
mide as the main neurotoxic species. It accounted 
for nearly 90% of the hydrolyzed deoxysphinga-
nine measurements in serum from patients. 
Further work is needed to understand the mech-
anism of retinal toxicity and the potential in-
volvement of other sphingolipid metabolites. 
Although deoxysphinganine accumulation is ob-
served systemically, it is not clear why the macu-
lar region of the retina and the extremities of the 
somatosensory nervous system are preferentially 
affected, but their unique metabolic demands 
could make them particularly vulnerable.

Abnormal serine metabolism, leading to in-
creased levels of deoxysphingolipids, may repre-
sent a broader “serineopathy” class of diseases 
that includes both retinal and peripheral neu-
ropathies, and so it might be expected that pa-
tients with macular telangiectasia type 2 would 
also be at risk for peripheral neuropathies. Elevat-
ed deoxysphingolipid levels have been reported 
in patients with diabetes and may contribute to 
diabetic retinopathy and peripheral neuropathy,28 
which are common complications of diabetes. 
Although deoxysphingolipid levels can be re-
duced by systemically administering serine or 
fenofibrate,18,36 we caution against prescribing 
serine or fenofibrate to patients with macular 
telangiectasia type 2, given the complex genetic 
etiology of the condition and the genetic diver-
sity in the patient population.

We have used a detailed patient registry, ge-
netic and metabolomic analyses, and mouse and 
organoid models to uncover a link among macu-
lar telangiectasia type 2, HSAN1, and deoxysphin-
golipids. In so doing, we established a connection 
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between central and peripheral neuropathies, as 
well as between plasma amino acid levels and 
these disorders.
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