
Regular Article

IMMUNOBIOLOGY AND IMMUNOTHERAPY

Severely impaired CTL killing is a feature of the
neurological disorder Niemann-Pick disease type C1
Daniela Castiblanco,1,* Jesse A. Rudd-Schmidt,1,* Tahereh Noori,1 Vivien R. Sutton,2 Ya Hui Hung,3 Thijs W. H. Flinsenberg,1

Adrian W. Hodel,1 Neil D. Young,4 Nicholas Smith,5,6 Drago Bratkovic,7 Heidi Peters,8 Mark Walterfang,3,9,10,†

Joseph A. Trapani,2,11,† Amelia J. Brennan,1,11,† and Ilia Voskoboinik1,11,†

1Killer Cell Biology Laboratory and 2Cancer Cell Death Laboratory, Cancer Immunology Program, Peter MacCallum Cancer Centre, Melbourne, Australia;
3Oxidation Biology Unit, Melbourne Dementia Research Centre, Florey Institute of Neuroscience and Mental Health and University of Melbourne, Parkville,
Australia; 4Faculty of Veterinary and Agricultural Sciences, University of Melbourne, Parkville, Australia; 5Neurology and Clinical Neurophysiology, Women’s
and Children’s Hospital, North Adelaide, Australia; 6Paediatric Neurodegenerative Disease Research Group, Discipline of Paediatrics, University of Adelaide,
Adelaide, Australia; 7Metabolic Clinic, Women’s and Children’s Hospital, North Adelaide, Australia; 8Metabolic Medicine, Royal Children’s Hospital, Parkville,
Australia; 9Neuropsychiatry Unit, Royal Melbourne Hospital, Melbourne, Australia; and 10Melbourne Neuropsychiatry Centre and 11Sir Peter MacCallum
Department of Oncology, University of Melbourne, Parkville, Australia

KEY PO INTS

� Patients with the
neurological lysosomal
storage disorder NP-CI
have severely impaired
CTL killing.

Niemann-Pick disease type C1 (NP-C1) is a rare lysosomal storage disorder resulting from
mutations in an endolysosomal cholesterol transporter, NPC1. Despite typically presenting
with pronounced neurological manifestations, NP-C1 also resembles long-term congenital
immunodeficiencies that arise from impairment of cytotoxic T lymphocyte (CTL) effector
function. CTLs kill their targets through exocytosis of the contents of lysosome-like
secretory cytotoxic granules (CGs) that store and ultimately release the essential
pore-forming protein perforin and proapoptotic serine proteases, granzymes, into the

synapse formed between the CTL and target cell. We discovered that NPC1 deficiency increases CG lipid burden,
impairs autophagic flux through stalled trafficking of the transcription factor EB (TFEB), and dramatically reduces CTL
cytotoxicity. Using a variety of immunological and cell biological techniques, we found that the cytotoxic defect arises
specifically from impaired perforin pore formation. We demonstrated defects of CTL function of varying severity in
patients with NP-C1, with the greatest losses of function associated with the most florid and/or earliest disease
presentations. Remarkably, perforin function and CTL cytotoxicity were restored in vitro by promoting lipid clearance
with therapeutic 2-hydroxypropyl-b-cyclodextrin; however, restoration of autophagy through TFEB overexpression
was ineffective. Overall, our study revealed that NPC1 deficiency has a deleterious impact on CTL (but not natural
killer cell) cytotoxicity that, in the long term, may predispose patients with NP-C1 to atypical infections and impaired
immune surveillance more generally.

Introduction
The ubiquitously expressed endolysosomal protein Niemann-Pick
C1 (NPC1) is a key mediator of low-density lipoprotein–derived
cholesterol transport from the lysosome lumen to other
cellular compartments.1,2 Biallelic deleterious mutations in
NPC1 lead to the progressive fatal neurodegenerative disor-
der Niemann-Pick disease type C1 (NP-C1), in which unesteri-
fied cholesterol and sphingolipids accumulate in lysosomes
and late endosomes, dysregulating lipid homoeostasis and
adversely affecting many cell lineages.3 The most common
and prominent disease features are neurological and may
include ataxia, dystonia, vertical supranuclear gaze palsy, cog-
nitive regression, and neuropsychiatric illness, with hepatos-
plenomegaly being the predominant visceral manifestation.4

The clinical severity of NP-C1 varies considerably, with some
patients developing fatal systemic disease early in life and
others (with milder manifestations) diagnosed in adolescence

or even adulthood.5 Progress has recently been made in
understanding the molecular impact of a handful of common
mutations and their associations with disease phenotype, but
the full spectrum of genotype-phenotype correlations for
most of the reported mutations is unknown.6,7

Molecular and cellular studies of NPC1 deficiency have shown
that the progressively increased lipid burden in the endolyso-
somes both affects the performance of this compartment and
impairs autophagy8 as the cells accumulate autophagic
vesicles.9-11 Despite the critical role that lysosomes and autoly-
sosomes play in many immune functions, few studies have inves-
tigated the effect of NPC1 deficiency on immune cells,12-15 and
no attention has been paid to CD81 cytotoxic T lymphocytes
(CTLs). These cells are a key component of adaptive immunity;
they recognize and eliminate virus-infected or neoplastic cells16

through the cytotoxic granule (CG) exocytosis cell death path-
way. The complete congenital loss of CTL cytotoxicity as a result
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of any of several gene mutations is almost invariably fatal in
infancy, whereas partial loss of function is strongly associated
with immune-mediated disorders later in life, many of which can
be cryptic and difficult to diagnose.17 Intriguingly, these forms
of CTL deficiency may present with unexplained hepatospleno-
megaly or, less commonly, interstitial inflammatory lung
disease.18

CGs are specialized acidic lysosome-like vesicles necessary for
storage of a cocktail of essential cytotoxic effector molecules,
proapoptotic serine proteases (granzymes [Gzms]), and the
pore-forming protein perforin (Prf).19 Target-cell engagement
triggers cytoskeletal rearrangements in the CTL that drive both
the directional trafficking of CGs toward the immunological syn-
apse (polarization) and their fusion with the plasma membrane,
which enables the release of their cytotoxic cargo into the syn-
aptic cleft. Once secreted, Prf binds to the target-cell mem-
brane, then inserts itself and oligomerizes into large
transmembrane pores,20-22 through which Gzms diffuse into the
target-cell cytosol,21 where they initiate a variety of hierarchically
arranged cell death pathways.23

Given that the CG-dependent secretory pathway is essential for
CTL function, we posed a key question: does the disturbed lipid
homoeostasis caused by NPC1 deficiency adversely affect CTL
function by disrupting endolysosomal structure and function? By
investigating primary T cells from patients with NP-C1 and trans-
genic Npc12/2 mice, we discovered that NPC1 deficiency dra-
matically impairs CTL-mediated cytotoxicity. Surprisingly, this
was caused by lipid accumulation in CGs, which impaired the
ability of Prf to disrupt the target-cell membrane, rather than by
stalled autophagy. Our findings identify a previously unrecog-
nized T-cell immune insufficiency in patients with NP-C1 and
raise the possibility that other inborn errors of lysosomal lipid
storage/trafficking may affect CTL function via a similar
mechanism.

Methods
Mouse models
BL/6 and BL/6.OTI and BALB/c-Npc1m1N (Npc12/2)24 mice
were crossed with BALB/c mice, which are transgenic for a T-cell
receptor specific to an epitope of hemagglutinin IYSTVASSL
(BALB/c.CL4), resulting in Npc12/2.CL4. Antigen-specific CD81

T cells were generated using a standard protocol as previously
described.25 Gene knockout (KO) using CRISPR/Cas9 was car-
ried out as previously described.26 Proteins were overexpressed
in primary mouse CTLs as previously described.20

CAR T cells
Human chimeric antigen receptor (CAR) T cells expressing
human epidermal growth factor receptor 2 (HER2) CAR were
generated from freshly isolated peripheral blood mononuclear
cells as previously described.27

CTL/natural killer cell functional assays
Standard 4-hour chromium-51 release cytotoxicity and degranu-
lation assays were conducted as previously described.27

Microscopy
The cells were imaged with a Nikon C2 confocal microscope
equipped with 405-/488-/561-/640-nm laser diodes or a Zeiss
Elyra PS.1 microscope. All images were processed using Fiji-
ImageJ or Imaris 9.6 software. Volocity 3D Image Analysis
software was used to calculate protein and lipid colocaliza-
tion.28 Time-lapse microscopy was conducted as previously
described.21 For transmission electron microscopy (TEM), cells
were imaged with a JEOL 1400 Flash electron microscope
and quantified with Fiji-ImageJ.29 Detailed settings and analy-
ses are described in the data supplement.

Ethics
Studies were approved by the Peter MacCallum Cancer Centre
Animal Ethics (#E655) and Human Ethics Committees (#01/14),
Royal Children’s Hospital Human Ethics Committee (#33146A),
and Royal Melbourne Hospital Human Ethics Committee
(#2020.345).

Statistical analysis
Statistical analysis was carried out in Prism-8.1.1. For 2 groups,
statistical significance was assessed using an unpaired t test or,
in the absence of Gaussian distribution, Mann-Whitney U test.
For .2 groups, we used 1-way analysis of variance with post
hoc Bonferroni correction or, in the absence of Gaussian distri-
bution, a Kruskal-Wallis test. *P , .05, **P , .01, ***P , .001,
and ****P , .0001. Data are shown as mean 6 standard devia-
tion unless stated otherwise. Detailed methodology is provided
in the data supplement.

Results
Npc1-deficient CTLs have reduced cytotoxicity
but exhibit normal degranulation
To study the effect of Npc1 deficiency on CTL cytotoxicity, we
used BALB/c-Npc1m1NJ mice that were also transgenic for a
T-cell receptor (CL4) that recognizes the hemagglutinin peptide
antigen IYSTVASSL30 presented on syngeneic (H-2d) major histo-
compatibility complex class I (Npc12/2.CL4; supplemental
Figure 1A). To assess the cytotoxicity of Npc12/2.CL4 CTLs, we
measured the death of (H-2d) CT-26 peptide-pulsed target cells
in a 4-hour chromium-51 release assay. Approximately 10 times
as many Npc12/2.CL4 as Npc11/1.CL4 CTLs were required to
kill an equivalent number of target cells, indicating that the cyto-
toxicity of Npc12/2.CL4 CTLs was reduced by .85% (Figure
1A). This was intrinsic to Npc12/2 CTLs (supplemental Figure
1B-D), which were indistinguishable from wild-type (WT)
Npc11/1.CL4 CTLs with respect to their proliferation and activa-
tion in response to antigen (supplemental Figure 1E-G). To vali-
date these findings in a different mouse strain, we used CRISPR-
Cas9 to disrupt (ie, knock out) Npc1 in primary BL/6.OTI CD81

T cells (supplemental Figure 2A) and again observed .90%
reduction in the killing of SIINFEKL-loaded EL-4 (H-2Kb) target
cells by the Npc1-KO CTLs (Figure 1B; supplemental Figure 2B).
Together, these results demonstrate that the loss of Npc1 has a
direct and markedly negative impact on CTL cytotoxicity.

Reduced cytotoxicity was not due to deficient expression or
storage of cytotoxic effector proteins Prf and GzmB,
which were expressed at the same or higher level, respectively,
in Npc12/2.CL4 CTLs compared with Npc11/1.CL4 cells
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Figure 1. Murine Npc12/2.CL4 CTLs have reduced cytotoxic activity. (A) Chromium-51 (51Cr) release assay at the effector-to-target (E:T) ratios indicated shows
.85% reduction in Npc12/2.CL4 cytotoxic activity compared with Npc11/1.CL4 CTLs, because equal killing efficiency was observed at 5:1 and 0.75:1 E:T ratios,
respectively (shown with a dotted line). Values plotted are standardized to maximal killing observed in Npc11/1.CL4 at 10:1 E:T ratio and set at 100% (average
cytotoxicity at 10:1 E:T ratio was 54% 6 13% [mean 6 standard deviation of n 5 5 independent experiments]). Each value shown represents mean 6 standard error of
the mean (SEM; n 5 5). (B) Npc1 gene was knocked out in primary CTLs by CRISPR/Cas9 (supplemental Figure 2A) 51Cr release assay using day-6 activated CTLs
transfected on day 0 with nontargeting guide RNA (NT) and Npc1-targeting guide RNA (Npc1 KO), and target EL-4 cells at the E:T ratios indicated shows decreased
cytotoxic activity of Npc1-KO cells. Values plotted are standardized to maximal killing observed in NT at 10:1 E:T ratio and set at 100% (average cytotoxicity at 10:1 E:T
ratio was 82.6% 6 21.7% [mean 6 SEM of n 5 3 independent experiments]). (C) Confocal immunofluorescence microscopy shows colocalization of GzmB (green) and
LAMP-1 (magenta). GzmB/Lamp1 colocalization (n 5 3 biological replicates per genotype; right), mean biological replicates (inset), and number of CGs estimated by
computational 3-dimensional re-creation (Imaris vesicles) based on GzmB staining. (D) Degranulation assay was conducted by coincubating CD81 T cells with CT-26
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(supplemental Figure 2C-D), and both proteins were colocalized
in the same LAMP-11 vesicular compartment (Figure 1C; supple-
mental Figure 2E). Next, we assessed the ability of Npc12/2.CL4
CTLs to undergo CG exocytosis after cognate target-cell recog-
nition. Unexpectedly, Npc12/2.CL4 cells displayed significantly
higher cell surface LAMP-1 levels (a marker of CTL degranula-
tion) than Npc11/1.CL4 CTLs after coincubation with cognate
target cells (Figure 1D); this was probably in part due to higher
LAMP-1 expression in Npc12/2 CTLs than in WT cells (supple-
mental Figure 2F). The loss of Npc1 also had no effect on the
microtubule-organizing center or CG polarization toward the
immune synapse (supplemental Figure 2G). Finally, Npc1-defi-
cient CTLs were capable of secreting their CG content into the
synapse; by using live-cell TIRF microscopy, we found that
Npc12/2 CTLs released more GzmB than their WT counterparts
(Figure 1E; supplemental Figure 3; supplemental Movies 1 and
2), consistent with the higher GzmB expression (supplemental
Figure 2D) and more efficient degranulation (Figure 1D).

Overall, our findings left us with the paradox that Npc12/2.CL4
CTLs have a dramatically diminished capacity to kill target cells
but possess adequate levels of cytotoxic Prf and GzmB and
functional cellular machinery for subcellular CG trafficking, mem-
brane fusion, and exocytosis.

CGs of Npc12/2.CL4 CTLs are confined in
lipid-dense autophagic structures
While carrying out immunofluorescence confocal microscopy,
we noticed that the CGs from Npc12/2.CL4 CTLs were morpho-
logically different from those in Npc11/1.CL4 cells. As demon-
strated by Prf and GzmB staining, Npc12/2.CL4 CGs were
enlarged and clustered in comparison with the typically discrete
and punctate CGs found in Npc11/1.CL4 CTLs (Figure 1C; sup-
plemental Figure 2E). A computer-generated 3-dimensional
reconstruction based on input microscopy data31 confirmed the
CGs in Npc12/2.CL4 CTLs to be significantly larger (Figure 2A),
and there were also fewer per cell (Figure 1C). We hypothesized
that the enlarged CGs might result from the increased endolyso-
somal lipid burden that characterizes Npc1-deficient cells.32

Staining with filipin III, which binds to nonesterified cholesterol
(Figure 2B), or with fluorescent cholera toxin B confirmed that
the Npc12/2.CL4 CTLs contained many cholesterol-rich vesicles
and that their CGs were enriched for GM1 and GzmB (Figure
2C-E), in stark contrast to Npc11/1.CL4 CTLs, the CGs of which
contained marginal levels of cholesterol and GM1 (Figure 2B-E).

To further understand the nature of the enlarged Npc12/2.CL4
CGs, we used TEM and also observed large membrane-
enclosed structures (Figure 3A, right) that resembled autolyso-
somes, previously observed in unstimulated splenocytes of
Npc12/2 mice.33 We also noticed that some of these structures
contained CGs with an electron-dense core (Figure 3B), which
we previously showed to be essential for Prf and GzmB
retention within CTLs.34 However, distinct from WT CTLs,
Npc12/2-deficient CGs were consistently located within the

autophagosomal structures in Npc12/2.CL4 CTLs. This led us to
the hypothesis that the enlarged, lipid-packed organelles (Figure
2B-C) might correspond to the aberrant autolysosome-like struc-
tures observed by TEM (Figure 3A-B). To test this, we assessed
the global autophagy marker LC3-B in Npc11/1.CL4 and
Npc12/2.CL4 CTLs (Figure 3C). We found that both the intracel-
lular level and the area per cell occupied by LC3-B were signifi-
cantly increased in mutant compared with WT CTLs (Figure 3D),
consistent with our TEM observations. Importantly, we also
found a significant colocalization of GzmB and LC3-B in
Npc12/2.CL4 CTLs (Figure 3C-E), consistent with the encapsula-
tion of CGs inside autolysosomes (Figure 3A-B). Taken together,
these results suggest that Npc12/2.CL4 CTLs undergo abnormal
autophagy, which results in confinement of cholesterol, GM1,
and Prf/GzmB-containing CGs within enlarged autolysosome-
like structures.

Induced nuclear translocation of TFEB in Npc12/2

CTLs corrects the autophagic defect but does not
restore cytotoxicity
We next explored whether confinement of the CGs within aber-
rant autolysosomes was responsible for the impaired cytotoxicity
of Npc12/2.CL4 CTLs. The enlargement and abnormal complex-
ity of these organelles and the intracellular accumulation of
LC3-B were consistent with stalled autophagic flux, which was
previously reported in Npc1-deficient endothelial cells.10 Auto-
phagic defects are associated with the abnormal expression
and/or subcellular localization of the transcription factor EB
(TFEB) in a number of neurodegenerative and lysosomal storage
disorders.35 TFEB is a master regulator of lysosomal biogenesis
and autophagy cross talk, coordinating key aspects of both
pathways, including the formation and fusion of lysosomes and
autolysosomes and the overall progression of autophagic
flux.36,37 We therefore asked whether the accumulation of
abnormal autophagic structures in Npc12/2 CTLs was associ-
ated with impaired TFEB expression and/or its nuclear transloca-
tion. We determined that in WT quiescent CD81 T cells, TFEB is
localized exclusively in the cytosol, but it shifts into the nucleus
upon antigen stimulation, reaching its maximum nuclear pres-
ence by 72 hours (supplemental Figure 4A). Therefore, we
assessed TFEB cellular localization in Npc11/1 and Npc12/2

CTLs before and after 3 days of activation. Remarkably, western
immunoblotting and immunofluorescence microscopy revealed
that in stark contrast to WT CTLs, TFEB was excluded from the
nuclear fraction in activated Npc12/2 cells (Figure 4A; supple-
mental Figure 4A-B, top).

It was recently shown that overexpression and enforced nuclear
localization of TFEB can reduce autophagic vesicle accumulation
in Npc1-deficeint epithelial cells,38 so we tested whether the
same approach would restore cytotoxicity to Npc1-deficient
CTLs. To induce the nuclear targeting of TFEB, we overex-
pressed TFEB in BL/6.OTI CTLs in which the Npc1 gene had
been knocked out using CRISPR/Cas9 (supplemental Figure 4B,
middle and bottom). Remarkably, TFEB overexpression restored

Figure 1 (continued) targets in the presence or absence of the cognate antigenic peptide. CD81 T-cell degranulation was assessed by measurement of LAMP-1
(CD107a) externalization on CD81 T cells. Summary of degranulation assays using n 5 5 Npc11/1 and n 5 9 Npc12/2 mice. (E) Total internal reflection fluorescence
(TIRF) microscopy reveals that day-4 Npc12/2 CTLs release more GzmB than Npc11/1 cells, when added to anti-CD3/CD28–coated coverslips. GzmB (blue) was
detected by anti-GzmB Alexa 647; both cell types were sorted to achieve the same levels of expression of LifeAct mScarlet (red). Shown in each frame (separated by a
white line) are 4 tiled images obtained at that time point. Scale bar, 10 mm. Full time course is shown in supplemental Figure 3 and in supplemental Movies 1 and 2.
Detailed description of microscopy and analysis is provided in the data supplement. **P , .01. DAPI, 49,6-diamidino-2-phenylindole; ns, not significant.
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the morphology of the CGs in Npc1-KO CTLs; they became
indistinguishable from WT cells transfected with NT (Figure
4B-C; supplemental Figure 4C). This was accompanied by a
significant reduction in the accumulation of LC3-B (Figure 4D;
supplemental Figure 4D) and autolysosomes (Figure 4E), further
suggesting the rescue of the autophagic defect. As expected,
TFEB overexpression had no effect on the morphology of CGs
in WT NT cells (Figure 4C-D; supplemental Figure 4C-E). How-
ever, despite the significant changes in Npc1-KO CTLs, the lipid
accumulation within CGs remained unchanged (Figure 4F-G;
supplemental Figure 4F), and the TFEB-overexpressing cells
were still unable to kill target cells (Figure 4H).

Clearance of accumulated lipids restores the
cytotoxic function of Npc12/2 CTLs
Given that inducing the nuclear translocation of TFEB largely
normalized CG morphology but did not reverse cytotoxic
impairment, we next hypothesized that abnormal lipid accumu-
lation in the CGs of Npc12/2 CTLs might directly affect the func-
tion of the CTL cytotoxins. There is currently no US Food and
Drug Administration–approved treatment for NP-C1, but a num-
ber of preclinical studies and clinical trials point to the therapeu-
tic potential of 2-hydroxypropyl-b-cyclodextrin (HPbCD) in
addressing the neurological symptoms of patients with NP-C1.39

Although its exact mechanism of action is debated, HPbCD
reverses cholesterol and sphingolipid accumulation in the endo-
lysosomes of Npc1-deficient cells.40 Under this premise, we
treated CTLs derived from Npc12/2.CL4 and Npc11/1.CL4 lit-
termates with HPbCD for 4 days. The drug had no detectable
effect on Npc11/1.CL4 CTLs (supplemental Figure 5A-B), but as
anticipated, CGs from Npc12/2.CL4 CTLs were cleared of intra-
cellular GM1 clusters and cholesterol (Figure 5A; supplemental
Figure 5A, right), with GzmB and cholera toxin B showing
reduced colocalization after treatment (Figure 5A). In contrast,
HPbCD treatment did not influence the autophagic defect of
Npc12/2 CTLs; the size of CGs in Npc12/2.CL4 CTLs (Figure
5B) and the accumulation of LC3-B (Figure 5C) remained
unchanged. Despite this, and in sharp contrast to TFEB overex-
pression, HPbCD-induced lipid clearance completely restored
the cytotoxicity of Npc12/2.CL4 CTLs (Figure 5D). This finding
supports our hypothesis that lipid accumulation may directly
affect the function of CTLs. Considering that (1) Prf and GzmB
are stored within LAMP-11 vesicles in Npc12/2.CL4 CTLs (Fig-
ures 1C and 4B), (2) the cells undergo normal degranulation
(Figure 1D), and (3) pro-GzmB is processed to the active form
and released (Figure 1E; supplemental Figure 2D; supplemental
Movies 1 and 2), our attention turned to a key remaining poten-
tial cause of impaired cytotoxicity: the inability of CTLs to
release phospholipid-dependent Prf or failure of Prf to form
pores on the target-cell membrane.

Npc12/2 CTL Prf fails to form pores on the
target-cell membrane
To explore the possibility that the abnormal lipid homoeostasis
in the CGs of Npc1-deficient CTLs could adversely affect Prf lytic
function, we performed time-lapse confocal microscopy on
Npc1-KO BL/6.OTI CTLs forming immune synapses with ovalbu-
min peptide-pulsed MC57 target cells. Labeling the CTLs with
the Ca21 fluorophore Fluo-4 allowed us to pinpoint the forma-
tion of a functional immune synapse (as shown by a spike in
Ca21 signaling in the CTL), while the addition of 100 mM of PI
to the culture medium enabled us to detect Prf-mediated dis-
ruption of the target-cell membrane as revealed by PI uptake
into the cytosol (ie, the PI blush).21 We found that although
�90% of the functional immune synapses formed by NT CRISPR
CTLs led rapidly to PI blush within the target-cell cytosol, the
number was reduced to �30% in Npc1-KO BL/6.OTI CTLs (Fig-
ure 5E). The flux of PI across the target-cell plasma membrane
at the point of the immunological synapse and into the target-
cell cytosol depends on the transient formation of transient
transmembrane Prf pores; our findings indicate that Prf was
inducing less membrane damage in cells targeted by CTLs that
lacked Npc1 protein. In turn, this strongly suggests that the
impaired cytotoxicity of Npc1-deficient CTLs was caused either
by the failure to release Prf or by its inactivation, most likely by
the aberrantly accumulated lipids inside the secretory granules,
which was reversed through the restoration of lipid homoeosta-
sis by HPbCD (Figure 5; supplemental Figure 5).

The detection of Prf in mouse CTLs has been a major challenge
in the field because of its relatively low abundance (by compari-
son with natural killer [NK] cells) and the lack of appropriate anti-
bodies.41 It is equally challenging to tag Prf, because its carboxy
terminus is required for exocytic trafficking and is then efficiently
cleaved once it reaches the secretory granules.42 To address
this, we developed a novel methodology for assessing Prf
release from the lymphocytes in real time. We engineered an
ALFA-tag (SRLEEELRRRLTE)43 at the N terminus of Prf, which we
placed immediately after the cleavable signaling peptide,
because we had predicted from our X-ray crystal structure of
Prf44 that this small insertion would not interfere with protein
folding or function. Indeed, reconstitution of Prf12/2.BL/6.OT1
CTLs with ALFA-tag Prf restored CTL cytotoxicity (supplemental
Figure 6A). We then cotransduced Npc11/1.CL4 and
Npc12/2.CL4 CTLs with LifeAct mScarlet and ALFA Prf and
used real-time TIRF microscopy to demonstrate the formation of
an immune synapse on anti-CD3/28–coated glass cover slips
(assessed by LifeAct, as described for Figure 1E) followed by the
release of ALFA-tag Prf from the cells.

First, we validated that the antibodies detected only extracellular
ALFA-tag Prf (Figure 5Fi-ii; supplemental Figure 6B; supplemen-
tal Movie 3, showing an empty vector control). Then, we

Figure 2. Lipid accumulation in CGs of Npc12/2.CL4 CTLs. (A) Confocal immunofluorescence microscopy shows GzmB-containing cytotoxic granules (green; top).
Three-dimensional reconstruction of CGs (Imaris vesicles) based on GzmB staining, which allowed assessment of their diameter. Diameter of CTL CGs (pooled data
from n 5 3 Npc11/1 and n 5 4 Npc12/2 mice), diameter of CGs per cell (pooled data), and mean biological replicates (right). DAPI is shown in blue. (B) Confocal
microscopy shows vesicles containing unesterified cholesterol stained with filipin III in Npc12/2 and Npc11/1 CTLs. (C) Confocal immunofluorescence microscopy shows
colocalization of GzmB (green) and fluorescent cholera toxin B (CTxB; magenta) in activated Npc12/2 and Npc11/1 CTLs. Pearson correlation coefficient was used to
quantify colocalization of GzmB and CTxB. (D) Total area of CTxB-labeled compartment (as shown in panel C) was assessed by accumulation of
monosialotetrahexosylganglioside (GM1); mean biological replicates (inset; n 5 6 Npc11/1 and n 5 7 Npc12/2). (E) Colocalization of GzmB and CTxB (as shown in
panel C) using overlap coefficient; biological replicates (inset; n 5 3). Detailed description of microscopy and analysis provided in the data supplement. *P , .05,
***P , .001, ****P , .0001. DAPI, 49,6-diamidino-2-phenylindole.
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Figure 3. CGs from Npc12/2.CL4 CTLs are trapped inside enlarged autolysosome-like structures. (A) TEM images of activated Npc12/2 and Npc11/1 CTLs (scale
bar, 2 mm) and zoomed-in autolysosome-like structures (scale bar, 200 nm). (B) TEM images of autolysosome-like structures trapping dense-core granules (arrows) from
Npc12/2 CD81 T cells (scale bar, 500 nm). (C) Confocal immunofluorescence microscopy shows colocalization of GzmB (green) and autophagosomal marker LC3-B
(magenta) in activated Npc12/2 and Npc11/1 CD81 T cells. Pearson correlation coefficient (bar graph) was used to quantify GzmB and LC3-B colocalization. (D)
Total area of LC3-B–labeled structures (as shown in panel C); biological replicates (right). (E) Colocalization of GzmB/LC3-B was assessed using overlap coefficient;
biological replicates (right). Detailed description of microscopy and analysis is provided in the data supplement. *P , .05, ***P , .001, ****P , .0001. DAPI,
49 ,6-diamidino-2-phenylindole.
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Figure 4. TFEB overexpression resolved autophagic arrest but not cytotoxic defect in Npc1-KO CTLs. (A) Subcellular localization of TFEB was determined by
western immunoblotting in naïve and day-3 activated CD81 T cells from Npc12/2.CL4 and Npc11/1.CL4 mice. (B) Confocal immunofluorescence microscopy shows
morphological restoration of CGs after TFEB overexpression in Bl/6.OTI CTLs that had the Npc1 gene knocked out using CRISPR/Cas9 (Npc1 KO). The cells were also
retrovirally transduced with an empty murine stem cell virus (MSCV) vector or with TFEB-flag and stained for intracellular GzmB (green) and Prf (magenta). (C) Diameter
of CGs was estimated by computational 3-dimensional re-creation (Imaris vesicles) based on GzmB staining. Isolated Bl/6.OTI CD81 T cells were either transfected with
NT or guide RNAs that target the Npc1 gene and retrovirally transduced with an empty MSCV vector or TFEB-flag complementary DNA cloned into MSCV vector. (D)
Area of LC3-B1 organelles per cell was assessed after Npc1 KO and TFEB overexpression, as shown in panel B. Individual experiments are shown in supplemental
Figure 4D. (E) TEM of control and Npc1-deficient cells transduced with an empy vector or TFEB-flag (n 5 30 cells from each group). Shown is mean 6 standard error of
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assessed ALFA Prf release (using anti-ALFA Atto-488 nanobod-
ies) from the transduced Npc11/1 and Npc12/2 CTLs. Similar to
our observations with GzmB (Figure 1E; supplemental Figure 3;
supplemental Movies 1 and 2), there was a significant increase
in Prf secretion from Npc12/2 cells (Figure 5Fii-iii; supplemental
Figure 6B-C; supplemental Movies 4 and 5). These results
strongly suggest that the failure of Prf to form pores on the
target-cell membrane was not due to its retention inside secre-
tory granules of Npc12/2 CTLs. Rather, Prf function was severely
compromised by its packaging into the aberrant, lipid-rich gran-
ules characteristic of Npc12/2 CTLs.

To substantiate this observation further, we assessed whether
overexpression of Prf in Npc12/2 CTLs would restore their func-
tion. Remarkably, although Prf overexpression increased the
cytotoxic activity of WT Npc11/1 cells, there was no effect on
the cytotoxicity of Npc12/2 CTLs (Figure 5G). These findings
strongly suggest that, uniquely, the perturbed secretory granules
of Npc1-deficeint mice created an immunosuppressive environ-
ment through the inhibition of Prf function.

CD81 CTLs of patients with NP-C1 have variable
defects of cytotoxicity
The next critical question was whether our observations in
murine CTLs are relevant to the human disease. To investigate
this, we assessed both the CTL and NK cell function of several
patients with NP-C1 (supplemental Tables 1 and 2). Consistent
with a previous report,15 we found no difference in the cytotoxic
activity of NK cells from patients with NP-C1 and those from
healthy donors (HDs; supplemental Figure 7A). We then tested
CTL activity in the same patients; cells were transduced to
express an anti-HER2 CAR as a tool for avoiding the selection of
very small populations of antigen-specific human cells, and their
ability to kill HER2-overexpressing MDA-MB-231 breast cancer
cells was assessed. The CTLs from 6 of 8 adolescent and adult
patients with NP-C1 (P1 and P4-P8) killed the target cells as effi-
ciently as those of a pool of HDs (n 5 14; supplemental Figure
7B). However, the CTLs of P2 and P3 had dramatically reduced
cytotoxic activity (Figure 6A). Consistent with our findings in
mice (Figure 1D), higher surface exposure of CD107a (LAMP1)
after degranulation was observed in P2 and P3 (supplemental
Figure 7C). In contrast, patients such as P1, who had normal
CTL activity, had similar CD107a exposure to that of HDs (sup-
plemental Figure 7C). Immunofluorescence microscopy also
revealed that the CGs were significantly larger in the CTLs of P2
and P3 compared with those of HDs (Figures 7B), with increase
in size inversely correlated with cytotoxicity (Figure 6A-B). In
addition, the CTLs of P2 and P3 (who had the lowest cytotoxic-
ity) had fewer CGs per cell than those of P1 and HDs (supple-
mental Figure 7D). TEM analysis of CTLs revealed that cells
derived from P2 and P3 had the largest and most numerous
autolysosome-like structures (Figure 6C). Finally, dense core

granules were virtually absent in the CTLs of P3 and were signifi-
cantly reduced in the cells of P2 compared with HDs (supple-
mental Figure 7E).

NP-C1 is usually more severe and can be fatal when it presents
in childhood, because it generally involves mutations that affect
critical protein domains.3,45,46 We asked whether the CTLs of
pediatric patients with NP-C1 had greater cytotoxic impairment
than those of adult patients (supplemental Table 2). Once again,
we found NK cytotoxicity to be unaffected (supplemental Figure
8A). By contrast, patient-derived CTLs showed variable loss of
cytotoxicity, even among patients who had inherited the same
NPC1 mutations (PP1-PP3; supplemental Figure 8B). Notably,
CTLs of PP4, the most severely affected patient, showed an
almost complete loss of function (Figure 7A). Once again, we
found that the loss of CTL activity was associated with CGs of
increased diameter (Figure 7B; supplemental Figure 8C, cyto-
toxic granule diameter per cell), particularly in PP4 (mean CG
volume, 3.5 mm3 vs 2 mm3 in HD CTLs). The number of CGs per
CTL was similar in all patients, including PP4 (supplemental Fig-
ure 8D). However, reduced CTL cytotoxicity correlated with
increased number and size of autolysosome-like structures (Fig-
ures 7C; supplemental Figure 8E), which again was most pro-
nounced in PP4 (Figure 7C). TEM also revealed a significant
decrease in dense core granules in CTLs derived from the same
patient (Figure 7C). Critically, failure of patient CTLs to kill target
cells was strongly associated with their failure to deliver func-
tional Prf, as determined by the absence of PI fluorescence in
target cells that had made authentic synapses with CTLs (Figure
7E). Supporting this, filipin III staining showed an increase in
cholesterol-containing vesicles in the CTLs of PP4 compared
with HD cells (Figure 7D, top; supplemental Figure 9). Finally,
treating the CTLs of PP4 with HPbCD largely cleared cholesterol
accumulation (Figure 7D) and rescued the cytotoxic defect (Fig-
ure 7F).

Discussion
We discovered that deficiency in the lysosomal cholesterol trans-
porter NPC1 suppresses CTL cytotoxicity, both in patients with
NP-C1 and in an authentic mouse model of the disease. Given
that the life-threatening manifestations of NP-C1 usually involve
severe neurological dysfunction, it is perhaps understandable
that studies of cellular immunity have to this point been rela-
tively limited. However, the findings of the current study make it
clear that long-term care of children and young adults with
NP-C1 should not ignore a potentially heightened susceptibility
to diseases that rely on cellular immunity, especially serious viral
infections. Furthermore, we identified and deconvoluted the cel-
lular and biochemical changes occurring in CTLs and identified
the primary reason for their reduced cytotoxicity: inactivation of
Prf as a result of lipid accumulation in the cytotoxic secretory
granules.

Figure 4 (continued) the mean (SEM). Npc11/1 cells were compared using Mann-Whitney test, and Npc12/2 cells were compared using 1-tailed unpaired t test (this
was due to nonnormal and normal distributions, respectively). (F) TFEB overexpression had no effect on the colocalization of GzmB and cholera toxin B (CTxB) in
Npc1-deficient cells. (G) TFEB overexpression had no effect on CTxB accumulation (per cell) in Npc1-deficient cells. Individual experiments are shown in panel F. (H)
Chromium-51 release assay using (SIINFEKL) EL-4 target cells and genetically modified Bl/6.OTI CTLs (as per panel B) showed no restoration of CTL function after
overexpression of TFEB in Npc1-KO cells; Npc1-KO-TFEB-flag-MSCV and Npc1-KO-MSCV CTLs showed near-identical cytotoxic activity. Values plotted are
standardized to maximum killing observed in NT-empty MSCV cells at 10:1 effector-to-target (E:T) ratio and set at 100% (average cytotoxicity at 10:1 E:T ratio was
75.9% 6 18.9% [mean 6 standard deviation of n 5 3 independent experiments]). Each value shown represents mean 6 SEM (n 5 3). Detailed description of
microscopy and analysis is provided in data supplement. *P , .05, ***P , .001, ****P , .0001. C, cytosolic; DAPI, 49,6-diamidino-2-phenylindole; N, nuclear fractions;
ns, not significant.
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Figure 5. HPbCD depletes lipid clusters from CGs, unlocking Prf dysfunction and restoring cytotoxic activity of Npc1-deficient CTLs. (A) Confocal
immunofluorescence microscopy shows efficient GM1 clearance (as determined by cholera toxin B [CTxB] staining) in Npc12/2.CL4 CTLs upon their treatment with 1
mM of HPbCD for 4 days; cells were costained with GzmB antibodies (green) and CTxB (magenta). Scale bar, 3 mm. Overlap coefficient was used to quantify the
colocalization of GzmB and CTxB in HPbCD-treated and control cells. (B) Diameter of CGs (per cell) was estimated by computational 3-dimensional re-creation
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Figure 5 (continued) (Imaris vesicles) based on GzmB staining. (C) Total area of LC3-B1 vesicles per cell. (D) Chromium-51 (51Cr) release assay using CT-26 target cells
shows the recovery of cytotoxic activity of HPbCD-treated Npc12/2.CL4 CTLs to the level of Npc11/1.CL4 CTLs. Values plotted are standardized to maximum killing
observed in untreated Npc11/1.CL4 CTLs at 10:1 effector-to-target (E:T) ratio and set at 100% (average cytotoxicity at 10:1 E:T ratio was 64.2% 6 16.4% [mean 6

standard deviation of n 5 3 independent experiments). Each value shown represents mean 6 standard error of the mean (SEM) of n 5 3 independent experiments. (E)
Representative montage of confocal time-lapse microscopy shows the formation of the immunological synapse between CTLs and target cells. CTLs were labeled with
calcium fluorophore Fluo-4AM, and the increase of green fluorescence indicated calcium(2) ion (Ca21) flux and formation of the functional synapse by CTLs. Cells were
incubated in the presence of 100 mM of propidium iodide (PI),21 and target cell membrane permeabilization was determined by the PI blush (red) in the cytosol of
target cells. Day-5 activated Bl/6.OTI CTLs used here were transfected either with NT or Npc1-targeting guide RNA (Npc1 KO), as described in Methods. Ca21 flux and
PI uptake were observed at 4:30 and 5:30 minutes in NT, respectively; Ca21 flux was observed at 2:30 minutes in Npc1 KO, but there was no PI uptake detected through
to the end of the montage at 38:30 minutes. Quantification of immunological synapses that result in PI blush are shown on the right. Immunological synapses were
considered as any events with Ca21 flux in CTLs (n 5 2 biological replicates per group; n 5 70 NT and n 5 88 Npc1-KO synapses). Scale bar, 10 mm. (F) (i) Live-cell
3-dimensional confocal microscopy shows time-dependent secretion of ALFA-tagged Prf from Npc11/1.CL4 cells after their addition to CD3/28-coated coverslips.
LifeAct mScarlet is shown in red, and Prf was detected by anti-ALFA Atto-488 nanobodies added to the media (shown in green). Scale bar, 2 mm. Enlarged image at
12.5 minutes is shown in supplemental Figure 6B. (ii) TIRF microscopy shows that that Npc11/1 and Npc12/2 CTLs secrete similar amounts of Prf when added to anti-
CD3/CD28–coated coverslips. Both cell types were sorted to achieve similar levels of expression of LifeAct mScarlet and Prf ALFA. Shown in each frame (separated by a
white line) are 4 tiled images obtained at that time point. Scale bar, 10 mm. (iii) Quantitative analysis of Prf ALFA release per cell as described in supplemental Figure
6C; shown are combined results from 3 independent experiments (supplemental Movies 3 [empty vector control (EV)], 4 (Npc11/1), and 5 (Npc12/2). (G) Four-hour 51Cr
release assay shows that ALFA Prf overexpression increases the activity of Npc11/1.CL4 but not Npc12/2.CL4 CTLs (each value represents mean 6 SEM of 3
independent experiments). Detailed description of microscopy and analysis is provided in the data supplement. *P , .05, ****P , .0001. DAPI,
49 ,6-diamidino-2-phenylindole; ns, not significant.
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Despite the multiple cellular changes observed in NPC1-
deficient CTLs, the reduced cytotoxicity was the result of the
loss of Prf function (but not the failure of secretion); to our
knowledge, the only previously reported cause of functional Prf
failing to form pores on target cells within an immune synapse is
its pharmacological inhibition.47 In the current study, loss of Prf
activity might potentially have occurred at the pre- or postsynap-
tic level. After its release into the synapse, the first essential step
of Prf in pore formation is its binding to the target-cell plasma
membranes through its Ca21-dependent C2 domain followed
by its oligomerization into large pores.20,48 We postulate that Prf
may have evolved to remain soluble while within the CGs or,
alternatively, that the inner leaflet of the CG is shielded from Prf,
possibly by heavily glycosylated LAMP proteins and/or the pro-
teoglycan serglycin. In the case of NPC1 deficiency, lipid hyper-
accumulation in the CGs may result in Prf being sequestered/
inactivated and therefore no longer capable of forming pores
on the target cell. It is also possible that the abnormally high
concentration of lipids released from CGs within the synaptic
space competes with lipids on the target-cell membrane as
binding sites for Prf.

Previous studies have demonstrated that dysregulated autoph-
agy and lysosome biogenesis are often traceable to dysfunction
of the master regulator transcription factor TFEB. We discovered
that whereas TFEB translocated into the nucleus upon the acti-
vation of WT CTLs, it remained in the cytoplasm in Npc1-defi-
cient cells. Dense-core CGs were still formed in mutant CTLs
(although this was not uniformly observed in patients with NP-
C1), but they colocalized with enlarged autolysosomal structures.
These unexpected observations suggest that TFEB plays distinct
biological roles in CTLs and more commonly studied epithelial
cells49; although TFEB still controls autophagy, it plays no appre-
ciable role in the formation of dense-core CGs or in CTL cyto-
toxicity. Because targeting impaired autophagy has been
proposed as a therapeutic strategy for NP-C1 and other lysoso-
mal storage disorders,50,51 we expected that restoring TFEB
expression and its nuclear targeting would rescue the cytotoxic-
ity of Npc12/2 CTLs. However, the restoration of autophagic
flux by TFEB was not accompanied by improved target-cell kill-
ing, and the CGs of Npc12/2 CTLs remained enriched with cho-
lesterol/sphingolipids. To address the issue of CTL dysfunction
pharmacologically, we treated the cells with HPbCD, which is
currently being trialed in patients with NP-C1 because it pro-
motes lysosomal lipid clearance and may also contribute to
resolving autophagic defects.52 Indeed, HPbCD efficiently
cleared lipid clusters in Npc1-deficient CTLs but did not restore
the autophagic flux. Remarkably, CGs in the CTLs of pediatric
patients with NP-C1 and murine Npc1-deficient CTLs showed a
decreased lipid load and at least partially recovered their cyto-
toxic activity after HPbCD treatment. Overall, the restoration of
lipid homeostasis seemed to be the primary mechanism respon-
sible for the recovery of CTL cytotoxicity, whereas the clearance

of aberrant autophagic bodies, a common target of NP-C1 ther-
apies, had no appreciable impact. Ongoing intrathecal (was reg-
istered at www.clinicaltrials.gov as #NCT02534844) and systemic
IV (#NCT02912793) clinical trials of HPbCD in patients with
NPC1 are currently under way. It is expected that the latter
study will mainly report on the efficacy of the drug for neurologi-
cal symptoms of the disease, but a future trial might potentially
consider extending the study to determine the impact of ther-
apy on cellular immune function.

One previous study investigated NK cell function in Npc12/2

mice and patients with NP-C1 and, surprisingly, found a signifi-
cant loss of cytotoxicity in the former but none in the latter.15

However, we were unable to reproduce these results and found
that as with human cells, the cytotoxic activity of mouse NK cells
was unaffected by the loss of the Npc1 gene, despite the cells
sharing some of the phenotypic features of Npc1-deficient CTLs
(supplemental Figure 10). Although NK cells and CTLs use very
similar Prf-dependent cytotoxic mechanisms, their biologies
are distinctly different.53 Indeed, the impact of NPC1 deficiency
was far more pronounced in CTLs; NK cell activity remained
unaffected in mice and patients, with virtually undetectable or
severely reduced CTL cytotoxicity. Having explored many
aspects of the effector mechanism, we conclude that the
observed dichotomy was due to the suppression of Prf pore-
forming activity specifically in CTLs but not in NK cells. This find-
ing is unique, because in marked contrast, structural mutations
in lymphocyte Prf tend to affect CTL and NK cell cytotoxicity to
a similar extent.54

If some patients with NP-C1 retain only marginal CTL activity,
how do they escape severe immune dysregulation? It has been
demonstrated in acute mouse models that the presence of func-
tional NK cells is more important for preserving immune homeo-
stasis than the maintenance of functional CTLs.55 In contrast,
impaired CTL immune surveillance in humans may predispose
them to immunoregulatory disorders of varying severity, leading
to unexpected/atypical clinical presentations such as interstitial
lung disease, stunted growth, or hematological cancer.56,57

Interestingly, patients with another sphingolipidosis, Gaucher
disease, develop B-cell lymphoma, visceromegaly, and hemo-
phagocytic lymphohistiocytosis,58-61 all of which can be mani-
festations of Prf deficiency. More broadly, aberrant Prf function
may be a feature of a range of lysosomal storage disorders;
future laboratory and clinical studies should therefore consider
immune insufficiency as a potential cause of any unexplained
clinical symptoms of this vast family of diseases.

In conclusion, we discovered that NPC1 deficiency results in
severely diminished CTL (but not NK cell) cytotoxicity and that
the determining factor is aberrant lipid accumulation in CGs,
which leads to Prf inactivation. Because CTLs seem to be highly
sensitive to NPC1 deficiency and can be assessed functionally

Figure 6. Cytotoxic defects in CTLs from adult patients with NP-C1 are in concordance with the increased formation of autolysosome-like structures.
(A) Chromium-51 release assay of activated CTLs against MDA-MB-231 target cells at the effector-to-target (E:T) ratios indicated. Average of 8 HD CTL cytotoxicity
assays is shown as shaded area (95% confidence interval). CTLs from patients with NP-C1 (P1-P3) display a spectrum of cytotoxic activities, from normal to severely
impaired. (B) Confocal immunofluorescence microscopy shows GzmB (green) vesicles and DAPI (blue) in activated CTLs of HDs and patients with NP-C1. Diameter of
CGs was estimated by the computational 3-dimensional reconstruction (Imaris vesicles) based on GzmB staining of CTLs from 2 HDs and 3 patients whose cells had dis-
tinctly different cytotoxic activity. (C) TEM images of activated CTLs (scale bar, 2 mm) and zoomed-in autolysosome-like structures (scale bar, 200 nm). Quantification of
autolysosome-like structures per cell using n 5 30 cells per HD or patient (middle). Quantification of the area of autolysosome-like structures based on GzmB staining
(right). Detailed description of microscopy and analysis is provided in the data supplement. **P , .01, ***P , .001, ****P , .0001. DAPI, 49 ,6-diamidino-2-phenylindole;
ns, not significant.
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Figure 7. Restoration of cytotoxic activity of CTLs from pediatric patients with NP-C1 by HPbCD. (A) Chromium-51 (51Cr) release assay shows reduced cytotoxicity of
CTLs from pediatric patients with NP-C1 at the effector-to-target (E:T) ratios indicated using MDA-MB-231 target cell. Average cytotoxic activity (95% confidence interval
shown as shaded gray) of CTLs from 4 HDs. (B) Confocal immunofluorescence microscopy shows GzmB (green)/Prf (magenta) vesicles from an HD and PP4. DAPI is shown in
blue. The Diameter of CGs was estimated by computational 3-dimensional re-creation (Imaris vesicles) based on GzmB staining of 2 HD samples and PP4. (C) TEM images
show details of activated CTLs (scale bar, 2 mm) and zoomed-in autolysosome-like structures (scale bar, 500 nm). Number of autolysosome-like structures per cell (left), area
of autolysosome-like structures per cell (middle), and number of dense-core granules per cell (n 5 73 for HD control and n 5 72 for PP4). (D) Confocal microscopy of
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from a small blood sample, they represent an easily accessible
source of cells for understanding NPC1 pathogenesis, testing
novel therapies, and potentially devising surrogate assays to
predict disease severity in individual cases, even neonates.
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