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Perforin-1 mutations result in a potentially fatal hemophagocytic lymphohistiocytosis (HLH) with
heightened immune activation, hypercytokinemia, pancytopenia, and end-organ damage. At present,
hematopoietic stem cell (HSC) transplantation is curative, but limited by donor availability and associated
mortality, making gene therapy an attractive alternative approach for HLH. We reported that perforin
expression driven by cellular promoters in lentiviral (LV) vectors resulted in significant, albeit partial,
correction of the inflammatory features in a murine model of HLH. We hypothesized that the level of
perforin expression achieved per cell from ectopic moderate-strength cellular promoters (phosphoglycer-
ate kinase gene/perforin-1 gene) is inadequate and thus engineered an LV vector using a viral promoter
(MND; a modified Moloney murine leukemia virus long terminal repeat with myeloproliferative sarcoma
virus enhancer) containing microRNA126 target sequences to restrict perforin expression in HSCs. We
show here that the MND-LV vector restored perforin expression to normal levels in a perforin-deficient
human natural killer cell line and perforin gene-corrected Perforin1-/- transplant recipients, whereas
cellular promoters drove only partial correction. On lymphocytic choriomeningitis virus challenge, the
clinical scores and survival improved only with the MND-LV vector, but inflammatory markers and
cytotoxicity were improved with all LV vectors. Our studies suggest that although moderate levels of
expression can result in partial amelioration of the HLH phenotype, high levels of perforin expression per
cell are required for complete correction of HLH.

INTRODUCTION
HEMOPHAGOCYTIC LYMPHOHISTIOCYTOSIS (HLH) is a po-
tentially fatal immune regulatory disorder princi-
pally caused by impaired lymphocyte cytotoxicity.
Patients experience episodes of extreme immune ac-
tivation triggered by a variety of infectious organ-
isms, but most commonly viruses. HLH is marked by
an exaggerated release of cytokines, such as inter-
feron (IFN)-c and interleukin (IL)-6, IL-10, and IL-1;
hemophagocytosis of hematopoietic cells; lympho-
proliferation; and end-organ damage.1–4 Patients
with HLH present with signs and symptoms that
include high-grade fever, hepatitis, seizures, cytope-
nias, lymphadenopathy, and splenomegaly, and may

ultimately progress to death from respiratory and/or
cardiovascular collapse.

Familial HLH (FHLH) results from an under-
lying genetic defect in the cytotoxic or degran-
ulation pathway. The known mutations causing
FHLH are either in the degranulation/granule
trafficking pathway genes, such as Munc13-4,
Stx11, Rab27a, and StxBP2, or the cytolytic path-
way gene, Perforin-1 (PRF1).5,6 The most common
cause of FHLH (in 20–40% of cases) is perforin
gene mutations, designated as FHLH2.7 Perforin
is a critical component of lymphocyte cytotoxicity
and is expressed in CD8+ T cells and natural killer
(NK) cells.8–10
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The short-term treatment of HLH is suppression
of the overwhelming immune activation combined
with identification and treatment of potential
triggering infections. The long-term curative op-
tion for FHLH is allogeneic hematopoietic stem cell
transplantation (HCT). HCT, however, is limited
by the availability of donors, can have potential
serious adverse effects such as graft-versus-host
disease, and is associated with 20–50% mortality.
HCT-related mortality has improved by using re-
duced intensity conditioning; however, mixed chi-
merism or graft rejection still poses challenges in
30–50% of transplanted patients.11,12

We have previously shown that 10–20% of wild-
type chimerism corrects HLH symptoms in a Prf1-/-

mouse model.13,14 We reported significant, but par-
tial, correction of cytopenias and cytotoxicity in
Prf1-/- mice, using lentiviral (LV) vectors expres-
sing perforin from cellular promoters of the phos-
phoglycerate kinase gene (PGK) or the perforin-1
gene (PRF1).15 We theorized that this incomplete
rescue may have been due to an insufficient level of
perforin expression driven by these promoters. It
has been previously shown that cellular promoters
from ubiquitously expressed or tissue-restricted
genes were inadequate for correcting the defect in
leukocyte adhesion deficiency, where a strong viral
promoter was required for phenotypic correction of
this defect.16 Similar results have been reported in
chronic granulomatous disease17,18 and Wiskott–
Aldrich syndrome (WAS).19,20

We hypothesized that a high level of perforin
expression from a viral promoter would be neces-
sary for complete correction of the HLH phenotype.
Perforin expression is restricted to cytotoxic T lym-
phocytes (CTLs) and NK cells.10 To permit high
perforin expression in cytotoxic lymphocytes and to
prevent potential toxicity due to perforin expression
in HSCs, we placed microRNA-126 (miR126) target
sequences in the 3¢ untranslated region of the per-
forin cDNA in LV vectors driven by the MND pro-
moter/enhancer. MND-driven perforin expression
restored cytotoxicity in perforin-deficient human
NK cells and murine CTLs. Perforin-deficient mice
that received gene-corrected HSCs with the MND
vector exhibited a dose-responsive increase in sur-
vival and viral clearance after lymphocytic chor-
iomeningitis virus (LCMV) infection.

MATERIALS AND METHODS
Lentiviral vectors

The sequence for hsa-miR126-3p was obtained
from the miRbase directory. To create a vector with
four target sites of the miR126-3p sequence, we

designed an oligonucleotide to include four repeats
of the miR126-3p sequence (5¢-CTAGAATGCATCG
CATTATTACTCACGGTACGACTAGCGCATTAT
TACTCACGGTACGAACCGGTCGCATTATTACT
CACGGTACGATCACCGCATTATTACTCACGGT
ACGAGTTTAAACCCC-3¢. The underlined region
of the sequence is complementary to the hsa-miR126-
3p sequence. This oligonucleotide was cloned, using
XbaI and SmaI, into LV.NGFR.CMV.PGK.GFP
.WPRE (kindly provided by Dr. Luigi Naldini, San
Raffaele Institute, Milan, Italy) to derive LV.NGFR
.CMV.PGK.GFP.4TmiR126 (GFP4T).

For the construction of LV.NGFR.CMV.PGK
.Perforin1.WPRE.4TmiR126 (PGK4T), an EcoRI/
XhoI PGK.Perforin1 fragment was isolated from
LV.PGK.PRF.IRES.GFP (PGK), as we previously
published.15 The EcoRI end was blunted and
PGK.Perforin1 was ligated into the EcoRV/SalI-
digested GFP4T. The same strategy was used
to clone LV.NGFR.CMV.PRF.Perforin1.WPRE
.4TmiR126 (PRF4T), with the fragment PRF.Perfor-
in1 from the LV.PRF.Perforin1.IRES.GFP (PRF),15

into GFP4T. The miR126 target sites were then re-
moved from PRF4T with XbaI and religated to create
vector PRF0T.

LV.NGFR.CMV.MND.Perforin1.WPRE.4TmiR126
(MND4T) was generated by ligating the EcoRI/
XbaI PRF.Perforin1 fragment into an interme-
diate pBluescript (pBS) vector from LV.PRF
.Perforin.I.GFP.15 The EcoRI/AgeI MND promoter
was isolated from the MND-eGFP-WPRE vector and
ligated into XhoI/AgeI pBS-PRF.Perforin1 to create
the intermediate plasmid pBS-MND-Perforin1,
from which the SpeI (blunt)/XhoI fragment of MND
.Perforin1 was ligated into the EcoRV/SalI sites of
the GFP4T vector. LV vector was produced by
transient transfection of 293T cells and viral titers
were determined by transduction of mouse ery-
throleukemia cells after serial dilutions, followed by
flow cytometry (all previously described).15

Mice
Perforin-1-deficient mice (C57BL/6-Prf1tm1Sdz/

J; Prf1-/-) were obtained from the Jackson La-
boratory (Bar Harbor, ME) and bred in the animal
facility at Cincinnati Children’s Hospital Medical
Center (CCHMC, Cincinnati, OH). For HCT, 6- to
8-week-old recipient Prf1-/- mice were treated with
busulfan (20 mg/kg from days -4 to -1) and cyclo-
phosphamide (100 mg/kg on days -2 and -1) and
transplanted on day 0 (24 hr after chemother-
apy conditioning) with either Prf1-/- or C57/BL6
(wild-type) Lin-Sca-1+cKit+ (LSK) cells or with
LSK cells transduced with one of the three LV
vectors. Transplanted mice were challenged with
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200 plaque-forming units of LCMV intraperitone-
ally 16 weeks post-HCT. Clinical scoring of the
mice was done as previously described.21 Eye in-
fections, dehydration, and ascites were graded on a
0–2 scale, and weight, coordination, and hunched
posture were graded on a 0–3 scale. All experimental
procedures in mice were performed in accordance
with the protocol approved by the Institutional Ani-
mal Care and Use Committee at CCHMC.

Isolation and transduction of hematopoietic
stem and progenitor cells and NK cell line

Bone marrow LSK cells and Lin-Sca-1-cKit+

(LK) cells from femurs and tibias of Prf1-/- or
wild-type mice were isolated by a combination of
magnetic labeling and fluorescence-activated cell
sorting (FACS) as previously published.15 LSK and
LK cells were both cultured in StemSpan serum-free
expansion medium (SFEM) (STEMCELL Technolo-
gies, Vancouver, BC, Canada) supplemented with 2%
fetal bovine serum (FBS), 0.5% lipoprotein (low
density; Sigma-Aldrich, St. Louis, MO), 0.1% 10 mM
deoxynucleotide (dNTP) solution mix (New England
BioLabs, Ipswich, MA), 1% penicillin–streptomycin
(Fisher Scientific, Hampton, NH), mouse IL-3 at
10 ng/ml and mouse stem cell factor (SCF) at 50 ng/
ml (R&D Biosystems, Minneapolis, MN). LSK cells
from Prf1-/- mice were transduced as described be-
low; LK cells were irradiated with 3000 rads before
coinjection into recipient mice.

LSK cells were prestimulated overnight and
transduced twice at 8-hr intervals. The multiplicity
of infection (MOI) of transduction was maintained
at 25–30 per transduction. After 36 hr of culture,
the cells were harvested and 4–5 · 104 LSK cells
along with 6–8 · 104 irradiated LK cells were in-
jected intravenously into recipient mice. A portion
of the LSK cells was kept in culture for 6–7 days to
measure initial transduction efficiency.

KHYG1 cells (from the Japanese Collection of
Research Bioresources Cell Bank, JCRB0156) were
transduced with retrovirus to overexpress miR30-
based short hairpin RNAs (shRNAs) targeting the 3¢
untranslated region (UTR) of PRF1 with mCherry
expressed in cis22 (a kind gift from I. Voskoboinik, P.
MacCallum Cancer Centre, Melbourne, Australia).
Transduced KHYG1 cells were sorted for mCherry
expression 7 days later to obtain the KHYG1 KD
line. KHYG1 cells were maintained in complete
RPMI with recombinant IL-2 (rIL-2) (100 U/ml;
Roche, Indianapolis, IN). LV vector transduction
was performed at an MOI of 5. Seventy-two hours
posttransduction, the cells were sorted for truncated
nerve growth factor receptor (tNGFR) after stain-
ing with Alexa 647 (anti-CD271 antibody, Cat. No.

560326; BD Biosciences, San Jose, CA) and then
sorted for Alexa 647-positive, MicroBead-labeled
cells by passage through a magnetic column (Cat.
No. 130-091-395; Miltenyi Biotec, Bergisch Glad-
bach, Germany).

Humanumbilical cordblood (CB)cellswereusedto
isolate CD34+ cells, using the Miltenyi CD34 Mi-
croBead kit (Cat. No. 130-046-702) as per the manu-
facturer’s protocol. CD34+ cells were prestimulated
overnight in 1 ml of Gibco a-MEM (Fisher Scientific)
containing 10% human serum (Sigma-Aldrich) and
5% fetal calf serum (FCS; Sigma-Aldrich) supple-
mented with10 mM GibcoHEPES(Fisher Scientific),
10 mM Gibco sodium pyruvate (Fisher Scientific),
Gibco penicillin–streptomycin (Fisher Scientific), re-
combinanthumanSCF(rhSCF,20 ng/ml;PeproTech,
Rocky Hill, NJ), and rhIL-15 at 20 ng/ml (PeproTech)
and transduced with LV vector at an MOI of 10 twice
at 12-hr intervals. After 36 hr of culture, some of the
cells were analyzed for initial transduction effi-
ciency and the rest were transferred for NK cell
differentiation, as previously described with minor
modifications.23 Briefly, cells were seeded on a pre-
established confluent layer of murine MS-5 stromal
cells in the presence of rhSCF and rhIL-15 for 3
weeks. MS-5 cells were routinely expanded in a-
MEM containing 20% FCS and passaged in 24-well
plates at a concentration of 6 · 104 cells/ml per well
24 hr before initiation of the coculture. Cultures
were maintained at 37�C, 5% CO2, in an air atmo-
sphere saturated with humidity. Half of themedium
was renewed twice per week and cells were tested
for CD56+ cell percentage once per week. Eight days
after the LCMV challenge, a subset of transplanted
mice was sacrificed and spleens were harvested as
single-cell suspensions for CTL assays. Splenocytes
were analyzed for tNGFR expressionand stained for
CD8 biotin and sorted for RNA isolation.

Flow cytometry
Chimerism in the transplanted mice was mea-

sured 10–12 weeks posttransplantation by staining
for BD Pharmingen tNGFR (CD271) PE/APC (BD
Biosciences) in various cell lineages (BD Phar-
mingen CD8, CD4, and Nk1.1; BD Biosciences) in
peripheral blood. KHYG1 cells were stained for
tNGFR PE/Alexa 647 and perforin was stained
with APC (BD Pharmingen). FACS analysis was
done with a BD FACSCanto II (BD Biosciences).

Quantitative PCR and quantitative reverse
transcription PCR

Genomic DNA was isolated with Qiagen cell ly-
sis solution, according to the manufacturer’s pro-
tocol, from bone marrow, spleen, and peripheral
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blood. The vector copy number (VCN) was de-
termined by qPCR using woodchuck posttran-
scriptional regulatory element (WPRE) primers for
vector sequences and Flk-1 primers for endogenous
control. iTaq Superprobes (Bio-Rad, Hercules, CA)
was used in accordance with the manufacturer’s
protocol, on a Bio-Rad CFX96 thermocycler. The
sequences of the primers and probes used were as
follows:

Flk-1: FP, AAGACCTTGAAGTTGGCAACGCAG;
RP, AGGAAGAATGGGCAGATGGTCACA;
probe, HEX/TGCCGTGAATTGCAGAGCTGT
TGTGT

WPRE: FP, TGTATAAATCCTGGTTGCTGTC;
RP, GCACACCACGCCACGTTG; probe, FAM/
ATGAGGAGTTGTGGCCCGTTGT

RNA was isolated from KHYG1 cells, spleen
CD8+ cells, and bone marrow cells with QIAzol ly-
sis reagent (Qiagen, Hilden, Germany), using the
manufacturer’s protocol. Perforin mRNA expres-
sion was measured with primers that span exons
2–3 (Life Technologies 20· assay mix, Cat. No.
4331182; Thermo Fisher). The endogenous control
used was human glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) with the primers specific to
exon 3 (Life Technologies 20· assay mix, Cat. No.
4333764; Thermo Fisher) or mouse b-actin (Life
Technologies 20· assay mix, Cat. No. 4352341E;
Thermo Fisher). For LCMV mRNA, iTaq universal
SYBR green supermix was used to amplify the
following primers:

LCMV FP: GAGTCCAGAAGCTTTCTGATGTCAT
LCMV RP: CAAGTATTCACACGGCATGGAT

iTaq Superprobes (Bio-Rad) were used in accor-
dance with the manufacturer’s protocol on an Applied
Biosystems 7900HT fast real-time PCR system.

IFN-c ELISA
An IFN-c ELISA was performed on plasma, as

previously described.15,21

LCMV quantification
LCMV quantification was performed on lysates

from bone marrow as previously described.24

Chromium release assay
A chromium-51 (51Cr) release assay was per-

formed as previouslydescribed.15 Briefly, EL4 target
cells werepulsed with LCMVgp33-41 (100 ng/ml) for
1 hr before 51Cr labeling. Effector and EL4 target
cells (5000 cells per well) were coincubated for 4 hr at
37�C. 51Cr release into the supernatant was counted
on a 96-well LumaPlate (PerkinElmer, Wellesley,

MA) with a gamma counter (TopCount NXT; Perkin-
Elmer). Cytotoxicity was reported as the percent-
age of 51Cr released into the supernatant according
to the following calculation: (test - spontaneous)/
(max lysis - spontaneous) · 100. Maximum lysis
was determined by addition of 1% Triton X-100
(Sigma-Aldrich) to 5000 EL4 target cells.

Western blot analysis
Cell were lysed with lysis buffer (2% Nonidet P-

40 [NP-40]; 150 mM NaCl; 50 mM Tris-HCl; 1 mM
MgCl2, pH 8; 2.5 mM EDTA; leupeptin at 2 mg/ml;
aprotinin at 2 mg/ml; phenylmethylsulfonyl fluo-
ride at 50 mg/ml; pepstatin at 1 mg/ml). Lysate
(15 lg) was prepared with Laemmli sample buffer
without 2-mercaptoethanol and run on a 10% Bis-
Tris gel. Protein was transferred to a nitrocellulose
membrane, blocked with Odyssey blocking buffer,
probed by perforin antibody clone P1-8 (diluted
1:500; Kamiya Biomedical, Seattle, WA), and vi-
sualized with a LICOR Odyssey CLx scanner.
Equal loading was monitored by the detection of
actin clone AC-15 (diluted 1:5000; Sigma-Aldrich).

Statistical analysis
Statistical analysis was done with GraphPad

Prism software (GraphPad, San Diego, CA).

RESULTS
Restriction of expression in hematopoietic
stem and progenitor cells but not in cytotoxic
cell progeny

miR126 target sequences placed 3¢ to transgenes
expressed from LV vectors have been reported to
restrict transgene expression in HSCs, but to al-
low robust expression in its myeloid progeny.25,26

However, reports on miR126 detection in NK cells
are conflicting.26–28 We evaluated whether miR126
target sequences would permit transgene expression
in CD8+ and NKcell progeny.Wethus engineered LV
vectors with a PGK promoter, GFP transgene, and
either four (GFP-4T) or no (GFP-0T) repeats of the
miR126 target sequences downstream of the GFP
cDNA. Both LV vectors also included tNGFR driven
by a minimal cytomegalovirus (CMV) promoter in
the opposite orientation, so that tNGFR expression
would be unaffected by miR126 target sequences and
permit determination of gene-modified chimerism
(Fig. 1a).

We transduced human umbilical cord blood
CD34+ hematopoietic stem and progenitor cells
(HSPCs) with the GFP-4T and GFP-0T LV vectors
within the first 24 hr of isolation, and at 36 hr
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subjected a portion of the HSPCs to flow cytometry
and differentiated the rest to NK cells (Fig. 1b and
c). Nearly 50 and 30% of HSPCs showed trans-
duction (tNGFR expression) with the GFP-0T and
GFP-4T vectors, which corresponded with a VCN
per cell of 1.3 and 2, respectively. GFP expression
was minimal in the CD34+ cells transduced with
the GFP-4T vector, but robust in those transduced

with the GFP-0T vector, confirming the previously
reported restriction in expression in HSPCs.25,26

However, on differentiation into NK cells, GFP was
robustly expressed from the GFP-4T vector in the
same proportion of NK cells that expressed tNGFR.
Collectively, we found that miR126 target se-
quences, while effectively restricting transgene
expression in HSPCs, allowed expression in their

Figure 1. MicroRNA-126 (miRNA126) target elements in lentiviral (LV) vectors restrict transgene expression in human CD34+ hematopoietic stem and
progenitor cells but allow robust transgene expression in natural killer (NK) cells. (a) Bidirectional lentiviral vector design with a mini-cytomegalovirus (CMV)
promoter driving a truncated nerve growth factor receptor (tNGFR) cDNA in one direction and phosphoglycerate kinase (PGK) promoter driving enhanced
green fluorescent protein (eGFP) cDNA with (4T) or without (0T) four repeats of the miR126 target sequences in the opposite direction. (b) Human CD34+ cells
were transduced with the two LV vectors. Analysis of tNGFR and eGFP expression by flow cytometry 36 hr posttransduction (left); and after 18 days of NK
(CD56+) cell differentiation (right) is shown. The cells expressing tNGFR or eGFP are gated on the basis of appropriate negative controls, and their percentage
is indicated in each dot plot. (c) Cumulative data on the proportion of transduced CD34+ cells (tNGFR+; blue columns) that are expressing GFP (green columns)
36 hr after transduction or after 18 days of NK cell differentiation with the 0T and 4T LV vectors. Error bars represent the SEM. Statistics were done by two-way
analysis of variance with Sidak correction. ****p < 0.0001.
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differentiated NK cell progeny at levels compa-
rable to the vector without the miR126 target
sequences.

Regulated perforin LV vectors
and their relative expression and CTL activity

We designed a new LV vector using a ubiqui-
tously expressing MNDU3 promoter/enhancer de-
rived from a modified murine myeloproliferative
sarcoma retrovirus long terminal repeat (LTR),29,30

for comparison with the LV vector driven by the
PGK promoter. Four repeats of the miR126 target
sequences were placed 3¢ to the perforin cDNA to
restrict expression from both of these ubiquitously
expressing promoters in HSCs (termed MND4T and
PGK4T vectors hereafter).25,26 A third LV vector
had perforin expression driven by the previously
described PRF promoter (a -1430 bp 5¢ UTR of the

perforin-1 gene) to achieve CTL/NK-specific ex-
pression of perforin15; no miR126 target sequences
were placed in this LV vector because expression
from the PRF promoter is naturally restricted in
HSCs (termed PRF0T). All LV vectors also con-
tained the mini-CMV:tNGFR placed in the opposite
orientation for unrestricted monitoring of gene
transfer in HSCs (Fig. 2a).

We determined the relative perforin expression
from the PGK4T, MND4T, and PRF0T LV vectors
in the KHYG1 cell line, a human NK cell line where
we have stably suppressed perforin expression by
approximately 90% with shRNA specific to the 3¢
UTR of perforin (KHYG1-KD).22,31 The perforin
cDNA in LV vectors lacks the 3¢ UTR and is hence
unaffected by the shRNA. KHYG1-KD cells were
transduced with all three LV vectors at a low MOI
and sorted for tNGFR-expressing cells to enrich for

Figure 2. Perforin expression in the human KHYG1 NK cell line from LV vectors carrying the MND, PGK, and PRF promoters. (a) Bidirectional LV vector design
with a mini-CMV promoter driving the human tNGFR cDNA in one direction, and (i) MNDU3 promoter (MND4T), (ii) tissue-specific perforin gene promoter
(PRF0T), or (iii) phosphoglycerate kinase (PGK4T) promoter driving expression of perforin in the opposite direction. miR126 target sequences (red vertical lines)
were placed downstream of the woodchuck posttranscriptional regulatory element (WPRE) in the MND and PGK vectors. (b) Relative Prf1 mRNA expression in
wild-type KHYG1 cells (WT), KHYG1 permanently transduced with prf1 shRNA to the 3¢ UTR of the prf1 gene (KHYG1 KD), and KD cells transduced (and selected
for tNGFR+) with the three LV vectors. Expression is normalized to KHYG1 KD mRNA expression (n = 3 experiments). (c) Representative fluorescence-activated
cell-sorting (FACS) plots showing perforin versus tNGFR expression in wild-type and KD KHYG1 cells, and KHYG1 KD cells transduced with MND4T, PGK4T, or
PRF0T LV vector; bar diagram shows the cumulative results of Prf1 mean fluorescence intensity (MFI) in these cells (n = 3 experiments). (d) Representative
Western blot analysis showing relative perforin protein in KHYG1 WT, KD, and KD cells transduced with the three LV vectors. Numbers represent fold increase
in expression over KD cells. (e) Cumulative data from Western blots showing fold increase in Prf1 protein expression compared with KHYG1 KD cells. Error
bars represent the SEM. *p < 0.05.
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transduced cells with single or low VCN and
tested for perforin expression in three independent
transductions. The mean VCNs were comparable:
1.22, 1.25, and 1.48 VCN in MND4T, PGK4T, and
PRF0T KHYG1-KD cells, respectively.

The relative perforin mRNA expression in
MND4T KHYG1-KD cells was about 2-fold higher
than that in PGK4T and PRF0T cells and nearly
comparable to wild-type perforin expression in
KHYG1 cells (Fig. 2b). Flow cytometric analysis
showed that both the percentage of cells and the
mean fluorescence intensity of perforin were 2-fold
higher in MND4T KYHG1-KD cells as compared
with PGK4T and PRF0T KYHG1-KD cells (Fig. 2c).
Results from Western blotting revealed a similar
trend in perforin protein levels from the MND4T
LV vector compared with PGK4T and PRF0T LV
vectors, and that was comparable to wild-type per-
forin expression (Fig. 2d and e; original Western blot
is shown in Supplementary Fig. S1; supplementary
data are available online at www.liebertpub.com/
hum). Taken together, expression of perforin from

the MND4T vector in a human NK cell line was the
highest compared with other vectors and was
equivalent to near normal levels.

Comparison of HLH phenotype
between transplanted and untransplanted
Prf1-/- mice after LCMV challenge

The murine transplantation model we have pre-
viously used included lethal radiation to ablate the
marrow in the recipient mice.15 In the current study,
we administered busulfan and cyclophosphamide for
myeloablation in order to better approximate clinical
strategies used in human HCT. After stable engraft-
ment at 16 weeks, perforin-deficient (Prf1-/-) mice
were infected with LCMV to induce the HLH phe-
notype (experimental schema in Supplementary
Fig. S2). Eight days after LCMV challenge, evalua-
tionofCTL function insplenocytes froma subgroupof
mice showed similar strong CTL activity from wild-
type and transplanted wild-type (TxWT) mice
(Fig. 3a), and similarly poor CTL function in the
Prf1-/- or the transplanted (TxPrf1-/-) mice. A careful

Figure 3. Lymphocytic choriomeningitis virus (LCMV)-induced hemophagocytic lymphohistiocytosis (HLH) model comparing nontransplanted wild-type and
Prf1-/- mice versus those transplanted with wild-type and Prf1-/- LSK cells. (a) Cytotoxic function analysis of splenocytes 8 days after LCMV challenge, using a
51Cr release assay with GP-33-loaded EL4 cell targets. Symbols represent means and error bars represent the SEM from four mice per group (three mice in the
PGK4T group). (b) IFN-c levels were measured in peripheral blood 8 days after LCMV infection. Statistics were done by one-way Dunnett’s analysis of
variance, comparing all groups with the wild-type mice. (c) Mice challenged with LCMV were clinically scored two or three times per week. Clinical scoring is
represented for groups until they had ‡10% survival rate (n = 6 experiments; wild-type, n = 16; TxWT, n = 22; Prf1-/-, n = 16; TxPrf1-/-, n = 12 mice). (d) Survival of
LCMV-challenged mice (n = 6 experiments; wild-type, n = 16; TxWT, n = 22; Prf1-/-, n = 20; TxPrf1-/-, n = 12 mice). Statistics were done by Mantel–Cox test. Error
bars represent the SEM. {Death of all mice in that group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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analysis showed distinct immunopathology in the
transplanted mice compared with nontransplanted
animals.WehavepreviouslyshownthatserumIFN-c
increases transiently after LCMV infection in wild-
type mice, whereas in Prf1-/- mice, the increase in
IFN-c is highly exaggerated and persistent.14 The
IFN-c response was substantially blunted in the
TxPrf1-/- compared with Prf1-/- mice, although still
significantly higher than in TxWT mice (Fig. 3b).
Cytopenias from the hemophagocytosis and inflam-
mation, another characteristic feature of HLH, de-
velop about 2 weeks after LCMV challenge in Prf1-/-

mice, and these are normally minimal in wild-type
mice. Thesedifferenceswerealsoblunted inTxPrf1-/-

versus TxWT mice (Supplementary Fig. S3a and b).
The clinical features of HLH were also com-

pared. For clinical assessments, mice were graded
for weight loss, activity, eye infections, skin turgor,
and features of distress two or three times per week
for 50 days after LCMV infection, after which the
surviving mice were sacrificed. Parameters were
graded on a 0–2/0–3 scale, with higher grades given
for more severe signs or symptoms. In wild-type
mice, clinical scores peaked 15 days after LCMV
infection and then came down and stayed low for
the remainder of the experiment. In TxWT mice,
peak scores were higher than for untransplanted
wild-type mice, and there was a delay before they
returned to baseline (Fig. 3c). In the Prf1-/- and
TxPrf1-/- mice, the clinical scores peaked and did
not subside and mice succumbed to HLH, with the
TxPrf1-/- mice dying earlier than the Prf1-/- mice.
Finally, survival in TxWT mice was lower than
among the wild-type mice (Fig. 3d). Hence, differ-
ences in clinical scores and survival reflected
transplant-associated mortality, with earlier death
in TxPrf1-/- mice and some mortality even in TxWT
mice, compared with untransplanted counterparts.

These findings suggested that the HLH phenotype
in LSK cell-transplanted mice with busulfan/cytoxan
conditioning was distinct. Because of the transplant-
related mortality noted in wild-type mice, we rea-
soned that large numbers of animals and multiple
experiments would be necessary to distinguish be-
tween HCT- and HLH-related mortality in experi-
ments evaluating gene correction of Prf1-/- animals.

High levels of stable transgene chimerism
correct cytotoxicity and serum IFN-c levels

We next evaluated the therapeutic efficacy of the
MND4T, PGK4T, and PRF0T LV vectors in the
Prf1-/- mouse model of HLH, using the same mye-
loablation protocol. Prf1-/- LSK cells transduced
with the three LV vectors were transplanted into
Prf1-/- mice (Supplementary Fig. S2). Expression of

tNGFR from the mini-CMV promoter (Fig. 2a) pro-
vided a measure of transduction efficiency in PGK4T
and MND4T LV vector-transduced HSCs (Supple-
mentary Fig. S4a). Unexpectedly, however, HSCs
transduced with the PRF0T vector had reduced ex-
pression of tNGFR in HSCs, but not in NK cells in
the peripheral blood 12 weeks posttransplantation
(Supplementary Fig. S4a). This suggested that the
repressive elements that bind the PRF promoter in
cells not meant to naturally express perforin,32 such
as HSPCs, also repressed the CMV minimal pro-
moter immediately adjacent to the perforin pro-
moter in the PRF0T vector (Fig. 2a). Hence, tNGFR
expression was also corepressed along with the
perforin promoter in thosecells. Just like thenatural
regulation of perforin, where NK cells express per-
forin constitutively,32 repression of the mini-CMV
promoter-driven tNGFR was not observed in NK
cells (Fig. 4a). Naive CD8+ cells do not constitutively
express perforin, expressing it only when activat-
ed32; here, the repression of tNGFR expression was
seen in naive CD8+ cells (Supplementary Fig. S4b),
which was removed in activated CD8+ cells after
LCMV infection (Fig. 4d, inset). Hence, the perforin
promoter coregulated the adjacent mini-CMV pro-
moter and conferred it the same lineage specificity,
because tNGFR expression paralleled the natural
expression of perforin. The chimerism of genetically
modified cells was therefore determined by tNGFR
expression in resting NK cells, which express per-
forin constitutively.

Median (and mean – SEM) gene-modified NK cell
chimerism was 44% (52 – 3%), 51% (50 – 4%), and
70% (70 – 2%) in MND4T, PRF0T and PGK4T mice,
respectively, 12 weeks after HCT, with significantly
higher chimerism in the PGK4T mice (Fig. 4a).
Notably, the median VCN in blood leukocytes were
comparable between the PGK4T and PRF0T groups
of mice (1.8 and 1.6 VCN, respectively), but was
significantly lower in MND4T mice at 0.98 (Fig. 4b).
Wild-type and Prf1-/- HSPCs were also trans-
planted into Prf1-/- mice (TxWT and TxPrf1-/-) as
controls for the vector-modified Prf1-/- groups. We
then induced HLH with LCMV infection 4 months
after HCT and studied restoration of cytotoxicity.

Eight days after LCMV infection, a subset of
mice in each of these groups was sacrificed to de-
termine CTL activity of splenocytes against target
EL4 cells ex vivo; tNGFR expression was also de-
termined on CD8+ T splenocytes. In this subset,
median (mean – SEM) gene-modified CD8+ T cells
were lowest in the MND4T splenocytes (25%
[29 – 3%]) versus those in the PRF0T and PGK4T
splenocytes (48% [49 – 6%] and 50% [54 – 6%], re-
spectively [inset, Fig. 4c]). Despite half the chime-
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rism, the CTL activity tended to be higher in the
MND4T mice, closely followed by the PRF0T and
PGK4T mice, albeit lower than that seen in TxWT
mice, where all CTLs expressed perforin (Fig. 4c).
IFN-c levels in the MND4T and PRF0T groups
were significantly lower than in the TxPrf1-/- mice,
although IFN-c levels remained high in the PGK4T
mice (Fig. 4d). However, there were minimal dif-
ferences in peripheral blood cytopenias within the
three groups compared with TxPrf1-/- mice (Sup-
plementary Fig. S3a and b).

Improved clinical score and survival
are observed with the MND4T LV vector

The remaining mice were monitored for clinical
symptoms of HLH for up to 50 days after LCMV
challenge. The median (and mean – SEM) gene-
modified chimerism in these mice was 44% (51 – 3%),

55% (54 – 5%), and 67% (70 + 2%);and the VCNwas 1
(1.4 – 0.2), 1.6 (1.8 – 0.2), and 1.9 (2 – 0.2) in the
MND4T, PRF0T, and PGK4T groups of animals,
respectively (Supplementary Fig. S5aand b), similar
to the chimerism and VCN in all of the mice in the
three groups (Fig. 4a and b).

As expected, all animals became clinically sick
within 2 weeks of LCMV infection, with the TxPrf1-/-

and PGK4T animals having worse (higher) clinical
scores than the PRF0T, MND4T, and TxWT animals.
The TxWT and MND4T mice started improving
thereafter, but the PRF0T mice continued to worsen
clinically until their clinical scores were similar to
those of the PGK4T and TxPrf1-/- animals. Overall,
the MND4T group of mice had the lowest clinical
scores, which correlated with the highest survival of
the three vector groups (Fig. 5a and b). The PGK4T
and PRF0T animals maintained similar high clinical

Figure 4. High levels of stable transgene chimerism in transplanted Prf1-/- mice and significant correction of HLH phenotype. Twelve weeks post-
transplantation (before LCMV challenge), peripheral blood from mice was analyzed for (a) gene-modified NK cell chimerism in peripheral blood by flow
cytometry for tNGFR expression. Statistics were done by one-way Dunnett’s analysis of variance (ANOVA) and (b) vector copy number (VCN) on leukocyte
DNA by qPCR. Median tNGFR expression of VCN is indicated by the horizontal bars. Statistics were done by Mann-Whitney U test. At 16 weeks transplanted
mice were challenged with LCMV. (c) Splenocytes were tested for cytotoxic function by a 51Cr release assay with GP-33-loaded EL4 target cells. Error bars
represent the SEM from 8 to 12 mice per group or three mice in the TxPrf1-/- group. Statistics were done by two-way Dunnett’s ANOVA. Inset: Percent tNGFR
expression in CD8+ cells in the splenocytes 8 days after LCMV challenge (n = 10 experiments). Horizontal bars represent median values in each group. For the
inset, statistics were done by one-way Dunnett’s ANOVA. (d) Serum IFN-c levels were measured in peripheral blood 8 days after LCMV infection and
normalized to VCN in peripheral blood preinfection. Statistics were done by one-way Dunnett’s ANOVA. Error bars represent the SEM. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.
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scores, with almost all of the mice progres-
sively succumbing to the challenge, even though
the PRF0T mice had significantly lower IFN-c,
were alive much longer, and had lower gene-
modified cell chimerism than the PGK4T mice.

Because the MND4T group had some mice with
high chimerism (>60%) and those with moderate
to low chimerism (Fig. 4a), we analyzed whether
higher gene-modified cytotoxic cells conferred lon-
ger survival. Mice with 60% or greater chimerism
in NK cells in the MND4T and PGK4T groups were
alive for significantly more days than were mice
with lower chimerism (below 60%; Fig. 5c). How-
ever, in the PRF0T group, there was no correlation
of mortality with chimerism (or IFN-c levels); and
although they were alive longer than PGK4T mice,
they had similar eventual mortality.

We then determined LCMV viral RNA in bone
marrow from the limited number of surviving mice
and from those that were sacrificed when moribund

(Fig. 5d). LCMV mRNA was high in the PRF0T
and PGK4T groups, and was at low levels in the
MND4T mice. All surviving mice after LCMV
challenge (shown in the rectangular shaded box,
Fig. 5d) had extremely low levels of LCMV mRNA,
consistent with viral clearance or low-grade chronic
infection. These data were also confirmed with
the LCMV plaque-forming assay (Supplementary
Fig. S5c). Hence, our data suggest that low perforin
expression improves some of the inflammatory
parameters, but there is little to no LCMV clear-
ance, which is associated with mortality from HLH
in this model.

DISCUSSION

Autologous transplantation with gene therapy
provides a potentially attractive treatment op-
tion that is not limited by donor availability and
the adverse immunological consequences associated

Figure 5. Improved clinical score, viral clearance, and survival are observed with lineage-restricted MND4T vector expressing perforin. (a) Mice challenged
with LCMV 16 weeks after transplantation were clinically scored three times weekly for 50 days. Clinical scoring is represented for groups until they had ‡10%
survival per group (n = 10 experiments; TxWT, n = 20; MND4T, n = 35; PRF0T, n = 11; PGK4T, n = 29; TxPrf1-/-, n = 12 mice). Error bars represent the SEM.
(b) Kaplan–Meier survival curves for the same group of mice as in (a), measured up to 50 days. Statistics were done by Mantel–Cox test. (c) Length of survival
(in days) among the mice with low chimerism (<60%) versus those with high chimerism (60–100%) within each group after LCMV challenge. Each symbol
represents one mouse; the number of mice per group is stated above the group. Percent chimerism is derived from tNGFR-expressing NK cells at 12 weeks
posttransplantation. Medians are denoted by a horizontal line. Statistics: Unpaired t test with Welch correction within each vector group. (d) LCMV mRNA in
the bone marrow of mice that were either alive on day 50 (mice represented in the rectangular shaded box) or were sacrificed when moribund. mRNA
expression was normalized to expression in Prf1-/- mice sacrificed 8 days after LCMV challenge (n = 3 experiments). Medians are denoted by a horizontal line.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. {Death of all mice in that group.
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with allogeneic HCT. Herein, we show that FHLH2
requires high (normal) levels of perforin expression
per cell for complete correction.

Strong enhancers in the gammaretroviral LTR
were shown to cause oncogenesis by activating
proto-oncogenes surrounding insertion sites. Since
then, LV vectors with self-inactivating (SIN) LTR
design and internal tissue-specific/cellular pro-
moters were developed to reduce genotoxicity.
However, with the perforin and PGK promoter-
driven LV vectors, despite high gene-modified chi-
merism, there was partial correction of HLH. We
observed that the MND promoter/enhancer was
necessary for normal levels of perforin expression
from LV vectors in a human NK cell line, whereas
the PGK/PRF promoters had significantly lower
expression.

Similar phenomena are now being discovered in
other diseases: In leukocyte adhesion deficiency
(LAD), CD18 expression from PGK promoter-
driven vector was insufficient to correct the LAD
phenotype in dogs, and necessitated a strong pro-
moter/enhancer from the MSCV-LTR U3 region for
disease correction16; and in gene therapy for
Wiskott–Aldrich syndrome (WAS), where the WAS
cellular promoter significantly corrected the phe-
notype, but only partially corrected the thrombo-
cytopenia.19,20 The MND(U3) region of a modified
gammaretroviral LTR is a strong promoter/en-
hancer, and has been previously successfully used
internally in an LV vector in a clinical trial of gene
therapy for adrenoleukodystrophy, without evi-
dence of genotoxicity after 10 years of follow-up; it
has also been shown to adequately correct the WAS
phenotype in preclinical studies.33–35

To avoid high expression of a pore-forming pro-
tein in HSPCs, we restricted expression in HSPCs
by using miR126 target elements.25,26 Transgene
expression in HSPCs in globoid leukodystrophy
was found to be toxic to HSPCs, which was over-
come by placing miR126 target sites in the vector.22

Although this may cause some reduction in the
HSPC miR126 pool, studies in normal HSCs show
that miR126 attenuation does not adversely affect
HSPC function, and may even expand them.36

Our studies on functional correction of FHLH2 in
the Prf1-/- mouse model were performed with LSK
transplantation and myeloablation to simulate a hu-
man clinical gene therapy trial. Unexpectedly, with
this modified protocol, we noted blunted cytopenias
and IFN-c responses in TxPrf1-/- mice compared with
previous methodologies.14 Moreover, TxWT mice also
experienced some illness and mortality after LCMV
infection. We suspect these differences relate to
relatively slower immune reconstitution with the

revised protocol. Although there are limitations to
the murine model, with a narrow margin for suc-
cessful correction of HLH pathology, this approach
is favored from a translational perspective. Pa-
tients will receive transduced CD34+ HSPCs, after
a similar myeloablation. It may be beneficial to
consider transplantation of genetically modified
T cells along with genetically modified HSCs, to
prevent adverse consequences from peritransplant
infectious complications while a new immune sys-
tem emerges from the gene-corrected HSCs.

Despite these caveats, transfer of the perforin
gene into HSCs led to a significant correction of
the IFN-c levels and ex vivo cytotoxicity with the
MND4T and PRF0T LV vectors, and partial cor-
rection with the PGK4T vector, as compared with
TxPrf1-/- mice. Notably, the MND4T LV vector
outperformed in all aspects, with nearly half the
VCN and lower gene-modified cell chimerism. Also,
despite similar VCN and perforin expression from
the PGK4T and PRF0T mice, there was much better
reduction in IFN-c levels and longer survival in the
PRF0T mice, suggesting a regulated promoter may
be beneficial; although the eventual dismal outcome
in both groups appears to be from subnormal per-
forin expression and inability to clear/suppress
LCMV; TxWT and MND4T mice had LCMV mRNA
levels consistent with low-grade chronic LCMV
infection and/or clearance. It is to be noted that
the PRF promoter comprises a small fragment
(1.4 kb) of an otherwise 150-kb upstream cis-
regulatory region that regulates perforin expres-
sion.32 Hence identification and inclusion of impor-
tant cis-regulatory elements in the perforin promoter
that can boost the level of perforin expression per
cell may improve this cellular promoter.

The importance of perforin in the feedback control
of immune activation has been studied in the context
of HLH, and there exists a perforin-dependent re-
ciprocal relationship between dendritic cells and
CD8+ T cells.37,38 In the absence of perforin and in
the face of a viral infection, Prf1-/-CD8+ T cells are
conceivably incapable of providing feedback control
of immune activation, besides being incapable of
reducing the viral load, which rises and/or stabilizes
in the liver and spleen of infected mice.31 Our data
suggest that moderate, but subnormal levels of per-
forin in CD8+ T and NK cells are sufficient to provide
the feedback to decrease the exaggerated inflam-
mation and immune response; however, com-
plete correction and recovery from HLH, including
viral clearance, requires a much higher level of
perforin expression (i.e., near normal levels), and
was achievable by the MNDU3 promoter/enhancer.
It will be of interest to study the expression of this
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promoter in primary CD8+ T cells and NK cells of
perforin-deficient patients with HLH for robust
validation.

In conclusion, our data suggest that for gene
therapy of FHLH2, cellular promoters are capable
of providing only partial phenotypic correction, and
complete correction of the phenotype requires ro-
bust perforin expression that can be facilitated by a
strong MND enhancer in an LV vector.
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