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GRAPHICAL ABSTRACT
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Severe adult hemophagocytic lymphohistiocytosis (HLHa) correlates with
HLH-related gene variants

130 patients with HLHa (age=18 years old and “HScore”=169)
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56/130 patients carrying at least a variant

Conclusion: HLH-related gene variants may be key components to the severity of HLHa
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Background: The contribution of genetic factors to the severity
of adult hemophagocytic lymphohistiocytosis (HLHa) remains
unclear.

Objective: We sought to assess a potential link between HL.Ha
outcomes and HLH-related gene variants.

Methods: Clinical characteristics of 130 HLHa patients (age >
18 years and HScore > 169) and genotype of 8 HLH-related
genes (LYST, PRF1,UNC13-D, STX11,STXBP2, RAB27A, XIAP,
and SAP) were collected. A total of 34 variants found in only 6
genes were selected on the basis of their frequency and criteria
predicted to impair protein function. Severity was defined by
refractory disease to HLH treatment, death, or transfer to an
intensive care unit.

Results: HLHa-associated diseases (ADs) were neoplasia (n =
49 [37.7%]), autoimmune/inflammatory disease (n = 33
[25.4%]), or idiopathic when no AD was identified (n = 48
[36.9%]). Infectious events occurred in 76 (58.5%) patients and
were equally distributed in all ADs. Severe and refractory
HLHa were observed in 80 (61.5%) and 64 (49.2%) patients,
respectively. HScore, age, sex ratio, AD, and infectious events
showed no significant association with HLHa severity. Variants
were identified in 71 alleles and were present in 56 (43.1%)
patients. They were distributed as follows: 44 (34.4%), 9 (6.9%),
and 3 (2.3%) patients carrying 1, 2, and 3 variant alleles,
respectively. In a logistic regression model, only the number of
variants was significantly associated with HLHa severity (1 vs 0:
3.86 [1.73-9.14], P =.0008; 2-3 vs 0: 29.4 [3.62-3810], P = .0002)
and refractoriness (1 vs 0: 2.47 [1.17-5.34], P = .018; 2-3 vs 0:
13.2 [2.91-126.8], P = .0003).

Conclusions: HLH-related gene variants may be key components
to the severity and refractoriness of HLHa. (J Allergy Clin
Immunol 2024;153:256-64.)

Key words: Hemophagocytic lymphohistiocytosis (HLH), HLH-
related gene variants, adult secondary HLH, severe HLH in adults

Hemophagocytic lymphohistiocytosis (HLH) syndrome is
caused by abnormal and sustained activation of T lymphocytes
and macrophages, releasing proinflammatory cytokines leading
to cytokine storm syndrome.l’2 HLH is characterized by multiple
clinical and biological features, including fever, splenomegaly,
high ferritin level, pancytopenia, and liver biology abnormalities.
HLH is commonly divided into primary/familial (F-HLH) cases
and secondary/acquired cases.”” F-HLH is a severe disease
occurring mainly in children at an early age (usually <3 years).”
F-HLH occurrence is linked to recessive-autosomal or X-linked
mutation in any of the following genes: PRFI,” UNCI3-D.°
STX11,” STXBP2,® RAB27A,” LYST,'” SH2DIA,'" and XIAP."”
Except for XJAP mutations, HLH-related gene mutations cause
a functional deficiency of the perforin-dependent cytotoxic
pathway of CD8 T lymphocytes and natural killer cells.''*

Acquired/secondary HLH is generally considered not geneti-
cally linked, being sporadic with no hints of familial history and
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Abbreviations used
AD: Associated disease
AID: Autoimmune/inflammatory disease
F-HLH: Familial HLH
HLH: Hemophagocytic lymphohistiocytosis
HLHa: HLH in adults
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occurring mostly in adults but also in adolescents and children,
usually at an older age than in F-HLH.'>'° It usually appears in
the context of an underlying disease, which most frequently is
neoplasia' '® or autoimmune/inflammatory disease (AID). In
this context, HLH is called macrophage activation syndrome. In
some cases, no associated disease (AD) is found, and HLH is
then classified as idiopathic. However, in most cases, regardless
of the underlying disease, an infection triggers HLH onset.'**’

HLH outcome is highly polymorphic, ranging from benign
manifestations to severe forms requiring intensive care and
leading to death in 60% of cases.”'*”> Malignancy ADs are
commonly associated with a poor prognosis,”” > but other factors
contributing to the clinical heterogeneity have not been well
deciphered.

Although there is a fair amount of evidence linking heterozy-
gous missense mutations in F-HLH genes with adult HLH
(HLHa),”*%® it is still considered to be mainly determined by
external stressors,”®>*>! and the potential value of variants in
HLH-related genes in the severity of HLH has never been
addressed.

Here, we investigate a cohort of HLHa patients genotyped for 8
HLH-related genes to assess possible links with clinical
outcomes.

METHODS
Selection of patients

Between 2012 and 2019, 195 patients (178 adults, 6 adoles-
cents, and 11 children 3-11 years old) with secondary HLH were
prospectively recruited from 62 medical centers in a national
study (funded by the French National Program of Clinical
Research, 2010). The inclusion criteria were adapted from the
HLH-2004 diagnostic criteria’> and with the expertise of the
French HLH Study Group, as recommended™ (see Table EI in
this article’s Online Repository at www.jacionline.org). Informed
consent was obtained from all study participants following the
Declaration of Helsinki. The regional Ethics Committee of Paris
(ID-RCB: 2009-A000301-56) approved the study. The data
collected included clinical and biological features of HLH,
ADs, infectious trigger events, treatment, and outcomes (refracto-
riness to treatment [corticosteroids and etoposide] or relapse,
intensive care unit [ICU] transfer, and death) at HLH onset and
during a l-year follow-up. Serum and DNA samples were

® The CrossMark symbol notifies online readers when updates have been made to the
article such as errata or minor corrections
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obtained for each patient. Selected ADs included neoplastic dis-
eases (hematologic malignancies and solid tumors) or AID. The
patients were classified as idiopathic if they did not have a history
or the occurrence of neoplasia and/or AID during the 1-year
follow-up of the study. The diagnosis of AID was based on the
American College of Rheumatology criteria for systemic lupus
erythematosus®* or on the Yamaguchi criteria for Still disease.’
Bacterial, viral, parasitic, or miscellaneous infectious events
were considered potential triggers of HLH onset and were
collected. Treatment of HLH was noted, particularly the use of
corticosteroids and etoposide, which are recommended in severe
forms of HLH.® Independently and before genetic studies, pa-
tients were classified as “severe HLH” when he or she experi-
enced at least 1 of the following events: transfer to the ICU,
refractory disease to treatment (refractory to the first line of treat-
ment leading to a second line of treatment or relapse), or death.

Between 2014 and 2016, 172 patients were sequenced for 8
selected genes (Fig 1) and referred to as the “HLH-related genes
cohort.” The following genes involved in F-HLH and belonging
to the same cytotoxic physiological pathway were considered:
PRF1,UNCI13-D,STX11,STXBP2, RAB27A (Griscelli syndrome
[GS2 gene]), and LYST (Chediak-Higashi syndrome). The genes
involved in X-linked lymphoproliferative diseases 1 and 2,
SH2DIA/SAP and BIRC4/XIAP, were also retained for
sequencing.

On the day of enrollment, HScore and the diagnostic values of
the HLH-2004 criteria were calculated for the 172 patients in the
HLH-related genes cohort. Because HScore” is reported to have
a better prediction accuracy than the HLH-2004 criteria for
HLHa,**° patients of the HLH-related genes cohort (1) older
than 18 years and (2) with an HScore greater than or equal to
169°7 (Fig 1) were classified as HLHa. Overall, 130 patients ful-
filled these 2 criteria (median HScore, 218 [169-320]) and
composed the HLHa-related genes cohort. Forty-two patients
were excluded from this study: 12 because of being younger
than 18 years and 30 because of an HScore of less than 169
(Fig 1). Of note, 113 (87%) of the 130 HLLHa patients had fulfilled
at least 4 HLH-2004 criteria.’>*’

Selection of HLH-related gene variants

Targeted gene sequencing methods are detailed in this article’s
Online Repository at www.jacionline.org.

We identified 271 variants localized in the capture regions of
the 8 targeted genes (HLH-related genes). We excluded intronic
variants because of incomplete coverage of the intronic regions by
the capture panel as well as splicing and other noncoding variants
because they are not scored by PolyPhen and incompletely by
CADD. After the exclusion of intronic (n = 138), UTR3 (n = 5),
UTRS (n = 2), and splicing (n = 14) variants, as well as synon-
ymous variants (n = 53), a total of 59 nonsynonymous variants
were retained for further analyses, all of them being missense
and exonic.

Finally, variants were subsequently selected if they met at least
2 of the following criteria: (1) the maximum minor allelic
frequency in reference subpopulations is less than 0.05 (ANNO-
VAR PopFreqMax annotation), (2) CADD phred score is greater
than or equal to 14.399, and (3) PolyPhen-2 HVAR score is
greater than or equal to 0.429 according to the Mutational
Significance Cutoff database thresholds®' (see Fig El in this
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FIG 1. Flow chart of the HLHa genes cohort.

article’s Online Repository at www.jacionline.org). Thus, 33 var-
iants that fulfilled these criteria were selected (Fig E1). Among
them, the PRFI A91V variant, previously related to F-
HLH,"** met the frequency and the 2 pathogenicity criteria.
One more variant, PRFI N252S, despite meeting only the fre-
quency criterion, was also selected because of being of potential
clinical significance in ClinVar annotation and was related to F-
HLH.** Finally, 34 variants were selected for analysis,
including 14 variants fulfilling all the 3 criteria, 18 with only 2
criteria, and 2 with ClinVar annotation (Fig E1; see Table E2 in
this article’s Online Repository at www.jacionline.org). Notably,
no variants were identified in SH2DIA/SAP and BIRC4/XIAP
genes.

Statistical methods

Characteristics were summarized for quantitative data by the
median (minimum-maximum values) and group comparisons
performed using the Wilcoxon rank-sum test. Qualitative data
were summarized by frequencies (percentages) and compared
using the Fisher exact test. Exact Cochran-Armitage trend tests
were used to test the dependence between ordered and binary
variables.

To compare collapsed variant allelic frequencies between
HILHa-related genes and in-house control cohorts (see the Online
Repository), Cohort Allelic Sums Test (CAST) and SUM burden
tests adjusted for population stratification by Principal Compo-
nent Analysis (PCA) were used (see the Online Repository).
PCA-adjusted burden tests are a common and efficient strategy
for accounting for different ancestries in patients and controls in
the study of rare variants.**

Stepwise multivariate Firth bias-reduced logistic regression
models®’ were fitted to select clinical and genetic characteristics
associated with HLH severity. Adjusted odds ratios were esti-
mated from these models and were reported with their 95% CI
computed by the profile likelihood method. Statistical tests
were defined as 2-tailed, and P values less than .05 were
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TABLE I. Clinical characteristics of HLHa patients according to AD
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Overall

Neoplasia AID Idiopathic

Characteristics

(n = 130)

(n = 49 [37.7%]) (n = 33 [25.4%]) (n = 48 [36.9%])

HScore at diagnosis, median (range)

Sex ratio (male/female) 1.3 (74/56)
Age at diagnosis (y), median (range) 50 (18-83)
Infectious triggers, n (%)

Yes 76 (58.5)
EBV* 38 (29.0)
Herpes virus no EBV 11 (8.4)
Intracellular bacteria 15 (11.4)
Other pathogens (no Herpes virus, bacteria, or parasites) 12 (9.2)

No 54 (41.5)

Outcomes, n (%)

Transfer to ICU 42 (32.3)
Refractory to treatmentt 64 (49.2)
Death 31 (23.8)

218 (169-320)

226 (174-320) 203 (172-274) 225 (169-310)

1.7 (31/18) 0.6 (12/21) 1.8 (31/17)
56.0 (31-83) 41.0 (21-81) 44.5 (18-81)
23 (46.9) 21 (63.6) 32 (66.7)
19 (38.8) 15 (44.1) 8 (16.7)

1 (2.0) 1 (3.0) 5 (10.4)
0 (0.0) 2 (5.9) 13 (27.1)
3(6.1) 3 (8.8) 6 (12.5)
26 (53.1) 12 (36.4) 16 (33.3)
14 (28.6) 12 (36.4) 16 (33.3)
29 (59.2) 15 (45.5) 20 (41.7)
20 (40.8) 6 (18.2) 5(10.4)

*PCR EBYV virus load detected by PCR.
fTreatment: corticosteroid, etoposide.

considered statistically significant. All computations were per-
formed with the R-Bioconductor statistical environment V3.6
(R Foundation for Statistical Computing, Vienna, Austria).

RESULTS
Clinical features of the HLHa-related genes cohort

The HLHa-related genes cohort gathered 130 patients. None
had a familial history of HLH. The sex ratio (male/female) was
1.3 (74/56), and the median age at diagnosis was 50 years (range,
18-83 years). Infectious triggers were reported in 58.5% (n = 76)
of patients and were classified into 4 main categories: (1) EBV, (2)
non-EBV herpes virus group, (3) intracellular bacteria, and (4)
others (Table I). HLHa-ADs were diagnosed as neoplastic dis-
eases (n = 49 [37.7%]), AIDs (n = 33 [25.4%]), or idiopathic
when no AD was diagnosed (n = 48 [36.9%]). Transfer to ICU,
refractory disease, or death occurred in 42 (32.3%), 64 (49.2%),
and 31 (23.8%) patients, respectively, within 1 year following
diagnosis (Table I). Among the 130 HLHa cases, 80 (61.8%) pa-
tients presented at least 1 of the severity criteria and were classi-
fied as severe (Table II). Severe and refractory patients were more
frequently treated with etoposide compared with nonsevere pa-
tients (40 of 80 [50%] vs 5 of 50 [10%], P < 1.5 X 10~ °; 35 of
64 [54%] vs 10 of 64 [15.6%], P < 2.68 X 10_6) (Table II; see
also Table E3 in this article’s Online Repository at www.
jacionline.org).

When comparing the distribution of the clinical parameters
between patients exhibiting severe and nonsevere features, no
statistical differences were found in the distribution of HScore,
age at diagnosis, sex ratio, infectious triggers, and ADs (Table II).
In particular, the frequency of EBV replication was comparable in
both groups (29.6% vs 28%). Although not reaching statistical
significance (P = .095), neoplasia was more frequently observed
in patients with severe disease (43.8% vs 28%) (Table II).

Distribution of HLH-related gene variants in HLHa-
related genes cohort and correlation with clinical
features

As shown in Fig 2, 34 selected variants were distributed in 71
alleles, which were present in 56 (43.1%) patients of the cohort.

All the variants were heterozygous except for 1 homozygous
PRF] variant and 1 STXBP2 variant. Heterozygous composite
variants were found in UNCI3D. The 2 PRFI variants, A91V
and N252S, were the most frequently observed (13 alleles in 12
patients and 8 alleles in 8 patients, respectively) (Fig 2).
A monoallelic variant was detected in 44 (34.4%) patients (see
Table E4 in this article’s Online Repository at www.jacionline.
org). Polyallelic distribution was found in 12 patients, of whom
9 (6.9%) and 3 (2.3%) patients carried 2 and 3 variant alleles,
respectively (see Table ES5 in this article’s Online Repository at
www.jacionline.org). Of note, combinations of PRF1/STXBP2,
PRF1/RAB27A, and PRF1/STXBP2/RAB27A gene variants were
observed in 4, 3, and 1 patient, respectively (Table ES5).

A PCA-adjusted burden test on the 6 HLH-related genes
revealed an enrichment in variant alleles in the overall cohort
(53%) relative to controls (40%) (PCA-adjusted CAST test, P =
.027; PCA-adjusted SUM test, P =.013) (see Table E6 in this ar-
ticle’s Online Repository at www.jacionline.org).

Association of HLH-related gene variants with HLHa
clinical features

None of the clinical features, including sex ratio, age, ADs
(neoplasia, AID, or idiopathic), or infectious events, were
significantly associated with the number of variant alleles (see
Tables E7 and ES in this article’s Online Repository at www.
jacionline.org). Severe HLHa patients more frequently carried
at least 1 variant allele (46 of 80 [57.7%]) compared with others
(10 of 50 [20%]) (Fisher test, P = 2.6 X 10°). Considering the
number of variant alleles per patient, we detected a positive trend
between the number of variant alleles found and the severity of the
HLHa (exact Cochran-Armitage trend test, P = 1.0 X 1075)
(Table III). Of note, the 12 patients carrying 2 or 3 variant alleles
were all severe. Conversely, none of the nonsevere patients car-
ried more than 1 variant allele (P = 6.1 X 1076). The same rela-
tionship with severity was found when separately considering the
PRF1 A91V variant (11 of 80 for severe patients vs 1 of 50 for
nonsevere patients; Fisher test, P = .028; trend test, P = .047)
from the other variants (41 of 80 for severe patients vs 9 of 50
for nonsevere patients; Fisher test, P = 1.8 X 10™*; trend test,
P = 1.2 X 10™%) (Table III).
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TABLE Il. HLHa clinical features associated with HLH severity
Severity
Features Severe (n = 80 [61.8%]) Nonsevere (n = 50 [38.2%]) P value
Etoposide treatment, n (%) 40 (50) 5 (10) 1.5 X 10°°
HScore at diagnosis, median (range) 224 (174-320) 213 (169-294) .14
Sex ratio (male/female) 1.4 (47/33) 1.2 (27/23) 12
Age at diagnosis (y), median (range) 51 (19-83) 48 (18-73) 13
Infectious triggers, n (%)
EBV 24 (29.6) 14 (28.0) .90
Herpes virus non-EBV 6 (7.4) 5 (10.0)
Intracellular bacteria 8(9.9) 7 (14.0)
Other pathogens 7 (8.6) 5 (10.0)
No 35 (44.5) 19 (38.0) .59%
AD, n (%)
AID 19 (23.8) 14 (28.0) 18
Idiopathic 26 (32.4) 22 (44.0)
Neoplasia 35 (43.8) 14 (28.0) .09+
*Fisher exact test (infectious trigger: yes vs no).
fFisher exact test (neoplasia vs AID + idiopathic AD).
n=23
A
n=16 8
C—— Unique variant :
3 Repeated variant
n=14 N252S .
3 Q2
2 o
©
n=1 ‘S
4 P
2 - 2
E
11+2* 7z
n=5 3+2*
n=2 2 A91V
—— | =
| ]
STX11 RAB27A LYST STXBP2 UNCI3-D PRFI*
n=2 n=3 n=10 n=6 n=9 n=4 variants
variants variants variants variants variants

*Indicates a homozygous expression of the variants

FIG 2. Allelic distribution of variants detailed for each HLH gene in HLHa. Each box is an allele carrying a
unique (white box) or repeated (gray box) allele variant. For each HLH-related gene, the number of alleles
carrying unique or repeated variants is provided. The number in the box indicates the number of alleles re-
currency. *Indicates a homozygous expression of the variants.

In a penalized stepwise logistic regression, including the
clinical characteristics and the number of variant alleles in the 6
genes, only the genetic factor was significantly associated with
severity (penalized likelihood ratio test, P = 2.0 X 107°). The
odds ratio estimate for 2 to 3 alleles versus 0 comparisons
(29.4, 95% CI [3.62; 3810.9]) was higher than the estimate for
1 variant allele versus 0 comparisons (3.86, 95% CI [1.73;
9.14]) (Table IV). When PRFI A91V variant alleles were
excluded, results were similar (5.57, 95% CI [1.20; 53.71])

(1 allele vs 0: 3.79, 95% CI [1.66; 9.26]; 2-3 alleles vs 0: 15.4,
95% CI [1.72; 2037.4]) (Table IV). When separately analyzing
the 3 components of severity (refractoriness, ICU transfer, and
death), it appears that HLHa refractoriness was the only param-
eter associated with the presence of variant alleles. Indeed, 37
(58%) of 64 refractory patients carried at least 1 variant allele
versus 19 (29%) of 66 for no refractoriness (Fisher test, P =
1.3 X 107?) (see Table E9A in this article’s Online Repository
at www.jacionline.org). The trend test between the number of
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TABLE lll. Variant alleles frequencies in severe and nonsevere patients

Variant No. of alleles Severe (%) (n = 80) Nonsevere (%) (n = 50) P value

All variants 0 34 (42.5) 40 (80.0) 1.0 X 1077
1 34 (42.5) 10 (20.0) 6.1 X 107%F
2 9(11.2) 0 2.6 X 107°%
3 3 (3.8) 0

PRFI A91V 0 69 (86.2) 49 (98.0) 47 X 107 %
1 10 (12.5) 1(2.0) 28 X 10724
2 1(1.3) 0

Other variants 0 39 (48.8) 41 (82.0) 1.2 X 10~ %
1 35 (43.7) 9 (18.0) 7.0 X 107+
2 4 (5.0) 0 1.8 X 1074
3 2 (2.5) 0

*Exact trend test P value on all alleles number classes.
TExact trend test P value by collapsing the last 2 alleles number classes.
{Fisher exact test P value, 0 vs >0 alleles number classes.

TABLE IV. Logistic regression, with all variant alleles and PRF1
A91V-excluded variant alleles, association with severity of
HLH

Variant No. of alleles Odds ratio 95% CI* P value
All variantsT
0 1.00
1 3.86 1.73-9.14 .0008
2-3 29.4 3.62-3810.9 .0002
PRF1 A91V + other variants
0 1.00
PRF1 A91V 1-2 5.57 1.20-53.71 .0265
Other variants 1 3.79 1.66-9.26 .0013
2-3 154 1.72-2037.4 .0099

df, Degree of freedom.

*Determined by penalized profile likelihood method.

TPenalized likelihood ratio test, 20.93 on 2 df; P = 2.9 X 1075,
{Penalized likelihood ratio test, 20.12 on 3 df; P = 1.6 X 1074

alleles and refractoriness was also significant (exact Cochran-
Armitage trend test, P = 2.0 X 1074), and similar relationships
with PRF1 A91V variant (11 of 64 for severe patients vs 1 of
66 for nonsevere; Fisher test, P = 2.0 X 10™%; trend test, P =
1.8 X 1073) and other variants (32 of 64 for severe patients vs
18 of 66 for nonsevere; Fisher test, P = 1.0 X 10™2; trend test,
P = 1.0 X 10~?) were also observed (Table E9A).

Logistic models confirm that only the genetic components
were associated with refractoriness, considering either the
whole variant alleles (penalized likelihood ratio test, P =
40 X 107% or excluding A91V (penalized likelihood ratio
test, P = 5.0 X 1074), with an increase in odds ratio estimates
between monoallelic versus multiallelic variants (Table E9B).
However, no relationship was found between the detection of
variant alleles and ICU or death outcome (see Table E10A
and B in this article’s Online Repository at www.jacionline.
org). In our adult cohort, death was primarily associated with
the underlying neoplasia (20 of 31 vs 29 of 99, P = .0006)
and the age of the patients (death: 57 [23-83] vs 47 [18-82],
P = .003).

DISCUSSION
This study aimed to test the hypothesis that heterogeneity of
HLHa outcome may have a genetic basis. We took advantage of a

national cohort with clinical features prospectively characterized
to perform genotyping of 8 HLH genes.

We have selected 34 HLH-related gene variants in this cohort,
including 2 linked to F-HLH (PRF1 A91V and N2528S). We found
that 43.1% (56 of 130) of patients carried at least 1 variant allele,
and 12 carried polyallelic variants. By using PCA-adjusted
burden tests, we found a global enrichment of HLH gene variants
compared with the control in-house population of the same back-
ground. The presence of at least 1 variant allele and cumulative
detection of variant alleles were the only factors significantly
and positively associated with HLH severity and refractoriness
to treatment. These associations remain true when excluding
the most recurrent variant (PRFI1 A91V) from the others. These
results suggest that HLHa clinical course and, more specifically,
resistance to treatment depend partly on potential genetic predis-
position to HLH.

Variants in HLH-related genes have been described in several
cohorts of adult patients.**>" These studies differ with respect to
the racial origin, size of the cohort, age, diagnosis criteria of HLH,
genes panel analyzed, methodology to select variants, and clinical
end points. The frequency in patients harboring variant alleles
ranges from 14%*® to 43%.°° But, in all cohorts, including
ours, most genetic variations are missense and heterozygous.
Some have been found to be expressed as a combination of
F-HLH-related gene variants. In this cohort, 43.1% (56 of 130)
of patients carried at least 1 variant in the overall population.
However, this percentage reached 58% (46 of 80) for severe pa-
tients versus 20% (10 of 50) for nonsevere patients. Although
this selection of variants may be arguable (minor allelic frequency
in reference populations < 5%, CADD phred score > 14.399, and
PolyPhen-2 HVAR score > 0.429), their association with the
risk of HLH refractoriness and severity supports our filtering
strategy.

In favor of genetic involvement in the pathophysiology of the
HILHa, some features shared similarities with F-HLH. First, as
being found in slight excess when compared with a control cohort
adjusted on ethnicity, our potentially pathogenic variants may
participate to the onset of HLHa. If so, the mechanism could be
that the cumulative effect of potentially minor defects in the
degranulation pathway may reach a threshold to develop HLH in
context of infection, neoplasia, and/or AID as proposed in recent
comprehensive models of HLH pathology.’>” Then, the risk of
HLH refractoriness or severity correlated with the number of
HLH-related gene variants suggests that the addition of variant
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alleles in different HLH genes may cooperate to increase the risk
of developing severe HLH. Likewise, for 10% of the cohort (12
polyallelic patients of 130 patients), a strict correlation was found
between the presence of 2 or more variants and the severity of the
disease (severe phenotype). This cumulative effect of variant al-
leles has previously been observed in murine HLH models. Using
mouse models with a combination of heterozygous mutations in
Stx+/—, Rab27a+/—, and Prfl+/— genes, the severity of HLH
features in mice was found to increase with the number of mono-
allelic mutations’* or with the genes involved in combination (ie,
Prfl or Rab27a). In our cohort, 8 of 12 patients with more than 1
allele variant carried at least a variant allele in PRFI. Of note,
PRF1/RAB7a variant allele association was found in 3 patients.
As a result, the threshold model can also be translated into
“HLH severity,” which is likely to increase significantly with
the number of variants carried by patients.

In our cohort, 13 patients had at least 1 STXBP2 mutation and
12 were heterozygous (4 associated with another gene variant).
However, only 1 of the 13 patients died within a year following
the HLH flare. Therefore, the results observed in our cohort do
not confirm the findings of Eloseily et al.”” Two possible explana-
tions are to be considered for this discrepancy: the age difference
between the patients in the 2 cohorts (children vs adults) and the
associated pathology with more neoplasia in adult population.

At least, we observed that patients carrying the PRFI A91V
variant also have an increased risk of severe/refractory HLH. Of
the 12 patients carrying the PRFI A91V variant, 6 had several
variants and (except for 1) were severe cases. In agreement with
our findings, the presence of a homozygous or compound hetero-
zygous PRF1 A91V variant is associated with late-onset HLH or a
lethal form of HIN1 HLH.?%** However, in vitro, its function re-
mains controversial; PRFI A91V impairs cytotoxic lymphocyte
function”®*” but is sensitive to temperature. This exogenous fac-
tor possibly explains contrasting reports related to the potential
pathogenic role of these variants.”® One limitation of our study
is the absence of functional validation of variants. Decrease in
natural killer cell cytotoxicity usually reflects a complete or par-
tial loss in HLH-related protein, most of the time, secondary to
biallelic mutations as seen in F-HLH. Most of our mutations are
heterozygous, and yet mutations acting as a partial “loss of func-
tion mutation” have been previously reported in later-onset
HLH.””® Thus, we cannot totally eliminate that some of our mu-
tations could act as dominant-negative mutations, impairing the
cytotoxic process. However, on the basis of the study of PRFI
A91V,%° and also in another study,5 it will likely be difficult to
prove/or disprove their involvement on the basis of currently
available in vitro functional assays.

Of note, whole exome sequencing studies in patients with
HLH have identified variants in genes related to additional
pathways unrelated to cytotoxicity, including dysregulation of
inflammasome activity, impaired control of virus replication,
and primary immunodeficiency.” %" It is, therefore, tempting
to hypothesize that other variants in other genes involved in
immune regulation could also play a role, alone or in combina-
tion, in influencing the occurrence and severity of HLHa.
Further analyses, such as whole exome or genome sequencing,
will be needed to test this hypothesis.

One interesting finding of our study was that refractoriness to
treatment and disease severity were associated with the presence
of variants of HLH genes. Clinicians consider HLH refractoriness
a red flag of potential severity for HLHa patients. Therefore,
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genetic investigations may contribute to a better definition of
prognosis and treatment.

DISCLOSURE STATEMENT

This work was supported by grants from Programme Hospital-
ier de la Recherche Clinique Nationale 2010 of the French
Ministry of Social Affairs and Health (clinicaltrials.gov no.
NCT02113917) and Direction de la Recherche Clinique et de
I’Innovation of Assistance Publique-Hopitaux de Paris. It also
received financial support from Laboratoire Francais du Sang.

Disclosure of potential conflict of interest: The authors declare
that they have no relevant conflicts of interest.

We greatly acknowledge all the patients and their family for their
participation, and also thank other clinicians who have included patients in
our study: Raphael Borie, Anne-Laure Buchdahl, Guillaume Cadiot, Nathalie
Costedoat, Isabelle Dervite, Isabelle Durieu, Sophie Georgin-Lavialle,
Magdalena Geri, Claire Grange, Claire Fabre, Mehdi Khellaf, David Laharie,
Bruno Lapeyre, Maud Lemoine, Philippe Lutun, Héléne Maillard-Lefevre,
Pierre Merville, Nicolas Mongardon, Sandrine Morelle-Dubois, Anne-Sophie
Morin, Jean-Louis Pallot, Anne Parcellier, Cécile Pelatan, Gaelle Pelle,
Frédérique Retornaz, Marie-Thérése Rubio, David Saadoun, Guillaume Sa-
voye, Aurélie Schiffmann, Harry Sokol, Christine Soler, and Jacques Vargaf-
tig. We also greatly acknowledge the French HLH Study Group. We thank
Prof. Jeanne Amiel for her precious advice and corrections on the manuscript.
We also thank the Clinical Research Unit of Paris Centre, especially Valerie
Jolaine, and the Clinical Research of Paris Seine Saint Denis, especially
Daniel Baboulall.

Members of the French HLH Study Group and collaborators to the
HLH genes study

Coralie Bloch, MD, PhD,*?%4¢f Jean Philippe Jais, MD, PhD,*"# Francois
Liffermann, MD, PhD,h Pierre Morel, MD,i Morgane Cheminant, MD,
PhD &4t Felipe Suarez, MD, PhD,*%*% Olivier Hermine, MD, PhD,&%:
Fabrice Bonnet, MD, PhD,*! Pascal Godemer, MD,™ Damaj Gandhi, MD,
PhD," Olivier Fain, MD, PhD,° Olivier Lambotte, MD, PhD,” David Launay,
MD, PhD,*" Louis Terriou, MD, PhD,?" Claire Larroche, MD,® Estibaliz Laz-
aro, MD, PhD,"" Jean-Francois Viallard, MD, PhD,"" Francois Liffermann,
MD, PhD," Olivier Lortholary, MD, PhD,*** Marc Michel, MD, PhD,*
Jean-Marie Michot, MD, PhD,” Pierre Morel, MD,” Frederic Pene, MD,
PhD,* Antoinette Perlat, MD, PhD," and Geoffrey Urbanski, MD, PhD®*%

From “the Clinical Research Unit, Avicenne University Hospital, AP-HP,
Bobigny, ®Paris 13 University, Sorbonne Paris Cité, Paris, “the Laboratory
of Cellular and Molecular Mechanisms of Hematological Disorders and Ther-
apeutical Implications, INSERM UMR1163/CNRS URL 8254, Paris, dthe
Center for the Study of Primary Immunodeficiencies, Necker University Hos-
pital, AP-HP, Paris, “the Imagine Institute, Paris University, Paris, fthe Biosta-
tistic Unit, Necker University Hospital, AP-HP, Paris, *Human Genetics of
Infectious Diseases: Complex Predisposition, INSERM UMRI1163, Paris,
hService de medecine interne-hematologie, Centre hospitalier de DAX,
Dax, iService d’Hématologie Clinique, Hopital Schaffner de Lens, Lens Ce-
dex, iClinical Hematology, Necker University Hospital, AP-HP, Paris, “the In-
ternal Medicine and Infectious Disease Unit, Saint Andre Hospital, Bordeaux,
'Bordeaux University, ISPED, INSERM U1219, Bordeaux, "Hematology, CH
Bretagne Atlantique, Vannes Cedex, "the University Hospital, Hematology
Institute, Normandy University, School of Medicine, Caen, °the Internal Med-
icine Unit, Sorbonne University, Saint Antoine University, AP-HP, Paris, Pthe
University Paris Saclay, AP-HP, Hopital Bicétre, IMVAHB UMRI1184, IN-
SERM, CEA, Le Kremlin Bicétre, YUniversité de Lille, Lille, CHU Lille,
Département de Médecine Interne et Immunologie Clinique, Centre de
Référence des Maladies Auto-immunes Systémiques Rares du Nord et
Nord-Ouest de France, Lille, ‘CeRAINO, LIRIC INSERM U995, Lille, *the
Internal Medicine Unit, Avicenne Hospital, AP-HP, Bobigny, 'the Internal
Medicine Department, Bordeaux Hospital University, Bordeaux, "CNRS-
UMR 5164 Immuno ConcEpT, Bordeaux, ‘Service de medecine


http://clinicaltrials.gov

J ALLERGY CLIN IMMUNOL
VOLUME 153, NUMBER 1

interne-hematologie, Centre hospitalier de DAX, Dax, “Service de Maladies
Infectieuses et Tropicales, Centre d’Infectiologie Necker Pasteur, Hopital
Universitaire Necker-Enfants Malades, Assistance Publique-Hopitaux de
Paris, Université de Paris, Paris; *the Department of Internal Medicine, Centre
de Référence maladies rares sur les Cytopénies Auto-Immunes de 1’adulte,
Hopitaux Universitaires Henri Mondor, AP-HP, Créteil, Université Paris-Est
Créteil, Créteil, *Gustave Roussy, University Paris Saclay, Drug Development
Department, Villejuif, “Service d’Hématologie Clinique, Hopital Schaffner de
Lens, Lens Cedex, “*Medical ICU, Hopital Cochin, Hopitaux Universitaires
Paris Centre, AP-HP and University Paris Descartes, Paris, "®the Internal Med-
icine and Clinical Immunology Unit, Rennes University Hospital, Rennes,
“the Internal Medicine Department, University Hospital, Angers, and “the
MitoLab Team, MITOVASC Institute, UMR CNRS 6015, INSERM U1083,
University of Angers, Angers, France

Key messages

o HLH-related gene
outcome of HLHa.

variants may contribute to the

e Severity or refractoriness to usual treatments may be a
clinical signal of the need for genetic investigations in
HLHa patients.

REFERENCES

1. Canna SW, Cron RQ. Highways to hell: mechanism-based management of cyto-
kine storm syndromes. J Allergy Clin Immunol 2020;146:949-59.

2. Janka GE. Hemophagocytic syndromes. Blood Rev 2007;21:245-53.

3. Janka GE, Lehmberg K. Hemophagocytic syndromes—an update. Blood Rev
2014;28:135-42.

4. Arico M, Janka G, Fischer A, Henter JI, Blanche S, Elinder G, et al. Hemophago-
cytic lymphohistiocytosis. Report of 122 children from the International Registry.
FHL Study Group of the Histiocyte Society. Leukemia 1996;10:197-203.

5. Stepp SE, Dufourcq-Lagelouse R, Le Deist F, Bhawan S, Certain S, Mathew PA,
et al. Perforin gene defects in familial hemophagocytic lymphohistiocytosis. Sci-
ence 1999;286:1957-9.

6. Feldmann J, Callebaut I, Raposo G, Certain S, Bacq D, Dumont C, et al. Munc13-4
is essential for cytolytic granules fusion and is mutated in a form of familial hemo-
phagocytic lymphohistiocytosis (FHL3). Cell 2003;115:461-73.

7. zur Stadt U, Schmidt S, Kasper B, Beutel K, Diler AS, Henter JI, et al. Linkage of
familial hemophagocytic lymphohistiocytosis (FHL) type-4 to chromosome 6q24
and identification of mutations in syntaxin 11. Hum Mol Genet 2005;14:827-34.

8. zur Stadt U, Rohr J, Seifert W, Koch F, Grieve S, Pagel J, et al. Familial hemopha-
gocytic lymphohistiocytosis type 5 (FHL-5) is caused by mutations in Munc18-2
and impaired binding to syntaxin 11. Am J Hum Genet 2009;85:482-92.

9. Ménasché G, Pastural E, Feldmann J, Certain S, Ersoy F, Dupuis S, et al. Mutations
in RAB27A cause Griscelli syndrome associated with haemophagocytic syndrome.
Nat Genet 2000;25:173-6.

10. Barbosa MD, Nguyen QA, Tchernev VT, Ashley JA, Detter JC, Blaydes SM, et al.
Identification of the homologous beige and Chediak-Higashi syndrome genes. Na-
ture 1996;382:262-5.

11. Nichols KE, Harkin DP, Levitz S, Krainer M, Kolquist KA, Genovese C, et al. In-
activating mutations in an SH2 domain-encoding gene in X-linked lymphoprolifer-
ative syndrome. Proc Natl Acad Sci U S A 1998;95:13765-70.

12. Rigaud S, Lopez-Granados E, Sibéril S, Gloire G, Lambert N, Lenoir C, et al. Human
X-linked variable immunodeficiency caused by a hypomorphic mutation in XIAP in
association with a rare polymorphism in CD40LG. Blood 2011;118:252-61.

13. Ménasché G, Feldmann J, Fischer A, de Saint Basile G. Primary hemophagocytic
syndromes point to a direct link between lymphocyte cytotoxicity and homeostasis.
Immunol Rev 2005;203:165-79.

14. Jenkins MR, Rudd-Schmidt JA, Lopez JA, Ramsbottom KM, Mannering SI, An-
drews DM, et al. Failed CTL/NK cell killing and cytokine hypersecretion are
directly linked through prolonged synapse time. J Exp Med 2015;212:307-17.

15. Campo M, Berliner N. Hemophagocytic lymphohistiocytosis in adults. Hematol
Oncol Am 2015;29:915-25.

16. Riviere S, Galicier L, Coppo P, Marzac C, Aumont C, Lambotte O, et al. Reactive
hemophagocytic syndrome in adults: a retrospective analysis of 162 patients. Am J
Med 2014;127:1118-25.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

BLOCH ET AL 263

Hayden A, Park S, Giustini D, Lee AYY, Chen LYC. Hemophagocytic syndromes
(HPSs) including hemophagocytic lymphohistiocytosis (HLH) in adults: a system-
atic scoping review. Blood Rev 2016;30:411-20.

Kleynberg RL, Schiller GJ. Secondary hemophagocytic lymphohistiocytosis in
adults: an update on diagnosis and therapy. Clin Adv Hematol Oncol 2012;10:
726-32.

Ramos-Casals M, Brito-Zerén P, Lopez-Guillermo A, Khamashta MA, Bosch X.
Adult haemophagocytic syndrome. Lancet 2014:383:1503-16.

Brisse E, Wouters CH, Andrei G, Matthys P. How viruses contribute to the patho-
genesis of hemophagocytic lymphohistiocytosis. Front Immunol 2017;8:1102.
Bichon A, Bourenne J, Allardet-Servent J, Papazian L, Hraiech S, Guervilly C,
et al. High mortality of HLH in ICU regardless etiology or treatment. Front Med
(Lausanne) 2021;8:735796.

Knaak C, Nyvlt P, Schuster FS, Spies C, Heeren P, Schenk T, et al. Hemophago-
cytic lymphohistiocytosis in critically ill patients: diagnostic reliability of HLH-
2004 criteria and HScore. Crit Care 2020;24:244.

Otrock ZK, Eby CS. Clinical characteristics, prognostic factors, and outcomes of
adult patients with hemophagocytic lymphohistiocytosis. Am J Hematol 2015;
90:220-4.

Cattaneo C, Oberti M, Skert C, Passi A, Farina M, Re A, et al. Adult onset hemo-
phagocytic lymphohistiocytosis prognosis is affected by underlying disease and co-
existing viral infection: analysis of a single institution series of 35 patients.
Hematol Oncol 2017;35:828-34.

Daver N, McClain K, Allen CE, Parikh SA, Otrock Z, Rojas-Hernandez C, et al. A
consensus review on malignancy-associated hemophagocytic lymphohistiocytosis
in adults. Cancer 2017;123:3229-40.

Schulert GS, Zhang M, Fall N, Husami A, Kissell D, Hanosh A, et al. Whole-
exome sequencing reveals mutations in genes linked to hemophagocytic lympho-
histiocytosis and macrophage activation syndrome in fatal cases of HINI influ-
enza. J Infect Dis 2016;213:1180-8.

Schulert GS, Cron RQ. The genetics of macrophage activation syndrome. Genes
Immun 2020;21:169-81.

Schulert GS, Blum SA, Cron RQ. Host genetics of pediatric SARS-CoV-2 COVID-
19 and multisystem inflammatory syndrome in children. Curr Opin Pediatr 2021;
33:549-55.

Brisse E, Wouters CH, Matthys P. Advances in the pathogenesis of primary and
secondary haemophagocytic lymphohistiocytosis: differences and similarities. Br
J Haematol 2016;174:203-17.

Sepulveda FE, de Saint Basile G. Hemophagocytic syndrome: primary forms and
predisposing conditions. Curr Opin Immunol 2017;49:20-6.

Wysocki CA. Comparing hemophagocytic lymphohistiocytosis in pediatric and
adult patients. Curr Opin Allergy Clin Immunol 2017;17:5-13.

Henter J-I, Horne A, Aric6 M, Maarten Egeler R, Filipovich AH, Imashuku S, et al.
HLH-2004: diagnostic and therapeutic guidelines for hemophagocytic lymphohis-
tiocytosis. Pediatr Blood Cancer 2007;48:124-31.

La Rosée P, Horne A, Hines M, von Bahr Greenwood T, Machowicz R, Berliner N,
et al. Recommendations for the management of hemophagocytic lymphohistiocy-
tosis in adults. Blood 2019;133:2465-77.

Tedeschi SK, Johnson SR, Boumpas D, Daikh D, Dorner T, Jayne D, et al. Devel-
oping and refining new candidate criteria for systemic lupus erythematosus classi-
fication: an international collaboration. Arthritis Care Res 2018;70:571-81.
Fautrel B. Adult-onset Still disease. Best Pract Res Clin Rheumatol 2008:22:
773-92.

Schram AM, Berliner N. How I treat hemophagocytic lymphohistiocytosis in the
adult patient. Blood 2015;125:2908-14.

Fardet L, Galicier L, Lambotte O, Marzac C, Aumont C, Chahwan D, et al. Devel-
opment and validation of the HScore, a score for the diagnosis of reactive hemo-
phagocytic syndrome. Arthritis Rheumatol 2014;66:2613-20.

Bilston L, Croden J, Taparia M, Karkhaneh M, Grossman J, Sun HL. Validation of
the HScore and the HLH-2004 diagnostic criteria for the diagnosis of hemophago-
cytic lymphohistiocytosis in a multicenter cohort. Eur J Haematol 2022;109:
129-37.

Debaugnies F, Mahadeb B, Ferster A, Meuleman N, Rozen L, Demulder A, et al.
Performances of the H-Score for diagnosis of hemophagocytic lymphohistiocytosis
in adult and pediatric patients. Am J Clin Pathol 2016;145:862-70.

Valade S, Monseau G, Mariotte E, Darmon M. Diagnostic performance of hemo-
phagocytic lymphohistiocytosis criteria and HScore in critically ill patients with se-
vere hemophagocytic syndrome. Crit Care Med 2021;49:e874-9.

Itan Y, Shang L, Boisson B, Ciancanelli M, Markle J, Martinez-Barricarte R, et al.
The mutation significance cutoff (MSC): gene-level thresholds for variant-level
predictions. Nat Methods 2016;13:109-10.

Clementi R, Emmi L, Maccario R, Liotta F, Moretta L, Danesino C, et al. Adult
onset and atypical presentation of hemophagocytic lymphohistiocytosis in siblings
carrying PRF1 mutations. Blood 2002;100:2266-7.


http://refhub.elsevier.com/S0091-6749(23)01109-0/sref2
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref2
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref3
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref4
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref4
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref5
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref5
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref5
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref5
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref6
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref6
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref6
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref7
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref7
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref7
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref8
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref8
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref8
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref9
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref9
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref9
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref10
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref10
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref10
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref10
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref10
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref11
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref11
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref11
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref12
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref12
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref12
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref13
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref13
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref13
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref13
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref14
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref14
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref14
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref14
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref14
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref15
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref15
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref15
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref16
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref16
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref17
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref17
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref17
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref17
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref18
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref18
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref18
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref19
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref19
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref19
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref20
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref20
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref20
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref20
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref21
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref21
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref22
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref22
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref22
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref23
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref23
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref23
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref24
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref24
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref24
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref25
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref25
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref25
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref25
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref26
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref26
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref26
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref27
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref27
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref27
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref27
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref28
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref28
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref29
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref29
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref29
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref30
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref30
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref30
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref31
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref31
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref32
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref32
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref33
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref33
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref33
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref33
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref34
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref34
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref34
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref34
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref35
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref35
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref35
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref35
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref36
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref36
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref37
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref37
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref38
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref38
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref38
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref39
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref39
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref39
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref39
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref40
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref40
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref40
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref41
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref41
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref41
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref42
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref42
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref42
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref43
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref43
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref43

264 BLOCH ET AL

43.

44.

45.

46.

47.

48.

49.

50.

51

Tesi B, Chiang SCC, El-Ghoneimy D, Hussein AA, Langenskiold C, Wali R, et al.
Spectrum of atypical clinical presentations in patients with biallelic PRFI missense
mutations. Pediatr Blood Cancer 2015;62:2094-100.

Voskoboinik I, Thia MC, Trapani JA. A functional analysis of the putative poly-
morphisms A91V and N252S and 22 missense perforin mutations associated
with familial hemophagocytic lymphohistiocytosis. Blood 2005;105:4700-6.
Bouaziz M, Mullaert J, Bigio B, Seeleuthner Y, Casanova JL, Alcais A, et al. Con-
trolling for human population stratification in rare variant association studies. Sci
Rep 2021;11:19015.

Persyn E, Redon R, Bellanger L, Dina C. The impact of a fine-scale population
stratification on rare variant association test results. PLoS One 2018;13:
€0207677.

Firth D. Bias reduction of maximum likelihood estimates. Biometrika 1993;80:
27-38.

Zhang K, Jordan MB, Marsh RA, Johnson JA, Kissell D, Meller J, et al. Hypomor-
phic mutations in PRF1, MUNC13-4, and STXBP?2 are associated with adult-onset
familial HLH. Blood 2011;118:5794-8.

Miller PG, Niroula A, Ceremsak JJ, Gibson CJ, Taylor MS, Birndt S, et al. Iden-
tification of germline variants in adults with hemophagocytic lymphohistiocytosis.
Blood Adv 2020;4:925-9.

Miao Y, Zhu HY, Qiao C, Xia Y, Kong Y, Zou YX, et al. Pathogenic gene mutations
or variants identified by targeted gene sequencing in adults with hemophagocytic
lymphohistiocytosis. Front Immunol 2019;10:395.

Carvelli J, Piperoglou C, Farnarier C, Vely F, Mazodier K, Audonnet S, et al. Func-
tional and genetic testing in adults with HLH reveals an inflammatory profile rather
than a cytotoxicity defect. Blood 2020;136:542-52.

52.

53.

54.

55.

56.

57.

58.

59.

60.

J ALLERGY CLIN IMMUNOL
JANUARY 2024

Strippoli R, Caiello I, De Benedetti F. Reaching the threshold: a multilayer path-
ogenesis of macrophage activation syndrome. J Rheumatol 2013;40:761-7.

Steen EA, Hermiston ML, Nichols KE, Meyer LK. Digenic inheritance: evidence
and gaps in hemophagocytic lymphohistiocytosis. Front Immunol 2021;12:777851.
Sepulveda FE, Garrigue A, Maschalidi S, Garfa-Traore M, Ménasché G, Fischer A,
et al. Polygenic mutations in the cytotoxicity pathway increase susceptibility to
develop HLH immunopathology in mice. Blood 2016;127:2113-21.

Eloseily EM, Weiser P, Crayne CB, Haines H, Mannion ML, Stoll ML, et al.
Benefit of anakinra in treating pediatric secondary hemophagocytic lymphohistio-
cytosis. Arthritis Rheumatol 2020;72:326-34.

Chia J, Yeo KP, Whisstock JC, Dunstone MA, Trapani JA, Voskoboinik I. Temper-
ature sensitivity of human perforin mutants unmasks subtotal loss of cytotoxicity,
delayed FHL, and a predisposition to cancer. Proc Natl Acad Sci U S A 2009;106:
9809-14.

Spessott WA, Sanmillan ML, McCormick ME, Patel N, Villanueva J, Zhang K, et al.
Hemophagocytic lymphohistiocytosis caused by dominant-negative mutations in
STXBP2 that inhibit SNARE-mediated membrane fusion. Blood 2015;125:1566-77.
Zhang M, Bracaglia C, Prencipe G, Bemrich-Stolz CJ, Beukelman T, Dimmitt RA,
et al. A heterozygous RAB27A mutation associated with delayed cytolytic granule
polarization and hemophagocytic lymphohistiocytosis. J Immunol 2016;196:
2492-503.

Chinn IK, Eckstein OS, Peckham-Gregory EC, Goldberg BR, Forbes LR, Nicholas
SK, et al. Genetic and mechanistic diversity in pediatric hemophagocytic lympho-
histiocytosis. Blood 2018;132:89-100.

Tesi B, Bryceson YT. HLH: genomics illuminates pathophysiological diversity.
Blood 2018;132:5-7.


http://refhub.elsevier.com/S0091-6749(23)01109-0/sref44
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref44
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref44
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref44
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref45
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref45
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref45
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref46
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref46
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref46
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref47
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref47
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref47
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref48
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref48
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref49
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref49
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref49
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref50
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref50
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref50
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref51
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref51
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref51
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref52
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref52
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref52
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref53
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref53
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref54
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref54
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref55
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref55
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref55
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref55
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref55
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref56
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref56
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref56
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref57
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref57
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref57
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref57
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref58
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref58
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref58
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref59
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref59
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref59
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref59
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref60
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref60
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref60
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref61
http://refhub.elsevier.com/S0091-6749(23)01109-0/sref61

	Severe adult hemophagocytic lymphohistiocytosis (HLHa) correlates with HLH-related gene variants
	Methods
	Selection of patients
	Selection of HLH-related gene variants
	Statistical methods

	Results
	Clinical features of the HLHa-related genes cohort
	Distribution of HLH-related gene variants in HLHa-related genes cohort and correlation with clinical features
	Association of HLH-related gene variants with HLHa clinical features

	Discussion
	Disclosure statement
	References


