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ABSTRACT

Hemophagocytic lymphobhistiocytosis (HLH) is an immune-regula-

tory disorder characterized by excessive production of inflamma-

tory cytokines. The treatment recommendations of the HLH-
1994 and HLH-2004 protocols have long been used in HLH therapy, but
some patients still do not respond well to or have unacceptable side
effects from conventional therapies. It is believed that cytokine-targeted
strategies that directly target disease-driving pathways will be promising
options for HLH. This prospective study aimed to investigate the effica-
cy and safety of ruxolitinib, a Janus kinase 1/2 inhibitor, as a front-line
therapy in children with secondary HLH. Twelve newly diagnosed
patients without previous treatment were enrolled in this study with a
median follow-up of 8.2 (range, 7.1-12.0) months, including eight cases
of Epstein-Barr virus associated HLH (EBV-HLH), two cases of autoin-
flammatory disorder (AID)- associated HLH, and two cases of unknown
etiology. Patients received oral ruxolitinib dosed on 2.5 mg, 5 mg or 10
mg twice daily depending on the body weight for 28 consecutive days.
The overall response rate at the end of treatment (day 28) was 83.3% (ten
of 12), with 66.7% (eight of 12) in complete response (CR), 8.3% (one of
12) in partial response (PR), and 8.3% (one of 12) in HLH improvement.
Among the patients achieving CR, 87.5% (seven of eight) maintained CR
condition more than 6 months, and one patient with EBV-HLH relapsed
following CR. For the EBV-HLH subgroup, all eight patients responded to
ruxolitinib, with a CR rate of 75% and a PR rate of 25%. Two patients
with AlD-associated HLH had quite different responses, with one show-
ing reversal of the HLH abnormalities soon and the other showing no
improvement, as did the two cases of unknown etiology. Patients who
had no response or discontinued ruxolitinib all responded well to the sub-
sequent HLH-1994 regimen. The expected 6-month event-free survival
rate was 58.3+10.2%. No serious adverse effects were reported. Our
study provides further support for the possibility of ruxolitinib targeted
therapy for secondary HLH in children. This study was registered in the
Chinese Clinical Trials Registry Platform (http://www.chictr.org.cn/) as
clinicaltrials gov. Identifier: ChiCTR2000029977.

Introduction

Hemophagocytic [ymphohistiocytosis (HLH) is an immune disorder characterized
by uncontrolled T-lymphocyte and macrophage activation and excessive production
of inflammatory cytokines. Patients present with multiple clinical features, including
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fever, lymphadenopathy or hepatosplenomegaly, cytope-
nia, coagulopathy, and potentially life-threatening multi-
system organ dysfunction. If left untreated, HLH can result
in a high risk of death.'

Currently, HLH-1994 or HLH-2004 regimen is the stan-
dard HLH treatment strategy. In this regimen, etoposide and
dexamethasone, with or without cyclosporine A, are used to
treat active HLH. Long-term results of the HLH-1994 regi-
men showed that patients had a 5-year survival of 54+6%;’
compared with the HLH-1994 data, the HLH-2004 protocol
did not improve HLH outcome significantly with a 5-year
survival of 61%,® which indicates that HLH treatment has
not progressed significantly in the past few decades.
Furthermore, based on the HLH-1994 or HLH-2004 regi-
men, intense cytotoxic chemotherapy can induce serious
myelosuppressive or broadly immunosuppressive effects
leading to severe infection and even death. In addition, the
long-term side effect of etoposide in the regimen, secondary
tumor risk, also deserves more attention.** Therefore,
prospective clinical trials investigating novel pharmacologic
treatments for HLH are urgently needed. Recently, inter-
leukin-1 (IL-1) inhibitors, interferon-y (IFN-y) monoclonal
antibody and others have been suggested as possible treat-
ment options, with varying clinical effects.””

Excessive production of cytokines, including IEN-y, IL-10
and IL-6, contributes greatly to the pathogenesis of HLH.
These overproduced cytokines bind to a broad array of spe-
cific receptors and activate the downstream JAK-STAT
dependent signal pathway, which finally promotes the tran-
scription of numerous downstream proinflammatory
genes.”’ Based on their essential roles in transmitting
cytokine-induced signals, JAK inhibition might serve as a
valid therapeutic approach in HLH. Recently, ruxolitinib
(RUX), an oral selective JAK1/2 inhibitor, has shown prom-
ise in mouse models of primary and secondary HLH."*
When RUX is administered, cytokine production and tissue
damage are decreased, leading to improved survival in mice.
These data have led to interest in the use of RUX clinically
for HLH treatment. Recently, RUX was used to treat refrac-
tory HLH patients in several case studies."*** There are also
reports that RUX was used as a first-line treatment in one
adult and one childhood HLH patient, and led to clinical
remission.” " In addition, a phase I clinical trial (clinicaltrails
gov. Identifier: NCT02400463) using RUX in newly diag-
nosed adult HLH patients is ongoing and has published its
preliminary data from the first five enrolled patients, which
suggests that RUX is active and safe in that setting.”

However, since the etiology of HLH is complex and the
severity of illness varies, the clinical outcome of RUX in the
treatment of HLH still needs further investigation to identi-
fy the optimal dose and duration. Meanwhile, the specific
subtypes of HLH which might show better sensitivity to
RUX and the association between treatment response and
risk stratification are still unclear. Therefore, we performed
an open-label, single-arm, pilot study to investigate the effi-
cacy and safety of RUX as a first-line agent in pediatric
HLH and try to clarify the above uncertainties.

Methods

Patients

Patients who were enrolled in this study fulfilled the following
criteria: (i) met HLH-2004 diagnostic criteria;” (i) had a new diag-
nosis of HLH; (iii) had no prior chemotherapy treatment for HLH

before screening; (iv) were male or female, less than 18 years of
age and (v) signed an informed consent form before participating
in the study. Patients who had any one of the following were inel-
igible: serious renal dysfunction (creatinine clearance <15 mL/min
or glomerular filtration rate <15 mL/min), liver cirrhosis with a
Model for End-stage Liver Disease (MELD) score >20, heart func-
tion above grade II (New York Heart Association), presence of a
malignancy, parasitic infection, or a history of severe allergic, ana-
phylactic, or other hypersensitivity reactions to chemicals.

Epstein-Barr virus-associated HLH (EBV-HLH) patients were
defined as patients who met the HLH diagnosis criteria and
whose EBV infection was confirmed by identifying increased
EBV-DNA copy numbers (500 copies/L) in the peripheral blood or
plasma (cell-free). Anti-EBV serological pattern showed the EBV
status. In brief, EBNA-IgG-negative and EBCA-IgG (or IgM)-posi-
tive antibodies would indicate the first exposure to EBV, while
positive EBNA-IgG, EBCA-IgG and EBCA-IgM antibodies would
indicate EBV reactivation from a previous infection.
Autoinflammatory disorder (AID)-HLH patients were defined as
patients who met HLH diagnosis criteria and had excessive sys-
temic inflammation, leading to recurrent fever, rashes, and IL-6
overproduction and no evidence of infection, tumor or specific
antibody involvement.

Patients were categorized into high- and low-risk groups. High
risk was defined as any central nervous system involvement or
accordance with at least three of the following criteria: i) age <2
years; ii) serious non-laboratory manifestations: severe
hepatosplenomegaly, active bleeding, or icterus; iii) absolute neu-
trophil count <0.5x10%/L; iv) soluble CD25 >25,000 pg/mL; v) fer-
ritin >2,000 g/L; vi) a >10-fold increase in IFN-y from normal lev-
els; and vii) alanine aminotransferase (ALT) >200 U/L. Patients
who do not meet the above criteria are considered low risk

Study design and ruxolitinib treatment protocol

The study was registered in the Chinese Clinical Trials Registry
Platform (clinicaltrials gov. Identifier: ChiCTR2000029977) and
approved by the Ethics Committee of Beijing Children’s Hospital.
This is a single-arm, open-label, pilot study to investigate the effi-
cacy and safety of RUX as a front-line therapy in children with
secondary HLH. Twelve patients were enrolled in this study.
Patients in this study received oral RUX phosphate tablets on a
28-day cycle for one cycle. The dose was 2.5 mg, 5 mg or 10 mg
twice daily depending on the body weight (=10 kg, <20 kg or >20
kg, respectively). Therapy was changed immediately when there
was no response after 3 days of treatment or at any time during
treatment due to disease progression, relapse or toxic effects
requiring drug discontinuation. The data cutoff for the primary
analysis occurred when all patients completed day 28 of or dis-
continued therapy.

Study end points

The primary efficacy endpoint was the overall response (OR)
rate at day 28 of the last dose, including the proportion of
patients achieving a complete response (CR), a partial response
(PR) and HLH improvement. Secondary efficacy endpoints
included the 6-month event-free survival (EFS, defined as the
time from initial RUX treatment to the first occurrence of dis-
ease progression, relapse or death; for non-responders, EES was
defined as date of enrollment plus 1 day). Other end points
included the durability of response, symptom reduction,
dynamic changes of key biomarkers during treatment, the rela-
tionship between treatment response and risk stratification, and
safety. In addition, for patients who discontinued and changed
therapy regimens, we also counted the subsequent treatment
responses and outcomes.

Study of Ruxolitinib as a front-line therapy for pediatric HLH -

haematologica | 2021; 106(7) -



- Q. Zhang et al.

® Assessment of treatment

Efficacy was evaluated 7, 14 and 28 days after initiating RUX
therapy. The assessment of treatment was mainly based on the

criterion previously described in studies for pediatric HLH.>* A

Table 1. The main clinical features of enrolled patients at diagnosis.

complete response was defined as normalization of all of the
quantifiable symptoms and laboratory markers of HLH, including

Age(years) /body weight (kg) 13.2/415 11.2/35.2 2.1/124 1.3/9.1 5.6/11.5 73/234
Sex Female Male Female Male Female Male
Duration before diagnosis 11 days 6 days 4 days 1.5 months 21 days 13 days
Previous treatment VIG ganciclovir
ganciclovir IVIG antibiotics
corticosteroid antibiotics - VIG ganciclovir ~  corticosteroid
(10 mg/qd, 2 days) antibiotics antibiotics (10 mg/qd, 3 days)
Aetiology EBV-HLH EBV-HLH EBV-HLH AID-HLH EBV-HLH EBV-HLH
Fever (>38.5 °C) Yes Yes Yes Yes Yes Yes
Splenomegaly (size, under ribs) Yes (5 cm) Yes (3.9 cm) Yes (2 cm) No Yes (4.4 cm) Yes (3 cm)
Hemophagocytosis in bone marrow Yes Yes Yes Yes Yes Yes
Hemoglobin (g/L) 103 92 78 72 93 101
White blood cell count (x10%/L) 1.13 1.99 2.87 2.94 29 2.58
Absolute neutrophil count (x10%L) 045 0.39 0.76 0.37 0.63 0.59
Absolute platelet count (x10%/L) 60 88 41 19 89 111
Triglyceride (mmol/L) 425 247 5.14 331 4.56 6.59
Fibrinogen (g/L) 1.23 2.97 2.33 1.05 1.06 1.08
Ferritin concentration (ug/L) 4375 1039.8 1547 837 3196 29350
Soluble CD25(pg/mL) 36982 22097 41075 19326 33950 71345
Natural killer cell activity (%) 1442 1 17.20 16.04 15.32 17.02 16.79
Natural killer cell CD107a (%) 544 1 18.61 11.20 22.79 15.25 24.54
CNS involvement - - - - - -
Age (years)/body weight (kg) 29/12.5 134/40.8 3.3/13.6 25/11.2 47/168 3.9/16.6
Sex Male Female Male Male Male Male
Duration before diagnosis 12 days 3 months 7 days 21 days 7 days 7 days
IVIG
Previous therapy VIG antibiotics antibiotics antibiotics antibiotics antibiotics
antibiotics ganciclovir corticosteroid

corticosteroid corticosteroid (5mg/qd, 4 days)

(5mg/qd, 4 days)  (dose unclear)
Etiology Unclear EBV-HLH EBV-HLH Unclear EBV-HLH AIDs-HLH
Fever (38.5°C) Yes Yes Yes Yes Yes Yes
Splenomegaly (size, under ribs) No Yes (2.7 cm) Yes (3.5 cm) Yes (3.6 cm) Yes (2.8 cm) No
Hemophagocytosis in bone marrow Yes Yes Yes Yes Yes Yes
Hemoglobin (g/L) 99 73 101 76 52 113
White blood cell count (x10%L) 1 1.5 413 2.29 245 13.6
Absolute neutrophil count (x10L) 0.29 0.49 141 1.27 0.32 11
Absolute platelet count (x10%/L) 38 42 39 112 109 155
Triglyceride (mmol/L) 6.2 2.69 4.68 3.52 2.75 1.7
Fibrinogen (g/L) 1.7 2.57 0.8 3.61 1.3 7.09
Ferritin concentration (ug/L) 946 3148 139139 4505 4419 2525
Soluble CD25(pg/mL) 14219 42885 218875 23132 44000 16978
Natural killer cell activity (%) 28.34 17.88 16.20 16.66 23.83 11721
Natural killer cell CD107a (%) 11.67 22.53 19.08 13.51 15.32 12.26

CNS involvement

IVIG: intravenous immunoglobulin; EBV-HLH: Epstein-Barr virus-associated HLH; AID: autoinflammatory disorders; CNS: central nervous system; qd: once daily Normal reference
range: Ferritin concentration< 500 ug/L, soluble CD25<6,400pg/mL, Natural killer cell activity = 15.11%, Natural killer cell CD107a = 10%.#Patient diagnosed as EBV-HLH in July
2017, treated by HLH-1994 protocol and had been off all therapy for > 2 years in good health before this diagnosis.+Patients who experienced the first exposure to EBV; *Patients
who were undergoing EBV reactivation;§Patient who was identified as CAEBV.
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Table 2. Response outcomes.

Patient 1 EBV-HLH High 28 / CR 353 / Yes
Patient 2 EBV-HLH low 28 / CR 368 / Yes
Patient 3 EBV-HLH low 28 / CR 264 / Yes
Patient 4 AIDs-HLH High 28 / CR 273 / Yes
Patient 5 EBV-HLH High 28 / CR 237 / Yes
Patient 6 EBV-HLH High 28 / CR 258 / Yes
Patient 7 Unclear Low 28 / CR 222 / Yes
Patient 8# CAEBV-HLH High 28 / Relapse after CR 28 HLH-1994 No
Patient 9* EBV-HLH High 5 Critically ill; HLH improvement 5 HLH-1994 Yes
Potential
CNS involvement
Patient 10* Unclaer High 3 Continuous progress NR 1 HLH-1994 Yes
Patient 11* EBV-HLH High 7 Progress after PR PR 7 HLH-1994 Yes
Patient 12* AIDs-HLH Low 3 Continuous progress NR 1 HLH-199%4 Yes

HLH: hemophagocytic lymphohistiocytosis; CR: complete response; PR:partial response; NR:no response; CNS: central nervous system; #: patients who were treated by HLH-1994
regimen after Ruxolitinib discontinuation, but reactivation occurred at the 4th week,and refused salvage treatment due to financial difficulty *:patients who were treated by HLH-
1994 regimen after Ruxolitinib discontinuation,achieved complete remission,and stopped treatment after 8 weeks except patient-12 who still underwent maintenance treatment.

no fever (body temperature <37.5°C), no cytopenia (absolute neu-
trophil count 21.0x10%/L and platelet count 2100x10°/L with the
absence of granulocyte colony-stimulating factor (G-CSF) and
transfusion support must be documented for =4 days), no evi-
dence of coagulopathy (fibrinogen levels >1.50 g/L), normal levels
of soluble CD25, ferritin and triglyceride, normal spleen size as
measured by abdominal ultrasound, and no neurological and CSF
abnormalities attributed to HLH. A partial response was defined
as normalization of =3 of the aforementioned HLH abnormalities
(including CNS abnormalities) and no progression of other aspects
of HLH disease pathology. HLH improvement was defined as at
least a 50% improvement in =3 HLH abnormalities from baseline.
At least a 50% worsening in two or more signs or laboratory
abnormalities was considered progressive disease. Three or more
symptoms and laboratory markers developing into abnormalities
after achieving complete response was defined as relapse.

Side effects and complications

The safety population included all patients who received at
least one dose of RUX.

Adverse events were assessed according to the National Cancer
Institute Common Terminology Criteria for Adverse Events, ver-
sion 3.0. (http://ctep.cancer.gov/protocol Development/electron-
ic_applications/docs/ctcaev3.pdf). In detail, we monitored the
enrolled patients for any signs of toxicity and complications every
day for the first week of treatment, weekly during weeks 2-4, and
monthly thereafter, including routine blood tests, coagulation,
infections (l.e., latent tuberculosis, adenovirus, Epstein-Barr virus,
cytomegalovirus, herpes zoster, Preumocystis jirovecii and fungal
infections), cardiac function (myocardial enzyme spectrum, elec-
trocardiogram, ultrasound cardiogram), renal function (serum cre-
atinine, urea nitrogen, and creatinine clearance), liver function
(ALT, AST, GGT, ALB, TBIL, I-BIL, D-BIL), and other adverse drug
reactions such as dizziness, headache, rash, dyspnea and gastroin-
testinal reaction.

Statistical analysis

SPSS 20.0 software (SPSS, Chicago, IL, USA) was used for sta-
tistical analysis. All normally distributed data are represented as
means * standard deviations, and comparisons of multiple param-
eters between groups were performed by independent sample #-
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Figure 1. Event-free survival of patients defined as the time from the initial
dose of ruxolitinib to the first occurrence of disease progression, relapse or
death (event).

tests. All data that were not distributed normally are represented
as medians and ranges, and comparisons of multiple parameters
between groups were performed by Wilcoxon rank sum tests.
Patient survival was estimated by the Kaplan-Meier method, and
differences in survival between groups were estimated by the log-
rank test. In all analyses, P<0.05 was considered to denote a sig-
nificant difference, and P<0.01 was considered very significant.
For patients who discontinued RUX within 7 days, the last known
values were used as the day 7 laboratory results.

Results

Characteristics of the patients

Twelve pediatric patients with newly diagnosed HLH
were enrolled at Beijing Children’s Hospital from June 2019
to October 2019, including eight males and four females.
The main clinical features of the enrolled patients at diag-
nosis are summarized in Table 1. The median age was 4.7
(range, 1.3-13.4) years. The median duration before HLH

Study of Ruxolitinib as a front-line therapy for pediatric HLH -
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Figure 2. Dynamics of hemophagocytic lymphohistiocytosis disease features during ruxolitinib treatment in eight patients who achieved complete response. (A)
daily maximum temperature, within hours of receiving the first dose of ruxolitinib (RUX), most patient’s fever resolved; (B to D) The inflammatory markers soluble
CD25 (sCD25), ferritin and interferon-y (IFN-y) cytokine level. Normal range values of sCD25, ferritin and IFN-y are <6,400 pg/mL, <500 ug/L and <8 pg/mL respec-
tively by the clinical laboratory; (E to G) absolute neutrophil count, hemoglobin concentration, absolute platelet count; (H) fibrinogen concentration; (1) triglyceride; (J)
alanine aminotransferase (ALT) concentration. The dotted line on the x-axis of each graph indicate the start of RUX treatment.

- haematologica | 2021; 106(7)




diagnosis was 11.5 (range, 4-92) days. From onset to diag-
nosis, except for patient 3 who did not receive any treat-
ment, the patients had been typically treated with antibi-
otics, ganciclovir or intravenous immunoglobulin (Ig). Five
subjects had been given corticosteroids for 2-4 days, but all
discontinued use before they were referred to our hospital
due to a lack of response. Whole-exome sequencing (WES)
was performed for all patients and their parents, and no
pathogenic gene mutation associated with primary HLH
was found. No patient had central nervous system (CNS)
involvement at enrollment. All subjects had negative evalu-
ations for malignant tumors after bone marrow or cervical
lymph node biopsy. The primary disease could not be
determined in two of the 12 HLH patients; in the other ten
patients, eight cases were EBV-HLH, and two cases were
AID-HLH. In the EBV-HLH subgroup, two patients experi-
enced their first exposure to EBV, five involved EBV reacti-
vation, and one case was clearly identified as chronic active
EBV (CAEBV). We classified the patients according to our
stratification criteria with four patients at low risk and eight
at high risk.

Efficacy of ruxolitinib treatment

Table 2 shows the response outcomes in detail. Among
the entire cohort, eight of 12 patients completed the 28-day
treatment protocol and achieved CR, but one relapsed at
the time of the fourth scheduled response assessment (day
28), and was refractory to alternative HLH-1994 regimen
and finally died. Four of 12 patients discontinued the thera-

y after 3-7 days of treatment and were adjusted to the
HLH-1994 regimen for the following reasons: two subjects
had no response to RUX and progressively deteriorated;
one subject had a partial response for the first 7 days of ther-
apy but progressed soon; one achieved obvious HLH
improvement over the first 5 days of treatment; however,
the patient remained critically ill and developed potential
CNS involvement with drowsiness, although his brain MRI
and cerebrospinal fluid (CSF) exam showed no abnormali-
ties. According to the above, for the primary endpoint, the
best OR rate to RUX at the end of treatment protocol was
83.4% (ten of 12 patients), with 66.7% (eight of 12
patients) in CR, 8.3% (one of 12 patients) in PR, and 8.3%
(one of 12 patients) in HLH improvement. Among the
patients who achieved CR, 87.5% (seven of eight patients)
maintained CR condition for >6 months. For the eight
patients with EBV-HLH, the overall response was 100%,
with 75% (six of eight patients) in CR and 25% (two of
eight patients) in PR; however, 16.7% (one of six patients)
relapsed after CR. Two AID-HLH patients had quite differ-
ent responses, with one showing reversal of HLH abnor-
malities soon and the other showing no improvement, as
did the two patients of unknown etiology. All patients who
had no response or discontinued RUX responded well to
the subsequent HLH-1994 regimen, achieved CR and
remained off therapy except one (AID-HLH) still in treat-
ment maintenance until data cutoff.

The EFS time was calculated from the date of RUX ther-
apy. All patients were followed up until death or June 7,
2020 (time of data cutoff), whichever occurred first, with a
median follow-up of 8.2 (range, 7.1-12.0) months. A total of
five of 12 patients had an event, and the expected 6-month
EEFS rate was 58.3%+14.2% (Figure 1). Patients in the high-
risk group showed a tendency towards a worse EFS rate
than those in the low-risk group, but there was no statisti-
cal significance in this small-scale analysis (50.0+17.7% vs.

Table 3. Adverse events observed in this study.

Study of Ruxolitinib as a front-line therapy for pediatric HLH -

Patient 1 10 mg 28 oral ulcer (1) -
Patient 2 10 mg 28 - -
Patient 3 5mg 28 Sweating (1) -
Patient 4 2.5mg 28 Elevated ALT (1) -
Patient 5 10 mg 28 Elevated ALT (1) -
Patient 6 10 mg 28 Nausea (2)

Gastritis (1) =

Elevated ALT (1)
Patient 7 5mg 28 - -
Patient 8 10 mg 28 Nausea (1) -
Decreased appetite (2)

Patient 9 5mg 5 - -
Patient 10 5mg 3 - -
Patient 11 5mg 7 Constipation (1) -
Patient 12 5mg 3 - -

*Graded according to National Cancer Institute Adverse Event Common Toxicity Criteria ver-
sion 3.0. No serious adverse events occurred, including cytopenia, secondary infections, acute

liver failure, acute heart failure and acute renal failure. ALT: alanine aminotransferase.

75.0+21.7 %, P=0.556) (Online Supplementary Figure S1 in
the Online Supplementary Appendix).

Changes in evaluation indicators before and after
ruxolitinib therapy

We analyzed 12 HLH-associated symptoms and labora-
tory parameters before, and 1, 2, 4 and 8 weeks after RUX
treatment. Some indicators, such as temperature and rou-
tine blood, were tested every day within the first treatment
week as much as possible. Rapid resolution of various indi-
cators was observed with continued therapy. At day 14, a
complete recovery in almost all parameters was achieved in
eight patients with good response (Figure 2), whereas
patients with no response or progress had a persistent
abnormality in many indicators (Online Supplementary Figure
S2). No relationship was found between patient character-
istics at diagnosis and the treatment response (Online
Supplementary Table 1). We further analyzed the data before
and 1 week after RUX treatment in the CR and non-CR
groups respectively. There was a significant difference
between the two groups in the improvement of tempera-
ture, soluble CD25, ferritin, [EN-y and neutrophil counts,
suggesting that these parameters were important indicators
for evaluating the treatment response of RUX in the early
phase (Figure 3). Other key cytokines, including IL-6, IL-10,
TNEF-o and IL-18, showed a similar trend to IFN-y (Online
Supplementary Figure S3).

In detail, within hours of receiving the first dose of RUX,
ten of 12 patients became afebrile; however, for the patients
who did not respond well to RUX, the antipyretic effect
was not sustainable, and the fever recurred within 48-72
hours (Figure 2A; Online Supplementary Figure S2A).
Dramatic improvements in soluble CD25 and serum ferritin
were observed, falling rapidly to normal levels within
approximately 1-2 weeks (Figure 2B and C); in contrast, for
patients (patient 10 and 12) who were nonresponsive to
RUX, soluble CD25 and serum ferritin increased to high
levels (Online Supplementary Figure S2B and C). We also
monitored the level of [EN-y, a key cytokine in HLH. High

haematologica | 2021; 106(7) -
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Figure 3. Comparison of clinical indicators changes before and 1 week after ruxolitinib therapy in the complete response group (CR, n=8) and non-CR group (n=4)
respectively. For patients who discontinued ruxolitinib (RUX) within 7 days, the last known values were used as the week-1 laboratory results. For statistical analysis,
the paired sample Wilcoxon signed rank test was applied.
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inflammation was relieved in all well-responsive patients,
with IFN-y decreasing rapidly to normal levels at 2 weeks
(Figure 2D). Cytopenia and coagulopathy progressively
improved in all responding patients with blood transfu-
sion support weaned off within 1 week. Platelet counts, in
particular, increased to the normal range quickly within 1
week. Neutrophil count improvement varied, but all
reached 1x10?/L at 2 weeks and 2x10°/L at 4 weeks.
Hemoglobin and fibrinogen concentrations improved
with slightly slower kinetics (Figure 2E and H).
Triglyceride was not improved immediately with a rapid
phase of improvement 1 week after starting RUX in most
individuals (Figure 21). Hepatic dysfunction resolved with-
in 2 weeks (Figure 2J).

In addition, EBV DNA load decreased dramatically in all
EBV-HLH patients (Figure 4). Among them, EBV infections
were resolved in six of eight patients 1-2 weeks after RUX
treatment, with cell-free (plasma) EBV DNA becoming
undetectable and having no recurrence after stopping treat-
ment until the data cutoff (June 7, 2020) except in patient 8
(CAEBV). The median time that plasma EBV DNA was
maintained negative in these patients was approximately
8.7 (range, 0.5-12.0) months. Meanwhile, EBV DNA in
whole blood also fell rapidly from very high levels (10°-10
copies/mL) to modest levels (10>-10* copies/mL), and fluctu-
ated at these modest levels during follow-up.

Side effects

Treatment was well tolerated, with no toxicities leading
to dose-reductions or interruptions of RUX observed. All
possible adverse events are reported in Table 3. Although
RUX has been reported to have a risk of thrombocytopenia
or anemia in other settings, these side effects were not
observed in our study. Cytopenia is a major clinical feature
of HLH. However, patients who achieved a response to
RUX had neutrophil counts, platelet counts and hemoglo-
bin concentrations that improved gradually compared to
pretreatment levels. No unusual infections were noted.
Renal function was analyzed by creatinine clearance, and
cardiac function tested by myocardial enzyme spectrum
and ultrasound cardiogram was normal during the clinical
course. Three individuals had moderately elevated ALT at
60 days after treatment, which may not have been due to
RUX, as they had been off the drug for approximately 1
month. Two patients hadtwo or more grade 1-2 gastroin-

=
[=~]

testinal adverse events (nausea, gastritis, decreased
appetite) and were resolved soon by supportive therapies.
In addition, three patients showed mild oral ulcers, sweat-
ing or constipation, and recovered without special treat-
ment.

Discussion

HLH is a disorder characterized by high inflammatory
cytokine production induced by excessive immune activa-
tion. Recently, cytokine-targeted approaches have been
suggested as possible treatment options, such as ema-
palumab.®** Rather than targeting a single cytokine, RUX
can blunt numerous cytokines via inhibition of the JAK 1/2-
STAT1 pathway, which makes its clinical use for HLH
more rational."* Currently, RUX is often recommended for
refractory/relapsed HLH as a salvage treatment regimen;
however, its use as a first-line agent is still based on only a
small number of case reports, clinician experience or small
clinical studies (clinicaltrials gov. Identifier: NCT02400463).
To date, the optimal duration of RUX therapy, the utility of
concurrent corticosteroids, and the effect of disease etiolo-
gy or risk stratification on treatment response remain
uncertain.

In this study, we explored the efficacy and safety of RUX
monotherapy instead of chemotherapy for secondary HLH
in children. RUX has been used for myelofibrosis,* poly-
cythemia,” and graft-versus-host disease (GVHD)*” and is
generally dosed between 5 mg and 25 mg twice daily,
demonstrating good clinical benefits and tolerance. In addi-
tion, in patients with relapsed or refractory myeloprolifera-
tive neoplasms especially those with JAK2 or CSF3R muta-
tions, the RUX dose can be increased to 50-200 mg twice a
day, and is reasonably tolerated overall.”* The pediatric
dosing of RUX in HLH is unestablished. The dose in this
study (2.5-10 mg) was modified with reference to the
lower dose used for GVHD in children,® which, similar to
HLH, is characterized by the production of high levels of
proinflammatory cytokines. In order to eliminate the prob-
able interference of corticosteroid use, we enrolled newly
diagnosed patients who had not undergone previous corti-
costeroid treatment or who had used but discontinued cor-
ticosteroids at least 3 days before trial screening due to a
lack of response.
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Figure 4. Eppstein-Barr virus DNA levels in the whole blood and plasma after treatment with ruxolitinib. Reported Eppstein-Barr virus (EBV) DNA values are limited
to 500 copies/L by the clinical laboratory. The dotted line on the x-axis of each graph indicate the start of RUX treatment.
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Our results demonstrate that RUX is effective and safe
in pediatric patients with secondary forms of HLH. The
rapid resolution of clinical symptoms and normalization
of clinical laboratory parameters were observed. The OR
rate at the end of the treatment protocol (day 28) was
83.3% (ten of 12 patients), with 66.7% (eight of 12
patients) in complete response, and all remained in CR
until the data cutoff except for one who relapsed. No seri-
ous adverse effects were reported. These findings sug-
gested that RUX may serve as a potential first-line treat-
ment option for secondary HLH, which can greatly
reduce the toxic effects compared with intense
chemotherapy. In addition, for patients who need biopsy
analysis, RUX instead can provide more opportunities to
find the original disease cause than corticosteroid-based
therapy. Our study also showed that RUX had a quick
effect, and for patients for whom RUX did not work well,
we can probably identify this trend within approximately
3 days. Notably, the patients who had poor response to
RUX after 3-7 days of treatment all responded well to the
subsequent HLH-1994 regimen. This further suggests the
possibility that we can attempt to use RUX first for
approximately 3 days to determine the treatment
response; for patients with poor efficacy, we can then
combine it with chemotherapy regimen, which may not
cause delayed treatment and poor prognosis. Future stud-
ies are warranted to determine the viability of this idea.
However, this does not mean that the efficacy of RUX is
superior to that of HLH-1994/2004 regimen, which is also
used to treat a major proportion of patients with primary
HLH. Our main purpose is to sort suitable patients to
avoid chemotherapy when possible, and make treatment
available for patients deemed unsuitable for chemothera-
py. We believe that RUX and standard chemotherapy
may be two complementary first-line therapy strategies,
as there are patients who cannot be solved by either RUX
or chemotherapy. The key point is to find the specific
HLH settings sensitive to RUX to guide better treatment
in the future.

EBV-HLH accounts for approximately 60% of all pedi-
atric HLH patients in China. EBV-HLH also accounts for a
significant proportion of patients who are resistant to
standard treatment and have a poor prognosis.* No pre-
vious studies have focused on the association between
etiology and RUX treatment response. In addition, cur-
rent ongoing trials investigating the use of RUX in HLH
have not yet enrolled EBV-HLH patients.” Therefore, our
study focused more on to the relationship between EBV-
HLH and RUX treatment. We enrolled eight EBV-HLH
patients, the response rate was 100% (eight of eight), the
CR rate was 75% (six of eight), and persistent EBV infec-
tion in plasma of these subjects resolved rapidly. This
suggests the possibility of RUX for treating EBV-HLH.
However, one subject relapsed soon after CR, experi-
enced disease recurrence 1 month after the subsequent
HLH-1994 therapy, and finally died. This patient had
CAEBYV disease that induced HLH. For CAEBV patients
with HLH signs, initiating HLH-directed treatment is
required to suppress the life-threatening inflammatory
process that underlies HLH. In our patient, RUX could
transiently control her HLH condition, but was ineffec-
tive for the CAEBV. Generally, in the absence of
hematopoietic stem cell transplantation (HSCT), therapy
for CAEBV, including other cytotoxic chemotherapy, can
often delay the progression of disease at best, but over

time, the patients become refractory and progress to an
irreversible stage.

It is interesting that patients in our study were able to
clear the persistent EBV DNA in the plasma (initial con-
centration 7.28x10%-4.38x10%opies/L) within 1 week
after RUX treatment and had no EBV recurrence except
for the CAEBV subject. We are not sure about the dura-
tion of this EBV DNA decline, since T- or natural killer
(NK)-cell infection is prone to reactivation, whereas all
patients in this study exhibited multiple-cell-type EBV
infection predominated by the T- or NK-cell subset.
There are several explanations for this decrease in EBV
DNA. First, it may be related to the EBV infection being
either a first infection or a reactivation. Self-limiting is
possible in patients with a first EBV infection like infec-
tious mononucleosis. In addition, emapalumab (an anti-
IEN-y monoclonal antibody) has been reported to resolve
persistent EBV infection in one patient, perhaps due to
relief of immune paralysis caused by IFN-y .** As RUX can
blunt numerous cytokines, including IFN-y, the resolu-
tion of the EBV infection in this study may also be attrib-
uted to the relief of immune paralysis after RUX treat-
ment, which primed the body immunity and ultimately
resolved the EBV infection spontaneously. Moreover, evi-
dence suggests that host cell stress such as oxidative
stress, hypoxia and inflammation can induce EBV reacti-
vation from latency.” All of these factors may be removed
after the excessive inflammation has been controlled by
RUX, leading to a switch of EBV cycle from a lytic state
to a latent state. In addition, we enrolled two patients
with autoinflammatory diseases-associated HLH, but
these two individuals had quite different responses to
RUX, with one showing reversal of the HLH abnormali-
ties soon and the other showing no improvement.
Similarly, two patients of unknown etiology also showed
two different kinds of responses. The RUX dose may not
have been sufficient for these non-/poor-responders in
this study. Moreover, the great heterogeneity of HLH,
such as the etiology, clinical features and risk stratifica-
tion, may also contribute to this difference. Therefore,
further study is needed to optimize the clinical use of
RUX, such as identifying some sensitive biomarkers.

In summary, our preliminary study provides further
support for the possibility of RUX-based targeted therapy
in pediatric patients with secondary HLH. Since patients
with known CNS involvement were not enrolled in this
study, we were unable to make statements on the effica-
cy of ruxolitinib in the CNS. The number of patients in
this study was small, and the observation time was rela-
tively short. We are currently performing a large-scale,
open-label, prospective trial on RUX monotherapy for
pediatric HLH, which may answer more uncertainties
and provide further evidence for RUX treatment as a first-
line therapy in HLH.
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