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KEY POINTS

® Nivolumab, as a
monotherapy, led to
complete responses in
5 of 7 r/r EBV-HLH
patients and cleared
EBV in 4 of them.

® Nivolumab restored
an anti-EBV program
in CD8 T cells, as
revealed by single-cell
RNA-sequencing
analysis.

J

Epstein-Barr virus (EBV)-associated hemophagocytic lymphohistiocytosis (EBV-HLH) is
a life-threatening hyperinflammatory syndrome triggered by EBV infection. It often
becomes relapsed or refractory (r/r), given that etoposide-based regimens cannot ef-
fectively clear the virus. r/r EBV-HLH is invariably lethal in adults without allogeneic he-
matopoietic stem cell transplantation. Here, we performed a retrospective analysis of
7 r/r EBV-HLH patients who were treated with nivolumab on a compassionate-use basis
at West China Hospital. All 7 patients tolerated the treatment and 6 responded to it.
Five of them achieved and remained in clinical complete remission with a median follow-
up of 16 months (range, 11.4-18.9 months). Importantly, both plasma and cellular EBV-
DNAs were completely eradicated in 4 patients. Single-cell RNA-sequencing analysis
showed that HLH syndrome was associated with hyperactive monocytes/macrophages
and ineffective CD8 T cells with a defective activation program. Nivolumab treatment
expanded programmed death protein-1-positive T cells and restored the expression of

HLH-associated degranulation and costimulatory genes in CD8 T cells. Our data suggest that nivolumab, as a
monotherapy, provides a potential cure for r/r EBV-HLH, most likely by restoring a defective anti-EBV response.

(Blood. 2020;135(11):826-833)

Introduction

Hemophagocytic lymphohistiocytosis (HLH) is a fatal hyper-
inflammatory syndrome induced by inappropriate prolonged
activation of lymphocytes and macrophages.” There are 2 cat-
egories of HLH: familial (FHL) and secondary (sHLH). FHL, caused
by genetic mutations impairing the function of cytotoxic lym-
phocytes and natural killer (NK) cells, typically presents in infancy
and early childhood. sHLH, triggered by infections, neo-
plasms, and autoimmune diseases, is more common in ado-
lescence and adulthood.? Epstein-Barr virus (EBV)-associated
HLH (EBV-HLH) is 1 of the most common subtypes of sHLH and
usually exhibits a poor prognosis and unsatisfactory treatment
outcomes.?

To date, there is no standard treatment of EBV-HLH in adults.
The most commonly used HLH-94/0445 regimens, composed of
etoposide and dexamethasone, can lead to early remission,®’
but often end with rapid relapses.? The central dilemma for EBV-
HLH treatment is that chemotherapies that aim to eliminate the
hyperactive immune cells responsible for the clinical phenotype
also impair the ability of patients’ immune systems to clear the
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underlying EBV infection which drives the disease. Current an-
tiviral agents demonstrate marginal anti-EBV utility, which leaves
allogeneic hematopoietic stem cell transplantation (allo-HSCT)
as, thus far, the only potentially curative option for relapsed/
refractory (r/r) EBV-HLH.? However, the clinical usefulness of allo-
HSCT is limited by the availability of matched donors, together
with toxicities that negatively impact patients’ survival and
quality of life. Thus, better curative therapeutic strategies are on
demand for r/r EBV-HLH.

The expression levels of programmed death protein-1 (PD-1)
increase on the surface of CD8 T cells following infection with
EBV or other viruses.'®'" PD-1 inhibitors, approved for multiple
cancers, have been shown to be effective for chronic viral
infections in animal models'? and, recently, for progressive
multifocal leukoencephalopathy associated with JC virus.'?
Interestingly, these antibodies also achieve high response rates
in EBV* gastric cancer' and NK/T lymphoma.”™ A possible ex-
planation is that PD-1 blockade reverses EBV/cancer-related
immunosuppression, thereby restoring the immunity required to
restrain cancer cells and also to clear EBV infection. However, it
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has not previously been investigated whether PD-1 anti-
bodies would be safe and effective for r/r EBV-HLH, a hyper-
inflammatory syndrome.

Methods

Patients

We retrospectively analyzed the clinical data from 7 r/r EBV-HLH
patients treated with nivolumab as compassionate use at West
China Hospital (ChiCTR 1900026232). All 7 patients provided
written informed consent to receive off-label treatment with
nivolumab and for blood sample collection. HLH was diagnosed
according to the HLH-2004 diagnosis guidelines.® EBV-HLH was
diagnosed using DNA polymerase chain reaction (PCR) testing
with a threshold of 10° EBV-DNA copies per milliliter in plasma
for confirmation of EBV infection.! Fluorodeoxyglucose—positron
emission tomography/computed tomography and bone marrow
smear were performed to exclude malignancy-associated
HLH. A panel of 26 HLH-related genes was analyzed by next-
generation sequencing to exclude FHL (supplemental Table 1,
available on the Blood Web site). r/r EBV-HLH was defined as
persistent, recurrent, or worsening symptoms after at least
6 weeks of etoposide- and dexamethasone-based chemother-
apies. As primary EBV infection had a feature of self-limitation, at
least 3 months had to elapse between the estimated onset of
symptoms and commencement of nivolumab administration.
Patients aged 15 years or older with r/r EBV-HLH and without
available HLA-matched donors were included. This study was
approved by the ethics committee of West China Hospital of
Sichuan University [HX-2019-(709)].

Treatment

Patients received nivolumab, as a monotherapy, at a dose of 100
to 200 mg via IV infusion every 3 to 4 weeks for induction
therapy. Treatment was stopped if grade 3 or higher immune-
related adverse events occurred or the disease continued to
progress after 4 cycles of nivolumab infusions. When plasma
EBV-DNA became undetectable, nivolumab was administrated
at 100 mg every 3 months as maintenance therapy for up to
1 year.

Clinical and laboratory evaluations were performed weekly
during induction therapy and before each infusion; evaluations
included performance status, vital signs, plasma EBV-DNA copy
number, size of spleen and liver, complete blood count and
levels of alanine aminotransferase (ALT), triglyceride, fibrinogen,
lactate dehydrogenase, soluble CD25 (sCD25), and ferritin. In-
tracellular EBV-DNA copy number was quantified by quantitative
PCR in sorted B, T, and NK cells.

Assessment of response

Therapeutic response was assessed in accordance with estab-
lished criteria as previously described.?'® Complete response
(CR) was defined as the resolution of all clinical signs and
symptoms (clinical CR) and normalization of all abnormal labo-
ratory parameters including undetectable EBV-DNA in plasma
(molecular CR). Partial response was defined as a minimal 25%
improvement in =2 quantifiable symptoms and laboratory pa-
rameters, including >25% decrease in plasma EBV-DNA copy
number; >1.5-fold decrease in sCD25 levels; >25% decrease in
serum ferritin and triglyceride levels; >100% increase in the
blood neutrophil count (to >0.5 X 10%/L if the initial count was
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<0.5 X 10%/L or >2.0 X 10%/L if the initial count was 0.5-2.0 X
10%/L); and >50% decrease in serum ALT levels in patients with
liver dysfunction. Failure to achieve CR or partial response was
defined as no response.

Single-cell RNA-sequencing analysis

Single-cell RNA-sequencing (scRNA-seq) was performed on
peripheral blood cells from patient 7 before (day 0, To), during
nivolumab treatment (day 7, Ty; day 21, T,), and when plasma
EBV became negative (day 76, T3). scRNA-seq libraries were
generated following the recommended protocol of the 3’
scRNA-seq 10X genomics platform and using v2 chemistry by
the manufacturer, and sequencing data were collected with
lllumina NovaSeq 6000. Cellranger (version 3.0.0) was used for
alignment to human genome hg19. The Seurat workflow was
applied to classify cell subtypes and T-distributed stochastic
neighbor embedding was used to reduce dimensions."” Single-
cell data of individual subgroups were integrated to mimic bulk
RNA sequencing files by calculating the mean value of each
gene expression, visualized by heatmap. Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways in CD8 T cells of different
time points, enriched by ClusterProfiler, and gene networks were
visualized by the cnetplot.enrichResult formula.®

Results

Patient characteristics

Atotal of 7 patients with r/r EBV-HLH were enrolled in the study,
with a median age of 25 years (range, 15-36 years) and com-
prising 4 males and 3 females (Table 1). All patients presented
with typical features of aggressive HLH signs, including persis-
tent high fever, life-threatening cytopenia, and high levels of
serum ferritin and sCD25. Their plasma EBV-DNA loads
were >10* copies per milliliter (range, 3.99 X 10%/mL to 2.10 X
107/mL). Malignancies were excluded by fluorodeoxyglucose—
positron emission tomography/computed tomography and/or
bone marrow smear. Genetic testing showed that, except for
heterozygous mutations in the UNC13D gene in 2 patients
(patients 2 and 3), no HLH-related genetic mutations were de-
tected. Although it has been reported that heterozygous
UNC13D or other HLH-related mutations can contribute to late-
onset HLH,'™?" neither of their parents with the same mutations
were symptomatic.

The median duration of primary chemotherapy was 19.6 weeks
(range, 6.3-72 weeks), after which 2 patients did not respond to
the chemotherapy, while 5 patients experienced transient
ameliorations followed by rapid relapses (supplemental Table 2).
The clinical course, from the estimated onset of HLH symptoms
to the first nivolumab infusion, was >3 months for all patients.

Efficacy

Six of seven patients responded to nivolumab (patients 1-4, 6,
and 7). Five of them (patients 1-4 and 7) achieved a clinical CR
while another (patient 6) responded only transiently (supple-
mental Figure 1A). One patient (patient 5) had no response to
the treatment with persistent fever and a high plasma EBV-DNA
copy number (supplemental Figure 1B). Four of the 5 patients
who achieved a clinical CR also achieved a molecular CR. All 5
clinical CR patients have remained in remission for >40 weeks
within a median follow-up of 16 months (range, 11.4—18.9
months) (Figure 1; supplemental Table 3).
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Initiation of Nivolumab Treatment
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Figure 1. Swimmer plot of time on treatment of 7 r/r EBV-HLH patients. Dashed lines indicate the end of induction and start of maintenance treatment; solid lines indicate
the cessations of nivolumab treatment. CsA, cyclosporin A; ED, etoposide plus dexamethasone; GED, gemcitabine plus etoposide plus dexamethasone; L-Asp, L-asparaginase.

For the 5 clinical CR patients, the median time and cycles from
the first nivolumab infusion to clinical stabilization were 21 days
(range, 2-59 days) and 1.6 cycles (range, 1-3 cycles). Plasma EBV-
DNA copy number decreased gradually in all of these patients.
Four clinical CR patients reached a molecular CR after a median
of 15 weeks (range, 10.7-21 weeks) and 4.5 cycles (range, 3-6
cycles) of nivolumab infusions. Patient 1, with prolonged inter-
vals between infusions after reaching clinical CR, failed to
achieve molecular CR (Figure 2A).

The hemoglobin concentration and platelet count increased
in all clinical CR patients, with cytopenias resolving around
6 weeks after the first nivolumab infusions (Figure 2B). Levels
of HLH markers ferritin and sCD25 decreased and reached the
normal range in the 5 clinical CR patients. Intracellular EBV-
DNA in sorted B, T, and NK cells was undetectable after
achievement of molecular CR in the 3 patients tested (pa-
tients 3, 4, 7), as determined by quantitative PCR (data not
shown).

Safety

No grade 3 or higher immune-related adverse events were
recorded in any of the patients. During induction, persistent or
slightly elevated fever was observed in the 4 of the 5 responding
patients, lasting for ~1 to 2 weeks (Figure 2A). Transient
worsening of cytopenias and increase in the level of serum
ferritin or sCD25 were also detected in 4 patients. However,
plasma EBV load decreased simultaneously in all of these pa-
tients, suggesting that these pseudoprogressions might be due
to the enhancement of ongoing anti-EBV immunity. Finally, all
clinical symptoms resolved and laboratory parameters became
normal without any additional HLH-related treatment. Patient 6
experienced EBV reactivation after 2 nivolumab infusions and
discontinued the therapy.

NIVOLUMAB TREATMENT OF EBV-HLH

During maintenance therapy, patient 3 had transient and mild
skin pruritus and depigmentation after 5 cycles of nivolumab.
Otherwise, no treatment-related adverse events were observed.

scRNA-seq analysis

To explore the molecular and cellular mechanisms of nivolumab
treatment of r/r EBV-HLH, scRNA-seq was performed with pe-
ripheral blood cells of patient 7 before (To, day 0), 1 week after
treatment (T4, day 7), after clinical CR (T,, day 21) and when
plasma EBV-DNA became negative (T3, day 76). Cell types were
identified according to their expression of marker genes (sup-
plemental Figure 2).

Hyperactive monocytes/macrophages have been proposed to
be major effector cells in HLH.22 Our scRNA-seq analysis showed
that >25% of monocytes/macrophages at Ty expressed ab-
normally high levels of active markers, such as TNF, IL1B, and
CD163. The expression levels of these genes and also the
proportion of this activated monocyte/macrophage pop-
ulation were dramatically decreased at T; and thereafter
(supplemental Figure 3). In addition, there was a large pop-
ulation of abnormal CD8 T cells, indicated by high expression
levels of IFNG and GZMB, at T and this cell population
gradually reduced from T; to T3 (Figure 3A). Interestingly,
these cells also expressed high levels of PDCD1 (gene that
encodes PD-1) and LAG3, markers of T cell exhaustion (Figure
3A-B; supplemental Figure 4). Notably, PD-1* T cells ex-
panded rapidly after the first nivolumab infusion, with high
expression of MKI67, implying being in active cell cycle. These
cytotoxic T cells continued to expand at T, but with reduced
expression of LAG3 and MKI67, correlated with a further
decrease in EBV-DNA copy number. At T3, the cellular com-
position and the gene signature of the patient’s blood were
similar to those of healthy adults,?® thereby further support-
ing the concept of molecular CR (supplemental Figures 2A-B

€ blood® 12 MARCH 2020 | VOLUME 135, NUMBER 11 829

20z KB 81 uo 3sanb Aq ypd-988E006 L 0ZPIGPOOIA/95981 L1/9Z8/ 1L L/SE L/sPd-aloie/poolqAau suolealigndyse//:dly woly papeojumog



Patient 1 Patient 2 Patient 3
41 10° 10°
[«5) 05 [<5] s [«5) jas
S 401 0t E 3 L s
T 39 4 =) © 2 s =
g s g = g =
£ 38 1 E £ E= 3
] 10?2 < k5 - 102 < kS o,
= 94 3 = 2 = 3
32 36 4 10 i 2 - 10" %; 2 i
35 T T T T T O 0
-10 3 6 9 33 48 10 3 6 12 15 18 21
Weeks Weeks
Patient 4 Patient 7
41 10° 41 10°
@ 40 - = @ . &
= = =] - 100 =
e 39 2 o 10° 2 — — — Plasma EBV DNA copies
= B =
g 38 - S g 77777777777777777777777 sscl S Body Temperature
< 37 - = < 10 =3 l Nivolumab Infusion
= © = L
2 36 3 2 - 10t 5
35 41 T T T T T T T 0 T 0
10 3 6 9 12 15 18 21 12
Weeks
White Blood Cells Platelets Hemoglobin
200
— 300 »\‘/‘
£ E .
= S 200 _,\
X — \,
X % N
o — .
[=a] o100 44w e W
= o
0 F— T
3040 5 0 3 6 9 12 304050
Weeks
sCD25 Ferritin
8000 5000
= 6000 E 4000 , ,
S = 3000 —e— Patient 1 —=— Patient 3
5 4000 % —a— Patient2 —+— Patient 4
g = 2000 Patient 7
3 2000 2 1000
710 336 -
0 0
Weeks

Figure 2. Dynamics of clinical and laboratory parameters after nivolumab infusions in patients with clinical CR. (A) Dynamics of body temperature (black lines) and plasma
EBV-DNA copy numbers (blue lines) in clinical CR patients (n = 5) during nivolumab induction therapy. (B) White blood cell (WBC) count, platelet (PLT) count, and hemoglobin

(Hb) concentration in peripheral blood of clinical CR patients. (C-D) Levels of sCD25 (C) and ferritin (D) in serum of clinical CR patients.

and 4). Importantly, gene network analysis showed that To CD8
T cells highly expressed genes enriched in the EBV infection
pathway, the T-cell receptor signaling pathway, and also the
apoptosis pathway, consistent with the hyperinflammatory
syndrome associated with the disease (Figure 3C). Surpris-
ingly, multiple T-cell activation pathways and the degranula-
tion pathway were positively enriched in CD8 T cells after the
first nivolumab treatment (T,), compared with To CD8 T cells,
suggesting that nivolumab restored the defective cytotoxicity
of CD8 T cells (Figure 3D). Importantly, the expansion and
activation of these PD-1* CD8 T cells were correlated with a

830 & blood® 12 MARCH 2020 | VOLUME 135, NUMBER 11

dramatic reduction in intracellular EBV-DNA copy numberin B
and NK cells, suggesting that nivolumab enhanced anti-EBV
activity (Figure 3E).

Loss-of-function mutations of genes important for the biology of
cytotoxic T and/or NK cells are known to contribute to HLH
development.?* Intriguingly, our data from patient 7 showed
that the expression of multiple such genes, such as STXBP2,
UNC13D, SH2D1A, and CD27, in the absence of detectable
mutations was repressed in CD8 T cells at To (Figure 3F). STXBP2
and UNC13D are involved in the cytotoxic granule-releasing
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Figure 3. scRNA-seq analysis of peripheral blood cells of patient 7 before and after nivolumab infusions. (A) Top, Violin plots showing the expressions of IFNG, GZMB, and
LAG3in CD8T cells at different time points. Bottom, Pie charts showing the ratios of IFNG, GZMB, and LAG3 positive CD8 T cells at different time points. (B) Expression levels of
PDCD1 projected on T-distributed stochastic neighbor embedding graphs of To and T; peripheral blood cells. (C-D) Regulatory networks of signature genes in CD8 T cells at Ty
(C) and Ty (D), analyzed with ClusterProfiler. Sizes of circles for enriched pathways indicate the numbers of genes enriched in these pathways and colors of dots for each gene
indicate their relative expression levels. (E) Line chart showing intracellular EBV-DNA copy number in NK, B, and T cells. (F) Heatmap showing the expression levels of HLH-
related genes in CD8 T cells. (G) Heatmaps showing the expression levels of gene ontology (GO) leukocyte degranulation genes (left) and costimulatory receptors genes (right)
in CD8 T cells.

pathway, whereas SH2D 1A and CD27 are important for T-cell genes, notably CD28, SLAMF1, and LYN, was also repressed

costimulation. Thus, dysregulation of these genes might un- in To CD8 T cells. The expression of these genes was upre-
derlie the defective cytotoxicity of T cells and their failure to gulated in CD8T cells at T1 and then downregulated at T, and
eradicate EBV. Consistently, the expression of other critical T3, in parallel with EBV clearance and symptom resolution
costimulatory receptor genes and leukocyte degranulation (Figure 3G).
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Discussion

In this retrospective study, we found that nivolumab was highly
effective in both disease control and EBV eradication for
patients with r/r EBV-HLH. Five of the 7 patients (71.4%)
achieved a sustained clinical CR with resolution of all features
of the disease without relapse during the follow-up period of
up to 1.5 years. Importantly, EBV-DNA was undetectable in
the plasma or lymphocytes of 4 of the 7 patients (57.1%).
Remarkably, although HLH is generally thought to be a
hyperinflammatory syndrome, nivolumab was well tolerated,
with no drug-related severe adverse effects observed in any of
the 7 patients.

The current HLH-94/04 regimens use etoposide to target acti-
vated T cells and suppress the inflammatory syndrome in
EBV-HLH.?> However, these immune cells are also the major
effector cells in the fight against EBV. In keeping with this di-
lemma, patients with EBV-HLH frequently relapse early after
chemotherapy.® Recent studies suggested that ruxolitinib and
emapalumab may be effective for HLH control.2?” However,
because EBV-HLH patients were not included in these studies,
their potential effects for EBV-HLH remain to be tested.
Theoretically, the main effects of these agents were calming
the cytokine storm while leaving the real syndrome initiator,
EBV infection, untreated, so they are unlikely to be able to
cure EBV-HLH. Rituximab-containing chemoimmunotherapeutic
regimens have been suggested to improve clinical status in 43%
of EBV-HLH cases.?® But their ability to clear EBV was limited,
especially when other immune cells, such as T and NK cells,
became infected. In contrast, in our study, nivolumab achieved a
sustained clinical CR in 5 of 7 r/r EBV-HLH patients and, more
importantly, completely eradicated EBV in all types of lympho-
cytes in 3 of these patients. These results strongly suggest that
PD-1 inhibition would be a potential cure for r/r EBV-HLH.

It may appear paradoxical to apply nivolumab, a PD-1 inhibitor,
to treat a hyperinflammatory condition such as EBV-HLH. Sur-
prisingly, our scRNA-seq study showed that multiple HLH-
related genes, such as CD27 and STXBP2, that are involved
in T-cell activation failed to be upregulated in hyperactive CD8
T cells in EBV-HLH. This important observation might explain
the inability of the immune system to eliminate EBV in EBV-HLH
and suggests a novel mechanism responsible for disease initi-
ation and perpetuation. Nivolumab treatment expanded a
subpopulation of cytotoxic T cells with high levels of PD-1 and
LAG-3. Furthermore, a large proportion of these cells became
MKI67 after the first nivolumab infusion, indicating that they
were reactivated and proliferating from a previously exhausted
population. Similar phenotypes have also been observed in
cancer patients after PD-1 or PD-L1 (PD-1 ligand) blockades.?’
Meanwhile, nivolumab restored the expression of all of the
HLH-related costimulatory and degranulation genes that were
previously repressed in this cell population, and this normali-
zation of the cytotoxic activation program was correlated with
EBV clearance. Interestingly, 2 patients with heterozygous
mutations in the UNC13D gene also responded to nivolumab
and successfully achieved a molecular CR, suggesting that the
cytotoxic function of immune cells with heterozygous hypo-
morphic mutations of HLH-related genes can also be restored
by PD-1 inhibition. It would be interesting to conduct future
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studies to investigate whether PD-1 inhibitors could be ef-
fective for adult-onset FHL and other sHLH.

In conclusion, our study suggests that nivolumab can achieve
sustained control of r/r EBV-HLH with tolerable toxicity. Fur-
thermore, serological and intracellular negative conversion of
EBV-DNA suggests that PD-1 blockade has the potential to cure
the disease without allo-HSCT. Larger systematically protocol-
driven prospective clinical trials and further mechanism studies
are warranted.
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