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KEY POINTS

® Frequency of activated
CD4%™"CD8" T cells is
increased in HLH/MAS,
regardless of the
underlying condition/
trigger.

® CD4“™CD8* T-cell
frequency distinguishes
patients with MAS/
sHLH from patients
with active sJIA and is
associated with MAS/
sHLH severity.

J

CD8" T-cell activation has been demonstrated to distinguish patients with primary and
infection-associated hemophagocytic lymphohistiocytosis (HLH) from patients with early
sepsis. We evaluated the activation profile of CD8" T cells in patients with various forms
of secondary HLH (sHLH), including macrophage activation syndrome (MAS). Peripheral
blood mononuclear cells from children with inactive systemic juvenile idiopathic arthritis
(sJIA, n = 17), active sJIA (n = 27), MAS in sJIA (n = 14), infection-associated HLH (n = 7),
and with other forms of sHLH (n = 9) were analyzed by flow cytometry. Compared with
patients with active sJIA, in patients with MAS and sHLH of different origins, beside a
significant increase in the frequency of CD38"S"/HLA-DR*CD8"* T cells, we found a
significant increase in the frequency of CD8" T cells expressing the CD4 antigen
(CD4Y™CD8* T cells). These cells expressed high levels of the activation markers CD38
and HLA-DR, suggesting they were a subset of CD38"9"/HLA-DR*CD8" T cells, as well as
of the activation/exhaustion markers CD25, PD1, CD95, and interferon-y. The frequency
of CD49™CD8™ T cells strongly correlated with most of the laboratory parameters of MAS

severity and with circulating levels of CXCL9 and interleukin-18. These findings were confirmed in a prospective

replication cohort in which no expansion of any particular T-cell receptor V@ family in CD3" T cells of patients with
sHLH was found. Finally, frequency of CD49™CD8*, but not of CD38"S"/HLA-DR*CD8" T cells, significantly
correlated with a clinical severity score, further supporting the involvement of these cells in MAS/sHLH pathogenesis.

Introduction

Hemophagocytic lymphohistiocytosis (HLH) is a clinical syn-
drome characterized by uncontrolled activation of immune cells,
leading to systemic hyperinflammation and multiorgan failure,
and is invariably fatal if left untreated.! HLH is classified into pri-
mary and secondary forms.? Primary HLH (pHLH) is caused by
inherited defects in proteins involved in the cytotoxic machinery
of natural killer (NK) and cytotoxic T cells. Secondary HLH (sHLH)
occurs as a complication of infections, malignancies, immune
deficiencies, genetically defined autoinflammatory disorders (eg,
CDC42- and NLRC4- associated diseases),** and rheumatic dis-
eases, the latter being referred to as macrophage activation syn-
drome (MAS).> Although the contributing mechanisms and
triggers underlying primary and secondary HLH are different, all
HLH forms share the same clinical features and have common
biochemical and immunologic abnormalities.®

In most pHLH animal models, expansion and prolonged activa-
tion of CD8" T cells and excessive interferon -y (IFNvy) production
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are the main drivers of the disease and its manifestations.”” Con-
versely, although expansion of IFNy-producing CD8" lympho-
cytes has been reported in livers of patients with sHLH and in a
lymph node of 1 patient with MAS,"®"" the role of these cells in
the pathogenesis of the disease is not clearly established. Indeed,
in 2 different murine models of sHLH, CD8" T cells were mini-
mally activated or dispensable for the development of the dis-
ease.'®"™ In humans, some indirect observations strongly support
a role for T-cell hyperactivation in sHLH, including marked
increase in soluble CD25 (mainly released by activated T cells),™*
highly elevated levels of the T-cell activating factor interleukin-18
(IL-18),"® and therapeutic efficacy of cyclosporine-A.w

Recently, Chaturvedi et al'” demonstrated that patients with
pHLH or with infection-associated secondary HLH (iaHLH)
show an expansion of circulating activated CD38"9"/HLA-
DR*CD8™" T cells. The frequency of these cells in peripheral
blood reliably distinguished these patients from those with
early sepsis."’

'.) Check for updates
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Here, we studied the activation profile of CD8" T cells in patients
with different forms of sHLH, including MAS, and evaluated
whether it was able to discriminate patients with MAS during
systemic juvenile idiopathic arthritis (sJIA) or with other forms
of sHLH from patients with autoinflammation, such as active
sJIA.

Materials and methods

Patients

Seventy-four patients, 32 females, followed at the Division of
Rheumatology of Bambino Gesu Children’s Hospital, were
enrolled in the study. At the time of sampling, 17 patients had
inactive sJIA, 27 had active sJIA, 14 had MAS in the context of
sJIA, 7 had iaHLH, and 9 had HLH secondary to other triggers
(other sHLH), including 2 patients with neonatal-onset cytopenia,
autoinflammation, and recurrent hemophagocytic lymphohistio-
cytosis (NOCARH) syndrome (mutated in p.R186C CDC42)* 1
NLRC4-mutated patient, 2 patients with unknown immune defi-
ciencies, 2 patients with lymphoma, 1 patient with Kikuchi Fuji-
moto disease, and 1 patient with Rasmussen syndrome (Table
1). The diagnosis of sJIA was made according to the Interna-
tional League of Associations for Rheumatology (ILAR) criteria.'®
Clinical inactive disease in sJIA was defined according to the
Wallace criteria.'” All patients with MAS met the 2016 The Euro-
pean Alliance of Associations for Rheumatology (EULAR)/The
American College of Rheumatology (ACR) classification criteria
for MAS complicating sJIA?® All patients with sHLH met the
HLH-2004 diagnostic guidelines.™

The study has been conducted according to the criteria set by
the declaration of Helsinki, and each subject signed an informed
consent before participating to the study.

Of the 74 patients sampled, 35 (47.3%) were not receiving any
treatment at time of sampling. Twenty-seven patients (36.5%)
were on glucocorticoids, of whom 12 had been on glucocorti-
coids for more than 14 days. Seventeen (25%) patients were on
anakinra, whereas 10 patients (14.7%) were receiving different
treatments, including cyclosporine-A (9 patients), tocilizumab
(1 patient), canakinumab (1 patient), or emapalumab (1 patient).

The clinical severity score was based on the following 4 parame-
ters: (1) dose of glucocorticoids (score 0: low doses of predniso-
lone equivalent [=2 mg/kg per day]; score 1: high doses of
prednisolone equivalent [>2 mg/kg per day]); (2) length of hospi-
talization (score 0: =15 days; score 1: between 15 and 30 days;
score 2: >30 days); (3) admission to intensive care unit (score O:
no; score 1: yes); and (4) death (score O: no; score 1: yes).

Three patients with primary HLH, followed at Department Onco-
Haematology and Cell and Gene Therapy, meting the HLH-
2004 diagnostic guidelines,’® were also enrolled in the study.
Patients were 1, 6, and 21 months of age at diagnosis and were
carriers of homozygous mutations in PRF1 (c.50delT), STXBP2
(c.1430C>T), and RAB27A (c.514_518delCAAGC) genes,
respectively. At time of bone marrow (BM) sampling, all patients
were treatment naive.

The replication cohort was composed of 16 patients with MAS/
sHLH (5 patients with MAS in sJIA, 4 patients with iaHLH, and 7
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patients with sHLH of other origins) and 9 patients with active
sJIA. Of the 16 patients with MAS/sHLH, 5 (31%) were not
receiving any treatment at the time of sampling. Ten patients
(63%) were on glucocorticoids, and é of them were receiving
glucocorticoids for at least 14 days. Four patients (25%) were on
anakinra, whereas 3 patients (19%) were receiving different treat-
ment for MAS/HLH, including cyclosporine-A (1 patient), canaki-
numab (1 patient), and ruxolitinib (1 patient).

The study was approved by the Ospedale Pediatrico Bambino
Gesu Ethical Committee (1282_0OPBG_2016).

Mononuclear cells isolation, cell stimulation, and
flow cytometry analysis

Mononuclear cells (MCs) were isolated from peripheral blood and
BM samples by Ficoll centrifugation (LiStarfish). MCs were stained
for surface markers with antibodies against CD3 (Clone UCHT1),
CD4 (Clone SK3), CD8 (Clone RPA-T8), CD38 (Clone HB-7) HLA-
DR (Clone L243), CD95 (Clone DX2), CD25 (Clone M-A251), and
PD1 (Clone MIH4) (all from BD Biosciences). The gating strategy
for the identification of CD38"9"/HLA-DRTCD8" T cells and
CD49™CD8" T cells is shown in supplemental Figure 1 (available
on the Blood Web site). For IFNy production experiments,
peripheral blood mononuclear cells (PBMCs) and MCs from BM
were left unstimulated for 4 hours at 37°C in the presence of bre-
feldin A. Following incubation, cells were stained for surface
markers with antibodies against CD3 (Clone UCHT1), CD4 (Clone
RPA-T4), and CD8 (Clone RPA-T8), (all from BD Biosciences). Cells
were then permeabilized and fixed with the kit “FoxP3 Staining
Buffer Set” (Miltenyi), according to the manufacturer's procedures.
For IFNvy intracellular staining, cells were incubated with the anti-
IFNy antibody (BD Biosciences) for 30 minutes at 4°C, washed,
and resuspended in phosphate-buffered saline for flow cytometry
analysis. Cell viability was evaluated by 7-aminoactinomycin D
staining (BD Biosciences). Only samples with more than 90% live
cells were used. Samples were acquired using LSRFortessa X-20
flow-cytometer (BD Biosciences), and data were analyzed with the
FACSDiva Software (BD Biosciences).

Cytokine measurements

Levels of IFNy, Granzyme B, IL-2, and tumor necrosis factor-a
released in supematants by sorted CD49™CD8" T cells and
CD4~CD8" T cells were measured by Ella Automated Immunoas-
say System (600-100), according to the manufacturer’s instructions.

Serum levels of CXCL9 and IL-18 were measured by enzyme-
linked immunosorbent assay, using commercial kits (R&D Sys-
tems and MBL International, respectively), according to the
manufacturer’s instructions.

Quantitative determination of the T-cell receptor
VB repertoire

The T-cell receptor (TCR) VB repertoire was analyzed in PBMCs
isolated from 16 patients with MAS/sHLH and 9 patients with
active sJIA using the B Mark TCR VB Repertoire Kit (Beckman
Coulter). Briefly, cells were first labeled with surface marker
antibodies for the expression of CD3, CD8, CD4, CD38, and
HLA-DR for 20 minutes at 4°C and then were washed
with phosphate-buffered saline and split in 8 wells of 96-round
bottom plates. The TCR VB repertoire was labeled following the
manufacturer’s instructions and acquired (100000 events on
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Table 1. Demographic, clinical, and laboratory characteristics of the patients enrolled in the study

Inactive sJIA

(N =17)

Active sJIA
(N = 27)

Other sHLH
(N = 91)

Sex, femalet 7 (41.2) 12 (44.4) 8 (57.1) 3(42.9) 2(22.2)
Age at sampling (y)§ 8.6 (6.8-13.7) 9.8 (4.5-12.9) 11.6 (5.8-15.1) 2.8 (1.3-5.2) 7.0 (1.8-9.8)
Days from onset of symptoms§ — 17.0 (9.5-22.0) 18.5 (12.0-26.0) 18.0 (15.0-41.0) 34.0 (16.0-191.0)
Clinical features at sampling
Fevert 0 (0.0) 25 (92.6) 14 (100.0) 6 (85.7) 8 (88.9)
Splenomegalyt 0 (0.0) 6 (22.2) 8 (57.1) 5(71.4) 6 (66.7)
Laboratory features at
sampling
Ferritin (ng/mL)§ 32 (22-58) 738 (326-4 289) 7979 (3298-24741) 8211 (3267-3834¢) 9989 (3597-16462)
CRP (mg/dL)§ 0.07 (0.03-0.19) 8.99 (4.66-17.05) 4.30 (2.32-8.79) 1.54 (0.92-2.60) 1.61(1.15-16.39)
WBC (X10%/pL)§ 5.8 (5.2-7.6) 14.9 (8.2-18.6) 5.3 (4.2-9.3) 9 (4.0-7.4) 9 (1.1-6.8)
Neutrophils (X 10%/pL)§ 2.8 (2.3-3.2) 11.9 (5.2-16.8) 5.5 (3.0-7.2) 9 (0.6-2.6) 5(0.8-2.3)
Hb (g/dL)§ 13.2 (11.8-13.7) 11.0 (10.2-11.8) 11.0 (10.1-12.7) 7 (8.3-10.0) 8 (8.0-10.1)
PLTs (X10%/pL)§ 260 (248-301) 405 (273-526) 184 (103-225) 9 (75-134) 4 (39-135)
AST (U/L)§ 23 (21-31) 6 (25-44) 87 (68-175) 295 (174-337) 8 (76-139)
LDH (U/L)§ 323 (218-472) 506 (377-673) 1066 (667-1506) 2840 (2144-3973) 1389 (913-2318)
Triglycerides (mg/dL)§ 65 (47-98) 104 (71-128) 196 (178-268) 296 (184-353) 444 (334-495)
Fibrinogen (mg/dL)§ 259 (237-348) 635 (509-697) 344 (311-385) 143 (123-195) 308 (123-350)
MAS/HLH biomarkers at
sampling
CXCL9 (pg/mL)s, || 300 (300-582) 300 (300-300) 4753 (2763-9750) 17133 (5163-28023) 3089 (2753-9103)
IL-18 (pg/mL)§, 1 11971 (322-45750) | 17505 (4208-32279) | 139121 (46814-292061)| 16941 (286-100678) | 11813 (5593-37 220)
Any treatment at samplingt 12 (70.6) 0 (37.0) 7 (50.0) 1(14.3) 9 (100.0)
Glucocorticoids < 14 dt 0 (0.0) 5(18.5) 6 (42.8) 1(0.14) 3(33.3)
Glucocorticoids = 14 df 3(17.6) 3(11.1) 0 (0.0) 0 (0.0) 6 (66.7)
Anakinrat 11 (64.7) 13.7) 2 (14.3) 0 (0.0 3(33.3)
Other treatmentt, # 1(5.9) 3(11.1) 1(7.1) 1(14.2) 4 (44.4)

CRP, C-reactive protein; Hb, hemoglobin; PLTs, platelets; WBC, white blood cells.
*Three EBV, 2 leishmania, 1 CMV, and 1 bocavirus.

1tTwo p.R186C CDC42 mutated patients, 1 NLRC4-mutated patient, 2 unknown immune-deficiencies, 2 tumors, 1 Kikuchi Fujimoto disease, and 1 Rasmussen syndrome.

$Number (percentage).

§Median (first to third quartile).

||[Median (first to third quartile) in healthy controls in our laboratory, 612 (430-802) pg/mL.
IMedian (first to third quartile) in healthy controls in our laboratory, 265 (221-305) pg/mL.

“Cyc\osporine-A (9), tocilizumab (1), canakinumab (1), and emapalumab (1).

CD3™" cells) by Cytoflex LX (Beckman Coulter) and analyzed by
Kaluza Software (v 2.1, Beckman Coulter).

Statistical analysis

For non-normally distributed data, differences between groups
were analyzed using the Kruskal-Wallis test and the post hoc
uncorrected Dunn’s test for multiple comparisons. Data were
expressed as median and interquartile range. Unpaired and
paired comparisons were performed by Mann-Whitney or Wil-
coxon test, respectively. Correlations were tested using Spear-
man’s rank order test. Receiver operating characteristic (ROC)
curve analysis was used to determine the optimal cutoff values
discriminating patients with MAS or patients with sHLH of differ-
ent origins from patients with active sJIA. The significance level
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for all statistical tests was P < .05. Graphpad Prism 9 software
was used for statistical analysis and graphs.

Results

Patients with inactive or active sJIA, with MAS occurring during
sJIA, with iaHLH, or with sHLH of other origins (other sHLH)
were enrolled in this study. Demographic and clinical character-
istics and the levels of the MAS biomarkers IL-18 and CXCL9 are
shown in Table 1.

Flow cytometry analysis of PBMCs showed that the percentage

of CD38""/HLA-DR*CD8" T cells in patients with MAS, iaHLH,
and other sHLH was markedly higher than in patients with
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Figure 1. Percentage of circulating CD38"9"/HLA-DR* CD8" T cells is significantly increased in patients with all forms of secondary HLH and reliably distinguishes
patients with MAS from those with active sJIA. (A) Representative fluorescence-activated cell sorter (FACS) profile showing the percentage of peripheral blood
CD38""/HLA-DR™ cells, gated on CD3"CD8" T cells, in each group of patients. Results obtained in mononuclear cells isolated from bone marrow of 3 patients with
primary HLH (BM pHLH) are also reported. (B) Percentage of CD38"S"/HLA-DR" cells, gated on CD8" T cells, in the different patient groups. Patients who were
receiving glucocorticoids longer than 2 weeks are reported as filled squares. *P = .05; ***P = 001. (C) ROC curve analysis of CD38"9"/HLA-DR" CD8" T cells was

performed comparing all patients with MAS/sHLH (n = 30) and patients with active sJIA (n = 27).
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Figure 2. Percentage of CD49™CD8" T cells is significantly increased in patients with all forms of secondary HLH and reliably distinguishes patients with MAS
from those with active sJIA. (A) Representative FACS profile showing the percentage of CD49™CD8" T cells, gated on CD3™ cells, in each group of patients. Results
obtained in mononuclear cells isolated from bone marrow of 3 patients with primary HLH (BM pHLH) are also reported. (B) Percentage of CD4“™CD8" T cells, gated
on CD3" cells, in the different patient groups. Patients who were receiving glucocorticoids longer than 2 weeks are reported as filled squares. ***P = .001. (C) ROC

curve analysis of CD49™CD8" T cells was performed comparing patients with MAS/sHLH (n = 30) and patients with active sJIA (n = 27).
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Figure 3. CD49™CD8" T cells are highly activated cells. (A-B) Representative FACS plots and cumulative data showing the percentage of CD38, HLA-DR, CD25,
PD1, CD95, and positive cells among CD4%™CD8" T cells and CD4~CD8* T cells are reported. Statistical significance was calculated using Wilcoxon's matched pairs

signed rank test. ***P = .001.

inactive or active sJIA (P < .001, for all comparisons; Figure 1A-B).
[t was not affected by glucocorticoid treatment for longer than
14 days (Figure 1B). ROC curve analysis showed that the percent-
age of CD38""/HLA-DR*CD8™ T cells was able to reliably dis-
criminate patients with all forms of sHLH (MAS, iaHLH, and
other sHLH) from those with active sJIA (area under the curve
[AUC] = 094, P < .001; Figure 1C). It also discriminated
patients with MAS (AUC = 0.96, P < .001) and iaHLH plus
others sHLH from active sJIA (AUC = 0.93, P < .001; supplemen-
tal Figure 2).

PBMC immunophenotyping also revealed the presence of a sig-
nificantly higher percentage of CD8" T cells coexpressing the
CD4 marker (CD49™CD8* T cells) in patients with MAS or with
other forms of sHLH, regardless they were receiving glucocorti-
coid therapy, compared with patients with inactive or active sJIA
(P < .001, for all comparisons; Figure 2A-B). ROC curve analysis
showed that the percentage of CD49MCD8™ T cells reliably dis-
criminated patients with all forms of sHLH from those with active
sJIA (AUC = 0.92, P < .001; Figure 2C). We also looked at sub-
groups of sHLH and found that it discriminated patients with
MAS (AUC = 0.90, P < .001) and iaHLH plus others patients
with sHLH from patients with active sJIA (AUC = 0.94, P < .001;
supplemental Figure 3A-B).

CD4P™MCD8* T CELLS AND SECONDARY HLH

To evaluate whether the percentage of CD4“™CD8" T cells was
increased also in patients with pHLH, BM MCs of 3 patients with
pHLH were analyzed. Consistent with recent evidence,” in
these patients, we not only confirmed the presence of a high
percentage of CD38"9"/HLA-DR*CD8" T cells (Figure 1A-B)
but also demonstrated a high frequency of CD4%™CD8" T cells
(Figure 2A-B).

CDAYMCD8™ T cells have been shown to be highly activated
and cytolytic CD8" mature T cells, expressing high levels of
IFNy.2'2* To further characterize their activation profile in
patients with MAS/sHLH, we analyzed the expression of the acti-
vation markers CD38 and HLA-DR. We found that, compared
with CD8" T cells not expressing CD4 (CD4~CD8* T cells), a
markedly higher percentage of CD49mCD8* T cells expressed
high levels of both CD38 and HLA-DR (Figure 3), strongly
suggesting that these cells are a subset of CD38"9"/HLA-
DR*CD8" T cells. In addition, a significantly higher frequency of
CD49mCD8" T cells expressed the activation/exhaustion markers
CD25, PD1, and CD95 (Figure 3), indicating that these cells rep-
resent a homogenous highly activated subpopulation of
CD8" T cells. We also found that the frequency of IFNy-
positive cells was significantly higher among CD4%™CD8*
than among CD4 CD8% T cells from peripheral blood
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Figure 4. Compared with CD4~CD8™ T cells, a higher frequency of CD4¥™CD8* T cells express IFNy. (A-B) Representative FACS plots and cumulative data show-
ing the percentage of IFNy-expressing CD4“™CD8" T cells and CD4~CD8" T cells. Unstimulated peripheral blood mononuclear cells of 3 MAS patients and mononu-
clear cells of 3 pHLH patients were analyzed by flow cytometry. Statistical significance was calculated by using Wilcoxon's matched pairs signed rank test. *P < .05.

of patients with MAS and from BM of patients with pHLH
(Figure 4). Accordingly, when peripheral CD49™CD8" T cells
and CD4-CD8" T cells were sorted and cultured ex vivo,
CD4YmCD8" T cells tended to spontaneously release higher
amount of IFNy compared with CD4~CD8" T cells (supple-
mental Figure 4). Incidentally, levels of other proinflammatory
and cytolytic mediators, including Granzyme B, IL-2, and
tumor necrosis factor-a, were not differentially released by
the 2 cell subsets (supplemental Figure 4).

Finally, we evaluated whether the percentage of activated
CD8" T cells correlated with laboratory parameters of disease
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severity in patients with MAS. The percentage of CD38"9"/HLA-
DR'CD8" T cells correlated with some laboratory parameters
(ferritin: r = 0.60, P = .02; hemoglobin: r = —0.68, P = .009;
lactate dehydrogenase [LDH]: r = 0.74, P = .003; Table 2).
Notably, the percentage of CD38"9"/HLA-DR*CD8" T cells
was significantly correlated with circulating levels of I1L-18
(r = 0.68, P = .008) but not with the levels of the IFNy-
inducible chemokine CXCL9 (r = 0.41, P = .14). By contrast, the
frequency of CD4AY™CD8™ T cells not only strictly correlated
with most of the laboratory parameters of disease severity (ferri-
tin: r = 0.55, P = .04; aspartate transaminase [AST]: r = 0.65,
P = .013; LDH: r = 0.8, P = .001; triglycerides: r = 0.73,
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CD4P™MCD8* T CELLS AND SECONDARY HLH

Statistically significant correlations (P < .05) and the respective Spearman correlation coefficient are italic.

P = .004; fibrinogen: r = —0.73, P = .004) and with circulating
levels of IL-18 (r = 0.58, P = .009), but also with serum CXCL9
levels (r = 0.59, P = .02; Table 2).

To validate our findings, we immunophenotyped the CD8" T-cell
population in a replication cohort consisting of 16 patients with
sHLH (5 MAS, 4 iaHLH, and7 sHLH of other origin) and 9 patients
with active sJIA. We confirmed that both the percentage of
CD38"9"/HLA-DR*CD8" T (data not shown) and of CD4“"CD8*
T cells was significantly higher in patients with MAS/sHLH than in
patients with active sJIA (P < .001; supplemental Figure 5A).
CDAYMCD8™ T cells frequency was able to distinguish the
patients with sHLH from patients with active sJIA (AUC = 0.93,
P < .001; supplemental Figure 5B), with a cutoff level and an
AUC similar to that observed in the discovery cohort.

In the replication cohort, to address the question whether the
expansion of both CD38""/HLA-DR'CD8" T cells and
CD49mCD8™ T cells in MAS/sHLH was secondary to antigen-
induced activation, we also analyzed the TCR VB repertoire
using a flow cytometric approach. We did not find expansion of
any particular TCR VB family in CD3™ T cells of patients with
MAS/sHLH compared with those of patients with active sJIA
(Figure 5). We found a statistically significant, albeit modest,
decrease in the frequency of 3 TCR VB families (14, 16, and
21.3) in patients with MAS/sHLH compared with that observed
in patients with active sJIA. Moreover, no correlations between
percentages of these specific TCR VB subsets and frequency of
both CD38"9"/HLA-DR*CD8" T cells and CD4“"CD8" T cells
were found (data not shown), further suggesting their antigen-
independent activation.

Finally, we evaluated whether the expansion of activated CD8™"
T cells was associated with disease severity of all patients with
sHLH enrolled in both discovery and replication cohorts
(h = 46). The frequency of CD49MCD8™" T cells, but not of
CD38M9"/HLA-DR*CD8" T cells, was significantly associated
with the clinical severity score (r = 0.56, P < .0001 vs r = 0.2,
P = .16, respectively; Figure 6); this finding supports the involve-
ment of CD49™CD8* T cells in the pathogenesis of the disease.

Discussion

In this study, we confirm and extend the observations by Chatur-
vedi et al'”’ by showing that highly activated CD38""/HLA-
DR*CD8" T cells are expanded, not only in patients with pHLH or
iaHLH, but also in those with MAS and other forms of sHLH. Their
expansion reliably distinguishes not only patients with pHLH or
iaHLH from those with sepsis'’ but also patients with MAS or
sHLH from patients with active sJIA. Notably, we also report that
patients with MAS and with all forms of HLH, regardless of the
underlying condition or trigger, are characterized by the expansion
of an additional highly activated CD8" T-cell subpopulation, the
CD49™CD8" T cells. These cells express high levels of the activa-
tion/exhaustion markers CD38, HLA-DR, CD25, PD1, and CD9%5
and express IFNy. Also, CD4%™CD8* T cells are significantly
increased in patients with sHLH, regardless of the underlying con-
dition or trigger, and their expansion reliably distinguishes patients
with MAS or other sHLH from patients with autoinflammation (e,
sJIA) and, importantly, are associated with the severity of the
disease.
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Figure 5. TCR Vg repertoire of patients with MAS/sHLH does not show expansion of a particular TCR VB in CD3" T cells compared with patients with active
sJIA. The TCR VB repertoire was evaluated in peripheral CD3" cells of patients enrolled in the replication cohort (16 patients with MAS/sHLH and 9 patients with active
sJIA). Statistical significance was calculated using the Mann-Whitney test. *P < .05.

Circulating CD49MCD8™ T cells are highly activated cells that
have been recently identified in humans, monkeys, mice, and
rats.?*?> CD4 expression on CD8" T lymphocytes has been
demonstrated to modulate cytotoxic T-lymphocyte function and
to play a crucial role in vivo in cellular-mediated responses to
viruses and alloantigens.?'23-25

Consistent with the data mentioned above, we demonstrate
that CD49™CD8" T cells are a very homogeneous subset of
highly activated CD8" T cells, uniformly expressing high levels
of the activation markers CD38 and HLA-DR. In addition, com-
pared with CD4'CD8" T cells, they express significantly higher
levels of the activation/exhaustion markers CD25, PD1, and
CD95, and of the proinflammatory cytokine IFNvy, further sug-
gesting that these cells constitute a distinct highly activated sub-
population of the CD8" T cells. We also found that the

percentage of CD4YMCD8™ T cells strongly correlates with most
of the laboratory parameters of MAS severity, including ferritin,
AST, LDH, triglycerides, fibrinogen, and, notably, with circulating
levels of IL-18 and the IFNy-induced chemokine CXCL9.'>2¢
Interestingly, Chaturvedi et al did not observe any correlation
between percentage of CD38"9"/HLA-DR* CD8" T cells and
laboratory parameters of disease severity,'” possibly because of
the heterogeneity of their cohorts. Indeed, in the very homoge-
nous, largely untreated population of patients with MAS, we
found that CD38M9"/HLA-DR*CD8" T cells were significantly
correlated with some of the laboratory parameters of disease
severity, such as ferritin, hemoglobin, LDH, and IL-18, but not
with the IFNy-related MAS/sHLH biomarker CXCL9. Notably,
we also found that frequency of CD4“™CD8" T cells was signifi-
cantly associated with MAS/sHLH severity, as assessed by clinical
severity score, further supporting the involvement of activated

A r=0.2
p=0.16
6 95% Cl1 0.09-0.47
% ° ° o 0
=44 oo oo o0
5]
F1 e @ oo o0 o@
73 2 - o o XX °
=
S o0 eo® °
0 LA s B D b BB L L L L B B L L B |
0 50 100
CD38M9h HLA-DR* (%)

B r=0.56
p<0.0001
6 1 95% C10.32-0.73
(5]
] ° ° °
= 4 oo @ o e o °
)
F1 oo 00 e oo oo
T 2] e oo
=
S come
0 1 1 1 1 1
0 5 10 15 20 25
CD44MCD8* (%)

Figure 6. Frequency of CD49™CD8" T cells, but not of CD38"9"/HLA-DR* CD8" T cells, is significantly

iated to the clinical severity score. (A-B) Correla-

tions between clinical severity score and frequencies of CD38"9"/HLA-DR™ CD8" T cells and CD4%™CD8" T cells. Correlations were tested using Spearman’s rank
order test. The clinical severity score is based on the following 4 variables: death, length of hospitalization, stay in intensive care unit, and dose of glucocorticoids,

scored as described in the "Materials and methods" section.
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CD4“™CD8" T cells in the pathogenesis and progression of the
disease.

Expansion of CD38"9"/HLA-DR"CD8" T cells has been recently
demonstrated in patients with COVID-19 and in children devel-
oping multisystem inflammatory syndrome after SARS-CoV-2
infection.?’2? Altogether, our data and these observations fur-
ther support the involvement of highly activated CD8" T cells in
the development and progression of hyperinflammatory dis-
eases, including pHLH, sHLH, MAS, and hyperinflammatory
COVID-19, falling under the umbrella of the term “cytokine
storm syndrome.”*® We found that frequency of CD38"9"/HLA-
DR"CD8" T cells was not associated with the severity of MAS/
sHLH. Consistent with these observations, also in SARS-CoV-2
infection, the role of CD38"9"/HLA-DR*CD8™" T cells is to date
contradictory. Although some studies showed a significant
increase in the frequency of these cells in patients with a more
severe disease,?'3? other studies reported no differences in their
frequency between mild and severe patients or even markedly
higher frequency in recovering patients than in patients with a
more persistent disease.**3*

In this study, we demonstrated that the CD8" T-cell activation
observed in patients with MAS/sHLH was antigen independent.
In patients with multisystem inflammatory syndrome that are
characterized by a marked increase in the CD38M"/HLA-
DR*CD8™ T cells, a selective expansion of the TCR VB 21.3 in
T cells was found.®® This finding is consistent with antigen-driven
oligoclonal expansion of selected subpopulations of CD8"
T cells. In sharp contrast, in CD8" T cells of patients with MAS/
sHLH, we did not find selective expansion of any specific TCR
VB gene. To the best of our knowledge, this is the first study
investigating the TCR VB repertoire in patients with sHLH. Our
observation, suggesting an antigen-independent activation and
expansion of CD8" T cells, is consistent with a generalized
hyperinflammatory state during sHLH associated with polyclonal
rather than oligoclonal expansion and activation of CD8™ T cells.

CD38"9"/HLA-DR"CD8" T cells may comprise a variety of sub-
populations. Among these, CD4“™CD8" T cells appear to be a
homogeneous, highly activated population expressing activa-
tion/exhaustion markers and IFN+y, whose expansion, notably, is
correlated to levels of disease relevant cytokines, to a number
of disease severity parameters, and to severity of the outcome.

The findings reported in this study have implications for clinical
practice. Assessment of CD38"9"/HLA-DR*CD8" T associated
to that of CD4Y™CD8" T cells represents a valuable tool to dis-
criminate patients with MAS or with HLH secondary of other ori-
gins from patients with autoinflammation. This may have a
significant value in the clinical setting in guiding the diagnostic
workup, at a time in which early identification of patients with
HLH/MAS syndrome provides opportunity for earlier treatments
and better management. Indeed, despite significant advances in
the understanding of the pathogenesis of HLH/MAS, prompt
diagnosis remains challenging. This assay, based on flow cytom-
etry, on a few antibodies that are widely available, and on sim-
ple gating strategies, offers advantage compared with other
proposed biomarkers, including assessment of levels of phos-
phorylated STAT1 in monocytes,® plasma ADA2 activity,*” or

CD4P™MCD8* T CELLS AND SECONDARY HLH

even levels of circulating CXCL9. Indeed, the latter assays are
based on sophisticated and/or nonvalidated technologies and
have been shown to be affected by glucocorticoids treatment.
Notably, our results suggest that the number of CD38"9"/HLA-
DRTCD8™ T and of CD4%™CD8" T cells is not affected by glu-
cocorticoids. Accordingly, treatment shorter than 2 weeks with
glucocorticoids did not affect the number of CD38"9"/HLA-
DRYCD8" T cells in patients with pHLH."” Despite the strength
of our findings and the integration with those reported by Cha-
thurvedi et al,'”” multicenter studies on a larger number of
patients are needed to find the best cutoff values of CD38"9"/
HLA-DR*CD8" T cells and of CD4Y™CD8" T cells for the
early diagnosis and identification of critically ill patients with
MAS/sHLH.

In addition of being a diagnostic biomarker, the assessment of
CD49™CD8™ T cells may have a prognostic value. We found
that high frequency of CD49™CD8™ T cells was associated with
the subsequent development of unfavorable outcome. Our clini-
cal severity score was based on simple end points including
death, length of hospitalization, stay in intensive care unit, and
dose of glucocorticoids. It certainly requires validation and
potential improvement. However, it should be pointed out that
no prognostic score for the severity of the course of MAS/HLH
is, to the best of our knowledge, thus far available.

Finally, given the high morbidity and mortality associated
with HLH/MAS with currently available therapeutic untargeted
approaches, more efficacious, possibly targeted, treatments
are needed. Indeed, consistent with our results showing
that CD49™CD8" T cells produce higher levels of IFNy than
CD47CD8* T cells and are correlated with disease severity, as
well as with the IFNy-induced chemokine CXCL9, a recent study
demonstrated that the IFNvy-neutralizing monoclonal antibody
emapalumab displayed remarkable efficacy in patients with
pHLH?#3%; promising preliminary data have also been reported
in MAS and sHLH."**? The evidence showing the expansion in
HLH of activated CD49™CD8" T cells, homogeneously express-
ing high levels of CD38, also supports the rationale for an addi-
tional targeted strategy based on daratumumab, a monoclonal
antibody directed against CD38. Daratumumab has been
reported to be efficacious in the treatment of sHLH occurring in
a patient with multiple myeloma, independently of the impact
on the malignancy that showed progression.*®

In conclusion, our results provide novel insights on the patho-
physiology of sHLH in its various forms and a simple diagnostic
tool for the early identification of suspected HLH and MAS,
independently of the underlying trigger or condition. They also
suggest a potential prognostic relevance of the assessment of
CD49mCD8" T cells in HLH/MAS syndrome and support the
rationale for novel therapeutic strategies targeting activated
CD8* T cells.
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