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Dear Editor,

Hemophagocytic lymphohistiocytosis (HLH) is a rare complica-
tion of chimeric antigen receptor T-cell (CAR-T) therapy [1-3]. With
the increasing use of CAR-T therapy in treating hematological
malignancies, the unique phenomenon of CAR-T-associated HLH
(carHLH) is increasingly recognized. Albeit rare, reported rates vary
from 1-3% to 35% depending on the underlying disease, patient
population and the CAR-T product [1-3]. Recently ASTCT has
published guidelines recognizing HLH in the setting of CAR-T as
immune effector cell-associated HLH-like syndrome (IEC-HS) [4].
The most extensive series to date that comprehensively described
manifestations, along with patient and CAR-T specific factors
associated with the development of carHLH, is that of anti-CD22
CAR-T in 21 pediatric patients with B-ALL [2]. We herein provide a
detailed description of clinical presentation, treatment strategies,
and outcomes in adult patients who developed carHLH across
three sites at Mayo Clinic.

A chart review to summarize patient and CAR-T characteristics
for carHLH was conducted. It included adult patients undergoing
CAR-T for non-Hodgkin lymphoma (NHL) and multiple myeloma
(MM) receiving B-cell maturation antigen (BCMA) CAR-T. Baseline
characteristics were determined at the time of lymphodepletion
(LD). CAR-T-related toxicities were graded based on the ASTCT
2019 quidelines [5]. CarHLH was identified based on the
combination of laboratory and clinical criteria adapted from HLH
diagnostic criteria, and previously reported series for HLH after
CAR-T cell therapy [3]. These criteria were reviewed and approved
by the cell therapy group at Mayo Clinic and included a peak
ferritin level of >10,000 ng/L and at least 2 of the following criteria:
[1] impaired hepatic function including bilirubin > 3 x upper limit
of normal (ULN) or baseline, or transaminases >5 x ULN or
baseline; [2] impaired renal function including oliguria or
creatinine >3 x ULN or baseline, [3] grade =3 pulmonary edema
or hypoxia [4] presence of hemophagocytosis by morphology
and/or CD68 immunohistochemistry in organs, [5] new or
unexplained grade =3 cytopenia, and [6] new-onset grade =3
acidemia requiring intervention and not attributable to other
causes. This study was conducted according to the Declaration of
Helsinki and was approved by the institutional board review at
Mayo Clinic.

A total of 3% of patients (13/436) receiving CAR-T therapy
between 1/1/2018 and 5/31/2022 met the criteria for carHLH.
Table 1 describes individual-level baseline patient characteristics,
toxicities, interventions, and outcomes. The median age of
patients at the time of CAR-T infusion was 61 years (39-89 years).
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Underlying diseases included high-grade B-cell (HGBL) with MYC
and BCL2 rearrangements (4), HGBL, not otherwise specified [NOS]
(1), diffuse large B-cell lymphoma (4), mantle cell lymphoma (1),
CLL (1), and MM (2). Of the NHL patients (CLL not included), 90%
(9/10) had advanced-stage disease, elevated LDH at the time of
LD, and 70% (7/10) had high-risk IPI (Table 2). Eight of the 10 NHL
patients required bridging therapy, of which 75% (6/8) required
chemotherapy. Within the NHL cohort, CAR-T products included
axicabtagene ciloleucel (5), lisocabtagene maraleucel (4), and
brexucabtagene autoleucel (1). The two patients with MM both
had IgG kappa type, high-risk disease based on cytogenetics, and
>90% bone marrow involvement at the time of LD. One MM
patient received idecabtagene vicleucel (6 prior lines of treat-
ment), and the other was treated with an anti-BCMA CAR-T on a
clinical trial.

All patients experienced CRS with 39% (5/13) experiencing
grade >3. The median time to onset of CRS from CAR-T was 2 days
(0-7). ICANS was seen in 10 (77%) patients, with a grade = 3 in 9
patients. The median time to onset of ICANS from CAR-T was
7 days (4-10). The median time to carHLH onset from CAR-T was
8 days (4-32). CarHLH resolved in 7 patients (54%). The median
time to resolution was 8 days (5-62). CarHLH was a continuum of
CRS in 8 (53%) of the 13 patients, whereas there was a clear
resolution of CRS before carHLH development in the other
5 patients.

Tocilizumab was used in 92% (12/13) of patients after carHLH
onset. The median number of tocilizumab doses were 3 (1-4). All
patients received steroids with a median duration of 14 days (5-
56). Anakinra was used in 92% (12/13) of the patients with a
median duration of 7 days (3-74). Chemotherapy was used in
2 patients one each with etoposide and cyclophosphamide.
Siltuximab, an anti-IL6 monoclonal antibody, in seven patients.
Anti-thymocyte globulin and JAK2 inhibitor ruxolitinib were
utilized in 2 patients. Basiliximab, an IL-2 receptor-blocking
antibody, was used in 2 patients. Dialysis was initiated as
continuous venovenous hemodialysis (CVVH) in 54% (7/13)
patients for new onset acidemia and/or removal of cytokines.
The median duration of CVVH was 4 days (1-6). One patient was
started on an extracorporeal cytokine adsorber (CytoSorb®). Three
of the 7 patients needing CVVH had resolution of carHLH.
Vasopressor support was needed in 5 patients (38%), and the
median duration of use was 4 days (2-5). Eight patients (62%)
developed infectious complications after developing carHLH,
none before carHLH onset. Only 2 of the seven patients had
infection resolution and were alive at the last follow-up (Table 2).
Ten carHLH patients (77%) had died at the time of data cut-off.
The causes of death included carHLH (5), progressive lymphoma
(1), neurotoxicity-related aspiration event (1), bowel perforation
resulting in septic shock (1), COVID infection (1) and unknown

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41408-024-01119-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41408-024-01119-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41408-024-01119-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41408-024-01119-2&domain=pdf
https://doi.org/10.1038/s41408-024-01119-2
https://doi.org/10.1038/s41408-024-01119-2

Correspondence

0007<

(1002) ¥8£5

(98) £'1T

(968) SS¥'6T

aAnIsod

skep 91
va

skep €1
€9

¥a

SOA
skep ¢
€9

od

SOA

SOA

owayd

SOA

ON

S9A

di 2@ ‘dz1 2@

oN
oN

(%08) SA
VN
ssiy

WW eddey 96|
|eIsWwWod

HTH
4/29

€L

Loge

(V/N) 8£5°0T

(V/N) €L

(V/N) 602'SL

pauleiqo 10N

uonn|osas
810439 pa3lg

(43¢}

skep 9|
o

¥a

S9A
skep ¢
]

€a

S9A

S9A

owayd

SOA

61 dD 'S9A

SuoN

oN
oN

S9A

10487a
|eIBWWoD

HTH
W/85

(4}

€lee

(9£0£) 059°0€

(€'61) 06

(S€9) ¥S8€E

|ed0AINb3

shep gL
[1a

skep g
€9
La
S9A
skep ¢
[}
€a
S9A

ON

oN

61 dD 'S9A

SuoN

ON
SOA

S9A
S
I\l

1081
YU (321

|eIBWWoD

HTH
W/LL

L

000¥<

(SL£S) LSP9L

(7'6€) 6°0vC

(9v81) 0Tv've

pauleiqo 10N

uonn|osal
al0j3q paid

8d

uonn|osal
310439 paid

€9
+va
S9A
paAjosal 10N
€9
€d
S9A

S9A

spioJa1s
+ Apognue
|euojpouoiy

S9A

ON

3uoN

S9A

S9A

(%06<) S2A
14
A

1085H
|esaWwwo)

HTH
/89

oL

000%<

(zzLl) 000'TP<

(L'Y) ¥'LEL

(08£1) ££9'901L

pauleiqo 10N

skep g
8d

OoN
Kep |
19
La
SOA

ON

oN

6L @D 'sak

ON

9

Z1L Awosuy
‘beL 2@

ON
saf

sof
VN
VYN

TIS/ 11D
el

H1H
/4L

0007<

(¥6EL) SSLS

(€'901) T

(985Y) 0€T'vL

annebaN

uonnjosal
21043q paiq

v a

skep 9
€9
9a
SOA
skep £
€9
0a
SOA

S9A

owayd

SOA

ON

ON

syuswabueneasz1Hg

Pue JAN

ON
SOA

(%0€) SoA
12
A

199H
|ensawwo)

HH
4/6€

8

‘S9W0DINO0 |ediuld pue

(€161) 0T6L

(8'€9) 8'€

(S9¥L) 80Z'EL

aAnebaN

uonn|osal
al0j3q paig

aLa

uonn|osal
310439 paid

€9
oLa
SOA
skep ¢
@)
Ld
SOA

SIA

spioa1s
+ Apoqnue
Jeuojoouoly

SOA

ON

ON
€

$2119U26014>
xa|dwod
‘dz1L 1sa

oN
oN

(%56<) S9A
€
1]

TDW
|esaWwwo)

HH
W/68

L

88C19

(6¥£) 000'CT

(¥'9) TS9L

(Ev¥) 00729

pauleiqo 10N

uonnjosal
210439 paig

8a

uonnjosal
310439 paig

42
8d
S9A
Panjosal 10N
5
sa
S9A

S9A

owayd

SOA

ON

ON

sjuswabuesieas

2108 pue DAN

ON
SOA

(%07) S9A
12
N

199H
[e1DIBWIWOD

HTH
4/19

9

0985

(LSSS) 000°Ty<

(6'€) 0°€ >

(SLEL) 000'0TL<

annebaN

uonn|osal
31043q paiq

vz a

ON
skep ¢
1)
La
S9A

S9A

SploJals + owayd

SOA

ON

S9A

dz1 12a b1 2@

ON
SOA

(%S56<) S9A
VN
Il SSI-Y

WW eddey 96|
leul

HTH
W/6S

S

a|qejiene
10N

(SL€L)
000Z¥<

(S€1) 68

(z8¢)

0€S'9L

aAnebaN

skep z9
oLa

ON
skep 1
4}
0a
SOA

S9A

OoN

ON

ON

SuoN

ON
SOA

(%06<)
S9A

€
N

1970
leuL

HTH
W/S9

14

S911121X0) ‘sanjeA Aloleioqe| auljaseq ‘solisia1deieyd

a|qe|iene
10N

(1628)
000Z<

(6'28) 6'86

(£66)
000'00L<

paujelqo
10N

skep 9
La

skep €1
o

Ld
SOA
skep g
[

cda
SOA

S9A

14
+ sploia1s

SOA

ON

ON

3uoN

ON
SOA

ON
€
A

1o471a
|esawwo)

HH

LL6'LL

(zvol) Trbs

(z6Y) L6

(18) 8208
(owsayd @1 1e anjeA au

pauleiqo 10N

skep g
Ld

skep £
€9
Ld
SOA
skep 6
@3
ca
S9A

S9A

owayd

SOA

ON

ON
L

sjuswiabuesieas
9108
PUD 7108 QAW

ON
SOA

ON

@Iq
10U) 9€9

(0'8) 9'£LT

(961) 0666

50d

skep g
6d

skep yL
[E5)

oLa

SOA

skep g
1ol

9 (a) ke
SOA

S9A

spioJals
+owayd

SOA

ON

ON
[4

sjuswabueieas
9104
PUD 7108 QAW

ON
SOA

ON
[4
Al

195H
|eBWWoD

HTH
W/€S

L

aseasip ‘soiydesbowsp juaned [enpialpu|

Auo yead
‘(Tw/6d 096>
|ewuou)

oz-11 2|qnjos

(Jw/6u 005 >

(1/6w 0'gs
_mﬂtos d4D

(1/6ow
£0€-LL|ewou)
u

seq) anjea yead ‘siadpew Aiojeloqe]

Mmolew auog

uoneing
195U0 03 Wi

HTH

uoneing
apeib yead
19suQ 03 swi]
SNVDI
uoneing
apesb yead
19sUQ 01 swil|
S4D

S9NIDIXOL

aseasip
Kioyoely9y

adAy/Adessyy
6uibpug
JuswWieal}
Pa3¥3211p YINDE
10 61D Joud
jue|dsueny
olny Joud

saul| Jolid

HSI4

JUBWSA|OAUL
SND

HQ1 paiers|3

(%) AUl g
IdI
abels

adAy aseasig

2dAy 1-4vD

adfy
uonedydwo)

x3s/2bYy

| 910499 G- Aep e sonsuaIRIRYD Buljdseg

Jaquinu jusned

‘L 9lqel

136

Blood Cancer Journal (2024)14

SPRINGER NATURE



Correspondence

(EIN e
ape=d

ON

¥

eIwRlIA AND
(sn22020193ud
‘au)| ‘weans
poojq)jeia1deg

SOA

oN
(9) sak

skep gz

skep 61

€6

€9

ON

(SL2) €451
€l

HIH'9Y
ajpesa

ON

1)

(wni>3) snd>0d04a3u3

!SI1[NDILISAIP)[eLIR10eg

OoN

OoN

ON

ON

skep ¢

shep €v

auoN

LSl

€9

ON

(V/N) 90L1L
zL

(umowjuniLg
ajpe=a

uonen|ers
ai02q paig

ON

S9A

asop |
X qewIxnyis

OoN

ON

ON

sKep £

skep 9z

6L

1ol

ON

(907) £vLL
L

(HH
‘L1 d) pead

uonen|ers
a1052q paig

(¥)S2A
(1) sok

skep 9

skep z1

06

[43)

ON

(L18) 9vTL
oL

(ev @) any

ON

1)

(1]003:weans

poojq)|eua1deg

S9A

oN
ON
ON
3auoN

skep g

S6

€9

S9A

(961) 6v8
6

(uondajul
‘HIH ‘SL @) pead

uonenjers
310439 palq
(3SHYW ‘wnid>ae)
SNJ32020431us
‘snddodoydans
Weanspoo|q)
|elia1oeg

ON

I
‘950p | X qewixn:

Sas0p
T X 9pisodold ‘sop

(2) s3A

(¥) S2A

skep €1

skep g1

S

€9

ON

(0207) 661
8

(HH

‘tz @) pead
uonenjeAs
21042q paig

dd

(sn220d>01dans
‘ISHW ‘B
‘weanspoo|q)
|euaioeg

ON

ON
ON
ON
skep g

skep {1

4}

€9

S9A

(€€1) TSt
L

(HTH
‘LL @) pe=a

uonen|eAd
210429 paig

ON

OoN

oLy ‘a50p
L X qewxnis

ON

(S) S9A

(€) saA

skep €

skep 9

LzL

o

ON

(6£¥) 0006<
9

(uondajul
‘ov @) peaa

ON

ud

(ISHW 110> 3
‘aul| ‘weainspoolq)
|euayoeg

ON

sKkep

SZ quunijoxn ‘asop
1 X qewixmyis

apiweydsoydo)dAd>
‘SOA

(¥) S9A

(9) seA

skep S

skep 6t

0L

o)

S9A

(2€2) 0006<
S

(08Z
Q) any

ON

¥

(wnuesny
‘siisnuls)
|ebuny

S9A

ON

ON

ON

skep v/

skep 9g

(44

[43]

S9A

(¥S81)
04SL

14

i)

ON

SOA

asop | X
qewxnyis

OoN

ON

(€) s2A

skep £

skep €1

€6

€9

ON

(sL€T<)
SLge<

€

(£v€ Q) peaa

ON

¥

ON

S9A

ON
ON
ON
skep £

skep £

€9

ON

(88%) sL€T<
(4

(og€ @) pe=a

SOA

dd

ON

S9A

oS0k

OoN

(€) S9A

(9) seA

sKep £

skep L

(yreap jo asned
/dn mojjoy
1se]) Snjels [eyA

asdejas
1-4vD 1s0d

Aoueubijew
Buikapun jo
asuodsai 1s9g

(wsiuebio)
uondayu|

uonn|osal
T-SYW/HTH
SSWoINO

SUonUIAIRIUI
Y10

Adesayiowsyd

(uoneinp)
uoddns
Jossaidosep

(sKep) sisAjeiq

(uoneinp)
eiupjeuy

(uoneinp)
splosais

(sasop)
qewnzi|inoy

Juswabeuew A3dixo|

(Ip/Bw €6€-00C
|ewou 1samoj)

VL uabounq4

(0's 431 3VD1D)

uondunysAp

o) onedsH

s|192 Jueubijew

OoN Bunejnoiy

(/nzeeeel

(z¥8) SL€T< Jewuou) HA
) Jaquinu jusned
panunuod>  °| s|qel

SPRINGER NATURE

136

Blood Cancer Journal (2024)14:



Correspondence

Table 2. Baseline characteristics, biomarker data, toxicities,
interventions and outcomes in CAR-T-associated HLH syndrome.

Characteristics (at the time of
lymphodepletion)

Median age at the time of CAR-T
infusion
Disease subtypes

High-grade B-cell (HGBL) with MYC
and BCL2 rearrangements

HGBL, not otherwise specified [NOS]

DLBCL, NOS
Mantle cell lymphoma
Multiple myeloma
CLL
NHL patients excluding CLL
Stage III/IV
Elevated LDH
IPI>3

Bone marrow involvement

Prior autologous stem cell transplant

Media prior lines of treatment
CAR-T product

Axicabtagene ciloleucel

Lisocabtagene maraleucel

Brexucabtagene autoleucel
Idecabtagene vicleucel
BCMA CAR-T on trial

Biomarker data (at the time of
lymphodepletion)

Elevated ferritin > 500 p/L
Elevated C-reactive protein (CRP)
Fibrinogen < 150 mg/dL

Elevated D-dimer

Neutropenia with ANC <1.0 x 10°/L

Biomarker data (at the time of CarHLH)

Elevated ferritin > 500 p/L
Elevated C-reactive protein (CRP)
Fibrinogen < 150 mg/dL

Elevated D-dimer

Elevated triglyceride > 265 mg/dL

Bone marrow biopsy with
hemophagocytosis (obtained in 7
patients)

Toxicities
Any grade CRS
Grade > 3 CRS
Median time to onset of CRS
Any grade ICANS
Grade > 3 ICANS
Median time to onset of ICANS
Median time to carHLH onset
CarHLH resolved
Median time to CarHLH resolution

SPRINGER NATURE

N=13

61 years
(range 39-89 years)

O NNV V== N= b =
Il
—
=)

=2 N
INFR
e

5

5 (4 - clinical, 1 - trial
[now approved])

1
1
1 trial
N=13

10 (77%)
8 (62%)

0

13 (100%)
5 (38%)
N=13

13 (100%)
11 (85%)
12 (92%)
13 (100%)
10 (77%)
3

N=13

13 (100%)

5 (39%)

2 days (range 0-7 days)
10 (77%)

9 (69%)

7 days (range 4-10 days)
8 days (range 4-32 days)
7 (54%)

8 days (range 5-62 days)

Table 2. continued

Interventions after CarHLH N=13
development
Tocilizumab 12 (92%)
Steroids 13 (100%)
Anakinra 12 (92%)
Chemotherapy
Etoposide 1
Cyclophosphamide 1
Siltuximab 7 (54%)
Basiliximab 2 (15%)
Ruxolitinib 2 (15%)
Anti-thymocyte globulin 2 (15%)
Dialysis 7 (54%)
Complications N=13
Infections 8 (62%)
Bacterial 6
Fungal 1
COVID 1
Intestinal perforation 2
CMV re-activation 1
Causes of death N=13
Deaths 10
Car HLH 5 (50%)
Disease progression (lymphoma) 1
Aspiration in the setting of ICANS 1
Bowel perforation 1
COVID infection 1
Unknown cause 1

DLBCL diffuse large B cell lymphoma, CLL chronic lymphocytic leukemia, LDH
lactate dehydrogenase, IPI international prognostic index, CRS cytokine release
syndrome, ICANS Immune effector cell associated neurotoxicity syndrome.

cause (1). For those who died due to carHLH, the median time
from CAR-T to death was 27 days (11-49). Day 30 response was
available in 9/13 patients. There were seven (54%) complete
responses (CR) and 2 (15%) partial responses (PR). The rest of the
patients had died before day 30 evaluation.

This report represents the most extensive published series of adult
patients with NHL or MM receiving CAR-T therapy. The prior two
reports have been in the pediatric population with CD22- and CD19-
directed CAR-T in B-ALL [2, 3, 6]. In our series, carHLH was rare (3%),
which is similar to that noted in the report by Ahmad et al. (6/105
patients) but significantly lower than that reported by Shah et al.
(36%) [1, 3]. These variable numbers are likely an effect of both the
patient as well as CAR product characteristics. The timing of CRS and
carHLH also varied from prior series in B-ALL. The median time to
onset to CRS was 2 days and carHLH was 8 days, which was shorter
than Shah et al. (8 days and 15 days, respectively) and Hines et al.
(5 days and 11.5 days, respectively). Different patterns of carHLH were
noted with 8/13 carHLH occurring as a continuum of CRS and the rest
after CRS resolution [7]. The diagnosis of carHLH remains challenging
due to overlapping symptoms and laboratory abnormalities with CRS
or pre-existing laboratory derangements due to the disease itself and
prior treatments [4, 8]. The recently developed IEC-HS guidelines are
based on expert opinion due to paucity of data, and our criteria did
overlap with the report [4]. The management of CRS and carHLH

Blood Cancer Journal (2024)14:136



beyond tocilizumab and steroids have not been well outlined.
Anakinra was the most common intervention (12/13 patients) [9].
Chemotherapy is recommended as the mainstay of treatment in
patients with primary HLH but is not commonly used in the carHLH
reports [10]. The two patients treated with etoposide and cyclopho-
sphamide did not have carHLH resolution. Both patients receiving
chemotherapy subsequently developed infections. We also described
the use of siltuximab (7/13 patients) and ruxolitinib (2 patients).
Siltuximab was used in patients with persistent elevation of IL-6 levels
despite tocilizumab. Three of these 7 patients had carHLH resolution.
One reason for the increased use of siltuximab was the national
tocilizumab shortage during the study period. Our report is also the
first one to describe the use of basiliximab, an IL-2 receptor blocking
antibody, in 2 patients. One of the 2 patients had resolution of HLH
while the other did not. Extracorporeal blood purification therapies
have recently gained some interest in severe CRS and carHLH [11]. In
addition continuous renal replacement therapy can help correct
electrolyte, acid-base and fluid derangements encountered during
severe CRS and carHLH, promoting renal recovery and preventing life-
threatening complications. Early utilization of CVVH can help mitigate
manifestation and complications related to carHLH and decrease the
duration of immunosuppression [12]. In our series, 7/13 patients were
initiated on CVVH, including one with CytoSorb® device. Three of
these 7 patients had carHLH resolution. A considerable increase in
infectious complications was noted in our series. We hypothesize this
to be related to iatrogenic immune suppression. While infection itself
can be a driver for secondary HLH, especially viral infections such as
EBV or CMV, none of our patients had infections diagnosed before the
onset of carHLH.

In conclusion, carHLH is a rare but life-threatening complication
of CAR-T. We present the most extensive real-world series of
carHLH in patients with NHL, MM and CLL receiving anti-CD19 or
BCMA CAR-T. Early recognition and prompt interventions are
paramount for the resolution of carHLH and to prevent fatal
outcomes. Larger studies are required for the development of
evidence-based guidelines. Multidisciplinary teams with expertise
in managing such critically ill patients will be needed for optimal
management.
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