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Abstract: Early post-transplant is the critical phase for the success of hematopoietic stem cell trans-
plantation (HSCT). New viral infections and the reactivations associated with complete ablation of
the recipient’s T-cell immunity and inefficient reconstitution of the donor-derived system represent
the main risks of HSCT. To date, the pharmacological treatments for post-HSCT viral infection-related
complications have many limitations. Adoptive cell therapy (ACT) represents a new pharmacologi-
cal strategy, allowing us to reconstitute the immune response to infectious agents in the post-HSC
period. To demonstrate the potential advantage of this novel immunotherapy strategy, we report
three cases of pediatric patients and the respective central nervous system complications after donor
lymphocyte infusion.
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1. Introduction

Hematopoietic stem cell transplantation (HSCT) has become a well-established treat-
ment for various malignant and non-malignant disorders originating from the hematopoi-
etic system [1].

However, the early post-transplant period is a critical and crucial phase for the success
of HSCT.

The first months after HSCT are characterized by a high incidence of viral infections
and reactivations due to the complete ablation of the recipient’s T-cell immunity and
slow reconstitution of the donor-derived immune system [2]. Viral infections are mainly
caused by the reactivation of latent viruses, such as cytomegalovirus (CMV), Epstein—Barr
virus (EBV), adenovirus (ADV), herpes simplex virus (HSV) and varicella-zoster virus
(VZV) [3,4]. Due to recent advances in CMV detection and treatment options, the inci-
dence of CMV disease has decreased. Despite better pre-emptive management of CMV
reactivation/infection, CMV-seropositive patients continue to experience poorer outcomes
than CMV-seronegative patients through increased non-relapse mortality and decreased
overall survival [5]. EBV-related post-transplant lymphoproliferative disorders (PTLDs) are
a group of severe complications of HSCT and solid organ transplantation. The mortality
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rate, approximately 33%, remains high despite the therapeutic approaches having been sig-
nificantly improved with the use of rituximab and adoptive cell therapy [6]. Adenoviruses
are responsible for a significant percentage of severe complications in allogeneic HSCT
recipients, in particular disseminated disease. In the pediatric population, the mortality
associated with adenovirus is more severe compared to adults, with reported rates as high
as 82% [7]. Current pharmacological options for the treatment of post-HSCT virus infection-
related complications have several limitations, including dose-limiting end-organ toxicity,
particularly myelotoxicity and lack of efficacy due to primary or secondary resistance [8].

Adoptive cell therapy (ACT) involves the infusion of virus-specific T cells from a donor
to recipient and is a new possibility to rapidly reconstitute immune responses to infectious
agents in the post-HSCT period. Virus-specific T cells, after in vivo expansion, can mediate
long-term infection control. ACT offers several potential advantages over pharmacotherapy,
including the specificity of cytotoxic responses to pathogens and establishing long-term T-
cell memory while avoiding some of the organ toxicities associated with antiviral drugs [9].

We report three cases of unmanipulated lymphocyte infusion for a post-transplant
life-threatening viral infection, using related donors who developed antibodies against the
same viral strain. In our study, the patients affected by non-malignant diseases were sub-
jected to myeloablative conditioning. To avoid rejection, these patients needed to undergo
more heavy pre-transplant immunosuppression than oncological recipients. Moreover,
all three patients described in the case series were fully lymphodepleted, agreeing with
the transplantation timing. A specific focus of our manuscript is on describing the central
nervous system complications after donor lymphocyte infusion in these three pediatric
patients, not yet described before.

2. Case Reports
2.1. Case 1

A four-year-old Caucasian boy, affected by homozygous sickle cell anemia (78.2%
of HbS), underwent an allogeneic HSCT from a sibling donor, preceded by myeloabla-
tive conditioning. The stem cell source was bone marrow, and 7.5 X 108 total nuclear
cells/kilogram of body weight were infused at day 0. The anti-rejection prophylaxis was
performed with tacrolimus.

Three days before the bone marrow harvest, the donor repeated virological tests
required by the Italian Bone Marrow Donor Registry, including the serological test for
EBV, negative at the initial screening. Unfortunately, due to technical problems, the results
of the antibody panel were released with a delay and we overlooked them. At day +30,
we detected elevated liver enzymes and the presence of a high EBV-DNA plasma load
(5.9 x 10° copies/mL) by real-time fluorescence quantitative PCR. No signs of skin or
intestinal graft-versus-host disease (GVHD) were present. Fever appeared a few days later,
with no increase of inflammation markers. Flow cytofluorimetric analysis demonstrated
the presence of monoclonal B-cell expansion (30% CD19, 195 cells/mm?) with a normal
kappa:lambda ratio. The patient was completely T-cell-depleted, with the CD3 count at
only 1% (7 cells/ mm?3) and a high CD16/56 (NK) level (68%, equal to 448 cells/ mm?).
Thoracic MRI confirmed a post-transplant lymphoproliferative disorder (PTLD), showing
the presence of diffusion restriction areas corresponding to the right paratracheal lymph
node chains, associated with a left peribronchial area presenting a similar scenario. The first
rituximab administration led to a null B lymphocyte count, with no effect on the viral load
and fever. Lymphocytes’ analysis revealed a significant colonization of NK lymphocytes
by EBV.

The source of the EBV infection was certainly his donor. When the bone marrow
was harvested, his sister presented serum markers of a recent EBV infection, and the
patient, meanwhile, developed EBV-specific immunity. At this point, the only suitable
therapeutic strategy was a donor lymphocyte infusion (DLI). Thus, on day +43, we infused
5.9 x 107 /kg of the patient’s weight of the donor’s CD3 lymphocytes, leading to two log
reductions of the EBV load in 48 h. Unfortunately, the EBV load reduction was accompanied
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by a progressive worsening of the patient’s general condition, with asthenia leading to
lethargy, and later, to partial and generalized seizures four days after the DLI. The brain MRI
showed bilateral symmetric cerebellar cortex swelling and T2 hyperintensity, with diffusion-
weighted imaging (DWI) (b1000) revealing restricted diffusion from a cytotoxic vasogenic
edema, and T2 and fluid-attenuated inversion recovery (FLAIR) of the hyperintensity of
the posterior thalami, with restricted DWI diffusion (Figure 1).

Figure 1. Thoracic MRI shows DWI restriction areas corresponding to the right paratracheal lymph
node chains, associated with a left peribronchial area presenting a similar aspect (panel (a): axial
DWI; panel (b): coronal STIR). Cerebral MRI shows bilateral symmetric cerebellar cortex swelling
and T2 hyperintensity, with DWI (b1000). Restricted diffusion from cytotoxic vasogenic edema can
be seen (panels (c,d): cerebellar DWI and T2, respectively), along with T2 hyperintensity of posterior
thalami (panel (e): axial T2).

The thoracic MRI showed a decreased diffusion restriction of right paratracheal lesions
and reduced volumes of the left peribronchial lesions. The electroencephalography (EEG)
demonstrated the presence of diffuse slow (sub delta) and mean width activity and the
absence of any stable asymmetry or epileptic focus. To rule out central nervous system
(CNS) EBV-related involvement, a lumbar puncture was performed. The cerebrospinal
fluid (CSF) was acellular with normal protein and glucose levels. All viral CSF determi-
nations were negative. Therefore, we also carried out a CSF cytokine assessment. The
data showed a high level of IL-6 (75.19 £ 15.89 pg/mL) compared to control values re-
ported in the literature data (Table 1), while the TNF-« (5.21 £ 0.50 pg/mL) and IL-1f3
(0.32 £ 0.02 pg/mL) did not seem to differ from the reference values reported in Table 1.
The cytokines were also evaluated in the patient’s serum collected at the same time as CSF
(Figure 2), showing higher levels of TNF-o and IL-6 when compared to control donors
(13.37 £ 2.13 vs. 4.87 £ 0.38 and 31.61 £ 7.41 vs. 3.73 &£ 2.05 pg/mL, respectively), and an
IL-1p3 value at the lower limit of detection (1.17 £ 0.24 pg/mL).



Int. J. Mol. Sci. 2022, 23, 3553 40f12

Table 1. Reference values for IL-1p, IL-6 and TNF-« levels in CSF of control subjects of different
studies indicated.

Subjects Cytokine CSF Control Values (pg/mL)
Koeken, V.A.C.M. et al. [10] IL-1pB 0.19 (mean)
IL-1B 0.05 (median)
Sumanovié-Glamuzina, D. et al. [11] IL-6 7.00 (median)
TNF-x 16.20 (median)
IL-1B 0.0 (median)
Krebs, V.L. et al. [12] 1L-6 5.1 (median)
TNF-a 0.0 (median)
IL-1B 0.07 (mean)
Lindqvist, D. et al. [13] 1L-6 0.64 (mean)
TNF-a 0.13 (mean)
IL-13 0.21 (median)
Liu, Q. et al. [14] IL-6 5.71 (median)
TNF-x 3.32 (median)
1L-6 28.6 (mean)
Is, M. et al. [15]
TNF-« 14.4 (mean)
Pinto Junior, V.L. et al. [16] IL-6 0.06 (median)
Lee, K.Y. etal. [17] IL-6 8.73 (median)
IL-1B 0.35 (mean)
Nagashima, H. et al. [18] 1L-6 4.58; 5.14 (mean)
TNF-« undetectable
Schwieler, L. et al. [19] IL-6 1.50 (median)
Stelmasiak, Z. et al. [20] IL-6 0.87 (mean)
IL-1B 0.02 (mean)
Alexander, G.M. et al. [21] IL-6 1.32 (mean)
TNF-a 0.11 (mean)
IL-13 0.27 (median)
Pilotto, A. et al. [22] IL-6 1.05 (median)
TNF-x 0.17 (median)
T I 1T
Case 1 ctrl. Case 1 ctrl. Case 1 ctrl.

Figure 2. Analysis of levels of IL-6, TNF-« and IL-1{ in the serum of Case 1 compared to control
donors. Values are expressed as pg/mL.

Immune effector cell-associated neurotoxicity syndrome (ICANS) was suspected. We
treated the patient with a high dose of infliximab (10 mg/kg), achieving complete resolution
of neurological symptoms within a few hours.
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Two weeks after the DLI, at day +57, cytofluorimetric evaluation showed rapid im-
mune reconstitution, with 2020 total lymphocyte/ mm?, 1495 CD3/mm?3, 323 CD4/mm?
and EBV clearance also achieved.

2.2. Case 2

A seven-year-old girl with acute lymphoblastic leukemia, diagnosed at four years
old, with several SNC relapses, underwent an allogeneic HSCT from a sibling donor, then
relapsed two months later. After a short course of rescue chemotherapy, the girl was
undergoing haploidentical HSCT from her father.

The early post-transplant period was uneventful, and she was discharged at day +39
after rapid and complete engraftment and leukemic remission. The patient’s immunological
status was still profoundly depressed, with only 120 total lymphocytes/mm? and the
absence of T lymphocytes in her peripheral blood. For this reason, home isolation was
strongly recommended.

One week later, the girl was readmitted to our center with a high fever, diffuse
skin rash and profuse watery diarrhea. All blood and stool microbiological and viral
investigations were negative except for detecting human adenovirus (HAdV) DNA both in
the blood (4.1 x 10° copies/mL) and in the stool. Antiviral treatment with cidofovir was
immediately initiated.

A few days before her infectious event, some relatives had a self-resolved pharyn-
goconjunctival fever. Suspecting a domestic origin of the infection, we performed HAdV
research on the relatives who had a fever a few days earlier. The father’s throat swab was
positive for HAdV. Genotype analysis typed the HAdV as subgroup C, type 1, which was
the same as the patient.

Despite treatment with cidofovir, the girl’s general condition deteriorated with the
persistence of high fever and conversion of watery diarrhea to frankly hemorrhagic. Sub-
sequently, the patient developed severe liver dysfunction, and the presence of multiple
parenchymal lesions was documented by hepatic computed tomography and MRI exam-
ination. A liver biopsy demonstrated the presence of HAdV in hepatocytes’ cytoplasm
(Figure 3).
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Figure 3. Radiological and histological presentation of adenoviral hepatitis. Liver MRI shows multiple
parenchymal lesions (indicated by the white arrows), hyperintense in T2 weighted sequences (panel
(a): axial T2; panel (b): axial SPAIR). Inmunohistochemical staining for adenovirus makes evident
the presence of HAdV in hepatocytes (panels (c,d)).
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In the meantime, the father completely recovered from the infectious event and the
second throat swab was negative. Considering that disseminated HAdV disease in severely
immunocompromised patients is often fatal [23], we decided to take advantage of the
virus-specific immunity obtained by the father following the recent infection. Four days
later, the father’s lymphocytes were collected, and the girl received 5.1 x 10® CD3/kg of
her body weight.

The fever completely resolved in a few days, while the hemorrhagic enterocolitis
and viral hepatitis promptly improved during the first week post-DLI. In addition, blood
and stool HAdV clearance was achieved eight days after DLI. However, signs of acute
neurological injury and fever appeared the day after the virus clearance was documented.
She appeared initially somnolent and confused, with a fluctuating level of consciousness.
A few hours later psychomotor agitation, hallucinations and prominent tremors arose.
To rule out CNS disease relapse or infection, a lumbar puncture was performed. The
CSF analysis revealed acellular fluid with a slightly elevated protein level (50 mg/dL),
without evidence of blast cells in flow cytometry. HAdV DNA tests and those for other
pathogens were all negative. Cytokine CSF evaluation showed that for this patient, the IL-6
level was a little higher (38.41 £ 9.71 pg/mL) than the literature data (Table 1), while the
TNF-oc (443 £ 1.13 pg/mL) and IL-18 (0.39 £ 0.10 pg/mL) levels were in the range of the
control values. Serum analysis of the same cytokines showed higher levels of TNF-« when
compared to control donors (10.01 &£ 2.70 vs. 4.87 £ 0.38), while the IL-6 did not depart too
much from control values (5.75 £ 0.85 pg/mL vs. 3.73 &= 2.05). The IL-1f level was, even
in this case, at the lower limit of detection (1.20 & 0.1 pg/mL) (Figure 4).
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=3

Case 2 Ctrl. Case 2 Ctrl. Case 2 Ctrl.

Figure 4. Analysis of levels of IL-6, TNF-« and IL-1f in the serum of Case 2 compared to control
donors. Values are expressed as pg/mL.

The EEG findings were diffuse, slowing with triphasic waves of generally 2-3 Hz.
Brain MRI FLAIR hyperintensities were seen in the bilateral thalami, consistent with
vasogenic edema. At the same time, flow cytometry analysis of the peripheral blood sample
documented an increase of the total lymphocyte counts (1100 cell/mm?) by >600 CD3/mm?
and >200 CD4/mm?®.

Immediately after ruling out CNS infection or leukemia relapse, high-dose infliximab
(10 mg/kg) was administered, leading all neurological symptoms to subside within hours.

2.3. Case 3

A 12-month-old baby, affected by autosomal recessive osteopetrosis (ARO), in the
advanced stage of disease, was admitted to our Bone Marrow Transplant Unit. The detec-
tion of a homozygous g.9909 G>A mutation in exon 14 of the TCIRGI gene confirmed the
ARO form of the disease. An unfavorable prognosis, with limited probability of success of
HSCT and high risks of transplant-related mortality associated with the advanced stage
of disease, was communicated to the parents. Moreover, a consent agreement form was
signed by the parents, and a haploidentical transplant was immediately scheduled. At the
time of the pre-transplant evaluation, the only immediately available donor was his mother.
Serological tests, performed to determine donor eligibility, confirmed on three occasions the
presence of the IgG antibodies anti-viral capsid antigen (anti-VCA IgG), anti-Epstein-Barr
virus nuclear antigen (anti-EBNA IgG) and anti-early antigen (anti-EA IgG). However, our
anti-VCA IgM and PCR for plasma EBV-DNA were repeatedly negative. We evaluated the
frequency of EBV-specific cytotoxic T lymphocytes (CTLs) in the peripheral donor blood
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with an IFN-y ELISPOT assay [11], showing a high level of EBV-specific CTL, equal to
126 spot-forming units (SFUs)/10° cells.

The patient underwent neurosurgery for suboccipital decompression and cervical
laminectomy, followed by the first haploidentical HSCT. Initial engraftment was achieved,
but rejection occurred two months later. A second haploidentical transplant from the
same donor was performed ten weeks after the onset of rejection, which led to permanent
engraftment of the donor’s hematopoietic stem cells.

On day +18, after a few days of high fever, we documented, for the first time, the
presence of an elevated EBV-DNA plasma load (4.6 x 10* copies/mL). In addition, an
abdominal ultrasound evaluation evidenced multiple hypointense areas in the hepatic
parenchyma. Flow cytofluorimetric analysis demonstrated complete T- and B-lymphocyte
depletion: CD3 0.7% (3 cells/puL) and CD19 0.5% (2 cells/puL). The peripheral blood lym-
phocytes were mainly CD16+/56+ (98%, equal to 437 cells/pL), with a high rate of EBV
colonization. The hepatic parenchyma biopsy specimen was not diagnostic of a PTLD,
while Epstein-Barr virus-encoded small RNA (EBER) assessment of the biopsy sample was
positive. Meanwhile, the EBV viral load increased to 9.2 x 10° copies/mL. While waiting
for the collection of maternal lymphocytes, the child received one dose of rituximab with a
limited viral load response. Four days later, we infused the first DLI at a 0.7 x 10° CD3/kg
dose, followed by a second DLI two weeks later. After the first DLI, the fever subsided
rapidly, and the viral load was halved. Thus, viral clearance was achieved along with the
disappearance of liver lesions after the second DLIL

Unfortunately, two days after the second DLI, we noted progressive cognitive impair-
ment of the child, tremors and somnolence, followed by a generalized seizure. Electroen-
cephalography evidenced diffuse generalized slowing without any stable asymmetry or
epileptic focus. The brain MRI showed T2 hyperintensity and swelling, associated with
diffusion restriction, of the bilateral thalami.

Unfortunately, it was not possible to obtain an MRI image because the patient, suffering
from ARO, presented severe skeletal alterations, and for this reason, the radiological picture
would have been superimposed on the neuronal damage caused by the viral infection,
preventing a correct visualization with imaging methods.

CSF examination revealed acellular fluid, with normal protein and glucose concentrations,
absence of any infectious agents and unusually high levels of IL-6 (99.87 &+ 6.77 pg/mL)
compared to the literature data (Table 1), while the TNF-« (4.76 £ 1.96 pg/mL) and IL-13
(0.19 £ 0.03 pg/mL) levels were comparable to those of control cases reported in the references
of Table 1. As shown in Figure 5, serum analysis revealed that the TNF-« and IL-6 levels
were higher than those of control patients (19.83 & 0.37 vs. 4.87 £ 0.38 and 9.57 £ 0.25 vs.
3.73 £+ 2.05 pg/mL, respectively), and that the IL-13 was near to the lower limit of detection
(0.82 £ 0.03 pg/mL).
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Figure 5. Analysis of levels of IL-6, TNF-« and IL-1§3 in the serum of Case 3 compared to control
donors. Values are expressed as pg/mL.

DLI-related neurotoxicity was suspected, and the child was treated with a high dose
of infliximab (10 mg/kg), leading to the rapid resolution of neurological symptoms.

One month after the second DLI, the baby’s T-lymphocyte reconstruction was almost
complete. Furthermore, we documented a high frequency of EBV-specific T lymphocytes
in the peripheral blood (205 SFU/10° cells).
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3. Discussion

Cytokine release syndrome (CRS) and immune effector cell-associated neurotoxic-
ity syndrome (ICANS) are immune-mediated toxicities characterized by overexpression
and hyper-activation of pro-inflammatory cytokines, within which TNF-« plays a key
pathogenetic role [24-26].

TNF-« is a cytokine equipped with pleiotropism that produces several immunological
and inflammatory responses in different local areas of the body (such as the endothelial
system) and at the systemic level (liver, bone marrow and nervous system) [27]. As early
as 1997, Lucas et al. showed that the overexpression of TNF-« by astrocytes or neurons is
sufficient to trigger a neurological disease characterized by ataxia, convulsions and paresis
with histopathological characteristics of chronic inflammation and degeneration of the
white substance in the CNS [28].

Therefore, both soluble and transmembrane forms of TNF-« can play important roles
in vivo in the pathogenesis of inflammation and demyelination of CNS.

Given its crucial role in the inflammatory process, this molecule has been the thera-
peutic target of specific pharmacological treatments, the most significant example of which
is infliximab, the use of which is approved for pathologies such as rheumatoid arthritis and
chronic inflammatory bowel diseases (Crohn’s disease and ulcerative colitis) [29-31].

Recent literature data have also shown that TNF-« inhibition is an effective neuro-
protective strategy against neurodegeneration in preclinical studies on in vivo models. In
particular, this result has been confirmed in neurodegenerative diseases such as Alzheimer’s
and multiple sclerosis, characterized by serious cognitive disabilities. Under these con-
ditions, the new neuroprotective pharmacological strategy is based on the inhibition of
TNF-«, which, according to the results collected, seems to have a protective effect on
patients with mild cognitive deterioration by counteracting inflammation [32-34].

Research into the TNF-« inhibition mechanism within the inflammatory process has
allowed us to learn in greater depth the relationship that exists between this cytokine and
other molecules involved in inflammation such as IL-1$ and IL-6 [35-37].

This interconnection was confirmed in studies that demonstrated the ability of TNF-o
and IL1B to modulate neuronal plasticity in neuroinflammation [38], as well as in studies
in which TNF-«, IL 6 and IL13 overexpression was identified in Alzheimer’s as a factor
promoting neurodegeneration [39,40].

The effectiveness of the inhibitory effect of TNF-« in limiting neuroinflammation was
also evident in the three cases presented in this study. All patients had central nervous
system complications associated with viral infections in the first post-hematopoietic stem
cell transplantation (HSCT) period.

According to these observations, the main focus of this study was describing a new
pharmacological strategy for adoptive cell therapy to counteract the overexpression of
cytokines, caused by the hyperimmune response, thereby reducing CNS dysfunction.

For these patients, adoptive cell therapy was applied to treat post-transplant life-
threatening viral infections, using related donors who developed antibodies against the
same strain of the virus.

Complications of the central nervous system became evident, with MRI of the brain
showing hyperintensity of T2 and swelling, associated with diffusion restriction, of the
bilateral thalami. This inflammatory condition was also confirmed by the cytokine profile
traced in the CFS. We should further note that this inflammatory trend was found at the
systemic level in the sera of the three patients, where the levels of the cytokines evaluated
(IL-1, IL6, TNF-x) were higher compared to control donors, although no statistical analysis
was possible for the limited number of samples.

According to this common condition among patients, the anti-inflammatory effect of
inhibition of TNF-« by infliximab was relevant since, in all three cases, it was able to restore
general homeostasis.

This effect can probably be explained by the mechanism of crosstalk between these
three molecules, thanks to which we could hypothesize that the inhibitory effect exerted on
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TNF-o can induce a progressive intracellular signal cascade that also involves the other
two cytokines. Of course, we are aware that this hypothesis still needs further study and
an evidence base, but the clinical records of these three patients lend support to the notion
of a close relationship between the inflammatory molecules, even when resulting from the
activation of different pathways, suggesting that this mechanism could be a useful tool to
identify new therapeutic targets.

4. Methods
4.1. Patients

Three pediatric patients (aged 1-7 years) treated in the Bone Marrow Transplant
Unit of IRCCS Burlo Garofolo, Trieste, Italy were selected to participate in the present
retrospective study. All study patients had undergone allogeneic HSCT preceded by a
myeloablative conditioning regimen [41]. All the real-time quantitative PCR analyses to
detect viral infection and for lymphocyte cytofluorimetric phenotyping were performed
following routine diagnostic protocols.

After the parents signed their informed consent, data of interest (i.e., age, weight,
clinical chemistry values, therapies, therapeutic drug monitoring values, etc.) were collected
in a completely anonymized fashion to protect the patients” privacy.

The planning and the execution of this study were approved by the Ethics Committee
of the Institute for Maternal and Child Health, IRCCS Burlo Garofolo [42].

The selection of control donors, for ethical reasons, was limited to infants and young
children needing to undergo medically indicated peripheral venous blood sampling before
elective surgical interventions or within the scope of diagnostic procedures. Moreover, we
excluded subjects affected by an acute or chronic infectious disease.

4.2. Cytokines” Evaluation

Patients’ sera were tested to evaluate the following cytokines: IL-1f3, IL-6 and TNF-«,
using the human cytokine BioPlex assay (BioRad Laboratories, Milan, Italy), a magnetic
bead-based multiplex kit. Serum samples used for the immunoassay test were frozen and
thawed only once. Cytokines’ evaluation was performed according to the manufacturer’s
instructions using a Bio-Plex 200 instrument equipped with the Bio-Plex Manager software,
with a five-parameter non-linear regression formula used to compute the sample concen-
trations from the standard curves. Unfortunately, with us having only two serum samples
from each patient, no statistical analysis could be carried out.

4.3. MRI and Histological Analysis

Thoracic, abdomen and brain magnetic resonance imaging (MRI) were performed
with a Philips Ingenia scanner at 1.5T (Eindhoven, Netherland). Axial diffusion-weighted
imaging (DWI) and coronal short tau inversion recovery (STIR) free-breathing sequences
were used for lung evaluation, axial T2 and DWI sequences for brain imaging and axial T2
and spectral adiabatic inversion recovery (SPAIR) for liver parenchyma assessment.

Liver needle sampling was formalin-fixed and paraffin-embedded. Serial histological
sections were taken and stained routinely by hematoxylin and eosin, trichrome stain
and PAS stain. Adenovirus was sought using an immunohistochemical procedure with
Adenovirus (20/11 & 2/6) Mouse Monoclonal Antibody (Cell Marque, Merck KGaA,
Darmstadt, Germany).

5. Conclusions

In this paper, we have presented three cases of patients with clinical manifestations that
we can identify as belonging to CRS, and due to the neurological symptoms, to ICANS. Sev-
eral pieces of evidence support the involvement of pro-inflammatory cytokines in the patho-
genesis of CRS/ICANS, characterized by high levels of circulating pro-inflammatory cy-
tokines, acute systemic inflammatory manifestations and secondary organ involvement [43].
In this context, our results have demonstrated that a cytokine blockade was able to relieve
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neurological manifestations in three patients who exhibited neuroinflammation associated
with viral infections after HSCT. The use of infliximab, a known TNF-« inhibitor, led to a
complete remission of neurological symptoms. This observation could be attributed to the
crosstalk between the cytokines involved in neuroinflammation. We are aware that other
studies are necessary to confirm our hypothesis based on clinical data, but our results could
be useful to hypothesize new therapeutic strategies to counteract the CRS/ICANS effects.

Author Contributions: Conceptualization, N.M., A M., ER. and E.M.; methodology, N.M., EZ. and
A.S,; validation, A M., S.L,, ER. and E.M,; formal analysis, S.L, EZ. and A.S.; investigation, EZ. and
AS.; resources, N.M.; writing—original draft preparation, N.M.; writing—review and editing, N.M,
AM, ER and E.M,; visualization, A.M, E.R and E.M.; supervision, N.M. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by a grant from the Institute for Maternal and Child Health
IRCCS “Burlo Garofolo” (RC 44/2020).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board of IRCCS Burlo Garofolo
(protocol code 17/2020, date of approval 21 March 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent was obtained from the parents of all patients to publish this paper.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request. The data are not publicly available
due to the impracticality of public access.

Acknowledgments: We thank the patients and their families who enrolled in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

Niederwieser, D.; Baldomero, H.; Szer, J.; Gratwohl, M.; Aljurf, M.; Atsuta, Y.; Bouzas, L.F.; Confer, D.; Greinix, H.; Horowitz, H,;
et al. Hematopoietic stem cell transplantation activity worldwide in 2012 and a SWOT analysis of the Worldwide Network for
Blood and Marrow Transplantation Group including the global survey. Bone Marrow Transplant. 2016, 51, 778-785. [CrossRef]
[PubMed]

Ip, WW.; Qasim, W. Management of Adenovirus in Children after Allogeneic Hematopoietic Stem Cell Transplantation. Adv.
Hematol. 2013, 2013, 176418. [CrossRef]

Feuchtinger, T.; Matthes-Martin, S.; Richard, C.; Lion, T.; Fuhrer, M.; Hamprecht, K.; Handgretinger, R.; Peters, C.; Schuster, ER;
Beck, R.; et al. Safe adoptive transfer of virus-specific T-cell immunity for the treat-ment of systemic adenovirus infection after
allogeneic stem cell transplantation. Br. |. Haematol. 2006, 134, 64-76. [CrossRef] [PubMed]

Leen, A.M,; Tripic, T.; Rooney, C.M. Challenges of T cell therapies for virus-associated diseases after hematopoietic stem cell
transplantation. Expert Opin. Biol. Ther. 2010, 10, 337-351. [CrossRef] [PubMed]

Chan, S.T.; Logan, A.C. The clinical impact of cytomegalovirus infection following allogeneic hematopoietic cell transplanta-tion:
Why the quest for meaningful prophylaxis still matters. Blood Rev. 2017, 31, 173-183. [CrossRef] [PubMed]

Liu, L.; Zhang, X; Feng, S. Epstein-Barr Virus-Related Post-Transplantation Lymphoproliferative Disorders After Allogeneic
Hematopoietic Stem Cell Transplantation. Biol. Blood Marrow Transplant. 2018, 24, 1341-1349. [CrossRef] [PubMed]

George, D.; El-Mallawany, N.K.; Jin, Z.; Geyer, M.; Della-Latta, P.; Satwani, P.; Garvin, ]. H.; Bradley, M.B.; Bhatia, M.; van de
Ven, C.; et al. Adenovirus infection in paediatric allogeneic stem cell transplantation recipients is a major independent factor for
significantly increasing the risk of treatment related mortality. Br. |. Haematol. 2012, 156, 99-108. [CrossRef]

Sutrave, G.; Gottlieb, D.J. Adoptive cell therapies for post transplant infections. Curr. Opin. Oncol. 2019, 31, 574-590. [CrossRef]
Walls, T.; Shankar, A.G.; Shingadia, D. Adenovirus: An increasingly important pathogen in paediatric bone marrow transplant
patients. Lancet Infect. Dis. 2003, 3, 79-86. [CrossRef]

Koeken, V.A.C.M.; Ganiem, A.R; Dian, S.; Ruslami, R.; Chaidir, L.; Netea, M.G.; Kumar, V.; Alisjahbana, B.; van Crevel, R,;
van Laarhoven, A. Cerebrospinal fluid IL-1f is elevated in tuberculous meningitis patients but not associated with mortality.
Tuberculosis 2020, 126, 102019. [CrossRef]

Sumanovié-Glamuzina, D.; Culo, E; Culo, M.I; Konjevoda, P; Jerkovi¢-Raguz, M. A comparison of blood and cerebrospinal fluid
cytokines (IL-1p3, IL-6, IL-18, TNF-«) in neonates with perinatal hypoxia. Bosn. J. Basic Med. Sci. 2017, 17, 203-210. [CrossRef]
Krebs, V.L.; Okay, T.S.; Okay, Y.; Vaz, F.A. Tumor necrosis factor-alpha, interleukin-1beta and interleukin-6 in the cerebrospinal
fluid of newborn with meningitis. Arq. Neuropsiquiatr. 2005, 63, 7-13. [CrossRef] [PubMed]


http://doi.org/10.1038/bmt.2016.18
http://www.ncbi.nlm.nih.gov/pubmed/26901703
http://doi.org/10.1155/2013/176418
http://doi.org/10.1111/j.1365-2141.2006.06108.x
http://www.ncbi.nlm.nih.gov/pubmed/16803570
http://doi.org/10.1517/14712590903456003
http://www.ncbi.nlm.nih.gov/pubmed/20132056
http://doi.org/10.1016/j.blre.2017.01.002
http://www.ncbi.nlm.nih.gov/pubmed/28173959
http://doi.org/10.1016/j.bbmt.2018.02.026
http://www.ncbi.nlm.nih.gov/pubmed/29530767
http://doi.org/10.1111/j.1365-2141.2010.08468.x
http://doi.org/10.1097/CCO.0000000000000580
http://doi.org/10.1016/S1473-3099(03)00515-2
http://doi.org/10.1016/j.tube.2020.102019
http://doi.org/10.17305/bjbms.2017.1381
http://doi.org/10.1590/S0004-282X2005000100002
http://www.ncbi.nlm.nih.gov/pubmed/15830057

Int. ]. Mol. Sci. 2022, 23, 3553 11 0f12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.
37.

Lindqvist, D.; Janelidze, S.; Hagell, P.; Erhardt, S.; Samuelsson, M.; Minthon, L.; Hansson, O.; Bjorkqvist, M.; Traiskman-Bendz,
L.; Brundin, L. Interleukin-6 is elevated in the cerebrospinal fluid of suicide attempters and related to symptom severity. Biol.
Psychiatry 2009, 66, 287-292. [CrossRef] [PubMed]

Liu, Q.; Gao, Y.; Zhang, B.; Sun, E; Yang, Q.; Liu, Y.; Wu, J.; Chen, K.; Weng, X.; Zhang, W.; et al. Cytokine profiles in cerebrospinal
fluid of patients with meningitis at a tertiary general hospital in China. J. Microbiol. Immunol. Infect. 2018, 53, 216-224. [CrossRef]
[PubMed]

Is, M.; Coskun, A ; Sanus, G.Z.; Tanriverdi, T.; Kafadar, A.M.; Hanimoglu, H.; Tanriover, N.; Gezen, F.; Uzan, M.]. High-sensitivity
C-reactive protein levels in cerebrospinal fluid and serum in severe head injury: Relationship to tumor necrosis factor-alpha and
interleukin-6. Clin. Neurosci. 2007, 14, 1163-1171. [CrossRef]

Pinto Junior, V.L.; Rebelo, M.C.; Gomes, R.N.; Assis, E.F.; Castro-Faria-Neto, H.C.; Béia, M.N. IL-6 and IL-8 in cerebrospinal fluid
from patients with aseptic meningitis and bacterial meningitis: Their potential role as a marker for differential diagnosis. Braz. J.
Infect. Dis. 2011, 15, 156-158. [CrossRef]

Lee, K.Y.; Seol, J.H.; Yi, C.H.; Lee, W.H. Cerebrospinal fluid type I interferon and cytokine profiles in enteroviral meningitis
according to the presence or absence of pleocytosis. Pediatr. Neonatol. 2021, 62, 305-311. [CrossRef]

Nagashima, H.; Morio, Y.; Yamane, K.; Nanjo, Y.; Teshima, R. Tumor necrosis factor-alpha, interleukin-1beta, and interleu-kin-6
in the cerebrospinal fluid of patients with cervical myelopathy and lumbar radiculopathy. Eur. Spine J. 2009, 18, 1946-1950.
[CrossRef]

Schwieler, L.; Larsson, M.K.; Skogh, E.; Kegel, M.E.; Orhan, F.; Abdelmoaty, S.; Finn, A.; Bhat, M.; Samuelsson, M.; Lundberg, K,;
et al. Increased levels of IL-6 in the cerebrospinal fluid of patients with chronic schizophrenia—Significance for activation of the
kynurenine pathway. J. Psychiatry Neurosci. 2015, 40, 126-133. [CrossRef]

Stelmasiak, Z.; Koziol-Montewka, M.; Dobosz, B.; Rejdak, K. IL-6 and sIL-6R concentration in the cerebrospinal fluid and serum
of MS patients. Med. Sci. Monit. 2001, 7, 914-918.

Alexander, G.M.; Van Rijn, M.A.; Van Hilten, J.J.; Perreault, M.].; Schwartzman, R.]. Changes in cerebrospinal fluid levels of
pro-inflammatory cytokines in CRPS. Pain 2005, 116, 213-219. [CrossRef] [PubMed]

Pilotto, A.; Masciocchi, S.; Volonghi, I.; De Giuli, V.; Caprioli, F.; Mariotto, S.; Ferrari, S.; Bozzetti, S.; Imarisio, A.; Risi, B.; et al.
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Encephalitis Is a Cytokine Release Syndrome: Evidences from
Cerebrospinal Fluid Analyses. Clin. Infect. Dis. 2021, 73, e3019-e3026. [CrossRef] [PubMed]

Comoli, P.; Maccario, R.; Locatelli, F,; Valente, U.; Basso, S.; Garaventa, A.; Toma, P.; Botti, G.; Melioli, G.; Baldanti, F; et al.
Treatment of EBV-Related Post-Renal Transplant Lymphoproliferative Disease with a Tailored Regimen Including EBV-Specific T
Cells. Am. J. Transplant. 2005, 5, 1415-1422. [CrossRef] [PubMed]

Garcia Borrega, J.; Godel, P; Riiger, M.A.; Onur, O.A; Shimabukuro-Vornhagen, A.; Kochanek, M.; B6ll, B. In the Eye of the Storm:
Immune-mediated Toxicities Associated With CAR-T Cell Therapy. Hemasphere 2019, 3, e191. [CrossRef] [PubMed]

Maneiro, J.R.; Salgado, E.; Gomez-Reino, J.J. Immunogenicity of monoclonal antibodies against tumor necrosis factor used
in chronic immune-mediated Inflammatory conditions: Systematic review and meta-analysis. JAMA Intern. Med. 2013, 173,
1416-1428. [CrossRef] [PubMed]

Pranzatelli, M.R. Advances in Biomarker-Guided Therapy for Pediatric- and Adult-Onset Neuroinflammatory Disorders:
Targeting Chemokines/Cytokines. Front. Immunol. 2018, 9, 557. [CrossRef] [PubMed]

Gough, P.; Myles, I.A. Tumor Necrosis Factor Receptors: Pleiotropic Signaling Complexes and Their Differential Effects. Front.
Immunol. 2020, 11, 585880. [CrossRef] [PubMed]

Lucas, R.; Juillard, P.; DeCoster, E.; Redard, M.; Burger, D.; Donati, Y.; Giroud, C.; Monso-Hinard, C.; De Kesel, T.; Buurman, W.A;
et al. Crucial role of tumor necrosis factor (TNF) receptor 2 and membrane-bound TNF in experimental cerebral malaria. Eur. J.
Immunol. 1997, 27, 1719-1725. [CrossRef] [PubMed]

Pagnini, C.; Cominelli, F. Tumor Necrosis Factor’s Pathway in Crohn’s Disease: Potential for Intervention. Int. J. Mol. Sci. 2021,
22,10273. [CrossRef]

Infliximab. Drugs and Lactation Database (LactMed) [Internet]; National Library of Medicine: Bethesda, MD, USA, 2006.

Kolho, K.L. Therapeutic Drug Monitoring and Outcome of Infliximab Therapy in Pediatric Onset Inflammatory Bowel Disease.
Front. Pediatr. 2021, 8, 623689. [CrossRef]

Clark, I.A.; Vissel, B. Broader Insights into Understanding Tumor Necrosis Factor and Neurodegenerative Disease Pathogen-esis
Infer New Therapeutic Approaches. J. Alzheimers Dis. 2021, 79, 931-948. [CrossRef]

Torres-Acosta, N.; O'Keefe, H.; O’Keefe, E.L.; Isaacson, R.; Small, G. Therapeutic Potential of TNF-alpha Inhibition for Alz-
heimer’s Disease Prevention. J. Alzheimers Dis. 2020, 78, 619-626. [CrossRef]

Zahid, M.; Busmail, A.; Penumetcha, S.S.; Ahluwalia, S.; Irfan, R.; Khan, S.A; Reddy, S.R.; Lopez, M.E.V,; Mohammed, L. Tumor
Necrosis Factor Alpha Blockade and Multiple Sclerosis: Exploring New Avenues. Cureus 2021, 13, e18847. [CrossRef]

Schmitz, M.L.; Weber, A.; Roxlau, T.; Gaestel, M.; Kracht, M. Signal integration, crosstalk mechanisms and networks in the
function of inflammatory cytokines. Biochim. Biophys. Acta 2011, 1813, 2165-2175. [CrossRef] [PubMed]

Nathan, C. Points of control in inflammation. Nature 2002, 420, 846-852. [CrossRef] [PubMed]

Moller, B.; Villiger, PM. Inhibition of IL-1, IL-6, and TNF-alpha in immune-mediated inflammatory diseases. Springer Semin.
Immunopathol. 2006, 27, 391. [CrossRef] [PubMed]


http://doi.org/10.1016/j.biopsych.2009.01.030
http://www.ncbi.nlm.nih.gov/pubmed/19268915
http://doi.org/10.1016/j.jmii.2018.08.019
http://www.ncbi.nlm.nih.gov/pubmed/30448438
http://doi.org/10.1016/j.jocn.2006.05.020
http://doi.org/10.1016/S1413-8670(11)70162-3
http://doi.org/10.1016/j.pedneo.2021.02.002
http://doi.org/10.1007/s00586-009-1069-7
http://doi.org/10.1503/jpn.140126
http://doi.org/10.1016/j.pain.2005.04.013
http://www.ncbi.nlm.nih.gov/pubmed/15964681
http://doi.org/10.1093/cid/ciaa1933
http://www.ncbi.nlm.nih.gov/pubmed/33395482
http://doi.org/10.1111/j.1600-6143.2005.00854.x
http://www.ncbi.nlm.nih.gov/pubmed/15888049
http://doi.org/10.1097/HS9.0000000000000191
http://www.ncbi.nlm.nih.gov/pubmed/31723828
http://doi.org/10.1001/jamainternmed.2013.7430
http://www.ncbi.nlm.nih.gov/pubmed/23797343
http://doi.org/10.3389/fimmu.2018.00557
http://www.ncbi.nlm.nih.gov/pubmed/29670611
http://doi.org/10.3389/fimmu.2020.585880
http://www.ncbi.nlm.nih.gov/pubmed/33324405
http://doi.org/10.1002/eji.1830270719
http://www.ncbi.nlm.nih.gov/pubmed/9247583
http://doi.org/10.3390/ijms221910273
http://doi.org/10.3389/fped.2020.623689
http://doi.org/10.3233/JAD-201186
http://doi.org/10.3233/JAD-200711
http://doi.org/10.7759/cureus.18847
http://doi.org/10.1016/j.bbamcr.2011.06.019
http://www.ncbi.nlm.nih.gov/pubmed/21787809
http://doi.org/10.1038/nature01320
http://www.ncbi.nlm.nih.gov/pubmed/12490957
http://doi.org/10.1007/s00281-006-0012-9
http://www.ncbi.nlm.nih.gov/pubmed/16738952

Int. ]. Mol. Sci. 2022, 23, 3553 12 0of 12

38.

39.

40.

41.

42.

43.

Rizzo, ER.; Musella, A.; De Vito, F,; Fresegna, D.; Bullitta, S.; Vanni, V.; Guadalupi, L.; Stampanoni Bassi, M.; Buttari, F.; Mandolesi,
G.; et al. Tumor Necrosis Factor and Interleukin-1$ Modulate Synaptic Plasticity during Neuroinflammation. Neural Plast. 2018,
2018, 8430123. [CrossRef]

Kaur, D.; Sharma, V.; Deshmukh, R. Activation of microglia and astrocytes: A roadway to neuroinflaimmation and Alzheimer’s
disease. Inflammopharmacology 2019, 27, 663-677. [CrossRef]

Dhapola, R.; Hota, S.S.; Sarma, P.; Bhattacharyya, A.; Medhi, B.; Reddy, D.H. Recent advances in molecular pathways and
therapeutic implications targeting neuroinflammation for Alzheimer’s disease. Inflammopharmacology 2021, 29, 1669-1681.
[CrossRef]

Maximova, N.; Schillani, G.; Simeone, R.; Maestro, A.; Zanon, D. Comparison of Efficacy and Safety of Caspofungin Versus
Micafungin in Pediatric Allogeneic Stem Cell Transplant Recipients: A Retrospective Analysis. Adv. Ther. 2017, 34, 1184-1199.
[CrossRef]

ClinicalTrials.gov Identifier: NCT04423237. Available online: https://clinicaltrials.gov/ct2 /show /NCT04423237 (accessed on 27
February 2022).

Li, X.; Shao, M.; Zeng, X.; Qian, P.; Huang, H. Signaling pathways in the regulation of cytokine release syndrome in human
diseases and intervention therapy. Signal. Transduct. Target. Ther. 2021, 6, 367. [CrossRef]


http://doi.org/10.1155/2018/8430123
http://doi.org/10.1007/s10787-019-00580-x
http://doi.org/10.1007/s10787-021-00889-6
http://doi.org/10.1007/s12325-017-0534-7
https://clinicaltrials.gov/ct2/show/NCT04423237
http://doi.org/10.1038/s41392-021-00764-4

	Introduction 
	Case Reports 
	Case 1 
	Case 2 
	Case 3 

	Discussion 
	Methods 
	Patients 
	Cytokines’ Evaluation 
	MRI and Histological Analysis 

	Conclusions 
	References

