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Childhood survivors
of high-risk
neuroblastoma show
signs of immune
recovery and not
iImmunosenescence

Neuroblastoma is a cancer that develops
from immature nerve cells and can arise in
multiple areas of the body, most commonly
in early childhood. Children diagnosed
with high-risk neuroblastoma undergo
intensive treatment potentially including
radiotherapy, surgery, chemotherapy, tar-
geted biologic therapy, and autologous
hematopoietic stem cell transplantation.
As well as aggressively attacking the
cancer, this regime also inflicts system-
wide damage at the tissue and cellular
levels [1].

Cancer treatment in childhood can lead
to premature onset of typically age-related
conditions including diabetes, metabolic
syndrome, and cardiovascular disease,
as well as secondary malignancies, neu-
rocognitive impairment, sarcopenia and
osteopenia, and frailty [2]. This suite of
poly-morbidities has been linked with
senescent changes in the immune system
in elderly individuals, but it is unknown
whether these same conditions in child-
hood cancer survivors (CCS) are similarly
underpinned by immunosenescence.
Here, we compared peripheral blood
immune cells and cytokines/chemokines
from two cohorts of neuroblastoma CCS
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(nCCS) (survivors at 1-4 years, and at 5
or more years since diagnosis), healthy
children, and elderly patients showing
an immunosenescent phenotype (cohort
characteristics shown in Supporting Infor-
mation Table S1) in order to understand
the effects of neuroblastoma treatment
and to screen for signs of immune
senescence.

Immunosenescence is recognized by
increased plasma IL-6, TNF-a, and CRP
[3] combined with expansion of CD8" T
cell subsets expressing CD57, a marker of
proliferative senescence, and lacking CD28
and CD27 [4]. We first confirmed that our
elderly cohort exhibited immunosenescent
changes in T cell subsets relative to young
controls, using flow cytometry to identify
CD8" and CD4*' subpopulations based
on differential expression of CD45RA,
CD45RO, CD27, and CD57 (gating strat-
egy shown in Supporting Information
Figure S1; subset comparison shown in
Supporting Information Table S2). We
then examined T cell subsets in the blood
of nCCS and found that survivors at 1-4
years post-diagnosis had significantly
lower frequencies of naive CD8" T cells
(CD3*CD8"CD45RATCD45RO~CD27")
and significantly higher frequencies of
CD8" memory T cells expressing CD57
(CD3"CD8"CD45RA~CD45RO"CD57+)
within their CD8" populations, and in
absolute terms, compared to healthy
young controls (Fig. 1A). However, by 5
or more years after diagnosis, these levels
had normalized (Fig. 1A). In contrast,
frequencies and numbers of CD577 ter-
minally differentiated effector memory
cells re-expressing CD45RA (TEMRA,
CD45RATCD45RO~CD27-CD577%) do
not differ between groups (Supporting
Information Table S3).
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Analyzing these data further using lin-
ear regression revealed differences in the
relative frequency and absolute number
of CD8" T cell memory subsets with
age (Fig. 1B), confirming the immuno-
phenotypic changes in the Survivor 1-4
years group. We also uncovered a signif-
icantly lower naive/memory CD8" T cell
ratio in the Survivors 1-4 years group
compared to young controls (Supporting
Information Table S3), and a significantly
higher total lymphocyte count (Supporting
Information Table S4). CD4™ T cell subsets
were not markedly affected by neuroblas-
toma treatment (Supporting Information
Fig. S2A and B). Taken together, nCCS at
early time-points post-treatment show sig-
nificant differences in their CD8" T cell
compartment compared to children who
have not undergone cancer treatment, but
by 5 or more years post-diagnosis the lym-
phocyte subsets of nCCS resemble those of
healthy control children.

To understand whether the nCCS 1-4
years group were exhibiting an immunose-
nescent T cell profile, we compared them
with elderly controls. We found similar
trends in CD8" and CD4" T cell subsets
in nCCS and elderly groups, but these
trends had reverted to a normal phenotype
by 5+ years after neuroblastoma diagno-
sis (Fig. 1A; Supporting Information Fig.
S2A). We visualized the global differences
in T cell subsets in each group using tSNE
dimensionality reduction, which clearly
showed the unique profile of nCCS at
1-4 years post-diagnosis, the similarities
between young controls and nCCS at 5 or
more years post-diagnosis, and the distinct
immunosenescent profile present in elderly
controls (Fig. 1C).

Aside from alterations in T cell subsets,
chronic low-grade inflammation (CLGI)
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is a common consequence of cancer
treatment and a characteristic feature of
immune-senescence in the elderly [5].
We therefore measured the plasma lev-
els of cytokines associated with CLGI and
immune-senescence in our cohorts. We
found a significantly higher concentration
of the pro-inflammatory cytokine TNF-a

in the plasma of Survivors 1-4 years in
comparison to age-matched controls (Sup-
porting Information Table S5). Similarly,
the elderly group expressed higher levels
of TNF-a and other cytokines related to
the senescence-associated secretory phe-
notype [6,7], while exhibiting lower lev-
els of the anti-inflammatory cytokine
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Figure 1. Changes in relative abundance
of CD8* T cell subsets. (A) Frequencies of
naive (CD45RA*CD45RO~CD277%), memory
(CD45RA~CD45RO™"), and memory express-
ing CD57 (CD45RA~CD45RO*CD57%) cells
in the CD3*CD8" compartment are shown
and were measured by flow cytometry.
Data are presented as mean =+ SD. Indi-
vidual groups were compared using the
Kruskal-Wallis test followed by Dunn’s
multiple comparison test. Symbol indi-
cates statistically significant difference
in comparison to young healthy Control
cohort (*), Elderly (MCI cohort) (#), and
between Survivors 1-4 years and Survivors
5+ years ($). Number of symbols corre-
sponds to p-value level (one p < 0.05, two
p < 0.01, three p < 0.001, four p < 0.0001,
ns - not significant). (B) Linear regression
analysis of the percentage and absolute
CD8* T cell number per pl of whole blood
with age. Linear regression was performed
for following group pairs, Controls - Sur-
vivors 1-4 years (light grey line), Controls
- Survivors 5+ years (dark grey line) and
Survivors 1-4 - Survivors 5+ years (dashed
line) and the p-value for each pairis shown.
For (A) and (B), the number of samples per
group is as follows: Controls n = 19, Sur-
vivors 1-4 years (n = 6), Survivors 5+ years
(n = 14) and Elderly (n = 23) and data were
acquired individually at the day of sample
collection. (C) T cell subset distribution
after dimensionality reduction analysis
with t-SNE. The upper panel shows distri-
bution of CD3" cells in individual groups
(blue) within CD3* cells of all groups (grey).
The lower panel depicts specific CD8* and
CD4" T cell subsets in individual groups.
Four representative samples per group are
included in the tSNE analysis.

IL-4 and markers associated with age-
related pathologies (Supporting Informa-
tion Table S5).

Overall, our data show that nCCS
in the first years of survivorship exhibit
variable but significant changes in the
relative frequencies of CD8" T cell
subsets compared to healthy children,
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accompanied by higher concentrations of
TNF-a in plasma, as seen in elderly
controls with immunosenescence-related
CLGI. Importantly, and unexpectedly, from
5 years after diagnosis and treatment we
see signs of immune reconstitution, indi-
cating either that the immune system is
able to recover from the toxicity of treat-
ment, or that short-term and long-term
adverse effects are separated by a period
of apparent immune-normality. Although
the early dysregulation of the immune sys-
tem in nCCS phenocopies some aspects
of immunosenescence, this is likely not a
result of premature aging of the immune
system but rather the direct effects of
neuroblastoma therapy. These findings are
encouraging for the medium-term progno-
sis of nCCS, but do not exclude the possi-
bility of premature immune aging at later
time points than studied here, as reported
in childhood leukemia survivors [8,9]. The
immune parameters and panels presented
in this study form a useful basis for future
studies in older CCS, especially for identifi-
cation and monitoring of those individuals
with prolonged sub-optimal immune phe-
notypes and thus potentially higher risk of
adverse health consequences.
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