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ABSTRACT

The monoclonal antibody against CTLA-4, Ipilimumab, is a first-in-class immune-checkpoint inhibitor
approved for treatment of advanced melanoma in adults but not extensively studied in children. In
light of the fact that the immune response early in life differs from that of adults, we have applied a human
in vitro model stimulating CD4* T-cells from neonates, children (1-5 years), and adults antigen-specifically
with Staphylococcus aureus (S. aureus) for assessment of CTLA-4 blockade early in life. We show that T-cell
proliferation as well as frequencies of antigen-specific T-cells (CD40L"CD4*) were enhanced in neonatal
T-cells upon CTLA-4 blockade showing a larger variance within the group (F-test p <.0001). Using machine
learning algorithm Random Forest, adult and neonatal T-cell responses can be unambiguously categorized
(F1 score-0.75) on the basis of their cytokine (co-)expression. Blockade of CTLA-4 enhanced frequencies of
IL-8, IFNy, and IL-10 producers among CD40L" T-cells. Of note, antigen-specific T-cells from neonates
displayed higher cytokine coproduction at baseline, while T-cells from children caught up to neonates,
and adults to baseline of children upon CTLA-4 blockade. These findings reveal that in neonatal T-cells
blockade of CTLA-4 mainly unleashes the antigen-specific capacity by increasing the numbers of respond-
ing T-cells, whereas in children and adults it promotes the coexpression of cytokines by individual T-cells.
Thus, CTLA-4 blockade boosts antitumor immunity through different mechanisms depending on the
patients’ age. These data implicate a strong impact of the developmental stage of the T-cell compartment
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on the effects of immune-checkpoint therapy.

Introduction

Immune-checkpoint inhibitors (ICIs) are currently in use to
treat malignant diseases and show long-term durable
responses. Nevertheless, the promising therapeutic responses
are limited to a minority of patients. Moreover, dramatic severe
immune related adverse events (irAEs) often occur that are
unpredictable, usually not even associated with therapeutic
success."™ A majority of clinical trials to date have evaluated
ICIs in adult patients and still used cautiously in children.>®
Given that the adaptive immune system acts very differently at
the beginning of life compared to adults”® and ICIs induce
irAEs, it is a challenging task to transfer treatment protocols of
immune-checkpoint therapies to neonates, toddlers and
infants.

The immune system has developed sophisticated mechan-
isms to regulate, or more precisely to inhibit, the unintended
activation of T-cells. Cytotoxic T-lymphocyte-associated Protein
4 (CTLA-4) is an inhibitory receptor on T-cells and its expres-
sion and function is intrinsically linked with T-cell activation.
CTLA-4 is expressed on the surface of T-cells following TCR

engagement, with its expression peaking 2-3 days after activa-
tion. The receptor counteracts TCR and CD28 mediated signals
to suppress activation of T-cells.” Studies in in vitro and in vivo
mouse models displayed that blockade of CTLA-4 signaling
leads to an increase in T-cell proliferation and Th1-like cytokine
production. Furthermore, it has been shown that CTLA-4 block-
ade affects in particular the proinflammatory cytokines IL-2 and
IFNy.'>"" Th2 responses are only impacted by CTLA-4 inhibi-
tion when not controlled by regulatory T-cells.'* Ipilimumab
a monoclonal antibody (MAb) against CTLA-4 was the first
immune-checkpoint inhibitor to be approved for clinical use. It
is applied to enhance immune responses in adult cancer
patients.”>”"> Ipilimumab is used especially in immunogenic
cancers such as advanced melanoma, and a pooled analysis of
long-term follow up studies shows an overall survival rate of
22%.'°

While these results illustrate the contribution of the CTLA-
4 axis to the downregulation of unwanted or terminal T-cell
responses, and immune responses in adult cancer patients, its
impact on antigen-specific T-cells early in life is unclear. As the
adaptive immune responses differs substantially between
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adults and children, we hypothesize that in early life the effects
of immune checkpoint blockade of CTLA-4 on T-cell biologi-
cal functions, in terms of expansion and inflammatory cytokine
production, may be much stronger than in adulthood. Hence,
there is a serious need for the preclinical assessment of ICIs in
early stages of life. This has to be performed with human
in vitro models to avoid dramatic events, such as the devastat-
ing cytokine storm that occurred after the infusion of the CD28
superagonist antibody TGN1412 when no human in vitro
model was used in advance.!”'® Therefore, to better under-
stand the risk-benefit profile of ICIs across different age
groups, we have analyzed the impact of CTLA-4 blockade on
antigen-specific, human T-cell responses early in life and
adults, and whether indeed age-dependent differences impact
the efficacy of CTLA-4 blockade.

Results

Blockade of CTLA-4 during S. aureus-antigen specific T-cell
stimulation shows enhanced proliferation in neonatal
T-cells

Typically, T-cell responses early in life are thought to be aberrant
in comparison to adult T-cell responses. Therefore, we have first
adapted an antigen-specific stimulation model of human CD4"
T-cells to determine distinct characteristics of neonatal, children
and adult T-cell responses.” To this purpose, CD4" T-cells and
CD14" monocytes were isolated from adult blood (A), adenoids
and blood from 1-5-year-old children (C), and umbilical cord
blood (N), respectively, using MACS. Monocytes were matured
overnight with h.i. S. aureus (SEB"®) and used to stimulate CD4"
T-cells. Monocytes from 5 neonates, 5 1- to 5-year-old children
and 5 adults upon maturation with S. aureus expressed CD16 and
cytokines IL-6 and IL-1P . No statistically significant differences
in expression CD16 (A vs. C: p = .085; C vs. N p = .071; N vs.
Ap>.99),IL-6 (Avs.C:p>.99; Cvs. N p>.9% Nvs. A p >.99)
and IL-1B (A vs. C: p=.967; Cvs. N p > .99; N vs. A p >.99) (Table
1) were observed, upon comparison of monocytes from adult,
children and neonatal groups with each other. Upon coculture
with S. aureus-loaded monocytes, also neonatal CD4" T-cells
could clearly be activated, which was determined by the

expression of the activation marker CD25 (data not shown)
and induced proliferation as indicated (Figure 1a). To test anti-
gen-specificity of the S. aureus stimulation, HLA-DR was
blocked using specific antibodies during maturation and stimu-
lation, and CFSE was used to monitor T-cell proliferation (Figure
la). Blockade of HLA-DR prevented the S. aureus induced T-cell
proliferation of children by 96% and of neonates by 97% con-
firming antigen-specificity of the response.

To identify antigen-specific responsiveness of neonatal
T-cells in comparison to adults, CD4" T-cells were activated
for 4 d with S. aureus-matured monocytes and analyzed for the
expression of CD40L by flow cytometry. Frequencies of CD40L
expressing CD4" T-cells of 12 adults, 6 children, and 17 neo-
nates, did not significantly differ (all comparisons show p >.99
(Table 1)) (Figure 1b). To monitor whether activated T cells
from neonates and children were able to express CTLA-4 at the
cell surface, it’s expression was analyzed by flow cytometry
(Figure 1c). In all age groups (A n =27 Cn =6; Nn = 14)
examined, frequencies of CTLA-4 surface expressing cells were
unambiguously detectable and similar between age groups (A:
median 4.74 range 18.40-0.42; C: median 4.32 range 9.96-1.48;
N: median 2.26 range 13.00-0.86) (A vs. C p > .99; C vs.
N p > .99 Nvs. A p =.103) (Figure lc, Table 1).

To investigate the age-related effects of CTLA-4 blockade on
T-helper cells of neonates children and adults, CD4" T-cells
from respective 17 neonates, 6 children and 12 adults, were
incubated with anti-CTLA-4 antibody or isotype control prior
to priming them with autologous monocytes, which had been
matured over night with h.i. S. aureus. Of note, comparing
routinely stimulation of T cells with S. aureus-matured mono-
cytes in the presence and absence of isotype control gave similar
results (data not shown). On day 4, cells were briefly restimu-
lated with h.i. S. aureus for 5 h to identify S. aureus-specific
effector CD4" T-cells. Flow cytometric analysis comparing con-
trols to CTLA-4 blockade revealed enhanced frequencies of
CD40L" T-cells of neonates (median 5.64 range 18.60-0.80 vs.
median 9.65 range 44.10-1.18, p < .049), but not of children
(median 7.58 range 15.20-3.77 vs. median 4.88 range 16.40-1.31,
p = .219) and adults (median 6.24 range 12.30-0.28 vs. median
5.27 range 8.12-0.52, p < .002), when CTLA-4 was blocked
during stimulation (Figure 2a, Table S1). Importantly, significant

Table 1. Summarized detailed data of monocyte maturation, T helper cell antigen specificity and CTLA-4 expression compared among different age groups.

Sub Upper Lower
Study/corres-ponding figure Age group Abb group Median limit limit n p value
Avs. C Cvs.N Nvs. A

% of CD16 expressing CD14+ cells Adults A 66.40 78.60 59.80 5 0.085

Children C 57.70 62.40 55.80 5 0.071

Neonates N 67.50 77.40 60.10 5 >0.99
% of IL-6 producing CD14+ cells Adults A 493 6.21 3.59 5 >0.99

Children C 5.35 6.09 2.56 5 >0.99

Neonates N 4.28 7.29 2.74 5 >0.99
% of IL-1B producing CD14+ cells Adults A 3.45 414 1.60 5 0.967

Children C 2.60 3.19 2.30 5 >0.99

Neonates N 3.11 435 2.28 5 >0.99
% of CD40L expressing CD4 + T cells Adults A 6.24 12.30 0.28 12 >0.99

Children C 7.58 15.20 3.77 6 >0.99

Neonates N 5.64 18.60 0.80 17 >0.99
% of CTLA-4 expressing CD4 + T cells Adults A 4.74 18.40 0.42 27 >0.99

Children C 432 9.96 1.48 6 >0.99

Neonates N 2.26 13.00 0.86 14 0.103

n-number of donors, p values obtained from Kruskal-Wallis test followed by Dunn’s multiple comparisons test.
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Figure 1. Antigen-specific T-cell responses of different age groups. CD14* classical monocytes isolated from adult blood of healthy donors, blood from children and cord
blood, were matured with heat-inactivated S. aureus overnight at 37°C. (a) Purified CD4* T-cells were labeled with CFSE and cultured with S. aureus matured monocytes
with or without blocking antibody against HLA-DR. CFSE dilution profiles and the frequency of proliferating CFSE" CD4* T-cells from adults, children and neonates were
determined after stimulation. Representative data of five donors. (b) Neonatal, children and adult CD4* T-cells were antigen-specifically stimulated for 4d with S. aureus-
matured monocytes. On day 4, cells were restimulated with S. aureus lysate for 5 h and analyzed for CD40L expressing antigen-specific T helper cells by flow cytometry.
Cumulative results are shown in the bar graph and each dot represent different donor. (c) CD4* T-cells were stimulated as in (B) and on day 4 were measured for surface
expression of CTLA-4. Cumulative results are shown in the bar graph and each dot represent different donor. No statistical significant differences were found comparing
different age groups, p > .05, Kruskal-Wallis test followed by Dunn’s multiple comparisons test. (Median, range, n, and p-values are summarized in Table 1)

differences in the deviations between the two age groups were
determined using the F-test showing a significantly higher devia-
tion in S. aureus-specific T-cells from neonates and children in
comparison to adults when CTLA-4 was blocked (Figure 2a). To
determine the impact of antigen-specific responsiveness, T-cell
proliferation in response to S. aureus was determined using
CFSE-labeling prior to stimulation. In comparison to T-cells
from adults (n = 7) and children (n = 5), only T-cells of the
neonates (n = 9) displayed upon CTLA-4 blockade an enhanced
frequency of proliferating cells (CESE'™) (N: median 35.90
range 65.20-0.26 vs. median 44.70 range 76.50-14.60, p = .014)
during antigen-specific stimulation for a period of 6 days
(Figure 2b) [(A: median 6.29 range 49.20-3.62 vs. median
12.50 range 44.30-3.92, p = .234) (C: median 8.96 range 25.40-
1.42 vs. median 12.90 range 32.10-2.09, p = .094)] (Table S1). Of
note, stimulation in the absence of CTLA-4 blockade did not
show significant differences in proliferation among age groups
(Table S2), whereas under CTLA-4 blockade, indeed, neonates
vs. adults show to be significantly different (N: median 44.70
range 76.50-14.60, n = 9; A: median 12.50 range 44.30-3.92,
n =7; p = .041) (Figure 2b). Next, we wanted to know whether
indeed more neonatal T-cells of the whole T-cell pool responded
or rather similar original cells started in G, but proliferated more
vigorously. Therefore, original responders of Gy at time point 0

of total CD4" T-cells were calculated for each generation (G, G,
G3) separately and in total (> X G;-G3;) (Figure 2¢). Blockade of
CTLA-4 was found to significantly enhance frequencies (%) of
total, original responding T-cells of neonates (median 2.90 range
6.50-0.16 vs. median 4.40 range 12.10-2.04, n = 9, p = .002),
mainly by significantly enhancing slower responding T-cells of
G; (median 1.40 range 2.90-0.04 vs. median 2.50 range 6.20-
1.06, p = .002) and G, (median 0.90 range 2.00-0.10 vs. median
1.51 range 4.10-0.60, p = .004 (Figure 2c, Table S1). The ratio of
original responding T-cells in GO under CTLA-4 blockade to
original responding T-cells without blockade (A: median 1.05
range 1.47-0.68, n = 7; N: median 1.86 range 13.09-1.06, n = 9;
p =.019) supports this finding that more T cells in GO responded
with proliferation to CTLA-4 blockade in the neonatal than
adult pool (Figure 2d).

Blockade of CTLA-4 leads to increased frequencies of
inflammatory cytokine producers in CD4"* T-helper cells
from adults and children

We next wanted to know whether it is indeed possible to
separate between neonates and adults on the basis of the
observed frequencies of cytokine producers in the encountered
CD4" T-cell responses. To this purpose, CD4" T-cells of 12
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Figure 2. Impact of CTLA-4 blockade on antigen-specific CD4* T-cell responsiveness of adults, children and neonates. CD4" T-cells from neonates, children, and adults
were antigen-specifically stimulated for 4d with S. aureus-matured monocytes as in Figure 1 in the absence (control) or presence of blocking antibody against CTLA-4.
On day 4, cells were restimulated with S. aureus lysate for 5 h and analyzed by flow cytometry. (a) Bar graphs represent frequencies of CD40L expressing cells. Each dot
represent a different donor. (b) CD4* T-cells were labeled with CFSE and stimulated as in (A) and the frequencies of proliferating cells were determined by flow
cytometry on day 6 after stimulation and presented in bar graphs. Each dot represents a different donor. *p < .05, Wilcoxon matched-pairs signed rank test (within one
age group), Kruskal-Wallis test followed by Dunn’s multiple comparisons test (between age groups), +p < .05, ++++p < .0001, F-test. (c) CD4™ T-cells from neonates,
children and adults proliferating through multiple generations were quantified and the frequency of responding cells (%) of total original CD4" T-cells was calculated
and presented in bar graphs. Each dot represents a different donor with **p <.01. (Median, range, n, and p values are summarized in Supplemental Tables S1 and S2).
(d) Rate of change of the frequencies of responding cells of total original CD4™ T-cells within each age group, was calculated by taking the ratio of Control vs. CTLA-4

blockade samples. Each dot represents a different donor. *p < .05

neonates and 12 adults were stimulated with S. aureus-matured
monocytes as described in Figure 2 and the expression of
CD40L and the cytokines TNFa, IL-8, IL-10, IFNy, and IL-
17a were determined by flow cytometry. Then, the machine
learning classifier Random Forest (RF) was applied with four-
fold stratified cross-validation, using CD40L and cytokine
coexpression as features. To deal with the effects of the random
data sampling for the construction of the fourfolds, 1000 runs
were performed and the achieved F-scores were averaged. The

average F1 score was 0.75 with a standard deviation (SD) of
0.065 (Supplemental Figure S1). The expected deviation from
the true F1 score average is £ 0.00403 at a 95% confidence
interval. This demonstrates that CD40L and cytokine-
coexpression allow for a separation between neonatal and
adult CD4" T-cell responses.

In order to investigate the role of CTLA-4 in CD4" T-cell
responses at different stages of life, neonatal, children and adult
CD4" T-cells were stimulated with S. aureus-matured



monocytes with and without blockade of CTLA-4 as described
in Figure 2. Responding antigen-specific CD40L" T-cells (A:
median 6.24 range 12.30-0.28, n = 12, C: median 7.58 range
15.20-3.77, n = 6, N: median 5.64 range 18.60-0.80, n = 17, all
comparisons p > .99) revealed significantly enhanced frequen-
cies of IL-8 and IFNy cytokine producers by neonates and
children compared with adults, in addition to IL-10 producers
by neonates compared with adults (Figure 3c-e, median, range,
n, and p values are summarized in Supplemental Table S2)).
Under CTLA-4 blockade, enhanced frequencies of IL-8 produ-
cers were particularly observed in neonates compared to adults
and children (N: median 15.30 range 92.70-1.93, n = 17; C:
median 23.65 range 40.50-11.60, n = 6; A: median 6.85 range
18.70-1.27, n = 12; A vs. C p = .004; N vs. A p = .014). In
addition IL-17 (C: median 16.90 range 40.50-8.85 n = 6; A:
median 4.85 range 20.70-2.53, n = 12; p = .029), IL-10 (C:
median 19.75 range 47.70-13.30, n = 6; A: median 5.87 range
22.30-2.13, n = 12; p = .023) and IFNy (C: median 28.75 range
57.70-17.90, n = 6; A: median 6.83 range 20.40-3.78, n = 12;
p = .003) producers were significantly enhanced by children
compared to adults. Although having in general high frequen-
cies of cytokine producers in neonates, blockade of CTLA-4 in
comparison to controls, further enhanced the frequencies of
cytokine producers IFNy, IL-8, and IL-10 significantly in all
three age groups. Importantly, whereas frequencies of each of
these cytokine producers almost doubled especially in children
upon CTLA-4 blockade (i.e. IL-10, C: median 11.95 range
18.10-3.98 vs. median 19.75 range 47.70-13.30, n = 6,
p = .016), while neonatal frequencies enhanced only by about
10-15% (N: median 11.80 range 79.00-1.88 vs. median 14.50
range 88.80-3.48, n = 17, p = .028). While the IL-4 producers
did not enhance significantly in any age group examined upon
CTLA-4 blockade, enhanced frequencies were observed for IL-
17 producers in children and neonates only (Figure 3a-e, Table
S1). As activated T-cells of neonates and children express
CTLA-4 at their cell surface (Figure 1c) and the blockade of
CTLA-4 was able to enhance their frequency of effector cyto-
kine expression of IL-8, IL-10, IL-17, and IFNy (Figure 3),
neonatal as well as children’s T-cell responses demonstrated
to be controlled by CTLA-4.

T-cells capable of simultaneous production of multiple
cytokines are considered to be of high quality effector cells,
providing potent and durable cellular immunity against infec-
tions or cancer.’”** Therefore, we next analyzed age-
dependent diversity of the antigen-specific T-cell multifunc-
tionality. The respective cytokine data of antigen-specific
CD40L" T-cells indicated that T-cell multifunctionality devel-
oped at any age. However, CD40L" T-cells displayed a lower
degree of multifunctionality with the increase in age
(Figure 3f). Intriguingly, blockade of CTLA-4 significantly
enhanced frequencies of multiple cytokine coproducing
CD4" T-cells specifically from adults and also children but
not of those from neonates (Figure 3f). The maximum effect
of blockade of CTLA-4 in adult CD4" T-cells was observed in
quadruple producers (Table 2) but not on double or triple
producers (data not shown). In neonatal and children CD4"
T-cells, quadruple cytokine producers were the dominant
subpopulation among multifunctional T-cells, regardless of
CTLA-4 blockade (Table 2) and significantly enhanced in

ONCOIMMUNOLOGY €1938475-5

comparison to adults (A: median 1.14 range 5.79-0.51, C:
median 8.898 range 12.87-2.37, N: median 5.81 range
57.42-1.03; A vs. C p = .008 N vs. A p = .015, Table 3).
Dissecting the individual functional T-cell subsets, we found
that most of quadruple producers were IFNy, IL-17, IL-10,
and IL-8 coproducers in neonates, children and adults (Figure
4a, Table 2). In contrast, the Th2-associated cytokine IL-4 was
rarely observed in combination with other cytokines in neo-
nates and almost not at all in children and adults (Table 2).
Collectively, these results indicated that CD4" T-cells from
neonates in comparison to adults readily mount a vigorous
response against antigens presented by autologous APCs
(Figure 4a). Blockade of CTLA-4 boosts the efficiency of
CD4" T-cells from children to match to that of neonates,
and from adults to almost match to that of children (Table 2).

Enhanced IL-10 upon CTLA-4 blockade was coexpressed in
Thi-like cells

Our data revealed that blockade of CTLA-4 enhanced the
frequency of IL-10 producers significantly in all three age
groups, adults, children and neonates resulting in significantly
age-related enhanced frequencies in children compared to
adults (Figure 3c, Table SI1). IL-10 can act as an immune
suppressor directly on T-cells by inhibiting proliferation and
suppressing pro-inflammatory responses as a means to prevent
collateral immune damage. But this mechanism may also limit
effectiveness of immune response impairing the control of
pathogens.”®> Therefore, we next asked if enhanced IL-10
expression upon CTLA-4 blockade is regulating multifunction-
ality of T-cells, especially in the triple producers. For this
purpose, we have focused on IL-10 cytokine coproducers in
all triple producers of antigen-specific CD40L" T-cells, the
most dominant triple-producers are Thl-like cells (IFNy'IL-
107IL-8") and are depicted in Figure 4b. These triple producers
in comparison to controls were significantly enhanced upon
CTLA-4 blockade in adults (A: median 0.17 range 1.16-0.00 vs.
median 0.39 range 2.28-0.06, n = 12, p =.003) and children (C:
median 1.00 range 2.57-0.76 vs. median 3.58 range 6.31-0.00,
n = 6, p = .047) (Figure 4b, Table 2). These results indicated
that frequencies of IL-10-expressing triple producers signifi-
cantly enhanced upon CTLA-4 blockade in adults and children
is due to enhanced Thl effector cytokines coexpression along
with IL-10 (Figure 4b). CTLA-4 blockade of neonatal T-cells
showed the highest frequency of IL-10" triple producers coex-
pressing Th1 effector cytokines. CTLA-4 blockade significantly
enhanced IL-10 coexpressing Th17-like cells too in neonates,
however, these cells constituted only a small fraction of the IL-
10" triple producers (Table 2).

Discussion

In the present investigation, we have analyzed the potential of
the CTLA-4-CD80/86- axis as a target for the specific inter-
vention by CTLA-4 blockade for the treatment of patients early
in life. We report the intriguing observation that — in contrast
to T-cells from adults - blockade of CTLA-4 early in life
strongly enhances antigen-specific CD4" T-cell responses by
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Table 2. Specific detail data of 4x cytokine producers and IL-10 + 3% cytokine producers with and without blockade of CTLA-4.
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Sub Upper Lower Upper Lower
Study/corres-ponding figure Age group group Median limit limit n Median limit limit n p value
Control CTLA-4 Blockade
% of 4x cytokine producers Adults 1.14 5.79 0.51 12 1.66 18.34 0.46 12 0.017
Children 8.98 12.87 2.37 6 14.07 27.90 6.89 6 0.016
Neonates 5.81 57.42 1.03 12 5.64 68.53 1.34 12 0.065
Dissected 4x cytokine producers Adults 1 0.00 0.03 0.00 12 0.00 0.02 0.00 12 0.375
2 0.06 0.39 0.00 12 0.02 0.56 0.00 12 0.376
3 0.00 0.39 0.00 12 0.00 0.16 0.00 12 0.313
4 0.02 0.40 0.00 12 0.00 0.28 0.00 12 0.055
5 1.01 4.63 0.20 12 1.52 18.30 0.41 12 0.011
Children 1 0.00 0.00 0.00 6 0.00 0.00 0.00 6
2 0.00 0.00 0.00 6 0.00 0.25 0.00 6 0.250
3 0.00 0.17 0.00 6 0.00 0.00 0.00 6 0.250
4 0.00 0.00 0.00 6 0.00 0.00 0.00 6
5 8.98 12.70 237 6 13.95 27.90 6.89 6 0.016
Neonates 1 0.00 0.43 0.00 12 0.00 0.38 0.00 12 0.438
2 0.00 0.67 0.00 12 0.01 0.52 0.00 12 0.305
3 0.04 12.20 0.00 12 0.04 3.32 0.00 12 0.125
4 0.00 0.22 0.00 12 0.01 0.45 0.00 12 0.500
5 4.46 57.20 0.93 12 4.66 68.40 1.19 12 0.065
% of IL-10 producing 3x cyt. producers Adults 0.49 1.52 0.00 12 0.81 2.28 0.40 12 0.017
Children 1.56 2.84 0.76 6 4.25 9.91 0.00 6 0.031
Neonates 0.57 3.08 0.00 12 1.07 532 0.09 12 0.017
Dissected IL-10 producing 3x cyt. producers  Adults a 0.00 0.11 0.00 12 0.00 0.122 0.00 12 0.125
b 0.00 0.17 0.00 12 0.00 0.07 0.00 12 0.406
C 0.01 0.23 0.00 12 0.02 0.21 0.00 12 0.367
d 0.00 0.18 0.00 12 0.03 0.18 0.00 12 0.125
e 0.17 1.16 0.00 12 0.39 2.28 0.06 12 0.003
f 0.16 1.16 0.00 12 0.35 0.70 0.00 12 0.16
Children a 0.00 0.00 0.00 6 0.00 0.11 0.00 6 0.500
b 0.00 0.00 0.00 6 0.00 0.00 0.00 6
C 0.00 0.00 0.00 6 0.00 0.00 0.00 6
d 0.00 0.00 0.00 6 0.00 0.34 0.00 6 0.500
e 1.00 2.57 0.76 6 3.58 6.31 0.00 6 0.047
f 0.26 0.87 0.00 6 0.51 3.60 0.00 6 0.156
Neonates a 0.00 0.12 0.00 12 0.00 0.20 0.00 12 0.406
b 0.00 0.09 0.00 12 0.00 0.00 0.00 12 0.063
C 0.01 0.54 0.00 12 0.00 0.90 0.00 12 0.488
d 0.00 0.64 0.00 12 0.04 0.90 0.00 12 0.023
e 0.17 2.60 0.00 12 0.42 4.25 0.00 12 0.065
f 0.08 0.40 0.00 12 0.21 0.75 0.04 12 0.032

Sub groups of cytokine coproducers: 1. IFN-y (-), IL-17 (+), IL-10 (+), IL-8 (+), IL-4 (+), 2. IFN-y (+), IL-17 (-), IL-10 (+), IL-8 (+), IL-4 (), 3. IFN-y (+), IL-17 (+), IL-10 (-), IL-8
(+), IL-4 (+), 4. IFN-y (+), IL-17 (+), IL-10 (+), IL-8 (-), IL-4 (+), 5. IFN-y (+), IL-17 (+), IL-10 (4), IL-8 (+), IL-4 (-). Subgroups a. IFN-y (-), IL-17 (-), IL-10 (+), IL-8 (+), IL-4 (+), b.
IFN-y (-), IL-17 (+), IL-10 (+), IL-8 (-), IL-4 (+), €. IFN-y (+), IL-17 (), IL-10 (+), IL-8 (-), IL-4 (), d. IFN-y (), IL-17 (+), IL-10 (+), IL-8 (+), IL-4 (-), e. IFN-y (+), IL-17 (-), IL-10 (+),

IL-8 (4), IL-4 (=), f. IFN-y (+), IL-17 (+), IL-10 (4), IL-8 (-), IL-4 (-), n-number of donors, p values obtained from Wilcoxon matched-pairs signed rank test.

Table 3. Summarized detailed data of 4x cytokine producers and IL-10 + 3% cytokine producers compared among different age groups.

Sub Upper Lower
Study/corres-ponding figure Age group Abb group Median limit limit n p value
Avs.C Cvs.N Nvs. A

% of 4x cytokine producers Adults A 1.14 5.79 0.51 12 0.008

Children C 8.98 12.87 237 6 >0.99

Neonates N 5.81 57.42 1.03 12 0.015
Dissected 4x cytokine producers Adults A 5 1.01 4.63 0.20 12 0.005

Children C 5 8.98 12.70 2.37 6 0.893

Neonates N 5 4.46 57.20 0.93 12 0.032
% of IL-10 producing 3x cyt. producers Adults A 0.49 1.52 0.00 12 0.090

Children C 1.56 2.84 0.76 6 0.260

Neonates N 0.57 3.08 0.00 12 >0.99
Dissected IL-10 producing 3x cyt. producers Adults A e 0.17 1.16 0.00 12 0.012

Children C e 1.00 2.57 0.76 6 0.076

Neonates N e 0.17 2.60 0.00 12 >0.99

Subgroups 5. IFN-y (+), IL-17 (+), IL-10 (+), IL-8 (+), IL-4 (), e. IFN-y (+), IL-17 (-), IL-10 (+), IL-8 (+), IL-4 (-), n-number of donors, p values obtained from Kruskal-Wallis test

followed by Dunn’s multiple comparisons test.

triggering proliferation in a large number of original T-helper
cells. In addition, many antigen-specific T-cells identified by
CDA40L expression are triggered to produce IL-10, IL-8, and
IFNy during treatment with anti-CTLA-4; which was more

pronounced in neonates than in adults. We further demon-
strate that multifunctional T-cells that are considered being
high quality effector cells, providing potent and durable cellu-
lar immunity against infections or cancer, display an age
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Figure 4. Age-dependent diversity of CTLA-4 blockade in regulating high-quality cytokine coproducers. Recently activated antigen-specific T helper cells from adults,
children, and neonates were identified as in Figure 3. (a) Antigen-specific CD40L" T-cells expressing 4x cytokines described in (Figure 3a—€) were determined by flow
cytometry and analyzed by Boolean gating. Bar graphs representing cumulative frequencies of a subgroup [IFN-y (+), IL-17 (+), IL-10 (+), IL-8 (+), IL-4 (-)] of dissected 4x
cytokine producers of antigen-specific CD40L* T-cells. (b) IL-10 triple producers among antigen-specific CD40L™ T-cells were determined by flow cytometry and
analyzed by Boolean gating. Bar graphs representing cumulative frequencies of a subgroup of individual dissected triple producers of antigen-specific CD40L* T-cells
that coexpress IL-10 along with two other cytokines [IFN-y (+), IL-17 (-), IL-10 (4), IL-8 (+), IL-4 (-)]. Each dot represents a different donor. *p < .05, **p < .01. (Median,

range, n, and p values are summarized in Tables 2 and Tables 3).

dependent diversity in multifunctionality of antigen-specific
responses (Figure 3f). Herein, CD4" T-cells from neonates
show the highest degree of multiple cytokine producers fol-
lowed by children, whereas adult T-cell responses where char-
acterized by a high degree of single cytokine producers. This is
especially true at baseline, where the numbers of cytokine-
coexpressing CD4" T-cells from neonates already reach
a plateau in response to antigen-specific stimulation alone.
Blockade of CTLA-4 mainly affects cytokine-coexpressing
CD4" T-cells from adults, revealing an immune-checkpoint
mediated loss of multifunctionality of CD4" T-cell responses
in an aged immune system (Figure 3f). Ultimately, this study
provides new evidence that blockade of CTLA-4 acts age
dependently, enhancing the numbers of responding T-cells in
neonates and the frequency of multifunctional cytokine pro-
ducers in children and adults at different levels.

We have demonstrated that blockade of CTLA-4 increases
frequencies of activated CD40L" T-cells and proliferation of
original T-cells specifically in neonates rather than in children
and adults (Figure 2a, b and ¢). Even though no difference in
expression of CTLA-4 was found between samples (Figure 1c),
the characteristic rapid activation by neonatal T-cells**** is likely
tightly controlled by CTLA-4 explaining their increased sensi-
tivity to CTLA-4 blocking antibodies.”® Furthermore, a lowered
threshold for neonatal T-cell activation/stimulation due to
increased sensitivity to CTLA-4 MAb might therefore allow
expression of otherwise controlled genes or combinations.*”

Neonatal CD4" T-cells are reported to display IL-8, IL-17,
and IL-22 as signature cytokines.”*>° In our model we extend
this finding, that indeed IL-8 and IL-17 coexpressing cells are
enhanced in early stages of life, and show that CTLA-4 block-
ade induces a similar phenomenon to a profound extent with
the increase in age (Figure 3f). Thus, CTLA-4 strongly restricts
coexpression of cytokines in adult T-cells.

Blockade of CTLA-4 had a similar impact on T-cells from
neonates, children and adults in significantly enhancing frequen-
cies of IL-10, IL-8, and IFNy producers but not IL-4 producers
(Figure 3a-e) as it has been reported in mice.! Effector T-cells
producing multiple cytokines play an important role in defense
against infections and cancer.”*”** Accelerated terminal differ-
entiation in neonatal T-cells>> might enhance the frequency of
such high quality effector T-cells producing multiple cytokines
to a near maximum which cannot be further increased by
CTLA-4 blockade (Figure 3f). The capacity of T-cells from
neonates to respond to antigen stimulation with multifunctional
cytokine production, might bring them into a favorable position
for defending the body. Whether this is another piece of the
puzzle to explain, e.g. asymptomatic viral infections to Epstein-
Barr virus or hepatitis B in neonates, toddlers, and young chil-
dren needs to be proven.** >

Whereas quite some Phase I/II studies with ICI in pediatric
tumors have been disappointing, it was shown to be promising
in Hodgkin and non-Hodgkins lymphoma.**** Of impor-
tance, initiated childhood cancers as they occur in neonates,
toddlers, and infants are usually different than adult ones, they
show less mutational load, which adult cells acquire gradually
over time, making childhood cancers less likely to be recog-
nized by the adaptive immune response. Pediatric tumors
rather arise from embryonal cells than epithelial cells and
others such as ALL are often associated with a compromised
immune response.” An inherited risk factor is, e.g. trisomy 21.
Due to the low levels of neoantigens of childhood tumors (in
addition to other factors limiting antigen recognition), it has
already been proposed to use combination therapy in pediatric
cancers, aiming at enhancing other therapeutic approaches by
ICIs.***® The initial recognition of the tumor, is triggered for
this purpose by other therapeutic approaches, such as radio-
therapy, or for activating and directing polyclonal T-cell



responses with bispecific antibodies (e.g. a fusion protein of
anti-CD3 and a tumor antigen, e.g. anti-CD19) or CAR T-cells
to the target cells.’” Especially the enhanced coexpression of
cytokines under CTLA-4 blockade in children and adults
would eventually contribute to enhanced lysis of target cells
when applied in this combinations.”” Of concern, whether
multifunctional memory T-cells are established, which could
be a risk factor for self-sustaining, long-lasting autoimmunity,
remains to be carefully controlled in children.*®* However,
human in vitro studies suggest that the T-cells eventually
undergo apoptosis when CTLA-4 is blocked which might
counteract these unfavorable effects.*"*** In addition, several
strategies like interruption of treatment and/or supportive
therapy which include administration of immunosuppresants
are adopted to manage irAEs.*>**

Even though our data show that blockade of CTLA-4 did
not further increase the proportion of multifunctional neonatal
T-cells, the checkpoint blockade of CTLA-4 still significantly
enhanced the numbers of individual cytokine producers as well
as the frequency of responding T-cells and their proliferation,
indicating CTLA-4 impinges on more than one
pathway.'®!'»?74>4% The accelerated expansion of neonatal
T-cells upon CTLA-4 blockade (Figure 2) could boost the
relative numbers of multifunctional T-cells in neonates to
a much higher level than in adults. Even though, children did
not display accelerated expansion of T-cells upon CTLA-4
blockade, they show high proportion of multifunctional
T-cells in comparison to those from adults, which are further
increased upon CTLA-4 blockade (Figure 3f). This should be
taken as a note of caution; pediatric patients getting an
immune checkpoint therapy may only tolerate lower doses of
Ipilimumab, whereas higher doses (that are tested in adults)
could trigger massive proliferation of effector T-cells or
increase in proportion of multifunctional T-cells. Both these
events may lead to toxicities with all immune related adverse
events as shown in a cohort of children with an average of
13 years, also including 2-year-olds®; more data of patients
aged 1-5 are warranted. Further, the effects of anti-CTLA-4
showed a much higher variability for neonates than adults,
which may reflect an increased risk of adverse effects of ICL
It would be important to assess responsiveness — low/nonre-
sponders as well as strong responders - prior therapeutic
manipulations with CTLA-4. In the same line, Hodgkin-
lymphoma patients and pediatric melanoma patients - also
being rare below the age of 6 — plus patients getting combina-
tional therapies with CAR T-cells are at a risk of experiencing
unpredictable irAEs upon Ipilimumab administration.
Therefore, individual responses early in life could possibly be
evaluated beforehand by testing their T-cell responses in
in vitro using models as in this study to determine the safely
administrable dose of Ipilimumab.

IL-10 expressing triple producers were low, but still
enhanced upon CTLA-4 blockade in neonates, children and
adults with the majority of these cells being Th1-like cytokine
producers (Figure 4b). Therefore, an immunosuppressive effect
of local IL-10 is unlikely to affect CTLA-4 blockade.*’>° Th1-
like IL-10 producers have been described as regulatory cells
and might help in regulating exaggerated inflammatory
response mitigating irAE-like tissue damage.”!
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As we report here, with the increase in age T-cells seem to
partially have lost coexpression of cytokines; however, the
blockade of CTLA-4 apparently makes up for this acquired
dysfunction of the aged immune system. It is also tempting to
speculate that reduced exposure to microbes caused by urban
life style may impair the generation of multifunctional T-cells
during early childhood (Greaves hypothesis) compressing the
memory pool with the increase in age. In this case, CTLA-4
blockade may “rejuvenate” the T-cells and thereby counteract
this functional loss of the aged T-cell memory pool.

In conclusion, this study provides novel comprehensive
insights into the CTLA-4 controlled diversity of antigen spe-
cific CD4" T-cell responses in neonates, children, and adults. It
shows the age dependency of responses to the blockade of such
an immune checkpoint that contributes to evaluate the (com-
binational) application of this form of immunotherapy to
younger patients.

Materials and methods
Patient material

Peripheral blood mononuclear cells (PBMCs) were prepared
from leukocyte reduction filters (Sepacell RZ-2000; Asahi
Kasaei Medical, Japan) of healthy adult donors (not matched
of age and sex, age range 21.3-64 years, median age 43.5 years)
supplied by the Institute of Transfusions Medicine and
Immunohematology at the University Hospital of Magdeburg
(Germany). Donors did not use antibiotics for the last
3 months, were nonsmokers, did not take any drugs, and had
no chronic diseases. The blood and adenoids were obtained
from children (age range 1-5 years, median age 3.4 years)
suffering from adenoid hypertrophy through surgical excision,
and supplied by the Department of Otorhinolaryngology of the
University Hospital in Magdeburg. Cord blood (CB) samples
taken from full-term births were obtained from umbilical cord
veins immediately after birth from the Women’s Clinic of the
University Hospital of Magdeburg. The study was approved by
the Clinical Research Ethics Board of the University of
Magdeburg (certificates 06/11, 79/07, and 26/12), and all
donors and/or parents gave written informed consent in accor-
dance with the declaration of Helsinki.

Cell purification and cell culture

PBMC:s from peripheral blood of healthy donors (adults), cord
blood (neonates), and of blood of children were purified by
centrifugation using Ficoll-Hypaque density gradient. CD14"
monocytes were isolated from purified CBMCs and PBMCs by
using CD14-microbeads (ref: 130-050-201), and autoMACS
pro (both from Miltenyi Biotec, Germany) according to the
manufacturer’s instructions. Isolated monocytes were matured
with heat inactivated (h.i.) (1 h, 65°C and 3x shock frozen in
liquid nitrogen) S. aureus (Staphylococcal enterotoxin
(SEB)"8) overnight at 37°C in RPMI 1640 medium (ref: P04-
18500, PAN-Biotec, Germany), supplemented with 10% Fetal
Bovine Serum (ref: F7524, Sigma-Aldrich/Merck, Germany);
and 10 U/ml penicillin; 10 pg/ml streptomycin (ref: 15140122,
Life Technologies/Thermo Fischer Scientific, US). Monocytes
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were washed twice with complete RPMI medium prior to
coculturing with autologous CD4" T-cells. Single cell suspen-
sions were generated by mechanical dissociation from surgi-
cally excised adenoids (of children suffering from adenoid
hypertrophy) in PBS/0.2% BSA over a 70 pum cell strainer
(BD Biosciences, US). Mononuclear cells (MCs) were purified
by centrifugation using Ficoll-Hypaque density gradient.’”
CD4" T-cells from purified MCs of PB of adults, CB of neo-
nates and blood and surgically excised adenoids from children
were enriched to a purity of >98% using human CD4-
microbeads (ref: 130-045-101, Miltenyi Biotec, Germany) by
magnetic beads separation with autoMACS-pro according to
the manufacturer’s instructions.

A total of 2 x 10° enriched CD4" T-cells were stimulated
with the S. aureus-pulsed CD14"CD16" mature monocytes
at a ratio 2.5:1 for 4 or 6 days. For blockade of HLA-DR,
monocytes were incubated for 30 min at 37°C in RPMI
1640 medium with anti-HLA-DR MAb (10 pg/ml, 1249,
purified from hybridoma supernatant, quality controlled
by Western blotting and competitive FACS analysis) prior
to their maturation with h.i. S. aureus. Once matured,
monocytes were washed twice and were incubated once
again with anti-HLA-DR MADb for 30 min at 37°C in
RPMI 1640 medium and then cocultured with CD4"
T-cells as described above. CTLA-4 signaling on T-cells
was blocked by the addition of anti-CTLA-4 (CD152) anti-
body (50 pg/ml, clone: BNI3) purchased from BD bios-
ciences, US (ref: 555850) or purified from hybridoma
supernatants using protein G and controlled using flow
cytometry. Isotype control antibody (Clone: MG2a-53, ref:
401504) for CTLA-4 blockade was purchased from
Biolegend, US. All T-cells isolated from adenoids were
tested for resting by verifying that they did not express
CD69 after 12 h in culture and that they did not proliferate
spontaneously in the presence of only monocytes within 6
d (CFSE assay as described above).

Flow cytometric analysis

For surface marker analysis, cells were stained with indicated
surface markers in PBS/0.2% BSA. Enriched and activated
CDA4" T-cells were identified using surface staining by specific
fluorescent labeled antibodies (PerCp conjugated anti-CD3
(clone: SK7, ref: 344814), PE/cyanine7 conjugated anti-CD4
(clone: RPA-T4, ref: 300512) and APC/cyanine7 conjugated
anti-CD25 (clone: BC96, ref: 302614) (all from Biolegend,
US)), classical and mature monocytes were identified using PE-
Vio770 conjugated anti-CD14 (clone: REA-599, ref: 130-110-
521), and APC-Vio770 conjugated anti-CD16 (clone: REA-
423, ref: 130-106-707) (both from Miltenyi Biotec,
Germany). T-cell proliferation was determined by labeling
CD4" T-cells with the vital dye carboxyfluorescein succinimi-
dyl ester (CFSE, ref: C1157, Invitrogen/Thermo Fischer
Scientific, US) and measuring CFSE dilution using flow cyto-
metry. Using the sensitive CFSE assay as read out, CTLA-4
blockade using BNI3 was routinely controlled comparing the
stimulation of T-cells in the presence and absence of Isotype
control (50 pg/ml, Clone: MG2a-53, ref: 401504, Biolegend,
US) with CTLA-4 blockade, which gave similar results.

Prior to intracellular cytokine analysis on day 4, T-cells
were pulsed with h.i. S. aureus, monensin (ref: M5273,
Sigma-Aldrich, US) 10 pg/ml and brefeldin A 5 pg/ml
(ref: 9972, Cell Signaling, US) for 5 h. Intracellular staining
was performed after the cells were surface stained with
PerCp conjugated anti-CD3 (clone: SK7, ref: 344814,
Biolegend, US) and APC- Vio770 conjugated anti-CD4

(clone: REA623, ref: 130-11-223, Miltenyi Biotec,
Germany) antibodies. The surface stained cells were then
fixed with 2% paraformaldehyde (ref: 11762.01000,

Morphisto, Germany) in PBS for 20 min followed by per-
meabilization with 0.5% saponin (ref: $7900, Sigma-Aldrich,
US) in PBS/0.2% BSA, and then incubation with following
antibodies: PE/cyanine7 conjugated anti-IL-4 (clone: MP4-
25D2, ref: 500824), BV421 conjugated anti-IL-10 (clone:
JES3-9D7, ref: 501422), BV510 conjugated anti-IFNy
(clone: 4S.B3, ref: 502544), (all from Biolegend, US) FITC

conjugated anti-IL-8 (clone: AS14, ref: 340509) (BD
Biosciences, US), PE conjugated anti-IL-17a (clone:
ebio64DEC17, ref: 12-7179-42)  (Invitrogen/Thermo

Fischer Scientific, US). To identify cytokine expression in
recently activated antigen-specific CD4" T-cells, APC con-
jugated anti-CD154 (CD40L) antibody (clone: 24-31, ref:
310810, Biolegend, US) was used to identify expression of
CD40L. A Boolean gating strategy was used for analysis of
single and multiple cytokine producers among all antigen-
specific CD4" CD40L" T-cells. Monocyte maturation was
routinely determined by intracellular measurement of cyto-
kines using APC conjugated anti-IL-6 (clone: MQ2-13A5,
ref: 501112, Biolegend, US), PE conjugated anti-IL-1§
(clone: CRM56, ref: 12-7018-82, Invitrogen/Thermo
Fischer Scientific, US) antibodies. All flow cytometric mea-
surements were performed using FACS-Canto II (BD
Biosciences, US) and analyzed with FlowJo software
(Flow]oTM Software, LLC, US)

Machine learning

For the separation between CD4" T-cell responses of neo-
natals and adults, we used as features: 36 cytokine coex-
pressions, CD40L, IFNy/IL10 and the percentage of the
CD4" T-cells that did not produce any of the measured
cytokines. On them, we trained a Random Forest (RF)*? in
a scikit-learn implementation'.”* that uses an optimized
version of the CART algorithm for decision tree induction.
We set the number of decision trees to 100 and the max-
imum tree depth to 6 and we performed fourfold stratified
cross-validation.

For the other RF parameters, we used the default values
of the scikit-learn implementation, namely: each decision
tree was allowed to use 50% of the 39 features and
a bootstrapped sample of the training data (i.e. 18 instances
in three folds for training and 6 instances in the test fold);
the split criterion was Gini impurity; the minimum number
of instances per node to allow for a split was 2; the mini-
mum number of instances per leaf node was 1; no limit to
the maximum number of leaf nodes; no pruning; label
assignment through simple majority voting. As perfor-
mance evaluation criterion we used F1 score™ averaged



over the fourfolds. The RF-model performance was affected
by the placement of the instances in the folds, which was
done randomly; to deal with this effect, we performed 1000
runs and computed the average F1 score over them.

Statistical analysis

Statistical analysis was performed using the Graph pad prism 8
software (GraphPad software Inc., US). The data are presented
as median with data range [interquartile range (box) and upper
limit to lower limit (whiskers)]. Comparison of distribution of
two dependent samples within one age group were performed
using Wilcoxon matched-pairs signed rank test. Variances
between populations were compared using F-test (Figure 2a).
Comparison between age groups were performed using
Kruskal-Wallis test followed by Dunn’s multiple comparisons
test. Statistical significance was reached when p < .05 (¥),
p<.01 (*), p<.001 (**)and p < .0001 (***).

Note

1 XGB code from: https://xgboost.readthedocs.io/en/latest/python/
index.html
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