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Expansion of effector and memory T cells is associated
with increased survival in recurrent glioblastomas
treated with dendritic cell immunotherapy
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Abstract

Background: The efficacy of dendritic cell (DC) immunotherapy as a single therapeutic modality for the treatment
of glioblastoma (GBM) patients remains limited. In this study, we evaluated in patients with GBM recurrence the
immune-mediated effects of DC loaded with autologous tumor lysate combined with temozolomide (TMZ) or tet-
anus toxoid (TT).

Methods: In the phase I-ll clinical study DENDR2, 12 patients were treated with 5 DC vaccinations combined with
dose-dense TMZ. Subsequently, in eight patients, here defined as Variant (V)-DENDRZ2, the vaccine site was precon-
ditioned with TT 24 hours before DC vaccination and TMZ was avoided. As a survival endpoint for these studies,
we considered overall survival 9 months (OS9) after second surgery. Patients were analyzed for the generation of
effector, memory, andT helper immune response.

Results: Four of 12 DENDR2 patients reached OS9, but all failed to show an immunological response. Five of eight
V-DENDR2 patients (62%) reached OS9, and one patient is still alive (OS >30 months). A robust CD8* T-cell activa-
tion and memory T-cell formation were observed in V-DENDR2 OS>9. Only in these patients, the vaccine-specific
CD4+T-cell activation (CD38*/HLA-DR*) was paralleled by an increase inTT-induced CD4*/CD38'°%/CD127"¢h memory
T cells. Only V-DENDR2 patients showed the formation of a nodule at the DC injection site infiltrated by CCL3-
expressing CD4+T cells.

Conclusions: TT preconditioning of the vaccine site and lack of TMZ could contribute to the efficacy of DC immuno-
therapy by inducing an effector response, memory, and helperT-cell generation.
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Key points

1. In recurrent glioblastomas, dendritic cells and temozolomide fail to activate

immunity.

2. Tetanus toxoid induces a local infiltration of CCL3-expressing CD4+*T cells.

3. Dendritic cells, tetanus toxoid, and lack of temozolomide activateT cells and

improve survival.

Importance of the Study

There is no standard of care for recurrent/progressive
glioblastoma (GBM), and their overall survival is ap-
proximately 9 months.

Dendritic cell (DC) immunotherapy is still showing
promise, however, its efficacy as a single therapeutic
modality is limited. Qur previous evidence in primary
GBM, suggested that temozolomide (TMZ) was inef-
fective as an adjuvant, due to its negative effects on
T-cell activation and memory status generation. In our

Recurrence of glioblastoma (GBM), the most malignant pri-
mary brain tumor, does not have a standard treatment and
is associated with a poor prognosis: median survival from
recurrence is about 9 months.’?

Immunotherapy (IT) has accomplished important prog-
nostic improvements in different cancers and particularly
in melanomas, mostly due to the treatment with checkpoint
inhibitors.® However, in patients affected by GBM evidence
of meaningful clinical responses to checkpoint inhibitors
is presently weak. Scarce and rare infiltration of T lympho-
cytes in the tumor, low mutational load, and the presence
of a strong immune suppressive microenvironment, all
characteristic of “cold” tumors, can partly explain resist-
ance to checkpoint inhibitors as well as limitations in other
strategies for GBM IT.4 Interestingly, two recent studies
showed that neoadjuvant administration of PD1-blockade
in recurrent GBM is associated to local immune responses
and, in one of the two reports, prolonged survival.>®

Dendritic cells (DCs), powerful antigen presenting cells,
are an important tool for cancer IT.” Recent data showing
the T-cell cross talk for the deployment of anticancer T-cell
immunity during checkpoint blockade supported the key
role of DC.8°The efficacy of DC immunotherapy (DC-IT) as
single therapeutic modality, however, is limited and rarely
curative. This condition has generated considerable in-
terest in combinatorial strategies.

Notably, some chemotherapeutic drugs may cause an
immunogenic cell death, leading to some synergy with IT.
Data on the impact of temozolomide (TMZ), which is part
of the standard treatment of GBM,'® are partly contradic-
tory. Some data suggested that TMZ-induced lymphopenia
in combination with vaccination with an anti-EGFRvIII pep-
tide may decrease the fraction of T helper cells" and poten-
tiate humoral responses.'? Other preclinical data and our

study, DC vaccinations without TMZ favor effector and
memory T-cell response. Notably, the preconditioning
of the vaccine site with tetanus toxoid induces a local
infiltration of CCL3-expressing CD4* T cells, a prereg-
uisite for increasing DC migration to lymph nodes and
consequently, antigen presentation, as previously dem-
onstrated. The results strengthen the view that DC
immunotherapy can be tailored to circumvent immuno-
suppression due to systemic, TMZ-based chemotherapy
and thus activate the immune system, increasing sur-
vival expectations in the setting of GBM recurrence.

own experience indicate thatTMZ can impair the antitumor
activity of CD8*T cells.'3-16

The efficiency of DC migration from the injection site to
the lymph nodes (LNs) represents another critical aspect
influencing the success of IT. It has been observed that less
than 4%-5% of injected DCs can reach the LNs."”” Recent
data from Mitchell et al.”® indicated that preconditioning
the vaccine site with the recall antigen tetanus/diphtheria
(Td) toxoid can induce a specific inflammatory immune
response mediated by Td-specific CD4+ T cells and the
production of CCL3, improving LN homing of DCs and,
consequently, the efficacy of tumor-antigen-specific DCs.

Here, we report and compare the clinical and immuno-
logical data of recurrent GBM patients enrolled in DENDR2
study, in which DC were combined with a dose-dense TMZ,
with Variant (V)-DENDR2 patients, in which recurrent GBM
patients were treated with DCs after preconditioning of the
injection site with tetanus toxoid (TT) recall in the absence
of TMZ.

Materials and Methods
Clinical Study

Twenty patients have been considered overall.

The DENDR2 study (NCT04002804) was a phase l/Il, two-
stage Simon design, nonrandomized clinical study in which
patients with recurrent GBM were treated with five injec-
tions of DCs and TMZ with a dose-dense schedule (TMZ
75 mg/m? 3 weeks on and 1 week off for three cycles), pre-
viously proposed for treatment of GBM recurring after the
standard treatment.'® A total of 16 patients were enrolled,
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but only 15 were evaluable for the efficacy endpoints (ie,
they received at least three doses of DC vaccination). We
restricted the patient analysis to 12 patients with IDH1
wild-type GBM. The prognostic role of IDH1-2 mutations
was not fully appreciated when the DENDR2 protocol was
approved and the presence of the mutations was not in-
cluded in exclusion criteria. Eight patients satisfying the
DENDR2 inclusion criteria were treated with DC vaccina-
tion combined withTT preconditioning and did not receive
TMZ (variant DENDR2, V-DENDR2 for brevity). Safety, feasi-
bility, and evidence of immune response were considered.
The clinical protocol was approved by local and national
regulatory authorities including Besta Ethical Committee,
Istituto Superiore di Sanita (ISS) and AIFA (ltalian Medicine
Agency) and was sponsored by Fondazione IRCCS Istituto
Neurologico Carlo Besta.

Population and Treatment Protocol

Patients were enrolled in DENDR2 study after written in-
formed consent. Inclusion criteria were the following:
histologically proven GBM, age >18 and <70 years, no mul-
tifocal or subependymal diffusion of the tumor, residual
tumor volume after surgery <10 ml, volume assessment
by magnetic resonance imaging (MRI) after surgery, dex-
amethasone daily dose <4 mg during the 2 days prior to
leukapheresis, Karnofsky Performance Status >70, avail-
ability of 0.8-1 g tissue for lysate preparation stored
at —-80 °C, absence of past or current autoimmune dis-
ease. After surgery, patients underwent leukapheresis.
Monocyte-derived DC were loaded with whole tumor ly-
sate and stored following Good Manufacturing Practice
conditions.?%2" The first three vaccinations with DC were
performed every 2 weeks (weeks 6-10). The fourth and fifth
vaccinations were spaced 1 month (week 14 and 18, respec-
tively). The first vaccine (I vacc) contained 20 million cells,
second to fourth (lI-1V vacc) contained 10 million cells, and
the fifth vaccine (V vacc) contained 5 million cells. TMZ was
administered for three cycles according to the schedule
21/28,"° before |, IV, and V vaccine. At each vaccine injec-
tion, clinical and immune monitoring were performed.

V-DENDR2 patients were treated with the same doses of
DC vaccinations: preconditioning the vaccine site with the
recall antigen (TT) (Anatetall; GSK Vaccine, 40 IU), intrader-
mally injected the day before each DC vaccination. NoTMZ
was administered. Clinical, immunological, and radiolog-
ical evaluations were performed with the same schedule,
but a skin biopsy at the DC injection site was performed in
all patients 3 days after the third vaccination.

MRI and Response Evaluation

Patients underwent conventional contrast-enhanced MRI
within 3 days after surgery, 2 days before the first vaccina-
tion, every 2 months, or in case of clinical indication. Tumor
volumes were determined on the three-dimensional post
gadolinium T1-weighted images by manually outlining
the enhancing portion of the lesion in MRIcro (http:/
www.mricro.com) as previously described.'® To calculate
the total enhancing volume of the tumor, the number of

enhancing voxels was multiplied by the voxel size. Disease
progression was defined according to RANO (Response
Assessment in Neuro-Oncology) criteria.

Immune Monitoring

Immune monitoring was performed on the whole blood
of each patient before, during, and after DC vaccinations.
REAfinity Recombinant Antibodies (Miltenyi Biotec) were
used for the immune response characterizations. CD3,
CD4, CD8, CD56, and CD45 were used to identify theT and
NK cells. Antibodies for effector activation, memory status
generation, and real-time PCR protocols are reported in
Supplementary Methods.

Peripheral blood lymphocytes (PBLs) from 14 patients
were cocultured in the presence of matched mature tumor
lysate-pulsed DCs for 5 days in the presence of 30 U of
Interleukin-2 (IL-2) (Roche). Interferon-gamma (IFN-y) se-
cretion was measured on the supernatants by ELISA assay
(R&D Systems). IFN-y expression was evaluated by intra-
cellular staining with IFN-y mAb (Miltenyi Biotec).

Acquisition of stained samples was performed using a
MACSQuant (Miltenyi Biotec) flow cytometer, and data
were analyzed using the Flowlogic software (version 7.2;
Miltenyi Biotec).

Immunohistochemistry

Cryostat frozen skin biopsies were sliced into 10-um thick
sections and fixed in acetone or 10% neutral buffered for-
malin. Sections were incubated with anti-CD4 (1:10; Dako)
and anti-CCL3 (1:20; Thermo Fisher) antibodies overnight
at 4 °C. Slides were counterstained with hematoxylin
(Sigma-Aldrich), dehydrated, and mounted. After counter-
staining with hematoxylin, sections were examined using
a Leica microscope and analyses performed on two inde-
pendent fields per section.

Statistical Analyses

The Wilcoxon signed rank test was used to test the signif-
icance of differences between markers at various time
points. All Pvalues were two sided. The chi-square or Fisher
exact tests were used to examine the differences in catego-
rical variables between groups. For efficacy evaluation, only
patients that underwent at least three vaccinations doses
were considered. Overall survival (0S9) months from sur
gery for disease recurrence to death due to any cause or last
follow-up (censored) was considered as a relevant endpoint.
The log-rank test assessed differences in survival. All statis-
tical analyses were performed using Prism 5.03 software.

Results
Patient Treatment and Survival

Twenty patients with recurrent GBM enrolled in DENDR2
study were considered: 12 patients were treated with DC-IT
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concomitant withTMZ, and 8 patients, named (V)-DENDR2,
were treated with DC-IT concomitant with TT in the ab-
sence of TMZ. We considered overall survival at 9 months
(OS9) as a relevant survival endpoint based on recent
phase Il and lll studies in recurrent GBM.??2 The schedule
of the treatment and clinical data are summarized in Fig.
1A and B, Supplementary Figure 1, andTable 1.The median
interval between first and last surgery was 14.0 months
(95% Cl 11.2-25.6). Four patients completed all scheduled
vaccinations, two patients discontinued treatment after
four vaccinations, and six after three (Supplementary
Figure 1). Five patients completed the TMZ schedule, five
could be treated with two of three cycles, and two with one
cycle only. Before surgery for recurrence, seven of these
patients had completed the Stupp protocol.’ The median
OS of DENDR2 patients was 7.4 months (95% Cl 5.2-9.31)
and OS9 was 33.3%. The median interval between last sur-
gery and the first vaccine was 1.6 months (95% Cl 1.4-1.78).
All patients experienced death during the follow-up due to
tumor progression. At the time of the first vaccination, the
median tumor volume was 7.6 ml. In three patients (Pts 11,
16, and 17), disease progression occurred before starting
the IT (Supplementary Table 1). At first vaccination the me-
dian dexamethasone dosage was 4 mg (mean: 3.6, range

0-6 mg). Four DENDR2 patients were at second recurrence
when enrolled in the study (Pts 13, 17, 19, and 25).

Hypermethylation of the OSf-methylguanine-DNA
methyltransferase (MGMT) promoter, evaluated by
methylation-specific PCR,?® was detected in 4 of the 11 pa-
tients with enough DNA available for the analysis: two of
them were patients surviving more than 9 months (0S>9).
Two patients did not receive active treatment after progres-
sion (Pts 16 and 17), four were treated with bevacizumab,
eight with chemotherapy, and one with chemotherapy and
radiotherapy (RT) (SupplementaryTable 2).

Five V-DENDR2 patients completed all scheduled vac-
cinations: patient V-1 discontinued treatment after four
vaccinations and patients V-2 and V-3 suspended the treat-
ment after the third vaccination due to clinical and radio-
logical worsening but restarted the vaccinations after 5
and 2 months, respectively, when their condition improved
(Supplementary Figure 1). After progression, three pa-
tients were treated with two cycles of PCV (procarbazine,
CCNU, and vincristine) whereas the others received no fur-
ther treatment (Supplementary Table 2). At the time of first
vaccination the median tumor volume was 14.6 ml. In five
patients (Pts V-1, V-2, V-3, V-6, V-7), tumor progression oc-
curred before the first vaccination (SupplementaryTable 1).

Biweekly DC injection
and pre-conditioning

A T™Z ™Z T™Z
; —~ —~
w2 w3 w6 w8 wi0 wi1 wi4 w15 w18
| | | | | | ] | | 5
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Biweekly DC injection Monthly DC injection
B
w2 w6 w8 w10 w14 w18
| | | | | | |
I 1 I I I I I x
Surgery  Leuka | vacc Ilvacc Il vacc IV vacc V vacc

Monthly DC injection
and pre-conditioning

Fig. 1. Treatment protocol and survival (A and B). Treatment schema for (A) DENDR2 patients and for (B) V-DENDR2 patients showing the timing
before, during, and after the DC administrations. Leuka, leukapheresis; vacc, vaccine; TMZ, temozolomide; w, week. (C—G) Patient V-8. Contrast-
enhanced T1-weighted image (wi) MRI (small box, pre-contrast T1-wi); (C) before surgery for recurrence: December 28, 2016; (D) after surgery for
recurrence: December 30, 2016; (E) at the time of first DC vaccination: February 21, 2017; (F) 2 months after the fifth and last DC vaccination: July 17,
2017; (G) disease progression: December 12, 2017. DC, dendritic cell; MRI, magnetic resonance imaging.
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When DC-IT started the median steroid dosage was 2 mg
(mean: 2, range 0-4 mg) (SupplementaryTable 1).

After a median follow-up of 9.2 months, one of the eight
patients was alive, six died for tumor progression, and one
for pulmonary embolism. Hypermethylation of the MGMT
promoter was detected in four of the eight patients: two of
them survived longer than 9 months. IDH1-2 were absent
in all patients. The median OS was 9.2 (95% Cl 5.2-9.31)
months and OS9 was reached by 62.5% of the patients
(Table 1). An exemplificative MRI of one V-DENDR2 (V-8) is
displayed in Fig. 1C-G.

Treatments in Both DENDR2 and V-DENDR2
Patients Are Safe and Well Tolerated

As reported in Supplementary Table 2, adverse events in
DENDR2 included transient neurological worsening (pos-
sibly IT-related) and hematological toxicities (TMZ-related).
Five V-DENDR2 patients showed neurological worsening
after the third vaccination, one after the last vaccination,
and two showed no symptoms. Seizures occurred in three
cases, headache and confusion in patient V-2, and pneu-
monia in V-3, all related to the tumor progression. Weak
skin reactions were recorded at the injection site after TT
administration. Reactions after DC injection were charac-
terized by skin redness and/or thickening that were weak in
three patients (V-1, V-2 and V-5) and stronger in other three
(V-3,V-4, and V-6).

T-Cell Count and IFN-y Secretion Strongly
Increase in V-DENDR2 OS>9 Patients

We assessed patient immune responses considering
the count and frequency of PBLs before treatment, at
each vaccination, and after IT. We previously demon-
strated that RT-TMZ treatment affected on absolute
lymphocyte count (ALC) in DENDR1 patients, inducing sig-
nificant lymphopenia.’® In DENDR2 at leukapheresis we
observed a basal ALC > 1000 cells/ml in 9 of 10 patients
(1504.4/ml + 792.0/ml, mean + SD), that decreased after
TMZ treatment (1096.5/ml + 530.4/ml, mean + SD, P = .1)
(Fig. 2A). In V-DENDR2, ALCs were 1704.6/ml + 666.0/ml
at leukapheresis and decreased to 1232.0/ml = 546.7/ml
(P=.1) at first vaccine (Fig. 2B).

The absolute count of both CD8* and CD4* T cells in-
creased significantly after second, third, and fourth vac-
cination in V-DENDR2 OS>9 cases only (Fig. 2C). Neither
V-DENDR2 0OS<9 nor DENDR2 patients showed a posi-
tive modulation of T-cell counts (Fig. 2D-F). Notably, V/B
ratios (ratio of the mean of vaccination/baseline values)
higher than 1.05 and 1.1 for CD8* and CD4* T-cell counts,
respectively, were associated with prolonged OS (me-
dian OS 11.1 months vs. 6.5 months, P =.004; median OS
12.6 months vs. 6.8 months, P=.03) (Fig. 2G and H).

To evaluate the specificity of immune responses we
cocultured available PBLs (14 patients, 8 DENDR2, and 6
V-DENDR2) with matched mature DC pulsed with autolo-
gous tumor lysate. IFN-y production measured by ELISA
increased in V-DENDR2 0S>9, but not 0S<9, with a signif-
icant increase at second vaccination that was maintained

until the end of treatment (Fig. 3A). PBLs from two DENDR2
patients OS>9 (Pts 25 and 28) contributed to the significant
increase of IFN-y at fourth vaccination only (Fig. 3B).

The most stringent negative control, immature DCs,
was not available for these experiments as the DENDR2
protocol did not include the storage of frozen immature
DC; however, the absence of PBL activation with DC from
nonresponders argues against their unspecific activation.

Detection of IFN-y was also assessed by flow cytometry
as intracellular expression in CD8* and CD4* T cells after
phorbol 12-myristate 13-acetate (PMA)/ionomycin stim-
ulation (Fig. 3C-F). A significant increase of CD8* T-cell-
expressing IFN-y was observed in V-DENDR2 0S>9 at
second vaccination compared to the | vaccination con-
sidered as the baseline (19.8 £ 5.5 vs. 11.8 + 8.6, P< .05) (Fig.
3C-E). A contraction phase was present between the third
and fourth vaccination and a rapid, second increase at fifth
vaccination and at follow-up (19.9 = 2.6 and 23.6 + 3.2, re-
spectively, P< .05 compared to the baseline), in line with of
IFN-y production after DC stimulation. A weaker response
was observed for CD4*T cells (Supplementary Figure 2A).

In V-DENDR2 0OS<9 and in all DENDR2 patients T cells
did not show any activation (Fig. 3D-F; Supplementary
Figure 2B). A significant NK cell response was only de-
tected in V-DENDR2 OS>9 patients at earlier time points
(Supplementary Figure 2C and D).

We also investigated the transition of effectorT cells to-
ward memory formation, by characterizing CD8* and CD4*T
cells based on their expression of the antigen-experienced,
effector T-cell marker KLRG1?* (Supplementary Figure
3A-F). CD8* T effector cells coexpressing high levels of
KLRG1 and IFN-yshowed a significant expansion and con-
traction phase in V-DENDR2 0OS>9 only (Supplementary
Figure 3A and C). In V-DENDR2 0S<9, CD8* IFN-y* T cells
retained high expression of KLRG1, precluding the forma-
tion of long-lasting T-cell memory (Supplementary Figure
3C). No significant increase of KLRG1+T cells was detected
in DENDR2 patients, indicating the lack of active and func-
tional effectorT cells (Supplementary Figure 3B, D, and F).
Effector to memory transition of CD4*T cells was weaker
than the CD8*T-cell response, decreasing slowly over time
(Supplementary Figure 3E and F).

Real-time PCR revealed a predominant expression of
EOMES and ID3 genes, indicating an enrichment for T cen-
tral memory (Tcm), exclusively in V-DENDR2 OS>9 and
during the contraction phase (Supplementary Figure 3G). At
the same time points, V-DENDR2 0S<9 showed an increased
expression of theT effector memory (Tem)-associated genes
T-BET and/or PRDM1 (Supplementary Figure 3G). No sig-
nificant differences in memory composition were found in
DENDR2 patients (Supplementary Figure 3H).

Overall, we can conclude that CD8* T cells differen-
tiate into long-lasting memory T-cell-expressing IFN-y in
V-DENDR2 0S>9 only.

Activated Vaccine-Specific and TT-Induced CD4*
T Cells Are Identified in V-DENDR2 OS>9 Only

Activation status of CD4+ T cells was investigated by
analyzing the expression of specific markers including
CD38 and HLA-DR (Fig. 4A and D).?> The double positive
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Fig.2. Absolute T-cell counts before and after treatment (A—F). (A and B) Absolute lymphocyte counts (ALCs) in the peripheral blood of patients at
the time of the leukapheresis (leuka) and at the time of the first vaccination (I vacc), after the first cycle of TMZ administration, in DENDR2 patients
(A); at leuka, at the time of TT preconditioning (I vacc) in V-DENDR2 patients (B). Data are presented as mean + SD; (C—F) Time course of CD8* and
CD4+ absolute counts of V-DENDR2 0S>9 (C) and 0S<9 (D) patients over the treatment, including the time of the skin biopsy [B], (*P=.02 at Ill, P<
.05at IV, P=.04 atV vs. | vacc, where the count was revealed at the time of TT preconditioning; Fisher’s exact test P=.01), and of DENDR2 0S>9
(E) and 0S<9 (F) patients over the treatment. The arrows on x-axis indicate the TMZ administrations. Data are presented as mean + SEM; (G and H)
Kaplan—Meier curves showing the correlation between the V/B ratio of CD8* and CD4* T cells and OS per V-DENDR2 patients. OS, overall survival;
TMZ, temozolomide; TT, tetanus toxoid.
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Fig. 3. Characterization of antitumor immune response and memory formation. (A and B) Time course of IFN-y secretion by PBLs cocultured for
5 days in the presence of matched autologous loaded mature DCs from V-DENDR2 (3 0S>9 and 3 0S<9) (A) and from DENDR2 (4 0S>9 and 4 0S<9)
(B), over the treatment (including the time of biopsy [B] in V-DENDR2 patients and follow-up [FU] when performed). (C and D) Representative dot
plots showing the CD8* T-cell positivity for IFN-y in V-DENDR2 0S>9 (C) and for DENDR2>0S9 (D). (E and F) Kinetics of the frequency of CD8* T-cell-
expressing IFN-y assessed by flow cytometry of V-DENDR2 (E) and DENDR2 patients (F) (*P< .01, **P<.005 vs. | vaccination; Mann—-Whitney test).
The arrows indicate the TMZ administrations. Data are presented as mean + SEM. DC, dendritic cell; OS, overall survival; PBL, peripheral blood

lymphocyte; TMZ, temozolomide.

subpopulation increased during the treatment in V-DENDR2
0S>9 only (Fig. 4A and C). A rapid increase was observed
immediately after the first DC vaccination (at the time of
the second vaccination), persisting over time.The presence
of this specific subset of activated/inducer T cells was un-
detectable in both V-DENDR2 0S<9 (Fig. 4C) and DENDR2
patients (Fig. 4B and D).

We also tried to distinguish vaccine-specific from TT
recall-induced CD4* T helper memory cells. We first ana-
lyzed the memory T-cell subsets by assessing the memory
markers CD45RA and CCR7.26 We identified the CD45RA-
CCR7- asTem and CD45RA- CCR7* as Tcm. A CD4* CD38*
high |FN-y+ T-cell subset (mainly CCR7-, consistent with

vaccine-induced Tem), was expanded in V-DENDR2 0S>9
(Supplementary Figure 4A and C), and a CD4* CD38*/ow
IFN-y* T-cell response (predominantly CCR7+, consistent
with Tecm), displayed similar kinetics (Fig. 4A). Both these
subsets were absent at the baseline (first vaccination),
displayed a rapid activation after the second vaccination
and later.

In V-DENDR2 0S<9, these two subsets of CD4* T cells
were absent at the baseline (Supplementary Figure 4D).
Only the CD38*hish T cells significantly increased at the
third vaccination and returned rapidly to baseline values.
These subsets were not detectable in DENDR2 patients
(Supplementary Figure 4B, E, and F).
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Fig. 4.

(A and B) Kinetics of the frequency of CD38*/HLA-DR*-activated cells evaluated in CD45/CD3/CD4* T cells, after in vitro restimulation, in

V-DENDR2 (A) (*P< .01, ** P<.005 vs. | vaccination; Mann-Whitney test) and DENDR2 patients (B); (C and D) Time course of CD4* CD127+ CD25'%
T-cells analysis in V-DENDR2 (C) (*P< .01, **P < .005 vs. | vaccination; Mann—-Whitney test) and DENDR2 patients (D). The arrows indicate the TMZ

administrations. TMZ, temozolomide.

In V-DENDR2 0OS>9 only, the CD4* Tcm cells also ex-
pressed high levels of CD127, the receptor of IL-7 involved
in memoryT-cell survival and persistence, and low levels of
CD25% (Fig. 4E). Overall, the expansion of vaccine-specific
activated memoryT cells was accompanied by an increase
of a bystander CD4* T helper memory cells defined as
CD38*'°% and CD127+/CD25'"%.25> Modulation of CD4* T
helper memory cells was absent in both V-DENDR2 OS<9
and DENDR2 patients (Fig. 4E and F).

Skin Thickenings at the Tetanus Toxoid Injection
Site Are Infiltrated by CCL3-Expressing CD4"*
T Cells

To confirm the contribution of TT preconditioning in
enhancing the efficacy of DC vaccinations, we monitored
the appearance of a local reaction during the treatment.

In the absence of TT preconditioning (ie, in DENDR2
patients), skin reactions to DC injections were absent.
In V-DENDR2 patients we observed the formation of
granulomas at the DC injection site, appearing as local-
ized thickenings of different sizes, that we removed by
skin biopsy in four patients after the third vaccination.
As controls, we used the thickening that appeared at the
DC injection site in a minority of patients enrolled in the
DENDR1 study.'® Staining for CD4 and CCL3 was per-
formed on adjacent sections of the skin biopsies derived
from two V-DENDR2 OS>9 and two DENDR1 responders,
as controls (Fig. 5A-D). The V-DENDR2 skin biopsies were
characterized by dermal infiltration of CD4 and CCL3 posi-
tive cells (Fig. 5A and B). In DENDR1 patients the CD4 pos-
itive cells were preferentially distributed near the upper
layer of the dermis, and CCL3 positive cells were not
found (Fig. 5C and D).
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Fig. 5.

Investigation of the CCL3-expressing CD4* T cells in skin biopsies. (A and B) Two V-DENDR2 and two control patients (C and D) have

been investigated, and representative images are displayed. (A and B) Rectangles indicating the same areas in adjacent sections of the skin
biopsies show a robust dermal infiltration of CD4* T cells (left panels) expressing CCL3 (right panels). (C and D) In the control skin biopsies, the
immunohistochemistry reveal a moderate (C) and low (D) infiltration of CD4* T cells and negative for CCL3. Scale bar, 200 um.

Discussion

The improvement of combinatorial strategies to increase
IT efficacy is an ongoing challenge. A potential synergy
between IT and chemotherapy has been reported due to
the influence of some chemotherapeutic agents on tumor-
specific immune responses, either by inducing immuno-
genic cell death of tumor cells or by modulating key cells
for immune suppression or activation.'12.28

In the clinical study on newly diagnosed GBM that is
active at our institution, vaccinations with DCs loaded
with whole tumor lysate were combined with TMZ che-
motherapy administered as an adjuvant treatment in the
context of the Stupp regimen.'® We obtained encouraging
results in a fraction of these patients (45%), associated with
a rise of active NK cells in peripheral blood; however, the
contribution of CD8* T cells to antitumor activity and the
memory status generation was negligible. TMZ toxicity,
that was limited in NK cells where the drug transporter
ABCC3 was more expressed that in CD8*T cells, may partly
explain our findings."®

Our previous evidence in primary GBM indicated that
the activation of CD8*T cells was not compromised by the

administration of TMZ combined with RT. However, a rapid
and persistent depletion of CD8*T cells was observed after
the fourth vaccination when DC vaccines were adminis-
trated in combination with TMZ."® Interestingly, a similar
kinetics showing a decline of vaccine response after the
fourth vaccination was observed in patients treated with
cytomegalovirus pp65-targetd vaccinations as reported by
Batich et al.?°, supporting a potential negative effectinduced
by the continuation of concomitantTMZ administration.

Thus, our experience with DC-IT indicated that systemic
administration of TMZ in standard treatment can limit
the antitumor immune response of CD8* T cells and their
long-lasting response. Interestingly, preclinical data re-
cently indicated that standard, but not metronomic dose,
TMZ increased exhaustion markers in tumor infiltrating
lymphocytes.3°

Interestingly, systemic, intraperitoneal delivery of
BCNU (bis-chloroethyl nitrosurea), frequently used as
second line chemotherapy in recurrent GBM, did not
synergize with IT,3" whereas the local delivery of BCNU
“wafers” into the tumor cavity significantly enhanced the
antitumor activity of checkpoint inhibitors.

In this report, we have compared two different strat-
egies of DC-IT for recurrent GBM. In DENDR2, where DC
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vaccinations were combined with dose-dense TMZ, we
were unable to detect any significant activation of immune
responses and survival advantage. Only four DENDR2 pa-
tients survived more than 9 months with weak correlations
with peripheral immune activation. Two of them (Pt 25 and
Pt 28) showed a significant secretion of IFN-y at fourth vac-
cination only, detected by ELISA in the PBLs and matched
DC cocultures, and a minor increase of NK cell frequency
between the second and the fourth vaccinations. Overall
DENDR2 patients failed to show the marked activation
of NK cells observed in DENDR1 patients.’® We hypoth-
esize that exposure of NK cells to TMZ concentrations
higher than in DENDR1 may have caused their exhaus-
tion. Indeed, NK cells are susceptible to become exhausted
and unable to produce IFN-y and exert cytotoxic activity.3?
Furthermore, NK cells can acquire an exhausted pheno-
type during tumor progression, through the action of the
checkpoint receptorTIGIT.33

On the basis of clinical and immunological negative data
from DENDR2 patients, we treated eight patients named
V-DENDR2 where TMZ was avoided. We also considered
the ability of DCs to migrate to LNs as another critical as-
pect impinging on the efficacy of IT. Recently, Mitchell et al.
have demonstrated that antitumor activity associated
with DC vaccinations can be increased by administering
TT as a preconditioning step.’® As virtually all people have
been vaccinated against tetanus, the recall antigen can at-
tract locally CD4+*T cells that release the CCL3 chemokine,
upregulating the expression of CCL21. This chemokine im-
proved DC homing to the LNs and was associated with evi-
dence of a significant clinical advantage in a murine model
of GBM and in a limited number of patients.'®

The V-DENDR2 recurrent GBM patients received TT the
day before DC injection and no TMZ. Increased survival
and specific effector and helper immune responses were
found in five of these patients who survived longer than
9 months (“0S>9"). In two of them (V-1 and V-4), DC IT was
temporarily discontinued but proposed again when the
clinical and radiological pictures improved, suggesting
that their previous symptoms were due to pseudo progres-
sion, likely caused by antitumor immune responses.

The activation of antigen-specific CD4* T cells was in-
vestigated by evaluating the coexpression of CD38 and
HLA-DR. On the basis of the evidence that CD4*T cells re-
spond to TT,** we examined the expansion of TT-specific
CD4*T cells, looking for the subset expressing low levels
of CD38 and positive for IFN-y and high expression of CD38
and CD127 markers.?® Given the fact that these CD38* T
cells are a subset of memory T cells, we found a low fre-
quency of CD38*T cells. Their modulation was only evident
in V-DENDR2 0S>9.

The increased frequency of CD4*T helper cells that are re-
quired to help CD8*T-cell responses® was associated with
clinical advantage in five patients, who survived longer
than 9 months. Immunological parameters, including ALC,
V/B ratio, and OS were not significantly affected by steroid
dosage and tumor volume at the first vaccination.

Also, an infiltration of cells positive for CD4 and CCL3
was visible in skin biopsies obtained after the sequence of
TT conditioning and DC injection, in good agreement with
data from Mitchell et al..'836

Our data cannot dissect what fraction of the immune
response and corresponding survival advantage can
be ascribed to the use of TT or the lack of TMZ. However,
these findings encourage larger studies on GBM patients
in the recurrent setting using DC after preconditioning
of the injection site (https:/clinicaltrials.gov/ct2/results
?cond=glioma&term=tetanus&cntry=&state=&city=&d
ist=). Result confirmation may open the way to further
studies attempting to increase DC responses and other
IT approaches by increasing neo-antigen presentation.
Preclinical data suggest that combination with local che-
motherapy,® RT,*” and possibly high-intensity focused
ultrasounds®® could be investigated. Recent clinical ev-
idence may imply that neoadjuvant rather than adjuvant
blockade of immune checkpoints creates a “warmer” en-
vironment in GBM facilitating immune responses orches-
trated by DC.56
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Supplementary material is available at Neuro-Oncology
Advances online.
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