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ABSTRACT
We developed a therapeutic, gene-modified, allogeneic melanoma vaccine (AGI-101H), which, upon
genetic modification, acquired melanoma stem cell-like phenotype. Since its initial clinical trial in 1997,
the vaccine has resulted in the long-term survival of a substantial fraction of immunized patients (up to
20 years). Here, we investigated the potential molecular mechanisms underlying the long-lasting effect
of AGI-101H using transcriptome profiling of patients’ peripheral T lymphocytes. Magnetically-separated
T lymphocytes from AGI-101H-immunized long-term survivors, untreated melanoma patients, and
healthy controls were subjected to transcriptome profiling using the microarray analyses. Data were
analyzed with a multitude of bioinformatics tools (WebGestalt, DAVID, GSEA) and the results were
validated with RT-qPCR. We found substantial differences in the transcriptomes of healthy controls
and melanoma patients (both untreated and AGI-101H-vaccinated). AGI-101H immunization induced
similar profiles of peripheral T cells as tumor residing in untreated patients. This suggests that whole
stem cells immunization mobilizes analogous peripheral T cells to the natural adaptive anti-melanoma
response. Moreover, AGI-101H treatment activated the TNF-α and TGF-β signaling pathways and
dampened IL2-STAT5 signaling in T cells, which finally resulted in the significant up-regulation of
a BCL6 transcriptional repressor, a known amplifier of the proliferative capacity of central memory
T cells and mediator of a progenitor fate in antigen-specific T cells. In the present study, high levels
of BCL6 transcripts negatively correlated with the expression of several exhaustion markers (CTLA4,
KLRG1, PTGER2, IKZF2, TIGIT). Therefore, Bcl6 seems to promote a progenitor fate for cancer-experienced
T cells from AGI-101H-vaccinated patients by repressing the exhaustion markers.
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Introduction

We developed therapeutic allogeneic whole cell melanoma
vaccine (AGI-101H) that has been clinically tested since
1997 and enabled the long-term survival of a substantial frac-
tion of immunized patients.1-5 The AGI-101H vaccine is
comprised of two melanoma cell lines retrovirally-
transduced with a designer cytokine gene encoding a fusion
protein of interleukin 6 (IL-6) linked with the soluble IL-6
receptor (sIL-6R), referred to as hyper-IL-6 or H6.1-5 H6
modification led to the conversion of vaccine cells into mel-
anoma stem cells (MSCs)-like with high activity of aldehyde
dehydrogenase isoenzyme (ALDH1A1). The conversion
mechanism was later confirmed in breast cancer cells and
indicated that IL-6 induced activation of the JAK1-STAT3-
OCT4 pathway converted these cells into breast cancer
stem-like cells.6 Accordingly, beyond targeting melanoma dif-
ferentiated cells, the AGI-101H vaccine targets melanoma
stem cells.

Irradiated, life AGI-101H cells with H6 as a molecular
adjuvant provide complex priming through the delivery of
MSCs and differentiated melanoma antigens (e.g., NY-ESO,
gp-100, Tyrosinase), apoptotic bodies, and cytokines (e.g., IL-
12, IFN-γ).7-10 Also, at the site of vaccine administration, H6
enhances the activation of CD8+ T cells7 including the allo-
geneic CD8+ T cell response (unpublished), induced produc-
tion of GM-CSF,8 presentation of cryptic antigens and
maturation of dendritic cells (DCs), inhibition of regulatory
T cell (Treg) differentiation by inhibiting FOXP3 expression,9

and production of B cell-derived antibodies.10

The AGI-101H vaccine was delivered to patients with
advanced melanoma with both non-resected and resected
metastases (as part of EudraCT 2008-003373-40 clinical trial,
ETAM2-51,3,5). The vaccine was initially administered eight
times in two-week intervals (induction phase) followed by
once per month until death (maintenance phase). In case of
recurrence, the induction phase was repeated with or without
surgery and followed by a maintenance phase.1,3,5
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A significant number of AGI-101H-treated patients are still
alive – out of 138 patients in ETAM2-5 study, 96 patients
(69.6%) are alive for up to 20 years since the first administra-
tion of AGI-101H vaccine (the mean time of the treatment is
196 months and ranges from 144 to 245 months among the
surviving group). A subset was randomly selected for partici-
pation in the present study. Previously, we observed
a significant induction of functionally active ALDH1A1-
specific CD8+ T cell population and up-regulation of specific
anti-ALDH1A1 antibodies in vaccinated patients4; however,
neither the global effect of AGI-101H administration nor it’s
underlying mechanism have been fully characterized.

The primary goal of the present study was to characterize
the molecular profiles of the peripheral T cells from long-term
survival patients treated with AGI-101H and compare these
with the profiles from untreated patients with melanoma and
healthy donors using whole transcriptome microarray
analysis.

As expected, substantial transcriptomic differences were
found between healthy controls and patients with melanoma.
Interestingly, the differences identified between healthy con-
trols and AGI-101H-immunized patients were even more
pronounced (relative to untreated melanoma patients),
despite these patients being tumor-free for an average of
196 months and considered healthy. The observed similarities
between the transcriptome profiles of untreated and AGI-
101H-treated patients suggest that immunization has induced
analogous peripheral T cell mobilization as untreated tumors
residing in patients.

Microarray technology enabled the identification of a BCL6
transcriptional repressor as a gene that is significantly differ-
entially expressed in all of the tested groups. The role of Bcl6
in T cell differentiation, survival, and long-term proliferation
has been studied extensively.11-16 Bcl6 enforced the progenitor
fate of antigen-specific T cells and facilitated their longevity
and proliferation. Moreover, Bcl6 repressed exhaustion of
antigen-specific T cells, which correlated with down-
regulation of “exhaustion markers”.14 Also, the expression of
BCL6 is tightly regulated during the development of specific
T cell subpopulations and its expression is induced and
modulated by several cytokines (e.g., IFN-γ, IL-6, type
I IFN, IL-12, TGF-β, and TNF-α) in a variety of cell types17-
23 and repressed by IL2-STAT5 signaling.24

In our study, BCL6 expression levels were the highest in
the peripheral T cells from AGI-101H-immunized patients
and inversely correlated with the expression of Bcl6 target
genes (CD69, GRP183, PRDM1) and several “exhaustion mar-
kers” (CTLA4, KLRG1, PTGER2, IKZF2, TIGIT). The signifi-
cant up-regulation of TGF-β and TNF-α signaling pathways,
as well as simultaneous down-regulation of the IL2-STAT5
signaling pathway in AGI-101H-immunized patients further
support the hypothesis that BCL6 up-regulation is an essential
effector of AGI-101H administration.

Bcl6 transcriptional repressor might reinvigorate T cells
and facilitate the progenitor-fate of cancer-experienced
T cells11-16 in AGI-101H-vaccinated patients by repressing
exhaustion markers. The presence of antigen-specific periph-
eral T cells that acquire stem cell-like properties, and are
regularly mobilized to respond to melanoma cells (upon

systematic vaccine administration) is likely what protects
AGI-101H immunized patients against melanoma relapse for
many years.

Results

Over 500 genes are significantly differentially expressed
in the peripheral T cells from AGI-101H-vaccinated
patients compared to untreated patients with melanoma

To compare the expression profiles of untouched peripheral
T cells from AGI-101H-vaccinated long term survivals (AV),
untreated melanoma patients (C) and healthy donors (H), we
performed magnetic separation of pan T cells from collected
PBMCs and further subjected the samples (briefly character-
ized in Table 1, Supp. Figure 1, and Supp. Table 1) for
microarray analyses. To determine whether pre-defined
groups (AV, C, and H) form separate or overlapping clusters,
normalized microarray data were subjected to principal com-
ponent analysis (PCA) using the ClustVis web tool.25 As
expected, samples from the same group clustered together
(Figure 1a). Samples from healthy subjects were clearly
demarcated from the other groups and samples from AGI-
101H-immunized patients (AV) formed a cluster that partially
overlapped with the untreated patients (C). In our analysis,
the first five principal components explain almost 70% of the
total variance (Figure 1b). The 50 top contributors to princi-
pal components PC1, PC2, and PC3 are presented in Supp.
Table 2.

Next, we compared the expression levels of 19,285 tran-
scripts from each group to each other in order to identify
genes in peripheral T cells that vary significantly in response
to melanoma growth and to AGI-101H immunization. This
analysis revealed substantial transcriptomic differences
between healthy controls (H) and untreated patients (C)
(Supp. Figure 2a). Almost 4,500 genes were expressed at
significantly higher (n = 1,688) or lower levels (n = 2,775) in
cancer when compared to healthy subjects. Even more sig-
nificant differences were found between healthy controls (H)
and AGI-101H at day 6 (AV) (Supp. Figure 2b). Over 6,000
genes were differentially expressed at either significantly
higher (n = 2,516) or lower (n = 3,671) levels in AGI-101H-
immunized patients relative to healthy controls. Differential
gene expression analysis between the AGI-101H-immunized
(AV) and untreated patients with melanoma (C) identified
538 genes (adj. p < .05) that were either up-regulated
(n = 165) or down-regulated (n = 373) in the vaccinated
patients (Figure 1c). The relative expression of these DEGs
is presented in Figure 1d. The expression pattern of these
markers in the peripheral T cells of AGI-101H-immunized
patients is the total opposite of the expression in the T cells of
healthy subjects (Supp. Figure 2c).

Significantly up-regulated markers in AGI-101H-
immunized patients are involved in the regulation of
gene transcription

All of the DEGs in the peripheral T cells from AGI-101H-
immunized patients relative to untreated patients with
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melanoma were further subjected for pathway analysis
using WEB-based GEne SeT AnaLysis Toolkit
(WebGestalt, http://www.webgestalt.org/).26 The ORA
revealed the enrichment of only two Reactome pathways
(FDR < 0.05) in the list of 165 up-regulated markers
(Figure 2a). These terms were strictly associated with gene
transcription (gene expression (transcription), enrichment
ratio = 2.265; RNA polymerase II transcription, enrichment
ratio = 2.184). Analogous analysis with the lists of 373
down-regulated markers revealed the significant enrichment
of 22 Reactome pathways mainly associated with signal
transduction, cell cycle, and cell metabolism (Figure 2b
and Supp. Figure 3). The protein-protein interaction net-
work formed within the significantly up-regulated markers
in the peripheral T cells from AGI-101H-immunized
patients is shown in Figure 2c. The top-ranking seed
genes (BCL6, BIRC2, CUL3, H2AX, HIF1A, MAPK8,
NMB, PCNA, PPP2R5C, SERINC1) are depicted as large
circles and 4 out of the top 10 seed genes (circled in red)
are either transcription factors or DNA-binding/DNA-
associated proteins. Moreover, the GO annotation using
DAVID further confirmed the significant up-regulation of
only three biological processes, all associated with the reg-
ulation of gene transcription in the top DEGs from the

AGI-101H-vaccinated patients compared to untreated
patients (Supp. Figure 4).

BCL6 transcriptional repressor up-regulation and
“exhaustion marker” down-regulation

To validate the expression differences discovered in the
microarray analysis, we used RT-qPCR with primers and
probes specific to each marker (Supp. Table 2). We focused
on the significantly DEGs (adj. p < .05) in the peripheral
T cells from AGI-101H-vaccinated patients compared to
untreated patients with melanoma (Figure 1c, gene names in
red). The expected gene expression patterns were confirmed
for all of the analyzed markers (PTGER2, BCL6, SKIL, CHKA,
ELL2) (Figure 3a). Additional RNA samples (validation
group) were analyzed to further strengthen our findings. We
observed identical patterns in relative gene expression levels
for PTGER2, BCL6, and SKIL (Figure 3b) markers as found in
the discovery group of samples.

Among others, BCL6 aroused our interest due to its role as
a transcriptional regulator (gene repressor) as well as its
involvement in T cell differentiation and exhaustion.11-16 We
analyzed the expression of Bcl6 target genes and several

Table 1. Characteristics of the patients enrolled in this study.

Patient Sex Age Stage
Time of vaccine
adm. [months]

Tumor-free
period
[months]

Pan T cell
separation [%CD2

+ CD3+]

RNA
quality
[RIN]

Tested on microarray
[y/n]

1 AV_1 M 70 IIIc 182 182 86.1 8.7 y
2 AV _2 M 41 IIIb 193 193 88.2 9.2 y
3 AV _3 F 54 IIIc 141 141 90.0 7.7 y
4 AV _4 F 63 IVa 135 135 79.9 8.1 y
5 AV _5 M 50 IVc 178 178 83.5 6.9 n
6 AV _6 F 60 IVa 167 167 80.2 NA n
7 AV _7 F 57 IIIb 169 169 80.5 NA n
8 AV _8 F 53 IIIc 143 143 83.7 7.9 n
9 AV _9 M 70 IIIc 147 147 81.9 8.7 y
10 AV _10 F 53 IIIb 141 141 82.4 7.1 n
11 AV _11 F 69 IVc 13 13 84.6 7.6 n
12 AV _12 M 55 IIIa 132 132 85.9 5.8 n
13 AV _13 F 76 IIIc 171 171 90.6 NA n
14 AV _14 M 68 IIIb 130 130 81.0 6.9 n
15 AV _15 F 71 IIIc 191 191 80.2 7.6 n
16 AV _16 F 65 IIIc 145 145 80.4 8.7 y
17 AV _17 F 59 IIIc 190 190 89.9 8.4 y
18 AV _18 M 68 IIIb 141 141 87.6 8.8 y
19 C_1 M 37 IIIa NA 0 80.1 8.8 y
20 C_2 M 61 IVc NA 0 80.8 8.7 y
21 C_3 F 64 IVc NA 0 83.2 8.6 y
22 C_4 M 60 ND NA 0 81.6 8.7 y
23 C_5 M 50 IVc NA 0 84.3 7.2 n
24 C_6 M 64 ND NA 0 80.9 8.7 n
25 C_7 M 78 IIIc NA 0 90 8.5 y
26 C_8 M 61 IVc NA 0 81.8 NA n
27 C_9 F 72 IVc NA 0 82.3 8.8 n
28 C_10 F 78 IVc NA 0 86.1 6.9 n
29 C_11 M 70 ND NA 0 83.9 8.5 y
30 C_12 F 33 IIIb NA 0 80.7 8.8 y
31 C_13 F 59 IVc NA 0 80.2 8.5 y
32 H_1 F 47 NA NA NA 80.3 8.8 y
33 H_2 M 60 NA NA NA 82.6 9.2 y
34 H_3 F 59 NA NA NA 81.9 9.0 y
35 H_4 F 55 NA NA NA 80.9 9.3 y
36 H_5 F 57 NA NA NA 84.5 9.5 y
37 H_6 M 35 NA NA NA 89.4 9.6 y
38 H_7 F 50 NA NA NA 88.3 8.9 y
39 H_8 F 36 NA NA NA 87.2 9.3 y

ND – no data, NA – not applicable; y- yes; n – no.
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exhaustion markers using normalized microarray data and
found that GPR183, CD69, and PRDM1 (encoding for
Blimp-1) target genes14 were down-regulated and, thus, inver-
sely correlated with BCL6 expression level (Figure 3c). RT-
qPCR analyses further confirmed this finding (Figure 3d). The
expression of several exhaustion markers (CTLA4, KLRG1,
PTGER2, IKZF2, TIGIT) was also down-regulated in the per-
ipheral T cells of AGI-101H-immunized patients compared to
healthy subjects and untreated patients (Figure 3e). This
observation was further confirmed using RT-qPCR analysis.
We observed analogous patterns in the relative gene expres-
sion levels for tested exhaustion markers (Figure 3a, f).

However, only CTLA4 and IKZF2 were significantly down-
regulated in peripheral T cells of AGI-101H-vaccinated
patients (AV) when compared to untreated patients (C).

Activation of TNF-α and TGF-β signaling pathways

Due to discrete changes in the relative gene expression levels
of the experimental groups and a rather small number of
samples in each group, we next focused on the whole differ-
ential gene expression profiles formed as rank gene expression
lists (ranked based on log2FC). As such, GSEA was performed

Figure 1. Differential gene expression analysis between peripheral T lymphocytes from patients with melanoma (c) and patients with melanoma treated with AGI-
101H 6 days after vaccine administration (AV) using HG U219 microarray data.
(a) Principal component analysis (PCA) of HG U219 microarray data for 19,285 markers from all biological replicates of AGI-101H-immunized patients 6 days after AGI-
101H administration, patients with melanoma not included in the clinical trial, and healthy controls (n = 12). Numbers in parentheses reflect the percentage of total
variance explained by the first and second PCs. Prediction ellipses are such that, with a probability 0.95, a new observation from the same group will fall inside the
ellipse. Dots represent samples and are colored accordingly: black – healthy, purple – cancer (non-immunized melanoma), orange – AGI-101H-vaccinated melanoma
6 days after immunization. Samples from healthy subjects cluster together and are clearly demarcated from other groups. (b) Scree plot of the percent variability
explained by each principal component. The first five principal components explain 69% of the variation. (c) Volcano plot of gene expression changes between
untreated patients with melanoma (c) and patients with melanoma treated with the AGI-101H vaccine 6 days after vaccine administration (AV). The number of
significantly differentially expressed genes (DEGs) with adj. p < .05 is shown in the volcano plot; orange – up-regulated, green – down-regulated markers. (d)
Heatmap of 538 DEGs between peripheral T lymphocytes from patients with melanoma immunized with AGI-101H and non-immunized patients with melanoma (adj.
p < .05). DEGs with |log2FC| > 1.0 are denoted and those selected for RT-qPCR validation are marked in red. Technical replicates in the microarray results are denoted
with „r”.
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to uncover the biological relevance of distinct transcriptome
profiles in the peripheral T cells of AGI-101H-immunized
patients (AV), untreated patients with melanoma (C), and
healthy subjects (H).

Compared to untreated patients with melanoma (C), the
transcription profile of AGI-101H-immunized patients (AV)
was highly enriched with genes that are significantly asso-
ciated with TNF-α signaling via NFκB (NES = 2.39,

Figure 2. Significantly up-regulated markers in the peripheral T cells of AGI-101H-immunized patients are mainly involved in the regulation of gene transcription.
(a) The overrepresentation enrichment analysis (ORA) revealed the enrichment of only two Reactome pathways (FDR < 0.05) in the list of 165 up-regulated markers.
Both terms are strictly associated with the regulation of gene transcription. (b) The ORA revealed the enrichment of 22 Reactome pathways (FDR < 0.05) in the list of
373 down-regulated markers. Enriched terms are mainly associated with cell metabolism and cell cycle. Each dot presents a Reactome term. The size and the color of
the dot depend on the number of overlapping genes between the tested list of genes and the term-associated genes. (c) The protein-protein interaction network
formed between significantly up-regulated markers in the peripheral T cells from AGI-101H-immunized patients. The top-ranking seed genes (BCL6, BIRC2, CUL3,
H2AX, HIF1A, MAPK8, NMB, PCNA, PPP2R5C, SERINC1) are depicted as large circles and 4 out of 10 seed genes (circled in red) are either transcription factors or DNA-
binding/DNA-associated proteins. Blue – relatively low gene expression, the average for each group, orange – relatively high gene expression, the average for each
group.
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Figure 3. The expression of BCL6 transcriptional repressor is significantly up-regulated in the peripheral T cells of AGI-101 immunized patients with melanoma and
negatively correlates with the expression of BCL6 target genes as well as the expression of “exhaustion markers.”
(a) The relative expression of selected markers (PTGER2, BCL6, SKIL, CHKA, ELL2) verified with RT-qPCR analysis using RNA samples previously tested in the microarray.
* p < .05, ** p < .01, *** p < .001; n = 8. (b) The relative expression of selected markers was assessed using all RNA samples from magnetically-separated, untouched
peripheral T cells from healthy controls, untreated patients with melanoma, and AGI-101H-vaccinated patients 6 days after immunization. * p < .05, ** p < .01, ***
p < .001; H = 8 samples, C = 13 samples, AV = 18 samples. (c) The expression of the BCL6 transcriptional repressor negatively correlates with the level of BCL6 target
gene (GPR183, CD69, PRDM1) expression in microarray data as determined using the Pearson correlation test. Red line – linear regression. The Pearson correlation
coefficient (r) is denoted in each graph. (d) The relative expression of BCL6 target genes was validated with RT-qPCR analysis using RNA samples previously tested in
the microarray. * p < .05, *** p < .001, **** p < .0001; n = 8. (e) Heatmap of selected exhaustion markers (CTLA4, KLRG1, PTGER2, IKZF2, TIGIT) in the peripheral
T cells of AGI-101H-immunized patients, untreated patients with melanoma, and healthy controls based on microarray data. Technical replicates in the microarray
results are denoted with „r”. Blue – the lowest value in each row, orange – the highest value in each row. (f) The relative expression of selected exhaustion markers
(CTL$, KLRG1, IKZF2, TIGIT) was validated with RT-qPCR analysis using RNA samples previously tested in the microarray. * p < .05, ** p < .01, *** p < .001, ****
p < .0001; n = 8.
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p < .001), TGF-β signaling (NES = 2.07, p < .001), and G2/M
checkpoint (NES = 1.92, p < .001); (Figure 4a, b, d). Moreover,
we observed significant depletion of IL2-STAT5 signaling
(NES = −1.34, p = .023) pathway in peripheral T cells from
AGI-101H-immunized patients compared to untreated
patients (Figure 4c, e).

Compared to healthy subjects, the transcriptome profile of
untreated patients with melanoma (C) was highly enriched
with genes that are most significantly associated with TNF-α
signaling via NFκB (NES = 2.60, p < .001), p53 pathway
(NES = 1.93, p < .001), and hypoxia (NES = 1.86, p < .001)
and strongly depleted of genes that are significantly associated
with E2F targets (NES = −1.35, p = .016), oxidative phosphor-
ylation (NES = −1.34, p = .009), and fatty acid metabolism
(NES = −1.33, p = .027) (Supp. Figure 5a). These biological
processes were similarly deregulated in the peripheral T cells
of AGI-101H-immunized patients (AV) relative to healthy
subjects (Supp. Figure 5b).

Discussion

There are five major findings of the study: (i) the transcription
profile of the peripheral T cells substantially differs between
healthy subjects and patients with melanoma (either untreated
or treated with AGI-101H), (ii) AGI-101H immunization
induces a similar transcription profile in peripheral T cells
as tumors residing in untreated patients, (iii) AGI-101H
immunization induces TNF-α (via NFκB) and TGF-β signal-
ing and depletes IL2-STAT5 signaling in peripheral T cells,
(iv) AGI-101H immunization up-regulates BCL6 expression,
and (v) Bcl6 represses the expression of T cell exhaustion
markers and, therefore, may enforce a progenitor-like fate of
cancer-experienced T cells.

The majority of investigations focus on T cell function
within the formed tumor microenvironment. To our knowl-
edge, there are only two papers comparing the transcriptional
profiles of peripheral blood cells from healthy subjects and
patients with advanced (stage IV) melanoma. Felts SJ. et al.27

demonstrated that CD4+ peripheral blood cells from patients
with melanoma display conservation in the overall transcrip-
tome profile compared to healthy subjects. The DEGs identi-
fied in this study were enriched for inflammatory response
genes and encoded membrane proteins involved in cell-cell
communication, cell adhesion and migration, and molecular
transport. However, the authors did not extrapolate the bio-
logical relevance of these observed alterations.

Another recently published paper used whole transcrip-
tome RNA sequencing to profile long non-coding RNAs in
multiple immune cell types in the peripheral blood of patients
with stage IV melanoma. As demonstrated by Wang L. et al.28

the peripheral blood CD4+, CD8+, and CD14+ cells from
patients with melanoma exhibited different expression pro-
files relative to healthy subjects. However, their investigation
mainly focused on the non-coding transcriptional landscape
specific to distinct immune cell classes (helper T cell, cyto-
toxic T cell, monocytes); as such, it provides informative,
insightful cell type-specific guidance relevant to targeted
immunotherapy regimens.

In the current study, we analyzed the mechanisms ongoing
in the circulation of patients with melanoma and assessed the
processes that underlie mounting an efficient immune response.
We previously described a functionally active, ALDH1A1-
specific CD8+ T cell population in the periphery of vaccinated
patients associated with AGI-101H treatment.4 After each vac-
cine dose, the number of ALDH1A1-specific CTLs significantly
increased and then returned to baseline levels by the next
booster (1 month later). Moreover, AGI-101H immunization
induced the generation of antibodies specific to ALDH1.

Therefore, we analyzed the expression profile of untouched
peripheral T lymphocytes from healthy subjects, patients with
melanoma, and long-term survival patients treated with AGI-
101H using microarray technology to determine the molecu-
lar mechanisms underlying the anti-cancer immune response.
The analysis of pan T cells may partially mask the variability
in gene expression profiles between CD4+ and CD8+ T cell
populations. Consequently, biologically significant heteroge-
neity within a population of T cells may be neglected.
However, despite this limitation, the panel of differentially
expressed genes provides novel insights into the cellular
response of peripheral T cells to AGI-101H administration.

First, using PCA,25 we demonstrated that samples from the
same group clustered together. The expression profile of per-
ipheral T cells of healthy subjects is clearly distinct from the
expression profiles of the other groups, with the highest
differences being between healthy control subjects and AGI-
101H-treated patients. This suggests that each sample harbors
transcriptomic features that are unique to the specific immu-
nological state of the patient (either healthy or cancer-
experienced) and further implies that only discrete differences
exist in transcriptional profiles of patients with melanoma
(either untreated or AGI-101 immunized), at least in their
peripheral T cells. Indeed, samples from untreated patients
with melanoma with non-resected metastases (C) and AGI-
101H-immunized patients (AV) partially overlap, which is
reflective of the substantial similarities in their transcriptome
profiles.

The number of significantly DEGs further confirmed the
presence of more robust discrepancies between AGI-101H-
vaccinated patients and healthy controls than between
untreated patients and healthy subjects, despite the AGI-
101H-immunized patients being tumor-free for an average
of 196 months and considered “healthy”.1,3,5 The low number
of DEGs in the peripheral T cells of AGI-101H-immunized
patients relative to the untreated ones suggests similar
mechanisms of peripheral T cells mobilization upon AGI-
101H administration and anti-melanoma natural host
responses. It was further confirmed by GSEA, which revealed
similar deregulation of biological processes in the peripheral
T cells of AGI-101H-immunized (AV) and untreated patients
(C) compared to healthy subjects.

Further insight into the DEGs using the WebGestalt online
tool enabled the identification of several significantly altered
Reactome pathways in the peripheral T cells of AGI-101H-
immunized patients. Interestingly, only two terms were
enriched in the list of up-regulated genes. Both terms are
strictly associated with gene expression. It was further con-
firmed with functional analysis with the DAVID tool. GO
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annotation revealed significant up-regulation of three biolo-
gical processes, all associated with the regulation of transcrip-
tion. It is generally accepted that the changes in phenotype
and function that characterize the differentiation of naïve

T cells to effector and memory cell fates are underscored by
large-scale, coordinated, and stable gene expression changes.29

Therefore, our results evidence the induction of peripheral
T cell specialization into distinct subpopulations, which is

Figure 4. Gene set enrichment analysis (GSEA) revealed significant up-regulation of TNF-a (via NFkβ) and down-regulation of IL2-STAT5 signaling in the peripheral
T cells from AGI-101H-vaccinated patients with melanoma.
(a) All 19,285 genes were sorted based on their log2FC value between AGI-101H-immunized patients and untreated patients (c) resulting in a pre-ranked gene list
that was further used in a GSEA analysis with Molecular Signature Database Hallmark Gene Set Collection as the gene set database. Only biological processes with
a nominal p-value < 0.05 and FDR < 10% are presented. (b) Activation of TNF-α in the peripheral T lymphocytes of patients with melanoma 6 days following
administration of AGI-101H confirms significant activation of the anti-tumor response and of T cell differentiation into functionally distinct lineages. (c) Down-
regulation of IL2-STAT5 signaling in the peripheral T lymphocytes from patients with melanoma 6 days following AGI-101H immunization. (d) Heatmap presenting
the expression of TNF-α (via NFkB) signaling hallmark genes (top) and TGF-β signaling hallmark genes (bottom) in the peripheral T cells from healthy subjects,
untreated patients with melanoma, and AGI-101H-immunized patients (average expression for each group). Blue – the lowest value in each column, orange – the
highest value in each column. (e) Heatmap presenting the expression of IL2-STAT5 signaling hallmark genes in the peripheral T cells from healthy subjects, untreated
patients with melanoma, and AGI-101H-immunized patients (average expression for each group). Blue – the lowest value in each column, orange – the highest value
in each column.
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tightly regulated at the transcriptional level. Moreover, 22
terms were enriched among the down-regulated markers
and these terms are mostly associated with signal transduc-
tion, cell cycle regulation, and cell metabolism.

Among the significantly up-regulated genes in the periph-
eral T cells of AGI-101H-immunized patients with melanoma,
BCL6 transcriptional repressor is the most interesting. Using
network topology-based analysis, BCL6 was discovered to be
one of the top-ranking seed genes. To confirm the biological
meaning of the observed accumulation of BCL6 in T cells, we
analyzed the expression of putative BCL6 target genes.13,14

Indeed, high BCL6 expression levels correlated with low levels
of all three tested target genes.

Moreover, we observed the down-regulation of several
markers associated with T cell exhaustion30,31 in the per-
ipheral T cells of AGI-101H-vaccinated patients, which is
consistent with a previous report on the exhaustion of
antigen-specific CD8+ T cells.14 The CTLA-4 signaling
has been shown to dampen immune responses against
infections and tumor cells.32,33 Treatment with ipilimu-
mab, the anti-CTLA-4 antibody, has been reported to
improve the survival of metastatic melanoma patients.34

Also, the co-blockade of TIGIT and PD-1 signals enhances
anti-melanoma immune responses and the efficiency of
controlling melanoma cells is higher compared to the
single blockade of PD-1/PD-L1.35 The IKZF2 transcription
factor, also known as HELIOS, was recently identified in
a network analysis as a potential inducer of the exhausted
state.36

In our data, we observed significant down-regulation of
CTLA-4 and IKZF2 expression in peripheral T cells of AGI-
101H-immunized patients. The level of TIGIT, another potent
exhaustion marker, was also reduced, although we did not
observe statistical significance. Interestingly, Cai Y. et al.37

have observed substantial TIGIT up-regulation in activated
CD4+ T cells in response to a novel Bcl6 inhibitor, FX1. Also,
Wang CJ. et al.38 have demonstrated significant up-regulation
of Bcl6 in CD4 T cells from anti–CTLA-4 antibody-injected
mice. Taken together, we suggest that high a level of BCL6 in
peripheral T cells of AGI-101H-immunized patients results in
dampening of T cell exhaustion.

Among the signaling cues that up-regulate BCL6 expres-
sion in peripheral T cells, IL-6 transiently induces BCL6
expression in newly activated CD4+ T cells.12 Our AGI-
101H cells secrete the H6 fusion protein,7,39 which displays
significantly higher activity than IL-6.40 Therefore, we believe
that BCL6 up-regulation in the peripheral T cells of vaccinated
patients is a direct result of AGI-101H administration.

Human naïve CD4+ T cell can be polarized into
T follicular helper (Tfh) cells by TGF-β signaling (either by
TGF-β/IL-12 or TGF-β/IL-23).22,41 The induction of TGF-β
signaling promotes the survival and function of antigen-
experienced T cells29,30 and induces the expression of BCL6
transcriptional repressor in T cells.31 In our study, we
observed a significant up-regulation in TGF-β signaling in
the peripheral T cells from AGI-101H-immunized patients
(vs. untreated melanoma and healthy controls), which may

be the second mediator of BCL6 up-regulation in response to
AGI-101H treatment.

Bcl6 also regulates CD8+ T cell homeostasis. Recently, Bcl6
was shown to enforce the progenitor fate of antigen-specific
CD8+ T cells.14 Antigen-specific CD8+ T cells are central to
the control of chronic infections and cancer but persistent
antigen stimulation results in T cell exhaustion, which further
leads to decreased effector function and reduced proliferative
capacity.42 As reported by Wu T. et al.14 BCL6 can be induced
in peripheral T cells by the TCF1 transcription factor and
TCF1+ virus-specific CD8+ T cells are less exhausted, persist
and recall better, and resemble Tfh cells. Also, Bcl6 acts as an
amplifier for the generation and proliferation of the central
memory CD8+ T (CD8+ TCM) cells.

16 As TCM cells expand
well in response to secondary activation and survive for long
periods of time, they are well poised to protect against large
tumor burdens, metastases, and relapses.43

Therefore, we suggest that, besides generating a population
of ALDH1A1-specific CD8+ T cells that acquire a central
memory phenotype, the AGI-101H vaccine’s mode of action
also includes the induction of BCL6 in peripheral T cells that
further regulates both CD4+ T cell differentiation and anti-
gen-experienced CD8+ T cell proliferation and stem cell-like
behavior.

Significant up-regulation of TNF-α signaling in the periph-
eral T cells of AGI-101H-vaccinated patients’ further supports
this hypothesis. It is well established that TNF-α signaling
regulates the frequency of effector and/or memory CD4+ or
CD8+ T cells generated from naive T cells in response to
antigen stimulation by providing proliferative and survival
signals either directly to the T cells or to the antigen-
presenting cells (APCs) with which they interact.44 We sug-
gest that the up-regulation of TNF-α signaling (via NFκB)
further contributes to the maintenance of melanoma-
experienced T cells that protect immunized patients from
relapse.

We also observed a significant down-regulation in IL2-
STAT5 signaling in the peripheral T cells of both healthy
subjects and AGI-101H-vaccinated patients. The IL2-STAT
signaling pathway is critical for regulatory T cell development,
homeostasis, and function. IL-2 receptor signaling activates
STAT545 and induces Blimp1 encoded by the PRDM1 gene,13

which is a potent negative regulator of BCL6 expression. As
such, an IL-2 → STAT5 → Blimp1 signaling axis prevents Tfh
differentiation through direct down-regulation of BCL6
expression.20 Therefore, we suggest that dampening IL2-
STAT5 signaling (and down-regulating PRDM1), together
with increased TGF-β signaling, results in the up-regulation
of BCL6 expression in the peripheral T cells of AGI-101H-
immunized patients and ultimately mobilizes peripheral
T cells to protect against further tumor development in mel-
anoma-experienced patients.

Bcl6 seems to facilitate the progenitor-fate of cancer-
experienced T cells in AGI-101H-vaccinated patients by
repressing exhaustion markers. The presence of antigen-
specific peripheral T cells that acquire stem cell-like properties
and are regularly mobilized in response to melanoma cells
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may ultimately protect immunized patients against relapse for
many years by keeping cancer cells in a dormant state.

Materials and methods

Patient and control groups

Two single-arm, open-label, single-institution, Phase II clin-
ical studies, referred to as “Trial 3” and “Trial 5,” were under-
taken. Trial 3 (“A Phase II trial: the evaluation of the efficacy
and toxicity of an allogeneic melanoma vaccine, genetically
modified, with interleukin 6/soluble interleukin 6 receptor
complex (Hyper-IL-6) in patients with resected metastases”)
and Trial 5 (“A Phase I/II clinical trial of melanoma immu-
notherapy with cellular vaccine modified with Hyper-IL-6 and
GMCSF”) were approved by the Regional Bioethics
Committee (RBC) in Poznan, Poland. In November 2008, all
138 living patients from the two trials were transferred into
the “Extended Treatment for Advanced Melanoma Patients
Transferring from Trials 2 to 5 (ETAM2-5)” study. The
ETAM 2-5 trial was approved by the RBC and the Central
Evidence of Clinical Trials (EudraCT Number 2008-003373-
40). As of November 26, 2017, 96 patients were still alive. In
this group, the mean time of vaccine administration is
196 months and ranges from 144 to 245 months (Supp.
Table 1).

18 long-term survivors enrolled into ETAM2-5 Trial were
eligible to participate in the present study, all of them are still
alive.1,3,5 Written informed consent was obtained from all
patients. Patients with no previous treatment were selected
to serve as the untreated melanoma group (n = 13). The AGI-
101H-immunized patients (n = 18) were randomly selected
for transcriptome profiling analysis (out of 96 immunized
patients, all in the maintenance phase). The characteristics
of the patients and healthy controls (n = 8) enrolled in this
study are presented in Table 1 and Supp. Figure 1. Disease-
free survival (DSF) was defined as the time between the last
diagnosed and resected tumor and peripheral blood mono-
nuclear cell (PBMC) isolation. The last column presents sam-
ples that were further analyzed with the microarray.

For microarray analyses (the discovery group), eight samples
per groupwere tested, half of them in technical replicates (random
selection). Samples from the untreated patients with melanoma
(C) and AGI-101H-vaccinated patients with melanoma (AV)
were randomly divided into a discovery or validation group.

PBMC isolation

Peripheral blood was collected from AGI-101H-treated
patients 6 days after vaccine administration, from untreated
patients (before any therapy was initiated), and healthy
donors. PBMCs were isolated within 3 hours by standard
gradient centrifugation in a Histopaque 1077 (Sigma-
Aldrich). Cells were cryopreserved using the CTL-Cryo™
ABC Media Kit (CTL), which ensures unimpaired PBMC
function, and were included for pan T cell separation.

Untouched pan T cell separation

Farer thawing, the PBMCs were subjected to magnetic bead-
based separation using the human Pan T Cell Separation Kit
(Miltenyi Biotec) according to the manufacturer’s instruc-
tions. Upon separation, the cells were washed twice with
PBS and their purity was confirmed by flow cytometry using
the CD2-FITC (BD Biosciences, clone S5.2) and CD3-PE-Cy7
(BioLegend, clone SK-7) antibodies. All samples except one
(sample name: AV_4) displayed a T cell purity > 80% (Supp.
Figure 1 and Table 1).

RNA isolation and determination of RNA integrity

Untouched, separated T cells were washed with PBS and lysed
with TRIzol® Reagent (Thermo Fisher) according to the man-
ufacturer’s instructions. The quality of the RNA samples was
determined by on-chip electrophoresis using an Agilent 2100
Bioanalyzer with the Agilent RNA 6000 Nano Kit according
to the manufacturer’s instructions. The average RNA integrity
number (RIN) was calculated by the software for the AGI-
101H-immunized patients (AV), untreated patients (C), and
healthy controls (H) and this was used to indicate the quality
of the RNA. Only samples with RINs above 7.0 were included
for further analysis. Samples were stored at −80°C.

Affymetrix U219 array strip

The Affymetrix procedure and methods of analyses were
performed according to the literature.46,47 Total RNA (50
ng) was amplified, biotin-labeled, and fragmented using the
Affymetrix GeneChip® 3ʹ IVT Express Kit (Affymetrix).
Biotin-labeled fragments of cDNA (5.5 μg) were hybridized
to the Affymetrix® Human Genome U219 Array Strip (48°C/
20 h). Next, the microarrays were washed and stained accord-
ing to the manufacturer protocol, using the Affymetrix
GeneAtlas Fluidics Station. The array strips were scanned in
the Imaging Station of the GeneAtlas System. Quality assess-
ments and preliminary analyses were performed with the
Affymetrix GeneAtlasTM Operating Software. The obtained
CEL files were imported into downstream data analysis as
previously reported.46,47

All further analyses were performed using the
BioConductor software, based on the statistical
R programming language. The Robust Multiarray
Averaging algorithm implemented in the “affy” package of
the BioConductor was applied for background correction,
normalization, and summation of the raw data.48 Biological
annotation was taken from the BioConductor “oligo” pack-
age where a complete gene data table was generated by
merging the annotated data frame object with the normal-
ized data set.49 The criterion for significantly changed gene
expression was based on an adjusted p-value < 0.05. The
results from this analysis are represented as volcano plots,
which reflect the total number of up- and down-regulated
genes.
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Principal component analysis

Principal component analysis (PCA) was performed using the
ClustVis web tool. For further details, see ref.25

Overrepresentation enrichment analysis

Overrepresentation enrichment analysis (ORA) with the
Reactome pathway functional database class (and genome
protein-coding as a reference set) was performed using the
WebGestalt tool (http://www.webgestalt.org/).26 A false dis-
covery rate (FDR) < 0.05 with a minimum of five genes per
category served as the threshold.

Network topology-based analysis

Network topology-based analysis with the protein-protein
interaction network from BioGRID (PPI_BIOGRID) as the
functional database class and the Network Retrieval &
Prioritization construction method was performed using the
WebGestalt tool.26 The FDR threshold was set at 0.05.and up
to 10 highlighted seed genes were selected in the network.

Functional analysis

The most differentially expressed genes (DEGs) (FC < 0.66 or
FC > 1.5, adj. p < .1) from the performed comparisons (C vs.
H, AV vs. H, AV vs. C) were subjected to functional annota-
tion and clusterization analyses using the DAVID (Database
for Annotation, Visualization, and Integrated Discovery)
bioinformatics tools.50 The gene symbols for the DEGs were
uploaded into DAVID using the “RDAVIDWebService”
Bioconductor library51 where DEGs were assigned to relevant
gene ontology (GO) terms and then analyzed for statistically
significant enrichment. The p-values of the selected GO terms
were corrected using the Benjamini–Hochberg FDR method
and thereafter referred to as “adjusted” p-values.

RT-qPCR analysis

The RT-qPCR analysis was performed to validate the micro-
array findings. Briefly, cDNA was synthesized from 0.5–1 μg
of RNA using the iScript cDNA Synthesis Kit (Bio-Rad)
according to the manufacturer’s instructions with 0.5–1 μg
RNA as the input template. For genes selected for validation,
specific intron-spanning primers were designed using the
Universal Probe Library System Assay Design Center
(Roche). Primer sequences are listed in Supp. Table 3.

Gene set enrichment analysis

Gene set enrichment analysis (GSEA, http://www.broad.mit.
edu/gsea/index.html) was used to detect the coordinated
expression of a priori defined groups of genes within the
tested samples. Gene sets are available from the Molecular
Signatures Database (MSigDB, http://www.broad.mit.edu/
gsea/.msigdb/msigdb_index.html). Briefly, GSEA generated
an enrichment score (ES) reflective of the degree to which
a gene set is overrepresented at the extremes (top or bottom)

of the entire list of microarray data – where genes are ranked
according to expression difference (signal/noise ratio)
between the tested group of samples: healthy controls,
untreated patients with melanoma, and AGI-101H-
immunized patients with melanoma. The ES calculation and
estimation of the statistical significance (nominal p-value),
together with the normalized enrichment score (NES) and
FDR calculations, have been previously described in detail.52

A total of 19,825 markers (previously ranked based on their
log2FC between analyzed groups) were imported for GSEA.
The GSEA was run according to the default parameters: each
probe set was collapsed into a single gene vector (identified by
its HUGO gene symbol), permutation number = 1,000, and
permutation type = “gene-sets.” The FDR was used to correct
for multiple comparisons and gene set sizes.
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