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Abstract

The strength and durability of systemic anti-tumor immune responses induced by cancer vaccines depends on adjuvants to
support an immunogenic vaccine site microenvironment (VSME). Adjuvants include water-in-oil emulsions with incomplete
Freund’s adjuvant (IFA) and combinations of toll-like receptor (TLR) agonists, including a preparation containing TLR4
and TLR9 agonists with QS-21 (AS15). IFA-containing vaccines can promote immune cell accumulation at the VSME,
whereas effects of AS15 are largely unexplored. Therefore, we assessed innate and adaptive immune cell accumulation and
gene expression at the VSME after vaccination with AS15 and compared to effects with IFA. We hypothesized that AS15
would promote less accumulation of innate and adaptive immune cells at the VSME than IFA vaccines. In two clinical trials,
patients with resected high-risk melanoma received either a multipeptide vaccine with IFA or a recombinant MAGE-A3
protein vaccine with AS15. Vaccine site biopsies were obtained after one or multiple vaccines. T cells accumulated early
after vaccines with AS15, but this was not durable or of the same magnitude as vaccination in IFA. Vaccines with AS15
increased durable expression of DC- and T cell-related genes, as well as PD-L1 and IDOI1, suggesting complex activation
and regulation of innate and adaptive immune function with AS15. These changes were generally greater with vaccines
containing IFA, but IFA induced reduction in myeloid suppressor cells markers. Evidence of tertiary lymphoid structure
(TLS) formation was observed with both adjuvants. Our findings highlight adjuvant-dependent changes in immune features
at the VSME that may impact systemic immune responses.
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activation. TLR agonists have emerged as effective adjuvants
for inducing cellular and humoral immune responses [4]. and
a recently-approved vaccine for hepatitis B has enhanced
activity because it includes a TLR9 agonist as an adjuvant
[5]. For experimental cancer vaccines, agonists for TLRs 3,
4,7, and 9 have induced favorable cellular and/or humoral
responses and may either be more effective than using
incomplete Freund’s adjuvant (IFA), or may enhance the
activity of IFA [6-10]. However, remarkably little is known
about the cellular and molecular effects of adjuvants con-
taining TLR agonists at the vaccine site microenvironment
(VSME), and few studies have evaluated the effects of any
adjuvants over time at the VSME.

AS15 is a combination of a TLR4 agonist [3-O-desa-
cyl-4’- monophosphoryl lipid A (MPL, produced by GSK)],
a TLR9Y agonist [CpG 7909 synthetic oligodeoxynucleotides
containing unmethylated CpG motifs], and Quillaja sapon-
aria Molina, fraction 21 (QS-21, Licensed by GSK from
Antigenics LLC, a wholly owned subsidiary of Agenus Inc.,
a Delaware, USA corporation) in a liposomal formulation
[11, 12]. AS15 has been shown to support T cell and anti-
body responses to protein vaccines in several phase II and
phase III clinical trials in melanoma and NSCLC [11-15],
and those TLR4 and TLR9 agonists are employed in other
experimental vaccines. We have previously reported immune
response data from a clinical trial of vaccination with a
MAGE-A3 protein plus AS15 [16]. Secondary endpoints of
that study included evaluation of the VSME for immune cell
infiltrates and immune signaling, and biopsies were obtained
to enable those analyses. A primary goal of the present man-
uscript is to assess changes over time at the VSME induced
by this regimen.

Prior work in a mouse model has shown that peptide vac-
cination with a TLR agonist in an aqueous adjuvant induced
more durable immune responses than vaccination in IFA,
and that IFA induced chronic inflammation at the VSME that
recruited and retained T cells there[10]. However, we have
also previously found that inflammatory adverse events at the
vaccine site correlate with prolonged disease-free survival,
suggesting that accumulation of immune cells and inflamma-
tion at the VSME may in fact be associated with improved
clinical outcome in patients receiving these vaccines [17].
Additionally, in a separate clinical trial, we observed that
adding IFA to a melanoma peptide vaccine led to higher
and more durable T cell responses than using a TLR ago-
nist alone [7]. These findings warrant further investigation
into the local effects of vaccine adjuvants in human tissues
and comparison between vaccine adjuvants. In the present
study, we report changes over time in cellular infiltrates and
gene expression in the VSME from each of the two clinical
trials. We quantified innate and adaptive immune cell infil-
tration in the VSME and compared early responses (after
one vaccine, at one week) and late responses (after multiple
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vaccine replicates, at weeks 3 and 7) of either AS15 or IFA.
By quantifying the immune subsets accumulating in the
VSME and associated immune signaling at those sites, we
have generated more insight in the importance of adjuvant
choice in creating vaccine site inflammation and ultimately
systemic antitumor immune responses. We hypothesized
that AS15 would promote less chronic inflammation and,
thus, less accumulation of innate and adaptive immune cells
at the VSME than IFA, and that AS15 would induce less
T-cell retention, a stronger Th1-biased microenvironment,
and reduced regulatory T-cell accumulation.

Materials and methods
Patients and trials

Tissue samples were obtained from patients enrolled in the
Mel48 (NCT00705640) and Mel55 (NCT01425749) clinical
trials at the University of Virginia, which have been reported
[18-20]. For Mel48, 36 evaluable patients with resected
stage IIB-IV melanoma were randomly assigned to 2 study
groups based on vaccine regimen, each with 5 subgroups
based on date of vaccine site biopsy (Fig. 1). Each patient
received a 12-melanoma peptide (12MP) vaccine + tetanus
helper peptide with incomplete Freund’s adjuvant (Monta-
nide ISA-51, Seppic, Inc, Paris, France) in one extremity,
administered intradermal/subcutaneously. The majority of
patients also received replicate immunizations of adjuvant
only (group 1) or peptide vaccine + adjuvant (group 2),
administered at a site distant from the original vaccination.
Patients underwent biopsy of the replicate vaccine site on
days 1, 8, 22, 50, or 85 (subgroups A-E, respectively), after
0, 1, 3, 6 and 6, replicate vaccines, respectively. For the
present research project, patients who had biopsies at week
0 (day 1, groups 1A, 2A), week 1 (day 8, groups 1B, 2B),
week 3 (day 22, groups 1C, 2C) or week 7 (day 50, groups
1D, 2D) were analyzed (See Supplemental Table 1 for char-
acterization of sample analysis).

In Mel55, 25 eligible patients with resected stage [IB-1V
melanoma were randomly assigned to 2 study groups. Each
patient received a recombinant MAGE-A3 protein vaccine
combined with AS15 Adjuvant System, either intramuscu-
larly (group 1) or intradermal/subcutaneously (group 2), five
times at alternating sides in 3-week intervals. Vaccine site
biopsies were taken at two time points, on week 1 (day 8)
and week 7 (day 50) for patients in group 2.

All patients were studied following informed consent, and
with Institutional Review Board (IRB) approval (HSR-IRB
13,498 and 15,398, respectively) and FDA approval (BB-
IND #12,191, 14,654). At week 1, both Mel48 and Mel55
patients had received one vaccine. At week 3, Mel48 patients
had received 3 vaccines at the same site. By week 7, Mel48
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patients had received 6 vaccines at the same site and Mel55
patients had received 3 vaccines, two of which were at the
same site.

Immunohistochemistry and quantification

Vaccine site biopsies were formalin-fixed and paraffin
embedded by the Biorepository and Tissue Research Facil-
ity (BTRF) at the University of Virginia. Tissues were
stained by immunohistochemistry (IHC) with antibodies
to CD1a, CD8 and CD20 (DakoCytomation, Denmark),
CD4 (Vector, California), CD83 (Novocastra, Maryland),
FoxP3 (eBioscience, California), peripheral node addres-
sin (PNAd) and GATA3 (BD Pharmingen, California) and
Tbet (Santa Cruz, Texas). The staining protocols used have
been reported [19, 21]. Cell counts were enumerated with
an automated approach (for CD4, CD8, CD45) or manually
by a trained pathologist (for the remainder) and are reported
as cells per millimeter squared. Automated cell counts were
calculated by the Nikon Elements Software (Nikon, Melville
NY) after scanning the slides with Aperio CS slide scanner
(Leica Biosystems, Buffalo Grove IL). The algorithm used

was first tested by comparing automated and manual counts
for selected regions from 10 slides. Resulting counts dem-
onstrated a close correlation (R?=0.939, data not shown).
Eosinophils were enumerated manually by a trained pathol-
ogist (JP) on Hematoxylin & Eosin (H&E) stained slides.
Cells were enumerated separately in deep, mid and super-
ficial layers of the dermis. For final analysis, average cell
counts/mm? for only the mid and superficial dermis layers
were used to compare between trials. Where cell ratio was
analyzed and compared, the values were converted to natural
log transformed values prior to analysis. The two sample
T test was used to test for differences between Mel48 and
Mel55 results for each of the two time points, and for dif-
ferences in time within Mel48. To guide interpretation and
adjust for multiple comparisons, a p-value <0.005 is consid-
ered indicative of a potentially important difference.

RNA extraction and library preparation
Total RNA was isolated from cells collected at the VSME of

patients from Mel48 (weeks 0, 1, and 3) and Mel55 (weeks 1
and 7). RNA extraction was performed using the RNeasy Lipid
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Tissue MiniKit (Qiagen), according to manufacturer instruc-
tions. RNA samples were processed for library preparation
using the NEBNext Ultra II Directional RNA Library Prep
Kit (Illumina), according to validated standard operating pro-
cedures established by the UVA School of Medicine’s Genome
Analysis and Technology Core (RRID:SCR_018883). Briefly,
total RNA was used to isolate mRNA, using NEBNext Poly(A)
mRNA Magnetic Isolation Module (New England Biolabs,
Inc), followed by fragmentation and first & second-strand
cDNA synthesis and fragmentation, following manufacturer
recommendations. The resulting cDNA was end-repaired,
adenylated, and then subjected to sequence adapter ligation.
The final purified libraries were quantified and sized using the
Invitrogen Qubit 3 Fluorometer (ThermoFisher Scientific) and
Agilent Technologies 4200 TapeStation (Agilent).

Next-Generation sequencing run and QC

RNA sequencing was performed using the [llumina NextSeq
75 bp High Output sequencing kit reagent cartridge in con-
junction with the Illumina NextSeq 500 (Illumina, San Diego,
California; 75 cycles, single read sequencing), according to
the standard manufacturer- recommended procedure. Samples
were randomized into 4 groups and run sequentially on the
Ilumina NextSeq 500 for single-end sequencing. After transfer
to the Illumina Base Space interface, the quality of the runs
was assessed by the numbers of reads in millions passing filter
and the % of indexed reads.

RNA sequencing analysis

RNAseq reads were assessed for quality using FastQC. Tran-
script abundances and were quantified against the human refer-
ence genome, (Gencode v28 Transcripts, Ensembl GRCh38)
using Salmon [22] and read into the R statistical computing
environment as gene-level counts using the tximport package.
The DESeq?2 Bioconductor package [23] was used to normal-
ize for differences in sequencing depth between samples (using
the default median-of-ratios method), estimate dispersion and
fit a negative binomial model for each gene. The Benjamini
Hochberg False Discovery Rate procedure [24] was then used
to re-estimate the adjusted p-values. All statistical analyses and
data visualization, including GAGE [25], were done using the
R statistical computing environment and GraphPad Prism 8
(GraphPad Software, San Diego, California, USA).

Results
Human subjects

Both trials included patients without clinical evidence of
disease, after resection of melanoma (at original diagnosis
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or restaged at recurrence). The 10 participants of the Mel55
trial whose vaccine site biopsies were evaluated in this study
included 40% females, median age 53, stages IIIB-IV based
on staging at recurrence, with 70% stage III (70% IIIB/C).
The 23 participants of the Mel48 trial evaluated in this study
included 30% females, median age 56, stages IIB-IV based
on staging at recurrence, with 78% stage I1I (65% IIIB/C).
Details are shown in Supplemental Table 1. All patients on
both trials had been rendered clinically free of disease by
surgery; so, they were also similar in having no measurable
melanoma at the time of study entry.

Accumulation of innate immune cells at the VSME
with AS15, compared to IFA

To assess immune cell accumulation over time in the VSME,
vaccine site biopsies were assessed by IHC for patients
treated with melanoma vaccines using AS15 (Mel55 trial) or
IFA (Mel48 trial), at weeks 1 and 7. Histology images from
Mel48 patients have been published [19]. Representative
sections from the Mel55 trial are shown in Fig. 2, demon-
strating cell aggregates through the dermis that vary among
patients. At week 1, numbers of mature DC’s (CD83) were
higher after IFA compared to AS15 (Fig. 3a, p<0.001, and
numbers of immature DC’s (CD1a) trended higher after IFA
(Fig. 3b, p=0.007). Eosinophils were rare in both patient
subsets at week 1 (Fig. 3c). At week 7, the VSME induced
with IFA had increased numbers of all three innate immune
cell subsets, compared to the VSME induced with AS15 as
adjuvant; however, when adjusted for multiple testing, none
are significant (p > 0.005, Fig. 3a—c).

Accumulation of adaptive immune cells at the VSME
with AS15, compared to IFA

We also evaluated the accumulation of adaptive immune
cells: CD4*, CD8" and CD20* lymphocytes in the dermis at
the VSME. At week 1 (1 week after the first vaccine), CD8"
T cell density trended lower with IFA (Mel48) than with
AS15 (Mel55) (Fig. 3d, p=0.029). There were no significant
differences between the two trials at week 1 in accumulation
of CD4* T cells (p=0.079) or CD20* B cells (p=0.081,
Fig. 3e,f). However, after 7 weeks, Mel48 VSMEs had
increased accumulation of CD4™ T cells, CD8™ T cells, and
B cells compared to week 1, whereas patients in Mel55 did
not (Fig. 3d—f). VSME densities of CD8 T cells and B cells
were significantly greater at week 7 for Mel48 patients than
MelS5 patients (p =0.003, p <0.0001, respectively) and
there was a trend for more CD4 T cells (p=0.015). These
data suggest that repeat vaccination with IFA at the same
site enhances inflammation and durable accumulation of T
and B lymphocytes, whereas AS15 only induced short-term
accumulation of T cells.
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Fig.2 Example IHC stains for CD4 on MEL55 VSME biopsies for patients 15,341 (a) and 16,578 (b) one week after vaccination, with high
power images in panels (¢) and (d), respectively. Deep and superficial perivascular dermal lymphoid aggregates are evident in both cases

Vaccines sites that received IFA had higher
expression of retention integrin subunits alpha1l
and beta1 and homing receptor subunits alpha4
and beta7

We have previously observed that T cells accumulating at
vaccine sites have high expression of retention integrins
alpl, a2p1, aEP7 [18]. Therefore, we hypothesized that
expression of these retention integrins, as well as the homing
integrin o4f7, would be induced in highly inflamed vaccine
sites induced by IFA in Mel48. To evaluate expression of
these molecules, we compared VSME-derived gene expres-
sion data from Mel48 and Mel55 trials. For these studies,
VSME biopsies were evaluated by RNAseq from weeks 1

and 7 from the Mel55 trial and from weeks 1 and 3 from the
Mel48 trial. The alpha chains al and a2 only dimerize with
p1, and oE only dimerizes with 37; thus, expression of al1f1,
oa2p1, aEP7 can be evaluated by expression of the genes cor-
responding to the alpha chains (ITGA1, ITGA2, and ITGAE,
respectively). ITGA4 and ITGB7 encode a4 and 7, respec-
tively. Expression of ITGA1, ITGB1, ITGA4, and ITGB7
were significantly enhanced at week 3 post vaccination with
IFA (Mel48 W3) compared to normal skin, Mel48 week 1
and Mel55 (Supplemental Fig. 1). In contrast, ITGA2 (a2)
and ITGAE (aE) did not increase in either trial, suggesting
that cells accumulating at the vaccine sites treated with IFA
may use alphadbeta?7 to home and alphalbetal to be retained
at the site.
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Fig.3 Number of immune cells per mm?2 of vaccine site biopsies
in both the superficial and mid deep layers of the skin. Displayed
are number of CD83+cells (a), CD1A +cells (b), and square root
of Eosinophils (¢), CD8" cells (d), CD4" cells (e), CD20" cells (f),
GATA3" cells (g), Tbet" cells (h) or FoxP3* cells (i) week 1 and

Th2/Th1 and CD8/FoxP3 ratios at the VSME

To assess the Th1 and Th2 phenotype of T lymphocytes in
the VSME, biopsies were evaluated by IHC for transcrip-
tion factors Tbet, GATA3, and FoxP3, which mediate Thl,
Th2, and Treg programming, respectively. There were more
CD4* and CDS8™ T cells in the VSME of Mel48 at week 7
compared to Mel55 (Fig. 3) [19]; thus, it is not surprising
that more Tbett, GATA3" and FoxP3™" cells were evident
at this time point (Fig. 3g—i); however, proportions of those
cells are likely more informative about the VSME. At week
1, the GATA3/Tbet ratio was significantly lower in Mel55
than for Mel48 p=0.004, Fig. 4a). However, by week 7, the
GATA3/Tbet ratio was similarly low for both trials. This
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week 7 after the first vaccine in MEL48 (with IFA) and MELS55 (with
AS15). All p values have been corrected for false-discovery rate as
stated in the methods and statistical significance was determined at
p<0.005

was explained by a significant decrease in the ratio in the
Mel48 samples, as previously reported [19] and as evident
in Fig. 4a (p =0.005), but no change was evident in that ratio
over time for Mel55 samples. However, the Th2/Thl ratio
remains above 1, indicating that, regardless of the adjuvant,
the VSME appears to be Th2-dominant by this measure
(Fig. 4a, ¢).

Also evaluated was the accumulation of FoxP3™" cells,
which likely represent regulatory T cells. At week 1, the
proportions of FoxP3* cells were similar in patients from
both trials (Fig. 4c), and the CD8/FoxP3 ratios were simi-
larly high (Fig. 4b). On the other hand, proportional density
of FoxP3™ cells increased by week 7 in the IFA samples
(Mel48, Fig. 4c), accompanied by a decrease in CD8/FoxP3
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ratio (Fig. 4b, p=0.003). The same change was not seen
with vaccines containing AS15 (Mel55), so that the CD8/
FoxP3 ratios at week 7 were significantly lower for Mel48
than for Mel55 (p <0.001, Fig. 4b).

Peripheral node addressin is expressed in vaccine
sites of patients treated with AS15 as adjuvant

Peripheral node addressin (PNAJ) is the classic ligand for
L-selectin, enabling naive T cells to recognize high endothe-
lial venules in lymph nodes as a critical first step enabling
transmigration into the node [26]. We have previously
reported that PNAd* HEV-like vessels can be induced, in
association with lymph node like structures, in the VSME
of some patients after repeated injection of vaccines in IFA
[21]. Staining the VSME for PNAd after AS15 injections
identified PNAd* vasculature, surrounded by immune cells
in VSME biopsies of 3 out of 12 patients (4/22 specimens:
2/11 at week 1 and 2/11 at week 7, Fig. 5). This suggests
that AS15 may be capable of generating tertiary lymphoid
structures (TLS) containing high-endothelial venues in some
patients.

AS15 and IFA induce expression of TLS —associated
genes

To evaluate factors that may contribute to TLS formation
in AS15- and IFA-treated VSME, we compared VSME-
derived gene expression data from both trials. A list of tar-
get genes was developed based upon a previously defined
12- chemokine TLS-associated gene signature[27], plus

u FoxP3 m GATA3 = Thet

6 additional genes (BAFF, APRIL, LIGHT, lymphotoxin
alpha [LTA], lymphotoxin beta [LTB], CD20), which have
been shown in other work to be correlated with TLS forma-
tion [28-35]. Compared to control normal skin, there were
significant (p <0.05) increases in expression of 16 of these
18 genes in the VSME skin 1 week after AS15 injection
(Mel55 week 1, Fig. 6 & Supplemental Table 2). By week 7,
mean expression had dropped in 5/18 of the TLS-associated
genes, compared to the week 1 time point, with only 8 genes
significantly increased at week 7 compared to normal skin
(p <0.05). These findings are consistent with the reduced
immune cell accumulation upon repeat vaccination with
AS15.

In contrast, in IFA-treated samples, there were no sig-
nificant increases in TLS-associated gene expression over
control at week 1 (Mel48 week 1, Fig. 6). Compared to
the AS15 treated samples, mean expression at week 1 was
significantly lower in the IFA-treated samples for 4 of the
genes. However, expression of these TLS-associated genes
increased significantly upon repeat vaccination with IFA.
By week 3, 16/18 genes were more highly expressed in IFA
treated patients over control normal tissue (p <0.05), with
16 of them significantly higher in IFA-treated samples than
in AS15 treated samples after the 3rd vaccine.

Comprehensive analysis of changes at vaccine site
after AS15 adjuvant

In addition to the TLS-associated gene signature, we aimed

to more comprehensively analyze changes in gene expres-
sion at the VSME post AS15 injection and to compare these
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Fig.5 Examples of PNAd staining in vaccine sites of MELSS5 in
superficial dermis (a) and deep dermis/subcutaneous (b). Normal
lymph node was used as control (c¢). Small hematoxylin-staining
nuclei clustered around PNAd + vessels in a and b are consistent with
lymphocytes and other immune cells

to known gene expression changes by IFA [36]. Differential
gene expression was determined as > fivefold change over
normal skin with and adjusted P-value of < 0.05 [37]. Over-
all, AS15-containing vaccines induced a total of 657 genes
that were differentially expressed for both time points com-
bined, with 554 upregulated and 103 downregulated genes
(Supplemental Fig. 2a, b). The vast majority of differentially
expressed genes were only present at day 8 post vaccination,
though 149 (up) and 58 (down) were differentially expressed
at both time points (Supplemental Fig. 2a, b). Genes upregu-
lated at both time points included T cell markers, DC mark-
ers and granzymes. Similarly, pathways for T cell receptor
signaling, antigen processing and presentation and leukocyte
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trafficking were upregulated in both time points, compared
to normal skin (Supplemental Fig. 3). This suggests that,
despite the lower and less durable accumulation of T cells
and DCs at the VSME of AS15 vaccinated patients when
compared to Mel48, they are significantly more present and
durable when compared to normal skin. Therefore, AS15
does induce durable immune accumulation at the vaccine
site, though not to the same extent as IFA.

AS15 and IFA induced components of FAS-mediated
apoptosis pathway

Our data showed that despite a larger and more durable accu-
mulation of DC and T cells at the VSME with IFA compared
to AS15, there was significant and sustained increased T
cell gene expression and other immune-related pathways
with AS15 compared to normal skin. Murine studies have
shown that IFA actually induced high accumulation at the
VSME, but at the same time induced T cell deletion and
immune suppression mediated by myeloid-derived suppres-
sor cells (MDSCs) and FAS-FASL driven T cell killing [10].
Thus, we hypothesized that MDSC-related genes and genes
involved in FAS signaling were induced after IFA but not
AS15. Interestingly, MDSC-specific genes were not upregu-
lated by either IFA or AS15 besides generic myeloid marker
CD14 (Fig. 7a—d). In fact, in addition to previously reported
Arginase-1[36], GITR and Syndecan-4 were downregulated
after IFA. All three MDSC-related genes were unchanged
after AS15 compared to control skin (Fig. 7b—e). Other sup-
pressive molecules PD-L1 and IDO were increased signifi-
cantly after IFA and AS15, though to a lesser extent and not
durably with AS15 compared to IFA (Fig. 7f, g). This sug-
gests there are suppressive mechanisms at play at the VSME
of patients vaccinated with IFA or AS15. Similarly, compo-
nents of the FAS-mediated apoptosis pathway were induced
with both AS15 and IFA, though this was only extended to
the later time point with IFA (Fig. 7h—1). However, inhibitor
of FAS-mediated killing FLIP was expressed at high levels
at the same time point after IFA (Fig. 7m), though never
with AS15, suggesting that there may be negative feedback
loop dampening T cell deletion after IFA but not AS15.
Thus, accumulation of immune cells, after vaccination with
AS15 may not be accompanied by inhibition or deletion to
the same extent as IFA, leading to fewer in number, but more
functional immune cells.

Discussion

In this study, we have analyzed the VSME following immu-
nization with a MAGE-A3/AS-15 vaccine at two time points
and compared findings to similar time points from a separate
clinical trial using IFA as an adjuvant. There were significant
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Fig.6 Individual gene expression of eighteen genes that have been
previously associated with TLS formation: a BAFF, b APRIL, ¢
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data was obtained from vaccine site biopsies of patients treated with
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pre-vaccination for control purposes (n=3). For patients treated with

differences in the VSME between the two immunotherapeu-
tic approaches. The findings support our hypothesis that a
vaccine containing AS15 would induce less accumulation of
innate and adaptive immune cells, as well as FoxP3* cells,
at the VSME than a vaccine incorporating IFA. Lymphocyte
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IFA, gene expression is shown at week (w) 1 (n=5), and week 3
(n=4), following initial vaccination at a site separate from the biop-
sied tissue. For patients treated with AS15, gene expression is shown
at week 1 (n=10) and week 7 (n=9), following initial vaccination
at a distant site. For factors of significance: *p<0.05, **p<0.01,
*#%p <0.001, ¥***p <0.0001; derived from differential gene expres-
sion

accumulation differed significantly between the two groups,
with CD8* T cells, B cells, and FoxP3™" cells all accumulat-
ing within the VSME in significantly higher numbers by
week 7 in Mel48 samples than Mel55. While the increase
in FoxP3™ cells within the IFA-induced VSME at week 7

@ Springer



2160

Cancer Immunology, Immunotherapy (2021) 70:2151-2164

Syndecan 4
A cD14 B GITR C GITRL D N
15000 2 800 —_— 60 6090 *x rkkk
. *
ek de e e ° . )
600 . 6000 . oge
10000 o 82 40 . o
400 s _ 4000 b
°® o|® 0 ole
° 20
5000-] . 506 L o ® 2000 ﬁl
[ Jady )
; o}i o®
1 0 F] 0 T T T T T
0 r - . r I 0 T T T T T T T T T 3 - ® - ~
g £ 2 = E g 5 3 35 = g = £ = & : £ E T 2
< © © wn wn «© © el el < < w w
§ I I &8 3 § I 3 5 3 § I I &8 3 ° © @ § &
j} ) fr} fr} w w w w = = = =
= H H = = = = = = = = =
Arginase 1 IDO1 PD-L1
E 4000 o xx F S G 6000 s
oo 10000 ek ek FrYTy Sk
° %
3000 o 8000+
4000
6000
2000 . .
" $ 4000 - 2000
= 1000 2000
> o -
8 0 T T ° T T T T 0 T T T T T
g FASL FADD
N H 1500 s | 400- e J 10001 2
= TEEE o YT Tk
800 .
£ 300
= 1000+ s
o . 600 o | ®
2 200- .
500 . 400
100
° 200
ol eme §ES -
0- h T T T T T T T T T T
K Caspase 3 L Caspase 8 M FLIP
2500 . 3000 15000 Ekkk
e e e e e e Je ke [ ] e e e e e e Je ke
2000 .
. 2000 . 10000
| L ]
1000 ° ) .
1000 5000
500 | : | |5.E| | | | |

Control-
MEL48 W1
MEL48 W3-
MEL55 W1
MEL55 W7

Control-

Fig.7 Individual gene expression of MDSC-related genes (a—d),
inhibitory molecule genes (e—g) and genes involved in FAS-mediated
apoptosis (h-m). Expression data was obtained from vaccine site
biopsies of patients treated with IFA (MEL48) or AS15 (MELSS),
as well as normal tissue obtained pre-vaccination for control pur-
poses (n=3). For patients treated with IFA, gene expression is shown

could suggest a transition to a more suppressive environment
over time, it is also important to recognize that more regula-
tory T cells are expected in an inflammatory environment,
as CCL22 production by activated CD8 T cells effectively
recruits these cells. Additionally, despite the greater accu-
mulation of immune cells at the VSME with IFA, expres-
sion of DC- and T cell-related genes was induced with
AS15 compared to normal skin. Furthermore, in addition
to greater FoxP3™ cell accumulation, CD8 T cell inhibitory
pathways, including PD-L1 and IDO, were also increased
with IFA, compared to AS15, though both adjuvants induced
PD-L1 and IDO over normal skin. Neither induced MDSC
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at week (w) 1 (n=5), and week 3 (n=4), following initial vaccina-
tion at a site separate from the biopsied tissue. For patients treated
with AS15, gene expression is shown at week 1 (n=10) and week
7 (n=9), following initial vaccination at a distant site. For factors of
significance: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001;
derived from differential gene expression

suppressive pathways. These results suggest that AS15
induces a less suppressive environment than IFA, but this
is accompanied with low levels of immune cell accumu-
lation. Future analysis will have to determine whether the
suppressive and inhibitory mechanisms at the VSME are a
direct result of the increased inflammation and whether this
inflammation and accumulation of immune cells is benefi-
cial or harmful to the induction and/or maintenance of the
systemic response.

Regardless of the density of lymphocytes at the vaccine
site, there appears to be a Th2-dominant phenotype, both in
Mel48 and Mel55 at weeks 1 and 7. The Th2 cytokine IL-5
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can induce eosinophils; thus, additional evidence for Th2
dominance in the VSME after IFA included a marked accu-
mulation of eosinophils identified at week 7 for the Mel48
patients[19, 38]; however, this was not seen in the Mel55
trial with AS15 (Fig. 3c), suggesting that the slight GATA3
dominance in Mel55 was not sufficient to enhance eosino-
phils in the VSME, and that the much higher GATA3/Tbet
ratio early in IFA-injected sites may have a greater biologic
effect.

We have previously reported that CD8" T cells retained
at vaccine sites have increased expression of the retention
integrins alf1, a2p1, and aEP7, which may explain a mech-
anism for their retention in the peripheral tissues [18]. Here
we find that gene expression for integrin subunits oland
B1 are significantly induced by vaccination with IFA, sug-
gesting an increase in infiltration of cells expressing the
alPl integrin. T cells expressing alpfl (VLA-1, CD49a)
have been identified as long-lived resident-memory T cells
in peripheral tissues [39—41]; so, their presence in vaccine
sites may be favorable, and is not entirely consistent with the
findings in murine studies where T cells recruited to vaccine
sites do not survive there long-term [10].

The enhanced accumulation of B cells in the Mel48 trial
patients may reflect TLS development, as B cell clusters
are critical components of TLS. TLS accommodate recruit-
ment and activation of naive T cells, are observed in chroni-
cally inflamed tissues, and can support antigen-specific T
cell responses [42—45]; so, the formation of these structures
could potentially enhance T cell reactivity of vaccines. We
have previously demonstrated that IFA-containing vaccines
can induce formation of TLS in the VSME, including (DC-
LAMP* CD83%) DC in 12/18 patients [21]. Upon single
vaccination with IFA alone, TLS formation was somewhat
disorganized, peaked within 1 week following injection,
and dissipated after about 2 weeks [21]. However, repeated
vaccination with IFA, together with melanoma peptides,
induced more prominent and organized TLS formation,
including organized B and T cells areas as well as expression
of lymphoid-associated chemokines, including CXCL13 and
CCL21 [21]. In the present study, we observed the chang-
ing expression of TLS-associated genes over time, following
both single and repeat vaccination with IFA or AS15. Our
data support and expand upon our previous findings. One
week following one vaccine with IFA, a modest increase in
TLS-associated gene expression was observed compared to
normal tissue. Repeat vaccination with IFA appears to aug-
ment this response, as demonstrated by the dramatic increase
in gene expression seen when comparing the effects of 1
versus 3 vaccinations.

The immune cell infiltration data suggest that IFA
enhances infiltration of immature and mature DC. Clas-
sically, inflammation in the skin induces maturation of
Langerhans cells and dermal DC, and those maturing DC

migrate to the draining nodes within hours to a few days
[46—48]. Thus, the greater accumulation of mature (CD83%)
DC in the IFA group suggests that this adjuvant either slows
DC migration to the draining nodes or supports DC matura-
tion on a continuing basis after vaccine administration. It
is possible that many of the adaptive immune cells present
in the VSME at week 7 in Mel48 samples may be residing
in TLS, potentially serving as sites of further, long-term
antigen-specific immune cell activation in situ. It may fol-
low then that the accumulation of DC in the VSME upon
vaccination with IFA can be explained, at least in part, by
retention of DC in TLS in the VSME, where they may be
able to support presentation of antigen locally.

While our data also support the ability of AS15 to induce
TLS formation, the extent, composition, and timeline for
development appear to differ from that of IFA. Specifically,
single vaccination with AS15 induced TLS-associated gene
expression to a stronger degree than that of single vaccina-
tion with IFA. However, despite the increased gene expres-
sion, AS15-treated biopsy sites had lesser accumulation of
CD83" DC, compared to [FA-treated sites at a similar time
point. Furthermore, unlike the augmented response seen
upon repeated vaccination with IFA, TLS-associated gene
expression either declined or remained stable following
repeat vaccination with AS15. PNAd staining and immune
cell infiltration data corroborate this finding, as the num-
ber of PNAd* biopsy sites did not increase with repeated
AS15 vaccination (Fig. 5). Similarly, the accumulation of
immune cells remained stable between the two vaccination
time points. Thus, it appears that while single vaccination
with AS15 induces TLS-gene expression to a greater degree
than IFA after 1 week, the latter agent may induce second-
ary effects that evolve over time but support stronger, more
durable TLS formation. Previous studies have found that
the structure and formation of TLS’s vary depending upon
certain variables, including anatomical site and tumor type
[35]. In light of our findings, it seems plausible that vaccina-
tion composition may also affect the formation and possibly
even the function of TLS.

A limitation of the comparisons between the two studies
is that, in addition to differences in the adjuvants, there were
differences in the antigen used between the trials: AS15 was
combined with recombinant MAGE-A3 protein, whereas
IFA was combined with 12 short melanoma peptides. Pro-
tein antigens and peptide are different in that protein must
be processed by professional APCs, whereas peptides may
bind directly to cell surface MHC. However, both vaccines
have induced both CD8 and CD4 T cell responses [3, 16,
18]. Also, the peptide vaccine included a MAGE-A3 pep-
tide and three other MAGE-A antigens [18, 49]; so, there is
some antigenic similarity with the MAGE-A3 protein. We
have previously found that immune cell infiltrates and gene
expression changes induced locally at the VSME appear
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to be attributable to the adjuvant more than to the antigen
(19, 36). Thus, we anticipate that differences at the VSME
between these studies are likely to be driven primarily by
the adjuvant, though we acknowledge potential impact of
the antigen on the cellular and gene expression changes.
Another limitation of the present study is that biopsies were
evaluated at limited time points after vaccination, whereas
VSME infiltrates evolve over time. IFA-based emulsions
create a long-term antigen-depot, but aqueous vaccines like
the MAGE-A3/AS15 vaccines likely dissipate over hours
to days, which coincides with clinical resolution of ini-
tial redness and inflammation. Since biopsies were taken
7 days after vaccine administration, there may well have
been strong effects on T cell activation within those 7 days,
which are missed by the time of biopsy. Thus, evaluation
1-2 days after AS15 vaccines may reveal greater inflamma-
tory cell infiltrates than those one week after the vaccine.
Our results from week 7 are also limited by differences in
vaccine schedules. because the number of vaccines before
week 7 differ. However, the VSME evaluations at week 1
are comparable.

In summary, our data highlight effects of vaccine adju-
vants AS15 and IFA on the VSME. We found less accumula-
tion of innate and adaptive immune cells within the AS15-
induced VSME, compared to that of IFA. Though AS15 still
induced T cell- and DC-related genes compared to normal
skin. The AS15-induced VSME featured a lower number of
inflammatory cells, as well as less accumulation of FoxP3™*
cells, while IFA induced increases in FoxP3™" cells over time.
Similarly, AS15 induced lower levels of CDS inhibitory
pathways PD-L1 and IDO. The CD8/FoxP3 ratio was higher
with AS15 vaccines than IFA-containing vaccines, suggest-
ing that the reduction in FoxP3* cells with AS15 is due to
more than just a proportional decrease in overall immune
cell infiltration. Interestingly, AS15 vaccines induced a more
Thl-dominant VSME than IFA vaccines, at 1 week, but this
difference did not persist with repeated vaccination based on
biopsies at week 7. Evidence of TLS formation was dem-
onstrated with both adjuvants, though PNAd* vasculature
was observed in a smaller number of patients on the Mel55
trial than we have previously reported with IFA-based vac-
cines. Similarly, TLS-associated gene signature expression
appeared to be more transient in vaccination site biopsies
taken from AS15 treated patients, compared to their IFA
treated counterparts. Our findings represent new findings
about the dynamic effects of adjuvants on the VSME and
suggest the need for future studies to determine which of
these effects support optimal systemic T cell responses to
vaccines.
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