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ABSTRACT

Intratumoural administration of unmethylated cytosine-phosphate-guanine motifs (CpG) to stimulate toll-like
receptor (TLR)-9 has been shown to induce tumour regression in preclinical studies and some efficacy in the
clinic. Because activated natural killer T (NKT) cells can cooperate with pattern-recognition via TLRs to improve
adaptive immune responses, we assessed the impact of combining a repeated dosing regimen of intratumoural
CpG with a single intratumoural dose of the NKT cell agonist a-galactosylceramide (a-GalCer). The combination
was superior to CpG alone at inducing regression of established tumours in several murine tumour models,
primarily mediated by CD8* T cells. An antitumour effect on distant untreated tumours (abscopal effect) was
reliant on sustained activity of NKT cells and was associated with infiltration of KLRG1™ NKT cells in tumours and
draining lymph nodes at both injected and untreated distant sites. Cytometric analysis pointed to increased
exposure to type | interferon (IFN) affecting many immune cell types in the tumour and lymphoid organs.
Accordingly, antitumour activity was lost in animals in which dendritic cells (DCs) were incapable of signaling
through the type | IFN receptor. Studies in conditional ablation models showed that conventional type 1 DCs
and plasmacytoid DCs were required for the response. In tumour models where the combined treatment was
less effective, the addition of tumour-antigen derived peptide, preferably conjugated to a-GalCer, significantly
enhanced the antitumour response. The combination of TLR ligation, NKT cell agonism, and peptide delivery
could therefore be adapted to induce responses to both known and unknown antigens.
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Assuming that increased adaptive immunity induced by
intratumoural CpG is largely mediated through stimulation
of APCs engaged in restimulating activated T cells, or possibly
even priming de novo responses, it is worth noting that pattern
recognition alone may not maximize the stimulatory potential
of APCs. For example, resting APCs triggered via pattern
recognition receptors are known to upregulate IL-12p40 and
augment CD40 expression, but it is only with CD40 ligation
that significant increases in IL-12p35 are induced, leading to
production of the bioactive IL-12p70 heterodimer.?' Thus,
T cell-derived signals are required in addition to pattern recog-
nition. Although APCs in the tumour microenvironment or in
the draining lymphoid tissues are unlikely to be in a completely
resting state, the concept that contemporaneous T cell-derived
signals can feed back on APCs to augment pattern recognition
may still hold. These signals can include T cell-derived cyto-
kines, and other direct molecular interactions, in addition to
triggering of CD40.>>”>* One way to encourage this T cell
function in all individuals, irrespective of MHC haplotype, is
to exploit innate-like T cells with invariant TCR structures that
are restricted by conserved antigen-presentation molecules,
such as type I CDI1d-restricted natural killer T cells (NKT
cells). These cells respond to glycolipid antigens, with a-
galactosylceramide (a-GalCer) known to be a potent agonist
that is active in mouse models as well as in humans.>>?°
Administration of a-GalCer rapidly activates NKT cells,
which in turn provide molecular signals that activate
APCs.””*° Downstream, this leads to transactivation of natural
killer (NK) cells and enhanced adaptive immune responses.
Importantly, signals from activated NKT cells can cooperate
with pattern recognition via TLRs to further enhance this
process.’>>* A downside to this response, depending on
route and timing of administration, is enhanced release of pro-
inflammatory cytokines associated with toxicity.”'

To take advantage of the combined stimulatory activity of
NKT cell agonism and TLR ligation, while at the same time
reducing the potentially toxic side effects of a systemic cytokine
storm, we assessed the impact of combining intratumoural
administration of a-GalCer with CpG on adaptive antitumour
responses. Overall, we found that the combination of a-GalCer
and CpG induced significantly stronger antitumour responses
than either compound alone, including an abscopal effect, that
was CD8" T cell-mediated and associated with increased infil-
tration of NKT cells. For less immunogenic tumours, the
injection of antigenic peptide provided an additional advan-
tage, particularly if conjugated directly to a-GalCer to form
a self-adjuvanted vaccine.

Methods
Mice

Female and male mice were bred and housed by the
Biomedical Research Unit at the Malaghan Institute of
Medical Research. All animal experiments were performed
in accordance with relevant guidelines and regulations and
were approved by Victoria University of Wellington animal
ethics committee. Animals used included: C57BL/6] (origin-
ally from The Jackson Laboratory, Bar Harbor, ME, USA)

and the CD45.1 congenic strain B6.SJL-Ptprca Pepc”/Boy]
(from Ozgene Pty, Bentley, WA, Australia), BALB/cJ mice
(The Jackson Laboratory), Cdld~’~ mice®® and Traj18 '~
mice (B6(Cg)-Traj18™"'*"°/J; The Jackson Laboratory).**
Ifnar1"¥1°* mice®® were crossed with CD11c-cre mice (Tg
(Itgax-cre,-EGFP)4097Ach), and then an F2 cross performed
to give cre-positive IfnarlACD "¢ mice and cre-negative lit-
termates used as controls (Ifnarl™*). Experiments in
Clec9a-DTR mice, which express the human diphtheria
toxin (DT) receptor under the control of the Clec9a
promoter,”® and Siglec-H-DTR mice which express the
human DT receptor under the control of the Siglec-H
promoter,36 were conducted in F1 crosses with C57BL/6]
mice. Both were supplied by Nanyang Technological Unit,
Singapore.

Cell lines, media, and reagents

Murine tumour cell lines included: the T cell lymphoma EL4
transfected to express chicken ovalbumin (OVA),”” E.G7-
OVA; EL4-LA, originally derived from EL4, which was gener-
ated in-house; the melanoma line B16.F10; and the colon
carcinoma CT26 (all originally from ATCC, Manassas,
Virginia, USA). Cell lines were authenticated by genetic analy-
sis of microsatellite markers (IDEXX BioResearch, Columbia,
MO). Cells were cultured in complete Iscove’s modified
Dulbecco’s medium (cIMDM) comprising IMDM supplemen-
ted with 5% fetal bovine serum (FBS), 100 U/ml penicillin,
100 mg/ml streptomycin, 50 mM 2-ME (all Gibco, Grand
Island, NY, USA). The lung carcinoma line TC-1, which
expresses human papilloma virus (HPV) E6 and E7
oncoproteins®® was maintained in RPMI supplemented with
10% FBS, 1% penicillin/streptomycin, 1% glutamax and 1%
sodium pyruvate (all Gibco). For the transfected lines,
500 pg/ml geneticin (G-418; Gibco) was added for selection.
Cells were harvested and resuspended in incomplete IMDM
for subcutaneous (s.c.) engraftment. The class B CpG 1826 (5’
TCC ATG ACG TTC CTG ACG TT 35 Trilink
Biotechnologies, San Diego, California) was resuspended in
sterile injection water to 1.5 mM and diluted in PBS to
98 uM for injection, with 40 pl (25 pg) used per dose. The
NKT cell agonist a-GalCer was manufactured in-house as
previously described.”® Solubilization was achieved by freeze-
drying in the presence of sucrose, L-histidine, and Tween 20,*
and resuspending to 582 pM in sterile injection water; this was
diluted in PBS to 58 uM for injection, with 40 pl (2 pg) used per
dose. The a-GalCer-HPV E7 peptide conjugate was prepared
as described®’ using peptide FFRKGQAEPDRAHY
NIVTFCCKCDS that was N-terminally modified with ami-
nooxyacetic acid (AoAA) for oxime ligation (prepared in-
house). The conjugate was dissolved in DMSO (5 mg/ml),
freeze-dried in solubilization matrix as above, resuspended to
113 uM in water as frozen stock, and diluted in PBS to 58 uM
for injection, with 40 pl used per dose. Peptide
GQAEPDRAHYNIVTFCCKCDS was dissolved to 327 pM in
DMSO, diluted in PBS to 58 uM for injection, with 40 pl used
per dose. For in vivo cell ablation experiments, DT (Sigma-
Aldrich, Auckland, New Zealand) was maintained as 1 mg/ml
frozen stock and diluted in PBS for an i.p. injection of 15 ng/g



of body weight administered on days 4, 5 and 8 post-tumour
challenge. Information regarding CD8" cell depletion and
organ excision are provided in the Supplementary Materials
and Methods.

Intratumoural treatment

For experiments with EL4-derivatives, mice were challenged
with 1 x 10° cells s.c. in the flank. For B16.F10, 1 x 10° cells
were used, for CT26, 2 x 10° cells, and for TC-1, 1 x 10° cells.
Engraftment was on one or both flanks, as indicated in the text.
When average tumour size reached 36 mm” (calculated as the
product of the two bisecting diameters), mice were subjected to
intratumoural therapy; mice were anesthetized with isofluor-
ane (Sigma-Aldrich) using a SomnoSuite anesthesia system
(Kent Scientific), and compounds injected using 29 G needles.
For some experiments, compounds were injected s.c. peritu-
mourally, or s.c. on the contralateral limb from the tumour site.
tumour growth was monitored every 1-2 d until ethical end-
point, when tumour size on either flank exceeded 200 mm?>.
Survival was recorded as time from tumour implantation to
ethical endpoint.

Mass cytometry

For mass cytometry experiments, B6.SJL-Ptprca Pepcb/Boy]
(CD45.1) congenic mice were engrafted with E.G7-OVA cells
(CD45.2) subcutaneously on the flank and treated as indicated
in the text. At the designated experimental time points (9 or
12 days after tumour injection), peripheral blood, spleen,
tumour and draining lymph nodes (dLN) samples were col-
lected for analysis. Methodology is supplied in Supplementary
Materials and Methods. The optimized antibody panel used is
in Supplementary Table 1 with metal-conjugated antibodies
targeting CD45 to barcode samples according to treatment
(Supplementary Table 2).

Multiparameter spectral flow cytometry

For multiparameter spectral flow cytometry, C57BL/6] mice
were engrafted with 1 x 10® E.G7-OVA cells on both flanks,
with only one tumour subjected to treatment. Tissues were
collected and processed on day 12 after tumour challenge.
The antibody staining panel was optimized before use, as
described.*>** Antibodies, fluorophores and clones are pro-
vided in Supplementary Table 3. Methodology is supplied in
Supplementary Materials and Methods.

High-dimensional data analysis

For each tissue, mass cytometry data was cleaned by gating
out cell doublets and dead cells. For the tumour samples,
CD45.1-positive tumour cells were also gated out
(Supplementary Figure 1), and de-barcoded to identify
treatment groups, using FlowJo v10.5.3 software (Flow]o).
Downsampling from live/singlet/CD45" events was per-
formed to give consistent event numbers across all samples.
Data from all treatment groups was then combined for
t-stochastic neighborhood embedding (t-SNE)** to define
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clusters of phenotypic similarity using the Cytobank plat-
form (https://www.cytobank.org/) (Cytobank, Mountain
View, CA, USA).*> The gating strategy shown in
Supplementary Figure 1 was overlaid to identify clusters
representing major leucocyte populations. Heatmaps were
then generated for different cell types, where changes in
expression of selected markers in response to treatment
were calculated as mean fold-change of log,-transformed
median fluorescent intensity (MFI) values for treatment
on a given day relative to mean values derived from the
treatment associated with the lowest expression (across all
treatments and days). For spectral flow cytometry, data for
each tissue was cleaned as above using FlowJo v10.5.3 soft-
ware, and T cells, NK cells and NKT cells analyzed sepa-
rately, based on the gating strategy shown in
Supplementary Figure 2. Files containing only the cells of
interest were subjected to tSNE (Cytobank) and then the
FlowSOM R package (https://github.com/SofieVG/
FlowSOM)*® was used for cell subset clustering. This
involved first determining the optimal number of clusters
by identifying the smallest number of clusters that mini-
mized intra-cluster signal variance, and then establishing
the optimal cluster number for the full data set by taking
the median of the optimal numbers for each individual
marker. Marker enrichment modeling (MEM) analysis*’
was then performed in R to quantify each of the markers
expressed on each cluster (https://github.com/cytolab/
mem). This analysis scaled the median magnitude of differ-
ence in marker expression between clusters, depending on
the spread (interquartile variance) of the data, with these
values then computed in comparison to the remaining cells
in a given dataset. This meant MEM values could be posi-
tively enriched (positive values) or negatively enriched
(negative values). The percentages of cells in the different
clusters were calculated for each of the different treatments,
and in each tissue, followed by permutational multivariate
analysis of variance (PERMANOVA)*® using the vegan
package in R, to assess the median and variances of the
different treatment groups.*” The adonis function was first
used to prepare the data to allow for visualization with the
betadisper function; this generated dispersion plots, with
the median as the center for each group. To determine
the significance of differences between treatment groups
the pairwiseAdonis package was implemented.”® To identify
clusters of significance an indicator species analysis was
performed using the indicspecies package in R, following
separation of the data into intratumoural injected or con-
tralateral data where applicable.

Multicolor immunohistochemistry

For multicolor immunohistochemistry experiments, B6.SJL-
Ptprca Pepcb/Boy] (CD45.1) congenic mice were engrafted
with EG7.0VA cells (CD45.2) on both flanks, with only one
tumour subjected to treatment. tumour samples were collected
and snap-frozen in OCT on day 12 after tumour cell challenge
for analysis. Antibodies, fluorophores and clones are provided
in Supplementary Table 4. Methodology is supplied in
Supplementary Materials and Methods.
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Conventional flow cytometry

For conventional flow cytometry experiments, blood samples
were collected into 200 ul of 0.5 mM EDTA in PBS, centrifuged
at 1500 x g for 4 min and the supernatant removed. Red blood
cells (RBCs) were lysed with RBC lysis solution (QIAGEN,
Valencia, CA, USA), the centrifugation was repeated, and the
pellet resuspended in FACs buffer (PBS supplemented with 1%
FCS, 0.01% NaN3, 2 mM EDTA) and plated in 96 well plate for
staining. Methodology is supplied in Supplementary
Materials and Methods. Antibodies, fluorophores and clones
are provided in Supplementary Table 5.

Results

Intratumoural treatment with CpG and a-GalCer induces
local and distal antitumour immune responses that are
greater than observed with either agent alone

Antitumour effects of intratumoural CpG have been reported in
mice using different multiple dosing regimens.'®'> We initiated
our studies with engrafted E.G7-OVA tumours, a line derived
from the murine T cell lymphoma EL4 that has been modified
to express chicken ovalbumin (OVA) as a model of a tumour-
associated neoantigen. Earlier studies had shown that E.G7-
OVA is sensitive to a single intratumoural dose of 25 ug CpG
1826 (hereafter “CpG”) alone, but full regression was not
achieved.” In preliminary experiments, we established
a multiple dosing regimen with three treatments given four
days apart, where each treatment involved direct injection of
25 ug CpG on two consecutive days. We have previously
reported that contemporaneous intravenous co-administration
of a-GalCer with TLR agonists can enhance APC activation,
cytokine release and adaptive immunity, and that cytokine
release, in particular, can be enhanced further by introducing
the NKT cell agonist several hours before the TLR agonist.’>""
Therefore, we evaluated variations on the intratumoural regi-
men, where a single dose of 2 ug of a-GalCer was either co-
injected with the first dose of CpG, or where it was given 6 h
earlier (by delaying the first CpG dose by 6 h) (Figure 1a). To
examine the potential for an abscopal effect, tumours were
engrafted on both flanks and allowed to become established at
each site before intratumoural treatment was initiated at only
one site. The impact of the combined treatments was compared
to the use of each agent alone, with CpG given in the repeated
schedule, and a-GalCer as a single dose. To control for the
impact of injection alone, animals in the a-GalCer group, and
untreated controls, received repeated sham injections with PBS
vehicle with the same dosing schedule as used with CpG.
Intratumoural injection of CpG alone led to a modest anti-
tumour response with reduced growth relative to the control
group, while treatment with a-GalCer alone had no significant
impact (Figure 1b). However, reduced tumour growth was
observed with the combined treatment over either treatment
alone, with complete rejections observed in the majority of
animals. Notably, the untreated tumours on the contralateral
flank showed the same pattern of response to treatment.
Furthermore, in repeated experiments conducted in animals

with tumours on one flank, an additional survival benefit was
observed when the first dose of CpG was delayed (Figure 1c).
This regimen was adopted for most of the later studies.

A similar experimental setup with tumours on both flanks
was used to assess responses to EL4. Genetic analysis of
microsatellite markers (IDEXX BioResearch, Columbia,
MO) had shown that the line used had undergone some
genetic drift from the original reference EL4 cell line, and is
referred to here as EL4-LA. This cell line maintained features
of classical EL4 cells, including morphology and phenotype
by flow cytometry (data not shown). Treatment of mice
engrafted with EL4-LA with the different agents was generally
more effective than in mice engrafted with E.G7-OVA, sug-
gesting it was more immunogenic. Again, the combined
treatment was superior at reducing tumour growth compared
to the single agents (Figure 1d), with contralateral untreated
tumours responding similarly to the injected tumours. Over
repeated experiments conducted in animals with tumours on
one flank, a significant survival benefit was observed when
introducing a-GalCer into the repeated CpG treatment sche-
dule, with all but one of the 26 animals given combined
regimen, either co-injected or 6 h apart, completely rejecting
the tumour (Figure le).

To establish whether the efficacy of the a-GalCer and
CpG combination was specifically dependent on intratu-
moural effects, antitumour activity was compared between
groups treated via intratumoural, peritumoural, or subcuta-
neous (at a distal site) routes of administration. Of the
three routes, all conducted with the delayed CpG regimen,
intratumoural was the most effective, with the majority of
the mice completely rejecting the tumours (Figure 2a). Both
peritumoural and subcutaneous treatment induced
a tumour growth delay, but ultimately the vast majority of
animals succumbed to wunchecked tumour growth.
Therefore, the therapeutic agents have to be introduced to
the tumour microenvironment to induce the immune
changes associated with strong activity.

To test for the establishment of an adaptive immune
response with memory, animals that had been challenged on
one flank with EL4-LA, and were successfully treated with the
combined treatment regimen, were re-challenged on the oppo-
site flank. Half of these animals were administered an antibody
to deplete CD8" T cells before the tumour cells were injected,
while the remainder were administered an isotype control
antibody. All animals that received the control antibody
rejected the second round of tumour challenge, whereas
those that received anti-CD8 depleting antibody developed
progressing tumours (Figure 2b), suggesting effective treat-
ment was associated with a CD8" T cell-mediated memory
response.

To establish whether CD8" T cells were also the main
effectors in the immediate antitumour response to treatment,
depleting anti-CD8 antibodies, or isotype control, were
injected during the course of treatment of E.G7-OVA; tumours
were engrafted on both flanks, with only one site treated. In
mice that received the control antibody, regression of both
treated and contralateral tumours was seen in the majority of
mice, whereas there were no significant antitumour responses
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Figure 1. Intratumoural treatment with a-GalCer significantly enhances local and distal antitumour immune responses to intratumoural CpG. (a) Treatment schedule.
Treatment was either with repeated doses of 25 ug of CpG (green arrow), a single dose of 2 pg of a-GalCer (yellow arrow), or a combination of both where the first dose
of CpG was either given at the time of a-GalCer, or 6 h after a-GalCer. PBS was injected as a vehicle control for all injections. (b) Growth of E.G7-OVA tumours plotted for
each mouse per treatment group (n = 8-10), showing injected tumour and untreated tumour on contralateral flank. (c) Survival curves (to ethical endpoint) aggregated
over several experiments (total n = 15-28), in animals with E.G7-OVA tumours on one flank. *p < .05, ***p < .001, log-rank Mantel-Cox test. (d) Growth of EL4-LA
tumours plotted for each mouse per treatment group (n = 5-8 per group). (e) Survival curves aggregated over several experiments (total n = 10-13), in animals with
EL4-LA tumours on one flank. ****p < .0001 for CpG vs each combined treatment.
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Figure 2. Antitumour effect of CpG with a-GalCer requires direct injection, facilitating a CD8" T cell-mediated response to undefined tumour antigens. (a) Survival curves
showing CpG and a-GalCer treatment of E.G7-OVA tumours with the delayed CpG dosing schedule as in Figure 1, delivered intratumourally (i.t.), peritumourally (p.t.) or
subcutaneously (s.c.), versus intratumoural PBS treatment (blue) (n = 5-8; **p < .01 ***p < .001). (b) Survivors from intratumoural CpG and a-GalCer treatment were
either depleted of CD8" cells with anti-CD8 (gray line) at 250 ng/mouse, or injected with isotype control mAb (pink), —2 and —1 days before rechallenge with E.G7-OVA.
Survival relative to tumour growth in naive animals is shown (n = 5-9). Representative of two experiments. (c) Growth curves (left) and survival (right) for animals with E.
G7-OVA tumours on both flanks subjected to combination treatment on one flank followed by administration with either anti-CD8 (gray) at 250 ng/mouse or isotype
mAb (pink) on days 2,3 and 6 after treatment initiation (n = 8-9). (d) Survivors from intratumoural CpG and a-GalCer treatment of E.G7-OVA were rechallenged with EL4-
LA. Growth curves (left) and survival (right) relative to EL4-LA in naive animals are shown (n = 5-7). Representative of two experiments.

at either site in mice depleted of their CD8" T cells (Figure 2c).
Therefore, both the local antitumour response and abscopal
effect involve CD8" T cells.

The introduced OV A antigen was a potential immunologi-
cal target for CD8" T cell-mediated elimination. To test this,
animals that had rejected E.G7-OVA were subsequently chal-
lenged with EL4.LA cells, which do not express OVA. While
the EL4.LA tumours showed initial growth, they were even-
tually rejected in the majority of animals (Figure 2d). This
suggests the antitumour activity against E.G7-OVA was
broader than solely targeting the introduced neoantigen and
included endogenous targets common to both tumour cell
lines.

Intratumoural treatment with CpG and a-GalCer leads to
broad changes in immune profile in the tumour and
lymphoid tissues

Cytometry by time-of-flight (CyT'OF) was used to investigate
the immune profile in animals bearing E.G7-OVA tumours
treated with either CpG, a-GalCer, or the combination with
a delayed first dose of CpG. Analysis was performed on infil-
trates from the treated tumour, the dLN of the treated tumour,
blood and spleen, and was conducted at two timepoints; on day
9 after engraftment when all tumours were still progressing
irrespective of treatment, and on day 12 when treatment-

induced regression was first observed (Supplementary
Figure 3). The cytometry data for each tissue were combined
for tSNE to visualize clusters of phenotypically similar cells,
with the expression of well-defined phenotypic markers used to
define the major cell types represented (Figure 3a). Each cell
type was then interrogated for treatment-related changes in
expression of molecules related to function, including activa-
tion markers, and Ki67 as a marker of proliferation. Those cell
types and markers that showed a significant treatment-related
change are displayed (Figure 3b).

One of the most notable treatment-induced changes in the
tumour infiltrate was the enhanced expression of sca-1, which
has been associated with exposure to type I IFN,”"** and was
increased on lymphocytes (T cells, B cells, NK cells and NKT
cells; the latter defined as NK1.1" T cells) and myeloid cells (DCs
and monocyte/macrophages) early in the response (day 9) in the
combined treatment group. Furthermore, the increased expres-
sion was largely retained on CD8" T cells, NKT cells, NK cells
and myeloid cells in the regression phase (day 11). Ly6C, another
marker that has been associated with exposure to type I IFN,>"*>
was increased on T cells with all treatments but remained high
on CD4" T cells with the combined treatment in the regression
phase. On CD8" T cells, the markers of activation, CD44,
KLRG1 and PD-1, were all increased on day 9 with the com-
bined treatment group, with this expression sustained to day 12.
These cells also showed earlier and sustained expression of the
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Figure 3. Mass cytometry analysis of leukocytes after treatment. Mice bearing E.G7-OVA tumours were treated as described for Figure 1, with animals receiving vehicle,
CpG, a-GalCer, or the combination with the first CpG dose 6 h after a-GalCer. Treatment was initiated on day 7 post tumour engraftment and the indicated tissues were
collected at day 9 or day 12 after tumour engraftment (n = 3 per treatment group at each timepoint), and mass cytometry was performed on all samples with barcoding
to discriminate treatments. (a) tSNE analysis was performed on each tissue to determine clusters of phenotypic similarity, with expert gating used to define the indicated
cell types represented by the major clusters (using gating strategy in Supplementary Figure 1). (b) Heatmaps show expression of the indicated markers on the defined
cell types, expressed as fold change of log,-transformed MFI over the treatment/day with the lowest expression values. Details are provided in Material and Methods.
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proliferation marker Ki67. Another notable change in tumours
with the combined treatment was early expression of Ki67 on
B cells, and increased and sustained expression of CD138,
a marker of antibody-producing plasmablasts or plasma cells.
Overall, these data suggest combined treatment results in an
increased frequency of activated adaptive immune cells, and
a general pattern of higher exposure to type I IFN.

Many of the phenotypic changes that were prominent in the
combined treatment group in the tumour at day 9 were also
seen at this time point in the dLN, including increases in sca-1
and Ly6C expression. However, the only obviously upregulated
activation marker on T cells was the early activation marker
CD69, which was reduced back to background levels by the
regression phase. Few phenotypic changes at this later time-
point were unique to the combination group, although, as was
seen in the tumour, the B cells retained upregulated expression
of CD138. Interestingly, DCs showed increased expression of
CD86 and PD-L1 with combined treatment at day 9, indicating
they were activated, and they also expressed increased levels of
BST-2, which has been associated with exposure to type
I IFN.”® These data point to an early role for the dLN in the
effector response.

The blood and spleen exhibited many phenotypic changes
at day 9, although few were unique to the combined treatment.
Nonetheless, these changes highlight the systemic effect of the
different treatments, causing modulation to immune cells in
distant lymphoid tissues. The profiles observed for the com-
bined treatment group were generally similar to treatment with
CpG alone. Exceptions were the NK cells and NKT cells, which
in the combination group retained some of the phenotypic
changes to day 12, notably increased sca-1, BST-2 and Ki67
on NKT cells in the blood, and increased sca-1 on NK cells in
blood and spleen.

With the CyTOF data pointing to an involvement of
T cells, NKT and NK cells, we examined these populations
further by spectral flow cytometry, using fluorescent
OV A,s57 565 peptide-loaded H-2K° pentamers (OVA pent) to
assess whether OVA-specific CD8" T cells played any role in
responses to E.G7-OVA tumours, and antibodies to NK1.1
and fluorescent CD1d tetramers loaded with the a-GalCer
analog PBS-57 to specifically examine the involvement of
NK cells and NKT cells. Assessment was on day 12 after
tumour implantation, which was 5 days after initiation of
treatment, allowing T cell expansion to occur, and was con-
ducted on both treated and untreated tumours in an attempt
to separate local from systemic effects. The analysis included
a panel of 20 antibodies (Supplementary Table 3), with high-
dimensional analysis performed using tSNE and FlowSOM
software to assign clusters of phenotypic similarity for each
cell-type, and MEM used to quantify markers expressed
(Figure 4 and Supplementary Figures 4-6). This analysis
did not show any clear expansion of OVA pent® clusters -
indeed very few of these cells were detected in any tissue (data
not shown). Manual expert gating focusing specifically on
OVA pent” cells also did not reveal any trends in the propor-
tion of OV A-specific CD8" T cells associated with treatment
(Supplementary Figure 7).

To investigate whether the overall profile of T cell, NK
cell and NKT cell cluster frequencies differed with treat-
ment, PERMANOVA analysis was conducted on each cell
type (Figure 4a). Dispersion plots were generated to show
median and variance of the proportions of clusters in the
treatment groups; subsequent pairwise comparisons were
conducted between each of the treatments to assess whether
any dissimilarity observed between treatments was signifi-
cant (Figure 4b and Supplementary Figures 4-6). In the
spleen, for all three cell types examined, there were treat-
ment-related dissimilarities in cluster profiles relative to
untreated vehicle controls, suggesting treatment-induced
changes in phenotype (Supplementary Figure 4).
However, there was no dissimilarity between the combina-
tion treatment and individual treatments, suggesting further
investigation to define clusters associated with efficacious
combination treatment was unlikely to be enlightening. In
tumour and draining lymph nodes, the T cell- and NK cell-
cluster profiles associated with CpG alone and the combi-
nation treatment showed dissimilarity from untreated con-
trols; however, they were not significantly different from
each other, suggesting that induced changes in phenotype
in both cases were dominated by the CpG stimulus. In
contrast, analysis of NKT cell clusters in tumour and
lymph nodes suggested features unique to the combination
treatment could be detected, as only the combination treat-
ment resulted in a profile of clusters with dissimilarity to
vehicle (Figure 4b). We therefore assessed the treatment-
associated frequencies of each NKT cell cluster in these
tissues, with adjustment for multiple testing (Figure 4c).
Combined treatment was associated with significant
increases in individual NKT cell clusters expressing
KLRG1 in the tumour, at both injected and contralateral
sites, suggesting a systemic effect. These KLRG1™ clusters
were either NK1.1~ CD4~ (DN) NKT cells, or NK1.1~ CD4"
NKT cells. A KLRGI™ cluster was also increased in the
draining lymph nodes. Along similar lines, manual gating
on NKT cells showed an increased cell number of NKT
cells in the tumour and dLN of combination treated mice
(Figure 4d), and confirmed an increased expression of
KLRG1 on NKT cells (Figure 4e), but no significant
changes in other cell types could be identified
(Supplementary Figures 7-10). Thus, overall, the most
profound changes induced by the combination treatment
related to modulation of NKT cells, with changes seen over
and above those induced with the NKT cell agonist a-
GalCer alone, notably in the tumours themselves.

To further investigate the immune cell infiltration of tumours
after treatment, immunohistochemistry was performed on tissue
sections from E.G7-OVA tumours harvested 12 days after
tumour engraftment (Figure 5). Vehicle-injected tumours and
their contralateral tumours displayed minimal evidence of host-
derived CD45.1% cell infiltration and little evidence of CD8"
T cells (defined as CD45.1" CD3e" CD8") (Figure 5a,b). In
comparison, the a-GalCer and CpG injected tumours displayed
a significantly greater number of both CD45.1" cells and CD8"
T cells (Figure 5¢, i & j). There was a slight increase in these cell
types in the contralateral treated tumours as well (Figure 5d, i &
j); however, at the point of harvest these tumours had not
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Figure 4. Spectral flow cytometry analysis of leukocytes after treatment. Treatment was as in Figure 3, except E.G7-OVA tumours were implanted on both flanks, with
only one subjected to intratumoural injection (n = 7 per treatment group). Tissues were collected for analysis 12 days after tumour injection. The gating strategy in
Supplementary Figure 2 was used to define T cells, NK cells and NKT cells (a) tSNE analysis was performed for each cell type, with FlowSOM then conducted on tSNE
axes to assign clusters (numbered). (b) PERMANOVA was conducted to assess dissimilarity in the composition of clusters with treatment (further results in
Supplementary Figures 4-6). Derived dissimilarity plots from the analysis of NKT cell clusters in each tissue are shown, along with significance of pairwise
comparisons between the treatments. (c) Heatmaps showing proportion of NKT cells in each cluster compared by treatment conditions. Graphs and MEM labels are
shown for clusters where there were significant differences between the combination treatment group and the other groups. Up arrows indicate positively enriched
markers, and down arrows indicate negatively enriched markers *p < .05 **p < .01 ***p < .001; Indicator species analysis. (d) Assessment of NKT cell number in the
tumour and tumour dLN by manual gating. NKT cells defined as CD3&" CD1d tetramer* cells. (e) Assessment of KLRG1 expression on NKT cells by manual gating.
Kruskal-Wallis with Dunn’s multiple comparisons test; *p < .05, **p < .01, ***p < .001.
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Figure 5. Treatment with intratumoural a-GalCer and CpG induces extensive infiltration of immune cells. Mice (CD45.1%) were engrafted with E.G7-OVA (CD45.2")
tumours on both flanks, and either treated intratumourally with a-GalCer and CpG (with delayed first dose) on one flank, as described for Figure 1, or with PBS according
to the same schedule. tumours were collected on day 12 post tumour engraftment, 5 days after the start of treatment for analysis by immunohistochemistry. Antibody
staining was against the molecular markers indicated. Average values from 10 images per section are plotted with n = 4 mice per group. Staining for CD45.1 and CD8a
are shown in the top row (a-d) and staining with CD45.1 and F4/80 shown in the bottom row (e-h). Double positive cells (i.e. CD45.1*CD8a* or CD45.1*F4/80" cells)
appear as white cells in the images. Scale bar = 50 um. (i) Quantification of CD45" cells per total nuclei per slide is shown. One-way ANOVA with Tukey’s multiple
comparison test; *p < .05. (j) Number of CD8" T cells (defined as CD457CD3*CD8™) and (k) F4/80 cells (defined as CD45.1*F4/80™) per nuclei per section. (I) Frequency of
voids (defined as intact 0.003-0.044 mm? empty circular structures) per section. One-way ANOVA with Tukey’s multiple comparison test was performed.

displayed a similar decrease in size as the treated ones, likely
reflecting a lag in the immune response, with no statistically
significant changes in cellular composition observed. Assessment
of the number of macrophages (defined as F4/80" CD45.1" cells)
demonstrated a significant increase in the a-GalCer and CpG
injected tumours compared to vehicle injected tumours (Figure
E-H & K). In some tumour zones, voids were present (Figure 5¢)
and quantification of the total number of voids per section
suggested a greater frequency in the treated tumours; however,
no significant increase was observed (Figure 5I).

Response to intratumoural treatment with CpG and a-
GalCer requires NKT cells

To assess the role of NKT cells further, three different
approaches to blocking NKT cell function were used. In the
first approach, a CD1d-blocking antibody was administered to
mice undergoing treatment. This was initiated 3 days after
intratumoural a-GalCer administration to avoid blocking any
early NKT cell-mediated APC activation events, so that the
analysis was focussed on the role of NKT cells in the later

effector phase of the response. In the second approach, analysis
was conducted in CD1d deficient (CD1d ") animals that are
devoid of all CD1d-restricted T cells, including the type I NKT
cells known to be a-GalCer-reactive. Finally, analysis was con-
ducted in mice that lack the ability to form the TCR-a chain
expressed by type I NKT cells, yet otherwise retain an intact
TCR repertoire (Traj18”'~),** and so were devoid of a-GalCer-
reactive cells. All analyses were conducted in mice with E.G7-
OVA tumours on each flank, with only one subjected to
treatment.

Interestingly, late administration of CD1d blocking antibody
during treatment significantly reduced antitumour activity and
survival (Figure 6a), suggesting an ongoing requirement for NKT
cell/CD1d interactions for sustained efficacy. The impact was
more apparent on distal tumours, with these tumours significantly
larger than the directly treated tumours when measured on day
12. Indeed, it was primarily the unchecked growth of the distal
tumours that caused a significant reduction in overall survival
relative to animals that received the isotype control antibody. This
trend for the outcome to be worse in distal tumours was also seen
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Figure 6. Effective treatment with abscopal effect requires NKT cells. (a) Growth curves of E.G7-OVA on both flanks in PBS-treated mice (blue) relative to those subjected
to treatment with CpG and a-GalCer with either anti-CD1d (gray) or isotype control (pink) injections initiated three days after the a-GalCer dose (n = 8-9).
Representative of two similar experiments. Middle panels show paired analysis of tumour size at day 12 after tumour engraftment for injected versus untreated
contralateral tumours in each mouse. **p < .01, ***p < .001; Wilcoxon test. Far right panels show survival curves. ***p < .001 log-rank Mantel-Cox test. (b) Similar
analyses of combination treatment (pink) versus PBS-treated controls (blue) in CD1d-deficient mice (n = 17), or (c) in Traj18-deficient mice (n = 6-13).

in the host strains devoid of NKT cells throughout treatment; in  the CpG, but growth of the untreated distal tumours was largely
both CDId™"~ and Traj18~ mice the treated tumours showed unaffected, meaning there was no significant survival benefit to
reduction in growth relative to controls, presumably mediated by  treatment (Figure 6b and c). As earlier experiments had shown



€2081009-12 K. K. PRASIT ET AL.

CpG alone was capable of inducing some abscopal activity in wild-
type mice (Figure 1b), these data suggest NKT cells are required
for the abscopal effect even in the absence of an exogenous NKT
cell agonist like a-GalCer.

Response to combined intratumoural treatment requires
type | IFN signaling by DCs and involves distal lymphoid
tissues

Upregulation of type I IFN-inducible markers on immune cells
after treatment pointed to the involvement of members of this
cytokine family in the antitumour response. To investigate this,
we examined whether IFN-a could be detected in tumour-
bearing mice with or without treatment. Mice were treated
once with the agonists alone or in combination, and tumours
removed 6 h later to assess IFN-a levels in tissue homogenates.
Even in the vehicle-treated animals, measurable quantities of
IFN-a were detected in the tumour, whereas no measurable
levels could be detected at the same time in the serum with or
without treatment (Figure 7a). Of note, significantly more IFN-a
was detected in tumours after treatment with the combination of
CpG and a-GalCer compared to controls.

To determine whether type I IFN played a role in antitu-
mour activity, a blocking antibody was administered to prevent
signaling via the IFN-a/p receptor during treatment. Mice
administered the anti-IFNARI antibody completely lost their
ability to prevent tumour growth, whereas significant antitu-
mour responses were seen in those given an isotype control
antibody (Figure 7b). Furthermore, the antitumour efficacy of
the combination treatment was abrogated in mice lacking
expression of IFN-a/P receptor on DCs due to Cre-mediated
excision of IFNAR1 on CD11c" cells (Figure 7c), suggesting
type I IFN-mediated stimulation of DCs is critical for treat-
ment efficacy.

To establish which subsets of DCs were involved in effec-
tive treatment, two different conditional ablation models were
used; one where conventional DCs of the “cDC1” sub-type
could be ablated with DT due to transgenic expression of the
human DT receptor from the Clec9a promoter, and another
where pDCs could be ablated in animals expressing DTR
from the Siglec H promoter. When Clec9a™ cells were
depleted, the therapeutic efficacy of the combination of CpG
and a-GalCer was significantly reduced, with only a slight
delay in tumour growth observed (Figure 7d). The residual
activity may reflect incomplete ablation of cDCls, as DT
treatment was unable to induce full deletion, with ~13%
retained in the experiment shown. Administration of DT
itself was not responsible for the reduced antitumour activity,
as efficacy was maintained in the presence of DT in non-
transgenic animals (data not shown). Taken together with
the observation that CD8" T cell are key effectors in the
response, it is likely the significantly reduced antitumour
efficacy in animals depleted of ¢cDCls reflected a loss in
capacity for cross-presentation, which is heightened in these
cells. Depletion of pDCs also resulted in reduced antitumour
efficacy of the treatment (Figure 7e). However, in repeated
experiments, escape from therapeutic control occurred later
than in mice depleted of ¢cDCls, perhaps suggesting lower

effector burst size or persistence. As pDCs are major produ-
cers of type I IEN, this is consistent with known roles for type
I IFN in both APC activation and T cell memory
formation.”*> Again, ablation was not complete, with ~20%
pDCs retained; these remaining cells may be responsible for
the residual activity observed.

While the immune phenotype analysis showed intratumoural
treatment served to change the local tumour microenvironment
it remained possible the efficacy relied on key cellular interac-
tions in distal lymphoid organs. To examine this, antitumour
activity was assessed in mice where key dLNs, or the spleen, were
removed by surgery before tumour challenge and treatment. The
adjacent inguinal lymph nodes were identified as the main dLNs
by tracing drainage of intratumourally injected ink. When these
lymph nodes were removed, there was a negative impact on
treatment efficacy in the E.G7-OVA model (data not shown)
and complete loss of activity when the more immunogenic EL4-
LA tumours were used (figure 7f). This was not an effect of the
surgery itself, as controls were subjected to sham surgery alone
without significant impediment to treatment efficacy. tumours
in mice with surgically removed spleens also did not respond to
treatment (Figure 7g). Therefore, the efficacy of the combined
intratumoural treatment may require access of antigens, or the
agonists themselves, to the lymph and blood. To assess whether
there was significant access to the blood, we investigated whether
liver enzymes were increased in serum, as it is known that
systemic administration of a-GalCer into mice leads to
a transient phase of hepatotoxicity caused by activation of liver-
resident NKT cells.”® Serum was collected 18 h after mice were
treated intratumourally with the CpG and a-GalCer, alone or in
combination, and levels of ALT determined. Animals injected
intravenously with a-GalCer served as a positive control, with
significantly raised ALT levels observed as expected (Figure 7h).
In contrast, mean levels of ALT were not significantly increased
after intratumoural treatment compared to vehicle-treated ani-
mals. However, some individual scores exceeded a threefold
increase from the normal range (range:14-56 IU/L representing
2.5th and 97.5th percentiles™); it therefore remains possible that
some low-level leakage of a-GalCer is how NKT cell activity is
recruited into the antitumour response. Of note, these results
also highlight a safety benefit to intratumoural treatment, with
the strong antitumour activity associated with a lowered risk of
potentially deleterious systemic effects.

Intratumoural treatment is improved by introducing
peptide antigens

To test the utility of the combined intratumoural treatment regi-
men, experiments were conducted in animals challenged with cells
from different cancer types, including CT26 colon carcinoma
(Figure 8a), B16.F10 melanoma (Figure 8b), and TC-1 lung carci-
noma (Figure 8c). In each case, the combined treatment had
superior antitumour activity to single agents, with significant
reductions in tumour growth, although few full regressions were
achieved in these models. We therefore explored whether efficacy
could be improved by introducing known tumour-associated anti-
gens into the stimulatory microenvironment created by the
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Figure 7. Combined intratumoural treatment requires type | IFN signaling by DCs and involves distal lymphoid tissues. (a) Assessment of IFN-a levels in E.G7-OVA
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SEM. **p < .01 one-way ANOVA with Tukey’s multiple comparisons test. (b) Survival in PBS-treated mice (blue) relative to those subjected to treatment with CpG and a-
GalCer with blocking anti-IFNAR1 (gray; n = 8) or isotype control (pink; n = 8) initiated two days before start of treatment. ***p < .001. Representative of two
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where Clec9a* cells were depleted with DT (n = 7) or not (n = 7). DT was administered i.p. at 15 ng/g of body weight on days 1 and 2 prior to intratumoural treatment.
Statistical test between combination treatment groups shown; ***p < .001. Representative of two experiments. (e) Survival in PBS-treated mice versus combined
treatment in Siglec-H-DTR animals where Siglec-H* cells were depleted with DT (n = 7) or not (n = 8). DT was administered as noted in (D). Statistical test between
combination treatment groups shown; **p < .01. Representative of two experiments. (f) Survival in PBS-treated mice versus combined treatment in animals subjected to
surgery to remove inguinal lymph nodes, or sham surgery, 7 days before engraftment E.G7-OVA engraftment on the same flank (n = 7-8). Statistical test between
combination treatment groups shown; ***p < .001. Representative of two experiments. (g) Survival in animals with spleens removed, or sham surgery, 7 days before
engraftment E.G7-OVA (n = 9-10). Statistical test between combination treatment groups shown; ***p < .001. (h) Assessment of serum ALT levels 18 h after indicated
intratumoural treatments versus intravenous a-GalCer at the same dose. Individual values per mouse are plotted with mean + SEM. ***p < .001. Representative of two

experiments.

treatment. This was achieved in two ways; by simply co-injecting
antigenic peptides, or by chemically linking antigenic peptides to
a-GalCer. The latter was achieved by conjugation of the peptides
to a prodrug derivative of a-GalCer via a cleavable linker. Once
acquired by antigen-presenting cells, intracellular enzymatic clea-
vage of the linker by cathepsins releases both the peptide and the
active form of a-GalCer.”® The two different approaches were
assessed in mice bearing TC-1 tumours on each flank
(Figure 8d). This cell-line expresses HPV E6 and E7 oncoproteins

and is a commonly used model of HPV-associated malignancies,
with an H-2 D"-binding peptide from HPV E7 defined as a useful
target epitope for immunotherapy. Simply injecting this peptide
alone intratumourally was insufficient to elicit any responses; nor
was co-administration of peptide with a-GalCer (Figure 8d). As
was shown earlier, the combination of CpG and a-GalCer signifi-
cantly reduced growth but did not induce full regressions.
However, when peptide was co-administered with the combina-
tion treatment, tumour regression was induced in some mice. The
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Figure 8. Intratumoural treatment is improved by introducing peptide antigens. Survival for indicated intratumoural treatments in mice engrafted with (a) CT26 colon
carcinoma (n = 7; BALB/cJ hosts), (b) B16.F10 melanoma (n = 5-8, C57BL/6 J hosts), or (c) TC-1 lung cancer cell lines (n = 5-8; C57BL/6 J hosts). *p < .05, **p < .01,
***p <.001, ****p <.0001 relative to CpG alone. Minimum of two similar experiments performed per tumour line. (d) Growth curves (left) and survival (right) in the TC-1
tumour model with additional groups where HPV E7 peptide was injected intratumourally either alone, in combination with a-GalCer and CpG (given at time of a-GalCer
dose), or as a covalent conjugate with a-GalCer (n = 5-9). Statistical tests relative to a-GalCer and CpG (6 h) treatment group shown. (e) Assessment of intratumoural
HPV E7 peptide-conjugate with CpG compared to treatment with the single agents (n = 5-8).

most efficacious treatment was when the a-GalCer-E7 peptide-
conjugate was injected with CpG, inducing full regression in the
majority of treated tumours, including all of the contralateral
tumours. Injection of the conjugate alone could not account for
the improved antitumour activity (Figure 8e), as combination with
CpG was required to see a significant survival advantage.

Discussion

We have demonstrated that the efficacy of repeated intratumoural
CpG treatment on established solid tumours can be significantly
enhanced by intratumoural administration of a single dose of the
NKT cell agonist a-GalCer. This resulted not only in the regression
of treated tumours, but also regression of untreated tumours at
distal sites. The most important effectors in the response to the
combined treatment were CD8™ T cells, presumably responding to
as-yet undefined antigens expressed in the different tumour mod-
els tested. In situations where at least one of the antigens targeted

by the CD8" T cells was known, it was possible to increase
responses further by also introducing targeted peptide epitopes
directly into the tumour, preferably attached to a-GalCer.

Initial mass cytometry analyses showed that the combined
treatment of CpG and a-GalCer increased expression of sca-1
and Ly6C on many different immune cell types, including
T cells, suggesting broad exposure to type I IFNs.”">* Indeed,
efficacy was lost when type I IFN signaling was blocked, most
specifically when IFNAR1 was absent on CD11c¢” cells, indicat-
ing that a critical role for type I IFN was modulating DC func-
tion. Indeed, the antitumour effect was strongly dependent on
¢DCI cells, which have a heightened propensity for cross-
presentation to CD8" T cells.”” Given that CD8" T cells were
involved in both the immediate antitumour response and
a memory response at re-challenge, it is likely that type I IFN
has a role in promoting this function.®”®' The immediate source
of the type I IFN was not identified, although it was notable that
significant levels of IFN-a were observed in uninjected tumours
(but absent in the serum), suggesting that engraftment of



tumours alone was sufficient to initiate a type I IFN response.
This may reflect underlying immunity in response to tumour
challenge, possibly even involving adaptive cells, although this
was not explored further. Importantly, the combined intratu-
moural treatment served to increase IFN-a levels, which may
have been one of the key triggers of effective immunity. It
remains unclear whether this served to reset an existing anti-
tumour response or help initiate a new one. A potential source of
the IFN-a are pDCs, which are powerful inducers of type I [FN
in response to infection, and to TLR ligation with nucleic acid
agonists such as CpG.”**> However, when hosts were depleted of
pDCs before treatment, the initial antitumour response pro-
ceeded as normal, with many tumours regressing to some extent.
Nonetheless, the tumours all eventually progressed, suggesting
that the absence of pDCs (and by implication, pDC-derived type
IIFN) during the initial priming phase did not prevent initiation
of the T cell response, but did compromise the development of
lasting immunity. This effect may be via direct stimulation of
CD8" T cells by type I IFN provoking clonal expansion and
memory formation.”>%>%

The antitumour response against E.G7-OVA was improved
when the administration a-GalCer preceded the initial dose of
CpG by 6 h. Our earlier studies had shown that when an NKT cell
agonist was administered intravenously before a TLR ligand,
a “conditioned” environment was created that enabled
a significantly enhanced cytokine response to the TLR ligand,
characterized by spikes in serum TNF, IL-12p70 and IFN-y.”'
Although these earlier studies had not been conducted with
CpG, a similar effect on cytokine induction may have been seen
in the intratumoural setting. The improved antitumour activity
with delayed TLR stimulation may therefore be a response to the
immediate antitumour effects of exposure to cytokine, rather than
improved T cell function. However, another possible interpreta-
tion is that pDCs were conditioned by NKT cells to produce more
type I IEN with TLRY ligation, which in turn improved the
function of DCs engaged in T cell priming.

Antibody-mediated CD8 depletion studies highlighted a key
role for CD8" T cells in the antitumour activity of the combined
treatment, which was supported by mass cytometry analysis show-
ing enhanced activation and evidence of proliferation of CD8"
T cells and CD4" T cells in tumours and dLNs at day 9, when
tumours were yet to start regressing. However, by day 12, when the
tumours had started to regress, expression of activation and pro-
liferation markers were not as evident. In fact, when analysis was
conducted by flow cytometry on day 12, no clear pattern of
activation marker upregulation was detected. Nonetheless, analy-
sis by immunohistochemistry showed increased CD8" T cells in
tumours administered the combined treatment, consistent with
T cell-mediated antitumour activity.

In terms of the events that may have led to effective antitumour
activity, we speculate that intratumoural CpG is more likely to
have had direct impact on local APCs, which then traffic with
antigen to the dLNs to stimulate T cells. In contrast, a-GalCer may
need to leach from the tumour to lymphoid tissues, where NKT
cells reside in large numbers, in order to facilitate APC-licensing
events. The glycolipid may have accessed the lymph nodes directly
via the lymphatics or have been transported by APCs. Changes to
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profiles of NKT cell clusters were also seen in the spleen, likely
reflecting systemic exposure to a-GalCer, although perhaps sur-
prisingly, some changes were also seen with CpG alone. As CpG is
unlikely to have directly activated NKT cells, these CpG-induced
changes may reflect exposure to local cytokines and may suggest
some CpG also gained access to the spleen. Although either
compound may have accessed the spleen directly from the
blood, splenic access could also be facilitated by dead or dying
cells carrying the compounds, meaning the antigenic material and
stimulatory compounds could be transferred together to resident
splenic APCs to induce T cell stimulation. Indeed, transfer of a-
GalCer incorporated into membranes to resident APCs has been
shown to occur when a-GalCer-loaded tumours cells have been
injected intravenously.”* Analysis by mass cytometry conducted
early after treatment initiation, showed increased activation of
DCs in both the lymph nodes and spleen, together with evidence
of exposure to type I IFN, again implying that a-GalCer and/or
CpG leach from the tumour to lymphoid organs to stimulate the
antitumour response. The fact that surgical removal of the spleen
abrogated the antitumour effect of the combined treatment indi-
cates that the spleen plays an important role in initiating and/or
sustaining the antitumour response. However, simply administer-
ing CpG and a-GalCer at a different nonmalignant subcutaneous
site, where lymphoid tissues could also be accessed, was insuffi-
cient to induce the powerful antitumour responses observed with
intratumoural administration. This indicates repeated modulation
of the local tumour microenvironment (perhaps with the asso-
ciated coordinated drainage of antigen and adjuvant compounds)
plays a key role.

Perhaps the starkest change in immune profile observed
with combination treatment was increased frequency of
NKT cells in tumours undergoing rejection. While repeated
local CpG treatment may create an environment that sup-
ports NKT cell infiltration or local proliferation, these cells
also accumulated at the distal untreated tumours that
underwent regression with the combined treatment.
Furthermore, blocking CD1d-NKT cell interactions after
the initial a-GalCer-mediated stimulus compromised the
abscopal effect more than the local effect, and in NKT cell
deficient animals, where only CpG should be active, the
weak abscopal effect induced by CpG alone was also com-
promised. Thus, our studies suggest that NKT cells may
contribute to the establishment of effective immunity at the
distal sites, even in the absence of an exogenously adminis-
tered agonist. Expression of KLRG1 was a key feature of the
NKT cell clusters in the tumour and dLNs following
administration of the combined treatment. It has previously
been reported that KLRG1™ NKT cells accumulate as long-
lived effectors in the lung following vaccination with a-
GalCer-loaded DCs.®> These cells exhibited a limited
CDR3p distribution, most likely as the result of clonal
expansion, and responded rapidly to re-challenge several
weeks to months after first exposure. As the KLRG1"
NKT cells contributed to long-term resistance to tumour
challenge, the authors of this earlier work postulated that
selective expansion of these cells should be explored as an
antitumour therapy. The intratumoural treatment outlined
here may have achieved this goal.
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Finally, it was shown here that the antitumour activity
of intratumoural a-GalCer and CpG could be improved in
less responsive tumour models by introducing tumour-
associated MHC class I-binding peptide antigens at the
time a-GalCer was administered, and this was particularly
effective when the peptides were chemically conjugated via
an enzymatically cleavable linker to the NKT cell agonist.
Conjugation may simply serve to retain the peptide for
longer periods, potentially as a slow-release mechanism.
However, with the linker requiring intracellular cathepsin
cleavage to release the peptide, this strategy potentially
leads to the preferential presentation of peptide and a-
GalCer by the same APCs, thereby encouraging the licen-
sing activities of NKT cell/APC interactions that lead to
stimulation of stronger antigen-specific T cell responses.
Furthermore, following i.v. administration, conjugates of
this design have been shown to increase the establishment
of tissue-resident CD8" T cells, notably in the liver.* This
was correlated with low-level NKT cell-mediated hepatic
inflammation, which was postulated to have encouraged
residency of T cells that had been primed elsewhere.
Whether the accumulation of NKT cells in the tumour
seen here similarly contributes to some form of T cell
residency that aids tumour rejection requires further
investigation.
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Synopsis

Intratumoural administration of the toll-like receptor (TLR)-9 agonist has
been shown to induce tumour regression in preclinical studies and some
efficacy in the clinic. By combining a repeated dosing regimen of intratu-
moural CpG with a single intratumoural dose of the NKT cell agonist a-
galactosylceramide (a-GalCer), significantly improved antitumour activity
was induced in several murine tumour models, including regression of
untreated tumours at distant sites. In tumour models where the combined
treatment was less effective, the inclusion of tumour antigen-derived pep-
tide, preferably conjugated to a-GalCer, significantly enhanced the antitu-
mour response.
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