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Abstract

Objectives. Developing a vaccine formula that alters the tumor-
infiltrating lymphocytes to be more immune active against a
tumor is key to the improvement of clinical responses to
immunotherapy. Here, we demonstrate that, in conjunction with
E7 antigen-specific immunotherapy, and IL-10 and PD-1 blockade,
intratumoral administration of caerin 1.1/1.9 peptides improves
TC-1 tumor microenvironment (TME) to be more immune active
than injection of a control peptide. Methods. We compared the
survival time of vaccinated TC-1 tumor-bearing mice with PD-1 and
IL-10 blockade, in combination with a further injection of caerin
1.1/1.9 or control peptides. The tumor-infiltrating haematopoietic
cells were examined by flow cytometry. Single-cell transcriptomics
and proteomics were used to quantify changes in cellular activity
across different cell types within the TME. Results. The injection of
caerin 1.1/1.9 increased the efficacy of vaccinated TC-1 tumor-
bearing mice with anti-PD-1 treatment and largely expanded the
populations of macrophages and NK cells with higher immune
activation level, while reducing immunosuppressive macrophages.
More activated CD8+ T cells were induced with higher populations
of memory and effector-memory CD8+ T subsets. Computational
integration of the proteome with the single-cell transcriptome
supported activation of Stat1-modulated apoptosis and significant
reduction in immune-suppressive B-cell function following caerin
1.1 and 1.9 treatment. Conclusions. Caerin 1.1/1.9-containing
treatment results in improved antitumor responses. Harnessing the
novel candidate genes preferentially enriched in the immune
active cell populations may allow further exploration of distinct
macrophages, T cells and their functions in TC-1 tumors.
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INTRODUCTION

Human papillomavirus (HPV) infection accounted
for 4.6% of 14 million new cancer cases reported
worldwide in 2012, and HPV-associated cancers
comprise 29.1% of all 2.2 million infection-related
cancers, including nearly 100% of cervical
cancers.1 Cervical cancers are the third-most
common cancer in women worldwide.2 Moreover,
high-risk HPV infection, especially HPV16
infection, is related to a fraction of head and
neck epithelial carcinoma in both developed and
undeveloped countries.3 HPV-related cancers are
most severe in developing countries where HPV
prophylactic vaccination rates are low.

The use of immune checkpoint inhibitors has
resulted in unprecedented rates of long-lasting
tumor responses in patients with a variety of solid
tumors.4 However, immune checkpoint inhibitor
monotherapy, such as PD-12 and CTLA-4
blockade,5 is less effective in the management of
advanced cervical cancers.6 PD-1 blockade
combined with therapeutic vaccines synergises
with each other to induce T-cell-mediated tumor
control, as animal models have demonstrated,7

including HPV16 E6/7-transformed TC-1 tumor
models.8 Clinical trials also showed synergetic
results of immune checkpoint blockade and
therapeutic vaccination.9

Cancer therapeutic vaccines aim at eliciting
effector T cells, especially tumor antigen-specific
CD8+ T cells that target tumor cells, without
affecting the normal cells or tissues as
demonstrated in clinical trials, such as those
against melanoma.10 However, vaccine-induced
regression of high-risk HPV infection is related to
high-grade CIN lesions,11 but not established
cervical cancers.12 Immunisation and simultaneous
blocking of the cytokine interleukin-10 (IL-10)
drastically increased vaccine-induced antigen-
specific CD8+ T-cell responses and improved tumor
growth inhibition in a prophylactic setting
compared with the same vaccination without
IL-10 signalling blockade.13 Tumor inhibition was
also enhanced in a therapeutic setting by
intraperitoneal administration of anti-IL-10
receptor antibodies.14

The immunosuppressive tumor microenvironment
(TME) can dampen the function of tumor-
infiltrating effector T cells.15 The TME promotes
the development of tumor-associated
macrophages, myeloid-derived suppressive cells, B
cells, and Th2 type T and regulatory T cells.
TAMs are attracting increasing attention as
they play key roles in tumor spread and in
response to different therapies.16 TAMs can
substantially accelerate the progression of
untreated tumors and influence the efficacy of
anticancer drugs, including checkpoint blockade
immunotherapies.17,18 Specifically, TAMs can
assume opposing phenotypes and functions that
are either tumoricidal (e.g. M1-like MΦ) or tumor-
supportive (e.g. M2-like MΦ).

Isolated from Australian amphibians, genus
Litoria, host defence caerin peptides inhibited the
proliferation of several different cancer cells, such
as TC-119 and HeLa,20,21 and an additive effect
was observed when they were used together. At
concentrations non-toxic to T cells, caerin 1.1 and
1.9 inhibited HIV-infecting T cells within minutes
post-exposure, as well as the transfer of HIV from
dendritic cells to T cells.22 Moreover, caerin 1.1
and 1.9 inhibited TC-1 tumor growth in vivo when
injected intratumorally, and the inhibition
required an intact adaptive immune system.13,20

The signalling of TNF-a-mediated apoptosis and
T-cell receptor was stimulated after HeLa cells
were treated with the mixture of caerin 1.1 and
1.9.21 The activation of TCR pathway observed
using proteomic analysis suggested that HeLa cells
became more sensitive to T-cell-mediated killing.21

In this study, TC-1 tumor-bearing mice
immunised with an HPV16 E7 peptide-based
vaccine containing anti-IL-10 receptor antibody
and PD-1 blockade were locally injected with a
mixture of caerin 1.1 and 1.9 peptides. Tumor-
infiltrating lymphocytes (TILs) were isolated for
scRNA-seq analysis to reveal the cell types in TC-1
tumor and the modulation of the TIL landscape
by the immunotherapy containing caerin 1.1/1.9.
Mass spectrometry-driven quantitative proteomic
analysis was performed to investigate the overall
effect of the changes in TILs. Our study provides
new insights into the heterogeneity of TILs and
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their functions in TC-1 tumor, including novel
markers to define immune-activating
macrophages and CD8+ T-cell subpopulations, as
well as the molecular mechanisms underlying TME
modulation by caerin 1.1/1.9.

RESULTS

Intratumoral injection of caerin 1.1/1.9
significantly increased the efficacy of a
therapeutic vaccine combined with immune
checkpoint inhibition therapy

In this study, we first found that the treatment
with intratumoral injection of caerin 1.1/1.9
(molar ratio 1:1) in conjunction with PD-1
blockade significantly increased the survival time
of TC-1 tumor-bearing mice, compared with

untreated mice or mice only treated with anti-
PD-1 (Figure 1a, left). The weight of tumor was
significantly reduced in mice receiving caerin 1.1/
1.9 only or in combination with anti-PD-1, when
compared to untreated mice or mice receiving
anti-PD-1-only treatment (Figure 1a, right).

Previously, we demonstrated in mice bearing an
HPV16 E6/E7-transformed TC-1 tumor that
blocking IL-10 signalling at the time of
immunisation, despite increasing antigen-specific
T-cell numbers,23 did not affect the survival time
of the mice.24 Here, 3 days post the tumor
challenge with higher number (5 9 105) of TC-1
cells, TC-1 tumor-bearing mice immunised with an
HPV16 E7 peptide-based vaccine containing anti-
IL-10 receptor antibody and PD-1 blockade were
locally injected with a mixture of caerin 1.1 and
1.9 peptides (‘caerin’) or a control P3 peptide

Figure 1. Groups of 5–10 C57BL/6 mice were subcutaneously transplanted with 5 9 105 TC-1 tumor cells and subjected to different treatments.

(a) On day 3, tumor-bearing mice were treated with 300 µg of anti-PD-1, with 30 µg of caerin 1.1/1.9 (molar ratio 1:1) or with 300 µg of anti-

PD-1 and 30 µg of caerin 1.1/1.9; a control group was administered with PBS only. Survival was monitored as described in the Methods. The

experiment was performed twice, and the results shown are pooled from two independent experiments. Left: the survival rate of mice (no. of

mice = 10). Right: on day 15, mice were sacrificed, and tumors were isolated and weighed (no. of mice = 9). (b) On day 3 after tumor

challenge, mice were subcutaneously (s.c.) immunised with 40 µg of four overlapping HPV16 E7 peptides (EX) (10 µg per peptide), with 10 µg of

monophosphoryl lipid A (MPLA), and with 300 µg of anti-IL-10R antibodies at days 3, 9 and 18, and with or without 300 µg of anti-PD-1

intraperitoneally (i.p.) on days 9 and 21 after tumor challenge. Additionally, tumor-bearing mice were subjected to intratumoral injection of caerin

1.1/1.9 or a control peptide P3 from days 3 to 9. The experiment was performed twice, and the results shown are pooled from two independent

experiments. Left: the survival curve of tumor-bearing mice (no. of mice = 10). Right: On day 24, tumors were isolated and weighted (no. of

mice = 9). (c) The flow cytometric results of tumor-infiltrating CD45+ cells (upper panel), B cells (middle panel) and INF-c–secreting CD8+ T cells

(lower panel). The results shown are from one of two independent experiments in (b).
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(‘control’). We found that the survival time of
TC-1 tumor-bearing mice in the caerin group was
significantly prolonged (Figure 1b, left) and the
tumor weight was remarkably reduced by more
than 50% (Figure 1b, right), compared with the
untreated or the control group, respectively.
Furthermore, the comparison of the three groups
showed that CD45+ cells and interferon-c-
secreting CD8+ T cells were most abundant in the
caerin group, while B cells were non-significantly
elevated (Figure 1c).

Single-cell RNA-seq identified six
macrophage populations in TC-1 tumor

Three groups of mice were subjected to tumor
challenge and then treated for 30 days (Figure 2a,
top). The two treatment groups showed
significantly reduced tumor mass when compared
to the untreated group, with an average
reduction of 69% (caerin, P = 0.0011) and 42%
(control, P = 0.0352). ELISpot results derived from
the spleen and draining lymph nodes of individual
mice (n = 3) in two groups demonstrated similar
E7-specific CD8+ T cells in the spleen and draining
lymph nodes (Figure 2a, bottom).

Total viable CD45+ leucocytes were isolated
from tumors (Figure 2b and Supplementary
table 1). Gene expression data from cells extracted
from three groups were aligned and projected in
a 2-dimensional space through t-stochastic
neighbour embedding (t-SNE) to identify tumor-
associated immune cell populations and the
overlapping patterns (Figure 2c and
Supplementary figure 1). There were 19 distinct
cell clusters (clusters 0–18) detected by using the
unsupervised graph-based clustering method (see
Methods) (Figure 2c through 2e; Supplementary
figure 2). The presence of lymphocyte lineages
was supported by the established canonical
markers, such as Nkg7, Cd19, Fcmr, Cd8b1 and
Cd79a, as well as myeloid cells that were
determined by the identifications of Cd11c, Cd14,
Cd68, Cd209a, Adgre1, Itgax, Csf1r, Lgals3, Ccr2
and Ly6c2.25,26 The expression patterns and
distribution of a few marker genes are shown in
Figure 2d and e (see Supplementary table 2 for
the full list of all marker genes detected).

Non-macrophage cell populations included
monocytes (cluster 0; marker genes: Ly6a, Ly6c2,
Fcgr1 and Dpep2), neutrophils (cluster 7; Retnlg,
S100a8, Cxcl2 and Hdc), B cells (cluster 11; Cd79a,
Fcmr, Ly6d and Mzb1), conventional DC type 2

(cDC2) (cluster 12; Cd209a, Flt3, Ctnnd2 and
Epcam),27 natural killer (NK) cells (cluster 14;
Gzma, Xcl1, Ncr1 and Klrb1c), migratory DCs
(migDC) (cluster 16; Ccl22, Bcl2l14, Fscn1 and
Cacnb3),28 plasmacytoid dendritic cells (pDCs)
(cluster 18; D13Ertd608e, Siglech, Ccr9 and
Pacsin1)27 and four clusters with gene signatures
suggesting various phenotypes of T cells (clusters
5, 10, 13 and 15). Fibroblasts (cluster 4;
2810417H13Rik, Tk1, Birc5 and Cdca3), and
adipogenic stem and precursor cells (ASPCs)
(cluster 6; Gas1, Igfbp3, Col3a1, Mgp and Cyr61)29

were identified as contaminants (Supplementary
table 2).

The macrophage populations were examined in
more detail, and the expression of the top 20
marker genes of each macrophage population
was compared with their expression across all
macrophage cell populations (Figure 2f). Specific
gene expression patterns differentiating these MΦ
populations and certain overlaps could be
determined. Many of the top 20 marker genes of
cluster 1, including Pf4, Arg1, Fabp5 and Mmp12,
were associated with M2 MΦ, and similar numbers
of these cells were detected in tumors treated
with caerin peptides or control peptide
(Supplementary figure 2c and d). The top three
highly expressed genes with significance in cluster
2 were H2-Eb1, Cd74 and C1qc (Supplementary
table 2), confirming the MΦ signature. These
genes marked MHCIIhi border-associated MΦ in
mouse brain.28 The high expressions of several H2
(MHCII) members, including H2-Eb1, H2-Ab1, H2-
Aa, H2-DMb1 and H2-DMa, were also confirmed
in cluster 2; thus, we considered these as MHCIIhi

MΦ hereafter. Cluster 3 had a mixed cell
phenotype, including proinflammatory MΦ
(Cxcl10, Gbp2 and Thbs1), Ly6chi-infiltrating MΦ
(Chil3 and Plac8) and dendritic cells (Rsad2, Ifit1,
Ifit2 and Ifi205), which was was labelled as MΦ/
DCs. Cluster 8 was mainly composed of
macrophages (Nop16, Gatm and Pf4) and NKT
cells (Ntpcr, Mrpl28 and Commd10), and was
identified as MΦ/NKT. Because of the exclusive
high expression of Ear2, cluster 9 was assigned as
Ear2hi MΦ (Chil3, Adgre5, Ace and Ifitm6).30,31

Besides the signatures of MΦ (Adgre1, Csf1r, Fcgr1
and Cd68), cluster 17 also exhibited upregulated
expression of chemokines (Ccl8, Ccl24, Ccl6 and
Ccl9), suggesting the identity of TAMs, as Ccl8 and
Siglec1 were detected as markers for TAMs in
breast cancer,32 and both were highly expressed
with the former being exclusive. The presence of
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Figure 2. Identification of immune cell populations of TC-1 tumor by single-cell RNA sequencing. (a) Timeline of immunisation of TC-1-bearing

mice. 30 days post-tumor challenge, spleens and draining lymph nodes from control and immunised, and PD-1-blocked TC-1 tumor-bearing

mice, treated with caerin 1.1/1.9 or a control peptide (P3), were isolated, and single cells were prepared and subsequently cultured in the

presence of HPV16 E7 CTL epitope RAHYNIVTF overnight. ELISPOT assay was performed as described in the Methods. Left: Tumor weight;

middle: splenic HPV16 E7-specific CD8+ T cells; and right: draining lymph node HPV16 E7-specific CD8+ T cells. The results shown are from one

of two independent experiments (no. of mice = 5 in each group). (b) Schematic diagram of the experimental design (including injection

procedure) and data processing. scRNA-seq analyses were performed using pooled samples (n = 5 in each group). (c) t-Stochastic neighbour

embedding (t-SNE) representation of aligned gene expression data in single cells extracted from untreated (n = 4011), vaccinated plus caerin 1.1/

1.9 (n = 5685)-treated or control (n = 5415) TC-1-bearing mice showing cellular origin (top) and partition into 19 distinct clusters (bottom). (d)

Gene expression patterns projected onto t-SNE plots of Itgax, Ly6C2, Adgre1, Cd8b1, Cd14 and Fcmr (scale: log-transformed gene expression).

(e) Heatmap showing the 20 most upregulated genes (ordered by decreasing P-value) in each cluster defined in (c) and selected enriched genes

used for biological identification of each cluster (scale: log2 fold change). MΦ represents macrophage; ASPC, adipogenic stem and precursor cell;

NKT, natural killer T cell; cDC, conventional dendritic cell; NK, natural killer cell; migDC, migratory dendritic cell; TAM, tumor-associated

macrophage; and pDC, plasmacytoid dendritic cell. (f) Bubble map of marker gene expression distribution in different macrophage populations,

including M2 MΦ, MHCIIhi MΦ, MΦ/DCs, MΦ/NKT, Ear2hi MΦ and TAM. The bubble size represents the ratio of the sum of the expression levels

of the marker genes in a certain subpopulation to the sum of their expression levels in all cells, while the bubble colour represents the average

expression of the marker genes in the cell population.
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other significantly upregulated genes, for
example Cd209f, Clec10a and Cd163, indicated
phenotype of activated M2 MΦ in TAMs.

We found that, in comparison with the
untreated group, the two treatment groups had
significantly increased populations of monocytes,
MHCIIhi MΦ, MΦ/DCs, Ear2hi MΦ, CD8+ T cells and
pDCs and substantially reduced M2 MΦ and B-cell
populations (Supplementary table 1;
Supplementary figure 2c and d). CD8+ T cells
appeared nearly exclusive to tumors from
immunised animals, and the M2 MΦ population
was reduced in these tumors, possibly because of
the use of anti-IL-10 antibody in the
immunisation, since it directly associates with the
secretion of IL-10.33 The numbers of MHCIIhi MΦ
and NK cells were greatest in the caerin group.
Notably, B cells were almost depleted in the

caerin group (15/5,685 cells), when compared to
the untreated group (194/4,011 cells) and the
control group (87/5,415 cells) (Supplementary
table 1).

Intratumor injection of caerin peptides
significantly increased Arg1� tumor-
infiltrating macrophages

The six macrophages represented the largest cell
populations (Supplementary figure 3),
constituting 49.58%, 47.47% and 42.00% of total
cells in the untreated, the caerin and the groups,
respectively (Supplementary table 2). The
correlation between each group of MΦs was
derived based on the expression of significantly
upregulated genes (Figure 3a). Notably, M2 MΦ
and MHCIIhi MΦ were highly correlated with

Figure 3. Immunisation increased immuno-active macrophage populations. (a) Correlation analysis amongst six macrophage populations. (b) The

comparison of the number of cells assigned to each macrophage in different groups (untreated, caerin 1.1/1.9 and control), and the fold change

in cell numbers of two treatments relative to the untreated group was displayed on the bars. (c) The proportions of different macrophages in

each group. (d) The comparison of the normalised expression of selected M2 MΦ marker genes and other macrophages. (e) t-SNE representation

of aligned gene expression data of M2 MΦ and selected genes (including Rgcc, Mgarp, Egln3, Ndrg1, Hilpda, Ero1l, Gla, Furin and Gys1) from

untreated and caerin 1.1/1.9 groups. (f) Relative expression comparison of the top 40 marker genes of M2 MΦ amongst three groups. (g)

Statistical analysis of the expression (log2 value) of Arg1, Mmp13, Pxdc1, Cd93, Pf4 and Hmox1. (h) Biological processes enriched in M2 MΦ

population post the treatment containing caerin 1.1/1.9.

2021 | Vol. 10 | e1335

Page 6

ª 2021 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc

Caerin peptides enhance cancer immunotherapy G Ni et al.



MΦ/NKT, suggesting close development of these
MΦ lineages. The normalised cell numbers of
different MΦs in the tumors were compared, and
the M2 MΦ populations were reduced in the
treatment groups by nearly 80% (Figure 3b).
Injection of caerin largely induced MHCIIhi and
Ear2hi MΦs in tumors, while reducing TAMs, when
compared to the other two groups. M2 MΦ was
reduced from 73.2% of macrophages in untreated
tumor to 16.2% and 18.9% in the caerin and
control groups, respectively (Figure 3c).

We next sought to unravel the phenotype and
functions associated with the specific gene
expression patterns of each macrophage. The
expressions of key lineage-associated genes of M2
MΦ were compared in parallel with their
expressions in other macrophages (Figure 3d).
Several marker genes appeared exclusive to M2
MΦ, such as Mmp12, Arg1, Mmp13 and Slc6a8,
which were found to correlate with tumor
angiogenesis and invasiveness.34–36 The role of
Arg1 in immunosuppression has been described.37

Some marker genes of M2 MΦ were also highly
expressed in TAMs, suggesting a similarity
between these two MΦs in terms of cellular
function.

The distribution of M2 MΦ in the untreated and
the caerin groups was compared in Figure 3e. The
expression of some marker genes, such as Rcgg,
Ndrg1 and Egln3, aligned in a much greater
extent with M2 MΦ in the caerin group. The
relative expression of the top 40 marker genes of
M2 MΦ was hierarchically clustered and compared
amongst groups (Figure 3f). All genes were
significantly downregulated in the caerin and
control groups, except Mmp13 and Ndrg1. To
evaluate the significance of this observation, the
expression values of selected genes were further
compared, where significant downregulation of
Arg1, Mmp13, Pf4 and Hmox1 was present in the
caerin group when compared to the control
(Figure 3g). Most of the biological processes
enriched in M2 MΦ represented by the marker
genes unique to the caerin group were related to
immune responses including apoptosis, responses
to stimulus with organic substance, cytokine
production and secretion, and T-cell
differentiation (Figure 3h). Different gene
expression patterns relating to metabolism and
transport of macromolecules (Supplementary
figure 4b), and responses to heat and wounding
(Supplementary figure 4c) were enriched in the
untreated and the control groups.

MHCIIhi MΦ was significantly increased in the
control and caerin groups, more significantly with
the latter. The expression of selected marker
genes of MHCIIhi MΦ was compared across six
MΦs (Figure 4a), confirming Lira5, Cxcl9, Dnase1l3
and Cd300e as the signatures exclusive to MHCIIhi

MΦ. The expression of Cadm1, Cxcl9 and Cd300e
was increased in macrophages, and Dnase1l3 has
been reported as a signature of CD141+CLEC9A+

DCs.38 In addition, Clec12a was recently found to
be highly expressed in myeloid cells including
macrophages and DC subsets.39 Thus, the MHCIIhi

MΦ cluster displayed a characteristic of mixing
phenotypes and its subpopulations were further
investigated.

A total of five subpopulations (C0 to C4) of
MHCIIhi MΦ were identified, with the C0, C1 and C2
possessing the highest cell numbers (Figure 4b). C3
was largely present in the control and caerin groups
with similar cell numbers, while C4 was absent from
the untreated group (Supplementary table 3). The
normalised cell numbers of five subpopulations
were compared (Figure 4c), and caerin peptide
injection stimulated amuch higher number of C0, C1
and C2 with respect to the other two groups. The
expressions of the top 10 marker genes of each
subpopulation were compared across all five
subpopulations (Figure 4d). The first
subpopulation, C0_MHCIIhi-CXCL2, characterised by
Cxcl2, Nfil3 and Osm, had the phenotype of
activated macrophages.40–42 The subpopulation C1
showed significant expressions of Ifit3b, Ifit3
and Ifit2, signatures of polarised M1
macrophages,43 suggesting proinflammatory
function. In addition, C1 also showed significant
upregulation of several other interferon-induced
protein-relevant genes, which thus was labelled as
C1_MHCIIhi-IFIT.

The third subpopulation had the lowest number
of significantly upregulated genes compared with
the other four subpopulations and was
characterised by the expression of Fcrls, Ptgs1, Mrc1
and Igfbp4, the signature of resident-like
macrophages.28,44,45 Thus, this subpopulation is
referred to as C2_MHCIIhi-ResMΦ. The fourth
subpopulation, named C3_MHCIIhi-DCs, possessed
the highest number of marker genes of DCs, such as
Ankrd33b, Xrc1 and Asb2. Also, the signature of B
cells, Fcrl5, was significantly expressed in
C3_MHCIIhi-DCs, suggesting antigen-presenting
capacity. The fifth subpopulation was characterised
by several marker genes of progenitor cells, such as
Birc5,46 Cdkn3,47 Ccnb248 and Kif20a,49 which was
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referred to as C4_MHCIIhi-PROG. The H2 (MHCII)
members were mainly elevated in C1_MHCIIhi-IFIT
and C4_MHCIIhi-PROG.

The correlations amongst these subpopulations
were evaluated based on the upregulated genes
(Figure 4e). C1_MHCIIhi-IFIT and C3_MHCIIhi-DCs

Figure 4. Immunisation in combination with PD-1 and IL-10 blockade, and the injection of caerin 1.1/1.9 or control changed the heterogeneity

of MHCIIhi MΦ population. (a) Comparison of normalised expression of selected marker genes of MHCIIhi MΦ in all MΦ populations. (b) 2D t-

SNE distributions of five subpopulations of MHCIIhi MΦ. (c) Comparison of the cell numbers of subpopulations in the untreated, caerin or control

groups. The fold changes of cell number in treatment groups with respect to the untreated group were displayed on the bars. (d) Heatmap

showing the 10 most upregulated genes (ordered by decreasing P-value) in each cluster defined in (b) and selected enriched genes used for

biological identification of each cluster (scale: log2 fold change). (e) Biological process network based on genes that are commonly upregulated

between subpopulations C1_MHCIIhi-IFIT and C3_MHCIIhi-DCs.
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were correlated with a much higher degree.
Genes that were shared between C1_MHCIIhi-IFIT
and C3_MHCIIhi-DCs revealed biological processes
mutually exerted by these two subpopulations,
including the metabolism of lipids and
lipoproteins, G protein signalling and FCGR
activation. Reactome pathways based on unique
marker genes were analysed (Supplementary
figure 5). C0_MHCIIhi-CXCL2 showed enrichment
in caspase-mediated cleavage of cytoskeletal
proteins, immune system, apoptotic cleavage of
cellular proteins and apoptotic execution phase.
The signalling of interferon, interferon gamma
and cytokine in immune system were highly
enriched in C1_MHCIIhi-IFIT. The pathways found
in C2_MHCIIhi-ResMΦ were less significant
(relatively high P-values), such as GPCR ligand
binding, chemokine receptors bind chemokines
and collagen formation. C3_MHCIIhi-DCs showed
enrichment in haemostasis, GPVI-mediated
activation cascade and adaptive immune system.
Many cell cycle-related pathways were found
enriched in C4_MHCIIhi-PROG, which were less
relevant to activating immune response
(Supplementary table 3).

The populations of Ear2hi MΦ were remarkably
elevated in the caerin group (Supplementary
figure 6a). The distribution of cells expressing
selected proinflammatory marker genes appeared
to align well with Ear2hi MΦ in the caerin group,
compared with untreated and the control groups.
Significant upregulation of Ear2, Ace, Adgre4,
Serpinb2 and Prtn3 in Ear2hi MΦ was identified in
the caerin group (Supplementary figure 6b and c).
A high degree of gene expression concordance
was present amongst different groups, yet distinct
biological processes were found (Supplementary
figure 6d). Ear2hi MΦ showed the suppression of
many biological processes, such as transferase
activity, phosphorylation and cellular protein
metabolism in untreated tumors, while the caerin
group had activated cellular structure remodelling
and immune response genes, including those
suggesting myeloid cell differentiation.

Two treatments increased the population
of MΦ/DCs

The MΦ/DCs population was significantly
stimulated by the two treatments, which had 543
(9.55%) and 535 (9.88%) in the caerin and control
groups, respectively, compared with only 165
(4.11%) in the untreated group (Supplementary

table 1). We investigated the functions of MΦ/DCs
by further dividing them into a total of four
subpopulations (Supplementary table 4). The first
subpopulation, characterised by Ccl5, Ccl12 and
Slamf7, were strongly related to M1 polarisation
macrophages50–52; thus, it was referred to as
C0_MΦ/DC-CCL5. The second subpopulation had
the characteristic of stem/progenitor cells,
supported by Cd24a,53 Htra3,29 Nr4a254 and
Zfhx355; thus, we named it as C1_MΦ/DC-CD24A.
The third subpopulation had Prtn3,56 Il1557 and
Gstm158 as its marker genes, suggesting potential
functions with similarity to neutrophils, which was
referred to as C2_MΦ/DC-PRTN3. The last
subpopulation was named C3_MΦ/DC-SLC7A11,
since the marker genes, including Slc7a11,59

S100a860 and Wfdc21,61 were associated with DCs.
C0_MΦ/DC-CCL5 appeared highly enriched in
immune response-relevant biological processes,
such as immune system process, innate immune
response and defence response, many of which
were also significant in C2_MΦ/DC-PRTN3
(Supplementary table 4). The enrichment of
response to wounding, inflammatory response
and regulation of cytokine production was
implied by the genes in C3_MΦ/DC-SLC7A11. The
stem/progenitor cell-associated processes, such as
ribonucleoprotein complex biogenesis, ribosome
biogenesis and positive regulation of I-jB kinase/
NF-jB cascade, were exclusively present in C1_MΦ/
DC-CD24A.

More CD8+ T cells infiltrated to TC-1 tumor
following vaccination and PD-1 blockade,
and CD8+ T cells were more activated in the
caerin 1.1/1.9 treatment group

In the control and caerin groups, the population
of CD8+ T cells infiltrating to TC-1 tumor was
3.73% (caerin) and 4.58% (control) of the total
CD45+ cells compared with only 0.27% in
untreated tumors (Supplementary table 1). With
peptide treatments, CD8+ T cells were more
separated from the other three T-cell populations
in the 2D t-SNE space (Figure 5a), indicating a
possible variation in function. Out of all T-cell
types, the proportions of CD8+ T were 40%
(caerin) and 37% (control) compared with 3.3% in
the untreated group (Figure 5b). Most marker
genes of CD8+ T cells showed much higher
expression than other T-cell populations
(Figure 5c; see Supplementary table 5 for the
expression of marker genes in other T cells),
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including genes that enhance the activation of
CD8+ T cells, such as Ucp2, Fth1, Apoe, Fcer1g and
Calm3.

Since pDCs present antigens (Ag) and induce
immunogenic T-cell responses through
differentiation of cytotoxic CD8+ T cells and
effector CD4+ T cells,62,63 we compared the gene
expression of signature genes of CD8+ T cells
across four types of T cells and pDCs (Figure 5d). It
shows that Cd8a, Klrc1 and Lag3 were almost
exclusive to CD8+ T cells, while comparable
expression of Cxcr6 was observed in CD4�CD8� T
cells, and lower expression of Cd8a, Cd8b1 and
Lag3 was observed in pDCs. Ribosome was
determined to be the most enriched KEGG
pathway, followed by T-cell receptor signalling
and natural killer cell-mediated cytotoxicity
(Figure 5e). Translation was found to be the most
enriched process in all T-cell populations except
CD4+CD25+ and was thus excluded to highlight
the difference amongst other enriched processes
(Supplementary table 5). The top 25 enriched
biological processes in CD4+CD8+, CD8+,
CD4+CD25+ and CD4�CD8� T cells were compared
(Figure 5f). Since these cells share similar T-cell
lineage development, overlaps of certain
biological processes were observed, such as T-cell
differentiation and T-cell receptor signalling, and
innate immune response was observed as
expected. However, T-cell-relevant processes were
more enriched in CD8+ T cells suggested by lower
P-values than in the other three subtypes.
Furthermore, there were a set of processes only
enriched in CD8+ T cells, such as positive
regulation of histone deacetylation, activation of
cysteine-type endopeptidase activity involved in
apoptotic process and regulation of cytokine
production (Figure 5f and Supplementary table 5).

The expression of marker genes, including Cd8a,
Cd8b1, Tox, Lag3, Ifng, Nkg7, Nrgn, Gldc, Prf1,
Abcb9, Nrn1 and Rgs16, was compared amongst
three groups (Figure 6a), where significant
upregulations of these genes induced by two
peptide treatments were observed, except Nrn1 in
the control group. In addition, Cd8a, Cd8b1, Tox,
Ifng, Prf1 and Rgs16 were significantly elevated in
the caerin compared with the control groups,
suggesting that CD8+ T cells were more activated.
The subpopulations of CD8+ T cells were further
investigated to reveal the changes in
heterogeneity because of peptide treatment, and
five subpopulations (C0 to C4) were identified
(Figure 6b and Supplementary figure 7). We

found that the signatures representing na€ıve T
cells, including Sell, Lef1 and Tcf7, had higher
expression in untreated tumor (Figure 6c). Peptide
treatment caused elevation of signatures for
exhausted T cells, such as Tigit, Lag3, Tox and
Pdcd1, while the effector T cells were stimulated
suggested by the upregulation of Gzmb and Prf1.
The average expression of the top 20 markers
genes of five subpopulations was compared
(Supplementary figure 7e), where the marker
genes of subpopulations 2 and 3 were more
exclusive.

The first cluster C0_CD8-CCL5 cells characterised
by marker genes Ccl5,64 Cd3e,65 Cxcr666 and
Gzmk67 were considered as memory T cells. Most
of the top 20 highly expressed genes in the
second cluster were various ribosomal proteins,
such as Rpl32, Rpl26, Rpl23 and Rpl28. It has been
reported that translation is upregulated during
effector CD8+ T-cell expansion.68 In addition,
Tnfrsf969 and Prf170 appeared to highly express in
this subpopulation. Thus, these were likely
effector CD8+ T cells and were named C1_CD8-
TNFRSF9. The third cluster, C2_CD8-CDCA5, was
characterised by significant upregulation of
Cdca5, Cdc6 and Ccna2, commonly associated with
dividing T cells.71 Additionally, several histones
and regulators, including Tmsb10 and Ptma, were
amongst those genes with the highest expression
in C2_CD8-CDCA5. The fourth cluster possessed
more than 1,500 genes showing significant
upregulation and was characterised by Fth1, Cd74
and Ifitm3. The relevance of Fth1 to CD8+ effector
T-cell response was reported, which revealed that
it played an immunomodulatory role in cytokine
signalling, adaptive immunity and cell death.72

The high expression of Cd74 and Ifitm3 was
detected in memory T cell.67,73 Thus, this cluster
was composed of effector-memory T cells,
referred to as C3_CD8-FTH1 hereafter. The
remaining cell cluster, C4_CD8-MS4A4B, was
characterised by MS4a4B, Ly6a, Cd8b1 and Ly6e,
and was na€ıve T cells. Notably, the CD8+ T cells of
untreated tumors only contained two of five
subpopulations, that is C0_CD8-CCL5 and C2_CD8-
CDCA5, while the control and caerin groups
induced all five subpopulations (Figure 6b;
Supplementary figure 7a; Supplementary table 5).
The caerin group possessed a higher number of
C0_CD8-CCL5 and C3_CD8-FTH1 than the control.

We then projected CD8+ T cells onto the two-
dimensional state space defined by Monocle3 for
pseudotime analysis, to obtain the information
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Figure 5. Comparison of TC-1 tumor-infiltrating T-cell populations with the caerin 1.1/1.9 or control peptide treatments. (a) 2D visualisation of

cell populations inferred from RNA-seq data for all CD45+ cells in untreated and treated with caerin 1.1/1.9 or control; cell types with significant

changes because of the treatments were featured. Colour coded as indicated. (b) Proportions of CD4+CD8+, CD8+, CD4+CD25+ and CD4-CD8-

cells within T cells extracted from the TC-1 tumor. (c) Hierarchy clustering of the top 40 marker genes of CD8+ T cells in comparison with other

types of T cells. (d) Violin plots compare the gene expression of selected genes showing statistically significant upregulation in CD8+ T cells to

other T-cell populations and pDCs, including Cd8a, Klrc1, Lag3, Cd8b1, Nkg7 and Cxcr6. (e) The top 20 KEGG pathways enriched in CD8+ T

cells. (f) Gene ontology enrichment analysis of biological processes in T cells in the TC-1 tumor. The top 25 enriched biological processes in four

T-cell subsets were compared in terms of P-value and gene numbers, respectively.
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inferring lineage trajectories from expression data
(Figure 6d). Most cells from each subpopulation
aggregated based on expression similarities, and
different clusters formed into a relative process in
pseudotime that began with C2_CD8-CDCA5
(dividing CD8+ T cells), then developed in separate
directions, with one direction developing to
C3_CD8-FTH1 cells (effector-memory CD8+ T cells).
It appeared that C0_CD8-CCL5 (memory CD8+ T
cells), C1_CD8-TNFRSF9 (effector CD8+ T cells) and
C4_CD8-MS4A4B (na€ıve CD8+ T cells) started to
emerge at approximately similar pseudotime on
the other direction, gradually overlapping on
three branches along the pseudotime trajectory,
two of which also included certain amount of
C2_CD8-CDCA5 cells, indicating functional
divergence of this subpopulation. On these two
branches, C2_CD8-CDCA5 aggregated with
C0_CD8-CCL5 and C1_CD8-TNFRSF9, which
suggested a close correlation between regulatory,
effector and memory CD8+ T cells, and different
functions might be executed. C4_CD8- MS4A4B
was diversely present together with C0_CD8-CCL5
and C1_CD8-TNFRSF9 along the pseudotime,
especially at the middle area, implying their close
association.

Seven states were thus identified based on
pseudotime analysis (Figure 6e), where cells in
transitional state 2 and state 5 exclusively
corresponded to C0_CD8-CCL5 and C2_CD8-
CDCA5, respectively. Most cells of states 1, 3 and 7
were C0_CD8-CCL5, C1_CD8-TNFRSF9 and C2_CD8-
CDCA5. A transitional state 4 was identified,
which consisted of all clusters except C3_CD8-
FTH1. The predicted developmental trajectory was
also confirmed by the marker genes with similar
expression patterns, which hierarchically clustered
these markers along the pseudotime in each state
(Supplementary figure 8). The potential
divergence of cell functions in different state cells
was investigated (Supplementary table 5).
Notably, state 1 showing a significantly elevation
of genes enriched in the signalling pathways of
IL-2 and IL-3, G protein and G13 at a later stage,
and the caerin group had a higher population in
this state than the other two groups (Figure 6d
and Supplementary table 5). Apoptosis was the
only pathway enriched in state 3, and signalling
by EGFR1, chemokine and TGF-b was present in
state 7. The transition state 2 between states 3
and 7 had very different functions, such as the
enrichments of macrophage markers, ApoE and
miR-146 in inflammation and atherosclerosis, and

antigen processing and presentation. The
presence of more state 6 cells at late pseudotime
potentially in the caerin group correlated with
the marker genes playing roles in TNF-a, NF-kB
signalling and inflammatory response.

The genes significantly differentiating the
branches were also analysed, with expression
variation of top 10 genes along the pseudotime
trajectory compared amongst different groups
(Figure 6f–h). Most of these genes were expressed
near pseudotime zero in the untreated tumors
but had a significantly prolonged expression in
the control or caerin group. During the first
transition, the genes highly associated with the
immune system, and their expression, declined at
an early stage in states 5 and 6 possibly because
of low cell numbers, then increased sharply
onwards at pseudotime 25, where more cells
expressing these genes were observed in the
caerin group. There was a slow increase in
expression of Apoe, C1qb, Cd74, H2-Aa, H2-Ab1
and H2-Eb1 along the pseudotime on the branch
involving states 1, 2, 3, 4, 5 and 7, which also
correlated well with higher cell number
stimulated in the caerin group (Figure 6f). The
expression of Rps11, Rps15a, Rps36, Rps24 and
Rps26 on the branch appeared downregulated
along the pseudotime in states 1, 2, 4 and 5
(Figure 6g), indicating the deactivation of
translation, which was also the case on the state
1, 2, 4, 5 and 7 branch (Figure 6h). In addition,
the expression trend of these genes in states 3, 4
and 5 aligned well with the cell distribution in the
caerin group.

Caerin 1.1/1.9 treatment remarkably
reduced the numbers of tumor-infiltrating
B cells

We observed a cluster of B cells as a major tumor-
associated cell population, representing 4.84%
(194 out of 4011 cells, the 5th highest population)
of total CD45+ cells isolated from the untreated
TC-1 tumor (Supplementary figure 13a;
Supplementary table 1). In contrast, the
proportion of B cells decreased to 1.61% (87 cells)
and 0.26% (15 cells) in P3 treatment and caerin
1.1/1.9-treated groups, respectively
(Supplementary table 1). The GO term analysis of
B cells revealed enrichment of biological processes
such as the activation (corrected P = 9.95E-15),
differentiation (corrected P = 8.27E-07) and
proliferation of B cells (corrected P = 3.49E-10),

2021 | Vol. 10 | e1335

Page 12

ª 2021 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc

Caerin peptides enhance cancer immunotherapy G Ni et al.



Figure 6. Comparison of CD8+ T-cell marker genes with two treatments and state transition analysis based on integrated expression in

subpopulations. (a) The expressions (log2 value) of Cd8a, Cd8b1, Tox, Lag3, Ifng, Nkg7, Nrgn, Gldc, Prf1, Abcb9, Nrn1 and Rgs16 in untreated

tumors, treatments containing caerin 1.1/1.9 or control. (b) The analysis of subpopulations of CD8+ T cells and the number of cells under the

aforementioned three conditions. (c) The heatmaps compared the average expressions of selected genes in the untreated and treated tumors,

and in five subpopulations. (d) The ordering of CD8+ T-cell subpopulations along pseudotime in a two-dimensional state space is defined by

Monocle3. Cell orders are inferred from the expression of most dispersed genes across CD8+ T-cell subpopulations. Each point corresponds to a

single cell, and each colour represents a T-cell subpopulation. Cells on the same or neighbouring branches are expected to be more hierarchically

related. (e) Developmental states of CD8+ T cells inferred by pseudotime. The space distribution of cells is defined in (b). Each colour represents a

distinct state on the trajectory generated by Monocle. Pie charts show the proportion of cell clusters at the state when multiple clusters are

involved. The top 10 genes differentially expressed in different states on branches 1 (f), 2 (g) and 3 (h) along with stretched pseudotime with

respect to different treatments.
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regulation of B-cell receptor signalling (corrected
P = 3.53E-04), regulation of antigen receptor-
mediated signalling (corrected P = 1.69E-05) and
regulation of immune system process (corrected
P = 1.51E-13) (Supplementary figure 13b). The
KEGG enrichment analysis also revealed that the
B-cell receptor signalling pathway was the second
most significant pathway (P = 5.76E-06) following
ribosome, while antigen processing and
presentation was also enriched (P = 0.0282)
(Supplementary figure 13c). The expressions of
the marker genes in untreated and treated TC-1
tumor were compared (Supplementary
figure 13d), and indicated a significantly lower
number of cells expressing these genes with two
treatments, especially with the injection of caerin
1.1/1.9. The total expression of genes known to
induce activation and/or proliferation of B cells,
such as Blk, Cd19, Bcl11a and Cxcr5, was
compared across three groups (Supplementary
figure 13e); many of these genes seemed largely
downregulated by the injection of caerin 1.1/1.9.
The biological processes related to the
upregulated genes uniquely present with caerin
1.1/1.9-containing treatment mainly included a
network-centred endocytosis (Supplementary
figure 13f), where the interactions with apoptotic
process, immune system process and protein
transport were identified.

Caerin 1.1/1.9 enhanced the infiltration of
NK cells into TC-1 tumor

The population of NK cells was elevated
significantly by the treatment containing caerin
1.1/1.9, which had a cell number of 89, compared
with that of 20 in untreated and 38 in P3 groups,
respectively (Supplementary table 2). There was a
certain extent of overlap in the distribution of
marker genes between NK, CD4+CD8+ and CD8+ T
cells (Supplementary figure 14a). The distribution
of cells expressing selected marker genes with
respect to different treatments was compared in
Supplementary figure 14b, where significantly
higher cell numbers were detected in caerin 1.1/
1.9-containing treatment than other two
conditions. The pathways enriched in the marker
genes of NK cells were highly relevant to immune
response, such as signalling pathways of natural
killer cell-mediated cytotoxicity and the T-cell
receptor, and differentiation of Th1, Th2 and
Th17 (Supplementary figure 14c). The expressions
(log2 value) of selected marker genes in three

samples were compared in Supplementary
figure 14d, where significant upregulations of
these genes were detected in NK cells of the
caerin group. The identifications of Sell, Klrc1 and
Gata3 amongst the upregulated genes with
significance indicated CD56bright NK cells existing
in this population74,75; caerin further induced the
expression of other marker genes of CD56bright

NK, such as Impdh1, Inpp4b and Cd69. The
‘mature NK’ was present in this population, as
supported by CTSW, Hpox and Manf. The
presence of Pik3r1, Cd27 and Pdcd4 in this
population also suggested a characteristic of
‘transitional NK’,76 potentially associated with the
transition from CD56bright to CD56dim NK cells.
Klrc2 has recently been discovered as the key
marker for ‘adaptive NK’,76 and the treatment
with caerin significantly upregulated the
expression of Klrc2; other signatures of ‘adaptive
NK’, including Id2, Cd7 and Klrd1, were also
present in this population. Notably, the marker
genes of ‘active’, ‘terminal’ and ‘inflamed’ NK
cells reported previously were not confidently
detected here. Thus, this population of NK cells
represent a mixture of CD56bright, mature,
transitional and adaptive NK cells, a sign of
functional NK cells with minimal inflammation.
The expression of Klrc2 in NK cells under different
conditions (displayed in Supplementary
figure 14d) clearly showed that it was expressed
in much more cells induced by caerin 1.1/1.9. In
addition, we found a higher percentage of Klrc2
in cells treated by caerin 1.1/1.9. The Reactome
pathways enriched in NK cells of the caerin group
included apoptosis, intrinsic pathway for
apoptosis and a few CD28 stimulation-relevant
pathways (Supplementary figure 14f), implying
active immune response. These pathways were
either not enriched or with much lower P-values
in untreated or P3 groups.

TMT10plex labelling quantitative
proteomics revealed a higher immune
response induced by the injection of caerin
1.1/1.9

To validate our scRNA-seq data and capture
treatment-dependent alterations in protein
content, quantitative proteomic analysis of tumors
was performed using the TMT labelling method
(details of protein quantitation and annotations
summarised in Supplementary table 6). The
pairwise comparison showed that significantly
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more proteins were regulated in the caerin group
than in the control (Supplementary figure 9a and
b). The hierarchical clustering of quantified
proteins implied consistency between biological
triplicates of each group. A total of 238 proteins
were uniquely upregulated in the caerin group
(Supplementary figure 9c).

The gene ontology enrichment of upregulated
proteins with each treatment was analysed
(Supplementary table 6; Supplementary figures 10
and 11). In the caerin group, the enrichment of
many biological processes was more significant
than in the control, for instance immune system
process (caerin, FDR = 8.10E-28; control,
FDR = 1.29E-12) and innate immune response
(caerin, FDR = 9.85E-22; control, FDR = 3.60E-05).
The top 60 proteins significantly regulated in the
caerin group with respect to the untreated group
are shown in Figure 7a, the proteins involved in
immune response and regulation processes, such
as Gzma, Gzmc, Irf5, Tgtp1, Prg2 and Ighg1, were
present. The quantities of selected proteins
uniquely regulated in the caerin group are shown
in Figure 7b.

The protein–protein interaction (PPI) analysis of
upregulated proteins identified intensive
interactions in both treatments (Figure 7c and d;
the complete predicted PPIs are recorded in
Supplementary table 6). There were 337
interactions identified amongst the 285 proteins,
forming a highly connected network (P < 1.0E-16).
The distribution analysis of path length of the
network indicated that most interactions could
occur with fewer than 4 steps and the frequency
peaked at 3 steps, which was also reflected by the
high average neighbourhood connectivity
associated with more neighbours (Supplementary
figure 12). In addition, the relatively low
betweenness (close to zero) and closeness (most
between 0.20 and 0.35) centrality values further
implied the rigorous interplay amongst the
proteins. Similar nodes can be found on two
networks with different interaction degrees, with
Stat1 and B2m being the node with the highest
degrees in the caerin and control groups,
respectively. The fold changes of the top 10 most
interacting protein nodes on two PPIs were
compared with respect to internal references
(Figure 7e). Most of these proteins showed higher
abundance in the caerin group. Stat1 was
upregulated by 2.2-fold compared with the
untreated tumor (Supplementary table 6) and
detected as a marker gene in monocytes, MΦ/DCs

and CD4+CD25+ T cells with caerin treatment
(Supplementary table 6) with no significant
change in protein or mRNA with control peptide
treatment.

The top 40 enriched biological processes were
compared in Figure 7f. Caerin treatment caused
significant upregulation of proteins involved in
immune response and regulation processes in the
tumor, while many proteins upregulated
appeared to play important roles in the processes
related to antigen processing and presentation in
the control group. This was in accordance with
the finding that the injection of caerin largely
reduced the population of B cells as suggested
by the scRNA-seq. A correlation was observed
between proteins significantly upregulated only
in the caerin group and cell populations
identified in scRNA-seq (Figure 7g). Of those
proteins showing a fold change greater than 2,
many were closely correlated with normalised
expressions of genes in the populations of
monocytes, MΦ and DCs, such as Iigp1, Gbp2,
Irf5 and Parvg. There were a few proteins more
closely associated with their gene expression in
T-cell and NK populations, including Satb1, Spn,
Dok2 and Hip1r. Marker gene Gzmc appeared
exclusive to NK cells, while the protein
upregulation was only considered significant in
the caerin group. Stat1 was more abundant with
caerin treatment, which was detected as an
upregulated gene in nearly all cell populations
except B cells, suggesting that Stat1 was largely
regulated by caerin injection.

The KEGG pathways enriched (P < 0.05) in
upregulated proteins were compared (Figure 7h),
and more pathways were significantly identified
in the caerin group, including apoptosis, natural
killer cell-mediated cytotoxicity, necroptosis, the
signalling of nod-like receptor (NLR), TNF,
chemokine, NF-jB, RIG-I-like receptor and Toll-like
receptor and several disease-related pathways.
Amongst these KEGG pathways, NLR signalling
was determined as the most enriched pathway
(P = 1.55E-10), supported by the significantly
increased contents of Gbp2, Gbp5, Nlrc4, Ccl2, Tlr4
and so forth in the caerin group; many of their
genes were detected as signatures for MΦ/DCs.
Notably, the antigen processing and presentation
pathway was less significantly changed in the
caerin group (P = 6.0E-4) than in the control
(P = 1.0E-11), in accordance with the observation
that the population of B cells was remarkably
reduced with the injection of caerin peptides.
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Figure 7. Quantitative proteomic analysis of TC-1 tumor in different groups (untreated, caerin or control). The samples were isolated from the

same tumor tissues used for scRNA-seq analysis (no. of mice = 3 in each group), and the proteomic experiment was performed once. (a) The

volcano graph shows proteins significantly regulated (FC > 1.5, P < 0.05) only in the caerin group with respect to the untreated group. (b)

Comparison of the abundance of selected proteins in the untreated and caerin groups relative to the reference. A two-tailed Student’s t-test was

used to evaluate the significance. PPIs of significantly upregulated proteins in the caerin group (c) and control group (d); the size and the colour

of the nodes represent the interaction degree of the protein. (e) Comparison of fold change (with respect to internal references) of the top 10

highest degree values on the PPIs in caerin and control groups. (f) Comparison of biological processes enriched in the significantly elevated

proteins in the caerin and control groups, respectively, with respect to the untreated group. (g) The correlation between the gene expressions (in

19 cell populations) of the proteins showing significant upregulation only in the caerin group, and the fold change of these proteins in relation to

the untreated group. (h) The KEGG pathways enriched in the caerin and control groups (P < 0.05).
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DISCUSSION

Intratumoral injection of caerin 1.1/1.9 inhibited
TC-1 growth but did not prolong the survival of
TC-1 tumor-bearing mice (Figure 1b),13 whereas
anti-PD-1 treatment did not inhibit TC-1 tumor
growth or increase the survival time of TC-1
tumor-bearing mice.8 Intratumoral injection of
caerin 1.1/1.9 mixture significantly prolonged
survival time after immunisation with an HPV16
E7 peptide-based vaccine along with IL-10 and
PD-1 blockade, via the modulation of the TME,
when compared to intratumoral injection of a
control peptide. The scRNA-seq of CD45+ tumor-
infiltrating cells and proteomic analysis of tumor
uncovered that caerin 1.1/1.9 changed
heterogeneity and function of multiple tumor-
infiltrating leucocytes, especially macrophage
populations (largely elevated the populations of
M1, MHCIIhi and Ear2hi MΦs), reducing
protumorigenic B cells and inducing more active
CD8+ T cells, which thus modulated the TME to a
proinflammatory environment that may favor
tumor rejection.

The numbers of tumor-infiltrating CD8+ T cells
are similar between the treatment groups, but
significantly more than those of the untreated
group. The antigen-specific CD8+ T cells in the
spleen and draining lymph nodes were similar in
the two treatments, suggesting caerin peptides
did not influence the generation of vaccine-
induced CD8+ T cells; however, the CD8+ T cells in
the caerin group were significantly more activated
than those in the control group, which seemed
translated to increased survival time in this group
(Figure 1c).

Most of our knowledge of TAMs comes from
histological examinations and in vitro profiling
using flow cytometry.77 There remains a
significant knowledge gap on how TAMs function
in vivo and how these cellular activities can be
harnessed to improve anticancer therapy.
Recently, it has been shown that macrophages, as
well as other tumor-infiltrating cells, have
heterogeneous phenotypes in the TME by single-
cell RNA-sequencing technology.78 Similar results
were observed here that six populations with
distinct gene expression patterns and opposing
functions were identified (Figures 3 and 4). The
immunosuppressive TAM phenotype (‘M2’) is
generally believed to be positive for Arg1,79

because of the production of interleukin-4 and
lactic acid by tumor cells. The M2 MΦ was

abundant in the untreated group, while the
treatment groups displayed a substantial
reduction in this type of MΦ. Furthermore, Arg
expression in macrophage was significantly
reduced in the caerin group, so were Pf4, Mmp13
and Hmox1, known to promote tumorigenesis
and metastasis.80–82 On the contrary, MΦs with
immune-activating functions, including MHCIIhi

MΦ, MΦ/DCs and Ear2hi MΦ, were amplified by
the two treatments, especially in the caerin group.
Therefore, caerin 1.1/1.9 injection further
expanded macrophages with immune-activating
function while reducing the immune-suppressive
macrophage of vaccinated and PD-1-blocked TC-1
tumor-bearing mice, through mechanisms yet to
be identified. Currently, we are attempting to
confirm the findings of the scRNA-seq and
proteomic results by flow cytometry and real-time
PCR, and to investigate whether depleting the
MΦ changes the outcome of the triple therapy.

It has been found that B cells significantly
promoted tumor growth in E6/E7-expressing TC-1
tumor-bearing mice, while the reduction in B cells
was found to stimulate a more efficient antitumor
T-cell response, suggesting immunosuppressive
functions of B cells in this model.83 B cells
suppress the antitumor immunity through
complicated interplay with tumor tissues and
other lymphocytes, such as T cells, antigen-
presenting cells (APCs), Tregs and myeloid-derived
suppressor cells (MDSCs).84–86 The scRNA-seq
showed that the treatment containing caerin 1.1/
1.9 nearly depleted B-cell population, with the
expression of marker genes largely
downregulated in general, including many genes
regulating B-cell differentiation and activation,
such as Ms4a1 (Cd20), Fcer2a (Cd23), Cd79a and
Ebf1.87 This was also reflected in proteomic
analysis that antigen processing and presentation
pathway was remarkably less enriched than the
control group, and the biological processes
associated with MHCI and MHCII were
insignificantly modulated in the caerin groups
with respect to untreated or control groups.
Meanwhile, the proteasome pathway was largely
inhibited, because of the downregulations of
Psmb5, Psmb6, Psmb7, Psmd9 and H2afz, in the
caerin group as suggested by the proteomic
analysis (Supplementary table 6), which might
suppress the depletion of actin at the centrosome,
and thus impair cell polarity and organisation of B
cells because of being incapable of separating the
centrosome from the nucleus.88 In addition, the
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proteomic analysis also found that proteoglycans
(PGs) in cancer were inhibited by caerin 1.1/1.9-
containing treatment (Supplementary table 6),
which might also negatively affect B-cell
development.89 However, the flow cytometric
estimation of B-cell numbers was similar amongst
the three groups, which may need further
experimentation to confirm the scRNA-sequencing
results.

Previously, we found that caerin 1.1/1.9
attracted NK cells to the TC-1 tumor.20 Even
though the cell numbers were relatively low in
the current study, NK cells were elevated
significantly in the caerin group. The overlapping
distribution of its marker genes with CD4+CD8+

and CD8+ T cells suggested certain similarities in
their cellular function. We found that Cd56bright

NK cells were largely activated only in the caerin
group. Cd56bright NK cells were reported to have a
regulatory role in early immune response because
of the capability of producing different cytokines
and shaping adaptive response.90 Notably, scRNA-
seq determined Gzmc as the marker gene with
the second-highest upregulation and the largest
mean expression, and there were more NK cells
showing higher expression of Gzmc in the caerin
group. This was consistent with the proteomic
analysis that the content of Gzmc was increased
and natural killer cell-mediated cytotoxicity
pathway activated only in the caerin group,
suggesting higher cytotoxicity might be induced
to cause more efficient cell death, which was
reflected as the enrichment of apoptosis and
intrinsic pathway for apoptosis only in this group.
It has been found that Gzmc can support CTL-
mediated killing via the granule exocytosis
pathway during late primary alloimmune
responses,91 potentially related to the mutual
function shared between NK and two T-cell
populations. The upregulation of Gzmc activated
caspase-independent cell death with a
mitochondrial phenotype,92 which was in
accordance with our observation that activation
and myristylation of BID and translocation to
mitochondria was the second most enriched
process in the caerin group.

Nod-like receptor signalling activation was
indicated by both scRNA-seq and proteomic
analyses. Nlrc4 acts as a downstream
transcriptional target of p53 and shows potential
antitumorigenic functions.93 The upregulation of
Nlrp3 was shown to induce Stat1 phosphorylation
through IFN-c and thus promote an

antitumorigenic environment.94 The proteomic
analysis identified Stat1 only upregulated in the
caerin group with significance, and it appeared as
the node with the highest degree of interactions
with other upregulated proteins. Stat1 was found
to act as an essential mediator of the antitumor
response by inhibiting MDSC accumulation and
promoting T-cell-mediated immune responses in
murine head and neck squamous cell carcinoma.95

The NF-jB pathway was significantly activated
with the injection of caerin 1.1/1.9 (Figure 7g),
which might function synergistically with Stat1 to
induce more iNOS and Il12,96 thus triggering
recruitment of NK cells and CTLs. This was
consistent with the observation that the NK
population and the activation of CD8+ T cells were
largely promoted, and much higher upregulation
of Il12b was detected in migDCs by scRNA-seq in
the caerin 1.1/1.9 group. These NK cells and CD8+

T cells joined the C0_MΦ/DC-CCL5 to elicit
apoptosis in the TC-1 tumor, which was highly
activated exclusively in the caerin group
suggested by proteomic analysis. In addition, the
co-activation of Stat1 and Rela (significantly
upregulated in neutrophils and migDCs)
potentially triggered the expression of iNOS,
consequently producing nitric oxide that could
contribute to tumor elimination.97 Here,
insignificant upregulation (about a 1.3-fold
change relative to the untreated or control
group) of Nos3 in the caerin group was identified
by proteomic analysis.

CONCLUSIONS

Therapeutic vaccination with an HPV16 E7
peptide-based vaccine incorporating IL-10
receptor antibody plus PD-1 blockade induces
antitumor responses, caerin 1.1/1.9 injection
further increased the efficacy of the treatment
and expanded immune-activating macrophages
(MHCIIhi and Ear2hi MΦs) and NK cells, reduced
immune-suppressive B cells and resulted in more
activated CD8+ T cells, which might directly
mediate proinflammatory apoptosis of tumor
cells with Stat1 playing a key role with the
regulators on multiple pathways. We
demonstrated that caerin 1.1/1.9-containing
treatment results in improved antitumor
responses. Harnessing the novel candidate genes
preferentially enriched in the immune active cell
populations may allow further exploration of
distinct macrophages, T cells and their functions
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in TC-1 tumors, providing a valuable resource for
researchers in the field.

METHODS

Mice

Six- to eight-week-old, specific pathogen-free (SPF) adult
female C57BL/6 (H2b) mice were ordered from the Animal
Resource Centre of Guangdong Province and kept at the
Animal Facility, the first affiliated hospital of Guangdong
Pharmaceutical University, Guangdong, China. Experiments
were approved by and then performed in compliance with
the guidelines of Animal Experimentation Ethics Committee
(Ethics Approval Number: FAHGPU20160316). All mice were
kept at SPF condition on a 12-h light/12-h dark cycle at
22°C, and the humidity was 75%. Five mice were kept in
each cage, and were provided with sterilised standard
mouse food and water.

Cell line, peptide synthesis and antibodies

A murine TC-1 cell line transformed with HPV16 E6/E7 was
obtained from Shanghai Institute for Cell Resources Centre,
Chinese Academy of Sciences, and cultured following the
procedure described previously.20

Caerin 1.1 (GLLSVLGSVAKHVLPHVLPHVVPVIAEHL-NH2),
caerin 1.9 (GLFGVLGSIAKHVLPHVVPVIAEKL-NH2), control
peptide P3 (GTELPSPPSVWFEAEFK-OH), HPV16 E7 CTL
epitope RAHYNIVTF, and four overlapping peptides
representing the entire HPV 16 E7 protein, EX
(MHGDTPTLHEYMLDLQPETTDLYCYEQLNDSSEEE, LNDSSE
EEDEIDGPAGQAEPDRAHYNIVTFCCKC, DRAHYNIVTFC
CKCDSTLRLCVQSTHVDIR and CVQSTHVDIRTLEDL
LMGTLGIVCPICSQKP), were synthesised (purity > 99%) by
Mimotopes Proprietary Limited (Wuxi, China). The
concentration of lipopolysaccharide in caerin 1.1, caerin 1.9
and P3 was 0.03, 0.03 and 0.44 EU mL�1, respectively, as
measured by Kinetic Turbidimetric Assay (Xiamen Bioendo
Technology Co., Ltd).

Rat anti-mouse anti-IL-10 receptor (1B1.3), anti-PD-1 (J43)
hamster anti-mouse monoclonal antibody (MAb) and IgG
isotype control antibody (LTF-2) were purchased from
BioXcell, USA, and stored at �80°C till further use.

Tumor challenge

TC-1 cells, at approximately 70% confluency, were
harvested with 0.25% trypsin and washed repeatedly with
PBS. 5 9 105 cells/mouse in 0.2 mL of PBS were injected
subcutaneously into the left flank. Tumor sizes were
assessed every 3 days using callipers to determine the
average diameter of each tumor, calculated as
width 9 width 9 length. Mice were given 1% sodium
pentobarbital by i.p. injection when treatment
was performed. Mice were sacrificed when the tumor
diameter reached 15 mm (for survival curve) or 20 mm (for
scRNA-seq), by CO2 inhalation at the end of each
experiment.

Immunisation of mice

Three days post-TC-1 challenge, when tumors were
palpable, seven mice were immunised intramuscularly (i.m.)
with the vaccine containing 40 µg of four overlapping
HPV16 E7 peptides (EX) (10 µg per peptide), 10 µg of
monophosphoryl lipid A (MPLA; Sigma-Aldrich), and 300 µg
of anti-IL-10R antibodies, dissolved in 100 µL of PBS, at days
3, 9 and 18, and with or without vaccine containing 300 µg
of anti-PD-1 intraperitoneally (i.p.) on days 9 and 21.

Tumor local administration of caerin
peptide

Three days post-TC-1 challenge, when the tumors’ diameters
reached 3–5 mm, the mice either immunised or unimmunised
were intratumorally injected with 30 µg of caerin peptides
(caerin 1.1 and 1.9) or PBS for six consecutive days.

Flow cytometry

TC-1 tumors were dissected and homogenised using a tumor
dissociation kit (Miltenyi Biotec GmbH, Germany) to obtain
single cells. Single cells were stained with FITC-CD45.2
(clone: 104), APC-Cy7-CD3 (clone: 145-2C11), PE-Cy7-CD8a
(clone: 53-6.7), BV421-INF-c (clone: XMG1.2), PE-B220 (clone:
RA3-6B2) and FVS510 to separate dead cells from viable
cells before analysing on a flow cytometer (FACSAria II; BD
Biosciences, San Jose, CA, USA). Results were analysed with
FlowJo v10.0 software (Tree Star Inc., Ashland, OR, USA).

ELISPOT

Single spleen cell suspensions were added to membrane base
96-well ELISPOT plate (Millipore, Bedford, MA) coated with
anti-IFN-c (BD Harlingen, San Diego, CA). HPV16 E7 CTL
epitope RAHYNIVTF was added at various concentrations, and
cells were incubated with the peptide overnight at 37°C with
5% CO2. The plate was incubated with detection antibody (a
biotinylated anti-mouse IFN-c antibody; BD Harlingen, San
Diego, CA) after extensive washing in wash buffer for 2 h at
room temperature. Antigen-specific IFN-c-secreting cells were
detected by sequential exposure of the plate to avidin–
horseradish peroxidase (Sigma-Aldrich) and DAB (Sigma-
Aldrich). The plate was washed and allowed to air-dry
overnight, and foci of staining were counted by the ELISPOT
reader system (CTL, Germany).

Isolation of tumor-infiltrating CD45+ cells

TC-1 tumor from untreated, vaccinated and PD-1 blockade
mice in conjunction with the injection of caerin 1.1/1.9
(molar ratio 1:1, at 39 µg mL�1) or control peptide P3 was
pooled (3 tumors/group), cut into 2 9 2 mm pieces and
digested by adding 2.35 mL of RPMI 1640, 100 µL of
enzyme D, 50 µL of enzyme R and 12.5 µL of enzyme A into
a gentleMACS C Tube, followed by disassociation using
gentleMACS Dissociator from Miltenyi (Gladbach, Germany).
After removal of dead cell and cell debris, the remaining
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cells were labelled with CD45 microbeads (130‑110‑618) and
passed through the LS column. The purity and viability of
the CD45+ cells were more than 80% confirmed by flow
cytometry and trypan blue staining.

GEM generation, barcoding and cDNA
amplification

The 109TM GemCodeTM Technology was used to generate a
pool of ˜750 000 barcodes to separately index each cell’s
transcriptome. Libraries were generated and sequenced from
the cDNA, and the 109 barcodes were used to associate
individual reads back to the individual partitions. Upon
dissolution of the Single Cell 30 Gel Bead in a GEM, primers
containing (i) an Illumina� R1 sequence (read 1 sequencing
primer), (ii) a 16 nt 109 barcode, (iii) a 10 nt UniqueMolecular
Identifier (UMI) and (iv) a poly-dT primer sequence were
released and mixed with cell lysate and Master Mix. Silane
magnetic beads were used to remove leftover biochemical
reagents and primers from the post-GEM reaction mixture.
Full-length, barcoded cDNA was then amplified by PCR to
generate sufficient mass for library construction.

Sequencing and genome alignment

The Single Cell 30 Protocol produced Illumina-ready
sequencing libraries. The Single Cell 30 16 bp 109 barcode and
10 bp UMI were encoded in Read 1, while Read 2 was used to
sequence the cDNA fragment. Sample index sequences were
incorporated as the i7 index read. Cell Ranger (http://support.
10xgenomics.com/single-cell/software/overview/welcome)
was used to do the genome alignment. A read was exonic if at
least 50% of it intersected an exon, intronic if it was non-
exonic and intersected an intron, and intergenic otherwise.
Cell Ranger further aligned exonic reads to annotated
transcripts. A read that was compatible with the exons of an
annotated transcript, and aligned to the same strand, was
considered mapped to the transcriptome. Only reads that
were confidently mapped to the transcriptome were used for
UMI counting.

Depth normalisation, expression QC and
data normalisation

The read depth between libraries was equalised before
merging, to reduce the batch effect introduced by
sequencing. Seurat was used to explore QC metrics and filter
cells with the following filtration: (i) 500 < gene
counts < 4000 per cell; (ii) UMI counts < 8000 per cell; and (iii)
the percentage of mitochondrial genes < 10%. We employed
a global-scaling normalisation method ‘LogNormalise’ to
normalise the gene expression measurements, where a gene
expression level = log10(1 + (UMI A � UMI Total) 9 10 000).

Clustering cells and differentially expressed
gene analysis

Distances between the cells were calculated based on
previously identified PCs using Seurat. To cluster the cells,

we applied modularity optimisation techniques SLM,98 to
iteratively group cells together. Then, we used likelihood-
ratio test to find differential expression for a single cluster,
compared with all other cells, with following criteria: (i) P-
value ≤ 0.01; (ii) log FC ≥ 0.360674. log FC means log fold
change of the average expression between the two groups;
and (iii) the percentage of cells where the gene is detected
in specific cluster > 25%.

Marker gene analysis

We further selected the top 20 genes as the marker genes
according to the result of differentially expression genes.
Then, the expression distribution of each marker gene was
demonstrated by using heat map and bubble diagram. The
putative biological identity of each cluster was assigned by
using a murine gene expression atlas25 and the database of
cell markers.26

Constructing single-cell trajectories and
differential expression analysis

Single-cell trajectory was analysed using the matrix of cells
and gene expressions by Monocle (version 2.6.4). Once the
cells were ordered, we visualised the trajectory in the
reduced dimensional space. The key genes related to the
development and differentiation process with FDR < 1E-5
and grouped genes with similar trends in expression were
analysed. The BEAM module of Monocle was used to test
for branch-dependent gene expression by formulating the
problem as a contrast between two negative binomial
GLMs.

Protein extraction, TMT10plex labelling and
high pH reversed-phase fractionation

Tumor samples were collected and directly frozen in liquid
nitrogen prior to protein extraction and sample
preparation. Biological triplicates were collected for each
treatment. These tissues were the same biological triplicates
from which the CD45+ cells were extracted for scRNA-seq.
The tissue samples were homogenised thoroughly in SDT
buffer (4%(w/v) SDS, 100 mM Tris-HCl, pH 7.6, and 0.1 M
DTT) at 4°C, with the total protein contents quantified
using the Pierce BCA protein assay on a NanoDrop 2000
(Thermo Fisher Scientific, Bremen, Germany). Certain
amounts of samples containing 500 µg of protein were
subjected to trypsin digestion by the filter-aided proteome
preparation (FASP) described elsewhere.99 Tryptic peptides
were desalted on Sep-Pak C18 columns (Waters, Milford,
MA), lyophilised and quantified on the NanoDrop 2000
using OD280 nm.

The samples containing 100 lg peptides were transferred
to Eppendorf tubes and labelled by TMT10plex following
the manufacturer’s instruction (Thermo Scientific, Waltham,
MA, USA). In this study, 126, 127N and 127C were used to
label untreated tumor samples; 128N, 128C and 129N were
used to label the treatments with caerin peptides; the
treatments with the addition of P3 were labelled using
129C, 130N and 130C, respectively. The labelled samples

2021 | Vol. 10 | e1335

Page 20

ª 2021 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc

Caerin peptides enhance cancer immunotherapy G Ni et al.

http://support.10xgenomics.com/single-cell/software/overview/welcome
http://support.10xgenomics.com/single-cell/software/overview/welcome


were mixed and fractionated using a PierceTM High pH
Reversed-Phase Peptide Fractionation Kit (Thermo Fisher
Scientific, IL, USA) according to the manufacturer’s
instruction. All fractions were lyophilised on a SpeedVac
and resuspended in 12 lL 0.1%FA for LC-MS/MS analysis.

Easy nLC tandem Q Exactive MS/MS
analyses

A 10 lL of sample solution was loaded onto a two-
dimensional EASY nLC1000 system coupled to a Q Exactive
Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo
Scientific). In the nanoLC separation system, mobile phase A
solution contains 0.1% formic acid in water, andmobile phase
B solution contains 84% acetonitrile and 0.1% formic acid.
Before peptide loading, the columns were pre-equilibrated
with 95% mobile phase A for 30 min. The samples were first
injected into the sample loading column (Thermo Scientific
Acclaim PepMap100, 100 lm 9 2 cm, nanoViper C18), then
fractionated by the analytic column (Thermo Scientific EASY
column, 10 cm, ID75 lm, 3 lm, C18-A2) and Thermo EASY
SC200 trap column (RP-C18, 3 lm, 100 mm 9 75 lm). The
phosphopeptides were first transferred to the Thermo
Scientific EASY column (2 cm 9 100 lm 5 lm-C18) and then
separated via the trap column using a gradient of 0–55%
mobile phase B for 220 min. Then, the columns were rinsed
with 100% mobile phase B for 8 min and re-equilibrated to
the initial conditions for 12 min. The flow rate of the above
procedures was 300 nL/min. The samples were then analysed
on a Q Exactive Orbitrap mass spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA). The ion spray voltage was set
to 5500 V, the declustering potential was set to 100 V, the
curtain gas flow was set at 30, ion source gas 1 was set at 40,
the ion source gas 2 was set at 50, and spray temperature was
set at 450°C. The mass spectrometer acquired the mass
spectral data in an Information Dependent Acquisition (IDA)
mode. Full-scan MS data were acquired over the mass range
300–1800 with a resolution of 70 000 at 200 m/z. AGC
(automatic gain control) targetwas set at 106, themaximum IT
was set at 50 ms, and the dynamic exclusion was set at 60.0 s.
In every full scan, twenty MS/MS spectra were obtained. The
MS/MS activation type was HCD, and the isolation window
was 2 m/z. The resolution of MS/MS was 35 000 at 200 m/z,
the normalised collision energy was set at 30, and the
underfill was set at 0.1%.

Protein identification and quantification

The MS/MS data were searched against SwissProt Mouse
(76 413 sequences, downloaded on 12 December 2014)
database for protein identification using Mascot2.2 (Matrix
Science, London, UK) and Proteome Discoverer1.4 software
(Thermo Fisher Scientific, Waltham, MA, USA) with the
following search settings: enzyme trypsin; two missed
cleavage sites; precursor mass tolerance 20 ppm; fragment
mass tolerance 0.1 Da; fixed modifications –
carbamidomethyl (C), TMT10plex (N-term) and TMT10plex
(K); and variable modifications – oxidation (M) and
TMT10plex (Y). The results of the search were further
submitted to generate the final report using a cut-off of
1% FDR on peptide levels, and only unique peptides were

used for protein quantitation. All peptide ratios were
normalised by the median protein ratio, and the median
protein ratio was 1 after the normalisation. The protein
showing a fold change ≥ 1.2 compared with the untreated
group and the P < 0.05 were considered significantly
regulated by the treatment and included in further analysis.

Protein–protein interaction (PPI) analysis

Interactions amongst significantly regulated proteins were
predicted using STRING.100 STRING provides a critical
assessment and integration of protein–protein interactions
from multiple resources, including direct (physical) and
indirect (functional) associations. A spring model was used
to generate the network images. All resources were
selected to generate the network, and ‘confidence’ was
used as the meaning of network edges, and the required
interaction score of 0.700 was selected for all PPI, to
highlight the most confident interactions. Neither the 1st
nor 2nd shell of the PPI was included in this study. Protein
without any interaction with other proteins was excluded
from displaying in the network.

Biological process and pathway analysis

The enrichment of biological processes, WikiPathways,101

KEGG pathways102 and Reactome pathways103 in the
significantly upregulated genes (P < 0.05) of different cell
populations/subpopulations determined by scRNA-seq, or
proteins significantly upregulated (fold change > 1.2 and
P < 0.05) by the treatments with respective to untreated
group derived from quantitative proteomics, was analysed
by Enrichr (http://amp.pharm.mssm.edu/Enrichr/). In
addition, the proteins determined to be differentially
expressed were analysed by the online tool Innate DB
(https://www.innatedb.ca/index.jsp), to further investigate
the modulation of immune response-relevant pathways. In
the analysis, the up/downregulation of key regulators
identified in different treatments, with a fold change ≥ 2
and P < 0.05, was used to predict the activation/inhibition
of signalling pathways.
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