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Comparative tissue proteomics reveals unique
action mechanisms of vaccine adjuvants

Yibo Li,"? Zhuofan Li,"? and Xinyuan Chen':3*

SUMMARY

Radiofrequency adjuvant (RFA) was recently developed to boost influenza vacci-
nation without the safety concerns of chemical adjuvants due to their physical
nature. Yet, the action mechanisms of RFA remain largely unknown. Omics
techniques offer new opportunities to identify molecular mechanisms of RFA.
This study utilized comparative tissue proteomics to explore molecular mecha-
nisms of the physical RFA. Comparison of RFA and chemical adjuvant (Alum,
AddaVax, MPL, MPL/Alum)-induced tissue proteome changes identified 14 exclu-
sively induced proteins by RFA, among which heat shock protein (HSP) 70 was
selected for further analysis due to its known immune-modulating functions.
RFA showed much weakened ability to boost ovalbumin and pandemic influenza
vaccination in HSP70 knockout than wild-type mice, hinting crucial roles of HSP70
in RFA effects. This study supports comparative tissue proteomics to be an effec-
tive tool to study molecular mechanisms of vaccine adjuvants.

INTRODUCTION

Adjuvants play critical roles in developing new and improved vaccines.' Adjuvant discovery has been a slow
process and mainly relied on empirical experience.'™ The most widely used Alum adjuvant was initially
identified when Glenny and colleagues used aluminum salts to purify and concentrate diphtheria toxin
and made an inadvertent finding that diphtheria toxin prepared by aluminum salt precipitation elicited
higher titers of antibodies in guinea pigs.” The development of MF59 adjuvant was motivated to maintain
the high potency while reducing the toxicity of Complete Freund's Adjuvant (CFA).” CFA is a water-in-oil
emulsion adjuvant prepared by emulsifying killed Mycobacterium Tuberculosis in non-metabolizable min-
eral oil (paraffin oil and mannide monooleate).” MF59 uses squalene oil, an intermediate in the synthesis of
cholesterol in human bodies, rather than non-metabolizing mineral oil, to prepare an oil-in-water emulsion,
which significantly reduces local reactogenicity for safe use in humans.” Besides the widely used Alum and
MF59 adjuvants, several Adjuvant System (AS)-based adjuvants have been also approved for human use
that include ASO1 and AS04.° AS-based adjuvants are combinations of classical adjuvants, immunostimu-
latory molecules, and formulations (e.g., emulsions, liposomes) to achieve an optimal activation of innate
and adaptive immune systems.’

Due to the slow progress in developing classical adjuvants, we took a different approach to develop phys-
ical radiofrequency adjuvant (RFA).” Physical adjuvants intend to stimulate tissue stress and endogenous
danger signal release to potentiate vaccine-induced immune responses. The development of physical ad-
juvants was inspired by recent progress in the elucidation of the mechanisms of widely used Alum and
MF59 adjuvants, which lack specific cellular receptors to mediate their adjuvant effects. Studies found
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Figure 1. Total number of proteins
MPL/Alum The lateral dorsal skin of mice was subjected to RFA or
Sham treatment or intradermally injected with AddaVax,
MPL, Alum, MPL/Alum. Skin was collected 18 h later and
processed for SWATH-MS analysis. The total number of
MPL proteins detected was shown for each group (n = 3). Data
were expressed as mean + SEM.
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We found physical RFA could significantly enhance ID ovalbumin (OVA) and recombinant hemagglutinin
antigen (rHA)-induced humoral and cellular immune responses.” RFA showed comparable potency to
MF59-mimetic AddaVax adjuvant to boost influenza pandemic 2009 H1N1 (pdm09) vaccination.” RFA
induced transient, low-level local inflammation (e.g., cytokine and chemokine gene expression and im-
mune cell recruitment), while chemical adjuvants, such as Alum, AddaVax, and MPL, elicited persistent
and intense local inflammation.” RFA induced minimal systemic adverse reactions. RFA was found to signif-
icantly enhance influenza nucleoprotein (NP)-induced cellular immune responses and protection against
lethal viral challenges.”” RFA also showed potent adjuvant effects to enhance the low immunogenic

H5N1 vaccination.'®

Understanding the adjuvantation mechanisms is crucial for further development of the physical RFA for hu-
man use. Cutting-edge omics tools provide new opportunities to study vaccine adjuvant mechanisms. In
fact, various omics tools (e.g., transcriptomics, proteomics, and metabolomics) have been successfully
used in systems vaccinology to identify early or baseline immune signatures to predict vaccine-induced im-
mune responses or reveal the unexpected link between microbiota and influenza vaccine responses in hu-
mans.'”?° Transcriptomics has been used to study vaccine adjuvant-induced gene expression changes
following intramuscular delivery in murine models.?'*? One study found MF59 induced the most gene
expression when compared to Alum and CpG adjuvants and all adjuvants induced 168 common gene
expression.”? Despite these interesting findings, the application of various omics techniques to study vac-
cine adjuvant mechanisms is still in its infancy.

This study utilized sequential windowed acquisition of all theoretical fragment ion mass spectra (SWATH-MS)
proteomics to explore RFA-induced tissue proteome changes to identify novel signatures crucial for RFA ef-
fects.” SWATH-MS combines data-independent acquisition and targeted data analysis to achieve high accu-
racy, sensitivity, and selectivity for quantitative proteomics analysis in large scales.”® Considering RFA likely
works differently from chemical adjuvants, chemical adjuvant-induced tissue proteome changes were
compared with RFA-induced tissue proteome changes. The comparative tissue proteomics allowed the iden-
tification of proteins exclusively stimulated by RFA, which were more likely to mediate RFA effects. Among
these proteins, we specifically evaluated the potential roles of heat shock protein (HSP) 70 in RFA effects
due to its immune-potentiating functions.” Using HSP70 knockout (KO) mice, we found HSP70 played a
key role in RFA effects to boost ID OVA and pdm09 vaccination in murine models. Our study validated compar-
ative tissue proteomics as an effective tool to study the action mechanisms of vaccine adjuvants.

RESULTS
Total number of proteins

We first compared the total proteins successfully detected in each group. One sample in the Sham group
had significantly fewer proteins detected than other samples in the same group (1243 vs. 1825, 1778, 1857)
and thus were excluded from the analysis. Overall, a total of 1820, 1847, 1953, 1926, 1521, and 1599 proteins
were detected in Sham, RFA, AddaVax, MPL, Alum, and MPL/Alum groups, respectively (Figure 1). A similar
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Figure 2. Volcano plots of DEPs

Volcano plots of DEPs induced by RFA, AddaVax, MPL, Alum, and MPL/Alum treatment were shown in (A-E), respectively.
The x axis represented the log2(fold change) of the protein intensity after adjuvant treatment, while the y axis represented
the statistical significance —log10(p value). One dot represented one protein and dots above the dashed line represented
proteins with p value less than 0.05.

number of proteins detected in RFA and Sham groups (<1.5% difference) hinted the least impact of RFA on
local tissue proteome. At least 5.8% more proteins were detected in AddaVax and MPL groups, indicating
the significant induction of protein expression by these adjuvants. In contrast, at least 12% fewer proteins
were detected in Alum and MPL/Alum groups. This might be the result of Alum-induced cell deaths rather
than the mere inhibition of protein expression.”’ The significant reduction of protein expression in the MPL/
Alum group hinted the dominant effect of Alum considering MPL-induced protein expression.

Differentially expressed proteins (DEPs)

Volcano plots were used to reveal DEPs after adjuvant treatment. As shown in Figure 2, AddaVax adjuvant
induced the most protein expression followed by MPL adjuvant, while Alum and RFA induced the least pro-
tein expression. AddaVax also suppressed the most protein expression, while MPL suppressed the least
protein expression (Figure 2). Similar results were obtained when the analysis was limited to DEPs with
at least 30% expression changes (Table 1). Interestingly, 25.2% DEPs showed significantly changed levels
in AddaVax group and 10.5-13.5% DEPs showed significantly changed levels in MPL, Alum, and MPL/
Alum groups, while only 6.6% DEPs showed significantly changed levels in RFA group (Table 1). The above
results hinted the physical RFA had the least impact on local tissue proteome, while AddaVax adjuvant had
the most impact on local tissue proteome.

Table 1. DEPs with at least a 30% change in expression levels

Increased Reduced Total

Number Percentage Number Percentage Number Percentage
RFA 52 2.8% 70 3.8% 122 6.6%
Alum 60 3.9% 103 6.8% 163 10.7%
MPL/Alum 96 6.0% 118 7.4% 214 13.4%
MPL 204 10.6% 36 1.9% 240 12.5%
AddaVax 323 16.5% 170 8.7% 493 25.2%
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Figure 3. Gene Ontology functional analysis of DEPs
DEPs (induced) were subjected to Gene Ontology functional analysis via Panther Classification System (http://pantherdb.org). Analysis related to biological
process, molecular function, and cellular component was shown in (A, B, and C), respectively. X axis reflected the percentage of DEPs.

Functional enrichment analysis

DEPs in Table 1 were subjected to Gene Ontology biological process, molecular function, and cellular
component analysis. The majority of the DEPs can be classified into four major biological processes with
descending orders regardless of the adjuvant types: cellular process, metabolic process, biological regu-
lation, and response to stimuli (Figure 3A). Interestingly, RFA induced a smaller percentage of DEPs in the
cellular process (39.2% vs. 45.9-63.4%), metabolic process (27.5% vs. 35.6-37.7%), and biological regulation
(21.6% vs. 29.2-31.1%) when compared to chemical adjuvants (Figure 3A). Yet, RFA induced a similar per-
centage of DEPs in response to stimuli to chemical adjuvants (15.7% vs. 14.8-19.8%,Figure 3A). To be noted,
combinatorial MPL/Alum adjuvant induced a higher percentage of DEPs in response to stimuli (19.8% vs.
17.1% and 14.8%), while a similar percentage of DEPs in other major categories, when compared to MPL or
Alum adjuvant (Figure 3A). As for molecular function, the majority of DEPs could be classified into binding,
catalytic activity, and molecular function regulator categories with descending orders regardless of adju-
vant types (Figure 3B). Interestingly, the physical RFA induced the highest percentage of DEPs in the bind-
ing and molecular function categories combined (Figure 3B). As for the cellular component, physical and
chemical adjuvants elicited similar percentages of DEPs in all three categories (Figure 3C).

Shared differentially expressed proteins among adjuvants

Different adjuvants likely activate different signaling pathways, stimulate different cytokine and chemokine
expressions, recruit different types of innate immune cells, resulting in different tissue proteome changes.
Next, a web-based tool (InteractiVenn) was used to explore similarities of adjuvant-induced DEPs in Ta-
ble 1.7 Interestingly, we found all adjuvants (physical and chemical) stimulated two common protein
expression (encoded by Itih2 and Serpinf2) (Figure 4A). Itih2 encodes inter-alpha-trypsin inhibitor heavy
chain H2. The inter-alpha-trypsin inhibitors are a family of plasma protease inhibitors, assembled from a
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Figure 4. Shared DEPs among adjuvants

DEPs were subjected to InteractiVenn analysis (http://www.interactivenn.net/).

(A) Venn diagram about adjuvant-induced DEPs.

(B) Venn diagram about adjuvant-suppressed DEPs.

(C) Venn diagram of chemical adjuvant-induced DEPs.

(D) Venn diagram of chemical adjuvant-suppressed DEPs. Number in the parentheses indicated the total number of DEPs.

light chain (bikunin) and five homologous heavy chains (encoded by Itih1, Itih2, Itih3, Itih4, and Itih5),
contributing to extracellular matrix stability by covalent linkage to hyaluronan. Serpinf2 encodes alpha-
2-antiplasmin, which is a serine protease inhibitor responsible for inactivating plasmin. All adjuvants (phys-
ical and chemical) suppressed three common protein expressions (encoded by Acta1, Palld, and Pdxk) (Fig-
ure 4B). Actal encodes actin alpha 1, which is one of the six actin isoforms identified. Actins are highly
conserved proteins that are involved in cell motility, structure, and integrity. Alpha actins are a major con-
stituent of the contractile apparatus. Palld encodes Palladin, which is a component of actin-containing mi-
crofilaments that control cell shape, adhesion, and contraction. Pdxk encodes pyridoxal kinase, which is a
cytoplasmic protein that phosphorylates vitamin Bé. The modulation of common protein expression indi-
cated some similarities of the different adjuvants.

Due to the big difference between physical and chemical adjuvants, we further analyzed common proteins
regulated by chemical adjuvants. As shown in Figure 4C, there were 12 DEPs induced by all chemical ad-
juvants (encoded by Chil3, Camp, Lcn2, Itih2, Cyc1, H2-Q10, Mapk14, Serpinf2, Rps15a, Rab2a, Vdac3, and
Psat1). Among the 12 proteins, at least 5 proteins have important roles in inflammation and immunity (en-
coded by Chil3, Camp, Lcn2, H2-Q10, and Mapk14). Chil3 encodes chitinase-like protein 3 with important
roles in regulating functions of eosinophils, macrophages, neutrophils, T and B cells.””*° Camp encodes
cathelicidin antimicrobial peptide, which is primarily stored in the lysosomes of macrophages and polymor-
phonuclear leukocytes (PMNs) and has antimicrobial functions.®’ Lcn2 encodes lipocalin 2, which is a
neutrophil gelatinase-associated lipocalin (NGAL) and can be released by various cell types and is an
attractive marker of inflammation and infection.*” H2-Q10 encodes H-2 class | histocompatibility antigen
Q10 alpha chain that is involved in the presentation of foreign antigens to the immune system (325 aa).
Mapk14 encodes one of the four p38 mitogen-activated protein kinases (MAPKSs) with important roles in
the cascades of cellular responses evoked by extracellular stimuli, such as proinflammatory cytokines or
physical stress, leading to the direct activation of transcriptional factors.”> Among other proteins, six of
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Table 2. List of genes encoding uniquely induced proteins by vaccine adjuvants

RFA AddaVax Alum MPL MPL/Alum
Ddxé Aars Kpnb1 Ahsg Acbd3 1700074P13Rik
Efhd2 Acot7 Krt84 Cé4b Anxa4 Arf4
Flg2 Actb Lasp1 C8a Anxa7 Cox4il
Hspalb Actbl2 Lifr C8g Anxa8 Eif3m
Lrrfip2 Actn1 Lmnb1 Irf2bpl Apcs Gpld1
Nfu1l Add1 Ly6c2 Klhl40 Bag1 Gstm2
Nucb2 Adprh Man2b1 Krt33a Ccarl Gusb
Pbdc1 Agt Marcks Mif Cd47 Hbb-bs
Ren1 Ahcy Mbl2 Serpina3k Cdc5l Ig heavy chain V region 6.96
Set Anp32a Mcm3 Stxn3 Copb2 Igkv13-84
Srsf1 Anxall Mcm?7 Stfa3 Crip2 Klc3
Tnxb Anxa3 Mmp8 Timm13 Ctsz Lyéa
Txn2 Apbb1ip Mpo Dnajb11 Mapk1
Vcan Apocl Msra Dsg1b Nars

Atic Mug1 Eif2s2 Ndufb11

Atplal Nampt Eif5 Rac1

Atpév0d1 Ncf4 Fga Rars

Atpéviel Neb Fgb Rpsa

Azgp1 Nfkb1 Fag Slc25a3

Bzw1 Ostf1 G3bp1 Tmed10

Cand1 Pa2g4 Hist1h1c Tmprss13

Canx Padi4 Hp

Caprin1 Pak2 Hspa5

Cct3 Pcna Ifi205a

Cctéa Pdcdéip Ifi35

Cct8 Pfas Lamp2

Cd9 Phb2 Lrg1

Celf2 Pkm Metap2

Ceslc Plg Mpp1

Cfi Pnkp Mvp

Ckap4 Prdx5 Naca

Cltc Prep Npc2

Cnn2 Prpf19 Nudc

Copg1 Prtn3 Orm1

Coro7 Psma2 Pacsin2

Cotl1 Psma4 Pnp

Cpne3 Psmb1 Ppid

Cwcl5 Psmd13 Psmd1

Cyfip2;Cyfip1 Qsox1 Rpl14

Dars Rala;Ralb Rpl27a

Dcps Ran Sarlb

Ddost Rbbp4 St13

Ddx3%b Rhoa Stfa1

Dync1li1 Rnpep Twf1

Dync1li2 Rpia Urah
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Table 2. Continued

RFA AddaVax Alum MPL MPL/Alum
Dynll1 Septin-6 Wars
Eeflal Sf3a3
Eif2s3x Slc25a12
Eif3a Slc9a3r1
Eif3b Snrpa
Ezr Srrt
F10 Srsf2
F13b Ssb
Fbin1 Sun2
Fetub Syncrip
Fis1 Taldo1
Gart Ten2
Gda Tepl
Gnai2 Tf
Gpd2 Tkt
Gpi Tin1
Gpx3 Tmed9
Gpx4 Tom3-rs7
Grb2 Trim28
H2afy Twf2
Hck Ube2d3;Ube2d1;Ube2d2
Hmgb2 Vasp
Hsd17b10 Vel
Hsp%0aa1 Vps35
Mrap Wdr1
Impa2 Zyx
Impdh2

Note: alphabetic order.

them have important roles in metabolism according to pathway analysis by Reactome (encoded by [tih2,
Cyc1, Rps15a, Rab2a, Vdac3, and Psat1). Besides the previously introduced Itih2, Cyc1 encodes the respi-
ratory subunit of ubiquinol cytochrome creductase (complex 1), which is located in the inner mitochondrial
membrane and is part of the electron transport chain. Rps15a encodes a ribosomal protein that is a compo-
nent of the 40S subunit. Rab2a encodes a small GTPase with important roles in vesicular fusion and traf-
ficking. Vdac3 encodes the mammalian voltage-dependent anion-selective channel protein 3 of the outer
mitochondrial membrane with a role in reactive oxygen species homeostasis.>" Psat1 encodes phosphoser-
ine aminotransferase 1 with a role in serine biosynthesis.

Chemical adjuvants suppressed 7 common protein expressions (encoded by Actal, Dpt, Peg3, Palld, Pdxk,
Krt13, and Selenbp1). Besides previously introduced Actal, Palld, and Pdxk, Dpt encodes dermatopontin,
a component of the extracellular matrix, with potential functions in cell-matrix interactions and matrix as-
sembly. Peg3 encodes paternally expressed gene 3 protein with a potential role in cell proliferation and
p53-mediated apoptosis. Krt13 encodes keratin 13, which is a type | cytokeratin paired with keratin 4
and expressed in the suprabasal layers of non-cornified, stratified epithelia. Selenbp1 encodes selenium
binding protein 1 with important roles in protein degradation, cell differentiation, and motility.*

Exclusively induced proteins reveal action mechanisms of radiofrequency adjuvant

While shared DEPs reflected similarities of adjuvants, exclusively induced proteins might indicate the
unique action mechanisms of adjuvants. A simple calculation found AddaVax adjuvant stimulated 44%

iScience 26, 105800, January 20, 2023 7
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Figure 5. RFA only increases HSP70 levels

(A) Relative mRNA levels at 6 h after RFA or Sham treatment. n = 5 in Sham and n = 4 in RFA.

(B) Protein levels of HSP70.1 and HSP70.2 obtained from proteomics study.

(C) Protein levels of Hsc70, HSP90ea,, HSP90B, and HSP105 obtained from proteomics study.

(D) Protein levels of mitochondrial HSP10, HSP60, and HSP75 obtained from proteomics study. n = 3 in (B-D). Two-tailed
Student'’s ttest was used to compare differences between groups. *, p<0.05; **, p <0.01. Data were expressed as mean +
SEM.

of uniquely expressed proteins, RFA stimulated 27% of uniquely expressed proteins, and the remaining ad-
juvants stimulated 20-23% of uniquely expressed proteins. The genes encoding the uniquely induced pro-
teins by vaccine adjuvants were listed in Table 2. Next, we focused on exploring exclusively induced pro-
teins and their potential roles in RFA effects.

There were 14 uniquely expressed proteins induced by RFA (encoded by Nful, Lrrfip2, Renl, Set,
Vean, Tnxb, Ddx6, Pbdcl, Txn2, Efhd2, Nucb2, Srsf1, Hspalb, Flg2). Among these, Hspalb attracted
our attention since this gene encoded HSP70.2, which was found to be induced by RFA in our prior west-
ern blotting analysis.” Considering HSP70 expression was initiated by the transcription of closely linked
Hspala and Hspalb genes,’® we evaluated their mRNA levels at an early time point (6 h). We found RFA
significantly increased Hspala and Hspalb mRNA levels when compared to Sham treatment (Figure 5A).
We also analyzed protein levels of HSP70.1 encoded by Hspala, HSP70.2 encoded by Hspalb, and other
HSPs, such as constitutively expressed Hsc70, cytosolic and nuclear HSP90, and HSP105, and also
mitochondrial HSP10, HSP60, and HSP75°° As shown in Figure 5B, RFA significantly
increased HSP70.2 levels. HSP70.1 levels in the RFA group increased but didn't reach a statistically sig-
nificant level. RFA didn’t significantly change other HSP levels (Figures 5C and 5D), in line with our prior
report.’

To explore a potential role of HSP70 in RFA effects, wild-type (WT) and HSP70 KO mice were prime/

boost immunized with OVA in the presence of RFA or Sham followed by the measurement of serum
anti-OVA antibody titer 3 weeks after prime and boost, as illustrated in Figure 6A. OVA immunization

8 iScience 26, 105800, January 20, 2023
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Figure 6. Key roles of HSP70 in RFA to boost ID OVA immunization

WT and HSP70 KO mice in the C57BL/6 background were subjected to RFA or Sham treatment followed by the ID
injection of 10 ng OVA into RFA or Sham-treated skin. Immunization was repeated 3 weeks later. Serum anti-OVA
antibody titer was measured 3 weeks after each immunization.

(A) lllustration of experimental schedule.

(B) Serum anti-OVA antibody titer after prime.

(C) Serum anti-OVA antibody titer after boost. n = 4-6. Student's t test was used to compare differences between RFA and
Sham groups. **, p < 0.01. Data were expressed as mean + SEM.

with prior RFA treatment induced significantly higher anti-OVA antibody titer than OVA
immunization with prior Sham treatment in WT mice (Figures 6B and 6C). However, OVA immunization
with prior RFA treatment failed to elicit significantly higher anti-OVA antibody titer than OVA immuniza-
tion with prior Sham treatment in HSP70 KO mice (Figures 6B and 6C). This study indicated significantly
weakened RFA effects in HSP70 KO mice, supporting the crucial roles of HSP70 in RFA effects to boost ID
OVA immunization.

We further explored whether HSP70 played a crucial role in RFA to boost influenza vaccination. To this end,
WT and HSP70 KO mice were subjected to RFA or Sham treatment followed by the ID injection of pdm09
vaccine into RFA or Sham-treated skin. As shown in Figures 7A and 7B, RFA significantly increased pdm09
vaccine-induced Hl titer and anti-rHA IgG titer in WT but not HSP70 KO mice. Serum Hl titer was also signif-
icantly higher in RFA/WT than RFA/HSP70 KO mice (Figure 7A). Following lethal viral challenges, pdm09
vaccination in the presence of RFA conferred significant protection against body weight loss in WT but
not HSP70 KO mice (Figures 7C and 7D). Pdm09 vaccination in the presence of RFA also conferred signif-
icantly better protection against body weight loss in WT than in HSP70 KO mice (Figure S1). The majority of
WT and HSP70 KO mice in NI or Sham groups either died or lost more than 25% body weight (humane
endpoint) within 9 days (Figures 7C and 7D). In contrast, WT mice in the RFA group only lost a maximal
8% body weight on day 8 followed by a quick recovery to their original body weights on day 10 (Figure 7C).
HSP70 KO mice in the RFA group lost a maximal 16% body weight on day 7 and didn't recover to their orig-
inal body weights on day 14 (Figure 7D). RFA significantly increased the survival of WT but not HSP70 KO
mice (Figures 7E and 7F). About 67% of WT mice in the RFA group survived, while all WT mice in NI and
Sham groups died in 10 days (Figure 7E). In HSP70 KO mice, 30% of mice survived in the RFA group and
11% of mice survived in the Sham group and all mice died in the NI group (Figure 7F). The above data indi-
cated HSP70 played a crucial role in RFA effects to boost pdm09 vaccination.
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Figure 7. Crucial roles of HSP70 in RFA to boost ID pdm09 vaccination

(A and B) WT and HSP70 KO mice were subjected to RFA or Sham treatment followed by the ID injection of 0.3 pg pdm09
vaccine into RFA or Sham-treated skin or left non-immunized (NI). Serum HI (A) and anti-rHA antibody titers (B) were
measured 3 weeks later.

(C-F) The above-immunized mice were intranasally challenged with 10X LDsg of mouse-adapted pdm09 viruses 4 weeks
after immunization. Body weight change (C and D) and survival (E and F) were monitored daily for 14 days. Two-tailed
Mann-Whitney U test was used to compare differences between RFA and Sham groups in (A and B). Two-way ANOVA with
Bonferroni's multiple comparison test was used to compare differences in body weight change between RFA and Sham
groups at different time points in (C and D). Log rank test with Bonferroni’s correction was used to compare differences in
survival between RFA and Sham groups in (E and F). *, p < 0.05; **, p < 0.01; ***, p < 0.001. NS: not significant. n = 9-11.
Data were expressed as mean *+ SEM. Experiments were repeated twice with similar results.

DISCUSSION

Adjuvant mechanism studies mainly focus on identifying cellular receptors and downstream signaling path-
ways and exploring cytokine and chemokine release profiles, immune cell recruitment kinetics, and antigen
uptake, migration, and maturation of dendritic cells (DCs).>’*? Gene-knockout mice and pharmacological in-
hibitors are used to study molecular mechanisms. These conventional tools lack the power to identify novel
molecular signatures crucial for vaccine adjuvant effects. To our knowledge, this study remains one of the first
to use comparative tissue proteomics to identify DEPs and study their potential roles in vaccine adjuvant ef-
fects. We focused on our recently developed RFA and successfully identified one of the uniquely induced pro-
teins (HSP70) as a key player in RFA effects. Besides HSP70, RFA likely stimulated other mechanisms to
mediate its adjuvant effects. In support, pdm09 vaccination with prior RFA treatment elicited better antibody
responses and protection than pdm09 vaccination with prior Sham treatment in HSP70 KO mice despite the
lack of significant differences between the two groups. Although HSP70 was identified as a key player in RFA
effects, more mechanistic studies are required to elucidate how in situ generated HSP70 enhanced ID vaccine-
induced immune responses. Due to the immune-potentiating effects of extracellular HSP70,?° RFA-induced
HSP70 may gain access to extracellular space to bind and transport ID antigens to DCs and may also stimulate
DC maturation to enhance vaccine-induced immune responses.
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This study also identified DEPs induced by commonly used chemical adjuvants, which can be further
screened to study their roles in vaccine adjuvant effects. Despite the significant progress made in the
last two decades, the action mechanisms of commonly used chemical adjuvants were only partially under-
stood. For instance, Alum-induced dsDNA release was found to stimulate canonical T helper 2 (Th2) re-
sponses and IgE isotype switching via interferon regulatory factor (IRF) 3-dependent mechanisms.®*°
Yet, the signaling pathways underlying dsDNA-induced 1gG1 antibody responses were not clear.
MF59 was found to stimulate myeloid differentiation primary response 88 (MyD88) pathway to mediate
its adjuvant effects.”’ Yet, how MyD88 was activated remained a mystery. Although MPL is known to acti-
vate TLR4 and MyD88 signaling pathway,*” key molecules that mediate the increased antigen uptake and
DC maturation remain largely unknown. The underlying mechanisms of the synergistic effects of MPL and
Alum in the combinatorial ASO4 adjuvant remain to be explored.

8,40

Our current study utilized gene-knockout mice to explore the underlying roles of HSP70 in RFA effects.
Other methods can also be used to study the potential roles of target proteins in vaccine adjuvant effects
that include in vivo siRNA, neutralizing antibodies, and pharmacological inhibitors. When studying the ac-
tion mechanisms of chemical adjuvants, cell culture can also be used. In that case, DCs can be treated with
chemical adjuvants in the presence of siRNA or inhibitors against the interested targets followed by the
evaluation of cytokine/chemokine release or DC maturation. DC/T cell co-culture can also be used to
further study T cell activation and differentiation. If knockout mice are available, DCs of WT and knockout
mice can be compared in response to chemical adjuvant treatment. Overall, comparative tissue proteomics
can be combined with conventional methods to study molecular mechanisms of vaccine adjuvants.

We also made interesting findings in this study. MF59-mimetic AddaVax adjuvant showed the most impact
on local tissue proteome and all chemical adjuvants induced 12 common protein expressions. These find-
ings were consistent with a prior transcriptomics study, which found MF59 induced the most gene expres-
sion and all chemical adjuvants induced a common set of 168 gene expression.”” The least impact of RFA
on local tissue proteome was also in line with our prior study, in which we found RFA induced transient, low-

level local inflammation.”

Comparative tissue proteomics offers unique opportunities to identify exclusively induced proteins and
study their roles in vaccine adjuvant effects. Yet, comparative tissue proteomics cannot capture non-pro-
tein-related mechanisms, such as those mediated by the release of preexisting endogenous danger signals
(e.g., ATP, dsDNA, uric acid). Considering endogenous danger signals might activate specific signaling
pathways and induce protein expression, comparative tissue proteomics can still be used to study vaccine
adjuvant mechanisms in this regard. Besides traditional proteomics, recent emerging of phosphoproteo-
mics offers another tool to study global phosphorylation changes and adjuvant-induced signaling
pathways.”®

Limitations of the study

Our current study had 3 samples per group. The small sample size only allowed proteins with less variable
levels to be identified. An increase in sample size is expected to allow more DEPs to be detected. Besides
this limitation, our current study failed to detect the majority of cytokines and chemokines. Although this is
expected in the consideration of their extremely low levels and the diluted tissue environment,** compar-
ative tissue proteomics will benefit from prior fractionation and enrichment steps to increase the detection
sensitivity for cytokines and chemokines, which are relevant to vaccine adjuvant effects.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

HRP-conjugated sheep anti-mouse

IgG secondary antibodies

GE Healthcare Life Sciences

NA931; RRID: AB_772210

Bacterial and virus strains

Influenza A Virus, A/California/07/2009 (H1N1) International Reagent Resource FR-201
Mouse-adapted Influenza A Virus, Cao etal.’ N/A
A/California/07/2009 (H1N1)

Biological samples

Recombinant hemagglutinin antigen International Reagent Resource FR-559
(rHA) of influenza A/California/07/2009 (H1N1)

Monovalent 2009 H1N1 influenza (pdm09) vaccine BEI Resources NR-20083
Chicken red blood cells Charles River Laboratories 10100767
Egg (9-11 days incubated), SPF, Premium, Fertile Charles River Laboratories 10100332
Receptor-destroying enzyme (RDE) Hardy Diagnostics 370013
Chemicals, peptides, and recombinant proteins

TRIzol™ Reagent Thermo Fisher Scientific 15596026
AddaVax™ InvivoGen vac-adx-10
Alhydrogel® adjuvant 2% InvivoGen vac-alu-250
Endotoxin-free OVA InvivoGen vac-pova
Isopropanol Fisher Scientific BP2618-500
Chloroform Fisher Scientific BP1145-1
Lipid A, monophosphoryl (MPL) Sigma L6895
Dithiothreitol (DTT) Thermo Fisher Scientific R0862
lodoacetamide Sigma 11149
Ammonium bicarbonate Sigma 09830
Sodium deoxycholate Sigma 30970
TPCK-treated trypsin Sigma 4370285
Gibco™ PBS, pH 7.4 Thermo Fisher Scientific 10010023
Tween 20 Sigma P1379

TMB substrate Fisher Scientific P134028
Critical commercial assays

High Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific Cat# 4368814
PowerUp™ SYBR™ Green Master Mix Thermo Fisher Scientific Cat# 00868399
Pierce BCA Protein Assay Kit Thermo Fisher Scientific Cat# 23227
Deposited data

Raw proteomics data MassIVE repository MSV000090681
Experimental models: Organisms/strains

C57BL/6 mouse Charles River Laboratories N/A

HSP70 KO mouse (cryo-preserved)

Mutant Mouse Resource & Research
Centers (MMRRC) at University of Missouri

Cat# 030411-MU

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

HspaTla forward primer: This paper N/A
TGGTGCAGTCCGACATGAAG

Hspala reverse primer: This paper N/A
GCTGAGAGTCGTTGAAGTAGGC

Hspa1b forward primer: This paper N/A
GAGATCGACTCTCTGTTCGAGG

Hspalb reverse primer: This paper N/A
GCCCGTTGAAGAAGTCCTG

GAPDH forward primer: This paper N/A
AGGTCGGTGTGAACGGATTTG

GAPDH reverse primer: This paper N/A
TGTAGACCATGTAGTTGAGGTCA

Software and algorithms

Analyst TF AB Sciex Version 1.7.1 (2019)
Spectronaut Biognosys Ver. 13.10.191212.43655

Fabregat et al.*®

Mi et al.*®

Reactome (online database)

Panther Classification
System (online tool)

Heberle et al.?®

GraphPad Software

InteractiVenn (online tool)

GraphPad PRISM

https://reactome.org/

http://pantherdb.org

http://www.interactivenn.net/

Version 9.4.1 (2022)

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact Xinyuan Chen (xchen14@uri.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
® Proteomics data have been deposited in MassIVE: MSV000090681 and made publicly accessible.

® This study does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Male C57BL/6 mice (6-8 weeks old) were purchased from Charles River Laboratories (Wilmington, MA,
USA). HSP70 KO mice (cryo-preserved, 030411-MU) were ordered from Mutant Mouse Resource &
Research Centers (MMRRC) at the University of Missouri. One litter of heterologous HSP70 mice were
received and self-bred to obtain initial HSP70 WT and HSP70 KO mice for self-breeding to obtain sufficient
mice for use in this study. Animals were housed in animal facilities of University of Rhode Island (URI). Anes-
thesia was induced by intraperitoneal injection of a mixture of Ketamine (80 mg/kg) and Xylazine (10 mg/
kg). All animal procedures were approved by the Institutional Animal Care and Use Committee of URI with
protocol number AN1516-004.

16  iScience 26, 105800, January 20, 2023


mailto:xchen14@uri.edu
https://reactome.org/
http://pantherdb.org
http://www.interactivenn.net/

iScience

METHOD DETAILS

RFA treatment

A cosmetic fractional bipolar RF device (Norlanya Technology Co., Hong Kong, China) equipped with
12 x 12 array of microelectrodes in 2 X 2 cm? area was used in this study. For RF treatment, a thin layer
of ultrasound coupling medium was topically applied followed by firmly pressing the tip of the RF device
on skin surface and then holding the device in position for 1-2 min at the high-energy setting (n = 3). Sham
treatment followed the same procedures except the device was not activated (n = 4).

Chemical adjuvant treatment

For chemical adjuvant treatment, hair-removed lateral dorsal skin of mice was intradermally injected with
20 pL AddaVax (1:1 vol/vol mixed with phosphate buffered saline (PBS)), Alum (Alhydrogel, 160 pg
aluminum hydroxide), MPL (25 ng), or MPL (25 png)/Alum adjuvant (Alhydrogel, 100 pg aluminum hydroxide)
(n = 3). AddaVax was prepared by 1:1 (vol/vol) mixing with PBS. Alum adjuvant was prepared by 4:1 (vol/vol)
mixing with PBS. MPL (1 mg) was dissolved in 100 uL DMSO and then mixed with 300 pL endo-free H,O.
Before injection, MPL was mixed with PBS at 1:1 (vol/vol) ratio. MPL/Alum adjuvant was prepared by mixing
MPL (2.5 mg/mL) with Alum at 1:1 (vol/vol) ratio to simulate the combinatorial AS04 adjuvant.*’

Immunization

Hair-removed lateral dorsal skin of mice was exposed to RF or Sham treatment followed by ID injection of
20 pL endo-free OVA (10 pg) or pdm09 vaccine (0.3 pg) into RF or Sham-treated skin under anesthesia. Mice
were then recovered on a digitally controlled warm pad.

HI titer

Serum hemagglutination inhibition (HI) titer was measured following a well-established |orotoco|.48 In
detail, serum samples (15 pL) were incubated with 45 pl receptor-destroying enzyme (RDE) Il at 37°C over-
night followed by heat inactivation at 56°C for 30 min. Serum samples were then incubated with 60 plL
chicken RBCs (1% in PBS) at room temperature for 30 min to remove non-specific binding. The tubes
were inverted every 10 min to mix the contents. Chicken RBCs were removed by centrifugation at
14,000 rpm for 5 seconds. Supernatants were collected (slightly more than 100 ul) and subjected to a
two-fold serial dilution in V-shaped 96-well plates. In brief, 50 pL heat-inactivated, adsorbed serum samples
were added to duplicate, adjacent wells in row A and row B with wells from row B to G containing 50 puL PBS/
0.5% BSA. Contents in wells of row B were mixed and 50 plL was transferred to succeeding wells of row C and
continue the two-fold dilutions through row G. After mixing the contents in wells of row G, 50 pL sample was
discarded. Wells in row H were added with 100 uL PBS/0.5% BSA. Four hemagglutinating units of pdm09
viruses (A/California/07/2009) in 50 pL volume were then added to all wells except for row H. Plates were
incubated at room temperature for 30 min. After that, 50 uL 1% chicken RBCs were added to all wells. Plates
were further incubated at room temperature for 45 min followed by reading agglutination patterns. Hl titer
was determined as the reciprocal of the highest dilution that completely inhibited agglutination of
chicken RBCs.

ELISA antibody titer

Serum antibody titer was measured by enzyme-linked immunosorbent assay (ELISA). In brief, 96-well ELISA
plates were coated with 10 ng/mL OVA or 1 ng/mL rHA at 4°C overnight. After blocking with 5% non-fat
milk, two-fold serial dilutions of immune sera were added and incubated at room temperature for
90 min. After washing in PBS supplemented with 0.05% Tween 20 (PBST), HRP-conjugated sheep anti-
mouse |gG secondary antibodies (1:5,000, NA931, GE Healthcare Life Sciences) were added and incubated
at room temperature for 1 h. After washing in PBST, TMB substrates were added and reactions were
stopped by addition of 3 M H,SO,. Optical absorbance (OD4sonm) was read in a microplate reader (Molec-
ular Device). Serum antibody titer was defined as the reciprocal dilution factor that resulted in ODgs0nm that
was ~3 times higher than the background value.

Lethal viral challenge

Mouse-adapted pdm09 viruses were prepared as in our previous report.’” Mice were intranasally chal-
lenged with 10x LD50 pdm09 viruses under light anesthesia. Mouse body weight and survival were moni-
tored daily for 14 days. Mice were euthanized and considered dead if their body weight loss was more
than 25%.
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Real-time PCR

Tissue RNA was isolated with Trizol™ reagent following manufacturer’s instructions. DNase and RNase-free
reagents and supplies were used in RNA purification. Mouse skin of ~12 mm X 12 mm was minced into
small pieces and then homogenized in 1 mL Trizol™ reagent. Tissue homogenates were centrifuged at
12,000 g at 4°C for 5 min. Supernatants were collected into an Eppendorf tube and incubated at room tem-
perature for 5 min. 0.2 mL chloroform was added and the Eppendorf tube was inverted for several times to
mix the contents. After 3 min of incubation at room temperature, samples were centrifuged at 12,000 g at
4°C for 15 min. The top aqueous phase (~300 pL) was transferred to new Eppendorf tubes without disturb-
ing the interface. 0.5 mL isopropanol was added to the aqueous phase and the mixture was incubated at
room temperature for 10 min. Eppendorf tubes were centrifuged at 12,000 g at 4°C for 10 min to pellet the
RNA. Supernatants were carefully removed and discarded. 1 mL 75% ethanol was added and the tube was
inverted multiple times to resuspend the RNA pellets. Tubes were centrifuged at 7,500 g at 4°C for 5 min.
Supernatants were carefully removed and discarded. RNA was dried at room temperature for 15-20 min.
40 uL RNase-free water was added and the tube was incubated at 55°C for 15 min. RNA concentration
and purity were measured by reading optical density at 260 and 280 nm. RNA quality was evaluated by
agarose gel electrophoresis (1% agarose gel).

The same amount (1 pg) of RNA across groups was reverse transcribed with the High Capacity cDNA
Reverse Transcription Kit without using RNase inhibitor. In more detail, 2x RT master mix was prepared
by mixing 2 uL 10x RT Buffer, 0.8 uL dNTP Mix, 2.0 pL RT Random Primers, 1.0 pL Reverse Transcriptase
and 4.2 pL Nuclease-free H,O per sample. 10 uL RNA (adjusted to the required amount with RNase-free
H,0) was then mixed with 10 pL 2x RT master mix. The mixture was incubated in a thermal cycler with
below program: 25°C for 10 min, then 37°C for 120 min, then 85°C for 5 min, and lastly 4°C forever.

For RT-PCR, 0.5 pL ¢cDNA was mixed with 1 plL forward and 1 uL reverse primer of respective genes
(sequence see key resources table), 7.5 pL nuclease-free H,O, and then mixed with 10 uL 2x PowerUp™
SYBR™ Green Master Mix. RT-PCR was conducted in Applied Biosystems ViiA 7 with below PCR program:
50°C for 2 min, then 95°C for 2 min, and then 40 cycles of 95°C for 15 s and then 60°C 1 min. The mRNA
levels were normalized with the mRNA levels of GAPDH and analyzed with the 224t method.

Skin processing for proteomics analysis

Skin was harvested 18 h after adjuvant treatment. Skin was prepared for LC-MS/MS analysis according to a
published protocol with slight modifications.*” In brief, ~60 mg skin was homogenized in 8 M urea (1 mL).
After centrifugation, supernatants were collected for quantification of protein concentrations with Pierce
BCA Protein Assay Kit. Skin homogenates (~250 pg) were incubated with 25 uL DTT (100 mM) at 35°C
for 30 min. Samples were alkylated by incubation with 25 pL iodoacetamide (IAA; 200 mM) at room temper-
ature for 30 min. Proteins were precipitated in cold water, methanol, and chloroform (1:2:1, v/v). Protein
pellets were washed with ice-cold methanol and resuspended in 135 pL 50 mM ammonium bicarbonate
(pH 8.0) supplemented with 3% w/v sodium deoxycholate. Samples were then digested with TPCK-treated
trypsin (12.5 ng) in a Barocycler (NEP2320, Pressure Biosciences Inc., Easton, MA). Following the first run,
12.5 pg trypsin was added and the digestion was repeated in the same condition. After that, 15 uL aceto-
nitrile:water (1:1, v/v) containing 5% formic acid was added. After centrifugation, 80 pL supernatants were
collected and 25 pL volume was injected for LC-MS/MS analysis.

LC-MS/MS

Proteomic experiments were conducted in positive ionization mode using a DuoSpray™ ion source on a
Sciex 5600 TripleTOF™ mass spectrometer (Sciex, Framingham, MA, USA) coupled to an Acquity UPLC
H-Class system (Waters Corp., Milford, MA, USA) for chromatographic separation according to a published
protocol with slight modifications.”® Peptide separation was achieved over 180 min gradient method at
100 pL/min on an Acquity UPLC Peptide BEH C18 column (2.1 x 150 mm, 300 A 17 um) preceded with
an Acquity VanGuard pre-column (2.1 x 5 mm, 300 A 17 um) (Waters Corp., Milford, MA, USA). Mobile
phase A was H,O (0.1% formic acid) and mobile phase B was acetonitrile (0.1% formic acid). Gradient con-
ditions were 98% A from 0 to 5 min, 98 to 70% A from 5to 155 min, 70 to 50% A from 155 to 160 min, 50 to 5%
Afrom 160 to 170 min, and 5% to 98% A from 170 to 180 min. The gradient was returned to initial conditions
at the end of each run to equilibrate the column before the start of the next run. The flow was diverted to
waste for the first 5 min and last 10 min of the acquisition. The autosampler was maintained at 10°C and the
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column was kept at 50°C. Trypsin-digested B-galactosidase peptides were injected to monitor TOF detec-
tor mass calibration after every four samples.

Data was acquired using Analyst TF 1.7.1 software (2019, AB Sciex), followed by data-independent analysis
(DIA) as previously described.’”*" lon spray voltage floating (ISVF) was kept at 5500 V while the source tem-
perature was set at 500°C. Gas 1 (GS1), gas 2 (GS2), and curtain gas (CUR) were set at 55, 60, and 25 psi,
respectively. Declustering potential (DP), collision energy (CE), and collision energy spread (CES) were
setat 120, 10, and 5, respectively. During the survey scan, all the ions with a charge state of 2-4, mass range
of m/z 300-1250, and exceeding 25 cps were used for MS/MS analysis. Former target ions were excluded
for 8 s and the mass tolerance for TOF-MS was 50 mDa with a 100 ms accumulation time. For the product
scan, data were acquired from 100 to 1250 m/z with an accumulation time of 75 ms and a total cycle time of
3.5s. Production analysis was done under dynamic accumulation and rolling collision energy dependent on
the m/z of the ion. All the parameters for SWATH-MS data acquisition were similar as described above
except the following: source temperature was 400°C, GS1 was 55 psi, and TOF masses were collected
from m/z 300 to 1500. The total cycle time for SWATH acquisition was 3.95 s. SWATH data was acquired
(m/z 400-1100) over 70 SWATH windows per cycle with a window size of m/z 10.

Data processing

The absolute level of proteins was determined from DIA data handled by Spectronaut (Ver.
13.10.191212.43655, Biognosys, Schlieren, Switzerland) with an internal MDSC spectral library generated
by Pulsar (26,184 precursors targeted, 4955 mutated precursors added) and the murine FASTA file from
UNIPROT (UP000000589_Mice Reference, release date 8/10/2019, 22,296 protein entries searched). All
Spectronaut settings were kept at factory default except “PTM localization” was deselected. Protease
specificity was set to Trypsin-P, fixed modification considered was carbamidomethyl, and variable modifi-
cations considered were acetyl (protein n-term) and oxidation (M). MS1 and MS2 mass tolerances were set
to dynamic with the optimal range determined by Spectronaut. Individual spectra were selected via
threshold scoring based on relative ion intensity relative to the most intense (base) peak. False discovery
rate (FDR) was set to 0.01 and estimated by Pulsar at the peptide, protein and peptide-spectrum match
(PSM) levels. Proteins were then identified and quantified from the DIA data using Spectronaut. Precursor
ion detection was performed with extracted ion current chromatogram (XIC) RT, with mass tolerance set to
dynamic, and optimally determined by Spectronaut. Precursor identification was based on a g-value (FDR)
cut-off of 0.01, and only precursors satisfying this cut-off were accepted. XIC RT window was set to dynamic,
with optimal tolerances determined by Spectronaut, and the correction factor set to system default (1, no
correction). A maximum of three and a minimum of one peak were considered for identifying peptides, and
were selected based on intensity, with selection method set to “maximum intensity” (default setting). All
mass tolerances were set to dynamic and optimally determined by Spectronaut. FDR was set to 0.01 and
estimated by Pulsar at the peptide, protein and peptide-spectrum match (PSM) levels. FDR was estimated
using decoy peptides generated in-silico, as the fraction of decoys in the total identified peptides. Decoy
generation method was set to “mutated” (default setting). Protein intensities were normalized by Spectro-
naut with the normalization strategy set to “Global normalization” (new default setting).

Data analysis

With the output report from Spectronaut, the total number of proteins was obtained by exclusion of
'Filtered’ values in each sample and compared among groups. The “Total Protein Approach” was em-

ployed for absolute protein level quantitation.”’ In brief, protein amount was calculated from raw intensity

Individual protein intensity

9 '
Molecule weight (g/mol)x Total protein intensity % 107. Student’s t-test

values with the formula: Protein (pmol /mg) =

was then conducted to compare protein amount differences between adjuvant and sham groups by exclu-
sion of ‘Filtered’ values.” Fold change of protein amounts due to adjuvant treatment was also calculated.
Volcano plots were prepared based on -log10 (p value) and log2 (fold change) for each adjuvant. Among
significantly changed proteins (p < 0.05), only proteins with >30% increase, corresponding to log2 (Fold
change) more than 0.378, or >30% decrease, corresponding to log2 (Fold change) less than —0.514,
were considered as differentially expressed proteins (DEPs).

Bioinformatics analysis

Online tool Panther (http://pantherdb.org) was used to analyze functional enrichment for significantly
altered proteins fulfilling the 30% change criterion for the different adjuvant groups.”® A Web-based
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tool (InteractiVenn) was used to analyze commonly and differentially induced proteins among the different
adjuvant groups.?® Online tool Reactome (https://reactome.org) was used to analyze biological pathways
of DEPs.*

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were expressed as mean + SEM (standard error of the mean). Student’s t-test was used to compare
differences between groups and one-way ANOVA with Tukey's Multiple Comparison test was used to
compare differences for more than 2 groups except otherwise specified. Log-rank (Mantel-Cox) test with
Bonferroni correction was used to compare differences of survival between groups. P value was calculated
by PRISM software (GraphPad, San Diego, CA) and considered significant if it was less than 0.05.
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