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ABSTRACT
Background  Type I interferons (IFN) promote dendritic 
cells maturation and subsequently enhance generation of 
antigen-specific CD8 +T cell for the control of tumor. Using 
type I interferons as an adjuvant to vaccination could prove 
to be a potent strategy. However, type I interferons have a 
short half-life. Albumin linked to a protein will prolong the 
half-life of the linked protein.
Methods  In this study, we explored the fusion of 
albumin to IFNβ (Alb-IFNβ) for its functional activity 
both in vitro and in vivo. We determined the half-life of 
Alb-IFNβ following treatment in the serum, tumor, and 
tumor draining lymph nodes in both wild type and FcRn 
knockout mice. We characterized the ability of Alb-IFNβ to 
enhance antigen-specific CD8+ T cells using ovalbumin 
(OVA) or human papillomavirus (HPV) E7 long peptides. 
Next, we evaluated the therapeutic antitumor effect of 
coadministration of AlbIFNβ with antigenic peptides 
against HPVE7 expressing tumor and the treatment’s 
ability to generate HPVE7 antigen specific CD8+ T cells. 
The contribution of the antitumor effect by lymphocytes 
was also examined by an antibody depletion experiment. 
The ability of Alb-IFNβ to serve as an adjuvant was 
tested using clinical grade therapeutic protein-based HPV 
vaccine, TACIN.
Results  Alb-IFNβ retains biological function and does 
not alter the biological activity of IFNβ. In addition, Alb-
IFNβ extends half-life of IFNβ in serum, lymph nodes 
and tumor. The coadministration of Alb-IFNβ with OVA 
or HPVE7 antigenic peptides enhances antigen-specific 
CD8 +T cell immunity, and in a TC-1 tumor model results 
in a significant therapeutic antitumor effect. We found that 
CD8 +T cells and dendritic cells, but not CD4 +T cells, are 
important for the observed antitumor therapeutic effect 
mediated by Alb-IFNβ. Finally, Alb-IFNβ served as a potent 
adjuvant for TA-CIN for the treatment of HPV antigen 
expressing tumors.
Conclusions  Overall, Alb-IFNβ serves as a potent 
adjuvant for enhancement of strong antigen-specific 
CD8 +T cell antitumor immunity, reduction of tumor 
burden, and increase in overall survival. Alb-IFNβ 
potentially can serve as an innovative adjuvant for the 
development of vaccines for the control of infectious 
disease and cancer.

INTRODUCTION
Type I interferons are a major class of 
immune cytokines that also can be used as 
potent antiviral agents for the treatment of 
viruses such as hepatitis C.1 2 Beyond inducing 
antiviral immune responses, these cytokines, 
including both interferon-α (IFNα) and inter-
feron-β (IFNβ), elicit a plethora of signals. 
For example, type I interferons contribute 
to the efficacy of anticancer therapies and 
have shown to mediate antineoplastic effects 
against many different malignancies.3 Type 
I interferons also intervene in different 
stages of cancer immunoediting, including 
the elimination of malignant cells via the 
immune system, the establishment of an 

Key messages

What is already known on this topic
	► Interferon-β (IFNβ) is a major class of immune cyto-
kine that can contribute to the efficacy of anticancer 
therapies; however the short half-life and inability 
to target key immune system tissues make IFNβ 
less clinically practical. Albumin (alb) is a ubiquitous 
plasma protein with a known extended half-life in 
vivo.

What this study adds
	► This study describes a novel chimeric protein com-
prised of IFNβ fused to alb (Alb-IFNβ). The data pre-
sented here shows that fusing albumin to IFNβ can 
enhance the anti-tumor immune response, extend 
the half-life of IFNβ in vivo, and route it to lymph 
nodes and tumor.

How this study may affect research, practice, 
or policy

	► This study describes a novel molecule Alb-IFNβ, 
which pending further research may be a prime 
candidate for clinical translation to deliver as an ad-
juvant therapy to patients with cancer.
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equilibrium between the immune system and malignant 
cells, as well as during the phase in which neoplastic cell 
variants escape due to compromised immune systems.3 
Most importantly, type I interferons have been shown 
to trigger dendritic cell (DC) maturation and migration 
toward lymph nodes (LNs), both of which are important 
in cross-priming cytotoxic immune responses.3 During 
antigen presentation by plasmacytoid DCs (pDCs), a high 
level of type I interferon secretion is observed in a concen-
trated area of T cells within lymphatic tissues associated 
with cancer. Recently, pDCs have been shown to traffic 
to tumor tissues and secrete chemokines such as C-X-C 
motif ligand 9 (CXCL9) and CXCL10, which recruit T 
cells to the tumor.4 Type I interferons can also directly 
increase the cytotoxicity and survival of CD8 +T cells.5

In recent years, immunotherapy has begun to emerge 
as a potentially promising strategy for cancer treatment. 
Additionally, many anticancer therapies that rely on type I 
interferon signaling have shown success in clinical use.3 6 
In many instances, administering type I interferons can 
lead to antiviral and antiproliferative bioactivities.7 These 
cytokines even possess immunostimulatory functions.7 
As an adjuvant to standard cancer immunotherapies, 
type I interferons have already demonstrated improve-
ments in disease-free survival as well as overall survival. 
For example, several randomized trials using IFNα as an 
adjuvant in both low-dose and high-dose regimens have 
suggested effectiveness in improving survival outcomes 
of melanoma patients.8–10 Unfortunately, type I inter-
ferons have a short 2–3 hours long plasma half-life and 
require weekly injections when administered as an adju-
vant,10 11 which significantly reduces its applicability in 
clinical settings.

Albumin is a ubiquitous plasma protein that is known 
for its long half-life in vivo and ability to thus increase the 
half-life of molecules that are associated with it.12 13 This is 
achieved via transcytotic recycling of albumin’s neonatal 
Fc receptor (FcRn).14 Due to its circulation pattern as a 
plasma protein physiologically, albumin is able to drain 
into the lymphatic tissues. Albumin binding has been 
shown to be effective for directing immunostimulatory 
molecules, including vaccine constructs, to the LNs in 
order to elicit potent immune responses.15 16 Albumin 
has low immunogenicity and is easy to construct, express, 
and purify, therefore it is an advantageous drug carrier.17 
Albumin thus serves as a prime candidate to deliver cyto-
kines and other biological cargo preferentially toward the 
LNs. Due to the ability of IFNβ to promote DC expan-
sion18 and albumin’s ability to traffic toward LNs and 
extend half-life, we reason that a fusion between albumin 
and IFNβ may have a profound impact on cross-priming 
cytotoxic immune responses and may generate large pDC 
populations for antigen presentation. Strategies that 
expand cross-presenting DC populations also have the 
potential to be efficacious in the treatment of cancer.

We generated fusion protein albumin-IFNβ (Alb-IFNβ) 
by genetically fusing albumin to IFNβ. In this study, 
we evaluated the therapeutic potential of Alb-IFNβ to 

modulate immune cell phenotypes and improve anti-
tumor responses. We show that Alb-IFNβ does not alter 
or impede the biological activity of IFNβ, as our novel 
molecule is able to generate DCs in vitro from bone 
marrow (BM) cells. The half-life of Alb-IFNβ is indeed 
longer than that of IFNβ alone, suggesting efficacy in the 
fusion strategy to albumin. In addition, in vivo distribu-
tion studies of Alb-IFNβ show preferential accumulation 
of our fusion protein in the tumor-draining LNs (tdLNs). 
More importantly, cross-presenting DCs generated by 
Alb-IFNβ in vivo are functional and able to generate 
potent antigen-specific T and B cell responses to both the 
ovalbumin (OVA) and human papillomavirus (HPV) E7 
antigens. We also found that knocking out basic leucine 
zipper ATF-like transcription factor 3 (Batf3), which plays 
a crucial role in the development, expansion, and func-
tion of cross-presenting pDCs,19 20 reduced the antitumor 
effects of Alb-IFNβ. Furthermore, administrating Alb-
IFNβ as an adjuvant to a clinical grade therapeutic HPV 
protein-based vaccine, TA-CIN, for the treatment of HPV-
associated TC-1 tumors resulted in a significant reduction 
in TC-1 tumor burden, improved overall survival, and 
upregulation of E7-specific CD8 +T cell and DC activities. 
We also show that the antitumor immunity elicited by our 
fusion protein is both CD8- and DC-dependent and CD4-
independent. In response to Alb-IFNβ, we observed an 
upregulation in CXCL9 and CXCL10 expressions in the 
tdLNs, which are chemoattractants secreted by DCs to 
recruit T cells to the tumor. Our results strongly support 
that Alb-IFNβ makes an excellent adjuvant to immuno-
therapies with strong therapeutic and clinical translation 
implications because it is able to enhance immunological 
responses mediated by DCs.

MATERIALS AND METHODS
Cells
As previously described, TC-1 cells express the HPV16 
E6 and E7 proteins.21 Cells were grown in RPMI 1640 
media, supplemented with 10% (v/v) fetal bovine 
serum, 50 units/mL of penicillin/streptomycin, 2 mM 
L-glutamine, 1 mM sodium pyruvate, 2 mM non-essential 
amino acids, and 0.1% (v/v) 2-mercaptoethanol at 37°C 
with 5% CO2. For the BMDC isolation and culture, the 
tibias and femurs were removed from C57BL/6 mice 
under sterile condition. Both ends of the bone were 
cut-off and BM was flushed out by 26-gage syringes with 
complete RPMI medium. Following red blood cell lysis 
and washing, BM cells were suspended with complete 
RPMI medium and seeded in 6-well culture plates 
with 29 ng/mL of granulocyte-macrophage colony-
stimulating factor (GM-CSF) for 5 days.22 For the DC 
activation experiments, BMDCs matured in GM-CSF 
were treated with 0.1 µM of Alb-IFNβ, 0.1 µM of IFNβ, 
or 1 µg/mL of lipopolysaccharide (LPS) (as positive 
control) for 16 hours.
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Generation of Alb-IFNβ protein constructs
For the generation of pcDNA3- Alb-IFNβ, mouse IFNβ 
was first amplified via PCR with a cDNA template of the 
mouse IFNβ (pUNO1-mIFNB1) plasmid from Invivogen 
(San Diego, CA 92121 USA) and the following primers: 5′​
AAAG​AATT​CATC​AACT​ATAA​GCAGCTC-3’ and 5- ​AAAC​
TTAA​GTCA​GTTT​TGGA​AGTTTCT-3’. The amplified 
product was then cloned into the EcoRI/Afl II sites of 
pcDNA3-Alb.23 The plasmid constructs were confirmed 
by DNA sequencing. Alb-IFNβ proteins were expressed 
using Expi293F expression system kit (Thermo Fisher 
Scientific, Waltham, Massachusetts, USA) according to 
manufacturer’s instructions. Expi293F cells were trans-
fected with Alb-IFNβ. Proteins were purified by HiTrap 
Albumin column (GE Healthcare Life Sciences, Marlbor-
ough, Massachusetts, USA).

Mice
Female C57BL/6 mice aged 6–8-weeks were purchased 
from Charles Rivers Laboratories (Frederick, Maryland, 
USA). All mice were maintained under specific pathogen-
free conditions at the Johns Hopkins University School 
of Medicine Animal Facility (Baltimore, Maryland, USA). 
All animal procedures were performed according to 
protocols approved by the Johns Hopkins Institutional 
Animal Care and Use Committee. Recommendations 
for the proper use and care of laboratory animals were 
closely followed. For tumor inoculation, 2×105 TC-1 cells 
in 50 µL of PBS were subcutaneously (s.c.) injected into 
6–8 weeks old female C57BL/6 mice. Tumor volume 
was measured by digital calipers and greatest length and 
width were determined. Tumor volumes were calculated 
by the formula: tumor volume = (length × width2)/2. For 
CD4+ and CD8+ T cell depletion, 100 µg of anti-mouse 
CD8+ depleting antibody or 200 µg of anti-mouse CD4+ 
depleting antibody were administered to tumor-bearing 
mice for 3 days via intraperitoneal injection. The deple-
tion was maintained through the experiment by giving 
depleting antibody once a week. CD4+ or CD8+ T cell 
depletion level were evaluated by flow cytometry on 
blood.24 Batf3-/- and FcRN-/- mice were acquired from 
Jackson Laboratories.

Mice vaccination
Naïve or tumor-bearing C57BL/6 mice were s.c. vacci-
nated in the left rear flank twice at 1-week intervals with 
either 100 µg of OVA protein,25 26 10 µg of HPV16 E7 
long peptide (amino acids 43–62),27 28 or 25 µg of HPV 
vaccine TA-CIN29 in combination with or without either 
IFNβ (Prospecbio, East Brunswick NJ) or Alb-IFNβ twice 
at 1-week interval treatments. Vaccine doses were deter-
mined by previous experiments.25–29 One week after the 
final vaccination, peripheral blood mononuclear cells 
(PBMCs) were collected for flow cytometric analysis.

Flow cytometry analyses
Peripheral blood samples from naïve and TC-1 tumor-
bearing mice were collected into 100 µL of PBS containing 

0.5 mM EDTA. Following red blood cell lysis and washing, 
PBMCs were collected and stained with Zombie Aqua to 
determine the cell viability. Fc receptors were blocked by 
anti-mouse CD16/CD32 antibody. To analyze OVA- and 
E7-specific T cells, Fc receptor blocked PBMCs were stain 
with PE-conjugated SIINFEKL (OVA) peptide or HPV16 
E7aa49-57 peptide loaded H-2Db E7 tetramer and FITC-
conjugated anti-mouse CD8α antibody (Biolegend). 
To determine immune response of vaccinated tumor-
bearing mice, TC-1 tumor-bearing mice were injected 
with either IFNβ or Alb-IFNβ followed by E7 long peptide 
as an adjuvant. One week after last vaccination, PBMCs 
were subsequently collected and stained for FITC-
conjugated anti-mouse Ki67 antibodies, PE-conjugated 
HPV16 E7aa49-57 peptide-loaded H-2Db E7 tetramer, 
APC/Fire 750-conjugated anti-mouse CD8α antibodies, 
APC/Fire 750-conjugated anti-mouse CD11c antibodies, 
APC/Fire 750-conjugated anti-mouse I-A/I-E major histo-
compatibility II (MHC-II) antibodies, and PE-CF594 
APC/Fire 750-conjugated anti-mouse CD86 antibodies 
for the presence of E7-specific CD8 +T cells and DCs. To 
evaluate biological function between Alb-IFNβ and IFNβ 
in vitro, FcRn-blocked BMDCs were stained with BV421-
conjugated anti-mouse CD11c antibodies, APC/Fire 
650-conjugated anti-mouse I-A/I-E (MHC II) antibodies, 
PerCP-conjugated anti-mouse CD40 and PE-CF594 -conju-
gated anti-mouse CD86. FACS analysis was performed 
using CytoFLEX S (Beckman) and data were analyzed by 
FlowJo software.

Adaptive T cell transfer and tracking
C57BL/6 mice were s.c. injected with 5×105 TC-1 cells for 
10 days (after the tumor reached 8 to 10 mm in diam-
eter). A 10 µg of IFNβ or 50 µg of Alb-IFNβ was intra-
venously injected into tumor-bearing mice through retro 
orbital sinus. One day after treatment with Alb- IFNβ or 
IFNβ, 5×106 luciferase-expressing E7-specific T cells were 
intravenously injected into the tumor-bearing mice via tail 
vein. Luciferase-expressing E7-specific T cells were gener-
ated as previously described.30 For tracking the E7-specific 
T cell in tumor-bearing mice, 75 mg/kg of d-Luciferin was 
given to the mice via intraperitoneal injection and imaged 
by the IVIS Spectrum in vivo imaging system series 2000 
(PerkinElmer) on day 1 and day 4 after T cell transfer. 
Total photon counts were quantified in the tumor site by 
using Living Image 2.50 software (PerkinElmer).

ELISA
For the half-life experiment, naïve or TC-1 tumor-bearing 
C57BL/6 mice were intravenously injected with 10 µg 
of IFNβ or 50 µg of Alb-IFNβ. Serum were collected in 
EDTA-free Eppendorf tube on 3, 24 and 48 hours post-
treatment. Tumor and LNs were harvested 16 hours post-
treatment and then minced into 1–2 mm pieces and lysis 
by RIPA buffer (Cell Signaling Technology, Massachu-
setts, USA). IFNβ was measured by IFN beta Mouse ELISA 
Kit (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. For the OVA and HPV16 L2 antibody 



4 Tseng S-H, et al. J Immunother Cancer 2022;10:e004342. doi:10.1136/jitc-2021-004342

Open access�

detection, 1 ug/mL of mouse OVA or HPV16 L2 protein 
in PBS was coated on BRANDplates microplates overnight 
at 4°C. After 16 hours, the plates were washed, blocked 
with eBioscienceTM ELISA/ELISPOT Diluent (Thermo 
Fisher Scientific), and added diluted serum for 2 hours at 
room temperature.Non-vaccinated mice serum was used 
as control. Goat anti-mouse IgG-HRP secondary antibody 
was added at 1:5000 dilution for 1 hour, followed by TMB 
substrate. The OD at 450 nm was determined by 800 TS 
Absorbance Reader (BioTek Instruments).

Quantitative real-time PCR
RNA was isolated from tumors treated with either PBS, 
IFNβ, or Alb-IFNβ, or from adjusted muscle tissues (as 
a normal tissue control) and reverse transcribed to 
cDNA. Gene expression levels were measured by quan-
titative real-time PCR (qRT-PCR) using SYBER Green 
with CXCL9-specific or CXCL10-specific primers. Briefly, 
total RNA was extracted by the Direct-zol RNA Kits (Zymo 
Research) following the manufacturer’s instructions. A 1 
µL of RNA was converted to cDNA by the iScript Reverse 
Transcription Supermix (Bio-Rad Laboratories). A 1 µL 
of cDNA was used as template for qRT-PCR using SsoAd-
vanced Universal SYBR Green Supermix (Bio-Rad Labora-
tories), and qRT-PCR was performed using CFX96 Touch 
Real-Time PCR Detection System (Bio-Rad Laboratories). 
Primer for RT-PCR experiments to detect mouse CXCL9 
expression, forward 5’- ​GAGCAGTGTGGAGTTC-
GAGG-3’; reverse 5’- ​TCCGGATCTAGGCAGGTTTG-3’, 
mouse CXCL10 forward 5’- ​GCCGTCATTTTCTGCCT-
CAT-3’; reverse 5’- ​GCTTCCCTATGGCCCTCATT-3’, 
18S rRNA, forward 5’- ​GTAACCCGTTGAACCCCATT-3’; 
reverse 5’- ​CCATCCAATCGGTAGTAGCG-3’ (Integrated 
DNA Technologies). All data shown are normalized to the 
internal control gene 18S rRNA

Statistical analysis
The statistical analysis was performed using GraphPad 
Prism V.6 software and data were interpreted as means 
with SD. Kaplan-Meier survival plots are used to estimate 
the survival percentage and tumor-free rate. Long rank 
tests were used to compare the survival time between 
treatment groups. Comparison between individual data 
points were used to analyze in the t- test and p value 
smaller than 0.05 is considered statistically significant, 
*p≤0.05, **p≤0.01,*** p≤0.001, **** p≤0.0001, ns=not 
significant.

RESULTS
IFNβ fused to albumin retains biological function and does not 
alter the biological activity of IFNβ
To bypass short half-life limitations posed by IFNβ, 
a genetic fusion protein consisting of albumin and 
IFNβ was produced and purified (figure  1A). In many 
instances, cytokine function can be altered when it is 
fused to a carrier protein. Thus, we determined whether 
the fusion of albumin to IFNβ (Alb-IFNβ) would affect 

the biological function of IFNβ. Through in vitro titration 
experiments, the expression of H-2Kb and PD-L1 on TC-1 
cells increased as the cells were treated with increasing 
concentrations of IFNβ or Alb-IFNβ (figure  1B–C). 
BMDCs were also treated with either IFNβ alone or Alb-
IFNβ, with BMDCs treated with LPS serving as a posi-
tive control and untreated BMDCs serving as a negative 
control. H-2Kb (figure 1E) and PD-L1 (figure 1G) expres-
sions were comparable between Alb-IFNβ-treated BMDCs 
and BMDCs treated with IFNβ alone. Similarly, BMDCs 
treated with Alb-IFNβ also expressed similar levels of 
CD40 (figure 1D) and CD86 (figure 1F) compared with 
IFNβ alone. The addition of Alb-IFNβ failed to increase 
PD-1 or LAG3 expression using both TC-1 and BMDCs 
(online supplemental figure 1). Taken together, our data 
suggest that Alb-IFNβ retains similar biological function 
compared with IFNβ alone.

The linkage of albumin to IFNβ extends half-life and increases 
IFNβ in serum, LNs and tumor in vivo
Next, we sought to better understand the underlying traf-
ficking mechanism of Alb-IFNβ in vivo. Albumin is known 
to increase the half-life of molecules that are associated 
with it through transcytotic recycling of the FcRn.12–14 
Specifically, albumin fusion to IFNβ has been shown to 
increase the half-life of IFNβ by more thanfivefold.31 
Thus, we suspected FcRn to play a role in our albumin 
fusion strategy. To determine the whether Alb-IFNβ has 
an extended half-life, we intravenously injected Alb-IFNβ 
or IFNβ into C57BL/6 mice. We found that levels of 
IFNβ were significantly higher at every time point when 
mice were treated with Alb-IFNβ as compared with mice 
treated with IFNβ alone (figure 2A). We also found that 
levels of IFNβ significantly decreased in FcRn knockout 
mice (figure  2A), suggesting the importance of FcRn 
in extending the half-life of Alb-IFNβ. Previous studies 
have also suggested that due to the circulation pattern of 
albumin in the plasma, albumin fusion proteins are able 
to preferentially traffic toward the draining LNs.15 16 From 
our experiments, we found that Alb-IFNβ was present at 
higher levels in LNs (figure 2B), and targets to both the 
tumors and the tumor draining LNs (tdLNs) more effi-
ciently than IFNβ alone (figure 2C). Thus, we were able 
to confirm the notion that an albumin fusion strategy 
increases the half-life of conjugated IFNβ and is some-
what reliant on the presence of FcRn. We also showed 
that an albumin fusion strategy allows IFNβ to be targeted 
to both tumors and tdLNs at higher levels than being 
treated with IFNβ alone.

Coadministration Alb-IFNβ and antigenic peptides enhances 
antigen-specific CD8+ T cell immunity in vivo
To evaluate the ability of Alb-IFNβ to promote CD8 +T 
cell responses to an exogenously-derived antigen, we 
vaccinated C57BL/6 mice with either OVA protein or 
E7 peptide (amino acids 43–62). It has been well docu-
mented that long E7 peptide is better than short peptides 
at inducing robust T cell responses, and it is capable of 

https://dx.doi.org/10.1136/jitc-2021-004342
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delivering specific cargo to antigen presenting cells.32 
Additionally, OVA protein was used rather than OVA 
long peptide in order to demonstrate that our treatment 
strategy can be used with various vaccination platforms, 
such as protein vaccines. We simultaneously administered 
these antigens with or without either IFNβ or Alb-IFNβ to 
C57BL/6 mice twice at 1-week intervals (figure 3A). One 
week after the second vaccination, PBMCs were analyzed 
for the presence of OVA-specific and E7-specific CD8 +T 
cells by tetramer staining. Mice that received coadminis-
tration of Alb-IFNβ and OVA induced the highest number 
of OVA-specific CD8  +T cells compared with the other 
treatment groups (figure 3B–C). In addition, mice treated 
with coadministration of E7 long peptide and Alb-IFNβ 
similarly developed the most robust E7-specific CD8 +T 
cells (figure 3D–E). Finally, significantly higher titers of 
OVA-specific IgG2a/IgG1a antibodies were detected in 
the sera of mice vaccinated with both Alb-IFNβ and the 
OVA antigen compared with mice vaccinated with IFNβ 
and OVA or OVA alone (online supplemental figure 2). 
Our results suggest that coadministration of Alb-IFNβ 
with antigen enhances antigen-specific CD8 +T cell medi-
ated and humoral immune responses in vivo compared 
with coadministration of IFNβ alone.

Coadministration of Alb-IFNβ and E7 peptide generates a 
potent therapeutic antitumor effect against E7 expressing 
TC-1 tumor
We next looked at the antitumor properties of Alb-IFNβ 
coadministered with E7 antigen. We treated C57BL/6 
mice bearing HPV16 E7-positive TC-1 tumors with either 
E7 alone, Alb-IFNβ alone, E7 with IFNβ, or E7 with Alb-
IFNβ twice at 1-week intervals (figure 4A). Tumor-bearing 
mice administered with the E7 antigen with Alb-IFNβ 
showed the smallest tumor volume compared with the 
other groups (figure  4B). Consistently, tumor-bearing 
mice administered with E7 with Alb-IFNβ survived twice 
as long compared with mice treated with the other treat-
ment groups (figure 4C). Clinically, interferon has led to 
the development of many side effects and potentially toxic 
at high doses, especially when registered with multiple 
different treatments.33 34 While the doses of IFNβ and Alb-
IFNβ used in this study were low and all tumor-bearing 
mice were only treated twice, there may still be toxicity 
concerns. One important side effect as a result of IFNβ-in-
duced toxicity is weight loss.35–38 In our study, we did not 
observe any significant weight loss in tumor-bearing mice 
administered with any combination of the treatments 
(figure 4D). It seems that coadministration of Alb-IFNβ 

Figure 1  Characterization of biological activity of Alb-IFNβ compared with IFNβ using TC-1 cells or BMDCs. (A) SDS-PAGE 
analysis for purified albumin (Alb), IFNβ, and Alb-IFNβ. (M: molecular weight markers, as measured in kD). TC-1 cells were 
treated with 0.1 µM, 0.01 µM, or 0.001 µM of either IFNβ or Alb-IFNβ for 24 hours. The TC-1 cells were subsequently harvested 
and stained for (B) H-2Kb or (C) PD-L1 expression and analyzed by flow cytometry. Representative flow cytometry images of 
H-2Kb expression on TC-1 cells treated with either IFNβ or Alb-IFNβ. (D–G) BMDCs were treated with 0.1 µM of either IFNβ 
or Alb-IFNβ for 24 hours. BMDCs treated with lipopolysaccharide (LPS) as positive control. Shown here are representative 
flow cytometry images of (D) C40 expression, (E) H-2Kb expression, (F) CD86, and (G) PD-L1 expression on BMDCs treated 
with either IFNβ or Alb-IFNβ. BMDCs, bone marrow-dendritic cells. SDS-PAGE, sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis

https://dx.doi.org/10.1136/jitc-2021-004342
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and E7 peptide does not induce any noticeable toxic 
side effects and was able to suppress tumor growth and 
prolong survival rates of tumor-beating mice better than 
tumor bearing mice treated with IFNβ and E7 peptide.

Coadministration of Alb-IFNβ with HPV E7 peptides results in 
enhanced E7-specific CD8+ T cell immune responses and DC 
activity
Because albumin conjugation has been shown to extend 
the half-life of the IFNβ (figure 2), we explored whether 
a single s.c. administration of Alb-IFNβ with E7 peptide 
in tumor-bearing mice can elicit E7-specific CD8 +T cell-
mediated immune responses and enhanced DC activity. 
DCs are known for their potent ability to cross present 
exogenous antigens to cytotoxic CD8 +T cells. While we 
have demonstrated that fusion of albumin to IFNβ does 
not impede the ability of IFNβ to expand DCs, we further 
examined whether coadministration of Alb-IFNβ with E7 
antigen was superior in expanding DCs and promoting 
cytotoxic T cell responses to E7 antigens in vivo compared 
with coadministration of IFNβ with E7 antigen. TC-1 
tumor bearing C57BL/6 mice were vaccinated with either 

E7 alone, Alb-IFNβ alone, IFNβ with E7, or Alb-IFNβ with 
E7. PBMCs were then collected from the mice for anal-
ysis. There was a significantly higher amount of E7-spe-
cific CD8  +T cells in mice treated with Alb-IFNβ and 
E7 compared with all other treatment conditions in the 
TC-1 tumor-bearing mice, indicating potent expansion 
of E7-specific CD8  +T cells following coadministration 
with Alb-IFNβ with E7 antigen (figure  5A–B). More-
over, mice treatment with Alb-IFNβ and E7 also had the 
highest levels of DC activation marker CD86 (figure 5C). 
In order to characterize the immune cell proliferation, 
we next examined the proliferative marker Ki67 following 
treatment.39 The advantage of using Ki67 for lympho-
cyte proliferative assays is to indicate the function of E7 
specific T cells. Alb-IFNβ and E7 vaccinated mice also 
exhibited the highest proliferation activity of E7-specific 
CD8  +T cells in tumor-bearing mice compared with all 
other vaccination regimens (figure 5D). DCs in Alb-IFNβ 
and E7 vaccinated mice also had significantly higher Ki67 
proliferative expression than other treatment conditions 
(figure 5E). Thus, our data suggest that Alb-IFNβ is able 

Figure 2  Analysis of Alb-IFNβ half-life within the C57BL/6 or FcRn knockout mice. (A) Naïve C57BL/6 or FcRN KO mice (6 
mice per group) were intravenously injected with either IFNβ or Alb-IFNβ. Sera were collected 3, 24, and 48 hours post injection. 
An IFNβ ELISA assay was performed. (B) Naive C57BL/6 mice (6 mice per group) were injected with either IFNβ or Alb-IFNβ. 
LNs were collected 16 hours post injection. IFNβ concentration in LN protein extracts were detected by ELISA. Untreated mice 
LN lysates served as control. (C) TC-1 tumor-bearing mice (six per group) were treated with either IFNβ or Alb-IFNβ, tumors 
and tdLNs were harvested 16 hours post injection. IFNβ concentration in tumor lysates or LN lysate were detected by ELISA. 
Untreated mice tumor or LN lysate served as control. *P<0.05, ***p<0.001, ****p<0.0001. ns, not significant; tdLNs, tumor-
draining lymph nodes.
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to generate and expand more potent antigen-specific 
cytotoxic T cell and DCs compared with IFNβ when coad-
ministered tumor antigen in tumor-bearing mice.

CD8 +T cells and cross presenting DCs, but not CD4 +T cells, 
are important for the observed antitumor therapeutic effect 
mediated by Alb-IFNβ coadministered with E7 peptides
After determining Alb-IFNβ elicits antitumor immu-
nity through the expansion of both DCs and E7-specific 
CD8 +T cells when coadministered with E7 antigen, we 
wanted to test for the subset of lymphocytes that are essen-
tial for Alb-IFNβ to produce its effects. We first depleted 
either CD4 +or CD8+T cells in TC-1 tumor-bearing mice 
(n=5) by injecting them with either 200 µg of anti-mouse 
CD4 antibodies or 100 µg of anti-mouse CD8 antibodies 
daily for 3 days, followed by Alb-IFNβ and E7 vaccination 
(figure 6A). Our results suggest that CD8 +T cell deple-
tion completely abolished the anti-tumor effects gener-
ated by Alb-IFNβ and E7 vaccination (figure  6B) and 
decreases the survival rate of Alb-IFNβ and E7 vaccinated 
tumor-bearing mice (figure  6C). However, the tumor 

volume and survival rates of Alb-IFNβ and E7 -treated 
tumor-bearing mice did not significantly change by deple-
tion of CD4 +T cells (figure 6D–E). Furthermore, Batf3 
is known to play an important role in the development, 
expansion, and function of cross-presenting DCs.15 Thus, 
we perform the anti-tumor experiment in Baft3 KO mice 
to determine whether it affected antitumor effect of Alb-
IFNβ and E7 vaccination. Batf3 KO mice treated with Alb-
IFNβ and E7 vaccination apparently reduced their ability 
to control the tumor progression (figure 6F) and gener-
ated fewer E7-specific CD8  +T cells (figure  6G). Taken 
together, our results suggest both E7-specific CD8 +T cells 
and cross-presenting DCs are important for Alb-IFNβ to 
properly elicit potent antitumor responses when coad-
ministered with E7 antigen.

Treatment with Alb-IFNβ increased antigen-specific CD8+ T 
lymphocytes in the tumor microenvironment
To understand how Alb-IFNβ affects antigen-specific 
CD8 +T cells trafficking to the tumor microenvironment 
(TME), tumor-bearing mice were treated with either 

Figure 3  Characterization of the antigen specific CD8 +T cell immune response in mice treated with Alb-IFNβ mixed with OVA 
or E7. (A) Schematic illustration of the experiment. Briefly, naïve C57BL/6 mice (five per group) were subcutaneously vaccinated 
with antigen (either OVA protein or E7 long peptide (amino acids 43–62)) alone, or in combination with either IFNβ or Alb-IFNβ 
s.c. once a week at day 0 and 7. Seven days after the final vaccination, PBMCs were collected from previously-treated mice 
and stained with either PE-conjugated H-2 Kb OVA (SIINFEKL) or PE-conjugated HPV16 E7aa49-57 peptide-loaded H-2Db 
E7 tetramer and FITC-conjugated anti-mouse CD8α antibodies, followed by flow cytometry analyses. (B) Representative 
flow cytometric images of OVA tetramer staining. (C) Bar graph summary of OVA tetramer staining. (D) Representative flow 
cytometric images of E7 tetramer staining. (E) Bar graph summary of E7 tetramer staining. *P<0.05, **p<0.01. OVA, ovalbumin; 
PBMCs, peripheral blood mononuclear cells; s.c, subcutaneously.
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Alb-IFNβ, IFNβ, or PBS control followed by adaptive 
transfer of luciferase-expressing E7-specific CD8 +T cells 
(see online supplemental figure 3). By day 4, E7-specific 
CD8 +T cells were highly accumulated in the tumor area 
of mice administered with Alb-IFNβ compared with IFNβ 
(online supplemental figure 3). In comparison, tumor 
bearing mice administered with IFNβ did not demon-
strated impact to the number of E7-specific CD8 +T cell 
in the tumor compared with untreated group. Taken 
together, our data indicated that administration of Alb-
IFNβ facilitates tumor infiltration of E7-specific CD8 +T 
lymphocytes in the TME.

Treatment with Alb-IFNβ leads to increased levels of 
chemokines in tumors and increased CD8+ T cell activity and 
DC activation in the tdLNs
Cross-presenting DCs have been shown to secrete chemo-
kines such as CXCL9 and CXCL10. These chemokines 
are then able to recruit T cells to the TME, thus mounting 
an antitumor immune response.4 To test whether Alb-
IFNβ can promote the expression of these chemokines 
in the tumors, we analyzed DC activation in the TME and 
changes in chemokine expression following Alb-IFNβ 
treatment. The levels of CXCL10 and CXCL9 were signifi-
cantly higher in tumors treated with Alb-IFNβ compared 
mice treated with to IFNβ (online supplemental figure 

4A-B). Within the tdLNs, mice treated with Alb-IFNβ 
exhibited significantly higher CD8  +T cell proliferative 
activity in the tdLNs of tumor-bearing mice compared 
with untreated control mice. However, there is no signif-
icant difference between mice treated with Alb-IFNβ 
or IFNβ (online supplemental figure 4C). Additionally, 
Alb-IFNβ was able to induce higher DC activation in the 
tdLNs compared with IFNβ (online supplemental figure 
4D).Thus, our experiments showed that Alb-IFNβ treat-
ment successfully increases chemokine expression, which 
also increases CD8 +T cell activity and DC maturation in 
the tdLNs of tumor bearing mice.

Alb-IFNβ serves as a potent adjuvant for HPV protein based 
therapeutic vaccine, TA-CIN, for the treatment of HPV antigen 
expressing tumors
Tissue Antigen-Cervical Intraepithelial Neoplasia (TA-CIN) 
is a candidate therapeutic HPV protein vaccine comprised 
of a fusion of full length HPV16 L2, E6, and E7 proteins.40 
It is administered as a filterable protein aggregate to 
promote uptake by antigen presenting cells. This protein 
vaccine has been shown to induce both E7-specific CD8 +T 
cell-mediated antitumor and HPV L2-specific neutralizing 
antibody responses in preclinical models.16 40 41 However, 
the clinical efficacy of TA-CIN alone may not be as effec-
tive as intended, probably due to the lack of immunogenic 

Figure 4  Characterization of therapeutic antitumor effect generated by Alb-IFNβ in conjunction with E7 vaccination. (A) 
Schematic illustration of the experiment. Briefly, C57BL/6 mice (five per group) were s.c. injected with 2×105 TC-1 cells on day 
0. These TC-1 tumor-bearing mice were then vaccinated with either E7 alone, Alb-IFNβ alone, IFNβ with E7, or Alb-IFNβ with 
E7 on days 7 and 14 after TC-1 tumor inoculation. A group of untreated TC-1 tumor-bearing mice served as the control group. 
(B) Tumor growth curve of TC-1 tumor-bearing mice. (C) Kaplan-Meier survival curve of TC-1 tumor-bearing mice. (D) Change 
in body weights of TC-1 tumor-bearing mice treated with the various therapeutic approaches. *P<0.05, ****p<0.0001. n.s, not 
significant; s.c, subcutaneously.

https://dx.doi.org/10.1136/jitc-2021-004342
https://dx.doi.org/10.1136/jitc-2021-004342
https://dx.doi.org/10.1136/jitc-2021-004342
https://dx.doi.org/10.1136/jitc-2021-004342
https://dx.doi.org/10.1136/jitc-2021-004342
https://dx.doi.org/10.1136/jitc-2021-004342
https://dx.doi.org/10.1136/jitc-2021-004342
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adjuvants in the formulation of the protein vaccine.42 43 Thus, 
we sought to overcome TA-CIN immunogenic deficiencies 
by combining it with Alb-IFNβ treatment. Tumor-bearing 
mice were administered either TA-CIN or TA-CIN in combi-
nation with Alb-IFNβ (figure 7A). TC-1 tumor-bearing mice 
receiving TA-CIN treatment in combination with Alb-IFNβ 
had significantly lower tumor growth compared with mice 
that were vaccinated with TA-CIN alone (figure 7B). Addi-
tionally, combination treatment of TA-CIN and Alb-IFNβ 
was also more effective in prolonging the survival of tumor-
bearing mice than TA-CIN alone or untreated tumor-bearing 
mice (figure 7C). Combination treatment of Alb-IFNβ and 
TA-CIN also induced higher levels of E7-specific CD8  +T 
cells in tumor-bearing mice (figure 7D). Significantly higher 
level of anti-L2 IgG antibodies were similarly detected in the 
combination group compare to TA-CIN alone (figure 7E). 
Taken together, we show that Alb-IFNβ is able to enhance 
TA-CIN-elicited antitumor effects to suppress tumor growth 
and we believe that Alb-IFNβ serves as a potentially potent 
immunologic adjuvant.

DISCUSSION
In this study, we evaluated the therapeutic potential of Alb-
IFNβ in combination with antigens to modulate immune 
cells and improve antigen-specific antitumor responses. 
Our data shown Alb-IFNβ not only retains similar biolog-
ical activity compared with IFNβ in vitro but is able to 
generate potent antigen-specific T and B cell responses 
to OVA and HPV16 proteins. Additionally, vaccination 
of Alb-IFNβ and HPV16 antigens in tumor-bearing mice 
resulted in a significant reduction in tumor burden and 
better overall survival. The antitumor immune responses 
generated by Alb-IFNβ and HPV16 antigens vaccination 
were found to be CD8-dependent and DC-dependent 
and CD4-independent. One possible explanation for why 
CD4 +T cells are not as important for the antitumor effect 
is that it has been documented that mice vaccinated with 
IFNa and OVA antigens generate OVA specific CD8 inde-
pendent of CD4 or CD40.44 This is likely because Alb-
interferons cause maturation of DCs and also provide 
a third signal to enhance CD8 proliferation.45 We also 
observed a significant increase of the antigen-specific 
CD8  +T cells in the tumor location was observed in 
tumor bearing mice treated with Alb-IFNβ. Alb-IFNβ also 

Figure 5  Characterization of E7-specific CD8 +T cells and DCs in PBMCs following treatment with Alb-IFNβ and E7 
vaccination. (A–C) PBMCs were collected from the previously treated mice in figure 4 on 1 week after last vaccination (five 
per group), and stained with PE-conjugated HPV16 E7aa49-57 peptide-loaded H-2Db E7 tetramer. (A) Bar graph summary of 
the percentages of E7 tetramer and CD8 +T cells in tumor-bearing mice administered with either E7, Alb-IFNβ, IFNβ with E7, 
or Alb-IFNβ with E7. (B) Bar graph summary of the total number of E7 tetramer and CD8 +T cells in tumor-bearing. (C) Bar 
graph summary of the mean fluorescence intensity of CD86 in CD11c+and I-A+/I-E +DCs. (D, E) PBMCs were collected from 
mice (five per group) treated with E7 alone, IFNβ with E7, or Alb-IFNβ with E7, which were independent from the mice used 
in A–C, and subsequently stained with FITC-conjugated anti-mouse Ki67 antibodies, APC/Fire 750-conjugated anti-mouse 
CD8α antibodies, APC/Fire 750-conjugated anti-mouse CD11c antibodies, and APC/Fire 750-conjugated anti-mouse I-A/I-E 
antibodies. (D) Bar graph summary of the percentages of proliferative Ki67 + and CD8+T cells. (E) Bar graph summary of 
percentage of proliferative Ki67+, CD11c+, and I-A+/I-E +DCs. *P<0.05, **p<0.01, ***p<0.001, ****p<0.0001. DC, dendritic cell; 
PBMCs, peripheral blood mononuclear cells.



10 Tseng S-H, et al. J Immunother Cancer 2022;10:e004342. doi:10.1136/jitc-2021-004342

Open access�

accumulates in the tdLNs and facilitates the expansion 
of antigen-specific CD8 +CTLs in the TME. We suggested 
Alb-IFNβ can increase CD8 +T cell activities and promote 
DC maturation in the tdLNs possibly through inducing 
an upregulation of CXCL9 and CXCL10. An assessment 
of Alb-IFNβ used in combination with a clinical drug 
TA-CIN showed superior antitumor effects compared 
with TA-CIN alone, therefore suggesting Alb-IFNβ as an 
effective immunologic adjuvant. The therapeutic poten-
tial of Alb-IFNβ lead us to believe that it should be further 
investigated for clinical translation.

Alb-IFNβ holds immense therapeutic potential as a 
novel immunotherapy. With Alb-IFNβ we could possibly 
improve treatment schedules while limiting any side 
effects to generate potent antigen-specific antitumor 
responses. The linkage of Albumin to IFNβ not only 
extends half-life and but also leads to the targeting of 
IFNβ to the LNs and tumor in vivo and thereby serves 
as a potent adjuvant for vaccination. Thus, Alb-IFNβ can 
bypass shortcomings posed by the weekly administrations 
and increased dosages of IFNβ thereby limiting potential 
side effects in the clinic. Although PEGylated IFNα and 

IFNβ have also demonstrated increased half-lives in vivo, 
Alb- IFNβ could likely better target the interferons to 
LNs based on its natural circulation. Therefore, Alb-IFNβ 
has a higher chance of contacting immune cells in LNs, 
and subsequently enhanced the DC cross-presentation. 
However, future studies comparing the half-life and 
effectiveness of PEGylated IFNβ and Alb- IFNβ should be 
considered.

Anticancer immunotherapies harness the immune 
system to develop a response toward tumors. Immu-
notherapy can include checkpoint inhibitors, adop-
tive cell therapies, and cancer vaccines, among other 
approaches.46 47 There are many cancer vaccine delivery 
methods, including through intratumoral and localized 
mucosal routes.48–51 However, these delivery methods 
are invasive, therefore limiting the number of partici-
pants willing to take part in clinical settings.52–54 An alter-
native approach is to target tdLNs, which are known to 
accumulate tumor antigens that can be used to prime 
antitumor T cell responses.55 In our study, we show that 
Alb-IFNβ is able to target the tdLNs (figure  2). With 
our albumin-fusion targeting strategy, we can locally 

Figure 6  Determination of the role of CD8 T cells, CD4 T cells, or dendritic cells on therapeutic antitumor immunity generated 
by Alb-IFNβ and E7 vaccination. (A) Schematic illustration of the experiment. To deplete CD4 +or CD8+T cells in TC-1 tumor-
bearing mice (five per group), C57BL/6 mice received either 200 µg of anti-mouse CD4 antibodies or 100 µg of anti-mouse CD8 
antibodies daily by intraperitoneal injection for three continuous days prior to Alb-IFNβ treatment. Control mice received the 
same dose of mouse IgG isotype antibodies. (B) Tumor growth curve of CD8 +T cell-depleted mice. (C) Kaplan-Meier survival 
of CD8 +T cell-depleted mice. (D) Tumor growth curve of CD4 +T cell-depleted mice. (E) Kaplan-Meier survival of CD4 +T cell-
depleted mice. To determine the significance of DC cells capable of cross presentation for the antitumor effect in TC-1 tumor 
bearing mice, Baft3 KO mice were used. (F) Tumor growth curve of Baft3 KO mice (G) Bar graph summary of the percentages of 
E7 tetramer and CD8 +T cells in Baft3 KO or control tumor-bearing mice administered with Alb-IFNβ with E7. *P<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. DC, dendritic cell; n.s, not significant.
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administer a less-invasive procedure that can target thera-
peutic vaccines toward the tdLNs in order to elicit potent, 
local antigen-specific antitumor responses within the 
TME (online supplemental figure S2). Alb-IFNβ there-
fore provides immense clinical opportunities to deliver 
antigens to DCs at the TME and expand robust cytotoxic 
immune responses. Additionally, in the current study we 
observed increased luciferase expressing antigen specific 
CD8 +T cells in the TME following treatment with Alb-
IFNβ. There are at least two reasons that may account 
for the observed phenomenon. First, it may be attributed 
to the trafficking of the antigen specific CD8 +T cells to 
the location of the tumor (as implied by the study with 
CXCL9 and CXCL10). Second is that it may be due to 
the proliferation of antigen specific CD8 +T cells at the 
tumor location (as suggested by the characterization of 
Ki67).

In the current study, we have found that both Batf3 is 
an important factor for the ability of Alb-IFNβ to control 
tumor progression. IFNβ enhances cross-presenting 
DC maturation, whereas Batf3 is crucial to the develop-
ment, expansion, and functioning of cross-presenting 
DCs.15 56–58 Thus, we used Batf3 KO mice to study the 
role of this gene in the ability of Alb-IFNβ to expand 

cross-presenting DCs. We show that Baft3 KO mice 
administered with Alb-IFNβ were less capable to control 
tumor growth progression and generated fewer E7-spe-
cific CD8  +T cells (figure  6). Of note, Batf3 KO mice 
treated with Alb-IFNβ still were able to control tumor 
growth compared with untreated mice were, suggesting 
that although Batf3 alone is important for Alb-IFNβ 
effect it is not the only contributing factor. Other factors 
may also contribute to the ability of Alb-IFNβ to control 
tumor in addition to Batf3.

In our study, we found that FcRn is an important medi-
ator for the ability of albumin to extend the half-life of 
IFNβ. When administering Alb-IFNβ to FcRn KO mice, 
we noticed a shorter half-life of Alb-IFNβ compared with 
Alb-IFNβ in C57BL/6 mice (figure 2). However, despite 
a significant decrease in the half-life of Alb-IFNβ in FcRn 
KO mice, the half-life was still longer than the half-life of 
IFNβ in C57BL/6 mice. Thus, although FcRn can extend 
the half-life of IFNβ linked to albumin, some other factors 
may also contribute to the prolonged half-life mediated 
by albumin. It is of interest to further explore the other 
possible mechanisms that account for the prolongation 
of half-life of the protein fused to albumin.

Figure 7  Characterization of therapeutic anti TC-1 tumor effect generated by Alb-IFNβ in combination with TA-CIN. (A) 
Schematic illustration of the experiment. C57BL/6 mice (five per group) were s.c. injected with 2×105 TC-1 cells on day 0. 7 
days after TC-1 injection, TA-CIN alone or in combination with Alb-IFNβ was s.c. injected into the mice every week for 2 weeks. 
Untreated TC-1 tumor-bearing mice served as control. (B) Tumor growth curve of TC-1 tumor-bearing mice. (C) Kaplan-Meier 
survival curve of TC-1 tumor-bearing mice. (D) Bar graph summary of the percentage of E7 tetramer and CD8 +T cells in 
tumor-bearing mice administered with either TA-CIN or Alb-IFNβ and TA-CIN. Untreated mice served as control. (E) Bar graph 
summary of the ELISA assay to detect mouse anti-L2 IgG2A antibodies in vaccinated mice. Sera from vaccinated and untreated 
mice were collected on day 21. Sera from naïve mice served as negative control. The sera were diluted by 1000-fold. **p<0.01, 
***p<0.001, ****p<0.0001. s.c, subcutaneously. TA-CIN, Tissue Antigen-Cervical Intraepithelial Neoplasia

https://dx.doi.org/10.1136/jitc-2021-004342
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We have observed tumor-bearing mice treated with Alb-
IFNβ resulted in more tumor antigen specific CD8  +T 
cells in the tumor location (online supplemental figure 
S2). At least two reasons may account for the observed 
phenomenon. One is that the antigen specific T cells 
may be preferentially attracted to the tumor location in 
tumor-bearing mice treated with Alb-IFNβ. Alternatively, 
the other reason is that tumor-bearing mice treated with 
Alb-IFNβ results in enhanced proliferation of antigen 
specific CD8 +T cells in the tumor location. Indeed, our 
data from the characterization of CXCL9 and CXCL10 in 
the tumor location appears to be higher (online supple-
mental figure S3). In fact, type I interferons have been 
shown to induce CXCL10 and CXCL9 production in 
DCs and subsequently enhance their ability to stimulate 
CD8 +effector T cells.59 60 However, other IFN-modulated 
chemokines/cytokines couple be involved, potentially in 
a different manner in the tumor or LN.61–64 Thus, further 
exploration on how other chemokines/cytokines may be 
impacted by Alb-IFNβ should be considered.

Alb-IFNβ may serve as a protein based adjuvant that can 
be used to enhance protein based vaccines. It would be 
important to further test whether Alb-IFNβ can be used 
as an adjuvant to improve vaccine efficacy of other types 
of protein based vaccines or other forms of vaccine, such 
as DNA/RNA based, cell based, or vector based vaccines. 
This information would create the opportunity for wide 
application of Alb-IFNβ to enhance vaccine potency. For 
clinical translation, it will be important to further char-
acterize the toxicity generated by Alb-IFNβ. The under-
standing of the ability of Alb-IFNβ to enhance vaccine 
potency as well as the toxicity associated with the coad-
ministration of Alb-IFNβ will be critical for the assess-
ment whether Alb-IFNβ will serve as a better adjuvant 
compared with other adjuvants. Such information will be 
critical for the development of vaccines against infections 
and cancers.

Contributors  S-HT, BL, LL and YJK contributed to the conduction of the 
experiments. S-HT, MAC, EF and YJK contributed to the original draft of the 
manuscript. LF contributed to the editing of the manuscript. T-CW and C-FH 
supervised and conceptualized the study, and interpreted the data. C-FH is the 
guarantor of the work.

Funding  This work was supported the National Institute of Health and the 
National Cancer Institute under award numbers R01CA237067, R01CA233486, 
R21CA234516, R21DE029910, R21CA256020 and P50CA098252.

Competing interests  T-CW is a cofounder of and has an equity ownership interest 
in Papivax. Also, T-CW owns Papivax Biotech stock and is a member of Papivax 
Biotech’s Scientific Advisory Board.

Patient consent for publication  Not applicable.

Ethics approval  Not applicable.

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  Data are available on reasonable request. All data and 
materials are available from the corresponding author on written request.

Supplemental material  This content has been supplied by the author(s). It has 
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 
peer-reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 

of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits 
others to copy, redistribute, remix, transform and build upon this work for any 
purpose, provided the original work is properly cited, a link to the licence is given, 
and indication of whether changes were made. See https://creativecommons.org/​
licenses/by/4.0/.

ORCID iD
Chien-Fu Hung http://orcid.org/0000-0001-9170-7797

REFERENCES
	 1	 Samuel CE. Antiviral actions of interferon. Interferon-regulated 

cellular proteins and their surprisingly selective antiviral activities. 
Virology 1991;183:1–11.

	 2	 Samuel CE. Antiviral actions of interferons. Clin Microbiol Rev 
2001;14:778–809.

	 3	 Zitvogel L, Galluzzi L, Kepp O, et al. Type I interferons in anticancer 
immunity. Nat Rev Immunol 2015;15:405–14.

	 4	 Spranger S, Dai D, Horton B, et al. Tumor-Residing Batf3 dendritic 
cells are required for effector T cell trafficking and adoptive T cell 
therapy. Cancer Cell 2017;31:711–23.

	 5	 Dunn GP, Koebel CM, Schreiber RD. Interferons, immunity and 
cancer immunoediting. Nat Rev Immunol 2006;6:836–48.

	 6	 Sleijfer S, Bannink M, Van Gool AR, et al. Side effects of interferon-
alpha therapy. Pharm World Sci 2005;27:423–31.

	 7	 Rogers B, Dong D, Li Z, et al. Recombinant human serum albumin 
fusion proteins and novel applications in drug delivery and therapy. 
Curr Pharm Des 2015;21:1899–907.

	 8	 Gogas H, Abali H, Ascierto PA, et al. Who benefits most 
from adjuvant interferon treatment for melanoma? Am J Ther 
2015;22:54–60.

	 9	 Petrella T, Verma S, Spithoff K, et al. Adjuvant interferon therapy for 
patients at high risk for recurrent melanoma: an updated systematic 
review and practice guideline. Clin Oncol 2012;24:413–23.

	10	 Foser S, Schacher A, Weyer KA, et al. Isolation, structural 
characterization, and antiviral activity of positional isomers of 
monopegylated interferon alpha-2a (PEGASYS). Protein Expr Purif 
2003;30:78–87.

	11	 Harari D, Orr I, Rotkopf R, et al. A robust type I interferon gene 
signature from blood RNA defines quantitative but not qualitative 
differences between three major IFNβ drugs in the treatment of 
multiple sclerosis. Hum Mol Genet 2015;24:3192–205.

	12	 Andersen JT, Pehrson R, Tolmachev V, et al. Extending half-life by 
indirect targeting of the neonatal Fc receptor (FcRn) using a minimal 
albumin binding domain. J Biol Chem 2011;286:5234–41.

	13	 Makrides SC, Nygren PA, Andrews B, et al. Extended in vivo half-life 
of human soluble complement receptor type 1 fused to a serum 
albumin-binding receptor. J Pharmacol Exp Ther 1996;277:534–42.

	14	 Schmidt EGW, Hvam ML, Antunes F, et al. Direct demonstration of a 
neonatal Fc receptor (FcRn)-driven endosomal sorting pathway for 
cellular recycling of albumin. J Biol Chem 2017;292:13312–22.

	15	 Liu H, Moynihan KD, Zheng Y, et al. Structure-based programming 
of lymph-node targeting in molecular vaccines. Nature 
2014;507:519–22.

	16	 Peng S, Wang JW, Karanam B, et al. Sequential cisplatin therapy and 
vaccination with HPV16 E6E7L2 fusion protein in saponin adjuvant 
GPI-0100 for the treatment of a model HPV16+ cancer. PLoS One 
2015;10:e116389.

	17	 Mitragotri S, Burke PA, Langer R. Overcoming the challenges 
in administering biopharmaceuticals: formulation and delivery 
strategies. Nat Rev Drug Discov 2014;13:655–72.

	18	 Borden EC. Interferons α and β in cancer: therapeutic opportunities 
from new insights. Nat Rev Drug Discov 2019;18:219–34.

	19	 Spranger S, Dai D, Horton B, et al. Tumor-Residing Batf3 dendritic 
cells are required for effector T cell trafficking and adoptive T cell 
therapy. Cancer Cell 2017;31:711–23.

	20	 Ataide MA, Komander K, Knöpper K, et al. BATF3 programs CD8+ T 
cell memory. Nat Immunol 2020;21:1397–407.

	21	 Huang B, Mao C-P, Peng S, et al. Intradermal administration of DNA 
vaccines combining a strategy to bypass antigen processing with 
a strategy to prolong dendritic cell survival enhances DNA vaccine 
potency. Vaccine 2007;25:7824–31.

	22	 Wang W, Li J, Wu K, et al. Culture and identification of mouse bone 
marrow-derived dendritic cells and their capability to induce T 
lymphocyte proliferation. Med Sci Monit 2016;22:244–50.

https://dx.doi.org/10.1136/jitc-2021-004342
https://dx.doi.org/10.1136/jitc-2021-004342
https://dx.doi.org/10.1136/jitc-2021-004342
https://dx.doi.org/10.1136/jitc-2021-004342
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0001-9170-7797
http://dx.doi.org/10.1016/0042-6822(91)90112-O
http://dx.doi.org/10.1128/CMR.14.4.778-809.2001
http://dx.doi.org/10.1038/nri3845
http://dx.doi.org/10.1016/j.ccell.2017.04.003
http://dx.doi.org/10.1038/nri1961
http://dx.doi.org/10.1007/s11096-005-1319-7
http://dx.doi.org/10.2174/1381612821666150302120047
http://dx.doi.org/10.1097/MJT.0b013e31829e883d
http://dx.doi.org/10.1016/j.clon.2011.12.002
http://dx.doi.org/10.1016/S1046-5928(03)00055-X
http://dx.doi.org/10.1093/hmg/ddv071
http://dx.doi.org/10.1074/jbc.M110.164848
http://www.ncbi.nlm.nih.gov/pubmed/8613964
http://dx.doi.org/10.1074/jbc.M117.794248
http://dx.doi.org/10.1038/nature12978
http://dx.doi.org/10.1371/journal.pone.0116389
http://dx.doi.org/10.1038/nrd4363
http://dx.doi.org/10.1038/s41573-018-0011-2
http://dx.doi.org/10.1016/j.ccell.2017.04.003
http://dx.doi.org/10.1038/s41590-020-0786-2
http://dx.doi.org/10.1016/j.vaccine.2007.08.036
http://dx.doi.org/10.12659/MSM.896951


13Tseng S-H, et al. J Immunother Cancer 2022;10:e004342. doi:10.1136/jitc-2021-004342

Open access

	23	 Chuang Y-M, He L, Pinn ML, et al. Albumin fusion with granulocyte-
macrophage colony-stimulating factor acts as an immunotherapy 
against chronic tuberculosis. Cell Mol Immunol 2021;18:2393–401.

	24	 Cauwels A, Van Lint S, Paul F, et al. Delivering type I interferon 
to dendritic cells Empowers tumor eradication and immune 
combination treatments. Cancer Res 2018;78:463–74.

	25	 Nelson D, Bundell C, Robinson B. In vivo cross-presentation of a 
soluble protein antigen: kinetics, distribution, and generation of 
effector CTL recognizing dominant and subdominant epitopes. J 
Immunol 2000;165:6123–32.

	26	 Peng S, Ma B, Chen S-H, et al. DNA vaccines delivered by 
human papillomavirus pseudovirions as a promising approach 
for generating antigen-specific CD8+ T cell immunity. Cell Biosci 
2011;1:26.

	27	 Yang M-C, Yang A, Qiu J, et al. Buccal injection of synthetic HPV 
long peptide vaccine induces local and systemic antigen-specific 
CD8+ T-cell immune responses and antitumor effects without 
adjuvant. Cell Biosci 2016;6:17.

	28	 Zhang Y-Q, Tsai Y-C, Monie A, et al. Carrageenan as an adjuvant to 
enhance peptide-based vaccine potency. Vaccine 2010;28:5212–9.

	29	 Peng S, Qiu J, Yang A, et al. Optimization of heterologous DNA-
prime, protein boost regimens and site of vaccination to enhance 
therapeutic immunity against human papillomavirus-associated 
disease. Cell Biosci 2016;6:16.

	30	 Tseng C-W, Hung C-F, Alvarez RD, et al. Pretreatment with cisplatin 
enhances E7-specific CD8+ T-cell-mediated antitumor immunity 
induced by DNA vaccination. Clin Cancer Res 2008;14:3185–92.

	31	 Subramanian GM, Moore PA, Gowen BB, et al. Potent in vitro activity 
of the albumin fusion type 1 interferons (albumin-interferon-alpha and 
albumin-interferon-beta) against RNA viral agents of bioterrorism and 
the severe acute respiratory syndrome (SARS) virus. Chemotherapy 
2008;54:176–80.

	32	 Melief CJM, van der Burg SH. Immunotherapy of established (pre)
malignant disease by synthetic long peptide vaccines. Nat Rev 
Cancer 2008;8:351–60.

	33	 Geerse RH, van der Pluijm J, Postma PW. The repressor of the 
PEP:fructose phosphotransferase system is required for the 
transcription of the pps gene of Escherichia coli. Mol Gen Genet 
1989;218:348–52.

	34	 Jonasch E, Haluska FG. Interferon in oncological practice: review 
of interferon biology, clinical applications, and toxicities. Oncologist 
2001;6:34–55.

	35	 Alam I, Ullah N, Alam I, et al. The effects and underlying mechanism 
of interferon therapy on body weight and body composition. Pak J 
Pharm Sci 2013;26:1251–7.

	36	 Bani-Sadr F, Lapidus N, Melchior J-C, et al. Severe weight loss in 
HIV / HCV-coinfected patients treated with interferon plus ribavirin: 
incidence and risk factors. J Viral Hepat 2008;15:255–60.

	37	 Sajjad SF, Ahmed Wuddin, Arif A, et al. Weight loss with interferon 
and ribavirin therapy in chronic hepatitis C patients. J Pak Med 
Assoc 2012;62:1229–32.

	38	 Seyam MS, Freshwater DA, O'Donnell K, et al. Weight loss during 
pegylated interferon and ribavirin treatment of chronic hepatitis C*. J 
Viral Hepat 2005;12:531–5.

	39	 Soares A, Govender L, Hughes J, et al. Novel application of Ki67 
to quantify antigen-specific in vitro lymphoproliferation. J Immunol 
Methods 2010;362:43–50.

	40	 van der Burg SH, Kwappenberg KM, O'Neill T, et al. Pre-clinical 
safety and efficacy of TA-CIN, a recombinant HPV16 L2E6E7 fusion 
protein vaccine, in homologous and heterologous prime-boost 
regimens. Vaccine 2001;19:3652–60.

	41	 Karanam B, Gambhira R, Peng S, et al. Vaccination with HPV16 
L2E6E7 fusion protein in GPI-0100 adjuvant elicits protective 
humoral and cell-mediated immunity. Vaccine 2009;27:1040–9.

	42	 Daayana S, Elkord E, Winters U, et al. Phase II trial of imiquimod and 
HPV therapeutic vaccination in patients with vulval intraepithelial 
neoplasia. Br J Cancer 2010;102:1129–36.

	43	 Wang JW, Jagu S, Wang C, et al. Measurement of neutralizing serum 
antibodies of patients vaccinated with human papillomavirus L1 or 
L2-based immunogens using furin-cleaved HPV pseudovirions. PLoS 
One 2014;9:e101576.

	44	 Le Bon A, Etchart N, Rossmann C, et al. Cross-priming of CD8+ 
T cells stimulated by virus-induced type I interferon. Nat Immunol 
2003;4:1009–15.

	45	 Cohen M, Salvi M, Miller A, et al. Cell-mediated immunity to orbital 
tissue antigens in thyroid-associated ophthalmopathy determined 
using the leukocyte procoagulant activity assay. Autoimmunity 
1992;11:225–31.

	46	 Dizon DS, Krilov L, Cohen E, et al. Clinical cancer advances 2016: 
annual report on progress against cancer from the American Society 
of clinical oncology. J Clin Oncol 2016;34:987–1011.

	47	 Emens LA, Butterfield LH, Hodi FS, et al. Cancer immunotherapy 
trials: leading a paradigm shift in drug development. J Immunother 
Cancer 2016;4:42.

	48	 Sun Y, Peng S, Qiu J, et al. Intravaginal HPV DNA vaccination 
with electroporation induces local CD8+ T-cell immune responses 
and antitumor effects against cervicovaginal tumors. Gene Ther 
2015;22:528–35.

	49	 Maldonado L, Teague JE, Morrow MP, et al. Intramuscular 
therapeutic vaccination targeting HPV16 induces T cell responses 
that localize in mucosal lesions. Sci Transl Med 2014;6:221ra13.

	50	 Lee SY, Kang TH, Knoff J, et al. Intratumoral injection of therapeutic 
HPV vaccinia vaccine following cisplatin enhances HPV-specific 
antitumor effects. Cancer Immunol Immunother 2013;62:1175–85.

	51	 Bolhassani A, Safaiyan S, Rafati S. Improvement of different vaccine 
delivery systems for cancer therapy. Mol Cancer 2011;10:3.

	52	 Pialoux G, Hocini H, Pérusat S, et al. Phase I study of a candidate 
vaccine based on recombinant HIV-1 gp160 (MN/LAI) administered 
by the mucosal route to HIV-seronegative volunteers: the ANRS 
VAC14 study. Vaccine 2008;26:2657–66.

	53	 Meque I, Dubé K, Bierhuizen L, et al. Willingness to participate in 
future HIV prevention trials in Beira, Mozambique. Afr J AIDS Res 
2014;13:393–8.

	54	 Erves JC, Mayo-Gamble TL, Hull PC, et al. Adolescent participation 
in HPV vaccine clinical trials: are parents willing? J Community 
Health 2017;42:894–901.

	55	 Milling L, Zhang Y, Irvine DJ. Delivering safer immunotherapies for 
cancer. Adv Drug Deliv Rev 2017;114:79–101.

	56	 Break TJ, Hoffman KW, Swamydas M, et al. Batf3-dependent 
CD103(+) dendritic cell accumulation is dispensable for mucosal and 
systemic antifungal host defense. Virulence 2016;7:826–35.

	57	 Chandra J, Kuo PTY, Hahn AM, et al. Batf3 selectively determines 
acquisition of CD8+ dendritic cell phenotype and function. Immunol 
Cell Biol 2017;95:215–23.

	58	 Mayer CT, Ghorbani P, Nandan A, et al. Selective and efficient 
generation of functional Batf3-dependent CD103+ dendritic cells 
from mouse bone marrow. Blood 2014;124:3081–91.

	59	 Scharschmidt TC. Interferon with antitumor immunity. Sci Transl Med 
2017;9:eaao0976.

	60	 Padovan E, Spagnoli GC, Ferrantini M, et al. IFN-alpha2a induces 
IP-10/CXCL10 and MIG/CXCL9 production in monocyte-derived 
dendritic cells and enhances their capacity to attract and stimulate 
CD8+ effector T cells. J Leukoc Biol 2002;71:669–76.

	61	 Bala N, McGurk AI, Zilch T, et al. T cell activation niches-Optimizing 
T cell effector function in inflamed and infected tissues. Immunol Rev 
2022;306:164–80.

	62	 Bule P, Aguiar SI, Aires-Da-Silva F, et al. Chemokine-Directed tumor 
microenvironment modulation in cancer immunotherapy. Int J Mol 
Sci 2021;22. doi:10.3390/ijms22189804. [Epub ahead of print: 10 
Sep 2021].

	63	 Homey B, Müller A, Zlotnik A. Chemokines: agents for the 
immunotherapy of cancer? Nat Rev Immunol 2002;2:175–84.

	64	 Zhang Y, Guan X-Y, Jiang P. Cytokine and chemokine signals of T-cell 
exclusion in tumors. Front Immunol 2020;11:594609.

http://dx.doi.org/10.1038/s41423-020-0439-2
http://dx.doi.org/10.1158/0008-5472.CAN-17-1980
http://dx.doi.org/10.4049/jimmunol.165.11.6123
http://dx.doi.org/10.4049/jimmunol.165.11.6123
http://dx.doi.org/10.1186/2045-3701-1-26
http://dx.doi.org/10.1186/s13578-016-0083-9
http://dx.doi.org/10.1016/j.vaccine.2010.05.068
http://dx.doi.org/10.1186/s13578-016-0080-z
http://dx.doi.org/10.1158/1078-0432.CCR-08-0037
http://dx.doi.org/10.1159/000140361
http://dx.doi.org/10.1038/nrc2373
http://dx.doi.org/10.1038/nrc2373
http://dx.doi.org/10.1007/BF00331288
http://dx.doi.org/10.1634/theoncologist.6-1-34
http://www.ncbi.nlm.nih.gov/pubmed/24191335
http://www.ncbi.nlm.nih.gov/pubmed/24191335
http://dx.doi.org/10.1111/j.1365-2893.2007.00939.x
http://www.ncbi.nlm.nih.gov/pubmed/23866417
http://www.ncbi.nlm.nih.gov/pubmed/23866417
http://dx.doi.org/10.1111/j.1365-2893.2005.00637.x
http://dx.doi.org/10.1111/j.1365-2893.2005.00637.x
http://dx.doi.org/10.1016/j.jim.2010.08.007
http://dx.doi.org/10.1016/j.jim.2010.08.007
http://dx.doi.org/10.1016/S0264-410X(01)00086-X
http://dx.doi.org/10.1016/j.vaccine.2008.11.099
http://dx.doi.org/10.1038/sj.bjc.6605611
http://dx.doi.org/10.1371/journal.pone.0101576
http://dx.doi.org/10.1371/journal.pone.0101576
http://dx.doi.org/10.1038/ni978
http://dx.doi.org/10.3109/08916939209035159
http://dx.doi.org/10.1200/JCO.2015.65.8427
http://dx.doi.org/10.1186/s40425-016-0146-9
http://dx.doi.org/10.1186/s40425-016-0146-9
http://dx.doi.org/10.1038/gt.2015.17
http://dx.doi.org/10.1126/scitranslmed.3007323
http://dx.doi.org/10.1007/s00262-013-1421-y
http://dx.doi.org/10.1186/1476-4598-10-3
http://dx.doi.org/10.1016/j.vaccine.2007.11.002
http://dx.doi.org/10.2989/16085906.2014.985239
http://dx.doi.org/10.1007/s10900-017-0331-x
http://dx.doi.org/10.1007/s10900-017-0331-x
http://dx.doi.org/10.1016/j.addr.2017.05.011
http://dx.doi.org/10.1080/21505594.2016.1186324
http://dx.doi.org/10.1038/icb.2016.83
http://dx.doi.org/10.1038/icb.2016.83
http://dx.doi.org/10.1182/blood-2013-12-545772
http://dx.doi.org/10.1126/scitranslmed.aao0976
http://www.ncbi.nlm.nih.gov/pubmed/11927654
http://dx.doi.org/10.1111/imr.13047
http://dx.doi.org/10.3390/ijms22189804
http://dx.doi.org/10.3390/ijms22189804
http://dx.doi.org/10.1038/nri748
http://dx.doi.org/10.3389/fimmu.2020.594609

	Albumin and interferon-β fusion protein serves as an effective vaccine adjuvant to enhance antigen-­specific CD8+ T cell-­mediated antitumor immunity
	Abstract
	Introduction﻿﻿
	Materials and methods
	Cells
	Generation of Alb-IFNβ protein constructs
	Mice
	Mice vaccination
	Flow cytometry analyses
	Adaptive T cell transfer and tracking
	ELISA
	Quantitative real-time PCR
	Statistical analysis

	Results
	IFNβ fused to albumin retains biological function and does not alter the biological activity of IFNβ
	The linkage of albumin to IFNβ extends half-life and increases IFNβ in serum, LNs and tumor in vivo
	Coadministration Alb-IFNβ and antigenic peptides enhances antigen-specific CD8+ T cell immunity in vivo
	Coadministration of Alb-IFNβ and E7 peptide generates a potent therapeutic antitumor effect against E7 expressing TC-1 tumor
	Coadministration of Alb-IFNβ with HPV E7 peptides results in enhanced E7-specific CD8+ T cell immune responses and DC activity
	CD8﻿ ﻿+T cells and cross presenting DCs, but not CD4﻿ ﻿+T cells, are important for the observed antitumor therapeutic effect mediated by Alb-IFNβ coadministered with E7 peptides
	Treatment with Alb-IFNβ increased antigen-specific CD8+ T lymphocytes in the tumor microenvironment
	Treatment with Alb-IFNβ leads to increased levels of chemokines in tumors and increased CD8+ T cell activity and DC activation in the tdLNs
	Alb-IFNβ serves as a potent adjuvant for HPV protein based therapeutic vaccine, TA-CIN, for the treatment of HPV antigen expressing tumors

	Discussion
	References


