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The History of Immunotherapy

1976

1st study with Bacille Calmette-
Guerin (BCG) as a cancer vaccine 
by Dr. Morton (1st approved 
cancer immunotherapy in 1990)

2015 

1st checkpoint 
inhibitor 
approved for 
lung cancer

2014 

1st anti-PD-1 
antibody 
approved for 
advanced 
melanoma

1890s 

Dr. Coley 
creates the 1st 
immunotherapy 
treatment 

2011

1st checkpoint 
blockade antibody 
receives FDA 
approval

2010 

1st therapeutic 
cancer vaccine 
approved for 
advanced 
prostate cancer

1997

1st monoclonal 
antibody 
approved for 
cancer

1992 

IL-2 
approved 
as cancer 
immunothe
rapy

1985 

1st study with 
adoptive T-
cell transfer 
in cancer



Kantoff et al. , N EngI J Med. 2010 363(5):411-22. 

Cancer vaccine: limited clinical success

• >100 years

• 1 therapeutic 

cancer vaccine

• 4.1-month 

improvement in 

median survival

• >$ 100,000
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Months since Randomization

Sipuleucel-T to treat 

prostate cancer



Remero et al Sci. Transl. Med. 8, 334ps339 (2016).

Guo et al Front Immunol (2018).

Major challenges in cancer vaccine development



http://slideplayer.com/slide/11983008/                      https://www.slideshare.net/csbrprasad/neoplasia-robbins-path-13540987

What antigens are T-cells responding to?

• Neo-antigens
• Cancer-testis antigens (CT Ags, or oncofetal Ags, such as MAGE, NY-ESO-1; 

expressed only in germ cells but not somatic (tissue) cells
• Viral antigens

5

http://slideplayer.com/slide/11983008/
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Neoantigens - ideal cancer vaccine targets?

Technological advances in genomics, data science, and 
cancer immunotherapy now enable the rapid mapping of 
the mutations within a genome, rational selection of 
vaccine targets, and on-demand production of a therapy 
customized to a patient’s individual tumor

Sahin, U.; Tureci, O., Personalized vaccines for cancer 

immunotherapy. Science 2018, 359, 1355-1360.



7Amanda R. Aldous et al. Bioorganic & Medicinal 

Chemistry. 2017

Sebastian Kreiter et al. Nature. 2015

Mouse colon cancer

Human clinical trials

Neoantigen cancer vaccines show the feasibility, safety, and 
immunotherapeutic activity
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What makes a vaccine?



Microbes co-deliver a package of antigen and 
multiple danger signals to dendritic cells 

www.invivogen.com
Kawai and Akira, Curr. Opin. Immunol. 17 338-344 (2005)

Tri-acyl and di-

acyl 

lipopeptides

ssDNA, 

ssRNA

LPS

dsRNA

flagellin

9

http://www.invivogen.com


Antigen is one of (at least) two signals that must 
be delivered by a vaccine

•MAXIMAL T CELL PROLIFERATION
•GENERATION OF FULL EFFECTOR 
FUNCTIONS
•GENERATION OF MEMORY T CELLS

•NO T CELL ACTIVATION •T CELLS TOLERIZED

+DC ACTIVATION +ANTIGEN

Signal 1 - antigen

Signal 2 – costimulation

Signal 3 - cytokines

+ANTIGEN
+DC ACTIVATION

10
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Rudimentary components of vaccines

Antigen:
any biological molecule from a microbe that is recognized 
by a T cell receptor (TCR) or B cell receptor (BCR)

Adjuvant:
molecules act specifically on DCs, and activate DCs



•Poorly immunogenic on their own
•very safe
• readily manufactured

Traditional adjuvants lack characteristics 
suitable for potent cancer vaccines

Existing adjuvants:

•increase humoral response, but weak cellular responses and little or no CD8+ T-cell response
•Th2 bias to immune response - not the most effective for intracellular pathogens or cancer
•poor durability of immune response

oil

aluminum hydroxide, 

aluminum phosphate 

suspensions

(Alum)

Oil-in-water 

supsensions

(MF59)

Only 3 main adjuvants have been licensed for human use so far:

Alum + monophosphoryl 

lipid A (bacterial 

lipopolysaccharide 

derivative)

FDA approved: 
•

•

•

12
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Key roles of adjuvants in modern vaccines

Nat. Med. 2013, 19, 1597-608.



Some examples of TLR ligands—what are the 
problems then?

Cyclic di-GMP – ligand for STING

R848 (resiquimod)

TLR7 agonist

CpG DNA (20 base ssDNA - TLR9 agonist) 14
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IFN-β reporter mice in which a firefly luciferase encoding sequence 
had been placed under the control of the IFN-β promoter 

TLR7/8 agonists are indeed very potent inducers of type I IFN 
(including IFN-β), which are required for the adjuvant properties of 
TLR7/8 agonists but are also a cause of severe inflammatory 
toxicity when induced systemically

TLR7/8 agonist
1-(4-(aminomethyl)benzyl)-2-
butyl-1H-imidazo[4,5-c]quinolin-4-
amine (IMDQ)

Proc. Natl. Acad. Sci. 2016, 113, 8098-103.

IMDQ

Systemic inflammatory toxicity of adjuvants 
Footpad injection
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Proc. Natl. Acad. Sci. 2016, 113, 8098-103.

(a) Blockcopolymers self-assemble in DMSO into nanoparticles
(b) Covalent ligation of TLR7/8 agonist (green) and cross-linking
(c) Conversion of residual pentafluorophenyl ester with 2-

ethanolamine yielding fully hydrated nanogels after transfer to 
the aqueous phase.

nanogels
with similar size around 50 nm
nanogels readily swell in 
response to acidic medium and 
fully degrade



dendritic cells (DCs)

vaccines

lymph node (LN)

endosomecytosol 

delivery

MHC class I 

cross 

presentation

MHC 

class II 

loading

MHC 

class I 

loading

MHC class I

MHC class II

1. LN/APC targeting

proteasome

To achieve an effective vaccine
2. Control the antigen presentation process

17



To achieve an effective vaccine
 with engineered biomaterials

Using Biomaterials to control 
intracellular delivery and antigen 
presentation

Using Biomaterials to 
control the trafficking of 
vaccines for APC targeting

18



Overcoming tissue barriers for vaccines with  
biomaterial engineering

1. Cutaneous immunization: Target  
Vaccines to Lymph Nodes
• Intra-nodal Administration
• Size-Based LN Targeting 
• Promoting Vaccine Capture in 

Lymph Nodes
• “hitchhiking” endogenous 

albumin
• Recruit DCs to vaccines

2. Mucosal immunization
• Airways and Nasal Mucosa
• Gastrointestinal Tract 
• Reproductive Tract

Chem. Rev. 115, 11109-11146 (2015) Abbas, A. K.,et al. Cellular and Molecular Immunology 

• draining lymph nodes
• mucosa-associated lymphoid tissues (MALT) 

19



Intranodal administration of particles
Ultrasound-guided intranodal administration of immunotherapies has been used in 
multiple phase 1 clinical trials
e.g., Melan-A/MART-1 DNA Plasmid Vaccine in Patients with Stage IV Melanoma

J. Immunother. 31, 215−223

Proc. Natl. Acad. Sci. 108, 15745-15750 (2011)
20



1. intranodal injection of the Toll-like receptor-3 (TLR-
3) agonists poly(inosinic:cytidylic acid) (polyIC) in 
micro-particulate (MP) form substantially 
prolonged persistence of polyIC in lymph nodes 
when compared to soluble polyIC

2. intranodal injection of vaccines in MP induced much 
stronger humoral and cellular immune responses 
than intranodal injection of soluble vaccines Proc. Natl. Acad. Sci. 108, 15745-15750 (2011) 21
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The antibody titer is a test that detects the presence and measures the amount 
of antibodies within a person’s blood.

An antibody titer is a measurement of how much antibody an organism has 
produced that recognizes a particular epitope, expressed as the inverse of the 
greatest dilution (in a serial dilution) that still gives a positive result. ELISA is a 
common means of determining antibody titers.

https://en.wikipedia.org/wiki/Antibody_titer

https://en.wikipedia.org/wiki/Titer
https://en.wikipedia.org/wiki/Antibody
https://en.wikipedia.org/wiki/Epitope
https://en.wikipedia.org/wiki/Serial_dilution
https://en.wikipedia.org/wiki/ELISA


Size-Based LN Targeting
In general, materials larger than approximately 9 nm in diameter preferentially drain to 
lymphatics, whereas molecules/particles smaller than ∼6 nm drain to the blood.

Adv. Drug Delivery Rev. 2011, 63, 890−900 23

Moyer et al. J. Clin. Invest. 2016

Melief et al. J. Clin. Invest. 2015



Size-Based LN Targeting

Larger particles with mean diameters of 100 nm were only 10% as efficient as the 25-nm 
particles at draining to lymph nodes, and 25-nm diameter particles subsequently induced the 
strongest immune responses

Nat Biotech 25, 1159-1164 (2007)
24



Promoting Vaccine Capture in Lymph Nodes

Incorporate targeting ligands for DCs, e.g.:
• Mannose
• Anti-CD40
• Anti-DEC-205
• Anti-CD11c

Biomaterials 40, 88-97 (2015) 25



http://www.wakehealth.edu/Comprehensive-Cancer-Center/

Saha, S. et al.  Am. J. Surg. 191, 305–310 (2006)

Tsopelas, C. & Sutton, R. J. Nucl. Med. 43, 1377–1382 (2002); 

Faries, M. B. et al. Ann. Surg. Oncol. 7, 98–105 (2000).
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endogenous

albumin

LN mapping dye

lymph 

node

A clinically-validated strategy for LN targeting: 
sentinel lymph node mapping

26



Lymph node mapping with albumin hitchhiking 
dyes

Evan’s blue dye binds albumin and clearly map the lymph 
nodes

27
PNAS 2007 vol. 104 no. 2 606-611
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“albumin hitchhiking” vaccine target lymph nodes?

Saha, S. et al.  Am. J. Surg. 191, 305–310 (2006)

Tsopelas, C. & Sutton, R. J. Nucl. Med. 43, 1377–1382 (2002); 

Faries, M. B. et al. Ann. Surg. Oncol. 7, 98–105 (2000).

5

endogenous

albumin

Albumin-binding 

vaccine

lymph 

node

?

Cancer Immunology Research 2015, 3, 836-43.



“albumin hitchhiking” vaccines
antigens or molecular adjuvants are covalently linked to a lipophilic albumin binding domain

Nature 507, 519-522 (2014)
29

This slide is not required.
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Nature 507, 519-522 (2014)

This slide is not required.



“albumin hitchhiking” vaccines

Nature 507, 519-522 (2014)
31

This slide is not required.
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4) Activation of 

naïve T cells in the 

lymph nodes

Infection site

1) Attraction to sites of infection 

2) Antigen loading 

and activation

3) Trafficking 

to lymph 

nodes

Infected cells

1) Chemotaxis: 
Migration ‘up’ concentration 

gradients of chemoattractant

Can we do the opposite?

32



Recruiting DCs to vaccine-loaded biomaterials
Attraction of target cells to device via chemotaxis

Nat Biotechnol20 (2002): 64-9.

Attraction of target cells to device via chemotaxis:
1. Free chemokines are quickly cleared
2. Engineered concentration gradient of chemokines

Figure by MIT OCW

33



Recruit DCs to vaccines

https://mooneylab.seas.harvard.edu
34



Improving DC vaccines: engineering DC 
generation, antigen loading, and activation in vivo

Koshy, S. T., & Mooney, D. J. (2016). Current Opinion in Biotechnology, 
40, 1–8. http://doi.org/10.1016/j.copbio.2016.02.001 35



Recruit DCs to vaccines

Nat Biotech 33, 64-72 (2015)

GM-CSF, CpG and OVA 

36
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Recruit DCs to vaccines

Li et al, Nature Mater. 2018.

This slide is not required.



38

Delivering vaccines across skin:

stratum corneum

~20 µm

J Pharm Sci 97:3591–3610, 2008

viable epidermis

~50-100 µm

dermis

~1-2 mm
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Mitragotri, S. (2005). Immunization without needles. Nature Reviews Immunology, 5(12), 

905-916. doi:10.1038/nri1728

Vaccine strategies for crossing the stratum corneum



Wermeling, Prausnitz et al. (2008). PNAS 105(6), 2058–2063

0.5 mmhttp://www.gtresearchnews.gatech.edu/mi

croneedle-patches-polio-vaccination/

Accessing the skin or mucosal surfaces using 
“microneedle” patches

40



41http://en.academic.ru

Sullivan, S.P. et al. (2010) Nature Medicine, 16: 915-920

Silicon Metal Polymer

100µm

Gill, H.S. et al. (2007) Pharm. Res., 24: 1369-1380

Lee J.W. et al. (2008) Biomaterials, 29: 2113-2124

Arrays of dry-coated microprojections:

Microneedles for noninvasive, pain-free delivery to the skin



500 µm

(DeMuth et al., Adv. Funct. Mater. 2013; Adv. Healthcare Mater. 2014)

Rapidly-dissolving 

poly(acrylic acid) 

supporting matrix

silk gel tip

500 µm

100 

µm

Implantable microneedles for sustained vaccine 
kinetics from a rapid-application skin patch

Silk or biodegradable polymer tip encapsulating vaccine

42



❑Most pathogens infect through mucosal 
tissues

❑ the establishment of mucosa-homing T 
cells and B cells through mucosal 
immunization can be a key component 
of vaccine efficacy

❑ Nanoparticles are attractive mucosal 
vaccine/immunotherapy delivery 
vehicles 

• enhanced uptake by APCs of 
particulate antigen

• the preferential draining of 
nanoparticles to lymphatics rather 
than to the bloodstream

• the ability of nanoparticles to 
diffuse through mucus and cross 
mucosal barriers

Mucosal immunization

43Nat. Rev. Immunol. 12, 592-605 (2012).



(Neutra and Kozlowski, Nat. Rev. Immunol. 6 148-158 (2006))

lymphocyte homing is 

templated by the site of 

antigen exposure

immune memory is shaped to match 

portal of entry that needs protection

Why is mucosal immunization of interest?

44

This slide is not required.



Using cross-link-stabilized lipid nanocapsules loaded with antigen and TLR agonist adjuvants, for greatly 
increased and prolonged antigen presentation in lung-draining lymph nodes and transformed an 
antigen/adjuvant combination that was completely nonprotective against a viral challenge as a soluble 
formulation to a 100% protective vaccine

Airways and Nasal Mucosa

Sci. Transl. Med. 5, 204ra130 (2013).
45

intratracheal
immunization

http://www.scielo.br/scielo.php?script=s
ci_arttext&pid=S1676-
24442015000300183



Airways and Nasal Mucosa
employ nanoparticles that are muco-adhesive to increase the particles’ residence time at the epithelial 
surface.

• cationic cholesteryl pullulan nanogels (cCHPs) as vaccine carriers
•  increased retention in the nasal mucosa and uptake of antigen by mucosal 

dendritic cells 
• enhanced antigen delivery translated to significantly increased mucosal antibody 

responses and protection from Clostridium botulinum challenge

Nat. Mater. 9, 572-578 (2010)
46



Gastrointestinal (GI) Tract 
The oral delivery route offers a multitude of advantages for vaccines and immunotherapy
treatment: 

• dispense with risks from needle use (or reuse)
• amenable to self-administration with high patient compliance
• lead to the induction of both systemic and mucosal immunity

oral immunomodulators must first survive exposure to the stomach pH,
proteolytic enzymes, and bile salts in the gastrointestinal (GI) tract and then transit through mucus and the 
gut epithelium to reach the gut-associated lymphoid tissue (GALT).

47

Protect vaccines/immunotherapeutics 
from degradation and effectively 
transport particles across the intestinal 
lumen

Biomaterials?
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Delivering vaccines to gut mucosa

(Neutra and Kozlowski, Nat. Rev. Immunol. 6 148-158 (2006))

challenges:

gut pH lipases, degradative 

enzymes in gut lumen

rapid transit time...

Poor uptake at 

inductive sites



Lecture 4 Spring 2008

How to protect antigens for transit to Gut-Associated 
Lymphoid Tissue?

poly(lactide-co-glycolide) [PLGA]

Antigen in 

aqueous 

solution

First 

emulsion: in 

PLGA + 

organic 

solvent
Second emulsion: stabilizer 

poly(vinyl alcohol) in water

antigen encapsulation in 

biodegradable polymer 

microspheres:

protection of antigen; 

sustained release...

49



Zhu, Q. et al. Nat Med 18, 1291–1296 (2012).

two-stage delivery capsules:

pH-responsive Eudragit 

polymer antigen-loaded PLGA 

nanoparticles

encapsulated TLR agonists 

(danger signal)

How to protect antigens for transit to Gut-Associated 
Lymphoid Tissue?

50



Lecture 4 Spring 2008

Targeting of vaccines to the large intestine

Zhu, Q. et al. Nat Med 18, 1291–1296 (2012).

Eudragit polymer that dissolves at pH > 5.5

Eudragit polymer that dissolves at pH > 7.0 

(only reached in terminal ileum)
51

This slide is not required.



Lecture 4 Spring 2008

Zhu, Q. et al. Nat Med 18, 1291–1296 (2012).

Targeting of vaccines to the large intestine

52

• direct intracolorectal 
(i.c.r.) administration

• p.o., per os (oral) 

Orally delivered FS30D-
coated PLGA nanoparticle 
peptide vaccine 

This slide is not required.
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PEGylation of nanoparticles

Stolnik et al. 1995
Greg, Langer et al. Science 263 1600-1603 (1994)

Nat. Rev. Drug Discov. 7, 771-782 (2008).
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PEGylation of polystyrene nanoparticles enabled widespread nanoparticle penetration of the intestinal tract in 
both healthy and ulcerative colitis mouse models

PEGylation has also been demonstrated to enhance the intestinal tract permeation of solid lipid nanoparticles 
(SLNs). 

Gastrointestinal Tract 

Mol. Pharm. 10, 1865-1873 (2013).
54

PEGylated 
nanoparticles 
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Oral vaccines

Nat. Rev. Immunol. 12, 592-605 (2012).



Reproductive Tract
There are three significant barriers to effective vaginal delivery of immunotherapies:
• penetrating mucus
• crossing the epithelial layer
• subsequently trafficking to the draining lymph node

56
Sci. Transl. Med. 2012, 4, 138ra79.



Reproductive Tract

Sci. Transl. Med. 2012, 4, 138ra79.

• low molecular weight PEG at high surface-coating densities penetrates cervical−vaginal 
mucus (CVM), but high molecular weight PEG adheres to CVM in vitro

• conventional polystyrene nanoparticles (CPs) Vs. CPs with a high-density coating of low 
molecular weight PEG to be mucus-penentrating particles (MPPS) 

• MPPs were uniformly distributed across the murine vaginal epithelium, while CPs were 
aggregated in vaginal mucus.

• MPPs were retained in the cervicovaginal tract, whereas CPs were almost entirely flushed 
out in 6 h 57



To achieve an effective vaccine
 with engineered biomaterials

Using Biomaterials to control 
intracellular delivery and antigen 
presentation

Using Biomaterials to 
control the trafficking of 
vaccines for APC targeting

58



single-walled carbon nanotubes (SWNT): Mice 
immunized with 50−400 nm peptide conjugated 
carbon nanotubes along with a water-in-oil emulsion 
adjuvant induced peptide-specific IgG responses that 
were not present following immunization with the 
peptide and adjuvant alone.

Enhancing Antigen Presentation to CD4+ T Cells

ACS Nano 5, 5300-5311 (2011).

nanoparticle carriers can promote antigen delivery to APCs for CD4+ T cell priming

CD4 T cells from a healthy donor were 
stimulated twice with APCs that were 
pulsed with SWNTs, WT1Pep427, or 
WT1Pep427/SWNT

59



Enhancing cross presentation: Cytosolic 
delivery of large macromolecules

• CD8 T cell response is required to eradicate 
some infected cells (e.g., HIV) or tumors

• typically only live infections elicit strong CD8+ T 
cell priming

• class I MHC molecules that present peptides to 
CD8+ killer T cells are usually only loaded with 
antigens located in the cytosol of DCs

• cross presentation: APCs shuttle a fraction of 
the antigen to the cytosol or to deliver it to 
special vacuoles where class I MHC loading can 
occur

Chem. Rev. 115, 11109-11146 (2015)
60



Intracellular vs. extracellular environment

AIMS Materials Science, 2016, 3(1): 289-323 61



Endosomal escape facilitated by biomaterials 
• pH-buffering effect (the proton sponge effect)
• direct membrane interactions: fusion or disruption

J. Controlled Release 151, 220-228 (2011).

Liu, Y., Xu, C.-F., Iqbal, S., Yang, X.-Z. & Wang, J. 
Responsive Nanocarriers as an Emerging 
Platform for Cascaded Delivery of Nucleic Acids 
to Cancer. Adv. Drug Deliv. Rev. 2017

62

This slide is not required.



Endosomal escape facilitated by biomaterials 

J. Controlled Release 151, 220-228 (2011).

“proton sponge” effect

63-NH2 → -NH3
+

Osmotic pressure change



Intracellular release of cargos

Liu, Y., Xu, C.-F., Iqbal, S., Yang, X.-Z. & Wang, J. 
Responsive Nanocarriers as an Emerging 
Platform for Cascaded Delivery of Nucleic Acids 
to Cancer. Adv. Drug Deliv. Rev. 2017

64

This slide is not required.



Proc. Natl. Acad. Sci. 100, 4995-5000 (2003) 
65

Endosomal escape facilitated by biomaterials 

This slide is not required.
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pH responsive NP for cytosol delivery of antigen

Nano Lett. 7, 3056-3064 (2007).

This slide is not required.



Biomaterials 34, 4339-4346 (2013)

OVA alone
OVA and CpG (OVA + CpG)
OVA loaded in PSs (PS-OVA + CpG)
OVA conjugated onto NPs (NP-OVA + CpG)
a mixture of both (PS-OVA + NPeOVA + CpG)

67

cross presentation 

Nanoparticles promote cross presentation for vaccines
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