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Immune engineering: From systems immunology to
engineering immunity
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The smallpox vaccine represents the earliest attempt in engineering immunity. The recent success of chimeric antigen receptor T cells (CAR-T cells) in cancer once again
demonstrates the clinical potential of immune engineering.
Inspired by this success, diverse approaches have been used
to boost various aspects of immunity: engineering dendritic
cells (DCs), natural killer (NK) cells, T cells, antibodies, cytokines, small peptides, and others. With recent development of
various high-throughput technologies (of which engineers,
especially biomedical engineers/bioengineers contributed
significantly), such as immune repertoire sequencing, and
analytical methods, a systems level of understanding immunity
(or the lack of it) beyond model animals has provided critical
insights into the human immune system. This review focuses
on recent progressed made in systems biology and the engineering of adaptive immunity.
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area: systems immunology. The complexity of the
immune system renders it a superb candidate to be
tackled by a systems biology approach that combines
computational and experimental techniques. Various
discoveries made in systems immunology will provide
new targets for immune engineering and the potential for
personalized diagnosis. With expertise in quantitative
analysis and engineering design principle, biomedical
engineers are poised to be at the front of engineering
immunity.
Mirroring the complexity of the immune system,
immune engineering targets many cellular and molecular processes: boosting the antigen presentation, reinvigorating exhausted T cells, engineering immune
effector molecules and cells, optimizing drug delivery to
target specific immune cells or tissues, and engineering
new materials for immunotherapy. In this review, I will
focus on some of the recent advances in the area of
engineering of the adaptive immunity, which includes
antibodies and T cells.

From antibody repertoire profiling to
engineering
The human immune system generates an enormous
repertoire of B cells, each bearing a new antibody gene
that is the product of the recombination of a set of
canonic gene segments (Figure 1). Upon antigen stimulation, responding B cells go through an activation and
proliferation process that is accompanied by introducing
mutations to their antibody genes [1,2]. B cells that bear
favorable antigen-binding mutations will have a
competitive edge to proliferate and survive over those
bearing mutations that disfavor antigen binding [3,4].
Thus, the composition of the antibody repertoire
changes after each infection and vaccination [2,5].
Tracking these changes offers insights to how a protective immune response is generated, and ultimately informs engineering immunity.

Introduction
Engineering and medicine have gone hand in hand in
human history; after the problem is identified, it is intuitive to try to fix it and this is what engineers do best.
Recent advances in high-resolution imaging modalities,
mass cytometry, and next generation sequencing have
provided the requisite tools for advancing biomedical
research and health care. Immunology is one research area
that has benefitted from this series of technology developments. This combination of technology and quantitative analysis marks the beginning of a new research
Current Opinion in Biomedical Engineering 2017, 1:54–62

Immune repertoire sequencing leverages the capacity of
next-generation sequencing technologies to sequence
millions of genes encoding either antibodies or T cell
antigen receptors (TCRs). This technology development has made it possible to provide a comprehensive
view of the expressed antibodies or TCRs in a sample
[6e9], which has been a black box for decades. Coupled
with statistic analysis and information theory, this
technology has provided in depth analysis of the antibody repertoire in response to vaccinations [10e12],
www.sciencedirect.com
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Figure 1
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Antibody and T cell receptor repertoire diversity generation. Genes encode the variable domains of the antibody heavy and light chains and the T cell
receptor (TCR) a and b chains go through a recombination process each time a new naïve B or T cell is generated. One gene segment from each of the
three groups of gene segments (V, D, and J) are randomly recombined to form a new antibody or TCR sequences. There are also random nucleotides
introduced at the junction of V and D, and D and J. In this way, a set of canonical gene segments are able to generate an enormous repertoire of antigen
receptor sequences. Unique to antibody or B cell receptor, its gene sequences can also change itself by introducing random mutations when the B cell
expressing a particular antibody is stimulated by antigen and clonally expands. Thus, progeny B cells become a mixture of sub-species, each expresses
a different antibody sequence and is represented by different number of cells. This mutational process has a higher rate compared to somatic mutation,
thus was coined the term ‘somatic hypermutation’. On the other hand, T cells do not have somatic hypermutation, thus the TCR sequences expressed
by the parental cell pass on to all its progenies.

infections [12], autoimmune diseases [13], and cancer
therapy [14]. These analyses shed light on fundamental
questions that were not possible to answer in immunology before. One such study was designed to examine
the conflicting finding that there was an apparent stereotypy in antibody VDJ gene segment usage in young
animals, but this stereotypy breaks when animals grow
up. A large number of antibody sequences from individual organisms, from fish [15] to mammals [10],
helped to demonstrate that stochastic somatic hypermutations and associated clonal expansion in some B
cells when they encounter antigens mask the stereotyped VDJ usage that naı̈ve B cells have. Another study
showed that elderly are more likely to clonally expand
existing B cells rather than improving the quality of
antibody sequences that B cells express by introducing
somatic hypermutations [10]. This level of detailed
analysis has helped tremendously the search for broad
www.sciencedirect.com

neutralization antibodies against HIV [16]. The ability
to obtain a large amount of sequences makes it possible
to re-construct the evolutionary path a particular antibody sequence went through, which provides insights
on critical mutations that help the development of broad
neutralization antibodies against HIV. This helped the
rational design of stepwise changing immunogenes that
are capable of inducing these types of broad neutralization antibodies in animal models [17e21]. More
recently, increased sequencing length, pairing of the
heavy and light chains, and other molecular methods
made it possible to cover a longer piece of the constant
region of the antibody sequences to differentiate antibody sub-isotypes [22e24]. This facilitates Fc receptor
based immune engineering aiming to modulate downstream of antibody-antigen binding. At the same time,
technology development in mass spectrometry-based
antibody repertoire profiling helps to illuminate the
Current Opinion in Biomedical Engineering 2017, 1:54–62
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antibody repertoire that executes protection in the
serum [25,26].

Engineering T cells
By the same token, T cells rearrange their T cell antigen
receptor (TCR) genes during T lymphogenesis
(Figure 1). Contrary to somatic hypermutation in B
cells, TCRs do not introduce mutation, and therefore
the TCR sequences can be used as markers to track T
cells as they develop into different functional phenotypes after activation [27]. Depending on which coreceptor is expressed, T cells can be separated into
CD4þ (also called helper) and CD8þ (also called cytotoxic) T cells. Combinatorial expression of a set of
transcriptional factors, cytokines, cytokine and chemokine receptors, adhesion molecules, and other surface
and/or intracellular proteins can further classify CD4þ T
cells into subtypes, each with a distinct function. The
role of many of these subtypes of CD4þ T cells can be
considered beneficial in some diseases but detrimental
in others. For example, one subset of CD4þ T cells,
regulatory T cells (Treg), function to dampen or eliminate autoimmune response in healthy individuals with
the breakdown of Treg functions being implicated in
many autoimmune diseases [28]. However, this beneficial function of Treg is considered one of the major
contributors to the immune-suppressive cancer microenvironment. Although CD8þ T cells are not as versatile
as their CD4þ T cell counterparts in terms of functions,
they are vicious killers once activated. A single CD8þ T
cell is able to kill multiple target cells in a day [29,30].
However, even these vicious killers can get exhausted
(below) in persistent viral infection and cancer, which
impacts their ability to properly form memory cells [31].
For both CD4þ and CD8þ T cells, forming memory cells
at the end of a natural infection is how immune memory
continues, which is the goal of vaccination and
immunotherapy.

Adoptive cell transfer therapy in cancer and
persistent viral infections
Researchers have spent a tremendous amount of effort
harnessing the specific killing capacity of CD8þ T cells
for cancer immunotherapy [32] and persistent viral
infection. Early effort using in vitro expanded tumor
infiltrating lymphocytes (TILs) demonstrated durable
results in certain cancers, such as melanoma [33] and
human papilloma viruseassociated cancers [34]. However, relying on tumor derived TILs has limited the
wide use of the adoptive cell transfer (ACT) therapy.
The advancement of genetic engineering has made it
possible to engineer any T cell to express the TCR of
choice, thus alleviating the problem of relying on surgically removed tumor materials to isolate TILs. However, the challenge now is to determine which TCRs to
genetically engineer into T cells for ACT. One choice is
to express TCRs that recognize cancer differentiation
Current Opinion in Biomedical Engineering 2017, 1:54–62

antigens (CDAs), such as NY-ESO-1. These antigens are
abundantly expressed in cancerous cells but minimally
expressed in healthy tissues. A recent clinical trial that
used an NY-ESO-1-reactive TCR on patients bearing
metastatic synovial cell sarcoma or metastatic melanoma
demonstrated that on average 58% of the patients in
both groups showed objective clinical responses and
over 30% of the patients achieved 3 year survival [35]. It
is worth noting that many patients in this trial had failed
prior PD-1 blockade (below) treatment, one of the
latest FDA approved cancer immunotherapies, before
enrolling to this trial, demonstrating the clinical value of
ACT using CDA specific T cells.
One bottle neck for using this approach is the difficulty
of identifying high-affinity TCRs to these CDAs. High
affinity, self-antigen (including CDAs) specific T cells
are rare. This is, in part, because many of these high
affinity self-antigen specific Tcells have been deleted in
the thymus before they are released into the peripheral
blood and tissues to avoid auto-immunity [36]. In
addition, the standard method to measure TCR affinity,
surface plasmon resonance, requires labor-intensive
cloning and protein purification and thus is a hurdle to
screening a large number of antigen-specific T cells to
look for those bearing high-affinity TCRs. Alternatively,
protein engineering or yeast display screening can
generate high-affinity TCRs. However, it has been
shown that this kind of TCR can cause detrimental side
effects by cross-reacting with other self-proteins
expressed in healthy tissue, possibly due to the lack of
thymic negative selection on engineered TCRs [37].
Recently, we have developed an adhesion based in situ
TCR affinity and sequence test (iTAST) [38] that
measures TCR affinity and sequences from primary
single CD8þ T cells directly purified from human samples with a throughput of approximately 75 cells per day.
Furthermore, some of the hepatitis C virus specific T
cells we obtained have an affinity higher than commonly
recognized high-affinity mouse CD8þ T cells, such as
OT-I. In addition, these cells have passed thymic
negative selection, therefore are not likely to induce
auto-immunity and therefore, iTAST is a great tool for
identifying high-affinity TCRs for ACT in persistent
viral infection and cancer.
Recently discovered neo-antigens are another promising
class of antigens for cancer immunotherapy. Neoantigens are somatically mutated proteins expressed
by cancer cells. Because of the mutations, neo-antigens
are considered as foreign antigens. Unlike T cells
recognizing CDAs, Tcells recognizing these neo-antigen
are not subject to the limitation of thymic negative selection that deletes most of the high-affinity T cells
recognizing self-antigens including CDAs. Lennerz
et al., pioneered the characterization of several of these
neo-antigens and neo-antigen recognizing T cells found
in a melanoma patient before the era of next generation
www.sciencedirect.com
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genomic sequencing [39]. With tens of thousands of
cancer genomes sequenced and many more single cell
cancer genomes, it is clear that somatic mutations are
widely spread in cancers, ranging from 0.001 to several
hundred per megabase [40]. At the same time, it was
shown that cancer mutation load correlates with
immune check point blockade therapy efficacy (see
below) [41]. The obvious explanation lies again in the
thymic selection: somatic mutations cause amino acid
sequence changes which make these mutation-bearing
peptides foreign to the immune systems. Therefore
high-affinity TCRs recognizing these mutant peptides
are exempted from thymic negative selection and can be
recruited to fight cancer.
Since then, a series of high-profile papers have been
published describing various approaches that take
advantage of neo-antigens. Neo-antigen based peptide
or mRNA vaccines induced antitumor immunity in
MHC-humanized animal model of gliomas [42] and
murine tumor models [43]. Shortly after, Steven
Rosenberg and colleagues demonstrated the feasibility
of identifying CD4þ and CD8þ T cells that recognize
neo-epitopes in human gastrointestinal cancers, which
are known to have fewer somatic mutations [44].
Although there were no shared neo-epitopes detected in
nine patients, one patient did harbor a KRASG12D
hotspot driver mutation found in many human cancers
[44]. Recently, the same group demonstrated the therapeutic potential of adoptively transferring a TCR
recognizing this KRASG12D mutation in a metastatic
colorectal cancer patient who expressed mutant
KRASG12D and its binding MHC, HLA-C*08:02 [45].
An earlier study showed that patient unique neoantigens recognized by T cells can be lost from the
tumor population and new neo-antigens can emerge
[46]. These results suggest that targeting public hotspot
driver mutations might be a better strategy in treating
cancer than looking for patient private neo-antigens.
Applying ACT to persistent viral infections, such as
cytomegalovirus (CMV), was demonstrated as a safe and
long lasting treatment in humans almost 25 years ago
[47]. With new generations of viral constructs and
delivering methods, ACT has been applied to several
persistent viral infections, such as Epstein-Barr virus
(EBV), adenovirus (ADV), influenza viruses, hepatitis B
virus (HBV), hepatitis C virus (HCV), and human immunodeficiency virus (HIV). In fact, there are more
than 20 registered clinical trials at ClinicalTrials.gov
alone. T cells recognizing viral epitopes are exempt
from the thymic negative selection due to their foreign
origin and, thus, high-affinity viral-specific TCRs should
be retained. However, our recent study showed that in
healthy individuals, the affinity distribution of polyclonal CD8þ T cells recognizing a single epitope ranges
three orders of magnitude. Complicating this finding,
we also demonstrated that some donors either lacked or
www.sciencedirect.com
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had significantly fewer high-affinity T cells compared to
other donors. Therefore, iTAST could be an ideal tool to
generate high-affinity viral epitope specific T cells for
ACT in persistent viral infection [38].

CAR T cells for immunotherapy in cancer
and autoimmune diseases
Chimeric antigen receptor (CAR) T cells link the
specificity of antibody-cancer antigen interactions
directly to the killing ability of CD8þ T cells by using an
engineered chimeric receptor (Figure 2). This combination eliminates the constraint that T cells only kill
targets with matched MHC molecules and processed
peptide antigens. Since the implementation of this
concept was first published 25 years ago [48,49],
numerous efforts have been focused on its clinical
effect, applications to other cancers, and controlling its
activity and fate in the host [50e52]. The first generation of CARs was simple by current measures: it was
encoded by a single-chain variable fragment from a
monoclonal antibody recognizing a tumor antigen with
an essential intracellular signaling element [53]. Progressively, more elements were added to the CAR, such
as costimulatory signaling domain [54,55]. With a
detailed understanding of signaling transduction in T
cell activation and diverse tools available in synthetic
biology, more safety switches and specificity controls
have been added to CARs, such as ‘suicide’ genes [56e
59], logic-gated CARs [60], inhibitory CARs [61], and
‘ON-switch’ CARs [62].
Most current CARs are focusing on hematologic cancers
because the ‘off-target’ effect of killing non-cancerous
blood cells by the CARs can be rescued by normal
hematopoiesis. However, in solid tumors, identifying
cancer specific antigens with sufficient expression level
for engineered CARs to target remains a bottleneck.
Recently, the study from Carl June’s group broke this
bottleneck and showed that a novel CAR based on an
antibody to a Tn-MUC1 glycopeptide epitope widely
expressed by adenocarcinomas eliminated Tn-MUC1expressing tumors in mouse models of leukemia and
pancreatic cancer [63]. Further clinical trials will truly
test the non-specific killing induced complications that
have previously been shown in CARs to solid cancers
[64]. We should expect more effort along this line of
work in the near future, particularly in combination
with synthetic biology approach to engineer ‘smart’
CARs.
In addition to cancer, it has been recently shown that
CARs can be used to treat autoimmune disease [65].
The autoimmune disease, pemphigus vulgaris, is
caused by autoantibodies to the keratinocyte adhesion
protein desmoglein [66]. Instead of fusing antibody to
the signaling modules on T cells as the traditional
design for all CARs so far, these authors intelligently
reversed the receptor-ligand pair and put desmoglein,
Current Opinion in Biomedical Engineering 2017, 1:54–62
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Figure 2

Schematics of TCR-ligand interaction during a normal T cell activation, CAR T cell activation, and exhausted T cell activation. TCR along with CD3
complex, co-receptor (CD8 in this case), and co-stimulatory molecule (CD28) translate the binding of a cognate ligand to initiate intracellular signaling
cascade (A). Replacing the TCR variable region with single chain variable region (scFv) of a cancer-antigen recognizing antibody is the essential design
of a CAR T cell. In addition, this extracellular receptor region is fused with the intracellular signaling part of various T cell signaling molecules, which
transduce ligand binding signal mediated by the CAR (B). In addition to normal T cell signaling complex formed upon T cell ligand recognition,
exhausted T cells in persistent viral infection or tumor also express inhibitory molecules, such as CTLA-4 or PD-1, that either compete with costimulatory molecule for ligand binding (in the case of CTLA-4) or bind to its own ligand (in the case of PD-1). These bindings generate inhibitory signals
that limit the activation signals generated by TCR ligand binding, thus inhibit T cell activation (C).

the autoantigen, as the CAR and name it CAAR for
chimeric autoantibody receptor. In human skin xenograft model, these CAAR T cells exhibited specific
cytotoxicity toward desmoglein-specific B cells and
without off-target toxicity in vivo. Although this
approach needs further evaluation in clinical trials, it
expands the design of CARs to potentially treat autoimmune diseases.
Current Opinion in Biomedical Engineering 2017, 1:54–62

Immune checkpoint blockade for cancer
therapy
Prolonged activation of T cells and/or the cancer
microenvironment induce T cells to express inhibitory
molecules that dampen T cell activation. Cytotoxic Tlymphocyte associated protein 4 (CTLA-4) [67e69]
and programmed cell death protein 1 (PD-1) [70]
were the first two inhibitory molecules discovered. In
www.sciencedirect.com
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2011, the FDA approved the anti-CTLA-4 monoclonal
antibody ipilimumab for the treatment of metastatic
melanoma. Ipilimumab is the first drug of any kind
shown to extend survival in metastatic melanoma
essentially reviving interest in cancer immunotherapy.
In 2013, cancer immunotherapy topped the Science list
of breakthroughs of the year. Now, there are four FDA
approved antibodies targeting these two immune
checkpoint inhibitors, CTLA-4 and PD-1 (Figure 2), in
treating five different cancers: melanoma, non-small cell
lung cancer, renal cell carcinoma, Hodgkin lymphoma,
and bladder cancer. Many more immune checkpoints are
in the pipeline, such as those targeting LAG-3 [71],
TIM-3 [72], and VISTA [73], as well as co-stimulatory
molecules include ICOS [74], OX40 [75], and 4-1BB
[76].
One of the biggest challenges in immune checkpoint
blockade is that even with CTLA-4 and PD-1 combination therapy, a significant portion of the patients do
not respond [77]. Thus, figuring out the difference
between responders and non-responders is essential to
inform future therapies and the development of new
therapeutics. Systems immunology that leverages the
power of high-throughput technologies and computational analysis is critical in dissecting the molecular
mechanism of the immune checkpoint blockade resistance directly in humans. It can inform therapy regiment design and guide the development of new
therapeutics. Three papers published recently shed
light on the usefulness of this approach. Zaretsky et al.
found that mutational defects in the pathways associated with interferon-receptor signaling and in antigen
presentation were associated with acquired resistance to
PD-1 blockade therapy [78]. Using an interferon and
receptor PCR array, Gao et al. showed that CTLA-4 nonresponders have significantly higher incidents of
genomic aberrations (copy-number alterations (CNAs)
and single-nucleotide variants (SNVs)) in their melanoma cancer cells compared to CTLA-4 responders
[79]. In another study, Benci et al. discovered that
prolonged interferon signaling promotes epigenomic and
transcriptomic features of CTLA-4 blockade resistant
tumors in mice and that inhibiting interferon signaling
in tumor cells can reverse their resistance to CTLA-4
blockade treatment. In addition, they showed that
high expression level of interferon-stimulated genes
correlates with progression after anti-PD-1 treatment in
humans [80]. This study corroborates two other recently
published studies on the epigenetic effects of T cell
exhaustion [81,82] where it was demonstrated that the
epigenetic stability of exhausted T cells may limit current immune checkpoint blockade therapy. Therefore,
genomic editing of the PD-1 gene in CAR T cells is an
appealing way to prevent exhaustion [83]. It is important to note, however, that this needs to be carefully
evaluated in primary T cells because PD-1 has been
shown to regulate memory T cell generation [84] and
www.sciencedirect.com
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targeting PD-1 regulatory element might be a better
strategy in controlling T cell differentiation states and
exhaustion [81,82]. These constraints make the study
by Benci et al. valuable, as their study offered a plausible
direct treatment regimen in CTLA-4 blockade resistant
cancer where immune checkpoint blockade could be
combined with small molecule inhibitors that specifically target interferon stimulating gene induced
immune checkpoint blockade resistance in cancer cells
[80].

From systems immunology to engineering
immunity
With various immune modulation based therapies
emerging for the treatment of cancer, personalized
therapy may not require manufacturing personalized
medications, but rather could be achieved with
personalized combinations of off-the-shelf therapies
given knowledge of the status of patient’s immune
system. In the complex tumor micro-environment,
suppressive innate immune cells (such as macrophages, dendritic cells, and neutrophils) along with
regulatory T cells coach CD8þ T cells into an
exhausted state [31] by expressing suppressive cytokines (such as TGF-b and IL-10) and inhibitory molecules (such as PD-L1 and PD-L2) [85]. Exhausted T
cells are characterized by the loss of robust effector
functions, expression of multiple inhibitory receptors,
and an altered transcriptional program [31]. Highthroughput single cell analyses, such as single cell
RNA sequencing (sequencing the entire transcriptome of single cells) [86,87] and mass cytometry
(flow cytometry using isotope labeled antibodies)
[88,89], offer an opportunity to study this complexity.
This kind of analysis also yields new insight [90] into
the interplays among cancer, immune, stromal, and
endothelial cells [90] that can guide future
therapeutics.
Knowing the interplays of the immune systems offers
rational design of engineering approaches to treating
cancer. Recently, Moynihan et al. demonstrated a combination therapy that harnesses both innate and adaptive immunity to eliminate large established tumors in
mice, tumors that were very difficult to treat while
relying on purely endogenous immunity [91]. Applying
the synthetic biology approach, Wendell Lim’s group
recently demonstrated versatile functionalities and
activation states that engineered T cells have by taking
advantage of specific transcriptional responses induced
by customized synthetic Notch receptor/ligand interactions [92]. Additionally, efforts in engineering immunity via engineering the microenvironment using
scaffolds [93,94] or organoid culture [95,96] have paved
the way of applying in vitro engineered immune cells for
therapeutics. With continued development of highthroughput technology and synthetic biology tools,
immune engineering will be a critical link between basic
Current Opinion in Biomedical Engineering 2017, 1:54–62
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immunology discoveries and their application. It will no
doubt impact how cancer, autoimmune diseases, and
infections are treated in the near future.

Acknowledgement
The author would like to thank Jiang lab members for useful discussions.
This work was supported by National Institutes of Health (grant
R00AG040149), National Science Foundation (grant 1653866), and by the
Welch Foundation (grant F1785). N.J. is a Cancer Prevention and Research
Institute of Texas (CPRIT) Scholar and a Damon Runyon-Rachleff
Innovator.

Conflict of interest
The author is a scientific advisor of ImmuDX, LLC.

References
1.

Weigert MG, Cesari IM, Yonkovich SJ, Cohn M: Variability in the
lambda light chain sequences of mouse antibody. Nature
1970, 228:1045–1047.

2.

Berek C, Milstein C: Mutation drift and repertoire shift in the
maturation of the immune response. Immunol. Rev. 1987, 96:
23–41.

3.

Jerne NK: A study of avidity based on rabbit skin responses
to diphtheria toxin-antitoxin mixtures. Acta Pathol. Microbiol.
Scand. Suppl. 1951, 87:1–183.

4.

Eisen HN, Siskind GW: Variations in affinities of antibodies
during the immune response. Biochemistry 1964, 3:996–1008.

5.

McKean D, Huppi K, Bell M, Staudt L, Gerhard W, Weigert M:
Generation of antibody diversity in the immune response of
BALB/c mice to influenza virus hemagglutinin. Proc. Natl.
Acad. Sci. U. S. A. 1984, 81:3180–3184.

6.

7.

Weinstein JA, Jiang N, White 3rd RA, Fisher DS, Quake SR:
High-throughput sequencing of the zebrafish antibody
repertoire. Science 2009, 324:807–810.
Georgiou G, Ippolito GC, Beausang J, Busse CE, Wardemann H,
Quake SR: The promise and challenge of high-throughput
sequencing of the antibody repertoire. Nat. Biotechnol. 2014,
32:158–168.

8.

Freeman JD, Warren RL, Webb JR, Nelson BH, Holt RA:
Profiling the T-cell receptor beta-chain repertoire by
massively parallel sequencing. Genome Res. 2009, 19:
1817–1824.

9.

Robins HS, Campregher PV, Srivastava SK, Wacher A, Turtle CJ,
Kahsai O, Riddell SR, Warren EH, Carlson CS: Comprehensive
assessment of T-cell receptor beta-chain diversity in alphabeta T cells. Blood 2009, 114:4099–4107.

10. Jiang N, He J, Weinstein JA, Penland L, Sasaki S, He XS,
Dekker CL, Zheng NY, Huang M, Sullivan M, et al.: Lineage
structure of the human antibody repertoire in response to
influenza vaccination. Sci. Transl. Med. 2013, 5:171ra119.
11. Vollmers C, Sit RV, Weinstein JA, Dekker CL, Quake SR: Genetic measurement of memory B-cell recall using antibody
repertoire sequencing. Proc. Natl. Acad. Sci. U. S. A. 2013, 110:
13463–13468.
12. Ellebedy AH, Jackson KJ, Kissick HT, Nakaya HI, Davis CW,
Roskin KM, McElroy AK, Oshansky CM, Elbein R, Thomas S,
et al.: Defining antigen-specific plasmablast and memory B
cell subsets in human blood after viral infection or vaccination. Nat. Immunol. 2016, 17:1226–1234.
13. Tipton CM, Fucile CF, Darce J, Chida A, Ichikawa T, Gregoretti I,
Schieferl S, Hom J, Jenks S, Feldman RJ, et al.: Diversity,
cellular origin and autoreactivity of antibody-secreting cell
population expansions in acute systemic lupus erythematosus. Nat. Immunol. 2015, 16:755–765.
14. Boyd SD, Marshall EL, Merker JD, Maniar JM, Zhang LN,
Sahaf B, Jones CD, Simen BB, Hanczaruk B, Nguyen KD, et al.:
Measurement and clinical monitoring of human lymphocyte

Current Opinion in Biomedical Engineering 2017, 1:54–62

clonality by massively parallel VDJ pyrosequencing. Sci.
Transl. Med. 2009, 1:12ra23.
15. Jiang N, Weinstein JA, Penland L, White 3rd RA, Fisher DS,
Quake SR: Determinism and stochasticity during maturation
of the zebrafish antibody repertoire. Proc. Natl. Acad. Sci. U. S.
A. 2011, 108:5348–5353.
16. Huang J, Kang BH, Ishida E, Zhou T, Griesman T, Sheng Z,
Wu F, Doria-Rose NA, Zhang B, McKee K, et al.: Identification of
a CD4-binding-site antibody to HIV that evolved Near-Pan
neutralization breadth. Immunity 2016, 45:1108–1121.
17. Sok D, Briney B, Jardine JG, Kulp DW, Menis S, Pauthner M,
Wood A, Lee EC, Le KM, Jones M, et al.: Priming HIV-1 broadly
neutralizing antibody precursors in human Ig loci transgenic
mice. Science 2016, 353:1557–1560.
18. Escolano A, Steichen JM, Dosenovic P, Kulp DW, Golijanin J,
Sok D, Freund NT, Gitlin AD, Oliveira T, Araki T, et al.: Sequential
immunization elicits broadly neutralizing anti-HIV-1 antibodies in Ig knockin mice. Cell 2016, 166:1445–1458 e1412.
19. Briney B, Sok D, Jardine JG, Kulp DW, Skog P, Menis S, Jacak R,
Kalyuzhniy O, de Val N, Sesterhenn F, et al.: Tailored immunogens direct affinity maturation toward HIV neutralizing
antibodies. Cell 2016, 166:1459–1470 e1411.
20. Tian M, Cheng C, Chen X, Duan H, Cheng HL, Dao M, Sheng Z,
Kimble M, Wang L, Lin S, et al.: Induction of HIV neutralizing
antibody lineages in mice with diverse precursor repertoires.
Cell 2016, 166:1471–1484 e1418.
21. Steichen JM, Kulp DW, Tokatlian T, Escolano A, Dosenovic P,
Stanfield RL, McCoy LE, Ozorowski G, Hu X, Kalyuzhniy O, et al.:
HIV vaccine design to target germline precursors of glycandependent broadly neutralizing antibodies. Immunity 2016, 45:
483–496.
22. Cole C, Volden R, Dharmadhikari S, Scelfo-Dalbey C, Vollmers C:
Highly accurate sequencing of full-length immune repertoire
amplicons using Tn5-enabled and molecular identifierguided amplicon assembly. J. Immunol. 2016, 196:2902–2907.
23. Horns F, Vollmers C, Croote D, Mackey SF, Swan GE,
Dekker CL, Davis MM, Quake SR: Lineage tracing of human B
cells reveals the in vivo landscape of human antibody class
switching. Elife 2016, 5.
24. Dekosky BJ, Ippolito GC, Deschner RP, Lavinder JJ, Wine Y,
Rawlings BM, Varadarajan N, Giesecke C, Dorner T,
Andrews SF, et al.: High-throughput sequencing of the paired
human immunoglobulin heavy and light chain repertoire. Nat.
Biotechnol. 2013, 31:166–169.
25. Wine Y, Boutz DR, Lavinder JJ, Miklos AE, Hughes RA, Hoi KH,
Jung ST, Horton AP, Murrin EM, Ellington AD, et al.: Molecular
deconvolution of the monoclonal antibodies that comprise
the polyclonal serum response. Proc. Natl. Acad. Sci. U. S. A.
2013, 110:2993–2998.
26. Lee J, Boutz DR, Chromikova V, Joyce MG, Vollmers C, Leung K,
Horton AP, DeKosky BJ, Lee CH, Lavinder JJ, et al.: Molecularlevel analysis of the serum antibody repertoire in young
adults before and after seasonal influenza vaccination. Nat.
Med. 2016, 22:1456–1464.
27. Han A, Glanville J, Hansmann L, Davis MM: Linking T-cell receptor sequence to functional phenotype at the single-cell
level. Nat. Biotechnol. 2014, 32:684–692.
28. Josefowicz SZ, Lu LF, Rudensky AY: Regulatory T cells:
mechanisms of differentiation and function. Annu. Rev.
Immunol. 2012, 30:531–564.
29. Varadarajan N, Julg B, Yamanaka YJ, Chen H, Ogunniyi AO,
McAndrew E, Porter LC, Piechocka-Trocha A, Hill BJ, Douek DC,
et al.: A high-throughput single-cell analysis of human CD8(+)
T cell functions reveals discordance for cytokine secretion
and cytolysis. J. Clin. Investig. 2011, 121:4322–4331.
30. Halle S, Keyser KA, Stahl FR, Busche A, Marquardt A, Zheng X,
Galla M, Heissmeyer V, Heller K, Boelter J, et al.: In vivo killing
capacity of cytotoxic T cells is limited and involves dynamic
Interactions and T Cell cooperativity. Immunity 2016, 44:
233–245.

www.sciencedirect.com

Author's Personal Copy
Systems biology approach to immune engineering Jiang

31. Wherry EJ, Kurachi M: Molecular and cellular insights into T
cell exhaustion. Nat. Rev. Immunol. 2015, 15:486–499.
32. Rosenberg SA, Restifo NP, Yang JC, Morgan RA, Dudley ME:
Adoptive cell transfer: a clinical path to effective cancer
immunotherapy. Nat. Rev. Cancer 2008, 8:299–308.
33. Rosenberg SA, Yang JC, Sherry RM, Kammula US, Hughes MS,
Phan GQ, Citrin DE, Restifo NP, Robbins PF, Wunderlich JR,
et al.: Durable complete responses in heavily pretreated patients with metastatic melanoma using T-cell transfer immunotherapy. Clin. Cancer Res. 2011, 17:4550–4557.
34. Stevanovic S, Draper LM, Langhan MM, Campbell TE,
Kwong ML, Wunderlich JR, Dudley ME, Yang JC, Sherry RM,
Kammula US, et al.: Complete regression of metastatic cervical cancer after treatment with human papillomavirustargeted tumor-infiltrating T cells. J. Clin. Oncol. 2015, 33:
1543–1550.
35. Robbins PF, Kassim SH, Tran TL, Crystal JS, Morgan RA,
Feldman SA, Yang JC, Dudley ME, Wunderlich JR, Sherry RM,
et al.: A pilot trial using lymphocytes genetically engineered
with an NY-ESO-1-reactive T-cell receptor: long-term followup and correlates with response. Clin. Cancer Res. 2015, 21:
1019–1027.
36. Stritesky GL, Jameson SC, Hogquist KA: Selection of selfreactive T cells in the thymus. Annu. Rev. Immunol. 2012, 30:
95–114.
37. Linette GP, Stadtmauer EA, Maus MV, Rapoport AP, Levine BL,
Emery L, Litzky L, Bagg A, Carreno BM, Cimino PJ, et al.: Cardiovascular toxicity and titin cross-reactivity of affinityenhanced T cells in myeloma and melanoma. Blood 2013, 122:
863–871.
38. Zhang SQ, Parker P, Ma KY, He C, Shi Q, Cui Z, Williams CM,
Wendel BS, Meriwether AI, Salazar MA, et al.: Direct measurement of T cell receptor affinity and sequence from naive
antiviral T cells. Sci. Transl. Med. 2016, 8:341ra377.
39. Lennerz V, Fatho M, Gentilini C, Frye RA, Lifke A, Ferel D,
Wolfel C, Huber C, Wolfel T: The response of autologous T
cells to a human melanoma is dominated by mutated
neoantigens. Proc. Natl. Acad. Sci. U. S. A. 2005, 102:
16013–16018.
40. Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Behjati S,
Biankin AV, Bignell GR, Bolli N, Borg A, Borresen-Dale AL, et al.:
Signatures of mutational processes in human cancer. Nature
2013, 500:415–421.
41. Schumacher TN, Schreiber RD: Neoantigens in cancer immunotherapy. Science 2015, 348:69–74.
42. Schumacher T, Bunse L, Pusch S, Sahm F, Wiestler B, Quandt J,
Menn O, Osswald M, Oezen I, Ott M, et al.: A vaccine targeting
mutant IDH1 induces antitumour immunity. Nature 2014, 512:
324–327.
43. Kreiter S, Vormehr M, van de Roemer N, Diken M, Lower M,
Diekmann J, Boegel S, Schrors B, Vascotto F, Castle JC, et al.:
Mutant MHC class II epitopes drive therapeutic immune responses to cancer. Nature 2015, 520:692–696.
44. Tran E, Ahmadzadeh M, Lu YC, Gros A, Turcotte S, Robbins PF,
Gartner JJ, Zheng Z, Li YF, Ray S, et al.: Immunogenicity of
somatic mutations in human gastrointestinal cancers. Science 2015, 350:1387–1390.
45. Tran E, Robbins PF, Lu YC, Prickett TD, Gartner JJ, Jia L,
Pasetto A, Zheng Z, Ray S, Groh EM, et al.: T-cell transfer
therapy targeting mutant KRAS in cancer. N. Engl. J. Med.
2016, 375:2255–2262.

61

48. Gross G, Waks T, Eshhar Z: Expression of immunoglobulin-Tcell receptor chimeric molecules as functional receptors with
antibody-type specificity. Proc. Natl. Acad. Sci. U. S. A. 1989,
86:10024–10028.
49. Goverman J, Gomez SM, Segesman KD, Hunkapiller T,
Laug WE, Hood L: Chimeric immunoglobulin-T cell receptor
proteins form functional receptors: implications for T cell
receptor complex formation and activation. Cell 1990, 60:
929–939.
50. Barrett DM, Singh N, Porter DL, Grupp SA, June CH: Chimeric
antigen receptor therapy for cancer. Annu. Rev. Med. 2014, 65:
333–347.
51. Gill S, June CH: Going viral: chimeric antigen receptor T-cell
therapy for hematological malignancies. Immunol. Rev. 2015,
263:68–89.
52. Klebanoff CA, Rosenberg SA, Restifo NP: Prospects for geneengineered T cell immunotherapy for solid cancers. Nat. Med.
2016, 22:26–36.
53. Eshhar Z, Waks T, Bendavid A, Schindler DG: Functional
expression of chimeric receptor genes in human T cells.
J. Immunol. Methods 2001, 248:67–76.
54. Krause A, Guo HF, Latouche JB, Tan C, Cheung NK, Sadelain M:
Antigen-dependent CD28 signaling selectively enhances
survival and proliferation in genetically modified activated
human primary T lymphocytes. J. Exp. Med. 1998, 188:
619–626.
55. Till BG, Jensen MC, Wang J, Qian X, Gopal AK, Maloney DG,
Lindgren CG, Lin Y, Pagel JM, Budde LE, et al.: CD20-specific
adoptive immunotherapy for lymphoma using a chimeric
antigen receptor with both CD28 and 4-1BB domains: pilot
clinical trial results. Blood 2012, 119:3940–3950.
56. Bonini C, Ferrari G, Verzeletti S, Servida P, Zappone E,
Ruggieri L, Ponzoni M, Rossini S, Mavilio F, Traversari C, et al.:
HSV-TK gene transfer into donor lymphocytes for control of
allogeneic graft-versus-leukemia. Science 1997, 276:
1719–1724.
57. Riddell SR, Elliott M, Lewinsohn DA, Gilbert MJ, Wilson L,
Manley SA, Lupton SD, Overell RW, Reynolds TC, Corey L, et al.:
T-cell mediated rejection of gene-modified HIV-specific
cytotoxic T lymphocytes in HIV-infected patients. Nat. Med.
1996, 2:216–223.
58. Straathof KC, Pule MA, Yotnda P, Dotti G, Vanin EF,
Brenner MK, Heslop HE, Spencer DM, Rooney CM: An inducible caspase 9 safety switch for T-cell therapy. Blood 2005,
105:4247–4254.
59. Wang X, Chang WC, Wong CW, Colcher D, Sherman M,
Ostberg JR, Forman SJ, Riddell SR, Jensen MC: A transgeneencoded cell surface polypeptide for selection, in vivo
tracking, and ablation of engineered cells. Blood 2011, 118:
1255–1263.
60. Kloss CC, Condomines M, Cartellieri M, Bachmann M,
Sadelain M: Combinatorial antigen recognition with balanced
signaling promotes selective tumor eradication by engineered T cells. Nat. Biotechnol. 2013, 31:71–75.
61. Fedorov VD, Themeli M, Sadelain M: PD-1- and CTLA-4-based
inhibitory chimeric antigen receptors (iCARs) divert off-target
immunotherapy responses. Sci. Transl. Med. 2013, 5:
215ra172.
62. Wu CY, Roybal KT, Puchner EM, Onuffer J, Lim WA: Remote
control of therapeutic T cells through a small molecule-gated
chimeric receptor. Science 2015, 350:aab4077.

46. Verdegaal EM, de Miranda NF, Visser M, Harryvan T, van
Buuren MM, Andersen RS, Hadrup SR, van der Minne CE,
Schotte R, Spits H, et al.: Neoantigen landscape dynamics
during human melanoma-T cell interactions. Nature 2016,
536:91–95.

63. Posey Jr AD, Schwab RD, Boesteanu AC, Steentoft C, Mandel U,
Engels B, Stone JD, Madsen TD, Schreiber K, Haines KM, et al.:
Engineered CAR T cells targeting the cancer-associated Tnglycoform of the membrane mucin MUC1 control adenocarcinoma. Immunity 2016, 44:1444–1454.

47. Riddell SR, Watanabe KS, Goodrich JM, Li CR, Agha ME,
Greenberg PD: Restoration of viral immunity in immunodeficient humans by the adoptive transfer of T cell clones. Science 1992, 257:238–241.

64. Lamers CH, Sleijfer S, van Steenbergen S, van Elzakker P, van
Krimpen B, Groot C, Vulto A, den Bakker M, Oosterwijk E,
Debets R, et al.: Treatment of metastatic renal cell carcinoma
with CAIX CAR-engineered T cells: clinical evaluation and

www.sciencedirect.com

Current Opinion in Biomedical Engineering 2017, 1:54–62

Author's Personal Copy
62 Future of BME

management of on-target toxicity. Mol. Ther. 2013, 21:
904–912.
65. Ellebrecht CT, Bhoj VG, Nace A, Choi EJ, Mao X, Cho MJ, Di
Zenzo G, Lanzavecchia A, Seykora JT, Cotsarelis G, et al.:
Reengineering chimeric antigen receptor T cells for targeted
therapy of autoimmune disease. Science 2016, 353:179–184.
66. Goldsmith L, Katz S, Gilchrest B, Paller A, Leffell D, Wolff K:
Fitzpatrick’s Dermatology in General Medicine. McGraw-Hill
Medical; 2012.
67. Brunet JF, Denizot F, Luciani MF, Roux-Dosseto M, Suzan M,
Mattei MG, Golstein P: A new member of the immunoglobulin
superfamily–CTLA-4. Nature 1987, 328:267–270.
68. Linsley PS, Brady W, Grosmaire L, Aruffo A, Damle NK,
Ledbetter JA: Binding of the B cell activation antigen B7 to
CD28 costimulates T cell proliferation and interleukin 2
mRNA accumulation. J. Exp. Med. 1991, 173:721–730.
69. Krummel MF, Allison JP: CD28 and CTLA-4 have opposing
effects on the response of T cells to stimulation. J. Exp. Med.
1995, 182:459–465.
70. Okazaki T, Honjo T: PD-1 and PD-1 ligands: from discovery to
clinical application. Int. Immunol. 2007, 19:813–824.
71. Triebel F, Jitsukawa S, Baixeras E, Roman-Roman S,
Genevee C, Viegas-Pequignot E, Hercend T: LAG-3, a novel
lymphocyte activation gene closely related to CD4. J. Exp.
Med. 1990, 171:1393–1405.
72. Sakuishi K, Apetoh L, Sullivan JM, Blazar BR, Kuchroo VK,
Anderson AC: Targeting Tim-3 and PD-1 pathways to reverse
T cell exhaustion and restore anti-tumor immunity. J. Exp.
Med. 2010, 207:2187–2194.
73. Wang L, Rubinstein R, Lines JL, Wasiuk A, Ahonen C, Guo Y,
Lu LF, Gondek D, Wang Y, Fava RA, et al.: VISTA, a novel
mouse Ig superfamily ligand that negatively regulates T cell
responses. J. Exp. Med. 2011, 208:577–592.
74. Fan X, Quezada SA, Sepulveda MA, Sharma P, Allison JP:
Engagement of the ICOS pathway markedly enhances efficacy of CTLA-4 blockade in cancer immunotherapy. J. Exp.
Med. 2014, 211:715–725.
75. Curti BD, Kovacsovics-Bankowski M, Morris N, Walker E,
Chisholm L, Floyd K, Walker J, Gonzalez I, Meeuwsen T,
Fox BA, et al.: OX40 is a potent immune-stimulating target
in late-stage cancer patients. Cancer Res. 2013, 73:
7189–7198.
76. Melero I, Shuford WW, Newby SA, Aruffo A, Ledbetter JA,
Hellstrom KE, Mittler RS, Chen L: Monoclonal antibodies
against the 4-1BB T-cell activation molecule eradicate
established tumors. Nat. Med. 1997, 3:682–685.
77. Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Cowey CL,
Lao CD, Schadendorf D, Dummer R, Smylie M, Rutkowski P,
et al.: Combined nivolumab and ipilimumab or monotherapy
in untreated melanoma. N. Engl. J. Med. 2015, 373:23–34.
78. Zaretsky JM, Garcia-Diaz A, Shin DS, Escuin-Ordinas H,
Hugo W, Hu-Lieskovan S, Torrejon DY, Abril-Rodriguez G,
Sandoval S, Barthly L, et al.: Mutations associated with acquired resistance to PD-1 blockade in melanoma. N. Engl. J.
Med. 2016, 375:819–829.
79. Gao J, Shi LZ, Zhao H, Chen J, Xiong L, He Q, Chen T, Roszik J,
Bernatchez C, Woodman SE, et al.: Loss of IFN-gamma
pathway genes in tumor cells as a mechanism of resistance
to anti-CTLA-4 therapy. Cell 2016, 167:397–404 e399.
80. Benci JL, Xu B, Qiu Y, Wu TJ, Dada H, Twyman-Saint Victor C,
Cucolo L, Lee DS, Pauken KE, Huang AC, et al.: Tumor interferon signaling regulates a multigenic resistance program to
immune checkpoint blockade. Cell 2016, 167:1540–1554
e1512.

Current Opinion in Biomedical Engineering 2017, 1:54–62

81. Sen DR, Kaminski J, Barnitz RA, Kurachi M, Gerdemann U,
Yates KB, Tsao HW, Godec J, LaFleur MW, Brown FD, et al.: The
epigenetic landscape of T cell exhaustion. Science 2016, 354:
1165–1169.
82. Pauken KE, Sammons MA, Odorizzi PM, Manne S, Godec J,
Khan O, Drake AM, Chen Z, Sen DR, Kurachi M, et al.: Epigenetic stability of exhausted T cells limits durability of reinvigoration by PD-1 blockade. Science 2016, 354:1160–1165.
83. Schumann K, Lin S, Boyer E, Simeonov DR, Subramaniam M,
Gate RE, Haliburton GE, Ye CJ, Bluestone JA, Doudna JA, et al.:
Generation of knock-in primary human T cells using Cas9
ribonucleoproteins. Proc. Natl. Acad. Sci. U. S. A. 2015, 112:
10437–10442.
84. Youngblood B, Oestreich KJ, Ha SJ, Duraiswamy J, Akondy RS,
West EE, Wei Z, Lu P, Austin JW, Riley JL, et al.: Chronic virus
infection enforces demethylation of the locus that encodes
PD-1 in antigen-specific CD8(+) T cells. Immunity 2011, 35:
400–412.
85. Marvel D, Gabrilovich DI: Myeloid-derived suppressor cells in
the tumor microenvironment: expect the unexpected. J. Clin.
Investig. 2015, 125:3356–3364.
86. Wagner A, Regev A, Yosef N: Revealing the vectors of cellular
identity with single-cell genomics. Nat. Biotechnol. 2016, 34:
1145–1160.
87. Yosef N, Regev A: Writ large: genomic dissection of the effect
of cellular environment on immune response. Science 2016,
354:64–68.
88. Bendall SC, Simonds EF, Qiu P, Amir el AD, Krutzik PO, Finck R,
Bruggner RV, Melamed R, Trejo A, Ornatsky OI, et al.: Singlecell mass cytometry of differential immune and drug responses across a human hematopoietic continuum. Science
2011, 332:687–696.
89. Newell EW, Davis MM: Beyond model antigens: highdimensional methods for the analysis of antigen-specific T
cells. Nat. Biotechnol. 2014, 32:149–157.
90. Tirosh I, Izar B, Prakadan SM, Wadsworth 2nd MH, Treacy D,
Trombetta JJ, Rotem A, Rodman C, Lian C, Murphy G, et al.:
Dissecting the multicellular ecosystem of metastatic melanoma by single-cell RNA-seq. Science 2016, 352:189–196.
91. Moynihan KD, Opel CF, Szeto GL, Tzeng A, Zhu EF, Engreitz JM,
Williams RT, Rakhra K, Zhang MH, Rothschilds AM, et al.:
Eradication of large established tumors in mice by combination immunotherapy that engages innate and adaptive
immune responses. Nat. Med. 2016, 22:1402–1410.
92. Roybal KT, Williams JZ, Morsut L, Rupp LJ, Kolinko I, Choe JH,
Walker WJ, McNally KA, Lim WA: Engineering T cells with
customized therapeutic response programs using synthetic
notch receptors. Cell 2016, 167:419–432 e416.
93. Lee J, Cuddihy MJ, Cater GM, Kotov NA: Engineering liver
tissue spheroids with inverted colloidal crystal scaffolds.
Biomaterials 2009, 30:4687–4694.
94. Roh KH, Roy K: Engineering approaches for regeneration of T
lymphopoiesis. Biomater. Res. 2016, 20:20.
95. Fan Y, Tajima A, Goh SK, Geng X, Gualtierotti G, Grupillo M,
Coppola A, Bertera S, Rudert WA, Banerjee I, et al.: Bioengineering thymus organoids to restore thymic function and
induce donor-specific immune tolerance to allografts. Mol.
Ther. 2015, 23:1262–1277.
96. Purwada A, Jaiswal MK, Ahn H, Nojima T, Kitamura D,
Gaharwar AK, Cerchietti L, Singh A: Ex vivo engineered
immune organoids for controlled germinal center reactions.
Biomaterials 2015, 63:24–34.

www.sciencedirect.com

