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Harnessing Tissue Engineering Tools
to Interrogate Host-Microbiota Crosstalk in Cancer
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SUMMARY

Recent studies have begun to highlight the diverse and tumor-specific micro-
biomes across multiple cancer types. We believe this work raises the important
question of whether the classical “Hallmarks of Cancer” should be expanded to
include tumor microbiomes. To answer this question, the causal relationships
and co-evolution of these microbiotic tumor ecosystems must be better under-
stood. Because host-microbe interactions should be studied in a physiologically
relevant context, animal models have been preferred. Yet these models are often
poor mimics of human tumors and are difficult to interrogate at high spatiotem-
poral resolution. We believe that in vitro tissue engineered platforms could pro-
vide a powerful alternative approach that combines the high-resolution of in vitro
studies with a high degree of physiological relevance. This review will focus on tis-
sue engineered approaches to study host-microbe interactions and to establish
their role as an emerging hallmark of cancer with potential as a therapeutic
target.

INTRODUCTION

The involvement of tumor-specific bacteria, collectively termed the tumor microbiome, has garnered sig-
nificant attention as a key potential regulator of the well-established “Hallmarks of Cancer.” These hall-
marks include deregulated proliferation, replicative immortality, genomic instability, evasion of growth
suppression, avoidance of immune surveillance, chronic inflammation, angiogenic induction, and the acti-
vation of metastatic pathways (Hanahan and Weinberg, 2011). Bacteria and their secreted metabolites have
been implicated in influencing most, if not all, these host factors (Fulbright et al., 2017). Although many
in vitro models have helped elucidate mechanisms related to tumorigenesis, there are only limited models
that are amenable to directly investigate host-microbe interactions, and far fewer in the context of cancer.
Similarly, although animal models have been an indispensable tool in microbiome studies associated with
cancer, they exhibit significant variability in their resident bacterial species and immune profiles when
compared with humans. To address these issues, we believe that tissue engineering provides a unique op-
portunity to bridge the gap between in vitro and animal models in analyzing these host-microbe interac-
tions in the tumor microenvironment (TME) that are so critical for tumor progression and therapy response.

Tissue engineered models developed from human cells not only maintain the genetic constitution of the
host but also do so in a physiologically relevant three-dimensional structure that consists of multiple, differ-
entiated cell types functioning in synergism as in native tissue. Furthermore, these platforms are amenable
to interrogation at high spatiotemporal resolutions, which is just not possible in larger animal models. For
example, one can use these platforms to study the role of individual bacterial interactions with the host to
distinguish correlation from causation in microbial impacts on cancer, which are normally obscured by mul-
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barrier permeability, and other biological parameters to recapitulate and analyze host-microbial interac-
tions. In this review, we highlight the latest insights derived from 2D, 3D, and organ-on-chip platforms
that have been used to investigate the interactions within the host-microbial consortia and explore the po-
tential for adapting these platforms to advance our understanding of the tumor microbiome.

THE TUMOR MICROBIOME

The human microbiome, consisting of trillions of microorganisms co-existing within the human body, has
an enormous impact on maintaining health and normal physiology (Brestoff and Artis, 2013; Fan and Ped-
ersen, 2020). A dysbiotic microbiome adversely impacts homeostasis, which leads to a number of unfavor-
able outcomes including inflammatory diseases, cardiovascular disease, obesity, and diabetes and can
even potentiate cancer initiation and progression (Udayasuryan et al., 2019; Xavier et al., 2020). Studies
of the microbiome often characterize microbial compositional alterations in disease conditions (Durack
and Lynch, 2019). However, the inherent complexity and variability in these experiments makes it chal-
lenging to derive meaningful conclusions on the microbes’ direct impact on cancer progression. This is
further compounded by the fact that the gut microbiome can play a dual role by being both tumor promot-
ing and tumor restricting. A striking recent example within a mouse model revealed that p53-disabling mu-
tations exhibited divergent effects based on the location of the cells within the gut and its spatially segre-
gated microbial composition, behaving oncogenic distally, but tumor-suppressive proximally (Kadosh
et al., 2020). That microbiotic residents may regulate the action of such an archetypal tumor suppressor
gene as p53 suggests that we are only scratching the surface of the role of tumor-localized microbiomes
in cancer.

Our understanding of the role of microbes in tumor progression has been advanced by next-generation
sequencing, specifically 16S rRNA sequencing, which has uncovered reproducible microbial signatures
within a multitude of tumors. Most recently, Nejman et al. identified distinct intracellular bacteria within
cancer and immune cells in 1,526 tumor samples (consisting of a mix of flash frozen and formalin-fixed
paraffin-embedded samples) and their adjacent tissues of seven cancer types: breast, lung, ovary,
pancreas, melanoma, bone, and brain tumors (Nejman et al., 2020). The number of bacterial species de-
tected in most of the tumors averaged ~9. Interestingly, breast tissue was identified as having the most
diverse tumor microbiome with an average of 16.4 species per sample (Figures 1A-1C). In our own work,
we previously examined the impact of molecules secreted by a bacterium that had been identified as pre-
sent in the breast TME (Balhouse et al., 2017). This more recent finding by Nejman et al. provides further
evidence that local tumor microbiomes may play a critical role in multiple cancer types. However, critical
interactions and modes of tumor regulation have largely only been studied in the context of gastrointes-
tinal cancers. Building tissue engineered models recapitulating the TME of different cancer types that
have the ability to support the growth and maintenance of tumor microbiomes will be a key next step to
investigate the specific roles of microbes in cancer.

The Role of Specific Microbes in Tumorigenesis

Many seminal studies have shown that individual microbial species play a role in the onset and progression
of multiple cancers. Well-known examples include Helicobacter pylori in gastric cancer (Correa and Pia-
zuelo, 2011; Uemura et al., 2001) and MALT lymphoma (Farinha and Gascoyne, 2005), Salmonella typhi
in gallbladder cancer (Ferreccio, 2012), Streptococcus bovis in colon cancer (Boleij et al., 2009), and Chla-
mydia pneumoniae in lung cancer (Zhan et al., 2011). Several associations including the discovery of Fuso-
bacterium nucleatum within colorectal cancer (CRC) (Kostic et al., 2012), high abundance of Acidovorax
temporans in lung cancers with TP53 mutations (Greathouse et al., 2018), and variations in the oral and
gut microbiome of patients with melanoma undergoing PD-1 immunotherapy (Gopalakrishnan et al.,
2018) indicate a correlative role of the human microbiome with cancer. In addition, intracellular organisms
can also directly impact chemotherapy regimens. For example, Gammaproteobacteria within pancreatic
ductal adenocarcinoma can metabolize the chemotherapeutic drug gemcitabine (Geller et al., 2017).
The most dramatic consequence is the lowering of patient survival with the presence of these bacteria
in the tumor.

Microbes within the TME can induce a mix of direct and indirect effects to impact tumorigenesis. From prior
work largely on CRC, it is known that bacteria within tumors can cause chronic inflammation or produce and
release toxins thatimpact the cell cycle and induce DNA damage that leads to tumor-initiating or -promot-
ing mutations (van Elsland and Neefjes, 2018). Microbes in the TME can also influence tissue remodeling
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Figure 1. Characterization of the Tumor Microbiome and Its Functional Relationship With Carcinogenesis

(A) Nejman et al. characterized the cancer microbiome profile of 1,526 human tumors across seven different tumor types.
The presence of bacteria was assessed by bacterial 165 rDNA gPCR.

(B) There is high diversity of microbial species across the tumor types.

(C) Nejman et al. also characterized the prevalence of 19 bacterial species across the different tumor types. Reproduced
from Nejman et al. (2020).

(D) Bullman et al. demonstrated persistence of F. nucleatum in patient-derived xenografts over a period of 204 days.
Reproduced with permission from Bullman et al. (2017).

(E) Casasanta et al. showed Fusobacterium nucleatum-induced IL-8 and CXCL1 secretion from HCT116 colorectal cancer
cells, driving cell migration in vitro using F. nucleatum-conditioned media and that could be blocked by inhibiting
bacterial internalization. Reproduced with permission from (Casasanta et al., 2020).

(F) Xia et al. showed increased positive correlation of interactions involving Fusobacterium nucleatum and Hungatella
hathewayi and the genes MLH1, APC, PTEN, and CDX2 in colorectal cancer (CC-BY-4.0 (https://creativecommons.org/
licenses/by/4.0/)).

and deregulate mucosal immunity, creating a favorable niche for tumor cells to expand and migrate (Fares
et al., 2020). Moreover, bacteria can induce epigenetic alterations upon gaining intracellular access that
can activate dormant tumor-promoting genes (Niller and Minarovits, 2016).

As a prototypical oncomicrobe that has received significant attention, F. nucleatum’s involvement in CRC
has been extensively characterized in recent years and serves as a prime example to highlight the multiple
mechanisms pathogens can use to impact cancer progression. High Fusobacterium levels in tumors corre-
late with decreased patient survival in CRC (Kunzmann et al., 2019, Mima et al., 2016), pancreatic cancer
(Mitsuhashi et al., 2015), and esophageal cancers (Yamamura et al., 2016). An oral commensal microbe,
it has been associated with periodontitis, gingivitis, and multiple extra-oral diseases. It's surface adhesin,
Fap2, targets the host carbohydrate Gal/Gal-NAc (Abed et al., 2016; Parhi et al., 2020) that is overex-
pressed on many cancers (Shamsuddin et al., 1995) and may explain how these bacteria are found in higher
abundance in CRC compared with the adjacent healthy tissue. Strikingly, it was found that Fusobacteria can
travel intracellularly within a migrating host CRC cell leading to bacterial seeding at distant sites such as the
liver (Bullman et al., 2017) (Figure 1D), yet it was unclear if these bacteria were active or passive participants
in this process. We more recently provided an early clue as to the answer to this latter question,
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demonstrating that the cytokines IL-8 and CXCL1 are specifically secreted upon F. nucleatum invasion of
HCT116 CRC cells and contribute to enhancing cancer cell migration directly (Casasanta et al., 2020) (Fig-
ure 1E). This bacterium is able to induce alterations even at the epigenomic level, where it was discovered
that F. nucleatum infection, in conjunction with Hungatella hathewayi, induces the hypermethylation of tu-
mor suppressor gene promoters in colonic epithelial tissue (Xia et al., 2020) (Figure 1F).

Unanswered Questions

These observations have generated a number of fundamental questions that we believe should be a broad
focus of researchers across multiple cancer types beyond the gut, including:

e Are bacteria seeded early on in tumorigenesis, thereby actively contributing to tumor initiation, or
do they arrive at later stages?

e Are specific features of the TME favorable for bacterial localization or survival/proliferation?
® How do the bacteria modify the TME?

e Are there cooperative relationships among multiple bacteria types within the TME, or between tu-
mor and bacteria?

e What factors govern the bacterial interactions with tumor-associated immune cells?
e Does elimination of the internalized microbes reverse their effect on the tumor?

e Can microbial signatures be used to identify the type or stage of the tumor and predict therapy
response and toxicity?

e Why do some tumors host more diverse microbiota than others?

e Can we harness the tissue or niche-specific bacterial colonization of cancers to enable targeted de-
livery of therapeutics?

The consequences of these microbe-microbe and host-microbe interactions may materialize over long
timescales. Nejman et al. suggest that there may be a low level of bacteria in every tissue and bacterial
translocation increases after disruption of the epithelial barrier and increased vascular permeability (Nej-
man et al., 2020). Furthermore, evidence of alterations in metabolic profiles of host cells and internalized
bacteria (Kasper et al., 2020), as well as the secretion of inflammatory cytokines, that may dramatically
impact the hallmarks of cancer, raise questions on the role of secreted factors in influencing tumor progres-
sion. Answers to these questions will help identify novel therapeutic targets and reshape current cancer
treatment procedures. However, many of these questions have yet to be addressed directly due to a
lack of representative models to study tumor-resident bacteria.

In the next section, we discuss the challenges and limitations of existing methods to study host-microbial
interactions and how tissue engineering can help model the TME.

METHODS TO STUDY HOST-MICROBIAL INTERACTIONS

To systematically interrogate host-microbe interactions, targeted questions must be defined to select
appropriate experimental protocols (Fischbach, 2018). Experiments in animals and humans have generally
been limited to overall population/compositional studies via 16S ribosomal RNA gene sequencing and
shotgun metagenomics, due to difficulties in isolation and sampling and downstream culture of bacteria
(Jovel et al., 2016). Although focusing on mechanistic studies of individual microbes may appear as a
low-hanging fruit, microbes exhibit contrasting behaviors when studied within a multi-species community.
In fact, many metabolites are only produced in the presence of other microbes (Bertrand et al., 2014). The
secreted metabolites themselves may directly affect the tumor viability and proliferation. For example, we
have previously shown that Pseudomonas aeruginosa found in breast cancer tissue secretes N-(3-oxodo-
decanoyl)-L-homoserine lactone, which variably modulates viability of MDA-MB-231 and MCF-DCIS.com
cells depending on the specific culture microenvironment (Balhouse et al., 2017).

Paradigmatic changes in experimental and conceptual approaches are needed to develop a comprehen-

sive understanding of all the factors that influence host-microbiome interactions in cancer. Challenges that
have hindered this goal include difficulties in:
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e |solating causal microorganism(s)

e Preventing over-proliferation of single species in a multi-species model

e Accurately replicating in vivo physiological geometry and biochemical cues

e Limiting variability in organoid structures and batch-to-batch extracellular matrix (ECM) composition
e Developing cell culture medium supportive of all non-microbial cells within the model

e Culturing anaerobic bacteria in oxygenated models

e Real-time monitoring of host and microbial cells and their associated biochemical parameters

e Recapitulating in vivo microbial community composition and immune cell interactions

Overcoming these bottlenecks is crucial to develop technologies to effectively dissect microbial interac-
tions with the host and to target these therapeutically.

Limitations of Animal Models

Animal models are frequently employed due to the availability of powerful genetic tools and physiological
relevance to humans. Moreover, with recent advances in whole-animal editing, animal models are
becoming increasingly “humanized,” and are ideal for long-term compound studies (Hay et al., 2014). How-
ever, current animal models (i.e., xenograft tumor mice models) are poor representatives of human biology
because they exhibit distinct bacterial compositions and immune profiles compared with humans (Mestas
and Hughes, 2004). Furthermore, animal studies are expensive and not as scalable and accessible as other
in vitro models. More specifically, when it comes to manipulating signaling molecules or growth factors,
there is much less experimental control, making it challenging to add or tune elements that are necessary
to mimic a physiological environment. Therefore, it is beneficial to utilize in vitro technologies that can pro-
vide valuable insights at a fraction of the cost of transgenic animals and can reduce dependence on animal
experimentation at earlier screening or discovery stages of research, or to help dissect specific mechanism
in later stages of study.

Embracing Tissue Engineered Models

Tissue engineering evolved as a strategy to build a tissue from the ground up and can prove to be a viable
tool to reconstruct physiologically relevant in vitro models. These techniques begin from seeding cells in
decellularized scaffolds, or ECM-based hydrogels. The use of stem cells and induced pluripotent stem cells
(iPSCs) catapulted this field with organoid technology. Precise and tunable control with microfluidic de-
vices and microelectromechanical systems has added further control and interrogation options to these
technologies. Moreover, engineering principles guide the use of mechanical articulation to simulate bio-
physical cues that influence the differentiation of cells. However, a number of challenges still remain. While
developing tissue engineered models, it is essential to recreate the natural homeostatic environment as
well as the tumor-specific microenvironment, specifically for tumor-microbiome studies. Some challenges
to this include developing the normal or physiological environment first, before incorporating the patho-
logical tumor element.

Design Considerations for a Complex Tumor Microenvironment

There are a host of factors within the TME that need to be considered for disease modeling. These factors
markedly influence the type of microbes that colonize and infect the tumor. Figure 2 exemplifies the micro-
environmental parameters to simulate the gut. There exists complex chemical, pH, nutrient, and oxygen
gradients throughout the length of the gut that, for certain bacterial species, determine if the colonies
are aerobic or anaerobic. The intestinal walls are composed of several different cell types including enter-
ocytes, enteroendocrine cells, Paneth cells, goblet cells, M cells, and Tuft cells, each with unique functions.
These cells help establish the epithelial barrier. The barrier itself has a high turnover rate, and any compro-
mise to barrier may lead to microbial invasion and dissemination. Vascular and lymphatic networks skirt the
walls of the intestine. In addition, cancer-associated fibroblasts, tumor-associated macrophages, stromal
cells, and myriad immune cells create a highly intricate and dynamic microenvironment. Immune-host in-
teractions are compartmentalized along the length of the intestinal tract, which additionally influences mi-
crobial diversity. A major factor to consider is mucus secreted by goblet cells, which significantly contrib-
utes to bacterial spatial aggregation (Schroeder, 2019). Biomechanical cues arising from peristalsis of the
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Figure 2. A Multitude of Interacting Factors Within the Complex Tumor Microenvironment of CRC

The gut microenvironment is composed of several different cell types including epithelial, endothelial, and immune cells.
Thousands of microbial species co-exist within the microenvironment. The host cells maintain the barrier integrity through
multiple host defense strategies, whereas the microbes utilize multiple virulence strategies to target the host. There are
variations in oxygen levels within the folds of the microvilli, and the tumor-specific microenvironment can exhibit changes
in local ECM composition. Vascular networks can be hijacked by tumor cells via angiogenic signaling, which can enable
cancer cell metastasis. Furthermore, many alterations can occur upon bacterial intracellular invasion that could contribute
to tumor formation (figure panels adopted from Barkal et al., 2017).

gut and mucociliary flow invariably influence host cell differentiation and the distribution of bacterial col-
onies. To further add to the tumor milieu are the microbes themselves, their virulence proteins, and synthe-
sized metabolites, and a medley of host-secreted factors, cytokines, and gradients of soluble factors.

Similar complex microarchitectures can be described for cancers of the breast (Bahcecioglu et al., 2020),
pancreas (Ho et al., 2020), lung (Mittal et al., 2016), and other organs. Tissue engineering strategies
endeavor to re-create these complex architectures and organ-type specificities to more accurately recapit-
ulate host-microbial interactions in cancer. However, it is essential to note that not all components may be
required to study a specific interaction and may additionally impact the reproducibility of studies.

In the following sections, we describe the utility of in vitro models that recapitulate specific features of the
TME and demonstrate their feasibility to study host-microbial interactions.

IN VITRO MODELS

There has been a logical evolution of in vitro models of increasing complexity that have enabled the interroga-
tion of host-microbial crosstalk. Despite limitations present in two-dimensional (2D) and 3D cell culture systems,
both strategies offer fundamental advantages to explore specific aspects influencing the host-microbiome dy-
namics. Far from comprehensive, the selected models highlight key features and findings in this field.

2D and 2.5D Models

The simplest model used to study host-microbial interactions consists of human cell lines grown as 2-
dimensional (2D) monolayers and inoculating microbes within the culture medium. An advancement to
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(A-H) 2D vitro static models include (A) the Hanging Basket model used to study gingival inflammation (Millhouse et al.,
2014), (B) the HoxBan model that co-cultured Faecalibacterium prausnitziiin medium overlaid with Caco-2 cells attached
to a coverslip (Sadaghian Sadabad et al., 2015), (C) the Transwell model that studied the migration of host HCT116 cells in
response to conditioned media from Fusobacterium nucleatum-infected HCT116 cells (Image reproduced with
permission from Casasanta et al., 2020), and (D) the MiPro model that utilized a shaking 96-deep well microplate format to
culture microbiome samples. 3D host-microbe culture systems include (E) the rotating wall vessel (RWV) that induces
continuous fluid rotation, ultimately enabling formation of 3D aggregates to model Salmonella enterica infection (Radtke
et al., 2010); (F) hydrogel embedding, where 3D porous silk scaffolds was used to reconstitute human intestinal model
(Chen et al., 2015); (G) 3D organoid models to mimic host-pathogen interactions (Schlaermann et al., 2016), CC-BY-4.0
(https://creativecommons.org/licenses/by/4.0/), and (H) tumor spheroids, used to co-culture intra-tumor Fusobacteria
with colorectal tumor spheroids in a microplate platform (Kasper et al., 2020).

this system is the hanging basket model, which suspends a coverslip consisting of a pre-grown multi-spe-
cies biofilm of pathogenic bacteria over a monolayer of epithelial cells to study gingival inflammation (Mill-
house etal., 2014) (Figure 3A). Using a similar approach to simulate an aerobic-anaerobic interface naturally
occurring in the gut, the “Human oxygen-Bacteria anaerobic” (HoxBan) system (Sadaghian Sadabad et al.,
2015) utilized 50-mL culture tubes with host Caco-2 cells attached to a coverslip and positioned over a bac-
terial culture medium containing Faecalibacterium prausnitzii (Figure 3B).

Transwell-based approaches (sometimes referred to as 2.5D) are widely used to assess migratory and inva-
sive responses of the host cells (Casasanta et al., 2020; Park et al., 2017). This culture format consists of host
cells seeded on top of a porous membrane or ECM-deposited membrane, with microbes most commonly
introduced to the apical side or conditioned media obtained from infected cells to the lower chamber (Fig-
ure 3C). An advantage of Transwells is that they can be used to produce polarized, differentiated, multi-
layer epithelial cultures. Moreover, because an epithelial monolayer harbors apical and basolateral com-
partments, this feature enables independent analysis of secretomes per direction, explaining this model’s
popularity.

Recently, Li et al. introduced a 96-deep well plate-based culturing model (MiPro) that conserved the func-
tional and compositional profiles of individual gut microbiomes (Li et al., 2019). The MiPro setup consists of
microbiome samples cultured in a 96-deep well plate in which the plate is covered with a silicone-gel cover
and shaken at 500 rpm on a digital shaker (Figure 3D). The authors demonstrated the applicability of this
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model for high-throughput drug-microbiome interaction studies. More importantly, the MiPro system can
be optimized for investigation of host-microbe crosstalk.

Although 2D models offer simple low-cost maintenance and high reproducibility, they fundamentally fail to
mimic most of the natural 3D structures of tissues, resulting in the inability to induce complete cell differ-
entiation and recapitulate key physicochemical parameters. More specifically, control of cellular bioactiv-
ities is insufficient due to cellular over-proliferation and lack of proper nutrient and oxygen gradients, which
greatly affects the analysis of host-microbe dynamics. These limitations are similar to those that have
contributed to the disappointing track record of 2D culture for screening of cancer drugs, due in part to
the non-physiological hyperactive metabolism of cells cultured on hard plastic surfaces (Cox et al., 2015).

3D Models

3D cell culture systems provide a relatively young but rapidly maturing approach to addressing the inability
of 2D models to reconstitute in vivo host-microbiome interactions. Representative examples include the
rotating wall vessel, hydrogel scaffolds, organoids, and tumor spheroids. Although these have been in rela-
tively wide use in tissue engineering broadly, and tumor engineering specifically, we believe there is still
great potential to leverage as well as to advance previously developed approaches for tumor-microbiome
interaction studies. In this section, we will outline some of the more traditional approaches that have
already been used to study host-microbe interactions.

The rotating wall vessel (RWV) is a horizontally rotating cell culture chamber with suspended cells. These
cells are usually adhered to ECM-coated microcarriers, and rotation results in cell aggregation. This con-
struction induces continuous surface shear stress on the host cells to mimic physiological fluid forces (Bar-
rilaetal., 2010) (Figure 3E). Radtke et al. implemented this culture method to provide relevant pathological
insights into human enteric salmonellosis (Radtke et al., 2010). Using the RWV, llhan et al. established a hu-
man endometrial epithelial cell (EEC) model. By incubating 13 Prevotella clinical strains isolated from the
endometrium, vagina, amniotic fluid, and oral cavity with the EEC model, the authors explored species-
specific effects of Prevotella on physiological and host defense responses in the human endometrial
epithelium (Ilhan et al., 2020).

By leveraging biocompatible hydrogel materials and 3D bioprinting technologies, host tissue matrix and
functionality can be rebuilt with increased accuracy and robustness. Indeed, recent work has shown suc-
cessful replication of human intestinal epithelium microarchitecture with months-long function in vitro
(Chenetal., 2015). Silk protein was employed to construct a 3D hollow lumen and to house human intestinal
epithelial cells, which were supported and nourished by surrounding myofibroblasts (Figure 3F). The au-
thors also showed the applicability of this model to microbiome studies by using it to model Yersinia pseu-
dotuberculosis and Lactobacillus rhamnosus infections.

Organoid technology has greatly advanced the field of tissue engineering. As organoids more accurately
reproduce the complexity of multi-cellular tissue, these systems provide a more precise picture of the host-
microbiome interface. Organoids are generated from multiple sources including adult/fetal tissues, em-
bryonic stem cells, iPSCs, and recently, patient-derived cells (Fujii et al., 2016; Shamir and Ewald, 2014,
Yao et al., 2020). As organoids are typically embedded in extracellular matrices, they can receive matrix
cues to facilitate self-organization and specific lineage commitment, resulting in production of near-native
epithelial cell clusters (Bar-Ephraim et al., 2020). This technology has been used to develop infectious
models of pathogenic H. pylori by microinjection into the organoid’s lumen (Bartfeld et al., 2015; Schlaer-
mann et al., 2016) (Figure 3G). Recently, Pleguezuelos-Manzano et al. exposed human intestinal organoids
to genotoxic pks* Escherichia coli by repeated luminal injection over 5 months (Pleguezuelos-Manzano
et al., 2020). The authors were able to identify that colibactin secreted by pks* E. coli directly caused
distinct mutations in host epithelial cells, potentially putting individuals that harbor this E. coli strain at
an increased risk of CRC. Combining organoid technology with the RWV, Barrila et al. demonstrated
that incorporation of phagocytic macrophages into this 3D co-culture model revealed the contribution
of distinct cell types during host-pathogen interactions of infection (Barrila et al., 2017).

Human intestinal enteroids, developed from Lgr5+ stem cells in the intestinal crypts, are increasingly used

to study microbiome and host interactions. Enteroids contain most of the cell types normally found within
the intestinal lining and can be grown as 3D spheroids or 2D monolayers based on experimental need. The
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Enteroid-Anaerobe Co-Culture system (EACC) developed by Fofanova et al. could re-create the steep ox-
ygen gradients within the platform that are normally observed in vivo (Fofanova et al., 2019). This model was
constructed by seeding enteroids on Transwells placed within modified gaskets sealed to a gas permeable
24-well plate and placed within an anaerobic chamber. Using the EACC, the authors demonstrated the co-
culture of the anaerobes, Bacteroides thetaiotaomicron and Blautia sp. with patient-derived enteroids for
24 h. However, one specific limitation of enteroids is their limited cytokine secretion in response to pro-in-
flammatory stimuli, which may significantly impact microbial induced inflammatory responses. Recent re-
finements to the cell culture media that support enteroid growth endeavor to address this limitation
(Ruan et al., 2020).

Finally, tumor spheroid models rely exclusively on cellular aggregation of either homotypic or heterotypic
cells (Figure 3H), making this a non-scaffold-based culture method (Costa et al., 2014). Several techniques
are available for spheroid production including liquid overlay, hanging drop, U-bottom microplates, micro-
fluidic-based assembly, and spinner flasks (Nunes et al., 2019). Kasper et al. have introduced a tumor
spheroid model that promotes the growth of anaerobic bacteria (Kasper et al., 2020). By directly co-
culturing 28 Fusobacterium clinical isolates, the authors presented a unique model to study intra-tumor
anaerobic bacteria and analyze subsequent effects including cancer-related gene expression and
metabolomics.

Although 3D models offer a middle ground between 2D cell cultures and in vivo models and exhibit more
accurate physiological response by recapitulating native cell-cell interactions, their applicability can be
limiting due to limited differentiation capacities, the inability to provide biomechanical cues, constraints
in real-time monitoring of host-microbial interactions, lack of oxygen control, and the long-term mainte-
nance of a stably sustained host-microbiome ecosystem.

MICROFLUIDIC AND ORGAN-ON-CHIP MODELS

Microfluidic organ-on-a-chip models are proving invaluable to dissect microenvironmental factors govern-
ing interactions between microbial and human cells, particularly via secreted soluble factors. Fluids are
easily manipulated at the microscale allowing for precision tunability and the development of reproducible
chemical gradients (Barkal et al., 2017). At this scale, diffusive forces dominate over convective mixing,
which enables laminar flow profiles to regulate the subtle balances of chemicals and metabolites during
infection. The basic template inscribing the fluid flow profile for these devices is constructed through
soft lithography techniques predominantly using PDMS (polydimethylsiloxane) polymers. More sophisti-
cated layered structures can be constructed using microporous membranes. Culture medium is typically
perfused through the device using a syringe or peristaltic pump to maintain controlled flow rates that
are used to manipulate fluid shear stress on cells, which has been shown to directly impact their differen-
tiation and morphogenesis. Air and pressurized gas chambers have also been incorporated within these
devices to recreate the physical cyclic compression of the tissue. The following sections describe the cur-
rent state-of-the-art microfluidic models used to maintain co-cultures of host epithelial cells with microbes.

The HuMiX Model

The HuMiX device (Human-microbial crosstalk) mimics the human gut, and allows for the analysis of molec-
ular crosstalk between the microbiome and human colorectal adenocarcinoma enterocytes (Shah et al.,
2016). This system consists of three co-laminar microchannels for medium perfusion, human epithelial
cell culture, and bacterial consortia. By providing a proximal 0.5- to 1-mm partition for human and microbial
microchambers across a nanoporous membrane, this perfusion bioreactor reproduces a healthy intact
epithelial barrier. Furthermore, the HuUMiX setup integrates one dedicated inlet and outlet per microchan-
nel, oxygen sensors, and a commercial chopstick style electrode for precise control of physicochemical pa-
rameters, accurate monitoring of oxygen concentrations, and valid measurement of transepithelial electri-
cal resistance (TEER). Moreover, Shah et al. demonstrated how the HuMiX enabled recapitulation of
transcriptional, metabolic, and immune responses in human Caco-2 cells after co-culturing with probiotic
L. rhamnosus GG.

Gut-Chip Models

Organ-on-a-chip models, such as the Gut-Chip, have advanced the field by incorporating mechanical stim-
uli to boost cell differentiation and permit real-time monitoring and assessment of microbial contribution to
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Figure 4. The Gut-Chip and Models Derived From It

(A) The first human-gut-on-a-chip (the Gut-Chip) was used to demonstrate that probiotic gut microbiota can protect
against enteroinvasive E. coli (EIEC)-induced, immune cell-associated injury on chip with the presence of PBMCs (immune
cells) Reproduced with permission from(Kim et al., 2016a).

(B) Schematic of the Gut-Chip.

(C) Shigella-WT-GFP (green) infections in the Intestine chip is dependent upon flow and stretch (Reproduced with
permission from Grassart et al., 2019).

(D) The Anoxic-Oxic interface (AOI) on a chip generates an oxygen gradient by balancing the flow rates of anoxic and oxic
culture medium. The authors co-cultured B. adolescentis with the 3D epithelial cells on the AOI chip, which show
significantly increased viability and demonstrate enhanced barrier integrity quantified using TEER (Shin et al., 2019) CC-BY-
4.0 (https://creativecommons.org/licenses/by/4.0/).

(E) The Duodenum Intestine chip shows multi-lineage differentiation of the human intestine and shows the expression of
markers specific for each differentiated intestinal type (Kasendra et al., 2020) CC-BY-4.0 (https://creativecommons.org/
licenses/by/4.0/).

(F) The Colon-on-chip was used to study prostaglandin E2 (PGE2)-induced mucous layer swelling on the chip (Sontheimer-
Phelps et al., 2020) CC-BY-4.0 (https://creativecommons.org/licenses/by/4.0/).

intestinal disease exacerbation. One such representative biomimetic system (Kim et al., 2016a) contains a
microfabricated porous elastic membrane sandwiched between an upper and lower chamber to house in-
testinal Caco-2 cells and endothelial cells (Figures 4A and 4B). The device is equipped with two hollow lateral
vacuum chambers lining the chambers. By applying a cyclic suction, the design effectively induces peri-
staltic-like motions and trickling-like flow on the intestinal cells. Most importantly, this cyclic strain induced
spontaneous villus morphogenesis of the Caco-2 cells and differentiated into four linages of small intestinal
cells (absorptive, goblet, enteroendocrine, and Paneth). Using this platform, the authors demonstrated that
the addition of lipopolysaccharide induced the secretion of the cytokines IL-1B, IL-6, IL-8, and TNFa into the
microvascular chamber replicating chronic inflammatory diseases (Kim et al., 2016a). In a follow-up study,
this system was co-cultured with a living microbiome and maintained viability for a week with a mixed pop-
ulation of eight different facultative or obligate anaerobic, probiotic bacteria (Bifidobacterium breve, Bifi-
dobacterium longum, Bifidobacterium infantis, Lactobacillus acidophilus, Lactobacillus plantarum, Lacto-
bacillus paracasei, Lactobacillus bulgaricus, and Streptococcus thermophiles) (Kim et al., 2016b).
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Employing the Gut-Chip, Grassart et al. revealed that Shigella in effect hijacked the host intestinal micro-
architecture and mechanical forces to maximize its infectivity (Figure 4C) (Grassart et al., 2019).

The Gut-Chip platform demonstrates high adaptability and feasibility to study specific microenvironmental
parameters that may influence host-microbe interactions. For example, to support a more diverse micro-
bial community, the Gut-Chip was modified to enable precise oxygen control. In the “Anaerobic-intestine-
on-a-chip,” Jalili-Firoozinezhad et al. established an oxygen gradient across the endothelial and epithelial
interface of the Gut-Chip (Jalili-Firoozinezhad et al., 2019). Six oxygen-quenched fluorescent particles were
embedded within the system to monitor oxygen levels. This enhancement increased the duration for a
complex microbiota co-culture with patient-derived intestinal epithelium to at least 5 days. Furthermore,
the introduction of Bacteroides fragilis to the chip was found to enhance the barrier function of the intes-
tinal lining. Using a complementary approach, the Anoxic-Oxic Interface-on-a-chip (AOI) incorporated the
simultaneous flow of anoxic and oxic culture medium through dedicated microchannels to re-create an ox-
ygen gradient within the Gut-Chip (Figure 4D) (Shin et al., 2019). The authors employed TEER and platinum
dendrimer-encapsulated nanoparticles to quantify barrier permeability and monitor oxygen gradient,
respectively. The AOI chip was used to demonstrate increased viability of two obligate anaerobic bacteria
(Bifidobacterium adolescentis and Eubacterium hallii) in co-culture with the gut epithelium. The Gut-Chip
has also been used to model the colonic mucous layer structure and function with the Colon-on-a-chip
(Sontheimer-Phelps et al., 2020) (Figure 4F) and has been used to study drug transport and metabolism
in the Duodenum Intestine chip (Kasendra et al., 2020) (Figure 4E).

Other Microphysiological Models

Notably, microphysiological developments of Gut-Chip models also give rise to unique physiome-on-chip
platforms such as “10-MPS" and “OrganoPlate” systems (Edington et al., 2018; Trietsch et al., 2017). Edington
et al. developed microphysiological systems (MPS) supporting “4-way” (liver/immune, lung, gut/immune, and
endometrium), “7-way” (4-MPS supplemented with brain, heart, and pancreas), and even “10-way” (7-MPS with
kidney, skin, and skeletal muscles) interactions for weeks-long functional relevance. Together, their multi-MPS
systems have enabled high-content preclinical drug screening pipeline and exhibit increasing appeal for study-
ing the dynamics at host-microbe interface. The OrganoPlate, developed in 2017, showed, for the first time, a
comprehensive approach to interrogate culture-perfused epithelia tubules that are exposed to an ECM. The
OrganoPlate setup consists of 40 microfluidic channel networks integrated in the bottom of a 384-well plate
format, wherein epithelial cells are introduced to a collagen ECM-housing lane adjacent to culture medium
lanes. Lanz et al. demonstrated the translational utility of this model through therapy response testing of breast
cancer (Lanz et al., 2017). Kramer et al. took it a step further by placing the plate on a tilted rocking platform to
create a height difference, subsequently reproducing microfluidic interstitial flow to model intratumoral pres-
sure in pancreatic ductal adenocarcinoma (Kramer et al., 2019).

Tumor-on-a-Chip Models

Tissue- or organ-microbiome interaction models have shed light on normal physiological processes,
whereas tumor-specific microbiomes have not been widely studied in such platforms. Tumor-on-chip
models based on organ-on-chip biomimetic principles hold great potential for re-creation of human
TMEs and adoption to study host-microbiome crosstalk, which may ultimately reveal both similarities and
differences among different tumor types and stages. In this section, we will outline some models that
have aimed to recapitulate the classical hallmarks of cancer, including angiogenic induction, immune inter-
actions, biophysical alterations within the TME, and cell migration and metastasis. While we refer the reader
to several excellent review topics that go into more depth (Cox et al., 2015; Ma et al., 2018; Shang etal., 2019;
Trujillo-de Santiago et al., 2019; Tsai et al., 2017), here we will focus on some representative examples.

Vascularized multi-tissue organ models were the first to incorporate an endothelial layer juxtaposed with an
epithelial layer, combined with mechanical stretch. The earliest application of this model was in the design
of a lung-on-a-chip that accurately reconstituted the alveolar-capillary interface and its surrounding micro-
environment (Huh et al., 2010). This biomimetic lung model expanded the capabilities to model other or-
gans including the gut, breast, and pancreas, as well as in human cancers. Chips that re-created vasculo-
genesis and angiogenesis have helped elucidate the molecular mechanisms of angiogenic sprouting and
serve as a foundation for future vascularized mechanical, biochemical, and cellular studies (Hsu et al., 2013;
Nguyen et al., 2013). For instance, the in vitro vascularized microtumors (VMT) system encapsulates some of
the complexity of the TME by the addition of an ECM and stromal cells with nutrients perfused through
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microvessels (Sobrino et al., 2016). Microvasculature embedded within 3D hydrogels is also commonly
used in the construction of these devices (Morgan et al., 2013).

Immune interactions are ubiquitous within the TME and may influence microbial residents. In a multicellular
tumor-on-a-chip platform, Aung et al. demonstrated that cancer cell-monocyte interactions increased
T cell recruitment (Aung et al., 2020). Other platforms have studied the effects of macrophages and neu-
trophils migration and extravasation (Boussommier-Calleja et al., 2016).

Several microphysiological devices have also emphasized the importance of the TME in influencing cancer
progression and treatment. 3D microengineered models of breast cancer have revealed insights into how
the TME could contribute to an invasive phenotype (Choi et al., 2015). Using an orthotopic lung-on-a-chip,
Hassell et al. identified that physical cues from breathing motions could influence lung cancer cell growth,
invasion, and response to therapy (Hassell et al., 2017). In addition, the HepaChip integrated microfluidics
and dielectrophoresis to better recapitulate the 3D microenvironment of pancreatic cancer and revealed
that higher doses of cisplatin are needed to reduce the viability of Panc-1 pancreatic cancer cells when
cultured in a more physiological context (Beer et al., 2017). Other models have also investigated starva-
tion-induced tumor cell adaptations and resulting metabolic profiles that influence the development of
necrotic cores in large tumors (Ayuso et al., 2019). Platforms such as the Colorectal-tumor-on-a-chip
have further enabled studies in nanoparticle distribution in precision nanomedicine (Carvalho et al., 2019).

Finally, recent studies that implicate microbes impacting the metastatic potential of tumor make chips that
study this phenomenon highly relevant (Coughlin and Kamm, 2020). Specific examples include devices that
monitor in vitro metastatic breast and brain tumors and their extravasation to secondary tumor sites (Jeon
et al., 2013; Xu et al.,, 2013).

Taken together, these microfluidic platforms are proving valuable to model intricate interactions to help
better understand the development and progression of cancer. With increased relevance of the tumor mi-
crobiome in impacting these models, we believe that the development of an integrated tumor micro-
biome-on-chip will be especially crucial to advance future studies in this field (Figure 5).

FUTURE PERSPECTIVES

We believe that the future of host-microbiota studies in the context of cancer should focus on the devel-
opment of next-generation platforms to overcome current challenges including stable culturing of user-
defined bacterial communities, advancements in precise differentiation and patterning of cells, improved
perfusion capabilities, and incorporating immune cells (Figure 6).

Multiplex devices merging engineering and biology will be critical in this field. Advances on the engineer-
ing front will go hand-in-hand with new biological insights. The development of effective biomaterials and
scaffolds is critical for re-creating physiologically relevant tumor microbiome niches in vitro. For example,
by making key advancements in collagen hydrogel biomimetic platforms and 3D printed platforms, multi-
ple biomaterials and cell types can be patterned (Datta et al., 2020; Murphy et al., 2020), which could
include tumor microbiotic participants. Gradients of soluble factors, and even bacteria, can be spatially
patterned. However, some challenges to overcome are the development of practical bioinks with desired
properties, as well as improved mechanical extrusion methods, as these can harm cells. Alternative poly-
mers may be used to address the limitations of using PDMS for hypoxic studies.

Modular approaches need to be compatible with different analytical techniques, and modularity can
enable the combination of multiple devices. Automated biosensors can be integrated to continually
monitor and measure microenvironmental parameters. Furthermore, the commercialization of these tech-
nologies will accelerate scale-up, improve robustness, refine usability, and greatly reduce costs (Ramadan
and Zourob, 2020). Advancements in analytical techniques including mass spectrometry for proteomic and
metabolite analyses and epigenetic profiling of <~100 cells is now possible using techniques such as
MOWChIP (Cox et al., 2019; Zhu et al., 2019) and will complement research in understanding the direct ef-
fects of bacteria on tumorigenesis. With respect to visualization, innovative genetic tools are needed to
create bacterial mutant strains that express fluorescent proteins for visualization for live microscopy.
Advanced imaging technologies such as holographicimaging and light sheet microscopy can improve res-
olution while live imaging in 3D.
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Figure 5. Incorporating Salient Features from Tumor-on-a-Chip Models to Develop a Tumor-Microbiome-on-a-
Chip Model

Several tumor-on-a-chip platforms investigate the different aspects of the hallmarks of cancer. The technologies used to
build these devices can be adopted to create a tumor-microbiome-on-a-chip that incorporates the necessary elements to
characterize tumor-associated microbes.

Although complexity can be limitlessly extended and features added, the strengths of simpler 2D and 3D models
should not be overlooked. To recapitulate the large number of variables and features to develop a complex,
multi-dimensional TME is a daunting task. However, preliminary and pilot studies based on 2D and 3D culture
can inform experimentation in more sophisticated platforms. Population models inevitably will have to be per-
formed with animal models. Observations from individual bacterial species need to be connected to multi-spe-
ciesinfection models, which may vastly alter the metabolome and infection dynamics. Organoids are increasing in
complexity, and relevance and will play a huge role in studying immune effects on infected organoids as they are a
highly tractable system to study immune regulation (Bar-Ephraim et al., 2020).

Hypoxia, angiogenesis, metastasis, and immune dysfunction are some of the leading hallmarks of cancer
that are impacted by bacterial presence. The relatively immunosuppressed environment within the TME
can define multiple cancer stages and therapy response. Without a vascular interface and immune modu-
lation, the engineered models function in isolation greatly diminishing their physiological relevance. Shear
stress, pressure, flow rate, oxygen gradients, vascular permeability, and tissue topography greatly affect
bacterial localization and pathogenesis. Lymphatic vessels and interstitial fluid pressure are emerging
themes in cancer (Munson and Shieh, 2014) and provide a route for host cell dissemination. Many microbes
are thought to follow a hematogenous route to the tumor and thus, the incorporation of a microvascular
and/or lymphatic network is critical to study host bacterial localization and homing. Endothelialized blood
vessel models have already been developed for cancer studies. which need to be integrated into host-mi-
crobial platforms (Sontheimer-Phelps et al., 2019). The ability to develop and maintain hypoxic gradients is
especially crucial to study the pathogenic mechanisms used by anaerobic bacteria in tumor cores and deep
within the villus structure of the intestine. Real-time monitoring of oxygen concentrations will assist in vali-
dation of the mechanistic insights derived from these anaerobic models. The subsequent challenge will be
co-culturing both aerobic and anaerobic species within the same platform.

As a final note, more advanced platforms and high-throughput technology yield enormous amounts of data
that must be efficiently excavated. Here, computational techniques, bioinformatics, and mathematical
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Figure 6. Summary of Current Models
The strengths of current models, their utility in tumor-microbiome studies, and advancements needed to augment their
current capabilities.

models can help coalesce disparate data and define experimental parameters. Artificial intelligence and
machine learning technologies could be more broadly applied to tissue engineering studies where the de-
gree of complexity may be substantial yet defined in a fully deterministic manner (Fetah et al., 2019). New
methods may need to be imported from disparate fields such as ecology and evolutionary biology, which
may have useful quantitative analytical tools to make sense of such complex interacting systems (Cunning-
ham, 2019).

Ultimately, just as the Hallmarks of Cancer paradigm has led to promising approaches for targeting these
hallmarks as therapy, e.g., targeting the altered tumor metabolism, better understanding of tumor-
microbe interactions may also reveal new targetable tumor hallmarks. Bacteria can be harnessed to target
cancers directly using a Trojan horse approach to deliver drugs to the cells in bacteriotherapy (Suh et al.,
2019). Although antibiotic therapy has shown promise for inhibiting tumor growth in animal models (Bull-
man et al., 2017), improved models need to be designed to advance such innovations to use for human
patients. Important questions must still be answered, such as will targeting and killing intracellular bacteria
help control a tumor once it has advanced beyond a certain point, or are there irreversible phenotypic
changes driven by these bacteria that occur early in the history of a given tumor? It is likely that the concept
of the tumor microbiome could be too intimately connected to the other hallmarks to be truly considered
as distinct. In this case, it may be helpful instead to focus on how tumor microbiota influence each of the
other hallmarks. For example, in our own work we have made key observations into mechanisms by which
F. nucleatum may directly drive metastatic phenotypes (Casasanta et al., 2020).

CONCLUDING REMARKS

The systematic characterization of the tumor microbiome and mounting evidence implicating the role of
"oncomicrobes” in cancer indicate a need to revise our current understanding of the hallmarks of cancer.
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Shifting from broad integrated microbiome studies to more focused studies that characterize the multiple
mechanisms that individual or cohorts of pathogens employ to infect cells requires a conceptual shift to
develop versatile experimental techniques to dissect host-microbe crosstalk. Despite significant progress
in cancer-focused tissue engineering, current technologies do not completely re-create physiologically
relevant systems, and hence there is still a preference for expensive and sometimes poorly representative
animal models. However, with progress in microfluidic and tissue engineered devices there remains much
promise in this field. In summary, recent tissue engineering advances in cancer have resulted in exciting
new technologies and biomimetic platforms to characterize host-microbial interactions, thereby opening
avenues of thought that could give rise to new paradigms of research and precision medicine.
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