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ABSTRACT

Space exploration programs have long been interested in the effects of spaceflight on biology. This research is important
not only in its relevance to future deep space exploration, but also because it has allowed investigators to ask questions
about how gravity impacts cell behavior here on Earth. In the 1980s, scientists designed and built the first rotating wall
vessel, capable of mimicking the low shear environment found in space. This vessel has since been used to investigate
growth of both microorganisms and human tissue cells in low shear modeled microgravity conditions. Bacterial behavior
has been shown to be altered both in space and under simulated microgravity conditions. In some cases, bacteria appear
attenuated, whereas in others virulence is enhanced. This has consequences not only for manned spaceflight, but poses
larger questions about the ability of bacteria to sense the world around them. By using the microgravity environment as a
tool, we can exploit this phenomenon in the search for new therapeutics and preventatives against pathogenic bacteria for
use both in space and on Earth.

Keywords: microgravity; virulence; rotating wall vessel; spaceflight; bacteria; host pathogen

INTRODUCTION

For many years, the effects of spaceflight on cell physiology
have been explored in experiments performed both on Earth and
in orbit. An extensive list of cell types has been investigated,

including human cells of the gut, heart muscle and liver, im-
mune cells, cancer cells and organisms such as bacteria and
fungi. The results of these experiments have been immensely
informative and have directed future research in several differ-
ent biological fields. Of particular interest to those in vaccine
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research is the use of microgravity and microgravity analogs
to investigate pathogen responses to these environments, and
also to model host–pathogen interactions. The aim of this re-
view is to impart some of the history of microgravity research
in these fields and to provide perspectives for the future as to
the broad application of microgravity to translational research,
particularly for the development of vaccines and therapeutics
against bacterial pathogens.

SPACEFLIGHT AND LOW SHEAR MODELED
MICROGRAVITY

Very early in space exploration, scientists realized that the
spaceflight environment had a significant effect on human
physiology. Astronauts returning from space often displayed a
myriad of health conditions, including decreased immune func-
tion, bone loss and anemia (Vogel 1975; Tavassoli 1982; Taylor
and Janney 1992). This led to a plethora of spaceflight experi-
ments designed to test the effects of spaceflight stimuli, such
as microgravity, radiation and a disrupted circadian rhythm, on
tissue cells. Cell samples, including pituitary cells, splenocytes,
leukocytes and neurons, were carried aboard spaceflight mis-
sions ranging from 8 to 14 days (Grove, Pishak and Mastro 1995;
Davis et al. 1996; Hymer et al. 1996; Ichiki et al. 1996; Ishihara
et al. 1997). These cells almost universally showed alterations
in cell function during spaceflight, when compared to ground
controls. This includes generalized changes in cell distribution,
morphology and activation, as well as specific effects such as
decreased leukocyte levels, decreased proliferation of bonemar-
row progenitor cells and altered proprioception (the ability to
sense stimuli), in rat dorsal root ganglions.

While the use of spaceflight allowed researchers to gain in-
sights into cell function, the cost and physical limitations of
performing experiments on space missions made these exper-
iments prohibitively expensive and difficult to conduct. In the
1970s, engineers at the National Aeronautics and Space Admin-
istration (NASA) began to develop a cell culture system tomodel
fluid dynamics experienced during space flight. The aim of this
project was to design a microgravity simulating culture appara-
tus, as it was postulated that by removing the effect of gravity
on cells in culture, they might be able to form larger aggregates,
resembling tissues. This was indeed borne out in experiments

using human colorectal carcinoma cells (Goodwin, Jessup and
Wolf 1992), and the culture vessel has since been used as a de-
vice for tissue engineering, in host–pathogen interaction studies
and to assess gene expression in both tissues and microorgan-
isms.

The rotating wall vessel (RWV) utilizes solid body rotation
about the horizontal axis to minimize shear stress and decrease
the gravitational force on particles in the fluid, thereby mimick-
ing space conditions (Wolf and Schwarz 1991). It is composed
of a cylindrical chamber which is completely filled with growth
medium (Fig. 1). The cylinder is rotated at a precise speed cho-
sen to limit the shear forces to which particles suspended in the
medium are exposed (Wolf and Schwarz 1991; Klaus 2007). To
maintain adequate oxygenation while limiting turbulence, the
RWV utilizes a gas exchange system which delivers oxygen to
the media via axial diffusion of dissolved gases. Gas exchange
within the RWV can occur within the chamber core (slow turn-
ing lateral vessel; STLV) or around the inner wall of the cham-
ber (high aspect ratio vessel; HARV). Although both create sim-
ilar low shear growth conditions, STLVs are generally used for
anchorage-dependent cells that have less stringent oxygen re-
quirements,whileHARVs are used to culture cells in suspension,
under higher oxygen saturation.

Analysis of the fluid dynamics within RWVs has shown sig-
nificant correlations with those of fluids in spaceflight. Two pa-
rameters of particular importance are the gravitational force
and the shear stress. The gravitational force acting on particles
within the RWV was measured at 10−2 × g. This is still orders
of magnitude greater than the gravitational force acting on par-
ticles during spaceflight (10−4 – 10−6 × g), but far less than that
occurring on Earth (100 × g). With regard to the shear stress ex-
erted on particles, this was measured at <1 dyne/cm2 (Wolf and
Schwarz 1991; Nauman et al. 2007). One dyne is defined as the
force required to cause amass of 1 g to accelerate at 1 cm/s2. As a
frame of reference, shear stress in an artery is ∼10–70 dyne/cm2.
Therefore, the shear stress experienced by particles in an RWV
is very low. For these reasons, cells grown in an RWV are often
referred to as being cultured in low shear modeled microgravity
(LSMMG).

While growth in the RWV shares many similarities with the
environment of spaceflight, it is worth noting that they are not
true analogs. The microgravity-like environment of the RWV is

Figure 1. Schematic of a rotating wall vessel, using the HARV as an example.
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maintained by balancing, not removing external forces. Particle
size, rotational speed and media density all need to be carefully
managed tomaintain low shear. As such, it does not trulymimic
microgravity, but merely recapitulates a low shear environment
which is also found in microgravity. This is perhaps most obvi-
ously seen in gene expression patterns of cells cultured in either
true spaceflight microgravity or LSMMG. In an experiment us-
ing human renal cortical cells, over 1600 genes showed changes
in expression in spaceflight, while growth in the RWV induced
changes in only 900 (Hammond et al. 2000). Thus, while it is a
useful tool for studying LSMMG, the conditions of the RWV do
not truly represent those experienced during spaceflight.

MICROORGANISMS IN MICROGRAVITY

While early spaceflight experiments focused on tissue cells,
many different bacterial species have also been carried on
spacecraft as part of research programs. This includes innocu-
ous laboratory strains, opportunistic pathogens of the normal
flora and common gut pathogens (Gasset et al. 1994;McLean et al.
2001; Benoit and Klaus 2007; Wilson et al. 2007, 2008; Hammond
et al. 2013). While this research started as a purely academic ex-
ercise, the results have opened up an entirely new field focused
on the relevance of microgravity as a regulator of bacterial gene
expression and virulence.

Initial experiments performed on bacteria subjected to
spaceflight showed varying phenotypic responses. Of note were
changes in growth rate, resistance to external stresses and ef-
fects on bacterial conjugation (Gasset et al. 1994; Klaus et al. 1997;
De Boever et al. 2007). Early reports suggested that growth in mi-
crogravity or LSMMG increased bacterial growth rates over cul-
tures grown in normal gravity (Klaus et al. 1997; Kacena et al.
1999). However, over time and with increased scrutiny, this ob-
servation was found not to be universally true. Instead, growth
rates were dependent on growth media, motility and the bacte-
rial species and strain (Benoit and Klaus 2007). Similarly, while
several studies have shown increased resistance of LSMMG-
grown laboratory Escherichia coli strains to stresses such as low
pH, ethanol and hyperosmosis (Gao et al. 2001; Lynch, Brodie
and Matin 2004; Lynch et al. 2006), other studies have concluded
that the choice of media and nutrient depletion have amore sig-
nificant effect than gravity (Tucker et al. 2007). This dichotomy
was also borne out in gene expression studies, with some re-
searchers identifyingmany genes associatedwith LSMMG,while
others reported few changes in gene expression (Vukanti, Mintz
and Leff 2008; Arunasri et al. 2013). Thus, by looking at these
studies as a whole, there is no definable set of microgravity re-
sponses, at least among laboratory E. coli strains. Themajor find-
ings of these and other studies investigating bacterial responses
to microgravity are summarized in Table 1.

In terms of pathogenic E. coli, however, researchers have ob-
served specific differences in the expression of virulence de-
terminants. Enterotoxigenic E. coli (ETEC) grown under LSMMG
had increased expression of heat-labile toxin (LT) over normal
gravity controls (Chopra et al. 2006). In enterohemorrhagic E. coli
(EHEC), expression of the intimin adherence protein, which me-
diates the formation of attaching and effacing lesions, was in-
creased when bacteria were grown in LSMMG (Carvalho et al.
2005). Interestingly, however, enteropathogenic E. coli (EPEC),
which also uses intimin for adherence, did not increase intimin
protein expression under simulated microgravity. This suggests
that some pathogenic bacteria can reappropriate themicrograv-
ity response to control regulation of virulence factors.

As with E. coli, growth of Salmonella enterica serovar Ty-
phimurium under LSMMG has been shown to increase resis-
tance to acid, heat and osmotic stresses, as well as shortening
the generation time of bacterial replication (Wilson et al. 2002a).
In gene expression studies, growth of bacteria in LSMMG led
to the differential expression of 163 genes when compared to
normal gravity controls (Wilson et al. 2002b). Interestingly, more
downregulated genes were identified than upregulated genes.
This correlated with an earlier study using 2D gel electrophore-
sis analysis, where more proteins were identified as downregu-
lated in cultures grown in LSMMG, when compared to normal
gravity controls (Nickerson et al. 2000). Researchers also saw a
similar pattern of gene expression changes in space-flown bac-
teria when compared to normal gravity controls (Wilson et al.
2007, 2008). By collating and comparing data from these inde-
pendent experiments, a number of common gene families were
identified which may compose the microgravity regulon. Exam-
ples of downregulated genes of this regulon include those for
flagella, Hyc hydrogenase, ribosome structural components and
regulatory RNAs, while the outer membrane porins were largely
upregulated and iron utilization genes were differentially regu-
lated (Wilson et al. 2008).

As well as investigating changes in growth rate and gene ex-
pression, researchers have also assessed changes in virulence
upon exposure to spaceflight and LSMMG. Amajor virulence de-
terminant for Salmonella is their ability to survive and prolifer-
ate in macrophages. In two independent studies, Salmonella Ty-
phimurium grown under LSMMG was found to have increased
survival in macrophages, when compared to ground controls
(Nickerson et al. 2000; Wilson et al. 2002a). To determine whether
this affected their virulence potential in vivo, mice were infected
with Salmonella Typhimurium grown in rich media either under
LSMMG or under normal gravity. Those infected with LSMMG-
grown bacteria had a shorter time to death than those infected
with normal gravity controls (Nickerson et al. 2000). In addition,
the 50% lethal dose (LD50) for LSMMG-grown bacteria was 5.2-
fold lower than for normal gravity-grown bacteria. To confirm
this finding, the experiment was later repeated using bacteria
grown terrestrially or aboard the Space Shuttle Atlantis, Mis-
sion STS-115. The LD50 for spaceflight-grown bacteria (∼4.5 ×
106 CFU) was 2.7-fold less than for ground-based controls (∼1.2
× 107 CFU) (Wilson et al. 2007). Mice infected with spaceflight-
grown bacteria also had decreased time to death and decreased
survival at each dose tested. This experiment has been repeated
yet again, with similar findings (6.9-fold decrease in LD50) (Wil-
son et al. 2008). However, as was seen with E. coli, the difference
in phenotype, in this case virulence, could be obliterated by a
change of media. In a parallel experiment to that mentioned
above, growth of bacteria inminimalmedium during spaceflight
showed no increase in virulence in mice over normal gravity
controls (Wilson et al. 2008). This suggests that there is com-
plex interplay between the different virulence regulators, micro-
gravity and availability of nutrients in Salmonella Typhimurium
pathogenesis.

Researchers have also used an anti-orthostatic mouse
model to investigate the contribution of LSMMG to Salmonella
Typhimurium virulence. In this model, animals are suspended
by their tails, causing fluid to shift towards the head and
removing weight from the hind limbs. This simulates the effect
of microgravity on the host. Mice infected with LSMMG-grown
bacteria had significantly higher mortality rates than normal
gravity controls across five different dosage levels (Chopra et al.
2006). This led to a 100-fold difference in LD50 between the
two groups. Collectively, these data suggest that Salmonella
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Table 1. Responses of bacteria to microgravity.

Bacterium Culture condition Bacterial responses to microgravity Reference

Bacillus thuringiensis Spaceflight Increased bacterial conjugation in spaceflight. De Boever et al. (2007)
E. coli (K-12) Spaceflight Decreased doubling time of spaceflight cultures

compared to ground cultures, but no significant
difference in cell size.

Gasset et al. (1994)

Spaceflight Bacteria grown in spaceflight had shorter lag phase,
increased time in exponential phase and higher final
cell density than ground controls.

Klaus et al. (1997)

Spaceflight Higher final cell density and shorter lag phase in
spaceflight grown cultures.

Kacena et al. (1999)

HARV No change in the expression of stress response genes
between LSMMG and ground cultures. No consistency
between the gene expression profiles of bacteria
cultured in different media in response to LSMMG.

Tucker et al. (2007)

HARV Increased resistance to osmotic and acid stresses. Lynch, Brodie and Matin (2004)
HARV Increased biofilm formation in LSMMG and increased

resistance to salt, ethanol and antibiotics.
Lynch et al. (2006)

RWV Increased resistance to ethanol. Gao et al. (2001)
Random positioning
machine (RPM)

Increased growth rate in LSMMG. Gene expression
changes in LSMMG dependent on media composition.

Arunasri et al. (2013)

STLV Increase in expression of genes for nutrient stress. Vukanti, Mintz and Leff (2008)
Spaceflight and RWV Correlation between increased cell density and lack of

motility in microgravity and LSMMG experiments.
Benoit and Klaus (2007)

ETEC HARV Increased expression of the labile toxin virulence
factor.

Chopra et al. (2006)

EHEC HARV Increased intimin adherence factor expression Carvalho et al. (2005)
Salmonella
Typhimurium

HARV Microarray analysis identifies 163 genes belonging to
the LSMMG regulon. Identified decreased expression
of genes located in the Salmonella pathogenicity
islands I and II.

Wilson et al. (2002b)

HARV Responses to LSMMG, including increased resistance
to acid, thermal and osmotic stresses, occur in an
rpoS-independent manner.

Wilson et al. (2002a)

HARV Increased macrophage invasion in LSMMG. Increased
virulence in an antiorthostatic mouse model.

Chopra et al. (2006)

HARV Increased virulence of bacteria in the mouse model
after exposure to microgravity.

Nickerson et al. (2000)

Spaceflight Increased virulence of spaceflight-flown Salmonella
Typhimurium in a mouse model. Small RNA
chaperone Hfq implicated in microgravity regulon.

Wilson et al. (2007)

Spaceflight Response to LSMMG is dependent on phosphate ion
concentration.

Wilson et al. (2008)

Spaceflight Decreased virulence of three site-directed mutants of
Salmonella Typhimurium in a C. elegans model of
infection.

Hammond et al. (2013)

S. aureus HARV Increased biofilm formation, exopolysaccharide
production and antibiotic resistance. Decreased Hfq
expression.

Castro et al. (2011)

HARV Decrease in staphyloxanthin and toxin production. Rosado et al. (2010)
P. aeruginosa RWV Biofilm formation is sensitive to changes in shear

force in the RWV.
Crabbé et al. (2008)

RWV Increase in expression of genes involved in the stress
response. Increased Hfq expression.

Crabbé et al. (2010)

Spaceflight Differential regulation of 167 genes in spaceflight. Hfq
identified as a major transcriptional regulator to
spaceflight.

Crabbé et al. (2011)

Spaceflight Biofilm morphology unchanged in spaceflight. McLean et al. (2001)
Spaceflight Increased cell viability, biofilm biomass and thickness

during spaceflight.
Kim et al. (2013)

Y. pestis HARV Decreased TTSS expression and decreased
cytotoxicity in LSMMG.

Lawal, Jejelowo and
Rosenzweig (2010)

HARV Increased virulence of LSMMG grown bacteria in a
TTSS defective mutant.

Lawal et al. (2013)
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Typhimurium is more virulent under microgravity-like
conditions.

The contribution of virulence genes to Salmonella pathogen-
esis in microgravity in vivo was investigated aboard five space-
flight missions between 2008 and 2010 (Hammond et al. 2013).
In these experiments, site-directed mutants of Salmonella Ty-
phimurium were tested for virulence in the Caenorhabditis ele-
gans model of infection. Four separate Salmonella Typhimurium
mutants were analyzed: pipA, rhuM, hilA and hilD. Of these, hilA,
pipA and rhuM showed significant attenuation in their ability
to kill wild-type C. elegans larvae during spaceflight. While the
rhuM mutant was also attenuated in ground controls, the other
two mutants showed no attenuation when grown under normal
gravity conditions. This is the first time that specific bacterial
genes were shown to be involved in virulence, while both the
bacteria and the host were in microgravity.

The hilA gene is a transcriptional activator of invasion genes
located on Salmonella Pathogenicity Island 1 (SPI-1). It is regu-
lated by an array of environmental signals including oxygen, os-
molarity and pH (Bajaj et al. 1996). The pipA gene, located on
SPI-5, has previously been associated with virulence in terres-
trial Salmonella Dublin research. In this serovar, mutations in the
pip operon, including pipA, were found to significantly decrease
fluid secretion in a calf ileal loop model of gastroenteritis (Wood
et al. 1998). The identification of microgravity responsive genes
that are activated within the intestinal lumen is intriguing, as
it is postulated that the brush border microvilli of the intestines
and proximal renal tubules represent a site of microgravity-like
low shear (Guo, Weinstein andWeinbaum 2000). It is thus possi-
ble that the bacteria can detect microgravity in order to perceive
their location and then alter their gene expression patterns ac-
cordingly.

Several studies have examined the microgravity-sensing
ability of bacteria in detail. In Salmonella Typhimurium, response
to microgravity was shown to be independent of the common
stress response mediated by the global regulator, rpoS (Wilson
et al. 2002a). Instead, microgravity responses in Salmonella Ty-
phimurium (also Staphylococcus aureus and Pseudomonas aerugi-
nosa) were associated with expression of the small non-coding
RNA (sRNA) chaperone Hfq (Wilson et al. 2007; Crabbé et al. 2010;
Castro et al. 2011). This protein mediates binding of sRNAs to
their mRNA targets, stabilizing the structure and facilitating
post-translational regulation (Chao and Vogel 2010; De Lay, Schu
and Gottesman 2013). In Salmonella, it has been suggested that
Hfq is involved in the regulation of up to 20% of all genes (Sittka
et al. 2008; Ansong et al. 2009). Relevant genes include those that
are involved in the stress response, motility, growth and viru-
lence. How the environmental signal is received by the cell and
transmitted via Hfq is yet to be established.

Many other bacterial pathogens have also been studied in
LSMMG. Pseudomonas aeruginosa is a nosocomial pathogen that
is renowned for its ability to form a biofilm, allowing it to per-
sist on surfaces, and form pellicles on the surface of liquids at
the air–liquid interface (O’Toole and Kolter 1998). It commonly
infects patients with cystic fibrosis (Davies 2002). By growing P.
aeruginosa in LSMMG, researchers found an increase in biofilm
factors (such as the extracellular matrix scaffold proteins en-
coded by the psl locus), in rhamnolipid production and in the
rhl quorum-sensing system (Crabbé et al. 2008). The LSMMG-
grown bacteria also showed similarities with P. aeruginosa iso-
lated from the lungs of patients with cystic fibrosis, thus pro-
viding a novel model to study this interaction. Further experi-
ments into the gene expression and regulation of LSMMG-grown
bacteria found links to both Hfq, as described above, and the

rpoE-like sigma factor AlgU (Crabbé et al. 2010). When similar
gene expression studies were performed on spaceflight-grown
bacteria, there was a significant overlap between genes upreg-
ulated in LSMMG and spaceflight. One of these genes was Hfq,
confirming its involvement in the so-called microgravity regu-
lon across multiple bacterial species. Other P. aeruginosa viru-
lence determinants were also increased in spaceflight, includ-
ing the lectins, lecA and lecB, which the bacteria use to bind to
eukaryotic cells. Additional studies have found that P. aerugi-
nosa biofilms grown during spaceflight have novel architecture
and increased viability and biofilm biomass when compared to
ground controls (Kim et al. 2013). These phenotypes have signif-
icant ramifications not only for ground-based research, but also
for spaceflightmissions, as P. aeruginosa has previously been iso-
lated from the surfaces of water distribution systems on board
the International Space Station (Bruce et al. 2005).

Another human pathogen that has shown an increase in
biofilm formation and persistence under LSMMG is S. aureus. In
RWV studies, S. aureus was found to decrease its growth rate
and increase biofilm formation (Castro et al. 2011). This pheno-
typewas also associatedwith the sRNA chaperoneHfq; however,
here, Hfq was downregulated in LSMMG cultures. In addition
to increasing their biofilm formation, the bacteria also down-
regulated virulence factors such as staphyloxanthin and several
hemolysins (Rosado et al. 2010; Castro et al. 2011).

There is one other example of a bacterial pathogen that de-
creases its virulence upon growth in LSMMG, Yersinia pestis. Early
studies with Y. pestis grown in LSMMG showed a downregulation
in secretion of type III secretion system effectors, and hence a
decrease in virulence in in vitro tissue culture cell assays (Lawal,
Jejelowo and Rosenzweig 2010). However, this observation was
not consistent with in vivo assays, where mice infected with ei-
ther LSMMG or normal gravity-grown bacteria succumbed to in-
fection at equivalent rates (Lawal et al. 2013). These studies with
both S. aureus and Y. pestis, when compared to previously dis-
cussed pathogens such as Salmonella and Pseudomonas, clearly
illustrate that the effects of microgravity on a given pathogen
will undoubtedly depend on the particular pathogenic strategies
and growth requirements of that pathogen.

HOST–PATHOGEN INTERACTIONS

As previously mentioned, the RWV was initially used primar-
ily to generate 3D tissue models. The RWV environment is ad-
vantageous in tissue engineering, due largely to the extremely
low shear conditions. This allows cells to aggregate (Dintenfass
et al. 1986; Hymer et al. 1996), forming large, complex spheroids
(organoids). Themicrogravity environmentmay also help to pro-
mote aggregation, as cells grown under microgravity conditions
show higher levels of collagen made by human-derived fibrob-
lasts and integrins and other adhesion molecules generated by
splenocytes and lymphocytes (Grove, Pishak and Mastro 1995;
Seitzer et al. 1995). This has allowed researchers to cultivate com-
plex aggregates which recreate the structural diversity of living
tissue, such as bone (Hwang et al. 2009), cardiac muscle (Freed
and Vunjak-Novakovic 1997), gut (Nickerson et al. 2001; Salerno-
Goncalves, Fasano and Sztein 2011; Sato et al. 2011) and liver
(Zhang et al. 2014). While originally designed to be used in organ
transplantation, these organoid models are becoming increas-
ingly used in the areas of host–pathogen interactions.

Organoids have several advantages over other host–pathogen
models. First, they are more complex than traditional cell
culture monolayers, allowing for more natural interactions
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Table 2. Organoid models developed for pathogen infection studies.

Tissue Cell type(s) Pathogen Reference

Bladder Human bladder 5637 cells UPEC Smith et al. (2006)
Lung A549 lung epithelial cells P. aeruginosa Carterson et al. (2005)
Lung A549 lung epithelial cells Francisella tularensis David, Sayer and Sarkar-Tyson (2014)
Gut HCT-8 small intestinal epithelial

cells
Cryptosporidium parvum Warren et al. (2008)

Gut HCT-8 small intestinal epithelial
cells

EHEC and EPEC Carvalho et al. (2005)

Gut Int-407 small intestinal epithelial
cells

Salmonella Typhimurium Nickerson et al. (2001)

Gut HCT-8 small intestinal epithelial
cells, activated lymphocytes,
fibroblasts, endothelial cells

Salmonella Typhi Salerno-Goncalves, Fasano and Sztein
(2011)

Gut HT-29 colorectal epithelial cells Salmonella Typhimurium Honer Zu Bentrup et al. (2006)
Gut Caco-2 colorectal epithelial cells Coxsackievirus B Drummond, Nickerson and Coyne (2016)

between host cells and pathogens. They are also easier to ob-
tain and work with, as opposed to obtaining biopsy material. Fi-
nally, they have advantages over animal models in that the cells
are human derived and so they better model human–pathogen
interactions. A list of organoidmodels developed tomodel host–
pathogen interactions is shown in Table 2.

The majority of work on RWV-developed organoids for host–
pathogen interactions has been performed using cells from the
gastrointestinal tract. Several authors have shown that culture
of immortalized gut epithelial cells in the RWV allows for the
differentiation of cells into multiple lineages, including ente-
rocytes, M cells, goblet cells and Paneth cells (Nickerson et al.
2001; Honer Zu Bentrup et al. 2006; Salerno-Goncalves, Fasano
and Sztein 2011; Drummond, Nickerson and Coyne 2016). This
has been done with cells of the small intestine, such as Int-407
and HCT-8 (Nickerson et al. 2001; Carvalho et al. 2005; Warren
et al. 2008; Salerno-Goncalves, Fasano and Sztein 2011), as well
as colorectal cell lines Caco-2 and HT-29 (Honer Zu Bentrup et al.
2006; Drummond, Nickerson and Coyne 2016). Not only do cells
differentiate into multiple cell types, but they also show other
markers of human gut tissue, such as appropriate cell polar-
ization and organization, tight junction formation, apical brush
border microvilli and localized mucus secretion. Interestingly,
cells grown in LSMMG also show a decrease in tumor markers
when compared to cells grown in monolayers (Nickerson et al.
2001). These gut organoids, therefore, represent a novel method
for investigation of pathogen virulence, which is more complex
and biologically relevant than cell monolayers, while still being
derived from human cells.

Infection of gut organoids has been carried out with bacte-
rial pathogens including Salmonella enterica and Escherichia coli,
parasites such as Cryptosporidium parvum, as well as the viral
pathogen Coxsackievirus B (Nickerson et al. 2001; Carvalho et al.
2005; Honer Zu Bentrup et al. 2006; Warren et al. 2008; Salerno-
Goncalves, Fasano and Sztein 2011; Drummond, Nickerson and
Coyne 2016). These infections can take place in the RWV under
LSMMG, but it is more common for organoids to be removed
from the RWV and infected under normal cell culture condi-
tions. Upon infection with Salmonella Typhimurium, organoids
were found to be more resistant to bacterial invasion and less
prone to apoptosis than infected cell monolayers (Nickerson
et al. 2001; Honer Zu Bentrup et al. 2006). Over the course of infec-
tion, organoids showed characteristics similar to the normal gut
infection process, including membrane ruffling, cytokine pro-

duction and sloughing of infected enterocytes (Honer Zu Ben-
trup et al. 2006; Salerno-Goncalves, Fasano and Sztein 2011).
Interestingly, a Salmonella Typhimurium type III secretion mu-
tant �invA, which is known to be involved in invasion in vitro
and attenuated for virulence in mice, showed no defect in inva-
sion in the organoid model (Honer Zu Bentrup et al. 2006). This
suggests a more complex role for the InvA protein in virulence
and a novel invA-independent mechanism used by Salmonella to
invade the gut epithelium.

A similar contradiction was observed in organoids infected
with two E. coli pathotypes: EPEC and EHEC. Both were able to
produce the characteristic attaching and effacing (A/E) lesions
by expression of the intimin protein; however, an EPEC intimin
mutant (�eae) was unable to adhere to cells (Carvalho et al. 2005).
The prevailing dogma states that typical EPEC adhere to the ep-
ithelium by using their bundle-forming pili (BFP). Intimin is then
expressed to mediate intimate attachment to host cells. This
has been shown in tissue culture adherence assays, where BFP
mutants are completely non-adherent, while intimin mutants
show normal patterns of adherence (Cleary et al. 2004). The re-
sults of this experiment are therefore at odds with the current
model of EPEC adherence, and may help to resolve outstanding
issues surrounding the necessity of BFP and the virulence po-
tential of atypical EPEC, which are BFP negative. The organoid
model may therefore enable investigators to refine existing the-
ories and bridge the gap between traditional cell culture and an-
imal models.

The lung organoid model has been used for multiple
pathogens, including Pseudomonas aeruginosa and Francisella tu-
larensis. A549 lung epithelial cells grown under LSMMG con-
ditions in the RWV undergo appropriate differentiation, form
tight junctions and secrete mucus in a localized fashion sim-
ilar to natural tissue (Carterson et al. 2005; David, Sayer and
Sarkar-Tyson 2014). Transcriptomics on organoid-grown cells
also showed greater levels of cell signaling, membrane traf-
ficking and extracellular matrix transcripts when compared to
monolayers, suggesting amore in vivo-like transcriptome (David,
Sayer and Sarkar-Tyson 2014). As with the Salmonella-infected
gut organoids, lung organoids proved more resistant to infec-
tion with P. aeruginosa than conventional tissue culture-grown
cells (Carterson et al. 2005). Upon P. aeruginosa infection, cy-
tokine secretion from organoids was found to be better regu-
lated than that in monolayers, as evidenced by the induction
of anti-inflammatory cytokines such as IL-10 (Carterson et al.
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2005). This suggests that the cellular differentiation and tran-
scriptional changes induced in the LSMMG environment allow
for a more refined response to bacterial challenge, which better
mimics natural infection.

Finally, virulence of uropathogenic E. coli (UPEC) has been
investigated using an organoid bladder model. By using the
uroepithelial cell line 5637, researchers created organoids that
strongly resembled bladder tissue, as indicated by their ex-
pression of tight junction, cell adhesion and urothelium differ-
entiation markers (Smith et al. 2006). As with the gut model,
organoids infected with UPEC showed characteristics of in vivo
infection, such as exfoliation of surface cells, which is consis-
tent with responses seen in the mouse cystitis model (Mulvey
et al. 1998).

APPLICATIONS IN RESEARCH AND
MANUFACTURING OF VACCINES AND
THERAPEUTICS

As discussed above, microgravity and LSMMG have already had
a notable impact on the field of tissue engineering, as well as be-
ginning to shed light on the influence of gravity on pathogenicity
and host–pathogen interactions. In the future, this technology
has the capacity to be implemented in the search for therapeu-
tics and preventatives against infectious diseases.

Vaccine design

The identification of novel virulence genes in microgravity of-
fers a variety of new targets for live-attenuated vaccine design.
Conventionally, attenuatingmutations are often chosen for their
ability to slow or inhibit growth, thus decreasing virulence. By
identifying virulence genes that are influenced by microgravity
(e.g. when closely adhering to the gut microvilli), wemay be able
tomore specifically attenuate bacteria. This approach could lead
to the development of live-attenuated vaccine strains that are
moremetabolically fit and thusmore immunogenic than strains
that have mutations targeting only metabolic genes.

Live vector vaccines could also potentially be improved by in-
tegrating information gleaned from space experiments. These
vaccines differ from live-attenuated vaccines in that they use
an attenuated strain to express foreign antigens from an un-
related pathogen. One example of this is the Bacillus anthracis
protective antigen from anthrax toxin expressed in an attenu-
ated strain of Salmonella Typhi (Galen et al. 2004). These vaccines
have the advantage of being able to stimulate multiple arms of
the immune system. There has been a recent shift within the
field of live vector vaccines from plasmid-encoded to chromo-
somal expression of antigens in order to decrease the metabolic
burden on bacteria (Galen and Levine 2001). In this scenario, ex-
pression of immunogenic foreign antigens is spread out over the
chromosome by integrating the gene of choice at several loca-
tions. These integrated genes are controlled both by a constitu-
tive promoter and the native promoter of the gene in which the
foreign gene has been inserted. By integrating the genes in this
manner, one or more foreign antigens can be expressed from
different loci at various times. This approach has been used
successfully for the expression of the Yersinia pestis F1 capsule
and LcrV protective antigenswithin an attenuated Salmonella Ty-
phi live vector strain (Galen et al. 2015). The advantage of this
method is that the bacteria are not overwhelmed by the simul-
taneous activation and transcription of potentially toxic foreign
antigen(s), but can alternate antigen expression as the individ-

ual promoters are stimulated during distinct phases of growth.
Microgravity-responsive promoters could prove to be excellent
new genetic tools for Salmonella and other enteric bacterial live-
vector vaccines, due to their specific activation within the gut
microvilli environment. By using microgravity-responsive pro-
moters to regulate gene expression, antigens could be expressed
specifically upon arrival at the intestinalmucosa, thus providing
direct access of the antigen to the mucosal immune system.

Therapeutics research

As well as using microgravity-responsive promoters to
alternately regulate foreign antigen expression, microgravity-
influenced regulation could also be exploited in the devel-
opment of novel mucosal therapeutics. If we could identify
compounds capable of disrupting a microgravity-sensitive
global regulator, then we could potentially inhibit the ability of
bacteria to sense their local environment and activate virulence
genes. Proof-of-principle experiments using this approach
on other global regulators have been completed using the
pathogenic Escherichia coli model organism Citrobacter rodentium
and also Vibrio cholerae. For Ci. rodentium, mice treated with
Regicin, a novel inhibitor compound with activity against the
global regulator RegA, showed significant improvement in
disease severity when compared to control mice (Yang et al.
2013). When applying this strategy to V. cholerae, researchers
used virstatin, an inhibitor of ToxT, to inhibit production of
two major virulence determinants (cholera toxin and the toxin
coregulated pilus) and protect mice from intestinal colonization
(Hung et al. 2005). This intriguing strategy could be extended to
other bacteria that show an increase in virulence in response to
microgravity.

CONCLUSION

The accessibility of spaceflight and the LSMMG conditions of the
RWV is allowing researchers from across the biological sciences
to search formedical breakthroughs in previously unanticipated
newdirections, investigating potential links betweenmicrograv-
ity, cell biology and pathogenicity that may have important im-
plications not only for manned spaceflight, but also in a range of
medical applications. Further explorations of the effects of mi-
crogravity on cell biologywill undoubtedly open up new avenues
of research and development in biotechnology to investigators,
which could in turn have unforeseen benefits to the prevention
and treatment of disease both on Earth and in space.
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