Genetically-encoded biosensors for monitoring cellular stress in bioprocessing
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Abstract 
With the current wealth of transcriptomic data, it is possible to design genetically-encoded biosensors for the detection of stress responses and apply these to high-throughput bioprocess development and monitoring of cellular health.  Such biosensors can sense extrinsic factors such as nutrient or oxygen deprivation and shear stress, as well as intrinsic stress factors like oxidative damage and unfolded protein accumulation.  Alongside, there have been developments in biosensing hardware and software applicable to the field of genetically-encoded biosensors in the near future.  This review discusses the current state-of-the-art in biosensors for monitoring cultures during biological manufacturing and the future challenges for the field. Connecting the individual achievements into a coherent whole will enable the application of genetically-encoded biosensors in industry.


Introduction 
The efficient development of industrial processes for manufacturing biological products remains a challenge.  Ensuring batch-to-batch reproducibility and maximising the yield from production vessels requires both a systematic investigation of the best operating parameters during process development and analysis of cultures during production to ensure quality.
High-throughput culture systems such as the Micro-24 MicroReactor System (Pall Life Sciences), the AmbrTM workstation (TAP Biosystems) and the BioLector® (m2p-labs) can accelerate process development. These systems allow monitoring of, and in some cases control over, temperature, dissolved oxygen and pH. The low culture volume, however, makes it difficult to obtain samples for other analyses. In situ sensing of analytes of interest is therefore an attractive option for real-time high-throughput data generation from such platforms, because it removes the need for sampling.   The same sensors can then be used to monitor cultures during production to confirm that the analytes remain within the limits necessary to maintain productivity and take corrective action when they do not.
There are several studies outlining recent developments in biosensor design and application to bioprocessing, including biosensors to directly sense key nutrients, such as sugars and amino acids (e.g. glucose and glutamine biosensors [1], and other efforts recently reviewed in [2]). In addition to metabolism, effectors of the unfolded protein response have been shown to positively correlate with specific productivity of recombinant proteins [3-5], while oxidative damage from metabolism and/or protein misfolding can accumulate over time, leading to redox imbalance and eventually cell death [6,7] .  Extrinsic process parameters such as shear stress, nutrient and oxygen depletion can also affect performance by activating cellular stress responses. This review focuses on the use of genetically-encoded biosensors to sense extrinsic and intrinsic cellular stress, which can indicate the need to change operating parameters in order to improve cell health and productivity.  Biosensors can also be used to establish the limits of feasible operating parameters and for high throughput design of media. We have focused on biosensors that rely on the activation of transcription as their output, as these can be developed from the wealth of information from recent transcriptomic studies of stress responses (e.g [8-11]) in a relatively modular fashion (Figure 1). 
Genetically-encoded biosensors are pieces of DNA that contain the instructions for a biosensor circuit.  The output of the circuit is usually a reporter protein that is easy to detect.  The classical example is the green fluorescent protein (GFP) and its derivatives.  Others include enzymes that catalyse a reaction that produces a colour change (alkaline phosphatase, beta-galactosidase, etc.) and luciferase, which utilises the substrate luciferin, ATP, and oxygen to produce a detectable light signal.  In order to monitor dynamic variations, reporter proteins can be destabilised through the addition of degradation tags ([12-14]).

Progress in the development of relevant biosensors
I am fine/ I am not fine: Generic reporters as a marker of ‘well-being’ 
Stress leads to changes in gene expression that can impact global transcription.  Thus, one strategy for determining if a cell is ‘well’ is to monitor the production of a constitutively expressed reporter protein.  Sudden changes in reporter expression could indicate a negative change in the environment of the cell that requires intervention.  This strategy has been applied in several cell types [15-17].  However, this type of biosensor cannot give a specific indication of what needs to be changed in order ameliorate the environment. 
Similarly, global stress regulators can be used as the basis for a biosensor.  One such study in E coli revealed induction of stress responses in poorly mixed environments, suggesting a global indicator of poor conditions.  However, the experiments also showed that a fraction of the population lost its ability to induce the stress response, a consideration for the use of this design [18].  
Exploiting stress signalling to create specific biosensors 
In Nature, poor environments activate signalling pathways designed to upregulate transcription of the genes necessary to deal with the resulting stress. Some examples relevant to bioprocessing are listed in Table 1.
Extrinsic stress
Lack of access to nutrients can be detected by starvation responses.  Detection of nutrient limitation in Escherichia coli was demonstrated using the csiE [19,20], yciG [21] and fis promoters [22] to control GFP expression.  The constructs were used as tools to evaluate how cellular physiology changes in response to different bioreactor conditions including in scaled down bioreactors [20] and in shake flasks operated under different conditions [21].  In eukaryotes, glucose deprivation and amino acid starvation [23,24] are also linked to the unfolded protein response (see below).
Oxygen solubility in water-based media is poor and some cell types have high oxygen demand, leading to a hypoxic environment.  If detected, aeration can be increased the cells returned to normoxia.  In E coli, a biosensor based on the nitrate reductase promoter was used to explore the oxygenation of bioreactors under different mixing regimes.  Even though bulk dissolved oxygen tension was identical, a bioreactor with four impellers showed significantly less biosensor induction than one with a single impeller, suggesting micro- or nano-scale differences that could not be captured with a traditional oxygen probe.  Interestingly, the timescale of reporter induction is much longer than the mixing time in the bioreactor, suggesting the biosensor retains a ‘memory’ of time spent in poorly oxygenated sub-environments. [25]. 
Similar biosensors have been developed for other cell types using naturally occurring hypoxia response elements [12,26,27]. Liu et al. developed a biosensor based on the hypoxia-inducible transcription factor HIF1alpha using a synthetic promoter with 5 copies of the response element to magnify the transcriptional response [12].  When designing hypoxia biosensors it is important to note that many common reporters, such as GFP and luciferase, are oxygen sensitive.  Hence, an alternative reporter may be required [28].
Cells  can experience mechanical stress from high stirring speeds in a bioreactor, particularly mammalian cells, which are larger and more fragile.  This can be detected through a variety of methods. GFP leakage into the culture broth has been associated with membrane stress in some systems [16,21], therefore biosensors that result in GFP expression could serve a dual purpose, first as an indicator of well-being or particular stress and second as an indicator of membrane integrity.
Alternatively, promoters responsive to mechanical strain have been identified and the sequence of ‘shear stress response elements’ is known.  For example, in mammalian cells, the AP1 transcription factor complex has been exploited in cell cultures as an indicator of mechanical strain from stretching [29]. 
Intrinsic stress
Oxidative damage from metabolism and protein folding can accumulate over time in cultures, leading to redox imbalance and oxidative stress.  In yeast the response element for the Yap1 transcription factor was used to make a biosensor for oxidative stress.  As with the hypoxia example [12], creating a synthetic promoter with multiple response elements increased the signal [30]. In E coli the promoters for the catalase and SoxS transcription factor genes were used for a similar purpose [31] and in mouse embryonic stem cells, the Srxn1 promoter has been used to sense oxidative damage by toxins [32].
Heterologous protein production can lead to an accumulation of unfolded or misfolded proteins in the endoplasmic reticulum, causing a stress response known as the unfolded protein response (UPR).  UPR activation results in a number of outcomes- some protective for the cell (e.g. increased chaperones and foldases) and some detrimental (e.g. apoptosis).  From a manufacturing standpoint, UPR activation also leads to increased proteolytic degradation of the product.  Lysed cells also negatively affect product quality by releasing host cell proteins that act as contaminants in downstream processing steps [33].
Kober et al. tested a series of natural promoters and response elements from the mammalian UPR response as biosensors of ER stress.  One of these, derived from the GRP78 (BiP) promoter was not only significantly induced in CHO cells expressing a monoclonal antibody, but its induction correlated with the productivity of the cell line, making it a useful tool for cell line screening [34].
Du et al. combined three response elements from two of the three branches of the UPR into a ‘super-reporter’.   Using this super-reporter, they studied the dynamics of the UPR in CHO cell lines during the production of a monoclonal antibody.  Different clones and process conditions led to variations in the temporal profiles of UPR induction, indicating the complexity of the response and highlighting the effect of process conditions such as osmolarity on UPR activation [35].
Future perspectives 
Instrumentation and software challenges 
True online monitoring utilise probes inserted into the culture vessel to yield information in real-time and decrease the risk of contamination associated with sampling.  An active area of research aims to develop the physical hardware necessary for online measurements, regardless of whether the biosensor is genetically-encoded or not (reviewed in [36]).  The main issues at present concern the development of hardware that can be sterilised with certainty, is able to operate over long time scales, and has the correct dynamic range of operation.   For fluorescence probes in particular, data deconvolution methods are needed due to the complex nature of the culture broth and the number of fluorescent species with overlapping spectra [37]. 
Flow cytometry can also be applied to understand the level of variation of stress within the population.  Automated flow cytometry, where samples are withdrawn from the bioreactor, diluted, and stained without the need for human handling has been developed and multiplexed [22].    In one example, it was used to track the accumulation of non-viable CHO cells by changes in cell size and light scattering during scale up.  Rather than rely on stationary phase to be detected by lack of change in the cell concentration, the next phase of scale up was triggered when the non-viable cell concentration was four-fold higher than background in order to prevent the accumulation of a dead cells.  The result was a higher total cell count in the final reactor than would have been achieved by conventional protocols.  Cells were sampled every 25-30 minutes, suggesting the same experimental set-up could be applied to track phenomena which happen faster than cell growth  [38].  
Concomitantly, there are necessary developments in software to interpret biosensor signals and decide on control actions to enable a truly automated system.  This is particularly true if ‘soft-sensors’ (indirect, but easily measurable indicators of a phenomenon) are being used [39]. For example, a recent study using an HPLC-based metabolite analysis method used feedback control to automatically regulate the feeding of an E coli culture expressing a recombinant protein.  By monitoring the accumulation of acetate and other overflow metabolites, they were able to increase the batch-to-batch reproducibility [40].  Recent reports from the synthetic biology community have set new milestones by showing precise control over biological behaviour using sophisticated control engineering algorithms.  Milias-Argeitis et al. had the first demonstration of in silico control over protein expression.  Using a heterologous, light-activated system in S cerevisiae and a model that described the dynamics of protein production and degradation, they were able to precisely control the expression of a yellow fluorescent protein, despite the delay in the system induced by expression and folding [41].  More recently, Menolascina and colleagues demonstrated control over a complicated synthetic oscillator in a microfluidic system controlled entirely by computer [42].  These examples suggest the groundwork for the control engineering framework necessary to modulate the bioreactor environment based on biosensor signals is now being laid.  One remaining challenge is to connect these areas of research to enable measurement and control with genetically-encoded biosensors (Figure 2).

Biosensor impact 
It is important to note that genetically-encoded biosensors result in the production of a heterologous protein and thus impart metabolic burden on the cells.  It is therefore necessary to consider the impact of the biosensor itself on the phenomenon being measured.  Designs based on constitutively produced proteins will likely incur more burden than those based on transcriptional activation.
Additionally, a recent study looked at the proteomic changes induced by the expression of GFP in a breast cancer cell line and found alterations in the abundance of a number of proteins.  Notably, there were changes in primary metabolism, presumably to provide the amino acids and energy necessary to synthesise the GFP molecules.  While this study generated stable cells lines constitutively overexpressing GFP rather than induction of expression due to a stimulus, it still suggests interference of the reporter protein on the host cell can be substantial and should be considered [43].  By gaining a better understanding of the causes of the metabolic burden, it may be possible to design biosensors with a lower impact on the cell.
Conclusion 
In summary, a large number of biosensors with relevance to monitoring cellular stress in bioprocesses have already been developed and new knowledge from transcriptomic studies will lead to the development of many more.  Alongside, steps towards the necessary developments in hardware, software, and control engineering algorithms open up the possibility of online monitoring and control of cells in large bioreactors and during process development on the small scale.  The result will be an increase in our understanding of the underlying physiology of cells in biomanufacturing processes and how this can be manipulated to achieve gains in productivity, while maintaining robustness and reproducibility in the overall bioprocess.
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Figure Captions

Figure 1.  Flowsheet for biosensor construction.  Information from the literature or from transcriptomic studies can be used to identify changes in gene transcription related to the stress of interest.  The promoters that control these genes are selected, cloned into a plasmid, used to control the expression of a reporter gene.  The plasmid is used to create a genetically modified organism that now contains the ‘instructions’ for the biosensor.  The production of the reporter protein will vary with the amount of stress, serving as an indicator.
Figure 2.  Closing the loop to enable online monitoring and control over bioprocesses using genetically encoded biosensors.  New developments in genetically-encoded biosensors, hardware for online detection of fluorescence signals /  automated sampling for flow cytometry, and control algorithms for modifying cellular behaviour based on measurements from a culture have all been made individually.  To apply these biosensors in industrial settings, these fields must now be connected to close the loop.
