[image: image1.png]Foci per cell (CHARM)

-
[=

0o

y =0.8058x - 0.2813
R?=0.8078

Foci per cell (manual)

10

12



[image: image7.jpg]sal

organization




[image: image8.jpg]}
A NATO
\4% OTAN



[image: image9.jpg]





[image: image10.jpg]


[image: image11.jpg]PRIOR




[image: image12.jpg]


The Gamma-H2AX Assay as a High Throughput Triage Tool:
Comparison of Two Prototype Devices






[image: image13.jpg]


[image: image14.jpg]


[image: image15.png]Revi

New poirt

—Define Points

=lolx]

Xum

Load

Updiate

um Zum

save

Gear al

|

T Use Image Cross Hair

RevisitTimelapse.

Repeat Options

st st ot s

Interval between cycls (szcs) &6

et Ftor sty

rﬂl-

Pairt ap

Edt | Hen




The Gamma-H2AX Assay as a High Throughput Triage Tool:
Comparison of Two Prototype Devices

The Gamma-H2AX Assay as a High Throughput Triage Tool: Comparison of Two Prototype Devices
Kai Rothkamm1, Simon Horn1,2, Iestyn Pope3,4, Paul R. Barber3, Stephen Barnard1, 
Jayne Moquet1, Iain Tullis3, Borivoj Vojnovic3
1Health Protection Agency Centre for Radiation, Chemical and Environmental Hazards, Chilton, Didcot, Oxon OX11 0RQ, UK

2Centre for Cancer Research and Cell Biology, Queen's University Belfast, 97 Lisburn Road, Belfast, BT9 7BL, UK

3Gray Institute for Radiation Oncology & Biology, Dept. of Oncology, University of Oxford, Old Road Campus Research Building, Off Roosevelt Drive, Oxford OX3 7DQ, UK

4Cardiff University, School of Biosciences, Biomedical Sciences Building, Museum Avenue, Cardiff CF10 3AX, UK 
kai.rothkamm@hpa.org.uk
Abstract 

Following a radiological incident the rapid identification of those individuals exposed to critically high radiation doses is important for initial triage and medical treatment. It has been previously demonstrated that scoring of radiation-induced foci of the phosphorylated histone gamma-H2AX, which form at the sites of DNA double-strand breaks, may be used to determine radiation exposure levels from blood samples. Although faster than the ‘gold standard’ dicentric assay, conventional sample processing and foci analysis is still impractical when large numbers of people may need to be screened. To deal with such a situation, two gamma-H2AX assay formats with high throughput capacity have been developed and their performance determined using ex vivo-irradiated blood samples from volunteers. The first approach utilised a custom-built fluidic fluorescence spectrometry device for ratiometric quantification of total gamma-H2AX vs. propidium iodide signal in nucleated cells. Whilst having the potential for rapid processing and high throughput, this approach was not sufficiently sensitive to detect radiation doses at clinical action levels when blood samples were taken later than a few hours after exposure. Variable pan-nuclear background gamma-H2AX staining between individual samples was identified as the main reason for this lack of sensitivity. The second approach was based on a highly optimised fluorescence microscope platform for automated image acquisition and software-based cell nuclei/foci recognition using a Compact Hough And Radial Map (CHARM) algorithm. The results demonstrate that fluorescence microscopy-based foci scoring i) is sufficiently sensitive to detect moderate radiation exposures, ii) can potentially provide a rapid sample turnaround time of only a few hours between blood sampling and result and iii) has the potential for high throughput analysis, making it a promising triage tool for large scale radiation incidents. 
1.0
introduction

Following a high exposure radiological/nuclear incident or accident, the rapid identification of individuals exposed to critically high radiation doses is of prime importance for initial triage and medical treatment decisions [1,2]. The main currently available techniques for biodosimetry rely on cytogenetic analysis of dicentric chromosomes or micronuclei in stimulated lymphocytes freshly isolated from blood samples taken from exposed individuals [3,4]. This approach requires a high level of technical expertise and a protracted timescale of more than two days before quantitative information can be obtained [5]. Also, the current UK capacity, provided by the Health Protection Agency, is limited to about 150 samples per week in triage mode, scoring 50 cells per sample with a radiation dose detection limit of ~0.5 Gy.  The technique cannot easily be scaled up, although automated metaphase/binucleated cell finding and dicentric/micronucleus scoring algorithms may increase the weekly throughput to several hundred samples. 

For potential mass exposures that could occur following a radiation incident, a simple, fast and high throughput method is required to quickly triage individuals into the following appropriate categories: i) the worried but well, ii) low but not acutely critical exposed and iii) those requiring urgent medical intervention following critically high exposure. The aim of this project was to construct and validate prototype devices that may be deployed as portable or semi-portable triage tools for large scale radiological incidents or accidents. The technical approach utilised antibodies against the phosphorylated histone gamma-H2AX that are conjugated with a fluorescent dye. Subnuclear foci of gamma-H2AX [6] in nucleated blood cells, representing radiation-induced DNA double-strand breaks, are induced linearly with radiation dose [7] and a fraction of these persist for several days following exposure to doses of 0.5 Gy or more [8]. Two approaches were pursued to detect these events: 1) a conventional, but highly optimised and automated platform for microscopic imaging and scoring of foci; 2) a fluidics platform which uses ratiometric fluorescence intensity measurements at multiple emission wavelengths, combined with spectral unmixing analysis tools. After completion of initial construction and software design, validation experiments were undertaken to compare the performance of the approaches and reproduce pilot data generated with stationary routine lab equipment. The expected benefit and limitations of using these devices for triage of radiation casualties are discussed, to inform the further development of rapid dose assessment strategies based on the gamma-H2AX biomarker.

2.0
Prototype  device  construction
2.1
Microscopy device
A highly optimised fluorescence microscope platform was developed in prototype form, based on the ‘Open Microscope’ design (http://users.ox.ac.uk/~atdgroup/optical_microscopy.shtml; Figure 1). It consists of an electronically stabilised metal halide lamp for fluorescence illumination via a multimode optical fibre which ensures homogenous illumination without any need for adjustments, a light shutter, three fluorescence filter cubes (each equipped with excitation filter, dichroic mirror and emission filter) with wavelength specificity for DAPI/Hoechst33258/AlexaFluor350, FITC/Cy2/AlexaFluor488 and Cy3/TRITC/AlexaFluor555. A dry 40x objective lens with 0.75 N.A. (Nikon) was used for imaging, although an upgrade to an objective with similar magnification but higher N.A. (0.9 or 0.95; without corrective lenses for geometric or chromatic aberrations) was also explored, to further improve image acquisition speed. Oil immersion objectives would produce an even brighter image but the need to apply immersion oil to each sample would be very inconvenient when used in combination with automated high throughput imaging. Images were acquired by a light sensitive integrating 1.3 megapixel CCD camera and transferred to a PC for automated cell nucleus detection and gamma-H2AX foci analysis. A software-controlled motorised precision xy-stage supplied by Marzhauser and a piezo-element-driven z-axis lens-focussing system by Piezo Systeme Jena were used for 3-dimensional control of the sample position. The stage offers adaptors for 96-well glass-bottom plates as well as slides. Pilot experiments with the glass bottom plates indicated a few potential problems. Firstly, due to surface tension, cells placed into the wells tended to predominantly attach towards the edge of the well whilst the centre, which is much easier to image, remained only sparsely populated with cells. Adjusting cell concentration could alleviate this problem but may mean that a larger blood volume (hundreds instead of tens of microlitres) is required. Secondly, most glass bottom plates are not perfectly planar which can result in considerable drift in the z-focus position across the plate. Extensive multi-point focussing corrections are therefore required to avoid focus drift which slow down the image acquisition process. Thirdly, glass bottom plates are typically not available with adhesive glass surface coating to enhance cell adhesion. Without such coating, many cells are lost during buffer changes. In-house coating using poly-L-lysine is possible but coated plates cannot be stored very long and it is difficult to achieve good consistency in the coating quality. 
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Figure 1: Photographs of the microscopy device. Top – Photograph of automated high throughput microscope showing motorised stage, stage mount and microscope enclosure.  (A)  Right-hand view of microscope showing fluorescence lamp, camera, optical fibre connection port, motorised mirror switch, fluorescent cube holder, objective holder and underside of stage. (B) Front right-hand view of microscope showing optical fibre connection port, fluorescence lamp and motorised mirror switch. (C) Left-hand view of microscope showing shutter, objective adjustment, fluorescent input turning arm and fluorescent cube holder. (D) Under bench view showing, USB to I2C control electronics, fluorescence lamp power supply, camera power supply and computer.
To overcome all these problems, validation experiments are currently being performed with multi-well slides (supplied by Tekdon Inc.) which have i) a positively charged silane surface to promote cell adhesion and ii) a hydrophobic Teflon  mask that defines separate wells on each slide. With this approach, up to ~96 samples on four slides (depending on the slide layout which is flexible) can be loaded onto the stage simultaneously and analysed automatically without user interaction.
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2.2
Fluidic fluorescence spectrometry device
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Figure 2: Photographs of the fluidic fluorescence spectrometry prototype device. Top – the microfluidic platform showing all the component parts. Middle – Close up view of microfluidic platform showing the flow cell, pumping network, translation stage and the location of some of the optical components. Bottom – Top view of the microfluidics platform showing optical fibre x-y translation stage, video camera, optical fibres, long pass filter as well as those components mentioned above.
A fluidic device for fluorescence spectrometric analysis of the gamma-H2AX biomarker in imunofluorescence-stained blood samples was constructed in prototype form. Details of the construction and pilot experiments with biological samples are described in [9]. A JDSU FCD488 solid state laser (Photonic Solutions Ltd) delivers blue excitation light (488 nm) to the device via a multimode optical fibre (200 μm, 0.22 N.A.), entering the optical system at the top port (Fig. 2).  The light exiting the fibre is collimated using a plano-convex lens, reflected via a mirror and 45 degree longpass dichroic filter to an aspheric objective (0.5 N.A.) which focuses the light to a 40 μm spot on the sample. A Cole Parmer syringe pump pumps the sample through the excitation spot of a microfluidic flow cell. The same aspheric lens collects fluorescence emission which then passes through the same dichroic, through a longpass filter and a 10% pick-off filter. The light is then focused onto the end of a 400 μm multimode optical fibre, connected to the middle port of the optical system, which transmits the light to an Ocean Optics USB2000+ spectrometer.  A miniature CCD imaging camera (1/4” format), connected to the bottom port of the optical system following the 10% pick-off filter, allows the sample to be imaged as it passes through the flow cell.   
3.0
Data acquisition and analysis software
A number of separate tasks must be controlled and coordinated by the data acquisition and analysis software packages in order to facilitate efficient automated acquisition of fluorescence image series and spectra using the devices described in Section 2 and subsequent automated detection and quantification of cell nuclei and gamma-H2AX foci in microscopic images and normalisation, background correction and ‘unmixing’ of fluorescence spectra. 

3.1
Microscopy device
3.1.1
Image acquisition control software
Custom software written in LabWindows CVI is used to control all aspects of the high throughput microscope. At switch-on the user has a choice of four main applications, Microscope, Time Lapse, Region Scan and Stage Scan, see Figure 3. There is also an Image Display window where the live and snapped images from the camera are displayed, see Figure 4. Accompanying the Image display window is a focus indicator as an aid to sample setup. The Spectrometer Control, Capture Reference Spectra and High Speed Acquisition windows described previously are also available with the microscope.
The Microscope Window controls all the major features of the microscope; sets the illumination mode; sets the fluorescence mode, sets mirror switch position; switches camera between live and snap mode; sets camera exposure time, gain and binning; and displays and saves the stage coordinates enabling a specific location to be re-visited.

The Time Lapse Window allows the user to enter a series of specific x, y and z coordinates that the microscope visits at set time intervals. The action the microscope performs at each location is selected via the drop down ‘Action’ list. Alternatively the user can specify a set of commands via the ‘Edit’ button using the Python programming language.

The Region Scan Window enables the user to set up a specific region for the microscope to scan. As the scan is performed an image is taken and saved generating a mosaic image of the region of interest.

The Stage Scan Window is similar to Region Scan; however the stage does not stop while an image is being acquired. This can be used for quickly generating an overview of large samples. 


Figure 3: Screen shots of the control software for high throughput microscope.

The Image Display Window (Figure 4) displays the live and snapped images from the camera.  Controls on the left of the window enable basic analysis of the image to be performed without the need for additional software.

Figure 4: Screen shots of the image display window (top) and focus indicator (bottom).

3.1.2
Foci analysis software
Foci analysis is performed with a program called “TRI2” which has been developed in house. It contains batch processing functionality and automatic sorting of images acquired with the microscopy device. It performs image analysis procedures and exports the output data directly into a Microsoft Excel spreadsheet. 

The method used for foci counting and analysis is the Compact Hough and Radial Map (CHARM) algorithm [10] aimed at faint and ill-defined shapes. It uses edge information and a compact Hough transform to highlight the centres of circular objects. Two perpendicular Sobel operators are used to detect edge pixels and derive directional information; these are thresholded to find significant ‘edgels’ which are used to increment values in an accumulator space along a radius of values towards the light side of the edge, between the assumed minimum and maximum object radii. Peaks in the resultant accumulator space mark the centres of circular objects since many edgels may contribute to a common centre. Radial Maps based on these detected centres are formed by searching outwards to border edge points. Overlapping objects are separated or merged according to shape-processing criteria.

The CHARM algorithm has several steps and to aid the user in selecting suitable parameters for each step an “optimizer” has been written. This allows the user to step through the algorithm, adjust the parameters relevant to each stage and quickly see the outcome at each stage. Parameter sets can also be stored for future use. CHARM is a very flexible algorithm but as such does require some setting up and some prior knowledge about the approximate size of the object of interest. With different parameters, the same algorithm is used to detect nuclei and foci separately from images of DAPI and AlexaFluor488 fluorescence respectively. The radial maps are then used to evaluate additional statistics such as foci position, diameter, intensity, shape factor and distance to its nearest neighbour. The batch process outputs all this information in tabulated form into a text file or Microsoft Excel [11].

3.2
Microfluidics device
Custom software was written in LabWindows CVI to control the microfluidics platform. It consists of four main windows, Spectrometer Control, Capture Reference Spectra, High Speed Acquisition and Pump Control. 
The Spectrometer Control Window is the main control window for the microfluidics platform from which all other windows are available, see Figure 5. The top section of the window is used for displaying the acquired spectra, this may be viewed live (Scope Mode) or as a single acquisition. Previously acquired spectra may also be uploaded and viewed in this window. Below and to the left of the spectral display region are the controls pertaining to the spectral analysis. Here details of the uploaded reference spectra are displayed along with their calculated unmixing ratios. It is these unmixing ratios, in conjunction with a calibrated dose response curve that are used to categorise patients. The bottom region displays the residuals between the generated spectra (used to determine the unmixing ratios) and the acquired spectra. This provides a useful check of how well the combination of reference spectra reproduces the fitted spectrum. 

Figure 5: Screen shots of Spectrometer Control (left), Capture Reference Spectra (top right), High Speed Acquisition (middle right) and Pump Control (bottom right).

Using the Capture Reference Spectra Window, reference spectra required for use in spectral unmixing may be acquired or uploaded. Uploaded spectra may also be scaled if their data points do not correspond with those of the acquired data.  This is necessary for the spectral unmixing process. 
The High speed Acquisition Window accesses the high speed acquisition mode of the spectrometer. In this mode acquired spectra are saved onboard the spectrometer, only after the set number of spectra have been acquired is the data transmitted back to the PC. This minimises the dead time between spectrum actions. If the reference spectra have been specified spectral unmixing is performed on the acquired data sets. 
The Pump Control Window allows the infusion direction, flow rate and total flow volume to be specified. The pump may also be interrogated to check its current status.
4.0
Experimental data generated with the prototype devices
4.1
Microscopic gamma-H2AX foci analysis
To determine the performance of the microscope device for automated gamma-H2AX foci analysis, blood samples from volunteers were irradiated with different doses and incubated at 37°C to simulate blood sampling delay after in vivo exposure. Samples were processed and transferred onto microscope slides. Fluorescence images for AlexaFluor488-stained gamma-H2AX and DAPI-stained nuclei were acquired using the microscope device. Scoring of gamma-H2AX foci in lymphocytes was performed manually and using the CHARM algorithm described in section 3.1.2. Figure 6 compares foci yields determined for the same set of cells using both methods. Following an initial comparison (Figure 6, left), the CHARM optimiser was used to ‘train’ the algorithm to score foci with similar characteristics as a human scorer which resulted in better agreement between the data sets (Figure 6, right). Using the imaging setup described in section 3, on average 140 cells could be imaged per field of view. Three focal planes were imaged and combined for foci analysis to ensure foci were detected throughout the depth of the sample.
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Figure 6: Cell-by-cell comparison of manual and automated scoring of gamma-H2AX foci in 120 irradiated human lymphocytes. Shading of data point symbols reflects the number of coinciding points. Line: linear regression with the stated parameters. Left: Initial CHARM settings; right: optimised settings.
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Figure 7: Average levels of gamma-H2AX foci detected by immunofluorescence microscopy in 31 blood samples 24 h following 0 or 4 Gy X-ray exposure.  
A comparison of unirradiated and 4 Gy-irradiated blood samples at 24 hours post exposure shows very consistent results between different donors and complete separation of unirradiated and irradiated samples (Figure 7), thus demonstrating the potential usefulness of gamma-H2AX foci analysis for rapid identification of severely exposed individuals.

4.2
Microfluidics device
Following initial pilot experiments with cultured lymphoblastoid cells which gave very promising results [9], blood samples from volunteers were irradiated ex vivo, incubated at 37°C for up to 24 hours to mimic blood sampling delay and processed for fluidic gamma-H2AX analysis. Figure 8 (left) shows a comparison of gamma-H2AX intensity measurements performed with i) a routine benchtop flow cytometer (Becton Dickinson FACSCalibur) and ii) the prototype fluidic device. 

While in theory the application of spectral unmixing instead of mere measurements of fluorescence intensity should improve the performance of the fluidic device, the unmixing ratios for this set of samples looked less convincing than intensity measurements (Figure 8, right). Overall, the fluidic device in combination with the current sample processing protocol does not appear to perform as well as a routine flow cytometer and may not have the required sensitivity to detect exposure levels that are of importance for triage decisions, at least in situations where blood samples are obtained more than a few hours after the exposure. Several attempts have been undertaken to improve the signal-to-noise ratio of gamma-H2AX-stained blood samples. Low levels of non-specific pan-nuclear staining are always present in these samples. This noise does not affect the sensitivity of microscopic foci detection, where the number of bright spots per cell is scored and a dim homogenous or slightly speckled background signal has no negative effect. The fluidic device and flow cytometer, however, measure total fluorescence per nucleated cell. In this case, pan-nuclear low background staining can contribute significantly and, if levels vary from donor to donor, can have a major impact on the variability of gamma-H2AX signals in unirradiated and irradiated samples from different donors. This phenomenon may well explain the reduced sensitivity of these methods compared to microscopic approaches, especially in situations of unplanned exposures requiring retrospective dose assessment, where blood samples taken before the exposure for base level determination are unavailable (see also [12]). However, it does not explain why the fluidic device is apparently less sensitive than the routine flow cytometer. Differences in fluidic sample focussing and the larger sample volume for each acquisition performed with the fluidics device may result in more non-specific AlexaFluor488 fluorescence signals confounding the gamma-H2AX/propidium iodide spectral unmixing ratio in the case of the fluidic device.
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Figure 8: Comparison of gamma-H2AX fluorescence intensity measurements (left) and spectral unmixing ratios (right) obtained with the fluidic device with fluorescence intensities measured with a standard flow cytometer (Becton Dickinson FACSCalibur). Each dot represents one ex vivo-irradiated blood sample from one individual that was analysed with both assays. The units are arbitrary.                  

5.0
CONCLUSION

Figure 9 attempts to summarise current estimates of lowest detectable doses using the three discussed approaches, routine flow cytometry and the fluidic spectrometer device for measurements of gamma-H2AX abundance and the microscope device for foci scoring, based on data presented here and previously [8]. Clearly, the compromised detection of doses in the 1-3 Gy range that can cause acute radiation syndrome at time points beyond a few hours following the exposure severely limit the usefulness of the fluidic methods, whereas the foci scoring approach offers excellent sensitivity up to at least 48 hours post exposure. It should be noted that more work is needed to refine these estimates, especially in terms of determining the level of inter-individual variation, identifying confounding factors and characterising the response for different exposure scenarios.

Both the flow cytometer and the prototype fluidic device are more sensitive in situations where baseline levels prior to the exposure are known; however, this would only apply for planned exposures, e.g. in a radiotherapy setting, but not for radiation accident or incident scenarios. Accordingly, our focus for gamma-H2AX-based biodosimetry will be on further optimising and validating the more promising microscopy approach. 
Other biomarkers with lower non-specific background noise may not be affected by the limitations of the intensity-based approach and may provide very useful endpoints for fluidic analysis. In fact, preliminary data with fluorogenic inhibitors of caspase activation, a biomarker for apoptosis [13], suggest that such fluidic assays may work very well for detecting radiation exposures several days after the event using these alternative markers.
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Figure 9: Estimated lowest detectable doses as a function of time post exposure for microscopic foci analysis and gamma-H2AX fluorescence measurements using a routine flow cytometer and the prototype fluidic device.
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