Measurement of Eosinophil Kinetics In Vivo
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Summary
Radiolabelled leukocyte scans are used in nuclear medicine to detect sites of infection and inflammation.  We have previously demonstrated the use of clinical grade immunomagnetic beads to isolate autologous eosinophils and image their distribution in healthy volunteers. Here we describe the use of radiolabelled eosinophils coupled to Single-Photon Emission Computed Tomography (SPECT) to quantify eosinophil uptake in the lungs of healthy volunteers, patients with asthma and patients with focal eosinophilic inflammation.
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1.  Introduction
Eosinophils are key mediators of allergic inflammation (1-4).  The ability to localise and quantify eosinophilic inflammation in vivo is an important clinical goal and would facilitate the evaluation of eosinophil-targeted therapeutics.  We have previously demonstrated the use of clinical grade CD16 immunomagnetic beads to isolate autologous eosinophils and image their distribution in vivo (5-6).  We now describe a method to image and quantify the uptake of eosinophils in the lungs of healthy subjects, patients with asthma, and patients with focal pulmonary eosinophilic inflammation (7-9).  We use Tc-99m-labelled eosinophils coupled to single-photon emission computed tomography (SPECT) imaging.  A single low-dose CT (<1 mSv) is included in the protocol to improve anatomical localisation. 

Prior to use of these protocols ethical approval should be obtained and authorisation from the regulatory body responsible for the administration of radiation (e.g. ARSAC in the UK).  Informed consent according to the Declaration of Helsinki must be obtained from the all study participants.

A dosimetric assessment should also be obtained by a Medical Physicist to determine a safe range of administered doses.  For those carrying out the experimental protocol the following principles of safe radiation use should be observed.  The general principles of radiation protection are:

a. Best Available Techniques (BAT), is being observed in order to minimise the disposal of radioactive waste to the environment and to minimise radiation exposures of the public.  
b. Justification: All procedures involving radioactive material must be justified.
c. Limitation: The radiation dose received by the personnel handling radioactive material will never exceed the legally established dose limits.

2.  Materials
All procedures for cell isolation should be performed in a sterile environment, ideally within a hospital radiopharmacy department, using a negative pressure isolator with integrated centrifuge and wearing appropriate clothing (sterile surgical gowns, masks, gloves, foot covers and caps).  All materials and disposables must be sanitised using 70% ethanol.  Isolations and radiolabelling procedures of leukocytes require aseptic conditions and should follow the European Association of Nuclear Medicine guidelines on the Preparation of Radiopharmaceuticals (10).  Cross-contamination or mix-up of blood must not occur.  Exposure to gamma radiation should be minimised by the use of lead shielding and monitoring of radiation exposure.

2.3.  Eosinophil Separation
1.  2.2 mL clinical grade CD16 beads (CliniMACS, Miltenyi Biotec, Bisley, UK), CliniMACS PBS buffer (1 l), VarioMACS magnet and 3 LS columns (Miltenyi Biotec).
2.  Percoll Plus (GE Healthcare, Chalfont St Giles, UK), 5 M sodium chloride (South Devon Healthcare, Torquay, UK) and water for injection (Fannin, Wellingborough, UK).
3.  5% hydroxyethylstarch (Grifols, Cambridge, UK) and 5% acid citrate dextrose.
4.  Technetium-99m (Tc-99m) L-hexamethylene-propyleneamine oxime (GE Healthcare).
5.  Sterile plastic-ware: 30 mL Universal tubes, 15 mL sterile tubes, kwill tubes and 10 mL luer-lock syringes and luer-lock syringe cap.

2.4. Eosinophil Imaging using SPECT-CT
1.  Double-headed SPECT-CT camera (e.g. GE Discovery 670, GE Healthcare), fitted with low-energy, parallel-hole collimators. See Note 1 for imaging settings.
2.  XelerisTM imaging software version 3.1 (GE Healthcare) or equivalent nuclear imaging software.
3.  19G cannula, extension tube, three-way tap (BD Connecta)
4.   Radionuclide calibrator (e.g. Capintec or Veenstra traceable to primary standard)
5.  Gamma counter (e.g. Wallac 1480, Perkin Elmer).

3.  Methods
3.1. Eosinophil Isolation and Imaging
1.  Collect 160 mL of blood slowly into 4 x 50 mL syringes in 8 mL of acid citrate dextrose.
2.  Transfer 120 mL of blood into 4 × 30 mL universal tubes (each universal tube contains 5 mL of 5% hydroxyethylstarch) and leave to sediment for up to 45 min.  
3.  Remove the upper layer containing the mixed leukocytes using a 10 mL syringe fitted with a kwill tube and transfer into 2 × 30 mL universal tubes. 
4.  Centrifuge the mixed leukocytes for 5 min at 150 × g (with low brake).
3.  Centrifuge 40 mL of blood at 1,300 × g for 10 min (low brake).  Collect the upper layer of supernatant (cell-free plasma) and set aside for the preparation of the plasma-Percoll gradients.  
4.  While the red cells are sedimenting the plasma-Percoll gradients can be prepared.  To prepare the iso-osmotic Percoll solution dilute 3 mL of 5 M sodium chloride with 7 mL of water for injection.  Three solutions of plasma-Percoll are prepared: 50% IOP, 60% IOP and 65% IOP (see Table 1) for volumes.  
5.  Add 2 mL of the 65% IOP to a 15 mL tube and use a pen to mark the solution volume.  Gently overlay in a drop-wise manner the 60% IOP followed by the 50% IOP.  Mark the volume level of each solution on the tube.  
6.  Gently resuspend the leukocyte pellet in cell-free plasma and make up to a final volume of 2 mL.  
7.  Withdraw the leukocyte/CFP mixture in a 10 mL syringe and add slowly to the 15 mL tube containing the IOP solutions.  
8.  Centrifuge the gradients with no brake for 5 min at 150 × g.
9.  Attach a kwill tube to a 10 mL syringe and gently remove and discard the layer of peripheral blood mononuclear cells (see Fig. 2).  Using a fresh kwill tube and 10 mL syringe remove the granulocyte layer.
10.  Centrifuge the granulocytes with low brake for 5 min at 150 × g. 
11.  Remove the peripheral blood mononuclear cells at the interface between the 65% and 60% gradients (see Fig. 1) using a 10 mL syringe with kwill tube attached. Using a fresh 10 mL syringe remove the granulocyte layer.  
12.  Prepare a solution of CliniMACS buffer containing 0.5% CFP (at least 80 mL).
13.  Incubate the granulocytes with 2.7 mL of CliniMACS buffer containing CFP and 0.35 mL of CD16 beads.  Leave to incubate for 30 min at room temperature, gently inverting by hand every 5 min.  
14.  Place all 3 LS columns into the magnet and rinse each with 3 mL of the CliniMACS buffer containing CFP.  
15.  Following the incubation place equal volumes of the granulocyte/CD16 bead mixture into each LS column.  After the mixture elutes through the column, add another 3 mL of CliniMACS buffer containing CFP to each column.  Follow with two additional 3 mL washes using the CliniMACS buffer containing CFP.
16.  Centrifuge collected samples at 150 × g for 5 min (low brake).
17.  Remove supernatant and discard.  Centrifuge eosinophils at 150 × g for 5 min (low brake) with cell-free plasma.
18.  Proceed with radiolabelling: label each cell pellet by carefully adding 200 MBq (maximum radioactivity dose) Tc-99m-HMPAO (see Note 2).  Cap the universal tube securely, gently mix, and measure the cell suspension activity in the tube.
19.  Incubate the cell suspension containing Tc-99m-HMPAO for 10 min.
20.  After the incubation, add 5 mL of cell free plasma to the labelled cells in each of the two tubes to remove any unbound label.  Invert the tubes gently twice and centrifuge at 150 × g for 5 min (with low brake). 
21.  Remove the supernatant and measure the activity in each tube and record the values.  Measure the activity remaining in each tube and record the values.  Using these values, calculate the labelling efficiency (see Note 3).
22.  Resuspend the cells gently with at least 4 mL cell-free plasma.
The next stage requires two people - one to administer the radiolabelled eosinophils and one to operate the SPECT-CT.
23.  With the volunteer lying supine, the gamma camera is positioned to obtain simultaneous anterior and posterior images of the chest and abdomen.  Place a cannula in the vena fossa and position both arms perpendicular to the patient, on arm rests.
24.  For administration, connect an extension tube to a cannula, and a three-way tap with a 20 mL saline flush and the shielded, radiolabelled eosinophils.  Attach the administration syringe to the tap such that it is in-line with the extension tube - this will give the best flow and minimise cell damage.  All syringes and connectors should be luer-lock.
25.  The radiolabelled eosinophils are administered as a bolus, followed immediately with a 20 mL saline flush - in a continuous and smooth manner.
26.  Images are recorded as soon as the bolus of labelled eosinophils is administered.  To obtain continuous imaging from the point of administration images should be acquired at the following intervals: one image every second for the first 2 min followed by one image every 20 s for 38 min.   
27.  Peripheral blood samples (1 mL) are taken at 2, 4, 6, 8, 10, 15, 30, 45, 90, 120, 240, 360, and 540 min post-injection and radioactivity measured in a gamma counter.  A pre-injection sample of the blood should also be collected to provide a measurement of the background radioactivity (see Step 6, 3.2) 
28.  SPECT images are acquired at the following time-points: 45 min, 2 h, 4 h, 6 h and 9 h post-reinjection. Each detector is rotated by 3 degrees every 20 seconds through a 180 degree arc and each SPECT scan lasts for 24 min.
29.  A low-dose CT (<3 mSv) can be added to the protocol to improve identification of anatomical regions and correct for attenuation.  

3.2. Image Analysis for Quantifying Eosinophil Uptake
Patlak-Rutland analysis is widely used to study radiotracer kinetics in dynamic PET (11).  It is a graphical model in which the slope of the graph corresponds to the clearance of a tracer from the blood compartment to the tissue compartment.  A typical plot is described in Fig. 2.  Patlak-Rutland analysis assumes uptake is unidirectional and irreversible.  We have used this model to measure pulmonary eosinophil uptake using radiolabelled eosinophils as the tracer.

1.  Following acquisition of all images, image analysis can be performed using XelerisTM software.  
2. To obtain 3D quantification draw regions of interest (ROI) around the organs of interest e.g. right and left lungs.  ROI are drawn over the lung on transaxial sections of the SPECT images at each time point (see Fig. 3).
3. Draw ROI on cross-sectional images of the lungs in serial slices starting from the lung apex to 3-4 slices above the liver, to avoid inadvertent detection of the liver signal in the lung ROI. The ROI encompassing the lung are within the ribs, thus avoiding the cardiac silhouette and hilar regions.
4. The ROI generate lung counts per voxel, which should be decay-corrected at each time point for physical decay of Tc-99m.  
5.  To calculate radioactivity the counts in the regions should be divided by a system specific sensitivity factor (usually in units of counts per activity). 
6.  Decay correct the radioactivity in the blood for physical decay of Tc-99m and subtract from the background blood sample.  Plot time versus blood radioactivity and then curve fit the graph (using Microsoft Excel or equivalent software).  The equation of the line is then used to integrate the blood activity as part of the Patlak-Rutland equation:


Where LT is the activity in the lung region at time T, CbT is the activity per mL of blood at time T, k (gradient) is the uptake constant (mL/min) and C0 (intercept) is the tracer distribution volume in the region (mL).
7. Attenuation correction using CT is required to obtain k and C0 in absolute units. Where attenuation correction is not possible k should be divided by C0 to give uptake in units of ml/min/mL.
4. Notes
1.  SPECT-CT was acquired in H-mode using General Purpose Collimators (GE Healthcare ELEGP) with a 128 x 128 matrix size (4.4 mm pixel size) and 120 projections (60 each detector) acquired for 20 seconds each. The SPECT dataset was reconstructed using OSEM iterative reconstruction using 2 iterations and 10 subsets. Attenuation correction was incorporated into the reconstruction using the low dose CT. Post reconstruction filtering applied using a Butterworth filter with a cutoff frequency of 0.7 cm−1 and a power of 10 (GE Volumetrix).
2.  Imaging can be performed using Tc-99m or In-111 labelled cells and the decision will be mainly based of the duration of the data collection. For studies up to 18 h Tc-99m can be used and In-111 should be used for studies longer than 18 h. However, In-111 is inferior to Tc-99m in image quality and quantification and also gives much higher effective doses per unit activity administered.
3.  The percentage labelling efficiency is calculated as follows:
Activity on cells/(Sum of the activity on cells and the supernatant activity) × 100. 

Acknowledgements
This work was supported by Asthma-UK [08/11]; the Medical Research Council [grant number MR/J00345X/1]; the Wellcome Trust [grant number 098351/Z/12/Z], and Cambridge NIHR Biomedical Research Centre.

Figure Captions
Fig. 1.  Plasma-Percoll gradient following centrifugation.
[bookmark: _GoBack]Fig. 2. Patlak-Rutland plot. Cb represents radioactivity in the blood, T represents the current time-point. k is the slope of the plot, which represents the rate of eosinophil clearance from the blood to the lungs in mL/min per mL of lung volume and C is the intercept of the y axis. 
Fig. 3. Representative examples of SPECT images corresponding to lower, middle, and upper lung sections 6 hours after reinjection of Tc-99m-labelled eosinophils in a healthy volunteer (left panel) and a patient with asthma (right panel).  Dotted white lines represent lung ROI. Figure 3 reproduced from The Journal of Allergy and Clinical Immunology (9).
Fig. 4. (A)  SPECT-CT image 45 min following injection of Tc-99m-labelled eosinophils in a patient with eosinophilic vasculitis, showing accumulation of activity in lung nodules in the right lung (white arrows). (B).  Pulmonary uptake of Tc-99m-labelled eosinophils.  Median with interquartile range (Mann-Whitney U test).  Panel A reprinted with permission of the American Thoracic Society. Copyright © 2019 American Thoracic Society (8).  The American Journal of Respiratory and Critical Care Medicine is an official journal of the American Thoracic Society.  Panel B reproduced from The Journal of Allergy and Clinical Immunology (9). 

Table 1
Plasma-Percoll Concentrations

	
Final Percoll concentration (%)
	
Iso-osmotic Percoll (mL)
	
Cell free plasma (mL)

	65
	2.6
	1.4

	60
	2.4
	1.6

	50
	2.0
	2.0
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