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The process of sprouting angiogenesis can be measured in vitro using endothelial cells in sprouting assays such as the fibrin bead assay and the spheroid-based assay. While the technical aspects of these sprouting assays have been well-optimized, the analysis aspects have been limited to manual methods, which can be time-consuming and difficult to reproduce. Here, we developed an automated analysis tool called AQuTAS to quantify sprouting parameters from the spheroid-based sprouting assay. We trained and validated the algorithm on two subsets of data, and tested its sensitivity by measuring changes in sprouting parameters over a range of concentrations of pro- and antiangiogenic compounds. Our results demonstrate that the algorithm detects known differences in sprouting parameters in endothelial spheroids treated with pro- and antiangiogenic compounds. Moreover, it is sensitive to biological changes that are ≥40%. Among the five quantified parameters, cumulative sprout length is likely the most discriminative parameter for measuring differences in sprouting behavior because it had the highest effect size (>1.5 Cohen’s d). In summary, we have generated an automated tool that quantifies sprouting parameters from the spheroid-based assay in a reproducible and sensitive manner.
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1 INTRODUCTION
The formation of new blood vessels from existing ones, known as sprouting angiogenesis, is a key step in the development of cancer (Potente et al., 2011). In response to growth factors or hypoxic conditions, endothelial cells on existing vessels begin migrating toward the growth signal and form a new vascular sprout. Over time, this sprout becomes a capillary and forms a lumen in which blood can flow. The ability to study this process in cancer development using relevant experimental systems is instrumental for identifying new ways to hinder or inhibit sprouting angiogenesis during cancer progression (Nowak-Sliwinska et al., 2018).
Experimental systems commonly used to study sprouting angiogenesis in 3D are the fibrin bead assay and the spheroid-based assay. In the fibrin bead assay, endothelial cells are seeded onto a dextran-coated microcarrier bead and embedded into a fibrin gel. Over the course of several days, the endothelial cells sprout and form capillary-like structures with a lumen (Nakatsu et al., 2007; Nakatsu and Hughes, 2008). In the spheroid-based assay, endothelial cells are seeded as spheroids and embedded in collagen or fibrin gel. Unlike in the fibrin bead assay, endothelial cells in the spheroid-based assay form only partially lumenized sprouts (Heiss et al., 2015; Tetzlaff and Fischer, 2018; Favara et al., 2021; Santos et al., 2017). The fibrin bead assay has even been adapted to 96-well plates, providing the possibility for high-throughput drug screening of anti-angiogenic compounds (Eglinger et al., 2017; Carpentier et al., 2020); no such adapted format exists for the spheroid-based assay.
While the technical aspects of sprouting assays have been optimized (Nakatsu et al., 2007; Nakatsu and Hughes, 2008; Nehls and Herrmann, 1996; Newman et al., 2011), improvements in the automated analysis of sprouting angiogenesis have been fairly limited. For both the fibrin bead assay and the spheroid assay, analysis has traditionally been performed manually for individual sprouts, which can be time consuming and difficult to reproduce. To address these issues, several groups have recently developed automated analyses to quantify angiogenic sprouting from the fibrin bead assay using ImageJ, including the Sprout Morphology (Eglinger et al., 2017) and Angiogenesis Analyzer (Carpentier et al., 2020) plugins.
However, no automated analysis tool exists for the spheroid-based sprouting assay. Existing algorithms for fibrin bead sprouting applied to the spheroid-based assay are likely to perform poorly because they depend on detection of a circular bead in the image to separate sprouts from the bead. In addition, due to pandemic-related shortages, microcarrier beads have not been available to perform the fibrin bead assay. Thus, there is a need for automated quantification of angiogenic sprouting for the spheroid-based assay.
Here, we present an automated algorithm called AQuTAS that measures angiogenic sprouting parameters from the spheroid-based assay. To validate the algorithm, we compared automated measurements to manual measurements and tested the algorithm on two datasets. To measure the sensitivity of the algorithm, we also quantified sprouting parameters under a range of concentrations of pro- and anti-angiogenic compounds. The algorithm, built in Matlab (with the code available for download), batch processes hundreds of spheroid sprouts within minutes, enabling quantification of angiogenic sprouting from the spheroid-based assay.
2 MATERIALS AND METHODS
2.1 Reagents
Reagents for the sprouting assay were prepared using previously described protocols (Nakatsu et al., 2007; Eglinger et al., 2017) but with the following modifications. Thrombin (T4648-1KU, Sigma Aldrich) was dissolved in sterile water at 50 U/mL, while aprotinin (A-1153, Sigma Aldrich) was dissolved in 4 U/mL distilled water and sterile filtered. Aliquots were stored at −20°C until use. Fibrinogen type 1 (F-8630, Sigma Aldrich) was prepared fresh before each experiment: 6 mg/ml fibrinogen was dissolved in basal Endothelial Growth Medium 2 (EGM-2, Promocell), warmed to 37°C for 10 min, and sterile filtered (0.20 μm). A 1.2% (w/v) methylcellulose solution was made by dissolving 4,000 cP methylcellulose (M01512, Sigma Aldrich) in basal EGM-2 and stored at 4°C. Recombinant Vascular Endothelial Growth Factor 165 (0.5 ng/ml, Promocell) was used to induce angiogenesis [(Ferrara and Henzel, 1989), while sunitinib malate (dissolved in DMSO, SU11248, SelleckChem) was used to inhibit angiogenesis (Sun et al., 2003)].
2.2 Cell Culture
Human umbilical vein endothelial cells from pooled donors (HUVECs, Promocell) were used for sprouting experiments. Upon receipt of the vial, 1 × 106 cells were expanded for one passage according to manufacturer’s instructions, checked for absence of mycoplasma (MycoAlert Mycoplasma Detection Kit, Lonza), and frozen down in aliquots of 2 × 105 cells in cryofreezing medium (Promocell). HUVECs were cultured from passages 2 to 6 in EGM2 medium comprising 2% fetal calf serum, epidermal growth factor (5 ng/ml), basic fibroblast growth factor (10 ng/ml), insulin-like growth factor (20 ng/ml), vascular endothelial growth factor 165 (0.5 ng/ml), ascorbic acid (1 μg/ml), heparin (22.5 μg/ml), and hydrocortisone (0.2 μg/ml), henceforth referred to as complete medium. DetachKit2 (Promocell) was used for detachment. Cells were maintained in an incubator at 37°C, 5% CO2, and 21% O2, and culture medium was replaced every 2–3 days.
2.3 Generation of Human Umbilical Vein Endothelial Cells Spheroids
Three to 4 days prior to generation of HUVEC spheroids, cells were seeded at a density of 1 × 104 cells/cm2 in a T-25 flask (TPP) and were allowed to reach 80–90% confluency before use; near-confluent cultures were necessary to obtain visible sprouting. On the day of spheroid seeding, HUVECs were fluorescently labelled with 5 μM CellTracker Green 5-chloromethylfluorescein diacetate (CMFDA, Invitrogen) in EGM-2 basal medium (serum-free, no added components) for 20 min at 37°C. Cells were then harvested using the DetachKit2 (Promocell) according to manufacturer’s instructions, counted, and resuspended in complete EGM-2 medium containing 40% methylcellulose solution (v/v). HUVEC spheroids were then generated using the hanging drop method (Korff and Augustin, 1998; Heiss et al., 2015; Tetzlaff and Fischer, 2018). Briefly, 20 μL drops of the cell solution were pipetted on the lid of a 10 cm dish (TPP). The dish was then inverted, and the bottom was filled with 7 ml PBS. The hanging drops were incubated for 24 h before use. For four wells of spheroids, 7.5 × 104 cells were resuspended in 2.4 ml of medium and 0.6 ml of methocel; this ratio was scaled as needed to seed the required amount of wells.
2.4 Initiation of Sprouting Assay
Sprouting assays were performed by embedding HUVEC spheroids into fibrin gel, using a modified protocol from that previously reported (Santos et al., 2017). HUVEC spheroids were collected in basal EGM-2 medium, pelleted for 1 min at 50 × g, and resuspended in solution comprising 60% (v/v) fibrinogen solution (6 mg/ml stock diluted in basal EGM-2 to achieve 2.3 mg/ml final concentration in each well) and 40% (v/v) methylcellulose (1.2% solution adjusted in volume using basal EGM-2). The volume of solution was calculated based on the number of wells used (90 μL/well), resulting in an approximate concentration of 250 spheroids/mL. Aprotinin (diluted to 0.15 U/mL final concentration) was added directly to the resuspension solution. After pipetting 10 μL of thrombin (diluted to 0.625 U/mL final concentration in basal EGM-2) to the target wells of a pre-warmed, black 96-well plate with clear bottom (Corning 3603), 90 μL of the spheroid solution was added dropwise to each well and gently mixed with a pipette three to four times. The plate was left in the hood for 5 min before being transferred to an incubator for 60 min to solidify. Complete EGM-2 medium was then added dropwise to each well (150 μL/well) containing the indicated concentrations of VEGF (0, 5, 10, 20, 40 ng/ml) or sunitinib malate (0, 0.01, 0.1, 1, 10 μM).
2.5 Imaging of Angiogenic Sprouts
Images were acquired using a Cytation 5 multi-mode microplate reader (Biotek). The turbidity of the gel in each well was measured by scanning absorbance at 350 nm. Each well was then imaged at 37°C and 5% CO2 by phase contrast microscopy and by fluorescence microscopy using a 4× objective (Olympus UPLFLN 4 × Ph, NA 0.13). For fluorescence imaging, a 465 nm LED source was used with an excitation wavelength of 469/35 and an emission wavelength of 525/39. Each well was imaged using the Z-stack and montage features of the Cytation 5 software, resulting in final image size of 1973 μm × 1457 μm in x and y, and 12 slices in z with a step of 54 μm. Autofocus was performed based on the objective size. Whole-well images were stitched together using Gen5 software and downsampled by 20%, resulting in a stitched image with a 4 × 4 mm coverage (19 Mb in tiff format) and a resolution of 2 μm per pixel for each z-plane that was exported for image analysis.
2.6 Automated Image Analysis
2.6.1 Generation of Masks
Sprouting parameters were measured using a custom algorithm written in MATLAB R2018b (v. 9.5.0.9.44444, MathWorks Inc.). Images of single sprouts were first cropped using the inbuilt function imcrop and saved as individual files in tiff format. Masks of the total spheroid area were generated as previously described (Kannan et al., 2016). Briefly, images were first processed using a median filter of 1 × 1 pixels to remove electronic noise using medfilt2 function and contrast enhanced using the adapthisteq function, which transforms values using an adaptive histogram equalization process. Edges were then segmented using the Sobel method, dilated using a 2D convolution between the edge mask and the width of the Gaussian kernel (100), and thresholded to remove background pixels. For each image, the threshold was defined as the value corresponding to the median value of all nonzero elements +0.3* standard deviation value of all nonzero elements, which was empirically determined. The spheroid center was identified on a smoothened image (median filter, 10 × 10) using the brightest pixels and expanded using the imdilate function. The sprout area was identified by subtracting the spheroid center from the total spheroid area.
2.6.2 Sprout Skeletonization
The parameters migrated sprouts, attached sprouts, and cumulative sprout length were subsequently calculated from a skeletonized sprout. An initial sprout skeleton was generated by applying the bwskel function (Lee and Kashyap, 1994) on the sprouting area, using a minimum branch length of 1 pixel. After the spheroid center was subtracted from the skeleton, the remaining skeleton was dilated using a diamond structural element of radius 2 pixels, pruned using the bwskel function, and filtered using the bwconncomp function with a threshold of 6 to remove small (“noisy”) extensions. To identify whether sprouts were still attached to the spheroid body or had migrated on the focal plane, we measured whether each sprout intersected with the edge mask of the center; sprouts that did not intersect with the center on the focal plane were labeled “migrated” while those that intersected were labeled “attached”. Due to limitations in the objective’s focal plane, we could not determine whether the “migrated” sprouts were attached to the spheroid on a different Z plane. Maximum intensity projections also could not be used because fluorescence emitted from the spheroid body resulted in a halo-like effect around the entire spheroid sprout. The cumulative sprout length was calculated as the sum of all pixels detected in the final sprout skeleton.
2.6.3 Accessing and Running the Algorithm
Users have two main options for accessing the algorithm. Users without a MATLAB license can run the tool using the standalone application, available for download as the folder “AQuTAS Standalone” (Zenodo repository: 10.5281/zenodo.6444392). Prior to using the tool, users must install MATLAB Runtime by following the instructions in the document “Instructions Install Standalone.txt”, contained in the downloaded folder. Users with a Matlab license can run the tool using the GUI (executable through AQuTAS.fig file), available for download as the folder “AQuTAS Matlab” (Zenodo repository: 10.5281/zenodo.6444392).
The algorithm can then be run by following the document “Instructions Run AQuTAS.txt”, contained in either of the downloadable folders. Before running any of the other features of the tool, the user must first add the folder containing code files to the tool. This is done by selecting the “Select folder with code” button of the GUI. Next, to perform quantification, the user must ensure that the folder for analysis contains images of individual spheroids. If images are to be cropped, the user should click on the “Crop single images” button of the GUI. Afterwards, the user should click on the “Analyze sprouts (FL)” button of the GUI and select the folder containing images of individual spheroid sprouts. The algorithm should then process all the images of the entire dataset. Output parameters (total spheroid area, total sprouting area, total number of sprouts including migrated and attached, and cumulative sprout length) for all images are generated in an output csv file. Source code is also available at Github (https://github.com/p-kannan/aqutas).
2.7 Manual Image Analysis
Three sprouting parameters (total spheroid area, cumulative sprout length, and total number of sprouts) were measured manually using FIJI (v. 1.52 h, ImageJ). Cropped images of spheroid sprouts, saved as individual files in tiff format, were smoothened using a median filter of 1 × 1 and thresholded using the Triangle method (with dark barkground) to generate the spheroid mask. Cumulative sprout length and total number of sprouts were measured by manually tracing sprouts on the original spheroid image using the Simple Neurite Tracer plugin (Longair et al., 2011).
2.8 Comparison With Existing Quantification Methods
To test our assumption that existing algorithms for fibrin bead sprouting applied to the spheroid-based assay would perform less well than AQuTAS, we compared the skeletonization of spheroid sprouts generated by AQuTAS to that generated by two existing algorithms for fibrin bead assay, Angiogenesis Analyzer and Sprout Morphology. For Angiogenesis Analyzer (Carpentier et al., 2020), default settings were used for the “Fluorescence” module. For Sprout Morphology (Eglinger et al., 2017), we used the following parameters to detect the spheroid center: the Triangle method for thresholding, 0.06 for blur radius of bead detection, 33 pixels for minimum bead radius, and one as the factor for dilation of beads. To detect sprouts, we used the following parameters: Triangle method for thresholding, 0.04 blur radius, 1,000 minimal area of plexus, and 10 minimal sprout area.
2.9 Statistical Analysis
Data used for the optimization of the algorithm were checked data for homogeneity of variance and then evaluated for statistical significance using a t-test with Welch’s correction (unpaired, two-tailed, α = 0.05) or using a Mann-Whitney test (non-parametric, unpaired, two-tailed, alpha = 0.05). Data used in the comparison of automated vs. manual results were fit with linear regression models. Data used in evaluating the sensitivity of the algorithm to pro- and anti-angiogenic compounds were evaluated for statistical significance using a Browne-Forsythe one-way ANOVA, followed by multiple testing correction using Dunnett T3 (two-tailed, α = 0.05). Effect sizes were calculated using Cohen’s d; values < 0.5 were considered small, 0.5 to 1.0 were considered medium, and >1.0 were considered large.
Data points represent individual spheroids from one to three biological experiments, as indicated in the text or figure legend. For experiments involving pro- and anti-angiogenic compounds, sample sizes were estimated from the initial training data set (β = 0.8). Although randomization and blinding were not possible, data were analyzed using the automated algorithm, limiting user bias on individual samples.
3 RESULTS
3.1 Optimization of Spheroid Sprouting Assay in 96-Well Plate Format
To increase the sample sizes needed to optimize the algorithm, we first adapted the spheroid sprouting assay to a 96-well plate format (Eglinger et al., 2017; Carpentier et al., 2020); only the fibrin bead assay had previously been adapted to this format. We tested both fibrin and collagen as matrix components for the spheroid sprouting assay, but ultimately chose fibrin for three reasons. First, fibrin deposition is involved in tumor angiogenesis (Feng et al., 2013). Second, unlike fibrin, collagen was difficult to work with in a small-well format because its high viscosity led to bubble formation during pipetting (Supplementary Figure S1). Third, collagen requires pH adjustment to initiate polymerization, and variations in the pH of the gel influence sprouting behavior (Nehls and Herrmann, 1996). Thus, we chose to optimize the spheroid sprouting assay using fibrin gel as the matrix, where gel components were dissolved in cell medium (pH 7.4) to reduce variation in pH across experiments.
Human umbilical vein endothelial cells (HUVECs) were fluorescently labeled with CellTracker Green to enhance imaging contrast and to avoid meniscus-related effects visible in phase-contrast images. Once spheroids were formed using the hanging drop method, they were resuspended in a solution comprising 60% of fibrinogen and 40% methylcellulose made in basal EGM-2 medium (Figure 1A). We found that methylcellulose was a crucial to preventing the spheroids from sinking to the bottom of the well (Supplementary Figure S2). The fibrinogen/methycellulose solution containing spheroids was then pipetted into each well pre-containing thrombin to initiate formation of the fibrin gel. Whole wells containing spheroids were then imaged 24 h later using phase-contrast microsocpy and fluorescence microscopy (Figure 1B).
[image: Figure 1]FIGURE 1 | Schematic demonstrating setup of spheroid assay for angiogenesis sprouting. (A) Human umbilical vein endothelial cells (HUVEC) are fluorescently dyed with CellTracker Green CMFDA (5 μm) and seeded as hanging drops for 24 h. Spheroids are collected, resuspended in a fibrinogen/methylcellulose solution, and mixed with thrombin in a 96-well plate to embed spheroids within the generated fibrin gel. Medium containing pro- or anti-angiogenic factors is added 1 h later to initiate sprouting. Angiogenic sprouting is imaged 24 h later using a real-time, fluorescence microscopy plate reader. (B) Representative images of embedded spheroids in a single well and a close-up of sprouting from a single spheroid. Images were acquired using phase contrast and fluorescence microscopy. Scale bar of whole-well image = 2000 μm.
3.2 Development of Automated Algorithm to Quantify Angiogenic Sprouting
We subsequently developed a Matlab-based automated algorithm to quantify angiogenic sprouting from HUVEC spheroids imaged using fluorescence microscopy (Figure 2). After individual spheroids were cropped out manually from the stitched, whole-well image (Figure 2, panel 1), they were contrast enhanced using an adaptive histogram equalization process to improve visualization of the sprouts (Figure 2, panel 2). The total spheroid area was segmented using edge detection, smoothed using convolution, and automatically thresholded to remove background pixels (Figure 2, panel 3). The total area was used to generate an initial sprout skeleton (Figure 2, panel 4), which is done by reducing the sprouting area to a 2-dimensional line structure based on the image topology. After the spheroid center was identified using the brightest pixels (Figure 2, panel 5), it was removed from the total spheroid area to generate the sprouting area (Figure 2, panel 6) and from the initial skeleton to remove “sprout extensions” located within the spheroid body (Figure 2, panel 7). The sprout skeleton was further pruned to remove small extensions, resulting in a final skeleton for analysis (Figure 2, panel 8). Existing methods designed to quantify sprouting parameters in the fibrin bead assay detected fewer sprouts than our method, likely because previous methods rely on detection of a circular bead that does not exist in the spheroid-based assay (Supplementary Figure S3).
[image: Figure 2]FIGURE 2 | Quantification method of angiogenic sprouting from HUVEC spheroids. (A) Images demonstrating the automatic generation of masks and skeletons used to quantify total area, sprout area, and cumulative sprout length from each spheroid. The original image (1) is intensity adjusted using adaptive histogram equalization (2), and segmented using a combination of Sobel segmentation, convolution, and adaptive thresholding to generate a spheroid mask (3), as described before (Kannan et al., 2016). The image was then reduced to an initial skeleton using a skeletonization method (4). After the spheroid center (5) and sprout area (6) were identified, the center was subtracted from the sprout skeleton to exclude extensions found in the spheroid center (7). Small extensions were then removed to generate the final sprout skeleton (8). (B) Images demonstrating the counting of individual sprouts as migrated or attached. Each sprout in the skeleton is assessed as to whether it intersects with the skeleton of the center. If a sprout intersects with the center, it is considered “attached”; otherwise, it is considered “migrated”. (C) View of output csv file from automated algorithm.
Since pro- and anti-angiogenic compounds could affect migration of endothelial cells differently, we sorted identified sprouts into two sets. Some of the spheroid sprouts were still attached to the spheroid body and were therefore labeled “attached”, while others appeared to have detached from the body and were labeled “migrated”. Since the images used for analysis were obtained from only one focal plane, we could not determine if the migrated sprouts were in fact endothelial cells that had migrated or if their attachment point was only visible from a different imaging plane (Figure 2B). Results of the quantification parameters (total spheroid area, total sprouting area, total number of sprouts including migrated and attached, and cumulative sprout length) are provided for all the images in an output csv file (Figure 2C).
3.3 Validation of Automated Algorithm
Results from the automated quantification were then compared to manual quantification of the optimization dataset to determine the error/bias in the automated method; manual quantification was performed using ImageJ plugins. For simplicity, we compared three parameters: spheroid area, cumulative sprout length, and total number of sprouts. Manual and automated methods were well-correlated for total spheroid area (R2 = 90%, Figures 3A,B) and cumulative sprout length (R2 = 86%), but less correlated for total sprout number (R2 = 61%, Figures 3C,D), suggesting that the automated method underestimates the number of sprouts compared to manual quantification. Visual inspection of the output images from the automated method confirmed this idea, likely because of counting two sprouts as one (Figure 3E).
[image: Figure 3]FIGURE 3 | Comparison of sprouting parameters quantified from the optimization dataset using manual vs. automated methods. (A) Images of total spheroid masks detected using manual vs. automated methods. (B) Linear regression of total spheroid area quantified using manual vs. automated methods. For manual analysis, spheroid area was detected by thresholding images using the Triangle method on ImageJ and calculating the area of the obtained mask (n = 21 spheroids). Linear regressions are plotted with 95% confidence intervals. (C)Images of individual sprouts demarcated using manual vs. automated methods. (D) Linear regressions of cumulative sprout length and total number of sprouts quantified using manual vs. automated methods. For manual analysis, cumulative sprout length and number were measured using Simple Neurite Tracer plugin on ImageJ. Linear regressions are plotted with 95% confidence intervals. (E) Image demonstrating underestimation of sprout number detection by automated method.
To estimate the effect sizes and variance of sprouting parameter values, we quantified all parameters from a dataset in which HUVEC spheroids were treated with EGM-2 complete medium or the same medium supplemented with the angiogenesis inducer, vascular endothelial growth factor (VEGF, 25 ng/ml). In subset 1 of the data (Figures 4A,B), which was used to optimize the algorithm, we found significant differences between the two conditions in the number of attached sprouts and cumulative sprout length. The other three parameters did not result in significant differences, likely due to substantial variation in the parameter values and in the low sample size for baseline conditions (n = 6). Based on subset 1, we estimated that the effect sizes [Cohen’s d, (95% CI)] for the parameters were: small for total spheroid area [0.463, (−0.494 to 1.42)] medium for sprouting area [0.733, (−0.239 to 1.706)], small for migrated sprouts [−0.301, (−1.259 to 0.644)], and large for attached sprouts [1.543, (0.487 to 2.599)] and for cumulative sprout length [1.77, (0.683 to 2.858)] (Figures 4A,B).
[image: Figure 4]FIGURE 4 | Quantification of sprouting parameters measured by automated method in optimization and validation datasets. (A) Representative binary masks of spheroid sprouting in baseline and VEGF-treated (25 ng/ml) conditions from the optimization dataset. VEGF = vascular endothelial growth factor. (B) Quantification of five sprouting parameters in untreated and VEGF-treated spheroids from the optimization dataset. (C) Binary mask images of spheroid sprouting in baseline and VEGF-treated (25 ng/ml) conditions from the validation dataset. (D) Quantification of sprouting parameters in untreated and VEGF-treated spheroids from validation dataset. Each data point represents value from one spheroid, and the horizontal line indicates the median value of the group. Data was collected from one biological experiment and divided into two subsets–one for optimization and one for validation of the automated method. Statistical significance for total spheroid area, sprout area, and cumulative sprout length was determined by Student’s t-test with Welch’s correction (unpaired, two-tailed, α = 0.05), while that for number of migrated sprouts and attached sprouts was determined by Mann-Whitney test (non-parametric, unpaired, two-tailed, α = 0.05). Adjusted p-values (corrected for multiple testing) are indicated. Scale bars = 100 μm.
We then re-ran the algorithm on subset 2 of the dataset containing a larger sample size (n = 21 for baseline; n = 17 for VEGF) to validate these results (Figures 4C,D). In subset 2 of the data, we found significant differences between the two conditions in all of the five measured parameters, despite substantial variation in nearly all parameter values. In this subset, estimated effect sizes [Cohen’s d, (95% CI)] for the parameters were large for all parameters: total spheroid area [1.942, (1.168 to 2.717)], sprouting area [2.134, (1.335 to 2.934)], migrated sprouts [1.745, (0.995 to 2.495)], attached sprouts [2.678, (1.8 to 3.557)] and cumulative sprout length [1.872, (1.107 to 2.638)] (Figures 4C,D). Together, these results suggest that attached sprouts and cumulative sprout length may be the most sensitive parameters when comparing differences in sprouting behavior between two conditions.
3.4 Automated Method Distinguishes Sprouting Behavior Among Pro- and Anti-Angiogenic Conditions
Finally, to estimate the sensitivity of the automated algorithm and biological variation in the experimental setup, we measured changes in cumulative sprout length across a range of concentrations of pro- and anti-angiogenic compounds from independent experiments. Cumulative sprout length was significantly increased in HUVEC spheroids treated with increasing concentrations of angiogenic VEGF (≥10 ng/ml) in all three biological repeats (Figure 5A). Although absolute values of cumulative sprout length varied among experiments, differences in cumulative sprout length from baseline conditions were reproducible. Cumulative sprout length increased linearly from baseline conditions, when VEGF concentration was plotted on a log scale (Figure 5B). In contrast, cumulative sprout length significantly decreased in HUVEC spheroids treated with increasing concentrations of antiangiogenic sunitinib (≥100 nM) in both biological repeats (Figure 5C). Cumulative sprout length decreased linearly from baseline conditions, when sunitinib concentration was plotted on a log scale (Figure 5D).
[image: Figure 5]FIGURE 5 | Sensitivity of automated quantification to pro- and anti-angiogenic compounds. (A) Quantification of cumulative sprout length measured in spheroids treated with a range of concentrations of the proangiogenic compound VEGF from three independent experiments. Each data point represents one spheroid. Statistical significance was determined by Browne-Forsythe one-way ANOVA, followed by multiple testing correction using Dunnett T3 (two-tailed, α = 0.05); asterisks designate adjusted p-values (corrected for multiple testing) as follows: ***p < 0.001. (B) The average difference in cumulative sprout length (ΔCSL) between VEGF-treated conditions and baseline, calculated for a range of VEGF concentrations. Data points represent average value in that group from all three biological repeats, and error bars represent the 95% confidence interval. (C) Quantification of cumulative sprout length measured in spheroids treated with a range of concentrations of the antiangiogenic inhibitor sunitinib from two independent experiments. Since sunitinib targets VEGF-mediated signaling by inhibiting VEGF receptor 2, sunitinib treatment was performed in the presence of 20 ng/ml VEGF for all conditions. Each data point represents one spheroid. Statistical significance was determined by Browne-Forsythe one-way ANOVA, followed by multiple testing correction using Dunnett T3 (two-tailed, α = 0.05); asterisks designate adjusted p-values (corrected for multiple testing) as follows: ****p < 0.0001. (D) The average difference in cumulative sprout length (ΔCSL) between sunitinib-treated conditions and baseline, calculated for a range of sunitnib concentrations. Data points represent average value in that group from both biological repeats, and error bars represent the 95% confidence interval.
4 DISCUSSION
4.1 Automated Quantification of Angiogenic Sprouts From Spheroid-Based Assay
We developed and validated an automated algorithm for the quantification of fluorescent angiogenic sprouts from the HUVEC spheroid-based assay (AQuTAS) adapted to a 96-well plate format. The method relies on fluorescent labeling of HUVECs to enhance sprout detection within a 3-dimensional, semi-transparent fibrin gel. Once the method segments the total spheroid area, it generates a sprout skeleton used to calculate morphological parameters such as total number of sprouts, number of migrated and attached sprouts, as well as the cumulative sprout length. The algorithm detected known differences in sprouting parameters for HUVEC spheroids treated with proangiogenic treatment and was also sensitive to changes in sprouting parameters for HUVEC spheroids treated with varying concentrations of pro- and antiangiogenic treatments across different datasets. Our automated method therefore allows quantification of sprouting parameters from the HUVEC spheroid-based assay in a fast and reproducible way.
Among the sprouting parameters, cumulative sprout length is likely the most discriminative parameter for measuring differences in HUVEC sprouting behavior. In HUVEC spheroids treated with 25 ng/ml VEGF, we found significant increases in the cumulative sprout length compared to baseline. More importantly, the effect size of this parameter was large (>1.5) in response to one of the most potent angiogenic inducers (Ferrara and Henzel, 1989; Heiss et al., 2015; Eglinger et al., 2017). Although increases in other parameters such as total spheroid area and sprouting area were statistically significant when the sample size was increased (>15 spheroids/group), the effect sizes of these changes were relatively small (<1.0). Although previous studies have used a variety of metrics including cumulative sprout length (Heiss et al., 2015; Eglinger et al., 2017; Carpentier et al., 2020; Katsila et al., 2021), number of sprouts (Nakatsu et al., 2003; Newman et al., 2011; Eglinger et al., 2017; Carpentier et al., 2020), and sprouting area (Boettcher et al., 2010; Winters et al., 2016), our results indicate that the effect size of the sprouting parameter being measured is an important consideration when performing spheroid-based sprouting assay.
Given the biological variation of the sprouting assay, the range of sensitivity for algorithm detection is also an important factor to consider in the sprouting angiogenesis assay. Here, we measured the sensitivity of our algorithm by measuring changes in cumulative sprout length over a range of concentrations of pro- and antiangiogenic compounds. Our results confirm that the algorithm is sensitive to biological changes in cumulative sprout length. Similar to previous results (Heiss et al., 2015; Carpentier et al., 2020; Katsila et al., 2021), we found that VEGF concentrations ≥10 ng/ml increased cumulative sprout length by ≥ 1.6-fold, while sunitinib concentrations ≥100 nM decreased cumulative sprout length by ≥ 1.7-fold. Together, these findings demonstrate that the algorithm can detect biological changes that are at least 40% higher or lower than baseline. Based on the concentrations of drugs used in this study, we are unable to determine if the algorithm might be sensitive to changes less than 40%.
Although our method allows reproducible and sensitive quantification of cumulative sprout length over a large range of biological responses, it has a few limitations. First, it underestimates the number of sprouts by approximately half, compared to manual quantification. Nevertheless, although the absolute values of this parameter are underestimated, such an error is unlikely to be problematic for quantifying relative differences between groups. Second, since the method uses contrast to perform segmentation, it requires cells to be labeled fluorescently for enhanced contrast. Although fluorescence intensity can decrease with time and with cell proliferation, we do not expect that such decreases would affect the segmentation because it detects structures based on contrast rather than absolute intensity values. However, the method has not been validated on data from time-lapse experiments. We are working to create an update version of the method that can quantify sprouting structures from phase-contrast images, as it would eliminate the need for fluorescent labeling. Third, the method only quantifies the initial phase of sprouting angiogenesis. We were not able to measure the formation of stable lumens over time because of a shortage in fibroblasts, which have been shown to stabilize lumen formation in the fibrin bead assay (Newman et al., 2011). Thus, while our current setup and method are limited in the analysis of all steps of angiogenesis, they could instead be used to measure angiogenic sprouting induced by various tumor cells and other non-fibroblast cells in the future (Tatla et al., 2021).
In summary, we developed an automated algorithm to quantify sprouting parameters from the HUVEC spheroid-based assay. The algorithm, called AQuTAS, detects key biological differences in spheroids treated with pro- and antiangiogenic compounds. The optimized spheroid-sprouting assay and the algorithm provides researchers an alternative way to assess angiogenic sprouting, and these may be especially useful to measure angiogenic effects of non-fibroblast cells.
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