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Immune checkpoint inhibitors (ICIs) have revolutionized cancer treatment; however, the responses to ICI treatment are highly variable in different individuals and the underlying mechanisms remain poorly understood. Here, we employed a mouse squamous cell carcinoma (SCC) model where tumor-bearing recipients diverged into responders (R) versus non-responders (NR) upon anti-PD-L1 treatment. We performed in-depth TCRβ sequencing with immunoSEQ platform to delineate the differences in CD8 tumor-infiltrating lymphocytes (TILs). We found that R and NR CD8 TILs both exhibited evidence of clonal expansion, suggesting activation regardless of response status. We detected no differences in clonal expansion or clonal diversity indexes between R vs. NR. However, the top expanded (>1%) TCRβ clonotypes appeared to be mutually exclusive between R and NR CD8 TILs, showing a preferential expansion of distinct TCRβ clonotypes in response to the same SCC tumor in R vs. NR. Notably, the mutual exclusivity of TCR clonotypes in R vs. NR was only observed when top TCRβ clonotypes were counted, because such top-expanded clonotypes are present in the opposite outcome group at a much lower frequency. Many TCRβ sequences were detected in only one recipient at a high frequency, implicating highly individualized anti-tumor immune responses. We conclude that differences in the clonal frequency of top TCR clonotypes between R and NR CD8 TILs may be one of the factors underlying differential anti-PD-L1 responses. This notion may offer a novel explanation for variable ICI responses in different individuals, which may substantially impact the development of new strategies for personalized cancer immunotherapy.
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Introduction

Immune checkpoint inhibitors (ICIs) have emerged as a promising therapy used to treat different types of cancers including head neck squamous cell carcinoma (HNSCCs) (1–4). However, the response rate of HNSCCs to ICI treatment remains relatively low when applied alone as monotherapy or combined with chemoradiation (3). The underlying mechanisms for such highly variable responses remain incompletely understood (5, 6). Prior studies have focused on the differences in tumor-intrinsic factors such as tumor mutational burden (TMB) or PD-L1 expression, or environmental factors such as microbiome. For example, TMB has been reported to correlate to ICI response in melanoma and non-small cell lung cancer (NSCLC) (7–9). However, it remains controversial whether the level of TMB correlates to ICI response in HNSCC. Prior studies showed that TMBhigh HNSCCs responded to ICI treatment better (10–12), whereas conflicting data showed that TMB did not correlate to ICI response (13, 14). One biomarker for correlating ICI responses in HNSCCs is PD-L1 expression. The clinical trial data showed that the PD-L1 expression is predictive of the response rate and survival if the combined positive score (CPS) was used, which considers PD-L1 expression from both tumor and TME (3). However, the PD-L1 expression based on the tumor proportion score (TPS) does not predict ICI response rate or survival (3). Nonetheless, ICI responses cannot be accurately predicted by CPS of PD-L1 expression; thus, additional biomarkers are needed. Taken together, these studies indicate that tumor-intrinsic differences may not fully explain differential ICI responses in HNSCCs.

We hypothesized that immunological heterogeneity in the host may also contribute to the differential responses to ICI treatment (5, 6). One of the most influential factors underlying immunological heterogeneity is the adaptive immune system including T and B cells. Most conventional T cells are αβ T cells and each individual T cell expresses a unique T cell antigen receptor (TCR) consisting of an alpha (α) and a beta (β) chain. Both TCRα and TCRβ chains are generated via a somatic DNA recombination process, termed V(D)J recombination. TCRs can be grouped into distinct “clonotypes” containing TCRα and/or TCRβ chains encoded by unique V(D)J gene segments and complementarity-determining region 3 (CDR3). CDR3 is of particular importance because it encompasses the highly divergent junction of V(D)J recombination and determines antigen specificity of TCRs.

Prior studies showed that the level of CD8 tumor-infiltrating lymphocytes (TILs) correlate positively with HNSCC outcomes (15–18). Given the critical role of CD8 T cells in anti-tumor immunity, we employed a mouse SCC model, where tumor-bearing recipients diverged into responders vs. non-responders upon anti-PD-L1 treatment, to examine the contribution of CD8 T cells to differential responses to ICI (19). In line with prior studies, we showed that CD8 T cells were required for the efficacy of anti-PD-L1 treatment. Moreover, we showed that top expanded TCR clonotypes were almost mutually exclusive in the CD8 TILs of responders vs. non-responders (19). We previously examined the TCR repertoire using single-cell TCR sequencing (19, 20), which can simultaneously detect both TCRα and TCRβ chains; however, the sequencing depth of this method is rather limited. Hence, in the current study, we employed the immunoSEQ platform to perform in-depth sequencing of TCRβ clonotypes in the CD8 TILs of responders and non-responders. Our data suggest that differences in the clonal frequency of top TCR clonotypes between responder and non-responder CD8 TILs may be one of the factors underlying differential anti-PD-L1 responses.





Method




In vivo mouse work and tumor injection

A223 tumor line was described previously (21). Tumor cells were injected into wild-type (WT) C57BL/6 (B6) (Stock no. 000664) (Jackson Laboratories). Both male and female mice (6-8 weeks) were used for the study. All mice were maintained under specific pathogen-free conditions in the vivarium facility of University of Colorado Anschutz Medical Campus (Aurora, CO) or in the UPMC Hillman Cancer Center Animal Facility (Pittsburgh, PA). Animal work was approved by the Institutional Animal Care and Use Committee of University of Colorado Anschutz Medical Campus (AMC) (Aurora, CO) and University of Pittsburgh (Pittsburgh, PA).

A223 cells were cultured and trypsinized as described earlier (19). A223 cells (1×105) were resuspended to a final volume of 100μL in 50% Matrigel (Corning)/50% PBS and injected subcutaneously into one flank of each mouse. Tumor length and width were measured with calipers, and tumor volume was calculated as (length×width2)/2. When tumor size reached ~250-350mm3, tumor-bearing mice were treated with anti-PD-L1 (200µg/mouse/time diluted in PBS, clone 10F.9G2, BioXCell, Catalog# BE0101) via intraperitoneal (i.p.) injection three times (2-day interval) or PBS only as vehicle control (control group). Of note, as shown in our previous study (19), all the tumor-bearing mice in the control group had tumor growing out, and no substantial differences were observed in tumor growth among control group. To assess treatment effects, relative change in tumor volume (RCTV) was calculated as the change in tumor volume (TV) from the start of treatment (TV0) to the TV at day n (the endpoint of control group) (TVn) divided by TV0 (RCTV=[TVn−TV0]/TV0). For example, if tumor-bearing mice were treated on day 12 (the start of treatment), day 14, and day 16 with anti-PD-L1, and tumors were collected and analyzed on day 20, the RCTV would be calculated as follows: RCTV= (TVday20−TVday12)/TVday12. Based on the RCTV, anti-PD-L1 treated recipients were divided into responders (RCTV<0), slow progressors (0<RCTV ≤ 1.5) and non-responders (RCTV>1.5).





DNA sequencing of CDR3 regions in the TCRβ chains of TIL samples

Tumors were harvested from 3 R (1R-3R) and 4 NR (4NR-7NR) tumor-bearing mice and single-cell suspensions were prepared as described previously (19). Single-cell suspensions were subjected to EasySep™ Mouse CD8a Positive Selection Kit II (StemCell Technologies, Catalog#18953) according to manufacturer’s instructions to purify CD8 T cells followed by genomic DNA isolation. DNA concentration and purity were determined by NanoDrop™ OneC (Thermo Fisher Scientific). Genomic DNA samples were submitted to Adaptive Biotechnologies for amplification and sequencing of TCRβ chain CDR3 regions using the ImmunoSEQ platform (Adaptive Biotechnologies) at survey resolution (22). The same amount of genomic DNA was used for all 7 samples. The TCRβ chain CDR3 sequences and corresponding V, D, and J segments were delineated using the algorithm developed by ImMunoGeneTics (IMGT) collaboration (23). Data were analyzed using ImmunoSEQ Analyzer platform (http://www.adaptivebiotech.com/immunoseq/analyzer) and also extracted for further analysis using R (version 4.1.0) or using immunarch (version 0.6.7) package of R. Only in-frame TCR rearrangements were used for clonotype analysis. Details of the samples are included in Supplemental Table 1.

Clonal expansion index was calculated by dividing the clonal frequency of each clonotype in top-20 expanded clonotypes by the sum (∑) of all singleton clonotype frequency,   where n is the total number of singleton clonotypes. Singleton clonotype was defined as a given clonotype identified only once in a given sample. Simpson clonality is the square root of the sum over all observed rearrangements of the square fractional abundances of each rearrangement (Simpson clonality =  where n is the total number of rearrangements, ‘i’ is each rearrangement and Pi is productive frequency of rearrangement ‘i’). Simpson clonality is also the square root of Simpson’s D and is robust across differences in sampling depths. Simpson’s D (also known as Simpson’s dominance index) is the sum over all observed rearrangements of the square fractional abundances of each rearrangement (Simpson’s D = ). 

Normalized TCR Richness is calculated by dividing the number of unique productive TCR sequences with the number of total productive TCR sequences.





Statistical analysis

Data were presented as mean ± SEM. Statistical significance was calculated with unpaired t test or Fisher’s Exact test (24). Analysis was performed using GraphPad Prism version 9.3.1 for Windows (GraphPad Software).






Results




Clonal expansion of CD8 TILs in responders vs. non-responders

One limitation of single-cell TCR sequencing is that only a few thousand cells were analyzed. To further test our findings of mutual exclusivity of TCR clonotypes in R vs. NR, we performed TCRβ CDR3 DNA sequencing using Adaptive Biotechnologies’ immunoSEQ platform, which allowed us to examine much more productive TCRβ CDR3 sequences. In total, we sequenced 3 responders (1R, 2R, 3R) and 4 non-responders (4NR, 5NR, 6NR, 7NR) by isolating CD8 TILs from 7 individual mice that were treated with anti-PD-L1 (Figure 1A). The total numbers of sequenced templates and productive rearrangements were shown for all 7 samples (Supplemental Table 1).

Consistent with single-cell TCR sequencing data, we found that CD8 TIL samples underwent clonal expansion to a similar extent in R vs. NR groups (Figure 1B). To better delineate the relative abundance of all TCR clones in the entire repertoire, we also employed repClonality function of immunarch package to analyze our TCRβ sequencing data. We found that the vast majority of TCRβ clonotypes in CD8 TIL samples belonged to hyperexpanded or large clones (Figure 1C), demonstrating clonal expansion regardless of R or NR state. We showed the top 10 TCR clonotypes (including VDJ usage and CDR3 sequences of TCRβ) for all 7 samples and their abundance in each sample (Supplemental Table 2).

To better delineate the clonal expansion status of R vs. NR CD8 TILs, we compared the average clonal frequency of the top 20 expanded clonotypes between R vs. NR samples (N=60 for R vs. N=80 for NR). Our data showed no differences in the average clonal frequency of top 20 clonotypes (Figure 1D). The number of productive TCR templates varied significantly in different samples due to sampling variation (Supplemental Table 1). In order to minimize the effects of sampling variation, we calculated “clonal expansion index” using a normalization method (See details in Method). Again, we did not identify any significant differences in clonal expansion index between R vs. NR CD8 TILs (Figure 1E). Taken together, we conclude that both R and NR CD8 TILs underwent clonal expansion to a similar extent.




Figure 1 | Clonal expansion in responder and non-responder CD8 TILs. (A) Tumor growth curves of R (blue) and NR (red) mice. CD8 T cells were isolated from the tumors of R (n=3, 1R, 2R, 3R) and NR (n=4, 4NR, 5NR, 6NR, 7NR) mice after anti-PD-L1 treatment on day 18 after tumor inoculation followed by gDNA extraction for ImmunoSEQ TCRβ sequencing. (B) TCRβ clonal expansion in 7 sequenced TIL samples. Each pie chart shows the percent of top 20 TCRβ clonotypes in each sample. A single-colored pie slice represents the percentage of cells containing the same TCRβ clonotype in the entire sample, and the gray slice represents the combined percentage of remaining TCRβ clonotypes in each sample. (C) Relative abundance of TCRβ clonotypes in 7 sequenced CD8 TIL samples. The relative abundance of individual TCRβ clonotypes was calculated using repClonality function in immunarch package and TCR clonotypes were grouped accordingly as small, medium, large, and hyperexpanded. (D) Average of clonal frequency of top-20 TCRs in R (n=3 mice, N=60 clonotypes in total) vs. NR (n=4 mice, N=80 clonotypes in total). (E) Clonal expansion index between R vs NR CD8 TILs. (F-H) No differences in TCR diversity indexes between R vs. NR CD8 TILs, including Simpson clonality (F), Simpson’s dominance index (G), and normalized TCR richness (H).







No differences in clonal diversity between responder vs. non-responder CD8 TILs

Diversity is an important global characteristic of TCR repertoires, which can be generally considered as the number of unique TCR (richness) and their relative abundances (evenness). Various metrics can be calculated to capture one or both properties of TCR diversity. These matrices can quantitatively characterize TCR repertories and the distribution patterns of TCR abundances in a T cell population, which include Simpson Clonality, Simpson’s D (also known as Simpson’s dominance index) and TCR richness. Simpson clonality is a method of quantifying the shape of a repertoire, ranging between 0 and 1, where values approaching 1 indicate a nearly monoclonal population. Simpson’s dominance index ranges from 0 to 1, where values approaching 0 correspond to a polyclonal, infinitely large, perfectly even repertoire and values approaching 1 correspond to a nearly monoclonal sample, where one clone dominates. TCR richness is defined as the number of unique productive TCR rearrangements in a given sample; however, this parameter can be influenced by sampling variation. Hence, we calculated the normalized TCR richness (See details in Methods). Overall, we found no significance differences in Simpson clonality (Figure 1F), Simpson’s dominance index (Figure 1G) or normalized TCR richness (Figure 1H) between R vs. NR CD8 TILs. We conclude that there is no significant difference in TCR diversity between R vs. NR CD8 TILs.





Top TCR clonotypes appear to be mutually exclusive in R vs. NR CD8 TILs assessed by TCRβ DNA sequencing

In line with our findings from single-cell TCR sequencing (19), we showed that the commonly expanded TCRβ (defined as >1% of the entire repertoire of a given sample) CDR3 a.a. sequences appeared to be almost mutually exclusive between R (n=30) vs. NR (n=32) samples (Figure 2A). Designation to R vs. NR group was determined by average abundance in R vs. average abundance in NR (Table 1). To test if top TCRβ CDR3 a.a. sequences in R group are also observed in NR group and vice versa, we performed a Fisher’s Exact test (24) and found that top R TCRβ CDR3 sequences were much more frequently observed in R than in NR, and vice versa (P<0.0001). For instance, out of 30 R clonotypes, 26 of them were detected in R with a frequency of >1%, whereas only 4 of them were detected in NR with a frequency of >1% (Figure 2B; Table 1). When we expanded our analysis to clonotypes with a frequency of >0.5%, we still detected a significant difference between clonotypes in R vs. NR (Figure 2C, top, P<0.0001), namely, the clonotypes in R group occurred much more frequently in R than NR, and vice versa. However, when we counted the clones with a frequency of >0.1% in the opposite outcome group or all clones regardless of their clonal frequency in either group, we did not identify a statistical significance for a given top CDR3 sequence to be observed in R vs. NR group (Figure 2C, middle and bottom). Taken together, these data show that the top CDR3 sequences (>1%) in R group are also present in NR group, albeit at a much lower frequency (Table 1).




Figure 2 | Top TCRβ clonotypes appear to be mutually exclusive between responder (R) and non-responder (NR) CD8 TILs. (A) Heatmap of top TCRβ clonotypes in all samples. Top TCRβ clonotypes (abundance >1% of a given sample) defined as having the same TCRβ CDR3 a.a. sequences were sorted by average abundance in R vs. average abundance in NR. (B) Statistical analysis for the mutual exclusivity of R vs. NR top TCRβ clonotypes. Top TCRβ clonotypes were assigned to R (n=30) or NR (n=32) group according to their overall abundance in either group. 26 of 30 R clonotypes were observed only in R and 28 of 32 NR clonotypes were observed in NR only, when the abundance of shared clonotypes is set to be >1% for the opposite outcome group. Statistical significance was calculated by Fisher’s Exact test (****, P<0.0001). (C) Differences between two groups were calculated by Fisher’s Exact test to evaluate the exclusivity of TCRβ clonotypes in R or NR. Top: 23 R clonotypes were observed only in R, whereas 7 R clonotypes were also observed in NR. 28 NR clonotypes were observed in NR only, whereas 4 NR clonotypes were also observed in R, when the abundance of shared clonotypes is set to be >0.5% in the entire repertoire of the opposite outcome group (****, P<0.0001). Middle: 14 R clonotypes were observed only in R, whereas 16 R clonotypes were also observed in NR. 19 NR clonotypes were observed in NR only, whereas 13 NR clonotypes were also observed in R, when the abundance of shared clonotypes is set to be >0.1% in the entire repertoire of the opposite outcome group (N.S., no significance). Bottom: 11 R clonotypes were observed only in R, whereas 19 R clonotypes were also observed in NR; 15 NR clonotypes were observed in NR only, whereas 17 NR clonotype was also observed in R, when all CDR3β sequences were counted for the opposite outcome group including clones less than< 0.1%.




Table 1 | The percentage (%) of each clonotype in each sample.



Out of 6907 productive rearrangements identified in 7 samples, only 5 TCRβ CDR3 a.a. sequences were shared among the 7 samples (Supplemental Table 3). The frequency of these 5 shared CDR3 sequences was very low except shared clonotype 1 (Supplemental Table 3). We compared commonly expanded TCRβ CDR3 DNA sequences between R vs. NR and found that they also appeared to be almost mutually exclusive (Supplemental Figure 1). Taken together, our data showed the mutual exclusivity of the top expanded TCRβ CDR3 sequences between R vs. NR, when high frequency clones were counted in the opposite outcome group. Of note, the top TCR clonotypes also differed in a recipient-specific manner within the same group (R or NR), suggesting a highly individualized anti-tumor immune response.





Preferential usage of V or J gene segments in CD8 TILs of responders vs. non-responders

To obtain a broader overview of whether TCRβ features correlate with anti-PD-L1 response, we examined the usage of germline Vβ or Jβ gene segments in individual mice and between R vs. NR group. For each of the 7 samples sequenced for TCRβ, we showed the sum or average of productive rearrangement frequency for all TCR Vβ gene segments (Supplemental Figures 2A, B). To better compare the R vs. NR group, we separated the above two parameters into R (1R-3R) vs. NR (4NR-7NR) (Supplemental Figures 2C, D). By this comparison, we found a significant difference in the average of productive rearrangement frequency of TCRBV26-01 and TCRBV30-01 between R vs. NR (Supplemental Figure 2E).

Similar analysis was performed for TCR Jβ gene segments for all 7 samples (Supplemental Figures 2F, G) or R vs. NR samples (Supplemental Figures 2H, I). When we compared the average of productive rearrangement frequency for all TCR Jβ gene segments, TCRBJ01-04 and TCRBJ01-05 appeared to be more frequently used by R group; however, this difference was caused by drastic differences in a single R mouse (2R for TCRBJ01-04 and 3R for TCRBJ01-05) (Supplemental Figure 2I), consistent with a highly individualized anti-tumor immune response in different mice. Overall, we did not identify any preferential usage of certain Jβ gene segments that were significant between R vs. NR TILs.






Discussion

Using a mouse SCC model, we found that tumor-bearing recipients diverged into R vs. NR upon anti-PD-L1 treatment. We performed TCRβ sequencing of CD8 TILs from R vs. NR group to identify differences in their TCR repertoires. We made a few unexpected discoveries (1): there were no differences in clonal expansion status or TCR diversity indexes between R vs. NR CD8 TILs (2); top expanded TCR clonotypes differed substantially, almost mutually exclusive, between R vs. NR CD8 TILs, when the threshold of clonal frequency was set as >1% or >0.5%. This observation is consistent with our previous single-cell sequencing results (19); (3) however, when clonotypes with lower frequencies were included, we failed to detect differences in TCR clonotypes between R vs. NR CD8 TILs, a finding not observed in our previous study (19). Basically, in the current study, we found that R clonotypes were also detected in NR recipients, albeit at a much lower frequency, and vice versa. Taken together, our current study suggests that differences in the clonal frequency of top TCR clonotypes between R and NR CD8 TILs may be one of the factors underlying differential anti-PD-L1 responses.

We previously examined the CD8 TILs from R vs. NR using singe-cell TCR sequencing, and our results showed that the top expanded TCR clonotypes appeared to be mutually exclusive between R and NR CD8 TILs (19). The major differences between the two sequencing platforms are as follows: single-cell TCR sequencing (10× genomics platform) uses a droplet technique which can capture the single T cells in a droplet and sequence the RNA of both TCRα and TCRβ chains from a given T cell, thus, providing detailed information of TCR clonotypes. However, the major limitation of single-cell TCR sequencing is that only a few thousand cells can be analyzed due to the technical design (maximal 10,000 cells loaded per run), and the prohibitive cost of each sample for single-cell sequencing approach. Hence, this technology has limited throughput to detect rare clones whose clonal frequencies are much lower. If the cost per cell can be further reduced for single-cell approach, it may allow substantially deeper profiling to increase the sensitivity of detecting rare TCR clonotypes and delineating a more comprehensive TCR repertoire. In contrast, TCRβ CDR3 DNA sequencing uses ImmunoSEQ platform (Adaptive Biotechnologies) which allows us to examine much more productive TCRβ CDR3 sequences and more in-depth characterization of the TCR repertoire. However, this platform does not allow the analysis of paired TCRα and TCRβ chains from a given T cell and we can only obtain TCRβ information. To better delineate the differences between these two techniques, we compared the total number of productive templates sequenced from either method, showing that more TCR sequences were obtained by ImmunoSEQ platform (Supplemental Table 4). Since we employed immunoSEQ platform to sequence only TCRβ chain, the caveat is that these top TCR clonotypes may indeed be mutually exclusive between R vs. NR CD8 TILs if we were able to detect the pairing TCRα chain for each corresponding TCRβ chain. Nonetheless, both single-cell TCR sequencing and TCRβ DNA sequencing showed that the top-expanded TCR clonotypes differed substantially between R vs. NR CD8 TILs, which also occurred in a recipient-specific manner, suggesting a highly individualized anti-tumor immune response.

We did not collect the DNA samples from control group in the current study; thus, we cannot perform ImmunoSEQ TCRβ sequencing of CD8 TILs from control group. However, we previously sequenced the TCR repertoire of CD8 TILs from control group (non-treated A223 tumor-bearing mice) (20) and R as well as NR group (anti-PD-L1 treated) (19) using single-cell TCR-sequencing. We found that the top-expanded TCR clonotypes differed substantially in a recipient-specific manner, indicating that each mouse expanded a different set of TCRs against the same A223 tumors (Supplemental Figure 3). These data are consistent with our conclusion that anti-tumor immune responses are highly individualized and different hosts may expand different TCR specificities against the same tumors, which may have important implications for developing personalized cancer immunotherapy.

Previous studies examined the TCR repertoires of HNSCCs in different settings (25–27); however, these studies have not identified clear biomarkers that would predict clinical responses to different therapies. We showed that cetuximab-treated HNSCC patients harbor dynamic changes of TCR repertoires correlative to therapeutic responses (28). This study also highlights the importance of data normalization for TCR repertoire analysis (28). A recent study showed that TCR clonality of TILs in metastatic melanoma is predictive for efficacy of PD-1 blockade immunotherapy (29). Consistently, another study of peripheral blood mononuclear cell (PBMC) samples from HNSCCs treated with anti-PD-1 and cetuximab suggests that certain characteristics of pre-treatment PBMC samples may predict the clinical response to combined treatment (30). However, so far, no studies have reported whether differences in TCR repertoires would predict or corelate to ICI responses in HNSCCs. Our study suggests that differences in the clonal frequency of top expanded TCR clonotypes may corelate to ICI responses. However, in our preclinical model, one SCC cell line was transplanted into WT B6 recipients, a scenario completely different from human HNSCCs which differ substantially in individual patients. How would our study be applicable to the human HNSCC setting? First, if HPV+ HNSCCs express HPV-related viral antigens, it is possible that different HNSCCs may contain HPV-reactive TCR clonotypes with varying clonal frequency, and the higher frequency of “useful” clones would certainly correlate with ICI responses, whereas the higher frequency of “futile” clones would correlate with ICI resistance. Second, in HPV− HNSCCs, there are common tumor-associated antigens shared between different patients, and TCR clonotypes reactive to such common antigens may present with varying clonal frequency, which may correlate with different outcomes of ICI treatment. Overall, we propose that differential clonal frequencies of the TCR clonotypes that recognize the same antigen in different HNSCC patients may contribute to the heterogeneous outcomes of ICI treatment. Of course, this hypothesis needs to be tested with further studies requiring the utilization of antigen-specific model systems.
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