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Purpose: Acute graft-versus-host disease (aGVHD) poses a significant impediment to achieving a more favourable therapeutic
outcome in allogeneic hematopoietic stem cell transplantation (allo-HSCT). The tumour suppressor p53 plays a pivotal role in
preventing aGVHD development. However, whether P53 pathway which contains p53 family members and other related genes
participates in aGVHD development remains an unsolved question.

Patients and Methods: Transcriptomic data was obtained from Gene Expression Omnibus (GEO) database. Gene set enrichment
analysis was applied to determine the enrichment degree of signaling pathways. CIBERSORT and ssGSVA were used to evaluate
immune cell compositions. Univariate and multivariate logistic regression analysis were performed to examine the independent
diagnostic variables. qRT-PCR was utilized to validate the genes expression levels in our cohort.

Results: A total number of 102 patients (42 aGVHD patients vs 60 non-aGVHD patients) were obtained after integrating two datasets
in GEO database (GSE73809 and GSE4624). P53 pathway was remarkably suppressed in T cells from aGVHD patients and negatively
associated with activated T cells as well as T cells activation related signaling pathways, including T-cell receptor (TCR), mTORCI,
MYC and E2F target pathways. A risk model for aGVHD built by four genes (DDIT3, FBXW7, TPRKB and TOB1) in P53 pathway,
exhibiting high differentiate and predictive value. DDIT3 and FBXW7 mRNA expression levels significantly decreased in peripheral
blood mononuclear cells (PBMCs) from aGVHD patients compared with non-aGVHD group in our patient cohort, consisting with
bioinformatics analysis.

Conclusion: P53 pathway plays a potential role in impeding T cell activation through suppressing its related signaling pathways,
thereby preventing aGVHD development. P53 pathway may emerge as a promising therapeutic target in aGVHD treatment.
Keywords: allogeneic hematopoietic stem cell transplantation, aGVHD, P53 pathway, T cells, activation

Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) can cure hematologic malignancies through graft-versus-
leukemia (GVL) effect to eliminate malignant cells. Regrettably, the efficacy of GVL is intertwined with the pathogenesis
of graft-versus-host disease (GVHD)." GVHD arises from donor T cells that, concurrently, orchestrate potent anti-tumor
responses. Acute graft-versus-host disease (aGVHD) is one of the major complications after allo-HSCT, mainly
occurring in the gastrointestinal (GI) tract, skin, and liver.” Alloreactive donor CD4+ and CD8+ T cells are indispensable
mediators of aGVHD pathogenesis.3 A Recently, various immunosuppressive agents, such as post-transplant
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cyclophosphamide (PTCy)® and anti-thymocyteglobulin (ATG)®” have prominently prevented the development of
aGVHD. Despite these achievements, exploring diagnostic and therapeutic biomarkers for aGVHD remains urgent needs.

The pivotal tumour suppressor p53 orchestrates tumour suppression®® and inhibition of autoimmune and inflamma-
tory diseases.'® Accumulating evidence suggests that the balance between regulatory T cells (Tregs) and T helper cell 17
(Th17) plays a pivotal role in aGVHD development.''? Tregs are the group of negatively regulatory immune cells to
prevent aGVHD.'>'* On the contrary, Th17 are the major subtype of inflammatory T cell implicated in the pathogenesis
of aGVHD.">'® p53 promotes the differentiation and maturation of Tregs,'®'” whereas inhibits Th17 differentiation.'”-'®
Additionally, our previous findings showed that p53 significantly decreased in CD4+ T cells from aGVHD patients
compared with the non-aGVHD group. CD4+ T cells with insufficient pS3 undergo over-activation and proliferation
under IL-2 stimulation, leading to inflammatory damage among aGVHD patients.'” Collectively, the above findings
suggested that p53 is a key factor to restraint aGVHD occurrence through suppressing T cells activation and inflamma-
tory response.

T-cell receptor (TCR), myelocytomatosis oncogene (MYC),>° mechanistic target of rapamycin complex 1
(mTORC1)*" and early 2 factors (E2F)** target signaling pathways have been demonstrated to associate with T cells
activation. The above studies prompt an exploration into whether P53 pathway, which contains p53 family members and
other related genes, impedes T cell activation by suppressing its related signaling pathways, thereby limiting aGVHD
development.

In this study, we demonstrated that P53 pathway was significantly suppressed in T cells from aGVHD patients and
might restrict T cell activation by inhibiting TCR, MYC, mTORC1 and E2F target signaling pathways, thereby
preventing aGVHD occurrence. An aGVHD risk model constructed by four genes (DDIT3, FBXW?7, TPRKB and
TOB1) in P53 pathway showed high predictive value, further emphasizing the crucial role of P53 pathway played in
aGVHD pathogenesis. In summary, our findings unveiled a pivotal biomarker, P53 pathway, for diagnosis and treatment
of aGVHD.

Materials and Methods

Clinical Specimens

A total of 14 patients who underwent allo-HSCT from February 2019 to February 2023 at the Central of Hematopoietic
Stem Cell Transplantation of Xiangya Hospital were included in this study if they met the following criteria: 1) they were
older than 14 years; 2) received peripheral blood stem cell transplantation (PBSCT); 3) developed or did not develop
aGVHD within 100 days after transplantation. Table 1 presents the clinical characteristics of patients. Mount Sinai Acute
GVHD International Consortium (MAGIC) criteria were used to diagnose and score the severity of aGVHD.?*-** Patients
were categorised into two groups based on the presence or absence of aGVHD. Peripheral blood samples were collected
from patients diagnosed with aGVHD before initiating treatment (n = 7). For the control group (n = 7), according to the
onset time of aGVHD patients (calculating from transplantation to aGVHD onset), samples were collected from patients
who did not develop aGVHD at the same time point after allo-HSCT. The last aGVHD-reported date was March 25,
2023. The median (range) aGVHD onset time was 46 (18~90) days. Two out of 7 non-aGVHD patients presented later
with chronic GVHD. One developed ocular and pulmonary cGVHD, the other developed oral cGVHD.

Quantitative Real-Time PCR (qRT-PCR) Assay

Total RNA was harvested from peripheral blood mononuclear cells (PBMCs) using the Trizol Reagent (Invitrogen,
Carlsbad, CA, USA). The SweScript All-in-One first-strand ¢cDNA Synthesis SuperMix for qPCR (G3337-50,
Servicebio, Wuhan, Hubei, China) was employed for reverse transcription into complementary DNA (cDNA) following
the manufacturer’s instructions. QqRT-PCR was performed in triplicate on a QuantStudio 7 Flex (Thermo Fisher Scientific,
Marietta, OH, USA) using 2xUniversal Blue SYBR Green qPCR Master Mix (G3326-15, Servicebio, Wuhan, Hubei,
China), following the manufacturer’s instructions. Relative mRNA levels were normalized to glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) mRNA using the 2 **“T method. The primers sequences are listed in Table 2.
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Table | Patient and Graft Characteristics

Characteristics Non-aGVHD aGVHD
Total patients 7 7
Age, years, median (range) 36 (7~51) 35 (21~54)
Gender, n (%)

Male 3 (42.9) 5(71.4)

Female 4 (57.1) 2 (28.6)
Diagnosis, n (%)

AML/MDS 3 (42.9) 2 (28.6)

ALL 2 (28.55) 5(71.4)

Others 2 (28.55) 0
Donor—patient sex matched, n (%)

Matched 3 (42.9) I (14.3)

Mismatched 4 (57.1) 6 (85.7)
Donor—patient blood type matched, n (%)

Matched 6 (85.7) 5(71.4)

Mismatched I (14.3) 2 (28.6)
HLA compatibility, n (%)

HLA match 2 (28.6) 2 (28.6)

HLA mismatch 5(71.4) 5(1.4)
Donor, n (%)

MSD 2 (28.6) 2 (28.6)

HID 4 (57.1) 4 (57.1)

URD I (14.3) I (14.4)
Pretransplant MRD+, n (%) 0 1 (14.4)
Infused MNCs, x108 /kg (range) 10.54 (8.5~15.92) 6.19 (5.1~7.5)
Infused CD34+ cells, x106 /kg (range) 10.58 (7.92~16.26) | 5.26 (1.54~9.33)
Grades |-l acute GVHD, n (%) 3 (42.9)
Grades IlI-V acute GVHD, n (%) 4 (57.1)
Days to aGVHD onset, median (range) 46 (18~90)

Abbreviations: AML, acute myeloid leukemia; MDS, myelodysplastic syndrome; ALL, acute lympho-
blastic leukemia; HLA, human leukocyte antigen; MSD, matched sibling donor; URD, Unrelated
Donors; HID, haploidentical donor; MRD, minimal residual diseases; MNC, mononuclear cell.

Table 2 Real-Time qPCR Primers

Forward Primer Reverse Primer
DDIT3 GGTATGAGGACCTGCAAGAGGT | CTTGTGACCTCTGCTGGTTCTG
FBXW7 | GTTTGGTCAGCAGTCACAGGCA | CCACACTTTGAGTGTCCGATCTG
TOBI GGCACTGGTATCCTGAAAAGCC | GTGGCAGATTGCCACGAACATC
TPRKB GCGGGAGACTTGAGAAGAAAGG | GGTGAACTGCTTTGTTTGCTGCC
GAPDH | GTCTCCTCTGACTTCAACAGCG | ACCACCCTGTTGCTGTAGCCAA

Data Collection and Process

Gene expression data were acquired from Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/gds/). The
GSE73809 dataset (GPL17586) contained 11 aGVHD patients and 13 non-aGVHD patients, and the GSE4624 dataset
(GPL3639) consist of 31 aGVHD patients and 47 non-aGVHD patients. All included patients received allo-HSCT and peripheral

blood T cells were obtained for transcriptome analysis. Considering the insufficient samples from each dataset, we integrated two
,725

datasets and removed the batch effect by using R package “sva to make the results as trusted as possible. After integrating,

a total number of 102 patients were included in this study with 42 aGVHD patients and 60 non-aGVHD patients.
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|dentification of the Differentially Expressed Genes and Gene Set Enrichment Analysis
Differentially expressed genes (DEGs) between aGVHD patients and non-GVHD group were identified using the

26 package. P-value <0.05 was the cutoff for DEGs. Gene set enrichment analysis (GSEA)?’ was conducted

“limma
with the “clusterProfiler” package®® in R software. Pathway signatures were acquired from MSigDB of the Broad
Institute (https://www.gsea-msigdb.org/gsea/index.jsp). The threshold for remarkably enriched annotations in GSEA was

set at adjusted P-value <0.05. A total of 200 genes in P53 pathway were identified from the GSEA website.

Immune Cell Profiling Analysis

The immune cell compositions of all samples were evaluated through CIBERSORT?® and ssGSVA™ packages respectively.
Wilcoxon test was performed to compare the proportions of immune cells between aGVHD patients and non-aGVHD group.
Additionally, the relationship among immune cells and P53 pathway and genes involved in it were further determined.

|dentification of Diagnosis-Related Genes and Development of a Diagnosis Model

Genes in P53 pathway from the integrated dataset were analyzed through univariate and multivariate logistic regression
analysis to examine the independent diagnostic variables. Receiver operating characteristic (ROC) curves were applied to
assess the predictive value of genes. Nomogram was established via “rms” package based on four genes in P53 pathway
for visualization and potential clinical use in diagnosing aGVHD. The performance of nomogram was evaluated by

calibration curve and ROC curve. The decision curve was applied to determine the clinical value of the diagnosis model.

Statistical Analysis

SPSS 26.0 software, R software (Version 4.1.1) and R studio (Version 2021.09.0) were utilized to perform statistical analyses.
Continuous variables with a normal distribution were presented as mean + standard deviation (SD), while non-normal variables were
reported as median (interquartile range). Independent samples Student’s test compared means of two continuous normally distributed
variables. Wilcoxon rank sum test was used to compare means of two groups of variables not normally distributed. Univariate and
multivariate logistic regression were used to determine the risk factors of events. Pearson correlation measures the strength of the

linear relationship between two variables and is displayed with correlation coefficient (r). Significance was set at P < 0.05.

Results
P53 Pathway is Suppressed in T Cells from aGVHD Patients

After integrating the transcriptomic data from two datasets (GSE73809 and GSE4624), we obtained an integrated dataset
containing a total number of 102 patients (42 aGVHD patients vs 60 non-aGVHD patients), which was used for
subsequent bioinformatics analysis. Initially, we applied gene set enrichment analysis (GSEA) to investigate the
discrepancy of biological signaling pathway in T cells between aGVHD patients and non-aGVHD group. The Results
showed that compared with non-aGVHD group, 12 signaling pathways were significantly changed in T cells from
aGVHD patients, including 10 up-regulated pathways and 2 down-regulated pathways. Notably, T cell activation related
signaling pathways, mTORC1, E2F, and MYC pathways, were significantly enriched in T cells from aGVHD patients. In
addition, cell cycle and proliferation related signaling pathways, G2M checkpoint and DNA repair pathways, and
metabolic related signaling pathways, oxidative phosphorylation, reactive oxygen species and glycolysis pathways,
were also highly activated in T cells from aGVHD patients. These results indicate the possibility that hypermetabolism
in T cells from aGVHD patients provides them with abundant metabolic intermediates and energy, thereby supporting the
activation and proliferation of cells. Besides, the remaining two activated pathways were unfolded protein response and
coagulation signaling pathways. On the other hand, TNFa signaling via NF-kB and P53 pathway were considerably
suppressed in T cells from aGVHD patients, implying the potentially suppressive role of these two pathways in T cells

activation and aGVHD occurrence (Figure 1a and b).
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Figure |1 Gene set enrichment analysis between aGVHD patients and non-aGVHD group. (a) All the activated and suppressed signaling pathways in T cells from aGVHD
patients compared with non-aGVHD group. Pathway signatures source from hallmark gene sets. Count represents the number of “core genes” which are high-expressed in
activated pathways or low-expressed in suppressed pathways, having significant contribution to the pathway status. GeneRatio is the ratio of Count to the total number of
genes in the pathways contained in the dataset. (b) P53 pathway remarkably downregulated in T cells from aGVHD patients.
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P53 Pathway Negatively Associates with T Cell Activation

Next, we investigated the proportions of T-cell subsets in both aGVHD patients and non-aGVHD group in the integrated
dataset. The percentages of 7 T-cell subsets in the two groups were shown in Figure 2a. Additionally, T-cell subsets
proportions had weak to moderate correlations (Figure 2b). Next, we investigated the relationship between P53 pathway
and T cell activation. We found that P53 pathway had a considerably negative relationship with activated CD4 memory
T cell and activated CD8 T cell by using CIBERSORT algorithm (Figure 2c) and ssGSVA algorithm (Figure 2d),
respectively. Furthermore, we performed correlation analyses between P53 pathway and T cell activation related
signaling pathways. The results showed that P53 pathway had significantly negative correlations with TCR, mTORCI,
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MYC and E2F signaling pathways (Figure 2e—i). These results suggested that P53 pathway had intrinsically negative

associations with T cell activation. The suppression of P53 pathway might lead to T cells over-activation.

Genes in P53 Pathway Negatively Associate with T Cell Activation
To further identify whether the genes in P53 pathway participates in aGVHD development, we performed univariate

logistic regression analysis to assess the predictive value of all genes in P53 pathway (Table S1). Four genes with lower
P-value (P< 0.1) were chosen for further analysis. Compared with non-aGVHD group, DDIT3, FBXW7 and TPRKB
expression remarkably decreased in T cells from aGVHD patients, while TOB1 expression increased without statistical

difference (Figure 3a). The results of correlation analysis between four genes and immune cell signatures revealed that

merely DDIT3 and FBXW7 expression had strong negative relationship with active CD8 T cell (Figure 3b and c).
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Figure 3 T-cell subsets and hallmark signaling pathways associated with genes in P53 pathway. (a) Box and violin plot for expression levels of four genes in P53 pathway. Data
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Furthermore, we investigated whether the four genes had a close relationship with T cell activation related signaling
pathways. The results indicated that DDIT3 and TPRKB expression had negative connection with E2F and Kirsten rat
sarcoma viral oncogene homologue (KRAS) signaling pathway, respectively. FBXW7 expression had significant negative
association with phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)-mammalian target of rapamycin (mTOR),
mTORCI, E2F, MYC and TCR signaling pathways (Figure 3d—j). These results indicated that two out of four genes in
P53 pathway, DDIT3 and FBXW?7, negatively associated with T cell activation.

Diagnostic Value of Four Genes in P53 Pathway

We next investigated whether the above four genes in P53 pathway were independent biomarkers for predicting aGVHD
development. Univariate logistic regression analysis indicated that DDIT3, FBXW7 and TPRKB exhibited lower risk
(OR<1), while TOB1 showed higher risk (OR>1) to develop aGVHD. Multivariate logistic regression analysis illustrated
that TOB1 was an independent diagnostic marker for aGVHD (Figure 4a). Further, we established a prognostic
nomogram based on four genes in P53 pathway for aGVHD diagnosis (Figure 4b). The calibration curve suggested
that nomogram exhibited favourable concordance between actual and predicting possibility (Figure 4c). The area under
curve (AUC) of receiver operating characteristic (ROC) curve was 0.729 (95% CI: 0.631 to 0.828) (Figure 4d). Decision
curve analysis (DCA) results indicated nomogram had a good clinical value (Figure 4e).

Validation of Four Diagnostic Genes Expression in Our Patient Cohort

Furthermore, we applied qRT-PCR to explore DDIT3, FBXW7, TOB1 and TPRKB mRNA expression levels in
peripheral blood mononuclear cells (PBMCs) from aGVHD patients and non-aGVHD group in our cohort. The results
suggested that DDIT3 and FBXW?7 expression significantly decreased in PBMCs from aGVHD patients compared with
non-aGVHD group (Figure 5a and b), whereas TOB1 and TPRKB expression was comparable between the two groups of
patients (Figure 5S¢ and d). The changes of DDIT3 and FBXW7 mRNA expression levels were consistent with
bioinformatics analysis.

Discussion

The p53 family comprises p53 itself, p73, and p63.>" Both of p73 and p63 bear structural and functional resemblance to
p53 and are involved in pleiotropic effects.? Our present study showed that P53 pathway, which contains p53 family
members and other related genes, was remarkably suppressed in T cells from aGVHD patients. The lower expressions of
P53 pathway significantly correlated with higher proportion of activated T cells, suggesting that not only p53, but also
P53 pathway was a vital protective factor during aGVHD development. Paradoxically, others have shown that deficient
for p73 exhibits profound defect in inflammation®® and p73 is involved in tumor necrosis factor (TNF) a-related
epithelial stem cell apoptosis in GVHD.?* It is likely that p73 induces innate inflammation instead of T cells-mediated
adaptive inflammation and exerts distinct function in T cells and other types of cells during aGVHD. Future studies will
be important in exploring these regulation mechanisms.

Recent studies have demonstrated a set of signaling pathways and transcription factors (TFs) participated in T cells
activation. MYC could upregulate glycolytic and glutamine metabolism genes expression in the first hours of T cell
activation.”® Inhibition of mTOR could impair T cells activation and facilitate T cell anergy.”' E2F TF family are
regulated by mTOR signaling.”? PI3K/ AKT-mTOR signaling pathway is important for T cell metabolism and can be
regarded as a vital target for T cell immunosuppression.®* Consistently, our results revealed that MYC, E2F, mTORC]
signaling pathways were remarkably activated in T cell from aGVHD patients compared with non-aGVHD group.
Moreover, P53 pathway had significantly negative connections with MYC, mTORC1, E2F and TCR signaling pathways.
These results support our assertion that P53 pathway might directly impede T cell activation through inhibiting its related
signaling pathways, thereby suppressing aGVHD development.

A risk model built by four genes (DDIT3, FBXW7, TOB1 and TPRKB) in P53 pathway showed high predictive value
for aGVHD, further iterating the crucial role of P53 pathway in aGVHD development. Recent findings suggested that
deletion of DNA damage inducible transcript 3 (DDIT3) in T cells enhanced anti-tumor CD8+ T cell immunity.>
Suppression of F-box and WD repeat domain containing 7 (FBXW?7) stimulates T cell polyfunctional cytokine
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Figure 4 Construction of an individualized predictive model for aGVHD. (a) Univariate and multivariate logistic regression analyses of relationship between four genes in
P53 pathway and aGVHD development. OR, odds ratio, calculates the relationship between each gene in P53 pathway and the likelihood of aGVHD occurrence. OR smaller
than one implies aGVHD has fewer odds of happening with high expression of genes in P53 pathway. The blue dots represent OR values, which may not be seen if it exceeds
the range of ruler below. The blue lines represent 95% Cl of OR. (b) Nomogram depicting the prediction of aGVHD occurrence. The aGVHD nomogram consists of four
P53 pathway genes, namely, DDIT3, TPRKB, TOBI| and FBXW?7. The expression value of each gene can match a point on the top. For an individual patient, the total points of
four genes correspond to the risk of aGVHD. (c) Calibration curve of nomogram for aGVHD prediction. The concordance between lines Apparent and Ideal implies the
congruence between actual and ideal nomogram. (d) The ROC curves and (e) DCA of the diagnostic efficacy verification. During DCA, it represents a good clinical value
when the interested curve (marked in red) lies in the upper right quadrant formed by the other two curve.

Abbreviations: AUC, area under curve; ROC, receiver operating characteristic; DCA, decision curve analysis.
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Figure 5 Validation of mRNA expression levels of four genes in P53 pathway. Measurement of DDIT3 (a), FBXW?7 (b), TOBI (c) and TPRKB (d) mRNA expression levels in
PBMCs from our patient cohort. Data in DDIT3 and FBXW?7 groups follows non-normal distribution (Wilcoxon test). Data in TOBI and TPRKB groups follows normal
distribution (Unpaired Student’s t-test). **P < 0.01.

expression and promotes their survival.*® In line with these studies, our results showed that DDIT3 and FBXW?7
expression significantly decreased in T cells from aGVHD patients and negatively correlated with activated CD8
T cells and multiple T cell activation pathways. Patients with lower expressions of these two genes had higher potential
to develop aGVHD. Collectively, these findings indicate an essential protective function of DDIT3 and FBXW7 in
aGVHD development by suppressing CD8 T cells activation.

To the best of our knowledge, studies focused on the role of TP5S3RK Binding Protein (TPRKB) in T cell activation
have not been found. In this study, we revealed that TPRKB expression significantly reduced in T cells from aGVHD
patients and negatively associated with KRAS signaling pathway, which communicates with T cell activation related
PI3K/AKT/mTOR signaling pathway.>’ Additionally, patients with lower TPRKB expression tend to develop aGVHD.
These results imply the potential role of TPRKB in suppressing aGVHD occurrence and T cell activity. Transducer of
ERBB2, 1 (TOBI) highly expressed in anergic or quiescent CD4+ lymphocytes and its inhibition augmented CD3-
mediated responses.*® However, our findings suggest that there is no significant difference of TOB1 expression in T cells
between aGVHD patients and non-aGVHD group. Moreover, TOB1 bears no relationship to T cell activation.
Intriguingly, patients with higher TOB1 expression tend to develop aGVHD. It is likely that TOB1 plays a specific
role in aGVHD development, which is not to inhibit T cells activation and inflammatory response. Therefore, TOB1
might just be regarded as an excellent biomarker for aGVHD diagnosis, while its function during aGVHD still needs to
be defined in future study.

The present study showed TP53 expression was comparable between aGVHD patients and non-aGVHD group,
probably due to the transcriptomic data in this study sourcing from T cells, while our previous findings basing on CD4+
T cells. Notably, qRT-PCR results in PBMCs from our patient cohort revealed that the changes of mRNA expression
levels of DDIT3 and FBXW?7, two out of four genes in P53 pathway, were consistent with bioinformatics analysis.
However, the insufficient sample size and the sample sourcing from PBMCs, comprising not only T cells but also other
various immune cells, are the limitations of this experiment and may contribute to the discrepancy between qRT-PCR
results and bioinformatics analysis. Nevertheless, in isolated PBMCs, T cells amount to 45~70% of total cells and are
therefore the most abundant cell type.”> Hence, qRT-PCR results partly confirm the authenticity and availability of
bioinformatics analysis.

This study also had several limitations. First, prejudice may exist owing to the different platform source of the two
datasets we selected. Second, both the database lacked vital clinical information such as patient background, aGVHD
severity and treatment outcome. Third, the specific roles played by genes in P53 pathway in T cells activation need to

explore in further experimental study.
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Conclusion

Taken together, in this study, we identify P53 pathway is suppressed in T cells from aGVHD patients and highlight its
closely negative relationships with T cell activation. These findings advance our comprehension of the crucial role played
by P53 pathway in aGVHD development, presenting as footstones for future study.
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