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Abstract

Immune reconstitution kinetics and subsequent clinical outcomes in HLA-matched recipients of 

allogeneic stem cell transplantation (SCT) are variable and difficult to predict. Considering SCT as 

a dynamical system, may allow sequence differences across the exomes of the transplant donors 

and recipients to be used to simulate an alloreactive T cell response, which may allow better 

clinical outcome prediction. To accomplish this, whole exome sequencing was performed on 34 

HLA matched SCT donor-recipient pairs (DRP), and the nucleotide sequence differences 

translated to peptides. The binding affinity of the peptides to the relevant HLA in each DRP was 

determined. The resulting array of peptide-HLA binding affinity values in each patient was 

considered as an operator modifying a hypothetical T cell repertoire vector, in which each T cell 

clone proliferates in accordance to the logistic equation of growth. Using an iterating system of 

matrices, each simulated T cell clone's growth was calculated with the steady state population 

being proportional to the magnitude of the binding affinity of the driving HLA-peptide complex. 

Incorporating competition between T cell clones responding to different HLA-peptide complexes 

reproduces a number of features of clinically observed T cell clonal repertoire in the simulated 

repertoire. These include, sigmoidal growth kinetics of individual T cell clones and overall 

repertoire, Power Law clonal frequency distribution, increase in repertoire complexity over time 

with increasing clonal diversity and finally, alteration of clonal dominance when a different 

antigen array is encountered, such as in stem cell transplantation. The simulated, alloreactive T 

cell repertoire was markedly different in HLA matched DRP. The patterns were differentiated by 

rate of growth, and steady state magnitude of the simulated T cell repertoire and demonstrate a 

possible correlation with survival. In conclusion, exome wide sequence differences in DRP may 
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allow simulation of donor alloreactive T cell response to recipient antigens and may provide a 

quantitative basis for refining donor selection and titration of immunosuppression following SCT.

Graphical abstract
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Through Iteration And Feedback

Keywords

Stem cell transplantation; Whole exome sequencing; GVHD; Dynamical system; HLA; Logistic 
Equation; Vectors; Operators; Histocompatibility

 Introduction

Stem cell transplantation (SCT) from HLA matched donors delivers curative therapy to 

patients with hematological malignancies, however at the cost of significant morbidity 

derived from the alloreactive phenomenon of graft versus host disease (GVHD) and the 

immunosuppression administered to control it [1, 2, 3]. Immune reconstitution following 

allografting is critical for relapse prevention and survival, but may be associated with a 

higher risk of GVHD in some individuals [4, 5]. Because of the complexity of the variables 

involved, clinical outcomes following SCT have been studied as a probability function of 

various clinical features of the transplant. Donor type, histocompatibility, transplant donor 

recipient gender matching, minor histocompatibility antigens (mHA), intensity of 

immunosuppression before and after transplantation have figured prominently in such 

analyses [6, 7, 8]. However, within the constraints of these parameters it is still difficult to 

precisely predict the development of alloreactivity in individuals undergoing SCT [9]. 

Further, relatively simple changes in immunosuppressive regimens (to neutralize HLA-

mismatch-directed alloreactivity), have allowed transplantation to be performed using 

donors with increasing levels of disparity across the HLA loci; best exemplified by related, 

HLA-haploidentical SCT and unrelated, umbilical cord blood transplantation (UCBT) [10]. 

In these examples of HLA mismatched transplants, GVHD rates are similar or lower when 

compared with HLA identical donors. While these differences are partly a function of the 

immunosuppressive regimens used and partly due to the lack of a mature T cell repertoire, 

they point to the possibility that there does not exist a linear quantitative relationship 

between the extent of HLA matching in transplant recipients and donors, and clinical 
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outcomes. This observation and the apparently random nature of occurrence of alloreactivity 

in similarly HLA matched (or mismatched) individuals, suggests that genetic disparity 

across other regions of the exome (as the determinant of mHA) has a major influence on the 

clinical outcomes.

From an immunological standpoint, alloreactivity in recipients of HLA matched SCT is 

driven in part by histo-incompatibilities between transplants donors and recipients. In 

patients matched for the MHC loci, these mHA generally provide the trigger for initiation of 

alloreactive tissue injury by donor T cells. A simple whole exome sequencing (WES) 

approach has demonstrated large numbers of potentially immunogenic DNA sequence 

differences between transplant donors and recipients [11]. These exonic DNA sequence 

differences can be analyzed to derive amino-acid sequences that yield different peptides, 

which in turn demonstrate a range of binding affinities for the HLA molecules present in a 

specific donor and recipient. This WES + in silico HLA-peptide binding affinity procedure 

yields a large DRP-specific library of putative mHA which may contribute to alloreactivity 

resulting in GVHD (HLA binding peptides absent in donors but present in recipients) [12]. 

Compared to the experimentally-determined mHA, this computational procedure yields 

several hundred to thousands of potential mHA in each HLA-matched DRP, and thus 

introduces a very large set of variables which cumulatively may influence the likelihood of 

GVHD incidence in individual SCT recipients. This derived variant HLA binding peptide 

library does not reflect the entire histocompatibility antigen spectrum, however, it gives an 

estimate of the scale of antigen diversity encountered by the donor T cells when transplanted 

into the recipient, and may be considered as an estimated alloreactivity potential. This 

measure of antigenic diversity may then be studied to lend an insight into the T cell response 

to the mHA library in each patient.

The large array of potential peptide targets of alloreactivity, each with a different binding 

affinity to HLA, is presented on a limited number of HLA class I (present endogenous 

antigens), and HLA class II (present exogenous antigens) molecules in the recipient tissues. 

This makes it very unlikely that GVHD incidence is a probability function of a small 

number of critical variables, rather it is more likely that GVHD is the result of an integrated 

sum of all the variant immunogenic peptides presented by the HLA in a unique DRP, 

modulated by the immunosuppressive influence of pharmacotherapy during immune 

reconstitution. This is a logical assumption since donor T cell reconstitution corresponds 

with the likelihood of alloreactivity developing [4, 13, 14]. In order to develop a model to 

estimate the likelihood of alloreactivity developing in unique SCT-DRP, immune response to 

the peptide-HLA complex library will need to be modeled in each individual. In such a 

model the binding affinity of the mHA to the relevant HLA molecules will be one of the 

determinants of the likelihood of individual mHA being presented to T cells.

T cell repertoire following SCT is comprised of thousands of T cell clones, which span a 

large range of clonal frequencies, with a different range of frequencies for different T cell 

clones observed in each individual. Over the lifetime of an individual a self-tolerant, 

pathogen-responsive set of T cell clones is developed, which responds to pathogen-derived 

peptides in the context of an individual's HLA molecules. The T cell receptors (TCR) 

characterizing these clones are coupled with CD3 molecules, which deliver a proliferation/
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activation signal to the T cells when the first signal, target antigen-HLA complex is 

encountered. Therefore, depending on the presence and immunogenicity of the target 

antigens, T cell clones may be abundant or scarce. An important moderator of the immune 

responsiveness is the presence of the second signal, which either enhances or extinguishes 

immune responsiveness (CD28 and PD-1 respectively). Each functional T cell subset 

possesses a unique array of TCR αβ, and can recognize and respond to a unique array of 

HLA-peptide complexes. The eventual T cell repertoire is massive, potentially numbering in 

the several hundred thousand to more than a million unique T cell clones [15, 16, 17]. High 

throughput sequencing of TCR cDNA obtained from isolated T cells demonstrates, that the 

distribution of T cell clonal frequency when ordered according to clonal rank conforms to a 

Power Law distribution, declining as a power of the number of clones examined [18, 19, 20, 

21]. These clonal frequencies may change under different conditions, such as upon 

encountering pathogens in normal circumstances or in SCT upon encountering alloreactive-

antigens. Specifically following SCT the T cell clonal repertoire in the donor product is 

altered, with clones that were once dominant becoming suppressed and other previously 

repressed clones becoming ascendant [18, 22].

In order to more accurately compute the likelihood of alloreactivity developing in individual 

DRP, it is imperative that the interaction between the parallel systems of antigen presentation 

and T cell response be modeled quantitatively. Lymphocyte reconstitution following SCT 

has been modeled as a logistic dynamical system, with a familiar sigmoid growth pattern 

over time (Supplementary Figure 1) [4, 23]. Logically then, various T cell subsets, including 

T cell clones should demonstrate the same growth dynamic. This makes it possible to 

develop a model, which may predict immune reconstitution following SCT, by simulating 

the T cell repertoire emerging in response to the mHA-HLA complex library derived from 

DRP exome differences (Appendix). In this paper we present a model of T cell 

reconstitution based upon the application of the logistic dynamical system to a hypothetical 

T cell repertoire responding to donor recipient mHA-HLA library as previously described 

[12]. For this study exome sequencing was performed on DNA from 34 SCT donor-recipient 

pairs, with the resulting data computationally translated to yield putative variant peptides 

with a graft versus host (GVH) direction (variant amino acid present in the recipient but 

absent in the donor). HLA class I binding affinity of nona-meric peptides to the relevant 

HLA in the DRP was determined (Supplementary Table 1). The resulting data were used to 

develop a mathematical model of CD8+ T cell reconstitution, where T cell clonal 

proliferation would be proportional to the antigen binding affinity. This model demonstrates 

significant differences in the alloreactive T cell repertoire evolving in different HLA 

matched DRP, suggesting that differences in the genetic background may explain disparate 

outcomes seen in equivalently HLA matched SCT.

 Methods

 Whole Exome Sequencing and Variant Peptide Library Generation

T cell repertoire simulation was performed using data derived from WES of transplant 

donors and recipients. To accomplish this, previously cryopreserved DNA was obtained 

from donors and recipients of allogeneic SCT after obtaining permission from Virginia 
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Commonwealth University's institutional review board. Patients had undergone either 8/8 

(n=27) or 7/8 (n=7) HLA-A, B, C and DRB1 matched related (n=7) or unrelated (n=27) 

SCT according to institutional standards at Virginia Commonwealth University (VCU). 

HLA matching had been performed using high resolution typing for the unrelated donor 

SCT recipients; and intermediate resolution typing for class I, and high resolution typing for 

class II antigens for related donor recipients. In this VCU-institutional review board 

approved, retrospective study, HLA class I typing information and clinical outcome 

information was utilized for the patients.

Nextera Rapid Capture Expanded Exome Kit was used to extract exomic regions from the 

DNA samples, which were then multiplexed and sequenced on an Illumina HiSeq 2500 to 

achieve an average depth of ∼90 per sample. 2X100 sequencing reads were then aligned to 

the human reference genome (hg18) using BWA aligner [24]. Single nucleotide 

polymorphisms (SNPs) unique to the recipient and absent in the donor were identified using 

our previously outlined method, [11] which utilizes best practices for Genome Analysis 

ToolKit (GATK) [25] along with in-house software. Exome SNP data was used to determine 

the resulting variant peptide library using Annovar [26] in each transplant DRP. The HLA-A, 

B and C binding affinity, IC50 (nM) was determined for all these peptides by running the 

NetMHCpan (version 2.8) software, as previously reported (Supplementary Table 1 for an 

example) [27, 28]. Parsing the NetMHCPan output, unique peptide-HLA combinations 

present in the recipient but not in the donor, i.e., possessing a GVHD vector, were identified 

and organized in order of declining mHA-HLA affinity.

 Computational Methods

The mHA-HLA binding affinity data from these patients were used to model a hypothetical 

T cell response which may arise following a myeloablative allogeneic SCT (Appendix). 

Briefly, mHA-HLA complexes with a GVHD vector were arrayed in a square matrix in 

order of descending binding affinity values, against the probability of recognition by a 

unique T cell clone (0 or 1). A hypothetical T cell population was then arrayed representing 

the T cell repertoire of the donor, such that each T cell clone in this population would 

proliferate in response to one of the mHA-HLA complexes in the square matrix (1), and not 

respond to the others (0). This represents an example of a vector-operator system, where the 

T cell vector is constituted of an array of individual T cell clones, with the clonal frequency 

representing the magnitude and T cell receptor specificity representing direction of 

individual clones. The average T cell vector in a normal donor would have a pathogen 

specific ‘direction’, and when this is infused into the recipient, there may be T cell clones 

present in the infused allograft, which will proliferate in response to recipient mHA-HLA 

complexes. This will alter the frequency of the T cell clones, thus altering the average 

configuration of the T cell vector over several iterations (cell divisions over time). The array 

of recipient minor mHA-HLA complexes will in this event comprise an alloreactivity 
operator. In simple terms, one may consider the alloreactivity operator as a machine, which 

works on the T cell vector [48] and transforms it over several iterations of the system 

(Supplementary Figure 2). This transformation is in accordance to the Logistic equation, 

with the binding affinity of the mHA-HLA complex governing the magnitude of the T cell 

clonal response (see Appendix for a detailed description and mathematical derivation). 
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Another assumption in this model is that individual T cell clones are competing with each 

other, and that the relative influence of the competing T cell clones upon each other is 

parameterized by their respective binding affinities (See Appendix and Supplementary 

Figure 3). In this model an IC50 cutoff value of 500 nM was chosen to study the various 

model parameters. IC50 values higher than this cutoff are assumed to represent extremely 

weak peptide-HLA binding and were, excluded from subsequent analysis. The T cell 

repertoire simulations were then run in MATLAB (Mathworks Inc., Natick, MA), utilizing 

the above model (See Supplementary Mathematical Methods and Program).

The sum of all T cell clones  was used to represent the T cell vector configuration at 

steady state for each patient. This was categorized into rapid (α), intermediate (β), or slow 

(γ) growing vector configuration for analysis of alloreactivity operator influence on clinical 

outcomes. Cut-off values for vector configuration were assigned based on percentile 

distribution and cluster pattern. Effect of T cell vector configuration on survival and relapse 

was examined using SPSS Statistics soft ware package. Distribution of patient 

characteristics and stem cell transplant outcomes were compared across vector configuration 

groups using Fisher's exact test. Mean values were compared using the Independent-Samples 

Kruskal-Wallis test. Kaplan-Meier survival analysis and the log-rank test were used to 

compare survival and time-to-relapse between vector configurations.

 Results

 Whole exome sequencing and Peptide Library Generation

WES data from 34 patients were used to generate unique variant peptide-HLA libraries in 

the GVH direction for each patient using the NetMHC pan software. The mathematical 

model presented here simulates the T cell repertoire that may result from such minor 

histocompatibility antigens, associated with exome wide sequence differences between 

donors and recipients, accounting for their HLA type. The exome difference data were used 

to generate variant nine-mer peptides, and the resulting mHA-HLA class I binding affinities 

specific to each DRP were used to populate individual-specific square matrices. An average, 

2260 peptide-HLA complexes (range: 537 to 4755) were evaluated in these calculations, and 

included peptides bound to HLA-A, B and C molecules in each DRP (manuscript in 
preparation). Fifteen patients underwent SCT from gender disparate donors (10 M to F and 5 

F to M). An important limitation of our SNP-based alloreactive peptide determination 

method is the inability to determine Y chromosome-derived peptides in the specific female 

donor to male recipient DRP, because of the absence of a comparator Y chromosome. Anti-

thymocyte globulin was administered as a part of the preparative regimen in 31/34 patients; 

tacrolimus + methotrexate and tacrolimus + mycophenolate mofetil was administered in 17 

and 11 patients respectively, and cyclosporine instead of tacrolimus was used in these 

combinations in 4 and 2 patients respectively for GVHD prophylaxis.

 T Cell Repertoire Simulation

The mHA-HLA alloreactive antigen operator matrix for each patient was then evaluated for 

a hypothetical alloreactive CD8+ T cell response. This operation transformed a hypothetical 

donor T cell vector, νTCD, with each T cell clone designated an initial frequency, N0 = 1, 

Abdul Razzaq et al. Page 6

Biol Blood Marrow Transplant. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



representing a single T cell recognizing each of the mHA-HLA complexes. Substituting 

Equation 3 for the value 1 in the identity matrix MARO in equation 2 (Appendix), and setting 

r at 1.5 and K at 109, a sigmoid growth curve is observed in the T cell clonal populations as 

the iterative calculations are performed to simulate T cell clonal proliferation to get the final 

νTCR. In this model the steady state T cell clonal (TC) populations depend on the binding 

affinity (≈1/IC50) of the relevant peptide-HLA complex (Figure 1 A-C). In this system, 

when starting with a single T cell recognizing each mHA-HLA complex, and proliferating in 

proportion to the binding affinity, only a small number of T cell clones grow to a high 

frequency. When T cell clones present at a frequency of >10 at steady state (iteration beyond 

which there is no further growth) are plotted on a log-log plot, a Power Law distribution of 

the clonal frequencies is observed (Supplementary Figure 4A), analogous to T cell clonal 

distribution observed in normal donors [18]. Consistent with the observations from normal 

donors there are many low frequency clones (<10). Using this model, the sum of all the T 

cell clones in an individual over time (i.e. after several iterations) follows a sigmoid curve, 

analogous to the sigmoid growth behavior in post allograft setting when lymphocyte 

populations have been examined (Supplementary Figure 4A) [4]. This behavior was 

observed in all 34 patients modeled.

The resulting T cell repertoire is similar to that seen clinically, and demonstrates features 

such as power law distribution and logistic kinetics over time. Importantly this model 

demonstrates that despite a very large array of peptide mHA, only a few T cell clones 

become dominant; thus identifying peptides that appear to be of greatest relevance under the 

modeled conditions, but more importantly giving a likeness of observed, normal clonal 

distribution. This behavior of the model generated T cell repertoire is analogous to the in 
vivo difference between antigen driven and homeostatic T cell proliferation. T cell clones 

bearing the receptors which recognize target antigens, when stimulated by relevant second 

signals, will result in an antigen-driven exponential expansion to the carrying capacity of the 

system, while the remaining T cell clones that do not have a relevant antigen or only have a 

weakly HLA bound antigen will fail to expand, but will survive at low numbers, homeostatic 

expansion, under ambient conditions. When scrutinizing these results it is important to 

recognize that at the current stage of investigation, the source data for this calculation, the 

IC50s of peptide-HLA complexes does not account for GVHD target organ protein 

expression. Predicting tissue-specific clonal expansion, in order to predict GVHD in certain 

tissues, or treat it differently is potentially a fruitful focus of future work.

 Competition between T cell clones leads to variability

T cell clones do not proliferate in isolation; they do so in a milieu of other T cells 

responding to different antigens, each with varying binding affinity to HLA molecules. 

Accounting for competition between T cell clones introduces significant variability in the 

clonal populations during the early iterations following growth initiation (Figure 2A-C), 

with specific clonal populations growing rapidly and then plummeting only to grow back 

again with successive iterations. This effect of competition is most evident on clones that 

respond to low affinity peptides, where the clones were initially suppressed, only to emerge 

with later iterations. Therefore as the number of iterations increased so did the number of 

clones with a detectable population, in other words with increasing number of iterations, a 
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larger number of T cell clones populated the curves, consistent with the physiological 

observation of increasing T cell repertoire complexity, diversity with the passage of time 

following SCT. Similar to the case of noncompeting clones, the TCR vector configuration 

again followed a Power Law distribution, and because of the initial transient suppressive 

effect of competition on lower affinity clones (Supplementary Figure 5A) over time the 

repertoire size increased. Due to the variability observed in the individual clones, the sum of 

all clones for each individual demonstrated marked variability, with the dominant clones 

suppressing weaker clones early on and weaker clones emerging later on (Supplementary 

Figure 5B). Initial overgrowth was followed by later decline to a steady state value, in 

individual clones and the overall repertoire, which fluctuated about an average value slowly 

increasing over time as the lower affinity clones started to grow. As a larger number of 

clones are incorporated there is a significant increase in the variability of the curve with TC 

clones directed at high affinity peptides demonstrating early variability and lower affinity 

peptide targeting TC clones experiencing late variability. This chaotic behavior can be 

illustrated by constructing phase space plots (Figure 3), where successive values of the 

clonal population are plotted against each other (Nt+1 plotted against Nt). The phase space 

plots, with the designated parameters (N0, r, K) demonstrate clonal fluctuation (loops in the 

plots) each eventually settling down to an attractor, a limited region of the phase space 

towards which the system evolves. Striking similarity is seen in the behavior of the different 

clones, albeit at different scales of magnitude, supporting the observation of self-similarity 

of the repertoire across scales of magnification. The self-similar repertoire distribution of 

these simulations was further supported by Log-Rank analysis of the repertoire at different 

time intervals. There was general conformity to a Power Law growth patterns, when log-

rank analysis was used to analyze the data sets for individual patients, after the 50th, 100th 

and >2000th iterations (Supplementary Figure 6). These model predictions are comparable 

to real-life TC clonal frequency data from high throughput sequencing.

 Vector-Operator modeling reveals different alloreactivity potential in HLA matched 
individuals

When WES-derived HLA-peptide binding IC50 data were evaluated using the competing T 

cell clonal vector-alloreactivity operator model, the HLA matched patients could be 

differentiated into three different categories, according to their T cell vector configuration. 

These were termed α, β and γ for reference. The T cell vector configuration α was 

characterized by a rapid, exponential rise in the sum of all clones to a value >200,000 when 

the K was set to 109, whereas β was characterized by a slower growth to a level between 

200,000 and 30,000, and finally the slowest growing, γ, configuration which remained at 

<30,000 T cells at steady state (as many iterations as the number of peptide-HLA 

complexes) (Figure 4A). Among the 34 patients tested, 10 patients demonstrated an α vector 

configuration (median steady state, Σ T cell =405,289), 10 β configuration (Σ T cell 

=102,239), and 14 had a γ configuration (Σ T cell =12,956) (Figure 4B). In the simulations 

run to date, groups α and β had relatively lower variability in the clonal and total T cell 

populations in the later iterations, while the group γ demonstrated the greatest late 

variability, perhaps reflecting the relatively larger impact of the lower affinity peptide driven 

T cell clonal growth, in this system with lower alloreactivity potential. The difference 

observed in the model output is likely related to the number of mHA and more importantly 
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the distribution of the binding affinity of the variant peptides to the HLA in the unique donor 

recipient setting. Further, this finding of a variable WES-derived estimate of alloreactivity 

potential in similarly HLA-matched individuals may provide an alternative explanation of 

the variability observed in the incidence of alloreactivity following SCT.

Evaluation of the demographics of the patients with different vector configurations 

demonstrates some surprising observations, for example the vector configuration γ is seen 

more commonly in patients with HLA mismatched donors (FET P=NS) and in patients of 

African ancestry (FET P=0.04), and was no less common in gender mismatched, or 

unrelated transplantation (Table 1). In our cohort of exome-sequenced patients, a trend 

towards survival advantage and reduced relapse was discernable in patients who had a vector 

configurations α and β (Figure 5). The lower survival and relapse risk observed in the DRP 

with vector configuration γ suggests that a minimal requisite burden of donor vs. recipient 

alloreactivity may be required to establish a graft vs. malignancy effect and confer survival 

advantage. We did not observe any correlation with either acute or chronic GVHD, however 

this observation may be confounded by the use of anti-thymocyte globulin in most patients 

and the absence of Y chromosome coded peptide information in the female into male 

transplants. Given the as yet hypothetical nature of this model, these clinical correlations 

only serve as a guide for future investigation into the quantitative effects of alloreactivity 

potential differences between SCT donors and recipients.

 Properties of the T cell vector and alloreactivity operator system

This system of simulating alloreactive CD8+ cell repertoire using the mHA-HLA complex 

operator does not predict GVHD in our small cohort of patients. The failure to do so may be 

related to the limited nature of mHA panel studied (only nona-mers on HLA class I 

molecules), and the absence of GVHD target organ specific protein expression data to make 

the alloreactivity operator matrix closer to reality. While this optimization of the algorithm is 

ongoing, in order to test the versatility of the matrix system an arbitrary set of multipliers 

was developed to study the effect of large-scale organ distribution, particularly on the low 

affinity peptides (see mathematical methods). When these calculations were performed, a 

significant increase in the magnitude of all the T cell clones was observed. While Power 

Law relationships were maintained, more clones showed a greater magnitude of growth. 

This also slowed down the rate of rise of the clonal populations. As can be seen (Figure 6A) 

there was a substantial increase in the magnitude of the final sum of all clones, albeit at the 

expense of greater variability and less rapid growth observed in the different curves.

A very important property of this model is its ability to alter the direction and magnitude of 

a donor TCR vector to a new recipient vector. In other words clones that are dominant in one 

instance will be down regulated and low frequency clones will be up regulated if they 

encounter their cognate antigens with a higher binding affinity. In the model this is 

demonstrated by taking the output of one individual's steady state T cell repertoire, and 

inverting them such that the K for the least avid peptide-HLA complex directed TC clone 

becomes the N0 for the most avid complex. The matrix is then iterated till it reaches a steady 

state. This results in a complete inversion of the clonal frequencies (Figure 6B). This finding 
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is consistent with donor TCR repertoire being altered upon exposure to recipient derived 

antigens following SCT.

 Discussion

HLA matching is the gold standard for determining histocompatibility in SCT recipients. 

However in recent years the use of less well-matched donors has become more frequent due 

to improvements in post transplant immunosuppression. GVHD risk with alternative donor 

transplants is similar to, if not somewhat lower than conventional HLA matched transplants. 

This implies that alloreactivity in the form of GVHD is determined, in large part by 

sequence differences outside the major histocompatibility locus, i.e., minor 

histocompatibility antigens. in HLA matched related donors these antigenic differences may 

arise through the exchange of chromosomal material during meiotic recombination as a part 

of gametogenesis and may be estimated by whole exome sequencing. There are many exome 

sequence differences in each transplant DRP, especially in those with unrelated donors, and 

this contributes a massive array of potential peptide antigens. This array of antigenic targets 

may have a formative influence on the T cell repertoire and overall immune reconstitution in 

the recipient after SCT, which may, in turn influence clinical outcomes. In this paper, 

dynamical system modeling using the concept of vectors and operators derived from matrix 

mathematics demonstrates that despite HLA matching different DRP have significant 

variability in their ability to generate an alloreactive T cell response. Incorporating such 

analytic procedures in the donor selection algorithms in the future may allow improved 

prediction of the likelihood of alloreactivity developing in specific transplant donors and 

recipients.

Immune reconstitution following SCT is a dynamical process where the components of the 

system evolve as a logistic function of time. Making a basic assumption that T cell 

expansion will be governed by the binding affinity of the variant peptide to HLA, a putative 

donor T cell response to the variant peptide library encountered in the recipient may be 

simulated. This simple T cell vector-alloreactivity operator model reproduces many of the 

observations from recent studies of T cell repertoire organization. Specifically, assuming T 

cell clonal growth in proportion to the target antigen-HLA binding affinity, both individual T 

cell clones and the entire T cell repertoire follow a sigmoid, logistic dynamic over time as 

the system iterates. This is similar to immune reconstitution kinetics in a cohort of allograft 

recipients reported recently [4]. While this behavior is inherent due to the use of a logistic 

equation to model the growth of each clone, the generalization to the entire repertoire results 

from using the rule that the steady state T cell population of specific clones will be 

proportional to the binding affinity of the variant peptides to HLA. In essence, the more 

strongly bound a peptide the more likely it is to elicit a strong response, obviously in the 

presence of appropriate second signals. Further validation of the model simulating normal 

physiology comes from the resulting steady state T cell repertoire approximating a Power 

Law distribution of the T cell clonal frequency for the entire repertoire [18, 19, 20]. The 

model predicts the emergence of a limited number of dominant T cell clones, symbolizing 

antigen driven proliferation and a large number of low frequency clones representing a 

reservoir of T cell clones, which are likely maintained through homeostatic mechanisms [29, 

30, 31]. Recent observations of similar T cell receptor VDJ expressing clones dominating in 
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different patients with a similar HLA type also lends credence to this model and its 

underlying premise [32]. Incorporating competition, with high affinity antigen directed T 

cell clones dominating lower affinity antigen directed clones (Supplementary Figure 3B), 

introduces instability with wide fluctuations in individual T cell clonal frequency, resulting 

in variability in the early T cell repertoire, and chaotic behavior. In the model incorporating 

competition the dominant higher affinity T cell clones suppress the lower affinity T cell 

clones early on, however these clones emerge at a later time demonstrating instability at first 

before eventually settling down. This chaotic behavior is inherent to the competition 

introduced by multiple clones encountering antigen simultaneously and is a property of the 

Lotka-Volterra modification used to calculate individual clonal growth [33]. Similar 

behavior has recently been reported where wide variation has been demonstrated in the T 

cell clonal population over time following transplantation [34]. Clonal repertoire expansion 

with time is also observed, similar to increasing repertoire complexity observed following 

SCT. Finally, this model provides a quantitative explanation of the change in T cell clonal 

distribution changing following SCT [18, 22, 35]. The alteration of relative T cell clonal 

frequency in autologous SCT is particularly instructive when one considers that dominant T 

cell clones established through a lifetime of antigen exposure are reordered following 

immuno-ablative high-dose therapy. In this instance a new antigenic landscape is 

encountered in the immediate post transplant setting with a shift in the resulting T cell 

repertoire [39]. This effect has been clinically utilized in lymphodepletion prior to adoptive 

immunotherapy of a variety of malignant disorders [36].

Measuring T cell repertoire modification post transplant, in response to an alloreactivity 

operator may have value in forecasting the onset of GVHD. In patients who have 

alloreactive antigen-driven proliferation dominating from the outset one would expect an 

oligoclonal pattern approximating the relevant vector configuration (α, β or γ) to emerge, 

rather than a polyclonal repertoire which would be expected with normal immune 

reconstitution. Since the tissue antigen presentation cannot be measured for all tissues, T cell 

repertoire measurement post transplant may allow inference of the antigen presentation 

patterns in patients with or without GVHD. Having a model by which to estimate the 

expected T cell repertoire will be invaluable in accomplishing this. This hypothesis is 

supported by the observation that patients who have oligoclonal T cell recovery following 

SCT may be more likely to be susceptible to alloreactivity [37, 37]. Further support for the 

notion of oligoclonal T cell growth in response to high affinity and abundant minor 

histocompatibility antigens comes from the observation of clonal growth in mixed 

lymphocyte reactions (MLR) predicting loss of renal allografts [38]. MLR has also been 

used to study, alloreactive T cell clonal populations following SCT and has demonstrated the 

presence of a large number of dominant and low frequency clones over time [39]. It is 

therefore highly likely that when adjusted for antigen abundance (as demonstrated by the 

empirical effect of the K multiplier in our model) whole exome sequencing of donors and 

recipients will be able to predict the magnitude of alloreactivity when it is analyzed using 

this T cell vector-mHA operator model. The quantitative adjustment of the alloreactivity 

operator for tissue antigen expression is being actively investigated.

Despite the survival association observed, no correlation was seen between the likelihood of 

GVHD developing in patients and the different vector configurations. Aside from the 
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confounding effect of anti-thymocyte globulin use in these patients there are several different 

explanations for this lack of association at this stage of model building. First, the variability 

and chaotic behavior unveiled when competition between clones is accounted for makes it 

very likely that the presence of competing, non-cross reactive strongly bound antigens would 

reduce the likelihood of clinical alloreactivity developing (Figure 7). This notion is 

supported by the observation that the TC repertoire diversity is higher in patients without 

GVHD than in those with GVHD [41]. Competition may be introduced by several different 

mechanisms, including vaccination, restoration of microbiota and finally epigenetic 

modification that up regulates cancer-specific antigens. Importantly this may allow a non-

immunosuppression based mechanism of GVHD prophylaxis. This so because chaotic 

systems such as the one represented by the T cell reconstitution model with competition are 

sensitive to initial conditions and the balance of high-affinity alloreactive vs. non-

alloreactive clones at the earliest time may be critical in determining likelihood of GVHD 

developing in these patients. Another important source of randomness in this dynamical 

system model, comes from the stochastic nature of the T cell clones recognizing mHA-HLA 

complexes present in a unique DRP. In the model, this has been represented by a 1 (T cell 

clone recognizing peptide-HLA present) or a 0 (relevant T cell clone absent) incorporated 

into the vector. In the real-life situation, these T cell clones may or may not be present in the 

transplanted cells and thus introduce a stochastic element in this dynamical system model of 

alloreactivity. The probability of alloreactive T cell clones (TCx) being present in this model 

may be considered as a multiplier for each clones' starting (and subsequent) population Nt 

and may be estimated as follows,

This equation states that the probability ρ of a unique T cell clone, TCx, recognizing a 

specific mHA-HLA, x, being present in the infused allograft is approximately equal to the 

clonal diversity T cells infused and the inverse of the sum of all antigens (Ag – HLA) 

encountered in the recipient. This measure will be offset by T cell depletion such as by anti-

thymocyte globulin or post-transplant cyclophosphamide administration. Therefore the 

development of alloreactivity within this dynamical system is contingent upon the presence 

of T cells recognizing the vast array of antigen-HLA (including mHA-HLA) complexes 

(Figure 7). This expression gives the likelihood of alloreactive T cells being present in the 

donor T cell complement and helps to partially explain the still seemingly stochastic 

outcomes in patients modeled herein. Further uncertainty is introduced in the model, as one 

considers the presentation of other non-immunogenic recipient peptides not present in this 

potentially alloreactive library competing for presentation with the alloreactive peptides on 

the relevant HLA. These sources of randomness aside, the advantage of having a model to 

predict T cell repertoire response to exome sequence variation between donors and 

recipients is that, if validated, it may allow personalized estimation of alloreactivity 

developing and appropriate titration of immunosuppression post-transplant.
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The complexity of GVHD in SCT, represents a unique model system with which to study 

immune reconstitution in the background of genetic diversity between the stem cell donors 

and recipients. Knowledge of the quantitative immunobiology of SCT may then make it 

easier to develop stem cell donor selection algorithms that improve upon the prevailing 

standards of donor selection. It is important to recognize that this model is based upon an in 

silico determination of peptide binding affinity derived from actual DNA sequencing so is 

vulnerable to the pitfalls that the HLA binding affinity determining program might have. 

Nevertheless, while still in need of validation and further development, this dynamical 

system model of T cell reconstitution following SCT provides a mathematical framework 

which can be utilized to study the effect of various parameters such as donor T cell dose, 

immunosuppressive regimens on post transplant outcomes and with further development 

may lead to more precise titration of T cell dose and immunosuppression to achieve optimal 

clinical outcomes following SCT, as well as optimal donor selection beyond HLA identity.
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Highlights

• Exome sequencing may predict alloreactive donor T cell response 

utilizing matrix mathematics.

• HLA-matched transplant donor recipient pairs may exhibit different 

alloreactive T cell responses.
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Figure 1. 
Sigmoid growth behavior of simulated individual T cell clonal frequencies under a non-

competing model with different peptide-HLA binding affinities. Proportional growth factors 

are: A- IC50 1.8 nM; B- IC50 2.4 nM; C- IC50 3.06 nM. Note declining y-axis values in the 

successive graphs. P# refers to patient number.
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Figure 2. 
Simulated clonal frequency of individual T cell clones accounting for competition between 

clones. A: IC50 2.49 nM; B: IC50 3.34 nM: C: IC50 4 nM. Marked early fluctuation can be 

seen in clonal populations, followed by eventual achievement of steady state at a rate 

proportional to the binding affinity of the target peptide.
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Figure 3. 
Phase space plots of T cell clonal growth patterns, Nt plotted as a function of Nt-1. Plots A, 

B and C are successive clones from P33 and D depicts cumulative clones from P47. Clonal 

frequency loops have a similar morphology in different patients and tend to evolve towards a 

limited region of the phase space, an attractor. Attractors may be associated with certain 

clinical outcomes, like GVHD or tolerance when the entire T cell repertoire is considered.
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Figure 4. 
A. Simulated TC repertoire configurations (sum of all T cell clones plotted over time), from 

different HLA matched patients, fall in three broad classes. Y-axis depicts the total T cell 

number and X-axis, the iterations. Configuration A or α- Rapid average exponential growth 

with high K; Configuration B or β- Slower exponential growth phase with lower average K; 

Configuration C or γ- Very slow growth with very low average K value. B. Range of steady 

state values for each vector pattern in the 34 patient cohort; N for each cohort 10 (α), 10 (β) 

and 14 (γ).
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Figure 5. 
Survival (A) and relapse (B) in patients with TCR vector configuration α, β and γ 

respectively (determination based on the steady state values). Mantel Cox, test for equality 

of distribution Log Rank P =0.03 for survival, and P=0.47 for relapse.
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Figure 6. 
A: Cumulative effect of multipliers on K for individual clones to simulate tissue distribution 

of peptides. Marked slowing of the rate of growth due to a large number of competing 

clones, and significantly larger magnitude of eventual vector. Total clonal frequency plotted 

against iterations.

B: Vector transformation by the alloreactivity operator. Original T cell vector (Gray) 

mapped to a new configuration (black line) when iterated through an inverse of the 

alloreactivity operator.
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Figure 7. 
Multiple different sets of antigens contribute to eventual T cell repertoire formation and 

competition between clones may alter eventual clinical outcomes. A: Competing arrays of 

different antigens encountered by donor T cells following transplantation transform the 

vector (reversal of the clonal frequencies depicted by the red and orange arrowheads). B: 

Depending on the immunogenicity of antigens encountered in the recipients either 

alloreactive or non-alloreactive donor derived T cell clones may becoming dominant.
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Table 1
Patient demographics for DRP with different vector configurations

Vector Pattern (n)

α (10) β (10) γ (14)

Diagnosis, n (%) Acute myeloid leukemia 2 (20) 5 (50) 5 (36)

Acute lymphoid leukemia 1 (10) 0 (0) 2 (14)

Myelodysplastic syndromes 5 (50) 3 (30) 2 (14)

Chronic lymphocytic leukemia and lymphomas 2 (20) 1 (10) 4 (29)

Multiple myeloma 0 (0) 1 (10) 1 (7)

Donor Type, n (%) MRD 2 (20) 3 (30) 2 (14)

MUD 8 (80) 7 (70) 12 (86)

HLA mismatch, n (%) No 8 (80) 10 (100) 9 (64)

Yes 2 (20) 0 (0) 5 (36)

Patient Age, mean (%) <55 4 (40) 7 (70) 6 (43)

>=55 6 (60) 3 (30) 8 (57)

Donor Age, mean (%) <40 6 (60) 4 (40) 7 (50)

>=40 4 (40) 6 (60) 7 (50)

Patient Race, n (%) Caucasian 9 (90) 9 (90) 7 (50)

African American 1 (10) 1 (10) 7 (50)

Race disparity, n (%) No 9 (90) 10 (100) 9 (64)

Yes 1 (10) 0 (0) 4 (29)

Unknown 0 (0) 0 (0) 1 (7)

Patient/Donor Gender, n (%) Male/Male 2 (20) 4 (40) 7 (50)

Female/Male 4 (40) 3 (30) 3 (21)

Female/Female 1 (10) 2 (20) 3 (21)

Male/Female 3 (30) 1 (10) 1 (7)
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