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Abstract

After allogeneic hematopoietic stem cell transplantation (HSCT), immune reconstitution
leads to the development of a new T-cell repertoire. Immune reconstitution could be
influenced by events such as conditioning, infections and graft versus host disease (GVHD).
Factors influencing the TCR diversity are of great interest to fine-tune the strategy for donor
selection and to optimize standard of care. In this work, immunosequencing of the TCR
CDR3B region was carried out in a large cohort of 116 full chimeric recipients at one year
post-HSCT and their respective donors prior to transplantation. The repertoire overlap
before and after HSCT was minimal, supporting de novo reconstitution as a primary pathway
at any age. Among the parameters investigated, increased patient and/or donor age as well
as positive CMV serologic status reinforced by CMV infection/reactivation were the ones
significantly associated with a reduced diversity at one year post-HSCT. CMV-specific T-cell
clones were shown to influence the clonality of the repertoire alongside the expansion of
limited numbers of non-CMV T-cell populations. Interestingly, at the exception of CMV
infection/reactivation, TCR diversity was not predictive of GVHD, relapse, death or infections

post-HSCT.



Introduction

Allogeneic hematopoietic stem cell transplantation (alloHSCT) is a standard treatment of
hematologic disorders such as leukaemia and primary immunodeficiencies. The
polymorphism of human leukocyte antigen (HLA) genes is a major factor for the global
outcome, notably for avoiding graft rejection and for minimizing the risk of relapse and
development of severe graft versus host disease (GVHD) (1-3). HLA is also instrumental in
the processes leading to immune reconstitution, especially the T-cell repertoire diversity,
considered a key factor for prognosis and long term survival. Homeostatic proliferation,
which controls the size of the T-cell pool during the reconstitution of the T-cell compartment
(4), is mediated by the presentation of antigens by HLA molecules to T cells. Direct
presentation in case of HLA mismatch, indirect presentation of alloantigens (minor
histocompatibility antigens) or pathogen peptides, (e.g. derived from latent viruses present
in the recipient) drive a cytokine-mediated expansion of the mature donor T cells infused
with the graft (5, 6). This pathway, which is independent of the thymus, result in a skewed
repertoire closely associated with infections and GVHD (7-9). By contrast, de novo
maturation of naive T cells derived from lymphoid precursors of the donor and selected in
the thymus by the self-HLA molecules presenting self-peptides will restore a broad and fully
responsive repertoire. HLA has been suggested to bias the T-cell receptor (TCR) V gene usage
of maturing thymocytes (10). The thymus is highly sensitive to conditioning,
immunosuppression and GVHD and is significantly influenced by age. Age is associated with
thymic involution, impairing the renewed thymopoiesis (11-15). It has been suggested that
thymus-dependent reconstitution take months following HSCT, leaving the patients at risk of
infections and other complications. However, it is not well understood whether T-cell

diversity is directly predictive of these clinical events.



Pre, peri and post-transplant factors influencing the T-cell repertoire have been investigated
leading to an improvement of the standard of care (16-18). Recent technological
developments have also provided the capacity to analyse more precisely and in-depth the
complex processes of reconstitution, offering new perspectives for the post-HSCT follow-up.
On the one hand, system-level profiling is now possible with mass cytometry, allowing
comprehensive monitoring of immune reconstitution (19, 20). On the other hand, the
central role and dynamics of T cells reconstitution can be investigated by high throughput
immunosequencing (21-23), providing a more detailed snapshot of the TCR diversity
compared to methodologies like spectratyping (24, 25). Current protocols target the most
variable complementary-determining region of the somatically rearranged TCR alpha and
beta chains (i.e., CDR3 at the V-J or V-D-J junctions, respectively), allowing to track down
single clones among thousand T cells sequenced in parallel. A limited number of studies have
been published using this technology after alloHSCT. These studies are characterised by the
inclusion of a small number of patients and a variety of factors which could influence the T-
cell repertoire reconstitution. One study reported a reduction of the TCR diversity following
GVHD or disease relapse (26). In another study, a better recovery of the T-cell diversity was
reported in recipients of double cord blood units compared to conventional or T depleted
peripheral blood stem cells (PBSC) (27). Acute GVHD and steroid treatment were associated
with a high diversity in contrast to cytomegalovirus (CMV) and Epstein Barr virus (EBV)
infections (27). A role of CMV reactivation generating holes in the underlying repertoire was
recently proposed with a massive expansion of effector memory (Tgm) cells and contraction
of naive subsets post-HSCT (28). Antithymocyte therapy has been reported by some authors
to lead to lower TCR diversity in recipients of CMV-positive donors, while other variables

(e.g., GVHD and CMV reactivation) were not predictive of the diversity (29). By contrast, a



reduction of diversity was observed with GVHD but not with conditioning by another group
(30).

In this work, immunosequencing of the TCR CDR3pB region was carried out in a large cohort
of 116 full chimeric recipients at one-year post-HSCT and their respective HSC donors. The
first aim was to investigate repertoire overlap before and after HSCT. Within the second aim,
parameters possibly associated with the reconstitution of the repertoire at one year were
analyzed. The third aim was to assess whether T-cell diversity could be used as a marker to

predict post-transplant complications.

Material and Methods

Patients and donors

Patients receiving an allogeneic HSC graft in Geneva between 2000 and 2016, who had full
donor chimerism without sign of relapse at one year were selected. The cohort consisted of
116 donor/recipient pairs with characteristics described in Table 1. Post-HSCT complications
were recorded during the first year and also after that period (Table 2). A standard
immunosuppressive treatment consisting of methotrexate or mycophenolate combined with
cyclosporine A or tacrolimus was provided to all patients. Partial T-cell depletion is
sometimes included in the institution protocol and was considered as an explanatory
variable in the statistical analyses (31). This study was approved by the ethical committee of

the institution (CER 06-208 and 08-208R).

HLA typing and chimerism
DNA extracted on an automatic system (QIAGEN GmbH, Hilden, Germany) from Ficoll

purified peripheral blood mononuclear cells (PBMCs) was obtained from donors shortly
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before transplantation (time point 1) and from their full chimeric recipients at one-year post-
HSCT (time point 2). HLA typing was performed by reverse PCR-sequence-specific
oligonucleotide microbead arrays and high throughput sequencing (One Lambda, Canoga
Park, CA, USA) or PCR-sequence-specific primers (Genovision, Milan Analytika AG,
Switzerland). Chimerism was performed by STR analysis (AmpFISTR® Identifiler, Invitrogen-
Thermofisher, Waltham MA, USA), the detection sensitivity is <3% (i.e., patients were

selected for the study if the donor chimerism was 297%).

Immunosequencing

High throughput sequencing of the TCR CDR3f region was carried out on Illlumina MiSeq and
HiSeq systems following a multiplex PCR (Adaptive Biotechnologies ImmunoSEQ® assay) (32,
33). Donor/recipient pairs were analyzed at survey resolution targeting 120 000 T cells.
Reproducibility and sampling performance was assessed in five selected pairs using
triplicates analyzed at deep resolution (i.e., targeting 400 000 T cells). Productive
rearrangements were retrieved from the ImmunoSEQ® analyzer platform and formatted for
the analyses to be carried out in R with the help of GNU/Linux scripts. The counts of clones
with CDR3 rearrangements sharing synonymous nucleotide substitutions (i.e., an identical

amino acid sequence) were pooled.

Peptide binding predictions
The FASTA sequences of the 190 canonical proteins of CMV strain AD169 were downloaded

from https://www.uniprot.org/. This is one reference proteome for CMV which includes

manual annotations and Swiss-Prot reviewing. These data were then submitted to the

NetMHCpan 4.0 server available at http://www.cbs.dtu.dk/services/NetMHCpan/ to




perform HLA class | binding predictions (34). The predictions were performed on all possible
AD169 nonamers (i.e. 9mer represent the preferred length of peptides bound by HLA class |
molecules) and with each of the 91 alleles observed in our patients at high resolution (i.e.
second field (35)). The binding predictions performed on individual alleles were combined
according to the HLA types in order to estimate the theoretical capacity of each patient to
present CMV derived peptides. We considered the total number of strong and weak binders
using affinity ranks <0.5% or >0.5% and <2%, respectively. Mean peptide binding affinity in
nanoMolar units was also estimated in each patient over retained 9mer binders. Association
with CMV infection/reactivation within the first year following transplantation was analysed

through logistic regression.

CMV-specific clones

T cells were characterized as potentially specific for CMV if their CDR3B sequence matched
one of the 164 clones identified by Emerson et al. as CMV-associated (i.e., clones with
significant enrichment in CMV positive subjects) and/or one of the 919 clones reported as
CMV-reactive (i.e., clones able to recognize CMV antigens) (36). Both sets are partially
overlapping, the second one being particularly biased toward reactivity to 65 kDa
phosphoprotein (pp65) and 55 kDa immediate-early protein 1 (IE1). HLA restriction at low
resolution (i.e., first field level (35)) is proposed for about half of these clones, we thus

checked if we could find a concordance with HLA types in patients.

Statistical analyses
Clone’s frequencies were estimated from the number of sequenced templates and used to

describe the commonness/rareness of given T cells or of groups of T cells (e.g. CMV-specific



clones). Overlap of the TCR repertoire before and after HSCT was estimated by Jaccard and
Morisita’s similarity indices (37, 38). These indices vary between 0 (no overlap) and 1
(complete overlap). The standard Jaccard index gauges similarity using the ratio of shared
clones at both time points on the total number of clones, the standardized index additionally
weights the similarity using clone’s frequencies and the Morisita’s index is based on
statistical dispersion of clones assuming that diversity increases with sample size. The
diversity of the TCR repertoire at both time points (i.e. pre and post-HSCT) was estimated by
productive clonality. This index is robust to sampling and accounts both for the richness and
eveness of the repertoire and ranges between 0 (polyclonal/diverse) and 1
(monoclonal/invariant). The difference of clonality between both time points was
considered as a surrogate for repertoire reconstitution during the first year. Graphical
inspection of the data and univariate linear modelling were used to identify independent
variables significantly associated with reconstitution. Post hoc tests (Tukey HSD) were
applied to determine group(s) with a different mean. Multivariable models were
subsequently explored and validated with diagnostic plots of the residuals. We also assessed
whether donor parameters were associated with the clonality of the repertoire infused with
the graft. Furthermore, logistic regressions were performed considering clonality as a
possible explanatory variable for post-transplant complications within or after the first year,
based on the repertoire of the donor or recipient, respectively. Additional analyses are
detailed in supplementary figure legends where appropriate. All the analyses were

performed in R (version 3.5.0) using the packages ggplot2, reshape2, tcR, GGally, scales and

party.

Results



Repertoire overlap

Immunosequencing yielded a total of 3582 584 private and public CDR3B clones with
variable frequencies pre and post-HSCT, including 2 894 321 unique rearrangements (i.e.,
meaning that almost 81% of the rearrangements were private to a given donor/recipient
pair). The repertoire overlap at both time points was low according to the three similarity
indices, but slightly less in some pairs for Morisita’s index (Figures 1a, 1b and S1). Mean
(xSD) values obtained were 0.017 (+0.014) for standard Jaccard, 0.026 (+0.025) for
generalized Jaccard and 0.13 (x0.16) for Morisita’s index, respectively, with significantly
correlated distributions of values (Figure 1S). Deep resolution sequencing provided a very
good concordance with survey resolution and high reproductibility between replicates (not
shown). We also verified that the number of productive templates sequenced before and

after alloHSCT was not correlated with the indices of similarity.

Parameters influencing repertoire reconstitution

Productive clonality exhibited a skewed pattern with a shift from a mostly polyclonal
repertoire pre-HSCT to more predominant oligoclonal profiles post-HSCT (paired t-test
p<2.2e-16). Several parameters were significantly associated with this change of clonality
according to the univariate analyses (Table S1). The reduction of diversity (i.e. equal to an
increased clonality), was lower in young recipients (< 20 years old, Figure 2a) or when the
graft was infused from a young donor (< 30 years old, Figure 2b), but only according to these
discrete categories (Table S1). The CMV serologic status and CMV infection/reactivation
(defined as CMV DNA in plasma above the limit of detection, currently 2.1E+1 Ul/ml, in
patients with or without clinical symptoms) were both significantly associated with a

reduced diversity post-HSCT (Figure 2c). Specifically, the CMV positive donor/recipient



(D+/R+) group differed from the other groups according to Tukey HSD. Regarding CMV
infection/reactivation, it significantly reduced the repertoire diversity in all groups (no
observation in the D-/R- group). Moreover, the significant association was mainly driven by
CMV, although a trend was observed for other viruses (Figure S2). Conditioning, T-cell
depletion, source of stem cells, donor lymphocyte infusions (DLI), acute and chronic GVHD,
relapse and other infections (e.g., bacterial) were not significant. Age and CMV-related
variables were included in multivariable models and were significant taken two-by-two
(Table 3), but without interaction (not shown). The strong influence of CMV serologic status
and CMV infection/reactivation was also observed using conditional inference framework
analysis (Figure S3). Looking at the repertoire infused with the graft, a significant effect of
donor’s age and CMV status was found. Both variables were interacting with a shift toward
oligoclonality detected in the group of CMV positive donors aged >30 years (Table S2 and

Figure S7a).

Impact of cytomegalovirus on repertoire reconstitution

CMV-specific clones

A total of 1 978 CDR3p clones were defined as specific for CMV in different donor/recipient
pairs, including 299 with a unique rearrangement. Thus, many of these rearrangements were
public, including one observed in 59 pairs. In addition, 10.5% of the CMV-specific clones
were shared in the cohort before and after alloHSCT compared to only 1.6% of the non-CMV
clones, representing a drastic increase of overlap (Fisher’s exact test p<2.2e-16). Among the
299 rearrangements, 167 were described with an HLA restriction (36). Cross-tabulating this
information with HLA types in patients, we could observe the allele corresponding to the

proposed restriction in 43% of the cases supporting the assignation of these clones as
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specific for CMV. Indeed, the number of HLA alleles, the flexibility of possible interactions at
the TCR-peptide-HLA interface and the randomness of TCR rearrangements in distinct
individuals makes this concordance highly improbable just by chance (39-41). The number
and cumulated frequency of CMV-specific clones are reported in Figure 3, according to CMV
serologic status and infection/reactivation post-HSCT. An increase above a frequency
threshold of 1/1000 post-HSCT was only observed in the D+/R+ group when no
infection/reactivation occurred. By contrast, all groups (except D-/R-, no observation)
exhibited increased frequencies in case of infection/reactivation. We also investigated the
relationship between the cumulative frequency of CMV-specific clones and clonality and
found a significant correlation (Pearson’s r=0.249, p=0.007; Spearman’s rho=0.318,
p=0.0005, Figure S4a). This was confirmed by a powerful resampling approach (Figure S4b).
Finally, we demonstrated that although the frequency of CMV specific clones increases
according to CMV status, such clones were never dominant in the whole repertoire of the

donors and patients (Figure 4).

CMV peptide binding predictions and infection/reactivation

A total of 64 054 9mer were derived from the proteins of AD169 and submitted to
NetMHCpan. Among this large number of possible 9mer, close to half of them (29 054,
45.4%) were predicted as binders to one or several HLA class | alleles (5.2 and 6.6 alleles on
average for strong and weak 9mer binders, respectively). On average, HLA-A, B, and C alleles
were predicted to bind strongly (or weakly) 809 (1 587), 784 (1 693) and 1 358 (3 134)
peptides, respectively. Thus, considering HLA class | conjointly, every patient could
theoretically cover a broad spectrum of CMV derived peptides (Figures S5). Furthermore, no

significant association with CMV infection/reactivation was observed (Figure S6).
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Is T-cell diversity predictive of post-transplant complications?

Overall, clonality was not associated with an increased risk of clinical events within and after
the first year post-alloHSCT (Table S2 and S3), excepted that the risk of CMV
infection/reactivation slightly increased with grafts from donors with a lower TCR diversity

(Table S2 and Figure S7b).

Discussion

Using immunosequencing we could describe the reconstitution of the T-cell repertoire
diversity at one year after alloHSCT in a cohort of 116 full donor chimeric patients. Although
the transplant infused usually includes a large amount of T cells, our data show that the
repertoire one year after the procedure is very different, with only a few overlaps. This
strongly suggests that a new repertoire can be reconstituted at any age through thymic
dependent or independent pathways (9, 17, 18). TCR monitoring by immunosequencing is
very powerful, but it only provides a snapshot of the repertoire and the technology can be
challenging in terms of analyses (37, 38). However, with three indices of similarity going in
the same direction and with a serie of controls performed at deep resolution to exclude
sample size issues, we are pretty confident that our data are robust.

The diversity of the repertoire has been correlated to many clinical factors, however in this
study, only three of them are significantly associated with clonality: age of the patient, age
of the donor and CMV. Interestingly, GVHD which has previously been associated with
repertoire diversity in some reports (26, 30) was not significant in our cohort. Yet, a

tendency was observed between acute GVHD and CMV infection/reactivation, although not
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significant, indicating that a more robust immunosuppressive treatment in patients with
higher grade acute GVHD led to a higher prevalence of CMV infection/reactivation (p=0.063).
The association between acute GVHD and post-HSCT infections, especially CMV, is well
described (8, 42, 43), the risk being dependent on the dose of steroid administration (44)
and the GVHD grade (45).

An impact of the age of recipients on clonality was expected. Previous reports have already
demonstrated similar findings which reflect the capacity of the thymus of the recipient to
generate a more diverse repertoire at a younger age (12, 13, 15, 46, 47). The contribution of
young donors is also significant to explain a more diverse repertoire post-HSCT in our cohort.
It has been previously proposed that advanced donor age could delay immune recovery (48),
possibly because of the decreased frequency of pre-thymic T-cell progenitors within the
graft. In addition, the repertoire diversity is higher with lymphoid progenitors from cord
blood compared to bone marrow donors (49). Similarly, the proliferation of peripheral T cells
from young donors could be more efficient than from older donors. However we would
expect a better overlap of the repertoire before and after T-cell reconstitution. We thus
speculate that T-cell precursors coming from young donors associated with the thymic
independent pathway (50, 51) best explain these results. The importance of donor age is of
great interest in the strategy of finding the best donor for alloHSCT patients, e.g., what is the
best option between an old haploidentical donor or an HLA matched or mismatched young
unrelated donor? T-cell repertoire diversity at one year could be a parameter to take into
consideration in this context. The third factor significantly influencing the repertoire
reconstitution is the CMV serologic status of the recipient and the donor reinforced by CMV
infection/reactivation. In the D-/R- group, no primo infection was detected and the T-cell

diversity is higher (less oligoclonal) compared to the other groups. The D+/R- status is also
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less associated with oligoclonality. In this later group, the rate of infection/reactivation is
low, as expected, with only two reported cases. The reservoir of CMV is coming with the
donor cells and could be controlled by the donor-specific T cells infused with the graft (i.e.,
only 6 of the 116 alloHSCT analyzed in this study were with 100% depleted T cells). The D-
/R+ group is more prone to develop oligoclonality in case of infection/reactivation. This
could be explained either by a) residual recipient CMV-specific T cells (like tissue resident
memory cells) which have escaped the conditioning regimen and proliferate, b) by the
primary response of donor specific T cells, c) by other crossreactive donor T cells or d) by the
proliferation of non specific T cells induced as a bystander effect of inflammation. The D+/R+
group, with and without CMV infection/reactivation, exhibits the strongest association with
oligoclonality. In this group, the reservoir of latent CMV of the recipient and donor can
stimulate donor CMV-specific T cells infused with the graft. Recipient CMV positive
serostatus has been proposed as the main factor determining CMV infection post-HSCT (52)
and CMV-specific cytotoxic T cells were observed more frequently in D+/R+ grafts (53). To
validate these explanations, we analysed the presence of CMV-specific T cells and confirmed
that their frequencies were mirroring the change of clonality observed in the different
groups of our cohort depending on infection/reactivation. Interestingly, all patients have a
good capacity to present CMV derived peptides according to their HLA class | restriction.
Therefore, the presence of T cells able to respond broadly to CMV is expected in every
individual. In agreement with our data, T-cell response to CMV is substantial and directed
toward multiple antigens (54, 55). CMV is the largest among known human viruses against
which up to 10% of the CD4 and CD8 memory compartments are committed in the blood of
seropositive subjects (55-57). By comparing CMV-specific clones and non-CMV clones in our

cohort, we could also show that the repertoire overlap is significantly driven by
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cytomegalovirus but otherwise remains very limited before and after alloHSCT. Interestingly,
in our cohort the combined frequencies of CMV-specific clones were well below 10% and
none of them were found among clones described as dominant (Figure 4). Dominant clones
were observed more often in recipients with severe (i.e., > grade 2) acute GVHD (p=0.01)
and were especially overrepresented in the D+/R+ group (p<2.5e-10), but were not
significantly associated with CMV infection/reactivation. Some of these clones can be truly
CMV-specific and are not yet described in the current database. Alternatively these clones
could be the signature of concomitant viral infections, indeed we found a trend, although
not significant, of the impact of other infections on clonality. Finally, the presence of
oligoclonality due to the presence of non-CMV dominant clones could be explained by the
homeostatic proliferation of nonspecific T cells triggered by cytokines secreted during the
symptomatic or asymptomatic anti-CMV immune response, especially in the D+/R+ group.
We speculate that these nonspecific clones could be recent thymic emigrant or mature naive
T cells which proliferate very efficiently (58), much more than memory anti-CMV specific T-
cell clones. Moreover, severe GVHD could also compound the reduction of diversity
alongside CMV by promoting the expansion of alloreactive clones. A similar observation was
made in a recent study based on TCRa diversity where dominant clones not observed before
transplantation were found in patients suffering from CMV reactivation or extensive chronic
GVHD (29). In our study, in non-infected patients the repertoire is more diverse and a weak
overlap is observed before and after transplantation. This suggests that at one-year post-
HSCT the repertoire is mainly composed of new T cells emerging from thymic dependent or
independent pathways. This is also true but to a lesser degree in patients with CMV

infection/reactivation as discussed above. Unfortunately, we do not have information about
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the naive or memory phenotype of these T cells, but previous reports have already
established that at one year the T-cell populations are mainly naive (CD45RA+) (17, 18).

It is important to stress some limitations of our study. One drawback is that we could not
differentiate CD4 and CD8 subpopulations because we did not have enough cells to perform
cell sorting. For instance, a durable and significant imprint of CMV on T-cell reconstitution

specifically in shaping the CD8+ memory T-cell compartment has been described (28, 59, 60).

The diversity of the T-cell repertoire at one year was interestingly not predictive of any
subsequent clinical event such as infection (including CMV), GVHD, relapse or mortality. This
strongly suggests that clinical management remains the key factor to prevent and treat any
event post-transplantation.

The analysis of the donor T-cell repertoire was also instructive as it revealed that diversity
was not significantly associated with GVHD, relapse or any infection except CMV
infection/reactivation. This suggests that either grafts with reduced T cell diversity may lack
CMV protective T cells and thus increase the risk of infection, or more probably that CMV
positive donors (i.e. with a more oligoclonal repertoire) are overrepresented in CMV positive
recipients, the more at risk of developing an infection/reactivation. Our data also suggest
that despite being significantly shifted in some donors and in many recipients, the repertoire
infused with the graft, although transient, was diverse enough to afford protection in the

early reconstitution phase and was then reconstituted to a sufficient extent at one year.

In conclusion, our study demonstrates the weak repertoire overlap before and at one year
after alloHSCT. Age of the patient and the donor play a significant role. Reduced diversity at

one year is mainly associated with CMV serostatus and infection/reactivation. It is to note

16



that although CMV-specific clones are central to the observed shift of clonality they never

predominate in the repertoire.
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Figure legends

Figure 1

Overlap of the TCR CDR3pB repertoire in donors prior to transplantation and in their full
chimeric recipients at one year post-HSCT. (a) Prototypical examples of overlap in two
selected donor/recipient pairs. The clone’s frequencies pre and post-TX (along x and y axis,
respectively) and number of unique clones (dot size) are represented by scatter plots. Clones
that are only observed at one time point are colored in red, while clones observed at both
time points (i.e. overlapping clones) are colored in green. The values for standard Jaccard,
standardized Jaccard and Morisita’s index are 0.021, 0.014 and 0.013 for pair #1 plotted on
the left and 0.082, 0.117 and 0.264 for pair #2 plotted on the right, respectively. (b)
Repertoire overlap according to the indices of similarity among the 116 donor/recipient pairs
at several cut-off values. These indices vary between 0 (no overlap) and 1 (complete overlap)
and are represented along the x axis. The number of donor/recipient pairs at each cut-off is

plotted along the y axis. TX: allogeneic HSCT.

Figure 2

Productive clonality of the TCR CDR3p repertoire in donors prior to transplantation and in
their full chimeric recipients at one year post-HSCT. Clonality is shown along the y axis
according to (a) age of recipients at transplantation (n=13 and 103 for recipients < or > than
20 years old, respectively), (b) age of donors at transplantation (n=27 and 79 for donors < or
> than 30 years old, respectively, the age of 10 donors is unknown) and (c) cytomegalovirus
(CMV) serologic status and occurrence of CMV infection/reactivation within the first year
post-HSCT (see Table 1 for the numbers included in each category). In (a) clonality is plotted
separately for both time points (i.e. pre and post-TX) with gray lines connecting

25



donor/recipient pairs. Clonality varies between 0 (polyclonal/diverse repertoire) and 1
(monoclonal/invariant repertoire). In (b) and (c) the variation of the repertoire diversity is
plotted as clonality post-TX minus clonality pre-TX. Thus, a negative/positive value indicates
an increased/decreased repertoire diversity at one year post-HSCT, respectively. D: donor
CMV negative (-) or positive (+), R: recipient CMV negative (-) or positive (+), TX: allogeneic

HSCT.

Figure 3

Cumulative frequency (represented along the log scaled y axis) and number (represented by
the dot size) of CMV-specific T-cell clones in donors prior to transplantation and in their full
chimeric recipients at one year post-HSCT according to CMV serologic status (shown in the
four panels along x axis) and CMV infection/reactivation within the first year post-HSCT
(shown in the upper and lower panel). A frequency threshold of 1/1000 is indicated by the
dotted line. D: donor CMV negative (-) or positive (+), R: recipient CMV negative (-) or

positive (+), TX: allogeneic HSCT.

Figure 4

Distribution of T-cell clones in donors prior to transplantation (upper panels) and in
recipients at one year post-HSCT (lower panels). Clones are categorized according to two
parameters, (1) their CMV specificity, non-specific clones being classified as other and (2)
their dominance (i.e. clones exhibiting a frequency of 10% or more in a given pair, either in
the donor or in the recipient, are considered as dominant). This allowed to classify all
sequenced clones into three subclasses shown in different colors on the plot. Of note, a

fourth subclass consisting in dominant CMV-specific clones was not observed in any donor or
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patient. The y axis represents the cumulative frequencies of clones comprised within each
subclass while donor/recipient pairs are listed along the x axis according to CMV serologic
status (indicated on the top). The sizes of the faceted plots are proportional to the number

of pairs comprised within each group.
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Table legends

Table 1 Patient’s and transplant’s characteristics
Table 2 Post-transplantation complications among 116 alloHSCT recipients

Table 3 Multivariable analyses by linear regression for TCR reconstitution at one year
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Parameter N=116 donor/recipient pairs

Recipient age in years  median: 45.5, minimum: 0 (4,5 months), maximum: 66
Recipient sex female: 49, male: 67
AA: 6, ALL: 14, AML: 36, CLL: 3, CML: 16, inborn error: 1, lymphoma: 13,

Primary disease MDPS: 5, MDS: 13, MPS: 2, myeloma: 5, solid tumor: 2

Donor age in years median: 39.5, minimum: 1, maximum 65

Donor sex female: 50, male: 66

Type of donor unrelated: 42, related: 70, haploidentical: 4

Source of stem cells BM: 16, CB: 2, PBSC: 98

Conditioning MAC: 78 (including 33 with ATG), RIC: 38 (including 31 with ATG)
Ex vivo T-cell depletion fraction depleted: 0%: 48, 50%: 62, 100%: 6

Number of DLI 0:90,1:6,2:6,3:7,4:4,5:2,7:1

HLA matching 10/10: 101, <10/10: 15

Sex matching F/F: 23, F/M: 27, M/F: 26, M/M: 40

CMV serologic status D-/R-: 31, D-/R+: 20, D+/R-: 16, D+/R+: 49

ATG: anti-thymocyte globulin, AA: aplastic anemia, ALL: acute lymphoblastic leukemia, AML: acute myeloid leukemia, BM: bone
marrow, CB: cord blood, CLL: chronic lymphocytic leukemia, CML: chronic myeloid leukemia, D: donor, DLI: donor lyphocyte infusion,
F: female, M: male, MAC: myeloablative conditioning, MDPS: combined myelodysplastic syndrome / myeloproliferative neoplasm,
MDS: myelodysplastic syndrome, MPS: myeloproliferative syndrome, PBSC: peripheral blood stem cells, R:recipient, RIC: reduced
intensity conditioning.

Table 1 Patient’s and transplant’s characteristics



Type of complication Within one year, n (%) After one year, n (%)

Acute GVHD 68 (58.6%) 16 (13.8%)
Grade 1: 23 (19.8%) Grade 1: 7 (6%)
Grade >2: 43 (37.1%) Grade 22: 9 (7.8%)
Non-available: 2 (1.7%) -
Chronic GVHD 28 (24.1%) 20 (17.2%)
Relapse 24 (20.7%) 19 (16.4%)
Death - 24 (20.7%)
Any infection 84 (72.4%) 34 (29.3%)
Viral infection (CMV and/or others) 63 (54.3%) 22 (20%)
Cytomegalovirus infection/reactivation 43 (37.1%) 7 (6%)
CMV alone: 23 (19.8%) CMV alone: 3 (2.6%)
CMV and other virus: 20 (17.2%) CMV and other virus: 4 (3.4%)
Bacterial infection 48 (41.4%) 19 (16.4%)
Fungal infection 10 (8.6%) 6 (5.2%)
Parasitic infection 2 (1.7%) 2 (1.7%)

Table 2 Post-transplantation complications among 116 alloHSCT recipients



Response variable Explanatory variables Categories tested Baseline Coefficient estimate p-value
Clonality post-TX - pre-TX (1) recipient age group 0-20, 21-70 years old 0-20 yearsold 0.08 (21-70yearsold) 0.026
0.04 (D+/R-) 0.287
(2) CMV serologic status D-/R-, D-/R+, D+/R-, D+/R+ D-/R- 0.08 (D-/R+) 0.022
0.16 (D+/R+) 1.34E-08
(1) donor age group 0-30, 31-70 years old 0-30yearsold 0.06(31-70 yearsold) 0.023
0.04 (D+/R-) 0.266
(2) CMV serologic status D-/R-, D-/R+, D+/R-, D+/R+ D-/R- 0.1 (D-/R+) 0.009
0.17 (D+/R+) 4.61E-08
(1) CMV infection/reactivation no, yes no 0.06 (yes) 0.043
0.02 (D+/R-) 0.5
(2) CMV serologic status D-/R-, D-/R+, D+/R-, D+/R+ D-/R- 0.05 (D-/R+) 0.209
0.13 (D+/R+) 4.82E-05

The intercepts of the regressions are not shown. There was no significant interaction between the above variables (i.e. models testing for interaction are not shown).

CMV: cytomegalovirus, D: donor, R: recipient.

Table 3 Multivariable analyses by linear regression for TCR reconstitution at one year



Response variable Explanatory variable Categories tested Baseline Coefficient estimate p-value
Clonality post-TX - pre-TX Recipient age at TX continuous variable - 0.001 0.135
Recipient age group 0-20, 21-70 years old 0-20 years old 0.09 (21-70 years old) 0.025
Recipient sex male, female female 0.02 (male) 0.447
0.05 (ALL) 0.454
0.03 (AML) 0.654
0.13 (CLL) 0.193
0.11 (CML) 0.081
AA' AT (Il (ARG Gl -0.11 (inborn error) 0.444
Primary disease inborn error, lymphoma, -, 0.12 (lymphoma) 0.077
MDPS, MDS, MPS, : :
myeloma, solid tumor 0.02 (MDPS) 0.848
0.01 (MDS) 0.896
-0.004 (MPS) 0.974
0.03 (myeloma) 0.683
-0.06 (solid tumor) 0.595
Recipient CMV positive, negative negative 0.13 (positive) 2.06E-07
EERETE unrela'lted, .related, e 0.035 (related) 0.624
haploidentical 0.002 (unrelated) 0.978
Donor age continuous variable - 0.002 0.063
Donor age group 0-30, 31-70 years old 0-30 years old 0.075 (31-70 years old) 0.016
Donor sex male, female female -0.04 (male) 0.099
Donor CMV positive, negative negative 0.1 (positive) 3.17E-05
HLA matching zfst:q:ifh(sg/(i?d /10 matched 10/10 0.005 (mismatched <10/10)  0.901
0.03 (D+/R-) 0.391
CMV status D-/R-, D-/R+, D+/R-, D+/R+  D-/R- 0.07 (D-/R+) 0.033
0.17 (D+/R+) 1.78E-08
' E/E, MJE, E/M. M/M -0.06 (M/F) 0.15
Sex matching - F/F 0.01 (F/M) 0.796
(donor/recipient)
-0.02 (M/M) 0.501




Response variable Explanatory variable Categories tested Baseline Coefficient estimate p-value
Clonality post-TX - pre-TX Conditioning (model 1) MAC, RIC MAC 0.01 (RIC) 0.641
o MAC-ATG, MAC-noATG, RIC- 0.01 (MAC-noATG) 0.662
Conditioning (model 2) ATG, RIC-noATG MAC-ATG 0.04 (RIC-ATG) 0.299
-0.05 (RIC-noATG) 0.415
Source of stem cells BM, CB, PBSC BM b2 (s, 0.261
0.04 (PBSC) 0.263
T cell depletion no, yes no -0.04 (yes) 0.109
T cell fraction depleted 0%, 50%, 100% 0% B (105, 0.079
-0.01 (100%) 0.856
0.03 (n=1) 0.596
-0.03 (n=2) 0.627
Number of DLI n=0,1,2,3,4,5,7 n=0 0.05 (n=3) 0.398
0.06 (n=4) 0.405
0.07 (n=5) 0.498
-0.15 (n=7) 0.297
Acute GVHD grades 0, 1, 22 grade 0 V0T (s 1 0.88
0.03 (grade 22) 0.255
Chronic GVHD no, yes no 0.02 (yes) 0.565
Relapse within first year no, yes no 0.009 (yes) 0.776
Any infection no, yes no 0.04 (yes) 0.153
Viral infection (model 1) no, yes no 0.1 (yes) 7.72E-05
Viral infection (model 2) 'no, ye§ excluding CMV, yes no 0.04 (yes .exclud.ing CMV) 0.248
including CMV 0.13 (yes including CMV) 3.21E-06
no, yes excluding CMV, yes U (s GRelvelig EN, 0.248
Viral infection (model 3) CMV only, yes CMV and no 0.11 (yes CMV only) St
other virus(es) 0:14 (yes CMV and other 5 75E-05
virus(es)) .
CMV infection/reactivation  no, yes no 0.12 (yes) 5.04E-06
Bacterial infection no, yes no -0.02 (yes) 0.536




Response variable Explanatory variable Categories tested Baseline Coefficient estimate p-value

Clonality post-TX - pre-TX Fungal infection no, yes no -0.03 (yes) 0.467
Parasitic infection no, yes no 0.002 (yes) 0.982

The intercepts of the univariate linear regressions are not shown.

ATG: anti-thymocyte globulin, AA: aplastic anemia, ALL: acute lymphoblastic leukemia, AML: acute myeloid leukemia, BM: bone marrow, CB: cord blood, CLL: chronic lymphocytic leukemia, CML: chronic myeloid
leukemia, CMV: cytomegalovirus, D: donor, DLI: donor lyphocyte infusion, F: female, GVHD: graft versus host disease, M: male, MAC: myeloablative conditioning, MDPS: combined myelodysplastic syndrome /
myeloproliferative neoplasm, MDS: myelodysplastic syndrome, MPS: myeloproliferative syndrome, PBSC: peripheral blood stem cells, R:recipient, RIC: reduced intensity conditioning.

Table S1 Summary of the univariate analyses on parameters possibly influencing TCR reconstitution as measured by the difference of clonality
at one year post-alloHSCT and prior to transplantation



Response variable Explanatory variable Categories tested Baseline Coefficient estimate p-value
Clonality pre-TX* unrelated, related, . . 0.01 (related) 0.651
Type of donor . . haploidentical
haploidentical 0 (unrelated) 0.98
Donor age continuous variable - 0.0014 0.00122
Donor age group 0-30, 31-70 years old 0-30 years old 0.03 (31-70 years old) 0.01
Donor sex male, female female 0.0066 (male) 0.541
Donor CMV positive, negative negative 0.037 (positive) 0.0004
Source of stem cells BM, CB, PBSC BM O (s, 0312
0.008 (PBSC) 0.588
multivariate model 1
(1) Donor age group continuous variable - 0.0003 0.68
(2) Donor CMV positive, negative negative -0.027 (positive) 0.422
(3) age : CMV (interaction) - - 0.0016 (age : positive) 0.063
multivariate model 2
(1) Donor age 0-30, 31-70 years old 0-30 years old 0.002 (31-70 years old) 0.908
(2) Donor CMV positive, negative negative -0.003 (positive) 0.867
(3) age group : CMV (interaction) - - 0.05 (31-70 years old : positive)  0.038
Response variable Explanatory variable Categories tested Baseline Coefficient estimate p-value
Acute GVHD** Clonality pre-TX continuous variable - 5.1 0.159
Chronic GVHD** 1.6 0.65
Relapse** 1.76 0.639
Any infection** 0.5 0.9
Viral infection** 41 0.273
CMV infection/reactivation** 8.2 0.04
Bacterial infection** -1.5 0.662
Fungal infection** -13.6 0.243
Parasitic infection** -14.2 0.589

The intercepts of the regressions (linear * or logistic **) are not shown.



Table S2 (upper part) donor parameters possibly influencing the clonality of the donor’s repertoire infused with the graft; (lower part)
predicting clinical events within the first year post-alloHSCT based on the donor’s repertoire clonality



Response variable Explanatory variable Categories tested Baseline Coefficient estimate p-value

Death Clonality post-TX continuous variable - -0.9 0.549
Relapse 0.5 0.744
Acute GVHD -0.5 0.785
Chronic GVHD 1.1 0.497
Any infection 1.9 0.167
Viral infection 2.1 0.178
CMV infection/reactivation 3.8 0.156
Bacterial infection 2.8 0.101
Fungal infection 2.3 0.403
Parasitic infection 4.9 0.331

The intercepts of the logistic regressions are not shown.

Table S3 Predicting clinical events after one year based on the patient’s repertoire clonality at one year post-alloHSCT



Supplementary Figures

Figure S1

Overlap of the TCR CDR3B repertoire in donors prior to transplantation and in their full
chimeric recipients at one year post-HSCT according to three indices of similarity (i.e. standard
Jaccard, generalized Jaccard and Morisita, see material and methods for the characteristics of
each index). The similarity of repertoire before and after HSCT, as measured by the three
indices, is provided on pairwise scatter plots with each point representing a given
donor/recipient pair. Density distribution of each index across donor/recipient pairs is also
plotted alongside their pairwise correlation (the three indices are significantly correlated,

values of 0.732, 0.362, 0.599, p-values ranging between 2.2e-16 and 6.58e-05).

Figure S2

Impact of different types of viral infection on the TCR CDR3p repertoire within the first year
post-HSCT. The variation of diversity before and after alloHSCT is estimated as clonality post-
TX minus clonality pre-TX. The plot discloses a gradient with the lowest deviation of diversity
observed in non-infected patients and the highest found in patients with a CMV
infection/reactivation. The patients with other viral infection(s) (i.e. excluding CMV) exhibit an
intermediate profile. A Tukey HSD test confirms that the only significant difference is CMV
infection/reactivation versus the baseline consisting of non-infected patients (also see Table

S1). TX: allogeneic HSCT.

Figure S3
Conditional inference trees on the variation of productive clonality before and after alloHSCT

computed as clonality post-TX minus clonality pre-TX. The analysis was performed using the



four significant explanatory variables detected by linear regression (i.e. recipient’s age group,
donor’s age group, donor/recipient CMV serologic status and occurrence of CMV
reactivation/infection within the first year post-HSCT). Briefly, the purpose of conditional
inference is to test the global null hypothesis of independence between one or several input
variables (as listed above) and a response variable (here the variation of productive clonality).
The partitioning algorithm works as follows: (1) by keeping the input variable with the
strongest association, if any, to the response (and providing a p-value for this association), (2)
by implementing a binary split among its subgroups (or categories), (3) by repeating this
process recursively until no significant input variable remains. Put simply, the goal is to identify
which independent input variables and which subgroups (or categories) among the identified
variables are strongly associated with the response variable. The graphical output obtained is
a tree with the variation of clonality represented along the y axis in the form of box and
whisker plots and nodes representing the identified variables, their p-values and the binary
partitioning into subgroups. Detailed information on conditional inference framework is
available in the R documentation and the party package

(https://www.rdocumentation.org/packages/party/versions/1.3-3).

According to the conditional inference trees, the most significant variable associated to the
variation of clonality is CMV serologic status (p<0.001), and more specifically the D+/R+ group
(i.e. patients with a reservoir of latent and persistent virus who receive a graft from a positive
donor which may contain CMV-reactive T cells rapidly expandable upon infection/reactivation
post-HSCT). Occurrence of CMV infection/reactivation is also significantly associated to the
global shift of clonality but less strongly than serologic status (i.e. it is significant as a second
level node in the tree (p=0.036)). This suggests that subclinical CMV reactivation was probably

sufficient to drive the expansion of CMV-specific T cells and to skew the clonality of the


https://www.rdocumentation.org/packages/party/versions/1.3-3

repertoire, an observation that fits well with the data shown on Figures 2c and 3. Indeed,
several D+/R+ pairs were asymptomatic regarding occurrence of CMV infection/reactivation
within the first year post-HSCT but they still exhibit increased cumulated frequencies of
potential CMV-specific clones and oligoclonal profiles at one year. In addition, age is not
associated to clonality when considered alongside the two CMV-related input variables,
although both patient’s and donor’s age groups are found to be slightly significant if
considered separately as input variable to the tree (not shown). This is in agreement with the

linear regression analyses (see Table 3 and Table S1). TX: allogeneic HSCT.

Figure S4

Investigating the linear relationship between productive clonality and the cumulative
frequency of potential CMV-specific clones before and after HSCT within our cohort. Both
variables are compared by measuring the values post-TX minus the values pre-TX and (a) are
significantly correlated but with a modest coefficient (Pearson’s r=0.249, p=0.007; Spearman’s
rho=0.318, p=0.0005). (b) Simulating the correlation between both variables using a
permutation procedure. CMV specificity was attributed randomly to T-cell clones under the
same conditions than in observed data (i.e. 1,978 clones were randomly assigned as CMV-
specific within the total number of clones). This procedure was repeated 10,000 times to
generate an empirical distribution of the correlation coefficient. The observed coefficient is
extreme among simulated values (i.e. quantile 9 997 of 10 000), meaning that it was not
possible to reproduce a similar correlation using the frequencies of randomly chosen clones.
This strongly suggests that expanded CMV-specific clones are the main drivers of the reduction

of repertoire diversity observed at one year post-HSCT.



Figure S5

Heat map of the total number of unique CMV-derived 9mer peptides that are theoretically
bound by patients according to their HLA class | molecules considered conjointly (HLA-A, B and
C) and according to NetMHCpan binding predictions for the corresponding alleles. The 116
patients are plotted in no particular order along the x axis. The number of theoretically bound
9mer is presented separately for each of the 190 proteins of CMV strain AD169 from which
they are derived (along the y axis) and subdivided into peptides of weak or strong binding
affinity (left and right panels). The number of theoretically bound 9mer is quite variable
between different viral proteins and among patients, ranging from 0 (white on the heat map)
to 550 (brown on the heat map). However, the peptide coverage is large across most viral
proteins for every patient (i.e. median of 43 9mer bound per protein). The four viral proteins
from which the largest number of 9mer are derived and theoretically bound are the major
DNA-binding protein, the DNA polymerase catalytic subunit, the large tegument protein
deneddylase and the major capsid protein. Noteworthy, the 65 kDa phosphoprotein (pp65)
and 55 kDa immediate-early protein 1 (IE1) usually considered among the most
immunodominant antigens of CMV are derived into an average of 34/85 and 30/71
strong/weak 9mer, respectively, potentially presented on the patient’s HLA class | molecules.
Although these numbers suggest a large peptide coverage of both pp65 and IE1 in every
patient, they do not stand as specifically elevated in comparison to other viral proteins.
However, the notion of immunodominance of a given protein cannot solely be based on the
breadth of peptide coverage and should also account for additional and more subtle
characteristics not captured by our approach. For instance, the quantity of displayed peptides

at the cell surface, the stability and conformation of the peptide-HLA complexes and the



spectrum of T cells that will be able to recognize these complexes with high affinity in different

individuals are key components of the adaptive immune response.

Figure S6

Theoretical capacity of patients to present peptides derived from CMV strain AD169 on their
HLA class | molecules as estimated by (a) the mean peptide binding affinity in nanomolar (nM)
averaged over all retained potential binders and (b) the total number of potentially bound
9mer (subdivided into strong and weak binders). Patients are grouped according to non-
occurrence/occurrence  of CMV infection/reactivation within the first year post-
transplantation. The visual inspection of boxplots and formal testing by logistic regression
does not reveal an association between potential binding coverage and occurrence of CMV

infection/reactivation post-HSCT (p-values of 0.58 and 0.50, respectively).

Figure S7

Clonality of the TCR CDR3p repertoire infused with the graft (a) according to age and CMV
serologic status of the donor. In (b) the predictive value of clonality on the occurrence of CMV
infection/reactivation within the first year post-alloHSCT is assessed. The CMV serologic status

of the donor/recipient pair (D-/R-, D-/R+, D+/R- and D+/R+) is indicated by the colored dots.
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