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Allogeneic stem cell transplantation (allo-SCT) can cure some patients with hematopoietic
malignancy, but this relies on the development of a donor T cell alloreactive immune response. T
cell activity in the first 2 weeks after allo-SCT is crucial in determining outcome, despite the clinical
effects of the early alloreactive immune response often not appearing until later. However, the
effect of the allogeneic environment on T cells is difficult to study at this time point due to the
effects of profound lymphopenia. We approached this problem by comparing T cells at week 2
after allograft to T cells from autograft patients. Allograft T cells were present in small numbers
but displayed intense proliferation with spontaneous cytokine production. Oligoclonal expansions
at week 2 came to represent a substantial fraction of the established T cell pool and were recruited
into tissues affected by graft-versus-host disease. Transcriptional analysis uncovered a range of
potential targets for immune manipulation, including 0X40L, TWEAK, and CD70. These findings
reveal that recognition of alloantigen drives naive T cells toward a unique phenotype. Moreover,
they demonstrate that early clonal T cell responses are recruited to sites of subsequent tissue
damage and provide a range of targets for potential therapeuticimmunomodulation.

Introduction
Allogeneic stem cell transplantation (allo-SCT) remains a highly effective therapy for hematopoietic
malignancies that are not curable by chemotherapy and/or radiotherapy. The potentially curative nature
of SCT is due to generation of a graft-versus-leukemia response, which is mediated by the donor immune
system. However, this alloreactive immune response (AIR) can also result in graft versus host disease
(GvHD), which remains one of the major causes of morbidity and mortality associated with allo-SCT.
T cells are central to the initiation and maintenance of the AIR, and quantitative and qualitative aspects
of T cell reconstitution after SCT are strongly linked to clinical outcome (1-3). The initial AIR is medi-
ated by mature T cells transferred within the donor stem cell graft (4), and several studies support the
concept that the AIR is generated in the first 2 weeks after transplantation, in line with other primary T
cell responses (5—11). In particular, the administration of cyclophosphamide (Cy) at days 3—4 after SCT
is effective at reducing the incidence of GvVHD and is believed to act through selective depletion of prolif-
erating alloreactive T cells at this very early stage (12—18). An improved understanding of T cell biology
during the early AIR in human subjects might allow potential therapeutic intervention to selectively guide
T cell alloreactivity toward elimination of host hemopoiesis while minimizing risk of GvHD. However,
one of the challenges with the study of AIR in patients following allo-SCT is that transfer of T cells into
lymphopenic patients leads to intense homeostatic proliferation, which complicates assessment of the
response to antigen-specific allorecognition (19-21).

To isolate the effects of the AIR, we characterized and contrasted T cell phenotype and function at
2 weeks after transplant in allograft and autograft patients. We demonstrate that T cells from patients
following allograft are highly activated, incorporated into the long-term T cell repertoire, and are
recruited into GvHD-affected tissue. Transcriptional analysis identifies several potential targets for
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Figure 1. Circulating differentiated allograft and autograft T cells are detectable at week 2 after SCT. (A) Number of T cells/ml of whole blood at
week 2 after allo-SCT (n = 50) and auto-SCT (n = 22) and, for comparison, that in healthy donors (HDs; n = 6). Error bars represent SEM. (B) Represen-
tative flow cytometric plots demonstrating the presence of CD4 and CD8 T cell populations in an allo-SCT patient and an auto-SCT patient at week

2 after SCT, and in a HD for comparison, that can be further differentiated by their expression of CCR7 and CD45RA (CD4 and CD8). (C) Comparison

of the relative proportions of the naive, central memory (CM), effector memory (EM), and effector memory RA-positive (EMRA) phenotypes in CD4
and CD8 T cells at week 2 after allo-SCT (n = 41 CD4, n = 35 CD8) and auto-SCT (n = 37) and, for comparison, HDs (n = 5). Data were analyzed using a
Kruskal-Wallis test with Dunn’s multiple comparisons tests, *P < 0.05, **P < 0.01, ***P < 0.001. Error bars represent SEM.
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early immunomodulation of the AIR. These data provide a comprehensive characterization of the
early human T cell AIR and open avenues of investigation for its potential modulation.

Results

Small numbers of T cells are detectable within peripheral blood at 2 weeks after allograft and demonstrate relative
expansion of donor CD4 and CDS8 effector cells. Blood samples were taken from 51 allograft and 38 autograft
patients (Supplemental Table 1; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.97219DS1) at 2 weeks after transplantation, and the number and phenotype of T
cells was determined. The mean T cell count was 1.0 x 10* cells/ml within allograft patients and 5.5 x 10*
cells/ml in autograft patients, approximately 100-fold less than is found within healthy adults (Figure 1A).
To determine the T cell differentiation state, we analyzed CCR7 and CD45RA expression to identify naive,
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central memory, effector, and “CD45RA-revertant” effector memory subsets (Figure 1, B and C). CD4 and
CD8 effector cells in allograft patients were already increased at week 2 and made up 54% and 62% of the
repertoire, respectively (P < 0.05 compared with healthy donors [HDs]). As anticipated, the proportion of
naive T cells was significantly decreased in both patient groups compared with HDs (P < 0.05 for autograft
CD4 and CD8 cells; P < 0.01 for allograft CD4 cells; and P < 0.001 for allograft CD8 cells). In line with
previous studies (14, 22-24), chimerism analysis of 7 patients demonstrated that 98%—100% of allograft T
cells detected at week 2 were of donor origin (data not shown).

Alloreactive T cell clonal expansions are identifiable by week 2, persist into the subsequent T cell repertoire, and
demonstrate selective recruitment into tissue affected by GvHD. Having identified circulating T cell populations in
the early period after transplant, we went on to examine whether cells present within allograft patients at
this stage were implicated in the subsequent development of clinical complications of the AIR. T cell recep-
tor (TCR) VP family expression was assessed using FACS on T cells from paired stem cell product (SCP)
and patient samples at week 2 after allograft or autograft transplant. Week 2 T cells from autograft patients
retained a polyclonal repertoire. In contrast, the diversity of TCR Vf family expression after allograft con-
tracted markedly during this period, suggesting expansion of specific T cells clones driven by antigen-specific
allorecognition (Figure 2A). Importantly, this pattern was much more pronounced in patients who subse-
quently went on to develop acute GVHD (aGvHD), an important clinical complication of AIR (P < 0.01;
Figure 2A, top left).

aGVvHD occurred at a median time point of 29 days after transplantation in our cohort, and, as such,
we went on to determine the relative persistence of week 2 T cell clones beyond this time point. TCRVB
CDR3 sequencing was performed in 4 patients to track individual T cell clones from week 2 through to 2
months and 5 months after transplant. Interestingly, clones that were present at week 2 after transplant were
detectable at 2 months and 5 months in all 4 donors, demonstrating that T cell clones that emerge early
after transplant contribute to the repertoire after transplant in the longer term (Figure 2B).

Based on these data, we were interested to see if T cell clones present at week 2 would show prefer-
ential targeting to sites of clinical aGvHD. Therefore, we compared TCRVS CDR3 clonotypes present
at week 2 with those identified from the liver biopsy of a patient who developed acute liver GVHD at 96
days after SCT (Figure 2C, left) and the skin biopsy of a patient who developed acute skin GVHD (Sup-
plemental Figure 2). 94 T cell clones were shared between the week 2 blood and liver aGvHD samples
(Figure 2C), with the most frequent of these constituting 0.5% of the liver repertoire (Figure 2C, right),
increased by 100-fold from a frequency of 0.005% in week 2 blood. Together, these findings indicate that
antigen-driven clonal T cells are present by week 2 following allograft and that these may be involved in
the development of aGvHD.

Week 2 allograft T cells are recently activated and undergoing intense proliferation with spontaneous production of
cytokines. Our TCR sequencing data showed that week 2 T cell clones could persist and may play a role in
the allogeneic response beyond the early time period after transplant. To examine whether these cells were
functionally capable of involvement in the AIR, we analyzed their phenotype and function and compared
these findings to week 2 autograft T cells and cells from HDs. An analysis of Ki67 expression demonstrated
that >80% of allograft T cells were proliferating. While a high degree of proliferation is to be expected in
such a lymphopenic environment, lymphocyte count—matched autograft patients had a significantly lower
Ki67 expression (Figure 3A, P < 0.0001), indicating that the allograft proliferation may not be entirely
attributable to the profound lymphopenia. In keeping with this, CD25 and CD69 expression showed a
gradual decrease, starting with allograft T cells (where they were expressed by up to 98% of the population
in the “naive” [CCR7*CD45RA"] subset) through intermediate levels of expression on autograft T cells
to low levels on HDs (Figure 3B). The exception to this was for CD25 expression in the effector memory
(CCR7-CD45RA") subset, where autograft T cells had significantly greater levels of expression (Figure 3B,
P < 0.05) compared with both allograft and HD samples.

Next, we analyzed allograft and autograft T cells for production of the cytokines IFN-y and TNF-a
and for CD107a expression. Strikingly, both CD4 and CD8 allograft week 2 T cells demonstrated con-
stitutive (i.e., without mitogenic stimulation) production of these cytokines (Figure 3C). Quantitative
analysis showed significantly higher levels of IFN-y, TNF-a, and CD107a in CD4 T cells from allograft
patients compared with HDs (Figure 3D) and IFN-y in CD8 T cells (Figure 3E). Allograft T cells also
produced more cytokine that those from autografts, again suggesting that the allogeneic environment
produced a T cell activation profile beyond that simply due to the lymphopenia and inflammatory
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Figure 2. Week 2 T cell clones are implicated in the AIR, persist throughout the period immediately after transplant, and are detectable in
GvHD-affected tissues. (A) An example of TCRVp usage by T cells within the stem cell product (SCP; [top left]) and at week 2 (bottom left) after SCT
from an allograft patient. Individual TCRVp families are shown on the x axis; the y axis shows the percentage of total T cells expressing each individ-
ual TCRVp family. The ratio of SCP and week 2 TCRV( usage in patients who received autografts, received allografts and did not develop GvHD, and
received allografts and did go on to develop GvHD is also shown. The number of TCRV( families detected at week 2 is represented as a percentage of
the number detected within the SCP in paired samples from individual patients. Data were analyzed by 2-tailed, Mann-Whitney U test, comparing No
GvHD with GvHD and No GvHD with Auto, **P < 0.01. (B) Donut charts showing the percentage of the total T cell repertoire at 2 months after and 4-5
months after allo-SCT in 4 patients (left to right) that is attributable to clones identified at week 2 (shown as percentages in the centre of the donuts).
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Dark green shading represents clones not detectable at week 2. (C) H&E-stained section (original magnification, x60) of liver from a liver aGvHD
patient, showing infiltration of bile duct epithelium by atypical lymphocytes, associated with epithelial cell degenerative changes, indicative of aGvHD
(top image). A section of liver with CD3 immunostaining from the same patient at (original magnification, x20), showing infiltration of portal tracts,
including bile ducts by CD3-positive lymphocytes (bottom image). Venn diagram showing the number of shared TCRp chain CDR3 sequences (overlap
between blue and pink sets) between week 2 (blue set) and GvHD-affected liver (pink set) in the same patient. Line graph showing the log,  frequency

of reads for each T cell clone present in the blood at week 2 and in the liver at the point of aGvHD in the same patient.

environment associated with the SCT process. Polyfunctional capacity was seen in both allograft CD4
and CD8 lineages, although it was more striking within the CD8 subset (Figure 3, D and E).

Week 2 allograft T cells display a transcriptional profile of cellular activation and proliferation. Based on the data
we had collected, we hypothesized that by 2 weeks after both autograft and allograft there was a change in
T cell phenotype relative to HDs attributable to lymphopenia and the SCT process (Figure 4A). In allograft

T cells alone, we hypothesized that there were changes in T cell phenotype (beyond the lymphopenia and
SCT-associated changes) attributable to the allogeneic immune response (Figure 4A). To test this, T cells

were sorted from autograft and allograft patients (matched for lymphocyte count to control for the influence

of homeostatic proliferation) at week 2 and subjected to RNA-sequencing (RNA-Seq) analysis (Figure 4A).
This revealed a range of genes that were upregulated in CD4 and CD8 T cells from allograft or autograft
patients (Figure 4B; all differentially expressed genes are shown in Supplemental Data 1). Furthermore,
gene set enrichment analysis (GSEA), performed using the MSigDB “hallmark” gene set (25), showed that

gene sets selectively upregulated in allograft T cells were associated with increased levels of activation and
included gene ontology (GO) terms associated with cellular proliferation and the IFN-y and o responses
(Figure 4C; all significantly differentially expressed hallmark GO terms are shown in Supplemental Data
1). Importantly, this profile, which reflected the cellular phenotype that we had observed at week 2, was not

seen when the transcriptome of SCP T cells taken from the same allograft and autograft patients was com-

pared. This indicates that the allograft-specific transcriptional signature is established in the period after
SCT (all differentially expressed genes in allo-SCT and auto-SCT SCP are shown in Supplemental Data 1).

Several immune genes are selectively expressed in week 2 allograft T cells and represent potential candidates for

early therapeutic immunomodulation. To further interrogate differences in the transcriptional immune pro-
file between allograft and autograft T cells, we performed GSEA, utilizing the “C7 immunologic signa-

tures” gene set, which is a compendium of gene sets from >5,000 immune studies (26). In concordance
with the hallmark GSEA analysis, the top 25 upregulated gene sets in allograft CD4 and CD8 week 2
T cells were again all associated with leukocyte activation (represented in Figure 4D; Supplemental
Figure 1B lists the top 25 terms from CD4 cells and the top 25 from CDS cells, resulting in 37 unique

terms; changes in all c¢7 gene sets are listed in Supplemental Data 1). C7 gene sets that were changed

in the allografts compared with the autografts included those associated with antigenic stimulation (2
data sets with GEO accession GSE36476; Supplemental Figure 1B) and those associated with an effec-

tor versus memory phenotype (2 GOLDRATH sets; http://software.broadinstitute.org/gsea/msigdb/
geneset_page.jsp?geneSetName=GOLDRATH_HOMEOSTATIC_PROLIFERATION; Supplemental
Figure 1B). Finally, we utilized this information to identify proteins that might represent potential thera-

peutic targets for immune modulation of the AIR in the early period after transplant. Specifically, genes
were filtered to identify those with a >2 log, increase in allografts but not autografts combined with

annotation of immunological function in the NIH immunology database and analysis portal (ImmPort)

(27). This identified 8 genes within CD4 T cells that are selectively upregulated after allograft, including
OX40L (TNFSF4) and TWEAK (TNFSF12) (Figure 4E). CD70 (TNFSF7) and FCERIG were identified

as upregulated in CD8 allograft T cells (Figure 4E).

Discussion

Several studies have demonstrated that the AIR is established in the very early period following hemopoi-

etic transplantation. In particular, immunological parameters, such as T cell count and CD4/Treg ratio

at week 2, carry prognostic importance (6-11), and early administration of Cy reduces the incidence of
GvHD (12, 13). A few studies have examined T cells during this early period after SCT in some detail (17,
18, 28); although, notably, much of the work has been performed after use of the Cy protocol that depletes
alloreactive T cells. Therefore, very little is known regarding the phenotype or function of alloreactive T

cells at this crucial stage of immune activation.
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Figure 3. Week 2 T cells from allograft patients have a highly proliferative and activated phenotype. (A) Mean Ki-67 expression by T cells at week
2 after allo-SCT (n = 13) and auto-SCT (n = 10) and, for comparison, healthy donors (HDs; n = 9). Error bars represent the SEM; data were analyzed

by a 1-way ANOVA with a Tukey’s multiple comparisons test, ****P < 0.0001. (B) Expression of CD25 and CD69 by T cells at week 2 after allo-SCT

(n = 7) and week 2 after auto-SCT (n = 5) and that in healthy donors (HDs; n = 5) on naive, CM, EM, and EMRA subsets. Data were analyzed using a
Kruskal-Wallis test with a Dunn’s multiple comparisons test, *P < 0.05, **P < 0.01. (C) Representative FACS plots showing constitutive (i.e., without
mitogenic stimulation) IFN-y and TNF-a production (dot plots) and CD107a expression (histograms) by CD4 and CD8 week 2 T cells from an allograft
patient (Allo). Representative plots from an autograft patient (Auto) are shown for comparison. (D) Expression of IFN-y, TNF-a, and CD107a by CD4
week 2 T cells from allograft patients (n = 9), autograft patients (n = 5), and HDs (n = 4). Data were analyzed by a Kruskal-Wallis test with a Dunn’s
multiple comparisons test, *P < 0.05, **P < 0.01. Polyfunctionality plots showing number of functions exhibited by CD4 T cells from each allograft,
autograft, and healthy donor. Each pie chart represents 1individual. (E) Expression of IFN-y, TNF-o, and CD107a by CD8 week 2 T cells from allograft
patients (n = 9), autograft patients (n = 5), and HDs (n = 4). Data were analyzed by a Kruskal-Wallis test with a Dunn’s multiple comparisons test, *P
< 0.05; **P < 0.01. Polyfunctionality plots showing number of functions exhibited by CD8 T cells from each allograft, autograft, and healthy donor.
Each pie chart represents 1individual.
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In the first part of our work, we generated functional evidence for the role of week 2 T cells in the
AIR. Specifically, our data indicate that the T cell AIR is detectable at this time point, before development
of many of its clinical symptoms. TCR Vf family analysis demonstrated that autograft T cells retained a
polyclonal T cell repertoire during the first 2 weeks of expansion, whereas allograft cells developed an oli-
goclonal profile by this stage. Importantly, no differences were observed in the rate or severity of infectious
complications between auto- and allo-HSCT patients, suggesting that a differential response to infectious
agents is not a significant explanation for these differences (Supplemental Figure 4). Moreover, this clonal
restriction was much more profound in patients that subsequently developed aGvHD, suggesting that the
repertoire changes associated with the AIR were detectable by week 2. This finding is corroborated by
other studies demonstrating oligoclonality due to antigen-specific expansions (29) in the absence of thymic
export (30) and with reports that identify specific VB families as being associated with GvHD (31, 32). The
relative oligoclonality in comparison with week 2 autograft T cells lends further weight to this argument.
Clearly, a potential limitation of the study is the difference in the conditioning and treatment protocols that
are employed for patients undergoing autograft or allograft procedures, including the use of alemtuzumab
within allograft patients, which depletes both T cells and additional immune subsets. Lymphocyte count—
matched autograft and allograft samples were used to mitigate against these differences, as far as possible,
and candidate target gene analysis focused specifically on immune genes.

Previous studies have indicated that T cell populations that become highly activated after SCT may
fail to enter the memory pool due to intense and persistent activation by antigen on nonhematopoietic
cells (29). As such, it was important to assess if clones present at week 2 were recruited into the lon-
ger-term T cell repertoire: our data suggest that a substantial proportion of the long-term repertoire is
already established at week 2. In addition, we could show that T cell clones identified at week 2 were
present 14 weeks later within liver aGvHD samples, with some clones showing up to 100-fold selective
recruitment into tissue. Importantly, the functional capacity of T cells at day 14 to recognize host tissue
was measured by ELISPOT analysis, and alloreactive T cells were indeed detectable at week 2 after
transplant (Supplemental Figure 3).

Our functional assays identified high levels of proliferation, constitutive production of inflammatory
cytokines and upregulation of markers of activation by week 2 T cells from allograft patients. Our findings
show that T cells are undergoing intense proliferation in the early after SCT period, with Ki67 expression
observed on nearly all peripheral T cells. It is known that homeostatic proliferation is a potent stimulus for
T cells (20, 21), but it is noteworthy that Ki67 expression was much lower in autograft recipients at this
time point. As such, these data suggest that antigen-specific allorecognition is already well established at
week 2. This proliferative phenotype was mirrored by the high level of expression of the activation markers
CD69 and CD25 on both CD4 and CDS allograft T cells. This was particularly striking on cells with a
phenotypically “naive” phenotype, where both CD69 and CD25 were expressed by most of the population
(Supplemental Figure 5). Naive donor T cells, which are activated by recognition of host peptide, play an
important role in generation of the AIR (30, 31), and these findings would suggest that this CD45RA*C-
CR7*CD69*CD25* population represents cells that have undergone recent alloreactive recognition. A clin-
ical trial of naive T cell depletion has indicated that the naive population is not entirely responsible for
development of the acute AIR (33). We also observed that CD69 and CD25 were upregulated on memory
and effector T cells at day 14 after transplant, although it is not possible to determine if this represents
recently activated naive T cells or memory subsets. Previous studies have demonstrated that, while donor
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Figure 4. Week 2 allograft T cells have an activated phenotype at the transcriptional level. RNA-Seq was performed on CD4 and CD8 T cells isolat-
ed from both the stem cell product (SCP) and peripheral blood at week 2 from 4 allograft and 4 autograft patients. Autograft and allograft samples
taken at week 2 were matched for lymphocyte count between patients to control for the influence of homeostatic proliferation due to lymphopenia.
(A) Representation of experimental design. T cells transferred into an autograft patient will expand under the influence of homeostatic prolifera-
tion, whereas donor T cells that are transferred into an allograft patient will proliferate due to the combined influence of homeostatic proliferation
and the allogeneic immune response (AIR). The transcriptome of week 2 T cells from both autograft and allograft patients were compared to iden-
tify the transcriptional changes associated with the AIR. (B) Volcano plots showing differential expression of genes in CD4 and CD8 T cells at week
2 after transplant compared between allograft and autograft patients. Genes more highly expressed in autografts (FDR-adjusted P < 0.05) are high-
lighted in blue, and those more highly expressed in allografts (FDR-adjusted P < 0.05) are highlighted in red. (C) Heatmap showing all significant
(false discovery rate-adjusted [FDR-adjusted] P < 0.05) hierarchically clustered GSEA g values for the MSigDB “hallmark” gene set. Values shown

in blue are higher in autografts than in allografts, and values shown in red are those higher in allografts than in autografts. Columns represent gene
sets, and rows represent pairwise comparisons. The first two rows represent FDR-adjusted P values for CD4 T cells, and the last 2 rows represent
FDR-adjusted P values for CD8 T cells. (D) Heatmap showing the top 25 significant (FDR-adjusted P < 0.05) hierarchically clustered GSEA g values
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for the MSigDB ¢7 “immunologic signatures” gene sets for CD4 and CD8 T cells, resulting in a total of 37 unique terms. Values shown in blue are
those higher in autografts than in allografts, and values shown in red are those higher in allografts than in autografts. Columns represent gene
sets, and rows represent pairwise comparisons. The first two rows represent FDR-adjusted P values for CD4 T cells, and the last two rows represent
FDR-adjusted P values for CD8 T cells. (E) Bar plots showing log, fold change for selected candidate genes for modulation of the AIR in both CD4
(top) and CD8 (left) T cells. Candidate genes were selected on the basis on at least a log, fold change of 2 and an adjusted P value of less than 0.05
in allografts but not autografts and inclusion in the ImmPort database as a gene with an immunological function.
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memory and effector T cells play a variable and potentially less important role compared with naive T cells
in the induction of aGvHD (32, 34-36), these cells may be involved in the graft-versus-leukemia response,
which is also part of the AIR (36-39). CD69 expression was much lower on T cells following autograft,
suggesting that this protein could be a useful marker of cells that have undergone antigen-specific allorecog-
nition. Indeed, CD69 has been used for therapeutic pretransplant depletion of alloreactive T cells following
culture with host cells in vitro (40), and our findings indicate that this could also be of value at week 2.

A particularly striking feature of our ex vivo analyses was the finding that many T cells from allograft
patients display spontaneous production of cytokines without the need for stimulation with mitogens. This
is a highly unusual feature, although it has been reported previously in leukemia cells and T cells infected
with human T cell lymphotropic virus (41-44). Again, this phenotype was seen in only a small minority of
T cells from autograft patients, which indicates that the alloreactive stimulation that occurs following allo-
geneic transplantation is a key requirement. Cytokine secretion could play a significant role in the develop-
ment of GvHD, and this observation may indicate that anti-cytokine therapy could be of clinical utility at
this early stage. Collectively, these findings provide strong evidence that the T cell alloimmune response is
detectable in the early period after transplant, well before the development of associated clinical symptoms.

This characterization of the developing AIR raises the possibility of potential early therapeutic inter-
vention to manipulate the clinical outcome of the transplant. As such, we examined the transcriptome
of week 2 CD4 and CD8 allograft T cells using RNA sequencing. An important control was that this
information was compared with similar analysis of samples from autograft patients with matched lym-
phocyte counts, enabling us to control for the effects of homeostatic proliferation on T cell phenotype.
GSEA analysis using “hallmark” and “immune” gene sets demonstrated that week 2 allograft T cells
had high level expression of genes associated with the cell cycle and T cell activation, revealing processes
that are triggered by allorecognition rather than homeostatic expansion, in line with murine models (20).
Interestingly, this pattern was similar across CD4 and CD8 cells, indicating involvement of both major
lineages in the alloreactive response. Transcriptional analysis was also used to identify genes that might
represent potential therapeutic targets for modulation of the AIR. Several immune genes were upregu-
lated in CD4 T cells, including two members of the TNF superfamily, TNFSF4 and TNFSF12. TNFSF4
encodes OX40L, whose primary expression is inducible on antigen-presenting cells, but which has also
been demonstrated as a potent stimulatory ligand on subpopulations of activated T cells and may serve
to mediate autocrine regulation through OX40/0X40L ligation (45). TNFSF12 encodes the TWEAK
cytokine ligand, an inducer of apoptosis whose excessive expression has been associated with chronic
inflammation and fibrosis (46). These findings implicate CD4 T cells as major effector cells in the immu-
nopathology associated with AIR and are supported by our finding of high levels inflammatory cytokine
production by CD4 cells in the early period after SCT. Additional upregulated genes encoded for a range
of proteins, including the secernin protein, SCRN1; perforin-like protein, MPEG1 (47); PARD3; the
CD3-associated enzyme, CD3EAP; the tyrosine kinase, FGR; and the GTPAse, Rndl. Two potential
target genes were upregulated within the CD8 subset: the TNF family member CD70 and FCERIG.
CD70 is expressed on highly activated T cells, and engagement with its ligand CD27 induces T cell pro-
liferation and cytotoxicity (48) and is believed to play a critical role in the initiation of primary CD8 T
cell responses (49). Genetic polymorphism within CD70 has been identified as a risk factor for GvHD,
and murine models have demonstrated that CD70 blockade prevents rejection of cardiac allografts (50).
CD70 blockade in the early period after transplant may therefore represent an opportunity to suppress
GvHD, and this potential is further supported by the identification of CD70 as a direct therapeutic tar-
get on tumors (51). FCERI1G is a high-affinity receptor of IgE, and its role on CD8 T cells is currently
unclear. Clearly, a potential limitation of the study is the differences in treatment that autograft and
allograft patients receive. We have tried to mitigate against these differences as far as possible by using
lymphocyte count-matched autograft and allograft samples and by using immune genes specifically for
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Figure 5. Week 2 allograft T cells have a unique phenotype. Schematic based on the data generated in this study. It shows the effect of homeostatic
proliferation (represented in blue) followed by the alloreactive immune response (represented in red) on repertoire, proliferation, expression of activation
markers, spontaneous production of cytotoxic cytokine, and the AIR-specific transcriptome of T cells after allo-SCT.

our candidate target gene analysis. In addition, importantly, the differences in the allograft and autograft
week 2 T cell transcription profiles were not reflected in the transcriptome of the SCP T cells from the
same autograft and allograft patients.

AlRs are critical determinants of clinical outcome following human transplantation. These studies use
the approach of comparing autograft and allograft week 2 T cells to isolate and specifically characterize the
early T cell AIR, demonstrating that this response is established very early after exposure of the immune
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system to allogeneic tissue. Our data describe a phenotype associated with week 2 alloreactive T cells, high
levels of proliferation, expression of early activation markers, and spontaneous cytotoxic cytokine pro-
duction (summarized in Figure 5), reflected in the transcriptome of the whole T cell population. Further
detailed analysis of the early alloreactive T cell population using this methodology has the potential to
uncover a range of novel therapeutic targets.

Methods

Patient cohort

Patients undergoing allogeneic or autograft SCT for hematological malignancies at the Queen Elizabeth
Hospital Birmingham were enrolled on the study following full written informed consent (05/Q2707/175).
All patient details are shown in Supplemental Table 1.

For GvHD prophylaxis, patients received either cyclosporine only or a combination of cyclosporine
and methotrexate. Patients were monitored clinically for 120 days after SCT and grouped according to
the development of clinically confirmed aGvHD during this period. Classification of aGvHD was car-
ried out according to the NIH consensus criteria, which classifies patients with either classical aGvHD
or delayed aGvHD (where typical features of aGvHD present beyond 100 days after transplant, often
in the context of withdrawal of immune suppression) (52). Patients who exhibited grade II-IV classical
aGVvHD were classified into the GvHD-positive group. Treatments received by each individual patient
are indicated in Supplemental Table 1.

Sample collection

Peripheral blood. 10-50 ml peripheral blood was collected at week 1 and week 2 after transplant. Blood was

taken into sodium heparin tubes for flow cytometric analysis or into EDTA tubes for V3 TCR repertoire

assessment or for chimerism analysis. For all subsequent experiments, fresh blood-derived T cells were used.
SCP. Following receipt of the stem cell graft by patients, residual graft T cells from both allograft and

autograft patients were retrieved from the stem cell bag by flushing with PBS. Stem cells were frozen in FCS

containing 10% DMSO and stored at —80°C for later use.

Phenotypic analysis of T cells

Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation. Mononucle-
ar cells were surface stained with the appropriate, pretitrated antibodies (see below) on ice for 20 minutes,
protected from light, and compared with unstained and fluorescence minus one controls.

T cell subsets were identified using the following monoclonal antibodies: afTCR-Pacific blue (Bio-
legend, clone IP26), CD4-APC/Cy7 (BD Biosciences, clone RPA-T4), and CD8-V500 (BD Biosciences,
clone RPA-T8) or CD8 PerCPVio700 (Miltenyi Biotech). Naive and memory populations were defined
with CD45RA-AF700 (Biolegend, clone HI100) and CCR7 (APC or FITC) (R&D Systems, clone 150503)
expression. CD25-PE/Cy7 (BD Biosciences, clone M-A251) and CD69-FITC (BD Biosciences, clone
FN50) were included for analysis of activation-associated molecule expression. Propidium iodide (PI) was
added immediately prior to acquisition to exclude dead cells. Data were acquired on an LSR-II flow cytom-
eter and analyzed using FACSDiva software (both BD Biosciences) or acquired on a Gallios followed by
analysis using Kaluza software (both Beckman Coulter). The lymphocyte population was identified by
forward scatter/side scatter dot plots, and live T cells were then identified from this population by gating on
PIafTCR" cells. Clinical counts (lymphocytes per ml whole blood) were provided by the Queen Elizabeth
Hospital for each patient.

Chimerism analysis

PBMCs were isolated from whole blood taken into EDTA at day 68 and day 1214 after allo-SCT. T cells
expressing afTCR were purified by magnetic separation by staining with afTCR-PE (Biolegend, clone
1P26) followed by incubation with an anti-PE bead and purification on an MS column (Miltenyi Biotech).
Purified T cells (89%-93% purity) were analyzed by microsatellite analysis at the West Midlands Region-
al Genetics Laboratory, Birmingham Women’s NHS Foundation Trust, Birmingham, United Kingdom.
DNA was extracted from T cells using the Qiagen EZ1 tissue kit according to the manufacturer’s instruc-
tions using a Qiagen BioRobot EZ1 or EZ1 Advanced. A panel of 16 polymorphic microsatellite markers
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(D4S2366, D2S1338, D13S742, Penta D, D10S2325, D12S391, D18S51, D13S634, D18S535, D6S957,
D21S11, D18S386, D13S305, D21S1437, FGA, and Penta E) was PCR amplified from donor samples and
recipient samples before and after transplant. PCR amplification was performed using fluorescently labeled
primers (ABI) in a single-reaction tube (95°C for 15 minutes, 94°C for 30 seconds, 58°C for 1 minute 30
seconds, 72°C for 1 minute 30 seconds) for 25 cycles at 72°C for 10 minutes). Standard reaction conditions
were amplified from the 25 ng template DNA; however, for apTCR T cells the quantity of template DNA
used varied from 12-25 ng, depending on the starting DNA concentration. Following PCR amplification,
products underwent capillary electrophoresis using an ABI 3130 Genetic Analyzer. Peak labeling was per-
formed using ABI GeneMapper software. Donor and pretransplant recipient traces were assessed, and
informative allelic configurations were identified (53), followed by data export and chimerism analysis
using an Excel spreadsheet developed in-house. The percentage of donor DNA in a sample was calculated
from the relative peak heights and peak areas for donor and recipient from a minimum of two markers with
an informative allelic configuration. In-house corrections for stutter and preferential amplification of short-
er alleles were applied. Results were reported as the median value of the markers assessed. Importantly,
typical sensitivity is 1%—2%; therefore, when 100% donor chimerism is reported, this does not exclude up
to 2% host DNA. Full donor chimerism is defined as 298% donor, although if host alleles are evident this
would always be reported as mixed chimerism.

Analysis of VP family usage by flow cytometry
VB family usage was assessed using a TCR Vf Repertoire Kit (Beckman Coulter) in combination with CD3-
PC5 (Beckman Coulter, clone UCHT1). Cells were analyzed using an LSR-II flow cytometer (BD Biosciences)

DNA isolation and TCRB CDR3 analysis

Genomic DNA was isolated from MACS-sorted (Miltenyi Biotech) T cells (>95% purity) using the
QIAamp DNA mini kit as per the manufacturer’s protocol. Sequencing of the TRB locus was performed
at Adaptive Biotechnologies using the immunoSEQ assay at survey-level resolution. Initial analysis of
sequence reads was performed at Adaptive Biotechnologies using the ImmunoSEQ software tool (Adaptive
Biotechnologies). The TCRB CDR3 region was defined as previously described (54). Sequences that did
not match CDR3 sequences were removed from the analysis. Sequences that included insertions or dele-
tions resulting in frame shifts or contained premature stop codons were discarded from the analysis, as were
sequences that did not resolve to a V, D, and J family.

Ex vivo analysis of cytokine production and CD107a expression

For analysis of cytokine production and CD107a degranulation, PBMCs were resuspended in RPMI con-
taining 100 U/ml penicillin and 100 pg/ml streptomycin, 2 mM L-glutamine, and 10% FCS and incubated
with monensin (1.25 pg/ml and anti-CD107a FITC (BD Biosciences, clone H4A3) for 4 hours. Following
incubation, cells were stained with the phenotyping antibodies listed above. They were then fixed (2%
PFA), permeabilized (1% Saponin), and incubated with the monoclonal antibodies TNF-a-PE-Cy7 (Ebio-
science, clone MADb11) and IFN-y-AF700 (Biolegend, clone 45.B3) for 20 minutes at room temperature.
Cells were analyzed using an LSR-II flow cytometer (BD Biosciences).

RNA extraction, sequencing, and alignment

RNA was extracted from FACS-sorted T cells (>99% purity) from 4 allograft and 4 autograft patients (Sup-
plemental Figure 1A) using the Qiagen RNeasy micro kit, according to the provided protocol. Extracted
RNA was then submitted to Oxford Gene Technologies for RNA-Seq on a HiSeq 2000/2500 as 100-base
paired end reads. The preprocessing of RNA-Seq data included trimming of Fastq reads with Prinseq (55)
followed by mapping of the reads to the hgl9 reference genome using Star Aligner (56). After successful
alignment to the reference genome, the reads were quantitated using HTSeq (57). The RNA-Seq data are
available in the GEO database (https://www.ncbi.nlm.nih.gov/geo/) under accession GSE111377.

Differential expression and GSEA

DESeq2 (version 1.14.1) (58) was used to perform differential expression analysis and to compute fold
changes. T cells were compared between allograft and autograft SCP samples and across allograft and
autograft week 2 samples. CD4 and CD8 T cell contrasts were performed independently, resulting in a total
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of 4 pairwise comparisons. Genes were considered differentially expressed at an FDR-adjusted P value
threshold of less than 0.05.

For GSEA, genes with a log, fold change of 0 were removed to avoid rank ties. Ensembl identifiers
were converted to Entrez identifiers using biomaRt (version 2.30.0). GAGE (version 2.24.0) was used for
all GSEA analyses and to retrieve GO annotations. For further analysis, the MSigDB (v5.2) hallmark (25)
and c¢7 immunologic signatures (26) were used. For display in Figure 4C and Figure 5, the most significant
differentially regulated pathways were hierarchically clustered based on the lower and greater FDR-adjust-
ed P values for each of the 4 pairwise comparisons.

Candidate gene selection

Candidate genes were selected from the differentially expressed set of genes (FDR-adjusted P < 0.05),
with the additional criteria that each gene shows an absolute fold change of above 2 and that each gene is
listed in the ImmPort database (27) as having an immunological function. Candidate gene selection was
performed independently for CD4 and CD8 T cells.

Statistics

Univariate analyses comparing two groups were performed using a Mann-Whitney U test. For analyses
involving more than two groups, either a 1-way ANOVA with Tukey’s multiple comparison test or a Kru-
skal-Wallis with Dunn’s multiple comparisons test was used. Tests were performed using GraphPad Prism
(version 7.02; GraphPad Software Inc.). For TCR CDR3 region analysis, all plots and statistical analyses
were performed in R version 3.2.0.

Study approval

Patients undergoing allogeneic or autograft SCT at the Queen Elizabeth Hospital Birmingham were
enrolled in the study following full written informed consent (05/Q2707/175). The ethics of this study
have been approved by the NHS National Research Ethics Service (NRES) Committee, West Midlands,
South Birmingham, United Kingdom.

Author contributions

CFI, SAE, and JEC designed research, performed research, performed statistical analysis, analyzed and
interpreted data, and wrote the manuscript; NJD and ASO performed statistical analysis and interpretation
of the data; TR, HP, MS, YLTC, KV, and JZ performed research and assisted in data interpretation; JN
collected clinical data; SN, FK, JN, and RAK consented the patients and collected clinical samples and
clinical outcome data; CC assisted in data interpretation; RM assisted in data interpretation and manu-
script preparation; and PM designed research, interpreted data, and wrote the manuscript.

Acknowledgments
This study was funded by Bloodwise (grant 12052) and the Medical Research Council (grant MR/
K021192/1).

Address correspondence to: Paul Moss, University of Birmingham, School of Cancer Sciences, College
of Medical & Dental Sciences, Birmingham B15 2TT, United Kingdom. Phone: 121.414.2824; Email:
p.moss@bham.ac.uk.

—_

. Buhlmann L, et al. Lymphocyte subset recovery and outcome after T-cell replete allogeneic hematopoietic SCT. Bone Marrow
Transplant. 2011;46(10):1357-1362.

Mclver ZA, et al. Immune reconstitution in recipients of photodepleted HLA-identical sibling donor stem cell transplantations:
T cell subset frequencies predict outcome. Biol Blood Marrow Transplant. 2011;17(12):1846-1854.

Mclver Z, et al. Donor lymphocyte count and thymic activity predict lymphocyte recovery and outcomes after matched-sibling
hematopoietic stem cell transplant. Haematologica. 2013;98(3):346-352.

Copelan EA. Hematopoietic stem-cell transplantation. N Engl J Med. 2006;354(17):1813-1826.

Noel DR, et al. Does graft-versus-host disease influence the tempo of immunologic recovery after allogeneic human marrow
transplantation? An observation on 56 long-term survivors. Blood. 1978;51(6):1087-1105.

I

w

ook

6. Ault KA, et al. Phenotype of recovering lymphoid cell populations after marrow transplantation. J Exp Med.
1985;161(6):1483-1502.

https://doi.org/10.1172/jci.insight.97219 13


https://doi.org/10.1172/jci.insight.97219
https://doi.org/10.1038/bmt.2010.306
https://doi.org/10.1038/bmt.2010.306
https://doi.org/10.1016/j.bbmt.2011.05.017
https://doi.org/10.1016/j.bbmt.2011.05.017
https://doi.org/10.3324/haematol.2012.072991
https://doi.org/10.3324/haematol.2012.072991
https://doi.org/10.1056/NEJMra052638
https://doi.org/10.1084/jem.161.6.1483
https://doi.org/10.1084/jem.161.6.1483

)

oo

©

10.

1

—_

12.

13.

14.

15.

16.

17.

1

o]

19.

2

[=}

2

—_

22.

2

w

24.

2

w

26.

2
2

I

29.

30.

3

—_

32.

3

(3%

34.

3

[

37.

38.

39.

40.

RESEARCH ARTICLE

. Soiffer RJ, et al. Prediction of graft-versus-host disease by phenotypic analysis of early immune reconstitution after CD6-deplet-

ed allogeneic bone marrow transplantation. Blood. 1993;82(7):2216-2223.

. Petersen SL, et al. Chimerism studies in HLA-identical nonmyeloablative hematopoietic stem cell transplantation point to

the donor CD8(+) T-cell count on day + 14 as a predictor of acute graft-versus-host disease. Biol Blood Marrow Transplant.
2004;10(5):337-346.

Fujioka T, et al. Frequency of CD4(+)FOXP3(+) regulatory T-cells at early stages after HLA-mismatched allogeneic hemato-
poietic SCT predicts the incidence of acute GVHD. Bone Marrow Transplant. 2013;48(6):859-864.

Fedele R, et al. The impact of early CD4+ lymphocyte recovery on the outcome of patients who undergo allogeneic bone mar-
row or peripheral blood stem cell transplantation. Blood Transfus. 2012;10(2):174-180.

. Huttunen P, Taskinen M, Siitonen S, Saarinen-Pihkala UM. Impact of very early CD4(+) /CD8(+) T cell counts on the occur-

rence of acute graft-versus-host disease and NK cell counts on outcome after pediatric allogeneic hematopoietic stem cell trans-
plantation. Pediatr Blood Cancer. 2015;62(3):522-528.

Luznik L, et al. HLA-haploidentical bone marrow transplantation for hematologic malignancies using nonmyeloablative condi-
tioning and high-dose, posttransplantation cyclophosphamide. Biol Blood Marrow Transplant. 2008;14(6):641-650.

Luznik L, Fuchs EJ. High-dose, post-transplantation cyclophosphamide to promote graft-host tolerance after allogeneic hemato-
poietic stem cell transplantation. Immunol Res. 2010;47(1-3):65-77.

Raiola A, et al. Unmanipulated haploidentical BMT following non-myeloablative conditioning and post-transplantation CY for
advanced Hodgkin’s lymphoma. Bone Marrow Transplant. 2014;49(2):190-194.

Castagna L, et al. Bone marrow compared with peripheral blood stem cells for haploidentical transplantation with a nonmye-
loablative conditioning regimen and post-transplantation cyclophosphamide. Biol Blood Marrow Transplant. 2014;20(5):724-729.
Kanakry CG, et al. Origin and evolution of the T cell repertoire after posttransplantation cyclophosphamide. JCI Insight.
2016;1(5):€86252.

Cieri N, et al. Generation of human memory stem T cells after haploidentical T-replete hematopoietic stem cell transplantation.
Blood. 2015;125(18):2865-2874.

.Roberto A, et al. Role of naive-derived T memory stem cells in T-cell reconstitution following allogeneic transplantation. Blood.

2015;125(18):2855-2864.
Voehringer D, Liang HE, Locksley RM. Homeostasis and effector function of lymphopenia-induced “memory-like” T cells in
constitutively T cell-depleted mice. J Immunol. 2008;180(7):4742-4753.

. Goldrath AW, Luckey CJ, Park R, Benoist C, Mathis D. The molecular program induced in T cells undergoing homeostatic pro-

liferation. Proc Natl Acad Sci USA. 2004;101(48):16885-16890.

. Moxham VF, et al. Homeostatic proliferation of lymphocytes results in augmented memory-like function and accelerated

allograft rejection. J Immunol. 2008;180(6):3910-3918.
McSweeney PA, et al. Hematopoietic cell transplantation in older patients with hematologic malignancies: replacing high-dose
cytotoxic therapy with graft-versus-tumor effects. Blood. 2001;97(11):3390-3400.

. Perez-Simon JA, et al. Impact of CD34+ cell dose on the outcome of patients undergoing reduced-intensity-conditioning allo-

geneic peripheral blood stem cell transplantation. Blood. 2003;102(3):1108-1113.
Baron Fdr, Petersdorf EW, Gooley T, et al. What is the role for donor NK cells after nonmyeloablative conditioning? Biol Blood
Marrow Transplant. 2009;15(5):580-588.

. Liberzon A, Birger C, Thorvaldsdottir H, Ghandi M, Mesirov JP, Tamayo P. The Molecular Signatures Database (MSigDB)

hallmark gene set collection. Cell Syst. 2015;1(6):417-425.
Godec J, et al. Compendium of immune signatures identifies conserved and species-specific biology in response to inflamma-
tion. Immunity. 2016;44(1):194-206.

. Bhattacharya S, et al. ImmPort: disseminating data to the public for the future of immunology. Immunol Res. 2014;58(2-3):234-239.
. Mutis T, Gillespie G, Schrama E, Falkenburg JH, Moss P, Goulmy E. Tetrameric HLA class I-minor histocompatibility antigen

peptide complexes demonstrate minor histocompatibility antigen-specific cytotoxic T lymphocytes in patients with graft-versus-
host disease. Nat Med. 1999;5(7):839-842.

Flutter B, et al. Nonhematopoietic antigen blocks memory programming of alloreactive CD8+ T cells and drives their eventual
exhaustion in mouse models of bone marrow transplantation. J Clin Invest. 2010;120(11):3855-3868.

Distler E, et al. Alloreactive and leukemia-reactive T cells are preferentially derived from naive precursors in healthy donors:
implications for immunotherapy with memory T cells. Haematologica. 2011;96(7):1024-1032.

. Chérel M, et al. Naive subset develops the most important alloreactive response among human CD4+ T lymphocytes in human

leukocyte antigen-identical related setting. Eur J Haematol. 2014;92(6):491-496.
Anderson BE, et al. Memory CD4+ T cells do not induce graft-versus-host disease. J Clin Invest. 2003;112(1):101-108.

. Bleakley M, et al. Outcomes of acute leukemia patients transplanted with naive T cell-depleted stem cell grafts. J Clin Invest.

2015;125(7):2677-2689.
Chen BJ, Cui X, Sempowski GD, Liu C, Chao NJ. Transfer of allogeneic CD62L- memory T cells without graft-versus-host
disease. Blood. 2004;103(4):1534-1541.

. Dutt S, et al. Naive and memory T cells induce different types of graft-versus-host disease. J Immunol. 2007;179(10):6547-6554.
36.

Zheng H, Matte-Martone C, Jain D, McNiff J, Shlomchik WD. Central memory CD8+ T cells induce graft-versus-host disease
and mediate graft-versus-leukemia. J Immunol. 2009;182(10):5938-5948.

Zhang Y, et al. Dendritic cell-activated CD44hiCD8+ T cells are defective in mediating acute graft-versus-host disease but retain
graft-versus-leukemia activity. Blood. 2004;103(10):3970-3978.

Zheng H, et al. Effector memory CD4+ T cells mediate graft-versus-leukemia without inducing graft-versus-host disease. Blood.
2008;111(4):2476-2484.

LiN, et al. Memory T cells from minor histocompatibility antigen-vaccinated and virus-immune donors improve GVL and
immune reconstitution. Blood. 2011;118(22):5965-5976.

Hartwig UF, Nonn M, Khan S, Meyer RG, Huber C, Herr W. Depletion of alloreactive T cells via CD69: implications on antivi-
ral, antileukemic and immunoregulatory T lymphocytes. Bone Marrow Transplant. 2006;37(3):297-305.

insight.jci.org  https://doi.org/10.1172/jci.insight.97219 14


https://doi.org/10.1172/jci.insight.97219
https://doi.org/10.1016/j.bbmt.2004.01.003
https://doi.org/10.1016/j.bbmt.2004.01.003
https://doi.org/10.1016/j.bbmt.2004.01.003
https://doi.org/10.1038/bmt.2012.232
https://doi.org/10.1038/bmt.2012.232
https://doi.org/10.1002/pbc.25347
https://doi.org/10.1002/pbc.25347
https://doi.org/10.1002/pbc.25347
https://doi.org/10.1016/j.bbmt.2008.03.005
https://doi.org/10.1016/j.bbmt.2008.03.005
https://doi.org/10.1007/s12026-009-8139-0
https://doi.org/10.1007/s12026-009-8139-0
https://doi.org/10.1038/bmt.2013.166
https://doi.org/10.1038/bmt.2013.166
https://doi.org/10.1016/j.bbmt.2014.02.001
https://doi.org/10.1016/j.bbmt.2014.02.001
https://doi.org/10.1182/blood-2014-11-608539
https://doi.org/10.1182/blood-2014-11-608539
https://doi.org/10.1182/blood-2014-11-608406
https://doi.org/10.1182/blood-2014-11-608406
https://doi.org/10.4049/jimmunol.180.7.4742
https://doi.org/10.4049/jimmunol.180.7.4742
https://doi.org/10.1073/pnas.0407417101
https://doi.org/10.1073/pnas.0407417101
https://doi.org/10.4049/jimmunol.180.6.3910
https://doi.org/10.4049/jimmunol.180.6.3910
https://doi.org/10.1182/blood.V97.11.3390
https://doi.org/10.1182/blood.V97.11.3390
https://doi.org/10.1182/blood-2002-11-3503
https://doi.org/10.1182/blood-2002-11-3503
https://doi.org/10.1016/j.bbmt.2009.01.018
https://doi.org/10.1016/j.bbmt.2009.01.018
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1016/j.immuni.2015.12.006
https://doi.org/10.1016/j.immuni.2015.12.006
https://doi.org/10.1007/s12026-014-8516-1
https://doi.org/10.1038/10563
https://doi.org/10.1038/10563
https://doi.org/10.1038/10563
https://doi.org/10.1172/JCI41446
https://doi.org/10.1172/JCI41446
https://doi.org/10.3324/haematol.2010.037481
https://doi.org/10.3324/haematol.2010.037481
https://doi.org/10.1111/ejh.12283
https://doi.org/10.1111/ejh.12283
https://doi.org/10.1172/JCI17601
https://doi.org/10.1172/JCI81229
https://doi.org/10.1172/JCI81229
https://doi.org/10.4049/jimmunol.179.10.6547
https://doi.org/10.4049/jimmunol.0802212
https://doi.org/10.4049/jimmunol.0802212
https://doi.org/10.1182/blood-2003-09-3135
https://doi.org/10.1182/blood-2003-09-3135
https://doi.org/10.1182/blood-2007-08-109678
https://doi.org/10.1182/blood-2007-08-109678
https://doi.org/10.1182/blood-2011-07-367011
https://doi.org/10.1182/blood-2011-07-367011
https://doi.org/10.1038/sj.bmt.1705238
https://doi.org/10.1038/sj.bmt.1705238

insight.jci.org

4

—_

42.

43.

44.

4

w

46.

47.

48.

49.

50.

5

—

53

54.

55.
56.

5

~

58.

RESEARCH ARTICLE

. Lal RB, Rudolph DL. Constitutive production of interleukin-6 and tumor necrosis factor-alpha from spontaneously proliferating

T cells in patients with human T-cell lymphotropic virus type-I/1I. Blood. 1991;78(3):571-574.

Sagawa K, et al. Immunopathological mechanisms of human T cell lymphotropic virus type 1 (HTLV-I) uveitis. Detection of
HTLV-I-infected T cells in the eye and their constitutive cytokine production. J Clin Invest. 1995;95(2):852-858.

Tanaka Y, et al. Constitutive chemokine production results in activation of leukocyte function-associated antigen-1 on adult
T-cell leukemia cells. Blood. 1998;91(10):3909-3919.

Moore JL, et al. Inverse relationship between constitutive gamma interferon production and human T-cell lymphoma/leukemia
virus expression in cultured T lymphocytes. J Virol. 1985;53(2):440-446.

. Mendel I, Shevach EM. Activated T cells express the OX40 ligand: requirements for induction and costimulatory function.

Immunology. 2006;117(2):196-204.

Burkly LC, Michaelson JS, Hahm K, Jakubowski A, Zheng TS. TWEAKing tissue remodeling by a multifunctional cytokine:
role of TWEAK/Fn14 pathway in health and disease. Cytokine. 2007;40(1):1-16.

McCormack R, de Armas LR, Shiratsuchi M, Ramos JE, Podack ER. Inhibition of intracellular bacterial replication in
fibroblasts is dependent on the perforin-like protein (perforin-2) encoded by macrophage-expressed gene 1. J Innate Immun.
2013;5(2):185-194.

Lens SM, Tesselaar K, van Oers MH, van Lier RA. Control of lymphocyte function through CD27-CD70 interactions. Semin
Immunol. 1998;10(6):491-499.

Munitic I, Kuka M, Allam A, Scoville JP, Ashwell JD. CD70 deficiency impairs effector CD8 T cell generation and viral clear-
ance but is dispensable for the recall response to lymphocytic choriomeningitis virus. J Immunol. 2013;190(3):1169-1179.
Yamada A, et al. CD70 signaling is critical for CD28-independent CD8+ T cell-mediated alloimmune responses in vivo. J Immunol.
2005;174(3):1357-1364.

.Jacobs J, et al. CD70: An emerging target in cancer immunotherapy. Pharmacol Ther. 2015;155:1-10.
52.

Filipovich AH, et al. National Institutes of Health consensus development project on criteria for clinical trials in chronic graft-
versus-host disease: I. Diagnosis and staging working group report. Biol Blood Marrow Transplant. 2005;11(12):945-956.

. Watzinger F, Lion T, Steward C, Eurochimerism consortium. The RSD code: proposal for a nomenclature of allelic configura-

tions in STR-PCR-based chimerism testing after allogeneic stem cell transplantation. Leukemia. 2006;20(8):1448-1452.

Yousfi Monod M, Giudicelli V, Chaume D, Lefranc MP. IMGT/ JunctionAnalysis: the first tool for the analysis of the immuno-
globulin and T cell receptor complex V-J and V-D-J JUNCTIONS. Bioinformatics. 2004;20 Suppl 1:1379-1385.

Schmieder R, Edwards R. Quality control and preprocessing of metagenomic datasets. Bioinformatics. 2011;27(6):863-864.
Dobin A, et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics. 2013;29(1):15-21.

. Anders S, Pyl PT, Huber W. HTSeg--a Python framework to work with high-throughput sequencing data. Bioinformatics.

2015;31(2):166-169.
Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014;15(12):550.

https://doi.org/10.1172/jci.insight.97219 15


https://doi.org/10.1172/jci.insight.97219
https://doi.org/10.1172/JCI117735
https://doi.org/10.1172/JCI117735
https://doi.org/10.1111/j.1365-2567.2005.02279.x
https://doi.org/10.1111/j.1365-2567.2005.02279.x
https://doi.org/10.1016/j.cyto.2007.09.007
https://doi.org/10.1016/j.cyto.2007.09.007
https://doi.org/10.1159/000345249
https://doi.org/10.1159/000345249
https://doi.org/10.1159/000345249
https://doi.org/10.1006/smim.1998.0154
https://doi.org/10.1006/smim.1998.0154
https://doi.org/10.4049/jimmunol.1202353
https://doi.org/10.4049/jimmunol.1202353
https://doi.org/10.4049/jimmunol.174.3.1357
https://doi.org/10.4049/jimmunol.174.3.1357
https://doi.org/10.1016/j.pharmthera.2015.07.007
https://doi.org/10.1016/j.bbmt.2005.09.004
https://doi.org/10.1016/j.bbmt.2005.09.004
https://doi.org/10.1038/sj.leu.2404267
https://doi.org/10.1038/sj.leu.2404267
https://doi.org/10.1093/bioinformatics/btr026
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8

