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Abstract

Purpose—CDA40 ligand (CD40L)-deficient patients display increased susceptibilities to
infections that can be mitigated with effective prophylactic strategies including immunoglobulin G
(IgG) replacement and prophylactic antibiotics. CD8* T-cell senescence has been described in
CD40L deficiency, but it is unclear if this is an intrinsic feature of the disease or secondary to
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infectious exposures. To address this question, we assessed CD8* T-cell senescence and its
relationship to clinical histories, including prophylaxis adherence and infections, in CD40L-
deficient patients.

Methods—Peripheral CD8* T-cells from seven CD40L-deficient patients and healthy controls
(HCs) were assessed for senescent features using T-cell receptor excision circle (TREC) analysis,
flow cytometry, cytometry by time of flight (CyTOF) and in vitro functional determinations
including CMV-specific proliferation and cytokine release assays.

Results—Three patients (5, 28, and 34 years old) who were poorly adherent to immunoglobulin
G replacement and Pneumocystis firovecii pneumonia (PJP) prophylaxis and/or experienced
multiple childhood pneumonias (patient group 1) had an expansion of effector memory CD8* T-
cells with the senescent phenotype when compared to HCs. Such changes were not observed in the
patient group 2 (four patients, 16, 22, 24, and 33 years old) who were life-long adherents to
prophylaxis and experienced few infectious complications. CyTOF analysis of CD8" T-cells from
the 5-year-old patient and older adult HCs showed similar expression patterns of senescence-
associated molecules.

Conclusions—Our findings support that recurrent infections and non-adherence to prophylaxis
promote early CD8* T-cell senescence in CD40L deficiency. Premature senescence may increase
malignant susceptibilities and further exacerbate infectious risk in CD40L-deficient patients.

Keywords

X-linked CD40 ligand deficiency; CD8* T-cell senescence; combined immunodeficiency; class
switching recombination defect; immunoglobulin replacement therapy; Pneumocystis jirovecii
pneumonia (PJP) prophylactic antibiotics

Introduction

CDA40 ligand (CD40L, CD154), encoded by CD40L G on chromosome X, is a type Il
transmembrane protein which belongs to the TNF ligand superfamily (TNFSF) [1]. CD40L,
expressed primarily on activated CD4* T-cells, regulates innate, humoral, and cellular arms
of the immune system [2] by interacting with CD40 expressed on various immune and non-
immune cells [3, 4]. Such an interaction with antigen-activated B-cells promotes humoral
immunity by inducing B-cell clonal expansion, immunoglobulin class switching, and affinity
maturation [5, 6]. Due to defective co-stimulation, it is not surprising that patients with the
CDA40L deficiency have a defect in antigen-induced T-cell proliferation and effector function
[7-9], supporting the critical role of the CD40 and CD40L interaction in T-cell immunity.

In mouse models, it is well described that priming of naive CD8" T-cells depends on CD4*
T-cell-mediated dendritic cell licensing via CD40-CD40L interaction [10-12]. Additionally,
rapid impairment of CD8* T-cell responsiveness and failure to permanently control viral
replication in CD40L-deficient mice were reported [13]. The loss of CD8* T-cell memory
was shown to be prevented by passive transfer of virus-specific antibodies into infected
mice, indicating that long-term CD8* T-cell memory and virus control are promoted by
virus-specific 1gG responses via the CD40-CD40L interaction [14]. The importance of the
CD40L-dependent CD4" T-cell help in maintaining CD8* T-cell homeostasis is further
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supported by the observation that CD40L-deficient mice have decreased generation of
effector memory (EM) CD8* T-cells expressing IL-7Ra, an essential molecule for memory
T-cell homeostasis [15]. IL-7Ra!®" EM CD8* T-cells with senescent characteristics were
shown to expand with aging, chronic and/or recurrent infection, systemic lupus
erythematous, and malignancies in humans [16-19]. Collectively, these data support the
critical role of the CD40-CD40L interaction and immunoglobulins in maintaining CD8* T-
cell homeostasis.

Indeed, patients with pathogenic variants in CD40L G develop an X-linked combined
immunodeficiency, also known as X-linked hyper-lgM syndrome with infectious and
autoimmune manifestations, and a predisposition to developing lymphomas and
gastrointestinal/biliary malignancies [3, 4]. The prognosis of CD40L deficiency is poor, with
an average survival rate of 20% by the age of 25 years [20]. Patients with CD40L deficiency
are treated with IgG replacement to control infections. Though hematopoietic cell transplant
(HCT) can be potentially curative, these patients can still develop liver disease and
malignancy after the 2nd and 3rd decades of life, contributing to mortality [20, 21].

Although the results of animal studies support the critical role of the CD40-CD40L
interaction in maintaining CD8* T-cell homeostasis, the effect of CD40L deficiency in
human CD8* T-cell immunity is largely unexplored. A recent case report of a 32-year-old
patient with CD40L deficiency showed an expansion of memory CD8* T-cells with
increased expression of the senescence marker CD57, suggesting that CD40L may play a
role in CD8* T-cell senescence [22]. However, little is known about the mechanisms of how
CD40L deficiency drives expansion of senescent CD8* T-cells. To address this question, we
assessed CD8* T-cell senescence in CD40L-deficient patients with and without histories of
significant multiple childhood infections and/or adherence to prophylaxis including 1gG
replacement and Pneumocystis jiroveci pneumonia (PJP) prophylaxis, based on the
hypothesis that CD40L deficiency-associated CD8* T-cell senescence occurs as an intrinsic
feature of CD40L deficiency or secondary to repetitive infections and prophylaxis non-
adherence. The results of our study indicate that CD8" T-cell senescence in CD40L
deficiency can develop and persist, even during early childhood, in the setting of significant
childhood infections including multiple pneumonias and poor adherence to prophylaxis,
supporting the importance of early diagnosis, prompt initiation of and compliance with
prophylaxis to avoid multiple infections and long-term and irreversible derangement of T-
cell immunity.

Subjects and Peripheral Blood Mononuclear Cell Purification

The 5-year-old male CD40L deficiency patient was recruited from the Yale
Immunodeficiency Clinic. Also, a total of 12 male healthy controls (HCs, four pediatric HCs
(age 3-18), four young adult HCs (age 19-40), and four older adult HCs (age 41-62)) were
recruited as previously described [18]. After obtaining informed consent, peripheral blood
was collected and subjected to Ficoll peripheral blood mononuclear cell (PBMCs)
purification [16]. We obtained frozen PBMC:s, clinical histories, and immunological data of
six de-identified male patients with CD40L deficiency from the Children’s Hospital of
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Philadelphia (CHOP), the Nationwide Children’s Hospital, and the National Institute of
Health/National Institute of Allergy and Infectious Diseases (NIH/NIAID) (see details in
Fig. 1 and Table 1). This study was approved by the Institutional Review Boards of all
institutions.

Flow Cytometric Analysis

PBMCs were stained with relevant antibodies (Supplement table 1A). Cells were analyzed
using an LSRII flow cytometer (BD) and FlowJo® software (BD).

Measurement of T-cell Receptor Excision Circles

Genomic DNA was isolated from PBMCs using a DNeasy® blood and tissue kit (Qiagen,
Hilden, Germany). The quantitative PCR (gPCR) for T-cell receptor excision circle (TREC)
enumeration was performed using MyTRECKIt® (Genenplus, Oak Creek, WI).

CyTOF Analysis

All mass cytometry reagents were purchased from Fluidigm, Inc. (South San Francisco,
CA). PBMCs (2 x 108) were stained with a panel of metal-tagged antibodies (supplement
Table 1B) and processed as previously described [23]. All FCS files were normalized and
analyzed using the analytic tool CYT and FlowJo™ software (BD) as described [23]. £SNE
and PhenoGraph® were performed on gated cells (3000 CD3*CD8" T-cells). Heatmap
shows the results of an unbiased hierarchical clustering analysis of molecule and studied
subjects based on the zscores of geometric mean metal expression intensities (GMMI) of
individual molecules.

Analysis of EM CD8* T-cell Proliferation and Cytomegalovirus-Specific CD8" T-cells

Analyses for EM CD8* T-cell proliferation and cytomegalovirus (CMV)-specific CD8" T-
cells producing cytokines were performed using flow cytometry as previously described [24,
25]. Briefly, EM CD8* T-cells were purified from PBMCs by negative selection (EasySep™
Kit, STEMCELL technologies, Cambridge, MA), stained with carboxyfluorescein diacetate
(CFSE), and incubated for 72 h with or without T-cell receptor stimulation (beads coated
with anti-CD3 and -CD28 antibodies) (Thermo Scientific, Waltham, MA). For the analysis
of CMV-specific CD8* T-cells, PBMCs were incubated for 6 h with or without
(unstimulated control) overlapping CMV peptides (Proimmune, Sarasota, FL) in the
presence of GolgiPlug® (BD) during the last 5 h of stimulation. Cells were fixed,
permeabilized, and stained with antibodies to TNF-a and IFN-y for flow cytometric
analysis of intracellular TNF-a and IFN-y as described above.

Statistical analysis
Data were analyzed by the ANOVA with the Dunnett’s test for multiple comparisons using
Prism 7 (GraphPad Software, Inc, San Diego, Calif). pvalues < 0.05 were considered
statistically significant. Principal component analysis (PCA) was done based on the
frequencies of naive, CM, EM, IL-7RaN9" CD28*, and CD57* EM CD8* T-cells using R
software.
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Results
The Clinical Characteristics of CD40 Ligand Deficient Patients

We enrolled seven CD40L-deficient subjects from five unrelated families whose ages ranged
from 5 to 34 years (Fig. 1 and Table 1). Three subjects (patient group 1, Al, B1, and C2) had
histories of non-adherence to 1gG replacement, PJP prophylactic antibiotics, and/or multiple
significant infections such as pneumonia in childhood. The other four subjects (patient group
2, Cl1, D1, D2 and E1) were life-long adherents to both IgG replacement and PJP
prophylactic antibiotics and had no multiple childhood pneumonia. Additional infection
histories of the studied subjects are provided in Table 1. Serum immunoglobulin levels and
absolute cell counts of lymphocyte subsets analyzed at the diagnosis of CD40L deficiency
were available for subject Al but not for others (Table 2). Subject Al had elevated levels of
IgM and reduced levels of IgG at the diagnosis, which decreased and increased, respectively,
after the initiation of 1gG replacement. Of note, subjects A1, C1, C2, and E1 had
undetectable IgA (Table 2). All patients showed reduced or undetectable switched memory
B cells (CD19*1gD~IgM™) (Table 2).

CD8* T-cell Senescence Correlates with Early Childhood Infection Histories and
Prophylaxis Non-adherence in Patients with CD40L Deficiency

Using flow cytometry, we analyzed subjects’ CD8* T-cells for features of physiologic aging,
including the frequencies of naive, central memory (CM), and effector memory (EM) CD8*
T-cells (Fig. 2A-B). Compared to pediatric and young adult HCs, CD40L-deficient patients
who had histories of hon-adherence to IgG replacement, PJP prophylactic antibiotics, and/or
multiple significant infections such as pneumonia in childhood (patient group 1, patients Al,
B1, and C2, Table 1) displayed a decreased mean frequency (%) of naive (CD45RA
*CCR7%) CD8" T-cells (25.03 + 7.65 vs 65.55 + 10.40, p = 0.0002, and 25.03 + 7.65 vs
53.13 + 8.53, p=0.003, respectively) and an increased frequency of EM CD8+ T-cells
(CCR7-CD45RA™~; 63.47 + 7.14 vs 14.20 + 4.61, p< 0.0001, 63.47 + 7.14 vs 23.68 +
7.05, p<0.0001, respectively) (Fig. 2A-B). In contrast, the frequency of naive CD8* T-cells
in the patients with strict adherence to both 1gG replacement and PJP prophylactic
antibiotics (patient group 2, Table 1) was comparable to that in young adult HCs with similar
ages (Fig. 2A-B). The frequency of CM CD8* T-cells was not different among all patients
and HCs (Fig. 2A-B). In addition, the frequencies of naive, CM, and EM CD4* T-cells were
similar in all patients and HCs (Supplement Figure 1A).

The decreased naive T-cell frequency in our CD40L-deficient patients could be secondary to
reduced thymic output or excessive cell replication. To address this point, we measured
thymus output via TREC analysis of PBMCs. In all CD40L-deficient subjects, TREC copy
numbers were similar to age-matched HCs (Supplement Figure 1B), emphasizing the T-cell
intrinsic nature of the disorder which does not appreciably affect thymic function.

To further assess CD8* T-cell senescence, we measured cell surface expression of IL-7Ra.,
CD28, and CD57 by EM CD8* T-cells (Fig. 2A and C). The T-cell homeostasis cytokine
receptor IL-7Ra and the costimulatory molecule CD28 on EM CD8* T-cells decrease with
aging while the senescence-associated molecule CD57 increases on the same cells.
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Compared to pediatric and young adult HCs, the patient group 1 had lower frequencies of
IL-7RaN9" EM CD8* T-cells (28.67 + 19.14 vs 87.78 + 6.32, p= 0.001, 28.67 + 19.14 vs
79.80 + 12.52, p=0.003, respectively) and CD28* EM CD8" T-cells (19.33 + 9.02 vs 89.40
+4.88, p<0.0001, 19.33 £ 9.02 vs 77.95 + 14.65, p < 0.0001, respectively), and a higher
frequency of CD57* EM CD8* T-cells (53.33 + 4.16 vs 3.47 + 3.21, p=0.001, 53.33 + 4.16
vs 21.59 + 21.67, p=0.02, respectively). These alterations were not observed in the patient
group 2. We previously reported that human naive CD8" T-cells express high levels of
IL-7Ra which can be downregulated by common gamma chain cytokines including IL-2,
IL-7, and IL-15 [26, 27]. The frequencies of IL-7RaM9" naive CD8* T-cells were similar in
patient groups 1 and 2 (Supplement Figure 2), indicating that the decreased expression of
IL-7Ra by memory CD8* T-cells in group 1 was not a global phenomenon driven by such
cytokines. PCA with variables including naive, CM, EM, IL-7Ra"9" CD28*, and CD57*
EM CD8* T-cells showed that the patients with histories of non-adherence to prophylaxis
and/or multiple childhood pneumonias (ages 5, 30, and 34 years) were clustered with older
HCs (ages, 43-62 years) whereas the patients without such histories (ages, 16—-33 years)
were grouped with pediatric (ages, 3—7 years) and young (ages, 19-35 years) HCs (Fig. 2D).

In-depth, multi-dimensional CyTOF analysis of CD8* T-cells from the 5-year-old CD40L-
deficient subject Al and older HCs revealed similar expression patterns of molecules related
to senescence including CD57, T-bet, granzyme B, and perforin (Fig. 3a). The geometric
mean metal expression intensities (GMMI) for CD62L, CD27, CD57, granzyme B, perforin,
and T-bet were similar in EM CD8* T-cells of the 5-year-old patient and older adult HCs
(Fig. 3b). An unbiased hierarchical analysis was performed based on the z-scores of GMMI
of individual molecules on or in EM CD8* T-cells. These analyses demonstrated that the
CD8™* T-cell profile of patient Al is consistent with that observed in older adult HCs (Fig.
3c).

CD8* T-cells with Senescence Phenotypes in CD40L Deficiency Were Unresponsive and
Durably Senescent

To determine if EM CD8* T-cells of subject Al were less responsive, we analyzed
proliferation of these cells in response to anti-CD3/CD28 antibodies, which showed poor
proliferation (Fig. 4a). As subject A1 was CMV infected, we analyzed IFN-y and TNF-a in
CMV peptide stimulated CD8* T-cells. CMV-specific CD8* T-cells producing IFN-y and
TNF-a were modest (< 3%) in subject Al indicating that expanded memory CD8" T-cells
were either CMV-unresponsive and/or CMV-unspecific despite a prior history of CMV
infection (Fig. 4b). Hence, CD8* T-cells from a treatment non-adherent CD40L -deficient
subject appear and behave senescent.

After 5 years of poor adherence and a second PJP, CD40L-deficient patient Al received 1gG
replacement and did not have active infection over 650 days; however, the senescence
changes in CD8" T-cells persisted for > 600 days (Table 3). Also, the senescence changes in
CD8™" T-cells remained the same over 210 days in the 34-year-old subject C2 who had been
adherent to 1gG replacement since age 4 but started PJP prophylactic antibiotics at age 21
with two incidences of pneumonia as a teenager (Table 3), whereas the 33-year-old subject
C1 with excellent prophylaxis adherence since infancy continued to have high frequencies of
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naive and IL-7RaN9" CD8* EM cells (Table 3). The persistently altered frequencies of
naive, EM, and IL-7Ra!®% EM CD8* T-cells suggest that the immune alterations related to
non-adherence to IVIG replacement and PJP prophylaxis in CD40L deficiency are durable
and may persist for years.

Discussion

Here, we hypothesized that CD40L deficiency-associated CD8* T-cell senescence occurs as
an intrinsic feature of CD40L deficiency or secondary to repetitive infections and
prophylaxis non-adherence. We tested this hypothesis by investigating the relationship of
CD8™" T-cell senescence with clinical histories, including infections and prophylaxis
compliance, in seven patients with CD40L deficiency aged 5 to 34 years and healthy
controls aged 3 to 62 years. Three of the seven patients with histories of non-adherence to
1gG replacement, PJP prophylactic antibiotics, and/or multiple significant infections such as
pneumonia in childhood had the senescent CD8* T-cell phenotype characterized by EM
(CD45RA*~CCR7~) CD8* T-cell expansion with decreased IL-7Ra and CD28 expression
and increased CD57 expression. In the 5-year-old patient, such senescent changes in CD8*
T-cells persisted for > 600 days even in the absence of clinically apparent infection and EM
CD8* T-cells had impaired proliferation in response to anti-CD3 and -CD28 antibodies.
Also, the 34-year-old patient who started PJP prophylactic antibiotics at age 21 and two
pneumonias during teenage years had persistent senescent changes in CD8* T-cells over 210
days. The results of our study indicate that CD8* T-cell senescence in CD40L deficiency can
develop and persist, even during early childhood, in the setting of poor adherence to
prophylaxis, supporting the importance of early diagnosis, prompt initiation of, and
compliance with prophylaxis to avoid infectious complications and long-term and
irreversible derangement of T-cell immunity which may further the risks of infections and
malignancies.

CD8™* T-cell senescence can result from repetitive T-cell stimulation, which leads to a loss of
the replicative capacity of antigen-specific T-cell population [28]. Physiologically,
alternations in T-cell immunity are observed with aging [16, 18]. The most noticeable
change is likely the expansion of memory CD8* T-cells which express low and high levels
of CD28 and CD57, respectively [29, 30]. Also, the frequency of IL-7Ra!°" EM CD8* T-
cells possessing senescence characteristics have been shown to increase in the context of
aging, chronic, and/or recurrent immune stimulation from infections and tumors [16, 17, 31].
CD57 is primarily expressed by senescent CD8* T-cells while PD-1 is associated with T-cell
exhaustion [32]. Although both senescent and exhausted T-cells have impaired cell
proliferation, only senescent T-cells produce cytokines upon activation [32]. In our analysis,
the expression levels of CD57 and PD-1 by CD8" T-cells of our patient A1 were high and
low, respectively, suggesting the senescent characteristics of these cells. Indeed, CD8™ cells
of this patient had intact cytokine production but impaired proliferation. CD40L-deficient
patients with their associated hypogammaglobulinemia are highly susceptible to infections,
especially opportunistic infections [2-4, 8] and such susceptibility could account for the
senescent changes in CD8" T-cells. This idea is supported by our observation of different
degrees of CD8* T-cell senescence in two separately raised siblings with CD40L deficiency
who carried distinct histories of infections and adherence to the prophylaxis.
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CD40L may directly regulate the development of long-term memory CD8* T-cells
expressing the T-cell homeostasis cytokine receptor IL-7Ra as shown in CD40L-deficient
mice. These mice had impaired generation of memory CD8" T-cells expressing IL-7Ra
upon L /steria monocytogenes infection [15]. Two previous studies analyzed CD8* T-cells in
a total of seven patients with CD40L deficiency. In the study by Jain et al., six patients with
CD40L deficiency were assessed for the expression of CD45RA and CD45R0O on CD8* T-
cells as markers for naive and memory cells, respectively [9]. Although this study found
decreased and increased CD45RO* and CD45RA* T-cell counts, respectively [9], CD45RA™
CCR7™ EM T-cells (TEMRA) were likely incorrectly assigned as CD45RA* naive T-cells
[33]. In contrast, a case report of a 32-year-old CD40L-deficient patient observed an
increased frequency of EM CD8* T-cells expressing the senescence marker CD57 and
defective T-cell proliferation in response to mitogens [22]. Of note, this patient was initially
diagnosed with common variable immunodeficiency (CVID) at age 10. Despite the initiation
of 1gG replacement, the patient continued to have infections [22]. Further immunological
work up led to the diagnosis of CD40L deficiency at age 28 [22]. This patient’s history of
adherence to prophylaxis is unknown; however, it is conceivable that a delayed diagnosis
and subsequent management of his immunodeficiency were a significant factor leading to
premature CD8" T-cell senescence. The role of 1gG replacement in CD40L-deficient
patients could be more than a replenishment of immunoglobulins. The role of 1gG
replacement in preventing loss of virus-specific CD8" T-cell memory was shown in a
CDA40L -deficient mouse model [14]. High-dose immunoglobulin therapy (1 g/kg) is
frequently used as an immune modulating therapy for autoimmune and inflammatory
disorders [34]. Although this dose is typically higher than the replacement/reconstitution
dose of 400-600 mg/kg for patients with primary immune deficiencies, the lower dose of
IgG replacement may also modulate T-cell immunity. In a study where the effect of
immunoglobulin replacement (400 mg/kg) was evaluated in patients with CVID, increased
CD8™" T-cell activation was suppressed by 1gG replacement [35]. Thus, it is possible that
exogeneous immunoglobulins positively alter the cellular immune response in CD40L-
deficient patients.

T-cell senescence is reported in patients with other types of primary immunodeficiency
diseases (PIDs) that occur secondary to germline mutations. Patients with activated PI3
kinase delta syndrome (APDS) that have lymphoproliferation, autoimmunity, and recurrent
infections develop the expansion of effector memory CD8" T-cells, including those
expressing the senescent marker CD57, with a decreased frequency of naive CD8* T-cells
[36-38]. Although recurrent infections could contribute to such senescent changes in these
patients, the restoration of the balance of naive and EM T-cells by the mTOR inhibitor
rapamycin and the expansion of CM and EM CD8* T-cells with decreased naive CD8" T-
cells in a mouse model of APDS, even in the absence of infection, suggest that this
phenomenon of T-cell senescence likely stems from a cell intrinsic alteration of Akt and
mTOR activation which is regulated by P13 kinase [36, 38]. Similarly, the expansion of
CD45RA*CCR7 memory CD8" T-cells with increased CD57 expression was found in
patients with dedicator of cytokinesis 8 (DOCKS8) immunodeficiency syndrome
characterized by severe cutaneous viral infections [39]. GATA binding protein 2 (GATA2)
deficiency is a rare disorder that has clinical manifestations of bone marrow failure, acute
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myeloid leukemia, deafness, severe viral, and bacterial infections. In a small number of
GATA2-deficient patients with history of severe infections, the expansion of memory CD8*
T-cells was reported [40]. These findings, together with the results of our study, support that
CD8™* T-cell senescence can occur in patients with PIDs, especially those who have suffered
from significant infections.

To the best of our knowledge, this is the first report of CD8* T-cell senescence in a small
cohort of CD40L-deficient patients including both pediatric and adult patients. Our data
suggest that prompt diagnosis of CD40L deficiency coupled with early initiation of and
strict adherence to prophylaxis including 1gG replacement and prophylactic antibiotics may
prevent the premature onset CD8* T-cell senescence. Given the critical role of CD8* T-cells
in host defense, it is tempting to speculate that CD8* T-cell senescence may contribute to the
poor prognosis of CD40L deficiency by further increasing the risks of infection and
malignancy. This hypothesis warrants further investigations into the mechanism of how
CD8* T-cell senescence contributes to the mortality and morbidity of CD40L-deficient
patients.
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Fig. 1.
Pedigrees of studied patients with CD40L deficiency. The pedigrees of five families with

CDA40L pathogenic variants are depicted (filled squares, hemizygous males with CD40L
deficiency; half-filled circles, heterozygous female carriers). For families C, D, and E,
parental history was unavailable
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EM CD8* T-cells expressing senescence molecules expand in CD40L-deficient patients with
history of prophylaxis non-adherence and/or multiple significant childhood infections.(A-C)
Flow cytometric analysis of peripheral CD8* T-cell subsets and expression of surface
molecules, including IL-7Ra, CD28 and CD57, in CD40L-deficient patients, pediatric (P,
ages 3-7), young (Y, ages 18-35), and older (O, ages 43-62) adult healthy controls (HCs).
Naive (N, CD45RA*CCR7™"), central memory (CM, CD45RA-CCR7*), and effector
memory (EM, CCR77) CD8" T-cells are identified based on the expression of CD45RA and
CCRY. (A) Histograms showing the expression of individual molecules. (B-C) Scatter
graphs show the frequencies of naive, CM, EM, IL-7RaM9", CD28Mig" and CD57Migh EM
CD8™* T-cells. (D) PCA with the variables measured in A
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Fig. 4.
Patient A1 has impaired proliferation of EM CD8* T-cells but intact cytokine production by

CMV-specific EM CD8" T-cells. The histograms (a) and dot plots (b) represent two
independent experiments of assessing the frequency of proliferating cells stimulated with
and without anti-CD3/CD28 antibodies and cytokine production after incubation with and
without CMV overlapping peptides, respectively, in patient Al and HC. Representative data
of two independent experiments
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