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Abstract
CMI responses, combined with quantification of CMV DNA (DNAemia), may identify
transplantation recipients at risk for invasive disease. PBMC were collected in pediatric
transplantation candidates at one, three, and six months post-transplant in 10 subjects (six renal,
three cardiac, one stem cell) and at single time points in eight HC and 14 children greater than one
yr post-transplant (LTTx). Cells were stimulated with anti-CD3mAb or CMV pp65 peptide pools
and responses assessed by IFNG enzyme-linked immunosorbent spot assay and cytokine
secretion. IFNG responses to anti-CD3mAb were significantly lower pretransplant relative to HC
and were further decreased at one and three months post-transplant, but recovered to levels
comparable to HC by six months. Responses to pp65 among CMV-seropositive recipients
followed a similar pattern but recovered by three months. CMV-seropositive LTTx and HC
showed a Th1 cytokine response to pp65 stimulation. Three LTTx subjects developed CMV
DNAemia; two demonstrated decreased responses to anti-CD3mAB (and pp65 in the CMV
seropositive subject) at the onset of DNAemia, which recovered as DNAemia resolved.
Monitoring CMI in children is feasible and may provide an adjunct biomarker to predict CMV
progression and recovery.

Keywords
cytomegalovirus; transplant; pediatrics; T lymphocytes

Although antiviral prophylaxis and preemptive monitoring for viral DNA in the blood have
reduced the morbidity associated with CMV, it remains a major opportunistic pathogen in
transplantation recipients. Primary infection and/or reactivation can lead to tissue-invasive
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disease, graft loss, and rejection (1-4). CMV infection results in an increased net state of IS
and is associated with increased risk of secondary bacterial infections, invasive fungal
infections, endothelial dysfunction, and post-transplant lymphoproliferative disorder (5-9).
Prior to the introduction of prophylaxis, the incidence of CMV DNAemia (defined as the
presence of detectable CMV DNA or antigen in the blood) and tissue-invasive disease
ranged from 14–85% to 7–39%, respectively (10-13). The risk of infection and disease
varies with the type of organ transplanted, intensity and duration of IS, and CMV serostatus
prior to transplant, with seropositive donor (D+)/seronegative recipient (R−) patients
representing the highest risk cohort (1, 10-14). Thus, pediatric transplantation recipients,
who are often CMV naïve prior to transplantation, are at increased risk of infection and its
associated adverse sequelae.

Universal prophylaxis with VGCV for the first three months post-transplant has significantly
reduced the risk of early-onset CMV (less than or equal to three months post-transplant) but
is associated with an increased incidence of late-onset disease, viral resistance, and drug-
related toxicities including neutropenia. In animal studies, GCV/VGCV was carcinogenic
and teratogenic and caused aspermatogenesis, although the clinical significance of these
findings is not known (15-22). The risks of prolonged prophylaxis may be more significant
for pediatric recipients, as VGCV pharmacokinetic data are less robust for infants and small
children (23, 24).

Alternatively, preemptive management, in which antiviral therapy is initiated and/or IS
reduced when CMV is detected in the blood, has also been shown to be effective in reducing
risk of CMV while minimizing drug-related adverse effects (10, 25, 26). However,
preemptive management relies heavily on screening tests, such as quantitative nucleic acid
testing with real-time PCR or the measurement of CMV pp65 antigenemia, to determine
when to institute antiviral therapy or reduce IS. A study of 364 CMV D+/R− adult SOT
recipients found that the positive and negative predictive values of PCR for invasive CMV
disease were only 17% and 82%, respectively (27). This suggests screening for CMV
replication alone may fail to identify patients who are at risk for disease or, conversely, may
result in unnecessary exposure to antiviral agents and/or increased risk of rejection
following premature reduction in immunosuppressive therapy. Thus, adjunct biomarkers that
better identify those patients at risk for CMV disease are urgently needed.

An adequate host T-cell response is critical for control of viral replication. Several studies of
CMI responses in adult transplantation recipients indicate that impaired CMV-specific T-
cell responses, measured by the detection of IFNG following ex vivo stimulation with CMV-
specific antigens, are associated with an increased risk of CMV disease (28-31). Conversely,
restoration of CMI responses by adoptive immunotherapy for prophylaxis or treatment of
CMV in HSC transplantation recipients has been shown to reduce risk of CMV DNAemia or
progression to tissue-invasive disease (32, 33). A few studies of CMI have been performed
in pediatric HSC transplantation recipients, but no studies have been conducted in pediatric
SOT recipients (34-39). Therefore, the objective of this pilot study was to evaluate CMI and
assess the feasibility of monitoring T-cell responses in infants and children in the first six
months post-transplant as an adjunct to routine monitoring of CMV viral load by PCR. For
comparison, we also examined the CMV-specific and global T-cell responses in a cohort of
healthy children and in a cohort of pediatric transplantation recipients who are greater than
one yr post-transplantation.
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Subjects and methods
Subjects

Pediatric cardiac, renal, and HSC transplantation candidates ≤ 21 yr of age awaiting
transplantation at the Children’s Hospital at Montefiore in Bronx, New York, were recruited
from their respective clinics between November 2009 and March 2010 (longitudinal cohort).
Exclusion criteria included medical conditions that would have precluded study blood
sample collection. Pediatric HC subjects and children more than one yr post-renal
transplantation (LTTx cohort) who were enrolled in a concurrent influenza vaccine
immunogenicity study and had sufficient PBMC for testing were also evaluated. The study
protocols were approved by the Albert Einstein College of Medicine’s Institutional Review
Board (2008-499 and 2009-270). Written informed consent or assent was obtained from
parents/guardians or subjects; subjects enrolled in the influenza vaccine immunogenicity
study had also provided general consent for participation in transplant-related research.

Blood (3 mL/kg per visit, maximum 20 mL) was collected for isolation of PBMC within the
three months prior to transplantation and at one, three, and six months post-transplant in the
longitudinal cohort. Additional blood from subjects who developed CMV was collected
biweekly from onset of viral detection until resolution.

CMV serostatus was assessed pretransplant as part of routine clinical care for the
longitudinal cohort using the Immulite 2000 CMV IgG chemiluminescence assay (Siemens,
Washington, DC, USA). CMV serostatus was determined by CMV IgG Capture ELISA kit
(Trinity Biotech, Wicklow, Ireland) for HC and LTTx participants from serum obtained at
the time of enrollment. Quantification of CMV viral DNA by automated real-time PCR
(lower limit of detection 50 copies/mL) was performed for all transplantation subjects as
part of routine clinical care (Abbott Diagnostics, Santa Clara, CA, USA); frequency of
testing was conducted according to program-specific protocols. CMV DNAemia and tissue-
invasive disease were defined as previously described (40).

PBMC isolation and storage
PBMC were isolated by density gradient centrifugation using Ficoll-Histopaque (Sigma-
Aldrich, St Louis, MO, USA). PBMC were counted, divided into aliquots of 107 PBMC, and
stored in liquid nitrogen following graded cryopreservation. Freezing media for PBMC
consisted of RPMI-1640 (Invitrogen, Grand Island, NY, USA) with 10% FBS and 10%
dimethylsulfoxide (DMSO) (Sigma-Aldrich) with 2 mmol glutamine, 100 units (U)/mL
penicillin, and 100 μg/mL streptomycin. Longitudinal samples collected from each subject
were thawed simultaneously at the time of testing. After thawing, PBMC were rested
overnight in RPMI-1640, 10% heat-inactivated FBS, 2 mmol glutamine, 100 U/mL
penicillin, and 100 μg/mL streptomycin prior to stimulation. PBMC viability was
determined using 0.4% Trypan blue staining (Sigma-Aldrich) and ranged from 80% to 95%.
Prior testing of fresh vs. frozen PBMC isolated from healthy adult volunteers yielded
comparable CMI responses.

ELISPOT assay
CMI response was measured by IFNG ELISPOT assay, according to the manufacturer’s
protocol (ELISpotPRO for Human Interferon-Gamma; Mabtech, Nacka, Sweden). Briefly, 2
× 105 PBMC per well were stimulated with either overlapping peptide pools spanning the
CMV late gene tegument protein, pp65 (1 μg/mL) (JPT Peptide Technologies, Berlin
Germany), anti-CD3mAb (0.1 μg/mL) (Mabtech) as a global T-cell activator, or media
negative control (RPMI-1640, 10% heat-inactivated FBS, 2 mmol glutamine, 100 U/mL
penicillin, and 100 μg/mL streptomycin). Cells were incubated for 24 h at 37°C in 5% CO2
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humidified air. Plates were washed with phosphate-buffered saline (PBS), incubated with
alkaline phosphatase-conjugated biotinylated mAb 7-B6-1-ALP (Mabtech) for two h at
room temperature, and developed using 5-bromo-4-chloro-3′-indolyphosphate p-toluidine
salt/nitro-blue tetrazolium chloride. All tests were performed in triplicate, read on an AID
ELISPOT reader (Autoimmune Diagnostika GmbH, Strasberg, Germany), and analyzed
using ELISPOT 3.2.3. software. Negative control wells were subtracted from responder wells,
and the mean values were calculated. ELISPOT results were expressed as the number of
SFU per 105 PBMC.

Multiplex assay for cytokines
PBMC (2 × 105 per well) were incubated in 96-well plates with either pp65 overlapping
peptide pools (1 μg/mL), anti-CD3mAB (0.1 μg/mL), or RPMI-1640 media alone at 37 °C
for 24 h. Culture supernatants were collected and analyzed for T helper (Th) 1 (IL2, IFNG,
TNFa) and Th2 (IL4, IL5, IL10, IL13) cytokines using beads from Milliplex Human
Cytokine kits (Millipore, Billerica, MA, USA), measured by Luminex100 (Austin, TX,
USA), and analyzed using Star-Station (Applied Cytometry Systems, Sacramento, CA,
USA). Culture supernatants were tested in duplicate and mean values calculated. Values less
than the MDC as determined by the manufacturer were assigned the MDC value.

Flow cytometry
Frequency of CD4+ and CD8+ T cells was measured by flow cytometry as previously
described (41, 42). Briefly, 5 × 105−1 × 106 PBMC were suspended in 100 μL of SB (BD
Biosciences, San Jose, CA, USA) and then stained for 20 min at 4 °C with the following
antibody cocktail: anti-CD3-PerCp, anti-CD4-Pacific Blue, and anti-CD8-PeCy7 (BD
Biosciences). PBMC were then washed in SB, fixed with Cytofix (BD Biosciences) for 20
min at 4 °C, washed, and resuspended in SB for cell acquisition. At least 100 000 CD3+

events were acquired by flow cytometer (Becton Dickinson LSR II, San Jose, CA, USA).
Analysis was conducted using FlowJo v9.2 software (Tree Star, Inc., Ashland, OR, USA).
Results were expressed as percent frequency of CD3+/CD8+ or CD3+/CD4+ cells among
total lymphocytes.

Statistical analysis
Descriptive statistics were generated for all continuous outcomes of interest. Median values
for each group are presented with the corresponding IQR. Comparisons between
independent groups of subjects were performed via Wilcoxon Mann–Whitney U-test; two-
sided p-values were generated for each comparison. The effect of time with respect to log
CD3 and log pp65 outcomes in transplant subjects was explored via linear models with a
random-intercept term included to account for the longitudinal nature of the data. The
overall effect of time (time treated as a categorical variable) was examined. Additionally,
time and time2 were entered into the model to explore a non-linear relationship. Because of
the exploratory nature of this study, no adjustment of p-values for multiple testing was
performed. Statistical analyses were performed with GRAPHPAD PRISM v5 (San Diego, CA,
USA) for continuous outcomes and sas v9.2 (Raleigh, NC, USA) for evaluation of trends
over time.

Results
Study subjects

Nineteen pediatric transplantation candidates were assessed for eligibility in the longitudinal
cohort study; 10 (three cardiac, six renal, and one HSC) were enrolled and transplanted
during the study period (Table 1). The median age was nine yr (range three months to 18 yr).
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CMV donor/recipient serostatus was D−/R− (n = 3), D−/R+ (n = 2), D+/R− (n = 1), and D
+/R+ (n = 4). Nine subjects received induction therapy with Th. Maintenance IS was
administered per protocol by each respective transplant service and included TAC (n = 9),
MMF (n = 9), CSA (n = 1), and/or Prd (n = 5). Administration of VGCV prophylaxis (n = 6)
or preemptive monitoring for CMV (n = 4) was determined by each transplant service
according to program-specific protocols. One subject developed chronic skin and gut GVHD
and received daclizumab post-transplant. Six subjects developed 12 infectious complications
during the study period including bacteremia with MSSA (n = 1), BK DNAemia/viruria (n =
2), EBV DNAemia (n = 1), parvovirus DNAemia with anemia (n = 1), and upper respiratory
tract infections with adenovirus (n = 2), influenza type A virus (n = 1), human
metapneumovirus (n = 1), parainfluenza virus type 3 (n = 1), RSV (n = 1), and rhinovirus (n
= 1).

An additional 14 renal LTTx subjects (median 3.9 yr post-transplant; median 15 yr of age,
10 CMV seropositive) and eight HC (median 11.8 yr of age; five CMV seropositive) were
enrolled in the cross-sectional study (Table 2).

ELISPOT responses are reduced in transplantation candidates and recipients
IFNG responses to anti-CD3mAb were lower among subjects pretransplant (median 76
SFU/105 PBMC; IQR: 31–308) compared with HC (median 521 SFU/105 PBMC; IQR:
199–985), possibly reflecting the effects of chronic disease in children awaiting
transplantation (p = 0.02) (Fig. 1a). Relative to HC, IFNG responses further decreased one
month post-transplant (median 15 SFU/105 PBMC; IQR: 4–310; p = 0.01) and remained
significantly lower at three months post-transplant (median 55 SFU/105 PBMC; IQR: 14–
320; p = 0.01). By six months post-transplant (median 172 SFU/105 PBMC; IQR: 71–725),
responses for transplant recipients were similar to those observed among HC (p = 0.19).
CD3 responses demonstrated a significant non-linear trend across time (pretransplant to six
months post-transplant), reflecting gradual recovery during the post-transplant period
(quadratic term: p = 0.04, overall effect: p = 0.023). There were no significant differences in
responses between HC and LTTx (median 851; IQR: 588–1650; p = 0.16).

Among the six subjects who were CMV seropositive prior to transplant, responses to pp65
peptide pools at the pretransplant visit (median 55 SFU/105 PBMC; IQR: 6–143) were
slightly lower than, but not significantly different from, those of HC (median 76 SFU/105

PBMC; IQR: 16–330; p = 0.46) (Fig. 1b). Compared with HC, responses subsequently
decreased at one month post-transplant (median 16 SFU/105 PBMC; IQR: 5–43; p = 0.13),
but recovered by three (median 62 SFU/105 PBMC; IQR: 11–114; p = 0.73) and six (median
68 SFU/105 PBMC; IQR: 42–86; p = 1.0) months post-transplant. HC and LTTx (median
112 SFU/105 PBMC; IQR: 47–230) subjects had comparable pp65 responses (p = 1.0).
Responses to pp65 among CMV-seronegative subjects were negligible (<5 SFU/105) at all
time points.

Evaluation of Th1/Th2 cytokine responses to anti-CD3mAb and pp65 peptide pools
The observation that transplant recipients manifest reduced global IFNG responses in the
first six months following transplantation was further explored by evaluating a panel of
cytokine responses to anti-CD3mAb in a subset of subjects for whom sufficient PBMC were
available: pretransplant (n = 3); one month post-transplant (n = 3); six months post-
transplant (n = 3); LTTx (n = 10); and HC (n = 5) (Fig. 2). Th1 (IL2, IFNG and TNFa) and
Th2 (IL4, IL5, IL10 and IL13) responses at one month post-transplant were similar
compared to that of unstimulated PBMC, but depressed compared to HC. Recovery was
seen by six months post-transplant. Cytokine responses to anti-CD3mAb between LTTx and
HC were similar.
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We also examined the cytokine responses to pp65 in a subset of LTTx (n = 8 CMV+, 2
CMV−) and HC (n = 3 CMV+, 2 CMV−) subjects (Fig. 3); insufficient PBMC were
available from subjects in the longitudinal cohort. Relative to unstimulated cells, stimulation
with pp65 in CMV-seropositive LTTx and HC subjects induced strong IFNG responses (p =
0.01 and p = 0.06, respectively) and moderate IL2 responses (p = 0.01 and p = 0.06,
respectively). There was no Th2 response to CMV, which is consistent with the Th1 bias
previously observed in response to CMV antigens (43). Responses to pp65 peptides among
CMV-seronegative subjects were similar to that of unstimulated PBMC.

Frequency of CD4 T-cells is reduced in the post-transplant period
Immunosuppressive therapy may also modulate the relative numbers of CD4+ and CD8+ T-
cells. Therefore, we examined the frequency of CD4+ and CD8+ cells among total
lymphocytes pretransplant (n = 7) and one (n = 6), three (n = 5), and six (n = 5) months post-
transplant and at single time points for LTTx (n = 12) and HC (n = 5) by flow cytometry
(Fig. 4). The median ratios of CD4/CD8 cells among subjects pretransplant and HC were
2.7:1 and 2.8:1, respectively. However, the percentage of CD4+ cells was significantly
decreased at one month post-transplant (median: 19.1%, IQR: 5–29%) compared with HC
(median: 51.5%; IQR: 49–63%; p = 0.004), resulting in an inversion of the CD4/CD8 ratio
(median 0.5:1). This depression persisted until at least six months post-transplant (median
percentage of CD4+ cells: 20.4%, IQR: 13–35%; median ratio of CD4/CD8 cells: 0.8:1) and
was significantly reduced compared with HC (p = 0.016). Although the percentage of CD4+
cells of LTTx subjects (median: 44.9%, IQR: 42–52%) was similar to that of HC (p = 0.10),
the CD4/CD8 ratio of LTTx (median 1.5:1) remained significantly different from that of HC
(p = 0.018).

T-cell responses in subjects with CMV DNAemia
Three subjects developed CMV DNAemia during the course of the study; one of whom also
developed tissue-invasive disease (hepatitis). The kinetics of their IFNG responses by ELI-
SPOT, viral loads, and management of CMV are depicted in Fig. 5.

The CMV D+/R− HSC transplant recipient (Fig. 5a) had developed moderate chronic
GVHD three months post-transplant and subsequently received 10 doses of daclizumab until
five months post-transplant. While receiving daily prophylaxis with VACV for herpes
simplex virus, CMV DNAemia occurred at four months post-transplant with a peak CMV
viral load of 1900 copies/mL. Treatment with intravenous GCV was initiated and continued
for three wk, followed by a brief course of VGCV. Notably, there was a decline in ELISPOT
responses to both pp65 and CD3mAb in PBMC isolated at the time DNAemia was first
detected. Recovery of CMI responses was observed concurrently with resolution of the
CMV DNAemia.

A CMV D−/R− cardiac transplant recipient developed CMV DNAemia with hepatitis five
months post-transplant (Fig. 5b). Although the subject initially showed recovery of CD3
IFNG responses following transplantation, IFNG responses precipitously dropped at the
onset of CMV DNAemia (peak viral load 1.2 × 105 copies/mL). Intravenous GCV was
initiated upon detection of CMV DNAemia and was continued for two wk, followed by six
wk of VGCV. Treatment was discontinued when the CMV viral load fell to 50 copies/mL
and transaminases normalized. Notably, although CD3 IFNG responses recovered with
resolution of DNA-emia, CMV-specific responses remained undetectable. One month after
completing treatment with VGCV, the CMV viral load slightly increased to 150 copies/mL
with a concomitant rise in transaminases. VGCV was reinitiated, and within one month, the
CMV PCR became undetectable, transaminases normalized, and VGCV was discontinued.
PBMC for evaluation of CMI were unavailable during this second episode of DNAemia.
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A CMV D−/R+ renal transplant subject developed transient, low-level CMV DNAemia (100
copies/mL) approximately two months post-transplant. In contrast to the other two subjects,
this subject demonstrated no decline in CD3 or pp65 IFNG responses at the time of
DNAemia. No recurrences of CMV DNAemia were observed by one yr post-transplant.

Discussion
This pilot study represents the first longitudinal evaluation of the kinetics of global and
CMV-specific T-cell responses in a cohort of pediatric SOT recipients. Our results indicate
that ELI-SPOT assays are feasible to perform in pediatric populations and may be a useful
tool to predict risk for CMV disease. CMV DNAemia developed in three of the 10 subjects
(30%) studied longitudinally and was associated with loss of global CD3 response in the two
who exhibited sustained DNAemia. This observation suggests that IFNG responses to anti-
CD3mAB may provide a biomarker to identify those patients at risk for persistent CMV
replication and its sequelae. Monitoring CD3 responses may have broader applicability than
evaluating pp65 responses as they are independent of CMV serostatus, HLA type, and
selection and testing of appropriate peptides for ex vivo stimulation.

This study also provides insights into the kinetics of functional and quantitative T-cell
recovery in pediatric transplantation patients. There was a significant depression in
ELISPOT responses and Th1 and Th2 cytokine secretion following stimulation of PBMC
with anti-CD3mAb one month post-transplant, which recovered by six months. IFNG
responses at six months were greater than pretransplant levels, possibly reflecting
improvement in overall health and reduction in IS. However, depression in the frequency of
CD4+ cells persisted for at least six months post-transplant. Furthermore, the CD4/CD8
ratio remained significantly lower in children who were more than one yr post-transplant
when compared with HC. The decline in CD4+ cells in the early post-transplant period
likely reflects the susceptibility of rapidly dividing CD4+ cells to Th (44, 45), whereas the
lag in recovery of CD4/CD8 ratio may reflect the impact of maintenance
immunosuppressive therapy (46). These more modest and persistent abnormalities in CMI
may contribute to overall impaired memory responses and increased susceptibility to
infections.

Recovery of CMV-specific responses is more difficult to evaluate because of greater
variability in the IFNG ELISPOT responses to pp65 in CMV-seropositive subjects
compared with anti-CD3mAb responses. This variability was also evident in HC and LTTx
cohorts (Fig. 1b) and may reflect differences in the frequency of sub-clinical reactivation
leading to variable boosting of CMV-specific T-cell responses among subjects (47).

We are unable to discern whether the reduction in CMI responses in the two subjects who
developed persistent CMV DNAemia was triggered by viral replication or whether the
decrease in CMI responses predisposed these subjects to CMV. However, our findings
support the notion that preemptive monitoring of T-cell responses may still be a useful
indicator of risk for CMV disease. While no prior studies have been reported in pediatric
SOT recipients, a study of 108 adult SOT recipients found IFNG responses to be a
significant predictor of CMV disease. During the first three months following
transplantation, only 5% of subjects with IFNG responses to ex vivo stimulation with CMV
peptides developed CMV disease, whereas 23% of subjects without IFNG responses
developed CMV disease (p = 0.038) (28).

Evaluating CMV-specific CD4+ and CD8+ T-cell responses may also identify transplant
subjects at risk for other CMV-related morbidities, such as secondary infections or graft
dysfunction. In a study of 19 CMV-seropositive adult heart transplant recipients, delayed
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reconstitution of CMV-specific CD4+ cells was associated not only with higher peak CMV
viral loads but also with greater risk of acute rejection and transplant arteriopathy (48).

Monitoring both global and CMV-specific T-cell responses could inform and guide clinical
care practices during the post-transplant period. The inclusion of global CMI responses may
be particularly beneficial for pediatric transplant recipients, who are often seronegative prior
to transplantation, and therefore have minimal immunological memory. Universal
prophylaxis has a number of associated complications; immune monitoring could identify
those subjects who reconstitute their CMI responses early and could therefore discontinue
prophylaxis and be followed preemptively. Conversely, subjects with delayed immune
reconstitution may benefit from more prolonged prophylaxis and more aggressive
monitoring. Furthermore, once a patient manifests CMV DNAemia or tissue-invasive
disease, monitoring global and CMV-specific CMI could potentially predict severity of
disease and timing of recovery. For example, persistently poor CMV-specific T-cell
responses in the cardiac transplant recipient who developed DNAemia and hepatitis (Fig.
5b) could have predicted the subject’s clinical relapse and the possible need for additional
antiviral therapy or more aggressive reduction of IS.

Assessing global T-cell responses could also have implications for management of other OI
and timing of vaccinations post-transplant. For example, the duration of prophylaxis for
pneumocystis jirovecii (PCP) is controversial and varies by transplant center. Similarly, data
are limited regarding the optimal time to safely and effectively vaccinate pediatric SOT
recipients. Restoration of T-cell numbers and global function could provide a biomarker to
determine duration of prophylaxis of other OI or when vaccinations, particularly live
attenuated vaccines, can be safely and effectively administered.

Advances in functional immunoassays for evaluation of CMI have greatly facilitated
immunologic studies of immunocompromised pediatric patients. The ELISPOT and
multiplex cytokine assays offer the advantage of relatively simple methodology and high
reproducibility (49, 50). Despite the advantages of more detailed analyses of T-cell
populations with flow cytometry, intracellular cytokine staining, and tetramer staining, these
additional studies often require greater volumes of blood than are typically available from
younger pediatric transplant patients. Although functional T-cell assays are technically
demanding and expensive, it is anticipated future advances in automation will render CMI
testing more feasible. The ELISPOT and multiplex cytokine assays used in this study
required only 2–3 mL of blood and provide a relatively rapid approach to evaluate CMI
function. Many centers now offer comparable assays for other pathogens as part of their
laboratory portfolio, such as the QuantiFERON test for latent TB.

Our study has several additional limitations. First, the number of children in the longitudinal
cohort was small. Secondly, although pp65 is considered an immunodominant epitope and
use of pp65 overlapping peptide pools has been shown to increase the sensitivity and
specificity of detecting CMV-specific immune responses, not all subjects may have
recognized the represented epitopes (51). Evaluating responses to other CMV antigens,
including the immediate early antigens, may further characterize these responses. Finally,
follow-up periods beyond six months would clarify the dynamics of reconstitution of T-cell
responses during the late transplant period. Larger prospective studies are necessary to fully
evaluate the quantitative and qualitative T-cell responses required for control of viral
replication and to determine the level of global or virus-specific T-cell responses necessary
to prevent CMV and its complications.
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CMI cell-mediated immunity

CMV cytomegalovirus

CSA cyclosporine

EBV Epstein Barr virus

FBS fetal bovine sera

GCV ganciclovir

GVHD graft-versus-host disease

HC healthy controls

HSC hematopoietic stem cell

HSV herpes simplex virus

IFNG interferon gamma

IQR interquartile range

IS immunosuppression

LTTx long-term transplant

MDC minimum detectable concentration

MMF mycophenolate mofetil

MSSA methicillin-sensitive Staphylococcus aureus

NCRR National Center for Research Resources

NIH National Institutes of Health

OI opportunistic infections

PBMC peripheral blood mononuclear cells

PCR polymerase chain reaction

Prd prednisone

RSV respiratory syncytial virus

SB staining buffer

SFU spot-forming units

SOT solid organ transplantation

TAC tacrolimus

Th thymoglobulin

VACV valacyclovir
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VGCV valganciclovir
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Fig. 1.
IFNG responses in SFU/105 PBMC by ELISPOT to CD3mAb (a) in the longitudinal cohort
(pretransplant (n = 10) and then one month (n = 10), three months (n = 8), and six months (n
= 7) post-transplant) and at single time points in a cross-sectional cohort of transplant
subjects greater than one yr post-transplant (LTTx) (n = 14) and HC (n = 8). IFNG
responses by ELISPOT to pp65 among CMV-seropositive subjects (b) in the longitudinal
cohort (pretransplant (n = 6) and then one month (n = 6), three months (n = 4), and six
months (n = 3) post-transplant) and at single time points in LTTx (n = 10) subjects and HC
(n = 5). Each dot (●) represents the median SFU at a particular time point for an individual
subject. In the longitudinal cohort, dots are color coded to show each subject’s median IFNG
response across time.
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Fig. 2.
TH1 (a–c) and TH2 (d–g) cytokines (pg/mL) in PBMC culture supernatants following
stimulation with CD3mAB in samples obtained from subjects pretransplant (n = 3), one
month post-transplant (n = 3), six months post-transplant (n = 3), subjects greater than one
yr post-transplant (LTTx) (n = 10), or HC (n = 5).
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Fig. 3.
TH1 (a–c) and TH2 (d–g) cytokines (pg/mL) in PBMC culture supernatants following
stimulation with CMV pp65 peptide pools in samples obtained from renal transplant
subjects more than one yr post-transplant (LTTx) (n = 10) or from HC (n = 5).
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Fig. 4.
Frequency of CD4+ and CD8+ cells among total lymphocytes by flow cytometry (right Y-
axis) and absolute lymphocyte count (ALC) (left Y-axis) in LTTx subjects and HC.
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Fig. 5.
Longitudinal IFNG responses to CD3mAb and pp65 and CMV viral load in a HSC (a),
cardiac (b), and renal (c) transplant subject.
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