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Abstract
Acquisition of T cell responses during primary CMV infection in lung transplant recipients (LTRs)
appear critical for host defense and allograft durability, with increased mortality in donor+/
recipient− (D+R−) individuals. In 15 D+R− LTRs studied, acute primary CMV infection was
characterized by viremia in the presence or absence of pneumonitis, with viral loads higher in the
lung airways/allograft compared with the blood. A striking influx of CD8+ T cells into the lung
airways/allograft was observed, with inversion of the CD4+:CD8+ T cell ratio. De novo CMV-
specific CD8+ effector frequencies in response to pooled peptides of pp65 were strikingly higher in
lung mononuclear cells compared with the PBMC and predominated over IE1-specific responses
and CD4+ effector responses in both compartments. The frequencies of pp65-specific cytokine
responses were significantly higher in lung mononuclear cells compared with PBMC and
demonstrated marked contraction with long-term persistence of effector memory CD8+ T cells in
the lung airways following primary infection. CMV-tetramer+CD8+ T cells from PBMC were
CD45RA− during viremia and transitioned to CD45RA+ following resolution. In contrast, CMV-
specific CD8+ effectors in the lung airways/allograft maintained a CD45RA− phenotype during
transition from acute into chronic infection. Together, these data reveal differential CMV-specific
CD8+ effector frequencies, immunodominance, and polyfunctional cytokine responses
predominating in the lung airways/allograft compared with the blood during acute primary infection.
Moreover, we show intercompartmental phenotypic differences in CMV-specific memory responses
during the transition to chronic infection.
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Cytomegalovirus, a member of the β-herpesvirus family, is a major complicating opportunistic
infection in solid organ transplant (SOT)3 recipients, particularly in lung transplant recipients
(LTRs) as well as hematopoietic cell transplant recipients (1,2). Active CMV infection is
associated with acute cellular rejection episodes in SOT recipients through unclear
mechanisms, with CMV pneumonitis and viremia recognized as risk factors for the
development of chronic lung allograft rejection or the bronchiolitis obliterans syndrome in
LTRs (3-5). The observation of enhanced susceptibility to CMV in LTRs may be due in part
to the lung being a major reservoir for latent virus, with activation occurring posttransplant in
the setting of sustained immunosuppression and/or a naive host (6). In this regard, donor+/
recipient− (D+R−) SOT recipients are at highest risk for active CMV infection, with this
serologically mismatched group noted to have increased mortality among LTRs (7,8). Thus,
it is important to understand the adaptive host T cell response to CMV in D+R− LTRs, as these
responses might be critical not only for host defense but perhaps long-term allograft durability.
Moreover, adaptive immune responses might also impact clinicopathology during active viral
infection (9).

Despite maintenance immunosuppression in SOT recipients, most often with calcineurin
inhibitor-based multidrug therapy, several groups have reported the development of CMV-
specific CD4+ and CD8+ T cell responses in the peripheral blood of D+R− SOT recipients with
primary infection (10,11). We recently reported the long-term persistence of CMV-specific T
cell responses in the blood, as well as in the lung allograft in a small number of subjects,
following primary CMV infection in LTRs (12). However, the acquisition of de novo CMV-
specific T cell responses in a human organ allograft during primary infection has not been
prospectively investigated in a population of susceptible patients. To this end, lung
transplantation offers a distinct opportunity as the only solid organ allograft that can be readily
sampled for the development of viral-specific responses over time using lung mononuclear
cells (LMNC) obtained by routine bronchoalveolar lavage (BAL) for comparison to viral-
specific responses in the blood. Moreover, D+R− LTRs demonstrate a predictably high
incidence of primary CMV infection, providing a unique opportunity to study the development
of viral T cell memory in humans (13). For these reasons, we prospectively studied the
acquisition of CMV-specific T cell memory in 15 D+R− LTRs with primary CMV infection
posttransplant.

Several recent studies in mice have shown the lung airways and lung parenchyma to be major
sites for trafficking of primary effector and effector memory T cells (14-16). In our human
model of primary CMV infection, we hypothesized that significant differences would be
detectable in the primary CMV-specific T cell responses in the LMNC compared with PBMC
during acute primary infection. In this article, we report our findings of marked differences in
CMV-specific T cell effector responses in the lung airways/allograft compared with the blood
in terms of effector frequencies, function, immunodominance, and phenotype during the
transition from acute primary CMV infection into chronic infection, with CMV-specific
CD8+ T effector responses in the lung airways/allograft predominating during acute infection.

Materials and Methods
Subjects and tissue samples

Lung transplant recipients in the Johns Hopkins Lung Transplantation Clinic (Baltimore, MD)
were identified based on immediate pretransplant CMV serology mismatch status (D+R−), and
study candidates consented for study participation using an Institutional Review Board-

3Abbreviations used in this paper: SOT, solid organ transplant; BAL, bronchoalveolar lavage; D+R−, donor+/recipient−; ICS,
intracellular cytokine staining; LMNC, lung mononuclear cell; LTR, lung transplant recipient.

Pipeling et al. Page 2

J Immunol. Author manuscript; available in PMC 2009 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



approved consent form and enrolled in a prospective study over a 3-year period. All patients
were treated with standard maintenance, three-drug immunosuppression at the time of analyses
(see Table I), and although calcineurin inhibitor doses were variable among patients, all patients
had therapeutic levels at the time of study. All patients undergo routine surveillance
bronchoscopy at 1, 3, 6, 9, 12, 18, and 24 mo posttransplant as well as any symptomatic clinical
episodes, including the detection of CMV viremia. All patients were treated with routine
antiviral prophylaxis therapy for CMV (ganciclovir and/or valganciclovir) for the initial 3 mo
posttransplant. Plasma CMV viral load was determined by the Johns Hopkins Hospital Clinical
Virology Laboratory using Cobas CMV DNA quantitative PCR (Roche) before the
discontinuation of antiviral therapy to confirm undetectable levels, and then every 2 wk. CMV
disease episodes included CMV viremia and/or clinicopathologic evidence of end organ CMV
disease, such as pneumonitis. CMV viremia was defined by plasma viral load (quantitative
PCR). CMV pneumonitis is diagnosed based on a combination of clinical and radiographic
findings, immunohistochemical criteria on transbronchial biopsy specimens, and/or evidence
of viral replication in the BAL fluid using a CMV early Ag detection assay and/or BAL CMV
viral load according to standard clinical definitions (17,18).

Cell preparation and Ag stimulation
PBMC were isolated from heparinized blood samples by density gradient centrifugation using
Ficoll-Paque (Amersham Biosciences). BAL cells were obtained from BAL fluid (BAL
LMNC). Pooled, overlapping, 15-aa peptides for pp65 (SwissProt accession no. P06725; 138
peptides) and IE1 (SwissProt accession no. P13202; 120 peptides) were gifts from Dr. D.
Stroncek (Department of Transfusion Medicine, Clinical Center, National Institutes of Health,
Bethesda, MD). PBMC and LMNC were cultured in round-bottom tissue culture tubes
(Sarstedt) in the presence or absence of pp65 or IE1 pooled peptides (1 μg/ml) or the control
staphylococcal enterotoxin B (Toxin Technology) at 1 μg/ml.

Flow cytometry
All stimulations for intracellular cytokine staining (ICS) were performed for 6 h at 37°C except
in experiments using CMV-specific tetramers. Brefeldin A at 10 μg/ml (Sigma-Aldrich) was
added for the final 4 h of culture as previously described (12). The following fluorochrome-
labeled Abs were purchased from BD Biosciences: FITC-conjugated anti-TNF-α, PE-cyanine
7-conjugated anti-TNF-α, PE-conjugated anti-IL-2, PE-conjugated anti-CD4, PerCP-cyanine
5.5-conjugated anti-CD8, AmCyan-conjugated anti-CD8, allophycocyanin-conjugated anti-
IFN-γ, PE-Alexa Fluor 700-conjugated anti-CD3, PerCP-conjugated anti-CD45RA, and
appropriately conjugated isotype controls. The following PE-conjugated CMV-specific
tetramers were purchased from Beckman Coulter: A1-VTEHDTLLY, A2-NLVPMVATV,
B7-TPRVTGGGAM, B8-ELRRKMMYM, and B35-IPSINVHHY. Cell fluorescence was
analyzed using a FACSCalibur or FACSAria (BD Biosciences) cytometer. Data were analyzed
using FlowJo software (Tree Star).

Results
Primary CMV infection in lung transplant recipients is characterized by viremia in the
presence or absence of pneumonitis

Because primary CMV infection in D+R− LTRs is associated with increased morbidity and
mortality, we sought to assess the major features of active CMV infection in these individuals
along with CMV-specific immunity. In a prospective D+R− LTR cohort, we identified primary
CMV infection in 15 individuals as shown in Table I. All patients were receiving three-drug,
calcineurin inhibitor-based immunosuppression therapy and had primary CMV infection
within the first year posttransplant following routine discontinuation of viral prophylaxis,
typically at 3 mo posttransplant. Subsequently, the development of de novo plasma viremia
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was detected in 14 of 15 LTRs using frequent blood CMV DNA viral load surveillance, with
a mean duration of 26 days of viremia during primary infection. Upon detection of viremia,
LTRs then underwent diagnostic bronchoscopy to assess for viral pneumonitis, with 9 of 15
LTRs (60%) having demonstrable evidence of pneumonitis using standard transbronchial
biopsy tissue staining, rapid CMV viral culture, and standard clinicopathologic criteria. Thus,
the presence of viremia, most often accompanied by a fatigue/malaise clinical syndrome, is
very commonly detectable in primary CMV infection in the presence or absence of viral
pneumonitis in LTRs. All 15 subjects were found to have seroconverted following primary
infection, as assessed by positive CMV IgG using a specific ELISA. In addition to rapid CMV
viral culture in BAL fluid, we also assessed the CMV DNA viral load in the BAL fluid
supernatants at the time of primary CMV diagnosis and found that the mean CMV viral load
in BAL supernatants was significantly increased over the paired plasma viral loads from the
same day, as shown in Fig. 1.

A pulmonary CD8+ T cell influx with inversion of the CD4+:CD8+ ratio occurs during primary
CMV infection

Next, to assess adaptive CMV-specific immunity during primary CMV infection, we first
examined LMNC obtained from BAL fluid at diagnostic bronchoscopy for evidence of
alterations in T cell subset populations. We compared LMNC from a pre-CMV infection time
point (typically 3 mo posttransplant, before discontinuation of antiviral prophylaxis) to those
obtained at the diagnosis of primary CMV infection as shown in a representative LTR in Fig.
2A. The lymphoid gates at pre-CMV infection time points were typically a small percentage
(<5%) of total BAL cells. In striking contrast, however, during primary CMV infection a
massive expansion of the lymphoid gate was observed with a predominant CD8+ > CD4+ T
cell influx, resulting in an inversion of the LMNC CD4+:CD8+ ratio (Fig. 2, A and B), but not
a significant change in the PBMC CD4+:CD8+ ratio (data not shown). To determine the relative
changes in BAL CD4+ and CD8+ T cells, we compared these frequencies pre-CMV and during
primary infection (Fig. 2C). Although both T cell subsets increased during primary infection,
only the CD8+ population increased significantly across the cohort, consistent with our findings
above. Together, these data demonstrate an increased CD8+ T cell influx into the lung airways/
allograft with inversion of the pulmonary CD4+:CD8+ ratio during acute primary CMV
infection.

De novo CMV-specific CD8+ effector T cell responses directed toward pp65 Ag predominate
during acute primary infection, with increased frequencies in the lung airways/allograft
compared with the blood

Given the marked influx of CD8+ T cells into the lung airways/allograft during primary CMV
infection, we next asked whether de novo CMV-specific effector responses (IFN-γ, TNF-α,
and IL-2) were detectable in the LMNC and PBMC. To do this, we performed in vitro
restimulation using pooled overlapping peptides of the major immunodominant Ags pp65 or
IE1, followed by ICS. As shown in a representative LTR in Fig. 3, A and B, de novo
CMVspecific CD8+IFN-γ+ effector responses were detectable to pp65 and/or IE1 in both tissue
compartments at a diagnosis of primary infection in all 15 LTRs, except in the PBMC from
LTR no. 36 (data not shown), with no detectable effector responses at pre-CMV infection time
points in 10 LTRs tested (data not shown). However, CD8+IFN-γ+ effector pp65-specific
frequencies were increased compared with IE1-specific responses in PBMC and were increased
even more strikingly in LMNC, where pp65-specific responses predominated (Fig. 3C). In
contrast, we did not find a significant difference between IE1-specific CD8+IFN-γ+ effector
responses between the LMNC and the PBMC (p = 0.875 by Wilcoxon signed-rank test).
Moreover, we did not detect a significant difference in CD8+IFN-γ+ effector frequencies
between LTRs with pneumonitis compared with those without pneumonitis during primary
infection (data not shown). Together, these data indicate that the lung airways/allograft are
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major tissue sites for the trafficking of CD8+IFN-γ+ pp65-specific effectors more than for IE1-
specific effectors during acute primary infection regardless of whether viral pneumonitis is
present.

Having found pp65-specific responses to be immunodominant in CD8+ effector responses over
IE1, we next compared these responses to pp65-specific CD4+ effector responses in the lung
airways/allograft and blood (we did not detect significant IE1-specific CD4+ effector
responses; data not shown). Similar to CD8+ effector responses, pp65-specific CD4+IFN-γ+
frequencies were significantly higher in LMNC compared with those detected in PBMC at
primary CMV diagnosis, as shown in Fig. 3D. Additionally, pp65-specific CD8+IFN-γ+
effector frequencies were significantly higher in both the lung airways/allograft and blood
compared with pp65-specific CD4+IFN-γ+ cells. Collectively, these data show that pp65-
specific CD8+ effector responses in the lung airways/allograft predominate over other T cell
effector responses measured during acute primary CMV infection.

CMV-specific CD8+IFN-γ+ effector responses in the lung airways and blood do not correlate
with respective viral loads at the time of primary CMV diagnosis

Next, we examined whether compartmental pp65-specific CD8+IFN-γ+ effector responses
from our primary infection cohort correlated with respective tissue CMV viral loads.
Interestingly, we found no correlation between pp65-specific CD8+IFN-γ+ effector responses
in either the blood (Fig. 4A) or the lung airways/allograft (Fig. 4B) with respective viral loads
at the time of primary CMV diagnosis (rs = −0.289 and 0.119 for lung airways/allograft and
blood, respectively, by Spearman's rank correlation test). Thus, while BAL viral loads were
increased compared with plasma viral loads across our primary CMV cohort, a correlative
relationship between compartmental CD8+ effector responses and viral loads within
individuals could not be elucidated.

Increased frequencies of cytokine-producing pp65-specific CD8+ effectors are detected in
the lung airways/allograft over the blood during acute primary infection

The quality of the T cell effector response may be a critical factor in the host defense to
pathogens. We found a hierarchical difference in CMV-specific CD8+ effector responses with
frequencies of IFN-γ+ > TNF-α+ > IL-2+ cells in response to pooled pp65 peptides, and
significantly higher frequencies for each cytokine detected in LMNC compared with PBMC,
as shown in Fig. 5A.In addition, we asked whether there were discernible quantitative and
qualitative differences between these tissue sites in regard to poly-functional cytokine
production. The most common double-positive CD8+ effector cells detected produced IFN-γ
and TNF-α, with these cells demonstrably IFN-γbright as shown in a representative LTR in Fig.
5B. We analyzed the frequencies of CD8+IFN-γ+TNF-α+ T cells as a percentage of total
CD8+ T cells from LMNC and PBMC, and found these double-cytokine+ cells to be
significantly increased in LMNC during primary infection (Fig. 5C). Next, because a higher
number of naive CD8+ T cells may be present in the blood, we compared double-cytokine+

cells as a percentage of CD8+cytokine+ effector populations (IFN-γ+ and TNF-α+, respectively)
and found that a significantly higher percentage of TNF-α+ cells coexpressed IFN-γ in both
compartments (Fig. 5D). Thus, while the majority of TNF-α+ cells coexpress IFN-γ+ and these
double-cytokine+ cells are detected at higher frequencies in the lung airways/allograft, the
polyfunctional cytokine quality of these cells on a per cell basis is similar between both tissue
compartments. In contrast, we found that pp65-specific CD8+ IL-2+ T cells less frequently
coexpressed IFN-γ or TNF-α as shown in Fig. 5E, resulting in low frequencies of triple-positive
cells. Nonetheless, as with double-positive effectors, rare triple-positive cells were more
frequently detected in LMNC than in PBMC (data not shown). Taken together, the data show
increased frequencies of both single and polyfunctional cytokine-producing CMV-specific
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CD8+ effectors in the lung airways/allograft compared with the blood during acute primary
infection.

The pp65-specific CD8+ effector response contracts in the transition from acute primary
infection into chronic infection with long-term persistence of CMV-specific effector memory
CD8+ T cells in lung airways/allograft and blood

Multiple studies in murine models of infection have demonstrated that the CD8+ T cell response
undergoes significant contraction during the transition of the primary effector phase into the
memory phase (19,20). Therefore, we compared CMV-specific CD8+ effector responses in the
lung allograft and PBMC during acute primary infection to effector memory responses during
chronic infection following the resolution of primary infection. We observed a marked
contraction ranging from ∼2- to 10-fold in the frequencies of pp65-specific CD8+IFN-γ+
effector cells in both tissue compartments as shown in two representative LTRs in Fig. 6A.
Cumulative data on pp65-specific CD8+IFN-γ+ effector frequencies from nine LTRs during
acute primary infection and chronic infection (3–6 mo later) demonstrated significant
contraction of pp65 responses in both tissue compartments, as shown in Fig. 6B. Thus, the
immunodominant CD8+ effector response contracts in the transition from acute primary
infection into chronic infection.

CMV-specific CD8+ T cells are CD45RA− during primary infection and transition to
CD45RA+ during latent infection in the PBMC, but not in the lung airways/allograft

Several recent studies assessing isoforms of the common leukocyte Ag CD45 (CD45RA and
CD45RO) have found the majority of long-term, CMV-specific effector memory CD8+ T cells
to be CD45RA+ (21-24). However, the majority of these studies were performed in PBMC
from individuals during latent infection. To address whether there are changes in surface CD45
isoform expression in CMV-specific CD8+ T cells during the transition from acute primary
into latency in either the blood or the lung airways, we assessed CD8+IFN-γ+ effectors and
MHC class I CMV tetramer+CD8+ T cells over time. As shown in two representative LTRs in
Fig. 7A, primary effector CD8+IFN-γ+ T cells in the PBMC obtained during viremia
demonstrated a predominantly CD45RA− phenotype. However, following resolution of
viremia, effector memory CD8+IFN-γ+ T cells shifted to a predominantly CD45RA+ phenotype
in the blood. In contrast, both primary effector and effector memory CD8+IFN-γ+ T cells
demonstrated a predominant CD45RA− phenotype in the lung airways during both acute and
latent infection despite a negative BAL CMV viral culture and a viral load that was often
undetectable by quantitative PCR at later time points. As an additional control, we examined
total CD3+CD8+ T cells in the BAL fluid of non-lung transplant patients (13 patients with
sarcoidosis) and found that 94–97% of these cells were of the CD45RA−CD45RO+ phenotype
(data not shown). Similarly in Fig. 7B, during primary infection and viremia the majority of
CMV tetramer+CD8+ T cells in the blood from LTRs no. 22 and no. 31 were CD45RA− and
transition to CD45RA+ during latent infection in the absence of viremia. In sharp contrast,
CMV tetramer+CD8+ T cells in the lung allograft are CD45RA− (CD45RO+; data not shown)
during acute primary infection, with the majority of these cells maintaining this phenotype into
latent infection. In total, we simultaneously analyzed five LTRs for LMNC/PBMC paired-
sample tetramer responses during acute and chronic infection (1–3 mo following resolution of
viremia/active infection) for CD45RA+ surface expression and found a significant mean
increase in the percentage of CD8+CD45RA+tetramer+ cells in PBMC from 23.06 ± 4.24%
(SEM) to 72.5 ± 7.59% (p = 0.043 by Wilcoxon signed-rank test) in acute vs chronic infection,
respectively. In contrast, CD8+CD45RA+tetramer+ cells in LMNC only changed modestly
from 3.84 ± 1.50% during acute infection to 10.14 ± 2.52% in chronic infection (p = 0.08) (data
not shown). Similar results were obtained when we analyzed CD8+IFN-γ+ effectors for
CD45RA expression, as seen in Fig. 7A. We should also mention that, as an additional control,
we also assessed the memory marker CCR7 and found that the vast majority of CMV-specific
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effectors were CCR7− in both the lung airways/allograft and blood both during and following
acute infection (data not shown). Together, these data show that CMV-specific CD8+ T cells
from the blood, but not the lung airways, transition from a CD45RA− phenotype to a
CD45RA+ phenotype as viremia/acute infection resolves in both compartments, indicating
distinct phenotypic differences between CMV-specific CD8+ effector memory T cells in
LMNC compared with PBMC during chronic infection.

Discussion
Several reports have documented the detection of CMV-specific T cell responses in the blood
during primary infection following renal and liver transplantation (10,11) as well as the lung
allograft and blood in a small number of LTRs (25). However, this is the first report, to our
knowledge, to assess the acquisition of CMV-specific, CD8+ effector responses in a solid organ
allograft or peripheral effector site such as the lung airways in a larger prospective cohort of
D+R− LTRs during primary viral infection in humans. Our results provide evidence that CMV-
specific T cell responses significantly differ between the blood and lung airways/allograft
during the primary viral response, with a CD8+ effector response directed toward pp65 in the
lung airways being the immunodominant response over pp65-specific responses in the blood
and pp65-specific CD4+ effector responses at the time of diagnosis of primary CMV.
Moreover, we demonstrate that the immunodominance of pp65-specific CD8+ effector
responses over IE1-specific responses is most strikingly found in the lung airways/allograft
but also in the blood during primary infection, consistent with a previous report showing higher
blood pp65 responses in neonates with primary CMV infection (26). In contrast, IE1-specific
responses were similar in both tissue compartments, indicating that the CD8+ predominance
of effector cells in nonlymphoid tissues such as the lung airways can be Ag dependent.

Although our data show the lung airways to be a major site for CMV-specific T cell responses
during acute primary infection, the factors governing these responses remain incompletely
understood. During primary CMV infection we detected an influx of CD8+ T cells greater than
that of CD4+ T cells into the lung airways resulting in the inversion of the physiologic
CD4+:CD8+ ratio of ∼1-2:1 in LMNC recovered from the BAL fluid as previously described
(27), which suggests an important role for CD8+ T cells during primary infection. These
findings contrast with those of an earlier report on BAL T cell subsets during active vs inactive
CMV infection in which no differences were found although only one of eight patients that
developed active CMV in this study had primary infection, which might account for these
differences (28). Although this CD8+ T cell influx was comprised of significant frequencies
of pp65-specific de novo CMV effectors greater than those of IE1-specific de novo CMV
effectors, we recognize that our studies may underestimate the total frequency of CMV-specific
CD8+ effectors, because other viral Ags very likely contribute to a broad antiviral CD8+ T cell
response as previously reported in both human and murine CMV infection (29-32). This may,
in part, account for why the immunodominant pp65-specific CD8+IFN-γ+ effector frequencies
did not significantly correlate with pneumonitis clinicopathology during acute infection, as
other Ag-specific responses might play an important role(s). Our observation that pp65-specific
responses for both CD8+ and CD4+ effector T cells are increased in the lung airways/allograft
during primary infection is consistent with viral-specific CD8+ effectors trafficking to the lung
in various murine models of infection (14,15). Our results differ from a recent report in which
similar frequencies of CMV- and EBV-specific CD8+ T cells were detected in the lung airways
compared with the circulation; however, those studies were not performed during active
infection (33). One potential explanation for a high influx of CMV-specific effector cells into
the lung airways may be Ag load, as increased viral loads were detected in the BAL fluid
compared with the plasma during primary infection. These findings are consistent with recent
reports indicating that the sampling of a lung allograft site for viral replication may be a more
sensitive measure of active CMV infection (34,35). Alternatively, higher effector frequencies
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in the lung airways/allograft may be due to higher levels of Ag presentation in the mediastinal
lymph nodes that drain the lung rather than the viral load in the organ itself (36,37). Another
factor for high effector recruitment into the lung airways may be the tissue site itself, as recent
murine studies have demonstrated preferential localization of CD8+ and CD4+ effector/effector
memory T cells in the lung airways and lung parenchyma (16,38,39). It is plausible that
effector/effector memory cells are recruited to the lung in response to specific chemokine
signals or gradients, although specific pathways that have not yet been elucidated. Thus, while
the factors regulating the high influx of pp65-specific CD8+ effector T cells into the human
lung airways/allograft during primary infection remain incompletely understood, these effector
cells predominate in frequency over those in the blood during acute primary infection.

Recent evidence has revealed a remarkable heterogeneity in the quality of T cell memory
responses, with polyfunctional Th1 and CD8+ T cells demonstrating enhanced durability
(40). Thus, it remains an important question as to whether the quality of the immune response
is as critical for long-term protection as the magnitude of the response. Our results show a
hierarchy in CMV-specific CD8+ effector responses with IFN-γ+ > TNF-α+ > IL-2+ cells,
consistent with a recent murine study by La Gruta et al. of influenza-specific responses (41).
Interestingly, although we detected low frequencies of CD8+IL-2+ T cells in response to pooled
pp65 peptides in the majority of patients, which was perhaps due to calcineurin inhibitor
therapy in our subjects, a recent report by Casazza et al. on blood-derived, CMV-specific
CD4+ T cells also found polyfunctional Th1 profiles in the absence of significant IL-2
production (42). It is possible that the factors contributing to increased pp65-specific effector
frequencies in the lung airways/allograft mentioned above (i.e., Ag load and tissue site), might
also influence enhanced polyfunctional cytokine quality in effector sites such as the lung.
Collectively, our findings demonstrate higher functional cytokine quality of CMV-specific
CD8+ T cells trafficking to the lung airways compared with the peripheral blood during acute
primary infection; however, it remains to be determined whether the polyfunctional effector
memory cells demonstrate enhanced durability in the human lung airways during transition
into chronic infection.

The surface expression of the CD45 isoforms CD45RA and CD45RO as phenotypic markers
indicative of T cell Ag experience (e.g., CD45RA+ on naive cells vs CD45RO+ on memory
cells) (43) has undergone significant modifications in recent years with the observation that
memory T cells can express CD45RA (23,44). In our studies, the CD45RA−CD45RO+

phenotype in CMV-specific cells in PBMC correlates with the presence of CMV viremia, with
in vivo transition to CD45RA+ in these cells in the absence of viremia and the resolution of
acute infection as reported in acute EBV infection (45). In contrast, the vast majority of CMV-
specific CD8+ T cells in the lung airways maintain a CD45RA−CD45RO+ phenotype during
both primary and chronic infection. These findings are consistent with earlier studies in both
BAL-obtained LMNC and the lung parenchyma of patients with sarcoidosis, which reported
that lung T cells demonstrated a CD45RO+ phenotype thought to be due to the lung being a
site for memory T cells (46,47). However, it is now clear that CMV-specific CD8+ memory
cells can be CD45RA+ and, therefore, other factors such as Ag or tissue site may play a role
in the CD45RA−CD45RO+ phenotype. Because the CD45RO+ phenotype persists in CD8+

lung effectors even with undetectable CMV replication, this suggests that this surface
phenotype may not be solely due to Ag. Furthermore, as the CD45RO+ phenotype is also the
predominant phenotype present in airway CD8+ T cells from nontransplant patients, it is
unlikely that the airway CD45RO+ phenotype in transplant recipients is due to activated T cells
trafficking through a foreign graft. Alternatively, the concept that the tissue site may play a
role in the CD45RO+ phenotype is consistent with recent evidence in the mouse by Kohlmeier
et al., who demonstrated that T cells undergo profound phenotypic changes consistent with an
activated effector phenotype soon after arrival in the lung airways, even in the absence of
cognate Ag (48). Taken together, our data show that CMV-specific effector memory cells in
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the lung airways can differ from those cells in the PBMC in regard to CD45 isoform expression.
Understanding such intercom-partmental differences in memory cells may provide insights
into the significance of markers such as the CD45 isoforms.

Previous studies in bone marrow transplant recipients and murine CMV infection support the
notion that CMV-specific CD8+ T cell responses confer protection and limit disease,
particularly in the lungs of the host (49-51). Moreover, data from HIV/CMV coinfected
individuals indicates that insufficient CD4+ T cell help may result in the loss of CD8+ effector
memory cells and, subsequently, the loss of control of CMV infection (52). Interestingly, we
did not find a correlation between CMV-specific effectors and compartmental viral loads at
the time of diagnosis of primary CMV. Several potential factors may explain these findings.
First, there is the caveat that only one time point can usually be sampled from the lung airways
at primary infection, and the kinetics of Ag load and effector responses may be out of phase
in vivo. Interestingly, a study by Westall et al. (25) reported that CMV-specific CD8+ T cells
preceded the detection of BAL viral load in one patient before primary infection, whereas we
did not detect effector responses in the absence of active infection before the discontinuation
of antiviral prophylaxis in our studies. These differences may be due to variability in antiviral
prophylaxis therapies, viral detection methods, and CMV-specific effector assays (e.g., ICS vs
tetramer staining) between the two studies. Second, other cells, such as NK cells, may play a
role in controlling viral replication during human primary infection, as these cells are known
to play a critical role in murine CMV host resistance based on the presence or absence of the
Ly49H NK receptor (53). Additionally, it is possible that other CD8+ effector functions, such
cytotoxic capacity, may represent a better correlate of protection or viral control compared
with IFN-γ+ cells during primary infection, although this was not assessed in our studies
because cells were limited. Nonetheless, while other factors may play protective roles in the
control of viral replication during primary infection, it is likely that CMV-specific CD8+

effector T cells are critical for the establishment of long-term protection, although the
mechanisms remain incompletely understood. Finally, the fact that effector CD8+ T cells were
often observed in the lung airways/allograft of patients with CMV pneumonitis also raises the
possibility that these cells may play a dual role and also contribute to immunopathology during
primary infection as previously suggested (54). In this regard, we could not correlate CMV-
specific CD8+ effector frequencies with the presence or absence of pneumonitis in our cohort,
although the size of our cohort might have limited our ability to detect a difference. Of note,
however, we did not observe any protective correlation between the acquisition of IE1-specific
CD8+ effector responses and the attenuation of primary infection severity (e.g., absence of
pneumonitis) as recently reported in the reactivation of CMV infection in recipient+ heart and
lung transplant recipients (55). Thus, the roles of CMV-specific CD8+ effector/effector
memory T cells in host defense and immunopathology are complex, and the cellular/molecular
mechanisms regulating these roles have not been fully elucidated.

Overall, we report the acquisition of de novo CMV-specific effector responses in high-risk
D+R− LTRs with significant inter-compartmental effector differences evident during acute
primary infection. We find that CMV-specific CD8+ effectors predominate in the lung airways/
allograft during primary infection in terms of frequency, immunodominance toward pp65, and
functional cytokine quality, and we report differences in effector memory phenotype in regard
to CD45 isoform expression during transition into chronic infection. Understanding the
acquisition and regulation of CMV-specific CD8+ memory responses in susceptible hosts and
particularly in human allografts may improve treatment strategies and long-term allograft
durability in LTRs and other SOT recipients following transplantation. Finally, the
identification of functional and phenotypic immune correlates of protection during and after
primary infection in our model may provide important insights for ongoing CMV vaccine
efforts, which are regarded as a public health priority (56).
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FIGURE 1.
CMV viral loads are increased in the lung allograft compared with the plasma during primary
infection. CMV viral loads in the plasma and BAL fluid were determined for the cohort of
LTRs by quantitative PCR. Bars represent mean ± SEM viral loads in the respective
compartments, and the p value was calculated by Wilcoxon signed-rank test.
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FIGURE 2.
Massive CD8+ T cell expansion occurs in the lung allograft during primary CMV infection
with inversion of the CD4+:CD8+ T cell ratio at the time of diagnosis. A, Representative plots
of LMNC from LTR no. 29 at pre-CMV and primary CMV time points showing frequencies
of CD3+CD4+ and CD3+CD8+ T cells from the lymphoid gates determined by forward scatter
(FSC) and side scatter (SSC). VL, Viral load. B, Bars represent geometric means of the
CD4+:CD8+ T cell ratio of LMNC from pre-CMV and acute primary CMV infection time
points in 10 LTRs, and the p value was calculated by Wilcoxon signed-rank test. C, Bars
represent frequencies of CD3+CD4+ and CD3+CD8+ T cells in BAL cells from 10 LTRs at
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pre-CMV and acute primary CMV infection time points, with p values calculated by Wilcoxon
signed-rank test.
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FIGURE 3.
Acquisition of de novo CMV-specific effector T cell responses in the LMNC and PBMC is
predominated by pp65-specific CD8+IFN-γ+ effectors in the lung airways/allograft during
acute primary CMV infection. A and B, Representative plots of PBMC (A) or LMNC (B) from
LTR no. 23 at pre-CMV and acute primary CMV time points are shown. Cells were cultured
in medium alone or in the presence of either pp65- or IE1-pooled peptides or the positive control
staphylococcal enterotoxin B (SEB) followed by ICS as detailed in Materials and Methods.
Quadrant numbers indicate frequencies of populations, with gating on CD3+CD8+ T cells. VL,
Viral load. C and D, Frequencies of CD3+CD8+IFN-γ+ pp65-specific and IE1-specific effector
responses in LMNC vs PBMC (C) and frequencies of pp65-specific CD3+CD8+IFN-γ+ or
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CD3+CD4+ IFN-γ+ T cells were determined following in vitro restimulation with pooled pp65
or IE1 peptides. Bars represent mean ± SEM frequency of IFN-γ+ LMNC or PBMC from 15
LTRs, with p values calculated by Wilcoxon signed-rank test.
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FIGURE 4.
CMV viral loads in the plasma and BAL fluid do not correlate with compartmental frequencies
of pp65-specific CD8+IFN-γ+ effectors at primary CMV diagnosis. CMV viral loads in the
plasma (A) and BAL fluid (B) were determined by quantitative PCR. Frequencies of pp65-
specific CD8+ PBMC (A) and LMNC (B) were determined by ICS for IFN-γ. Values for each
of 15 or 12 LTRs, respectively, were subjected to scatterplot analyses in the blood (A) and lung
(B).
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FIGURE 5.
Hierarchal production of effector cytokines by CD8+ T cells in LMNC and PBMC, with a
higher polyfunctional capacity in LMNC. A, Production of IFN-γ, TNF-α, and IL-2 by CD8+

T cells was determined by ICS after in vitro restimulation with pooled pp65 peptides. Bars
represent mean ± SEM frequency of cytokine+CD8+ T cells in LMNC and PBMC. B,
Representative plot of CD8+ LMNC and PBMC from LTR no. 23 showing frequency of IFN-
γ and TNF-α production to pp65. Quadrant numbers indicate frequencies of populations, with
gating on CD3+CD8+ T cells. C, Frequencies of CD8+IFN-γ+TNF-α+ LMNC and PBMC from
15 LTRs following in vitro restimulation with pooled pp65 peptides. Bars represent mean ±
SEM frequency of CD8+ T cells that coproduce IFN-γ and TNF-α, with p value calculated by
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Wilcoxon signed-rank test. D, Percentage of CD8+ double-cytokine+ T cells (IFN-γ+ and TNF-
α+ detected following gating on IFN-γ+ or TNF-α+ cells in the LMNC or PBMC. E,
Representative plot of CD8+ PBMC from LTR no. 34 showing the frequency of IFN-γ and
IL-2 production to pp65. Quadrant numbers indicate frequencies of populations with gating
on CD3+CD8+ T cells. All p values were determined by Wilcoxon signed-rank test.
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FIGURE 6.
Primary pp65-specific CD8+ effector responses contract in the transition from active to chronic
infection but persist long term. A, Representative plots of CD8+IFN-γ+ effector T cell responses
in the presence of absence of pooled pp65 peptides by ICS from LMNC and PBMC in LTRs
no. 22 and no. 25 during active primary infection compared with latency 1 mo (LTR no. 22)
or 3 mo (LTR no. 25) later. Gating is on CD3+CD8+ T cells. B, Contraction of pp65-specific
CD8+IFN-γ+ effector T cell frequencies in LMNC and PBMC from nine LTRs during acute
primary infection and 3–6 mo postinfection. All p values were determined by Wilcoxon signed-
rank test.
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FIGURE 7.
CMV-specific CD8+ T cells transition from a CD45RA− phenotype in the PBMC during
viremia/acute infection to CD45RA+ during latent infection but remain CD45RA− in the lung
allograft. A, Representative plots of gated pp65-specific CD8+ IFN-γ+ effector T cells (columns
1) in LMNC and PBMC from LTRs no. 25 and no. 31 during acute primary infection and at
latent infection time points following in vitro restimulation with pooled pp65 peptides.
CD45RA surface expression by FSC is shown for respective effector gates in columns 2. B,
Representative plots of CD8+ CMV tetramer+ T cells in LMNC and PBMC from LTRs no. 22
(both HLA-A2 and HLA-B7 pp65 tetramers) and no. 31 (HLA-A2 pp65 tetramer) at the
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indicated time points during the transition from acute primary CMV infection into chronic
infection. Gating is on CD3+CD8+ tetramer+ T cells. VL, Viral load.
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