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Abstract
The maintenance of CMV-specific T cell memory in lung transplant recipients (LTRs) is critical
for host defense and allograft durability, particularly in donor+/recipient− (D+R−) individuals who
demonstrate increased mortality. We studied CD4+ and CD8+ CMV-specific memory responses to
phosphoprotein 65 (pp65) in a prospective cohort of 18 D+R− LTRs, from bronchoalveolar lavage
(BAL)-obtained lung mononuclear cells (LMNC) and PBMC. Unexpectedly, pp65-specific CD4+

and CD8+ IFN-γ memory responses from LMNC were similar, in contrast to persistent CD8+

predominance in PBMC. Unlike the pulmonary CD8+ predominance during acute primary
infection, compartmental equalization occurred in the CMV-specific CD8+ memory pool during
chronic infection, whereas CMV-specific CD4+ memory was enriched in the bronchoalveolar
space. Moreover, CMV-specific CD4+ memory T cells with multifunctional production of IFN-γ,
TNF-α, IL-2 and MIP-1β were significantly increased in LMNCs, in contrast to similar
intercompartmental CD8+ memory function. Moreover, the absolute number of CMV-specific
CD4+IFN-γ+ memory cells in BAL was significantly increased in LTRs exhibiting viral control
compared to those with CMV early antigen positivity. Collectively, these data demonstrate both
preferential distribution and functional quality of CMV-specific CD4+ memory in the lung
allograft during chronic infection, and show an important association with CMV mucosal
immunity and viral control.
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Introduction
Cytomegalovirus, a member of the β-herpesvirus family, remains a significant cause of
morbidity and mortality in solid organ transplant recipients (SOTRs) and hematopoietic cell
transplant recipients (1–3). Among lung transplant recipients (LTRs), CMV infection is the
most common opportunistic pathogen with D+R− LTRs being at highest risk for active viral
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disease and increased 1- and 5-year mortality (4,5). Moreover, CMV infection is implicated
in allograft rejection in SOTRs, including the bronchiolitis obliterans syndrome or chronic
allograft rejection in LTRs (6,7). Because of the impact of CMV, the majority of LTRs
undergo prophylactic treatment in the immediate posttransplant period, though the duration
of therapy widely varies among institutions. A recent study indicates repeated episodes of
active CMV replication are associated with decreased survival among LTRs (8). Thus, a key
question is whether high-risk D+R− LTRs maintained on life-long immunosuppression are
capable of developing and maintaining a functional memory response sufficient for immune
control during chronic CMV infection. Lung transplantation provides a unique opportunity
to simultaneously evaluate the CMV-specific effector and memory T cell response in both
the allograft and systemic circulation, as surveillance bronchoscopy is routinely performed
in LTRs allowing collection of bronchoalveolar lavage fluid containing lung mononuclear
cells (LMNC) from the allograft for study, unlike other SOTRs.

Previously, we reported the persistence of CMV-specific memory responses in D+R− LTRs
following primary infection, including the detection of CD4+ and CD8+ responses from
LMNC in a small number of LTRs (9), as well as the acquisition of de novo CMV-specific
effector responses during acute primary infection predominated by CD8+ T cells directed
toward the major antigen pp65 in the lung allograft (10). While these studies showed the
acquisition and persistence of CMV-specific T cells capable of producing IFN-γ, the
distribution and quality of memory subsets, i.e. the degree of multifunctionality of antigen-
specific cells during chronic CMV infection in this susceptible patient population, are
unclear. Recently, several studies have demonstrated that the quality and quantity of the T
cell response are a critical factor in determining host protection (11,12), and thus evaluating
these characteristics of the CMV-specific memory T cell response in both the lung allograft
and peripheral blood may improve our understanding of the capacity for viral immune
control in D+R− LTRs in these tissue compartments. Based on our prior studies and work by
others, we hypothesized that the magnitude and quality of CMV-specific effector memory
cells during chronic infection would be enriched in the bronchoalveolar compartment
compared to the systemic circulation, with a predominance of CD8+ memory. To test this,
we performed a study in a prospective cohort of 15 D+R− LTRs and assessed CMV-specific
acute primary effector T cell responses and memory responses 3–9 months into chronic
infection from LMNC and PBMC. Herein, we report our unexpected findings of overall
similar CMV-specific CD4+ and CD8+ memory in the bronchoalveolar space, in contrast to
CD8+ predominance in the blood. Moreover, we show preferential distribution and
functional quality of CMV-specific CD4+ memory responses in the lung allograft during
chronic infection, and that these cells contribute to mucosal viral control. Together, these
findings reveal dynamic changes in CMV-specific immunity from acute primary into
chronic infection, and suggest an important role for CD4+ T cells in viral mucosal immunity.

Materials and Methods
Subjects and tissue samples

LTRs in the Johns Hopkins Lung Transplantation clinic were identified for CMV mismatch
status (D+R−) and candidates consented for study participation using an Institutional Review
Board-approved consent form. All patients were treated with standard maintenance
immunosuppression (see Table 1). All patients undergo routine surveillance bronchoscopy at
1, 3, 6, 9, 12, 18 and 24 months posttransplant, along with any clinically indicated episodes.
All patients were treated with routine antiviral prophylaxis therapy for CMV (ganciclovir
and/or valganciclovir) for the initial 3 months posttransplant. Upon cessation of antiviral
prophylaxis, patients were prospectively monitored weekly for the development of acute
primary CMV infection defined as de novo detection of viral replication. The Johns Hopkins
Hospital Clinical Virology Laboratory used quantitative PCR of plasma to determine CMV

Akulian et al. Page 2

Am J Transplant. Author manuscript; available in PMC 2013 November 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



viral loads. Acute primary CMV infection was treated with antiviral therapy until two
consecutive weekly quantitative CMV PCR resulted with undetectable viremia. Following
that point, patients were considered to have chronic CMV infection. Additionally, none of
the surveillance bronchoscopies yielding samples were associated with current or recent
acute cellular rejection, nor had any subjects undergone recent immunoaugmentation prior
to bronchoscopy.

Cell Preparation and antigen stimulation
PBMC preparations were isolated from heparinized blood samples by density gradient
centrifugation using Ficoll-Paque (Amersham Biosciences, Uppsala, Sweden). LMNC
preparations were obtained via bronchoalveolar lavage and subsequent centrifugation.
Pooled overlapping 15 amino acid peptides for pp65 and IE-1 were purchased from JPT
(Berlin, Germany). A total of 106 cells per condition were cultured in round bottom tissue
culture tubes (Sarstedt, Nümbrecht, Germany) in the presence or absence of pooled peptides
or whole CMV lysate or SEB (Toxin Technology, Sarasota, FL, USA) at 1 µg/mL.

Flow cytometry
All stimulations for intracellular cytokine staining (ICS) were performed as previously
described (9). Cells were subsequently surface stained with fluorochrome-labeled antibodies
anti-CD3-AlexaFluor700, anti-CD4-allophycocyanin-Cy7, anti-CD8-AmCyan and anti-
CD45RA-Pacific Blue. CCR7 staining was performed in a two-step method as previously
described (13). Live/Dead Fixable Blue Dead Cell Stain was used for gating on viable cells.
ICS was performed using anti-IFN-γ-allophycocyanin, anti-TNF-α-PE-cyanine 7, anti-
MIP-1B–phycoerythrin and FITC-conjugated anti-IL-2. All antibodies were purchased from
BD Biosciences and samples analyzed using a FACSAria cytometer (BD) and FlowJo
software (TreeStar).

Statistical analysis
Distributions of all measured variables were not assumed to be Gaussian and comparisons
were performed using nonparametric testing. Mean cytokine production and median
fluorescence index were compared using ANOVA with post hoc t-test, Mann–Whitney test
and Wilcoxon signed-rank analysis. Analysis and presentation of distributions were
performed using SPICE version 5.1, downloaded from http://exon.niaid.nih.gov/spice (14).
A p-value of less than 0.05 was used to determine statistical significance.

Results
In a prospective cohort of 18 patients, we identified 15 D+R− LTRs during chronic CMV
infection previously diagnosed with clinical acute primary CMV infection based on the
detection of posttransplant de novo viremia by quantitative CMV PCR, as shown in Table 1.
During acute primary infection all study patients had detectable viremia that resolved with
antiviral therapy. Evaluation of CMV-specific memory responses during chronic infection
were conducted at a mean time of 5.1 months postprimary infection, with all study patients
having undetectable plasma CMV viral load by quantitative PCR at the time points assessed.
However in the BAL fluid, 8/15 LTRs were positive for CMV eAg with 0/15 staining for
CMV on surgical pathology during chronic infection as shown in Table 1. Heterogeneity in
posttransplant CMV seroconversion consistent with our previous study (9) was seen, with
posttransplant CMV IgG detectable in 12 out of 15 individuals (80%) tested. Ten LTRs were
maintained on a three-drug calcineurin inhibitor-based immunosuppressive regimen, while
six were on two-drug therapy. Samples during primary and chronic infection could not be
obtained in four and three patients respectively. All study patients were diagnosed with
primary CMV infection within the first year posttransplant following discontinuation of
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antiviral prophylaxis, typically at 3 months posttransplant in accordance with established
guidelines for antimicrobial prophylaxis in SOTRs (15). Of note, 4/15 patients had >1
episode of relapsing viremia with only two of these patients being maintained on long-term
antiviral therapy. Of the four patients with relapsing viremia, two were eAg+ and two were
eAg− during chronic time periods tested. Thirteen of the eighteen total patients studied were
female with a mean age for all patients of 49 years.

Preferential localization of CMV-specific CD4+ memory in the BAL over the blood during
chronic infection differs from CD8+ memory distribution

We previously showed a predominance of CMV-specific CD8+ > CD4+ effector T cell
responses in the lung allograft over peripheral blood during acute primary infection (10). To
determine whether this pattern of distribution persisted during chronic CMV infection in
D+R− LTRs, we compared PBMC and LMNC responses during acute primary CMV
infection versus chronic infection, and performed in vitro restimulation of PBMC and
LMNC obtained from BAL fluid at diagnostic bronchoscopy using pooled peptides of the
major CMV antigen pp65, whole CMV lysate or Staphylococcus Enterotoxin B (SEB;
positive control) and determined T cell IFN-γ production using ICS. A representative LTR,
with CMV-pp65-specific CD4+IFN-γ+ (Figure 1A) effector responses during acute primary
infection and memory responses during chronic infection, shows higher responses in LMNC
at both time points. Next we evaluated the relative contribution of CD4+ and CD8+IFN-γ+

responses during acute and chronic infection. To do this, we multiplied each subject’s
measured pp65-specific IFN-γ+ effector response by the calculated compartmental
CD4:CD8 ratio (or the inverse for CD8+ cells) to obtain the adjusted pp65-specific CD4+

and CD8+ effector frequencies. Cumulative pp65-specific IFN-γ+ effector frequency
responses were then calculated to determine the adjusted CMV-specific CD4+ and
CD8+IFN-γ+ T cell frequencies during both acute primary (Figure 1B; n = 14) and chronic
infection (Figure 1C; n = 15). In contrast to acute primary infection where the LMNC CD4:
CD8 ratio was comparatively reduced (CD4:CD8 ratio: PBMC–1:1.03, LMNC–1:2.4),
during chronic infection the compartmental CD4:CD8 ratios were similar (PBMC–1.3:1 and
LMNC–1:1.2). As we previously reported, both CD4+ and CD8+ CMV-pp65-specific
effector responses were increased in the lung allograft over blood during primary infection
with CD8+IFN-γ+ responses predominating over CD4+IFN-γ+ responses. However, during
chronic infection, CMV-specific CD8+IFN-γ+ memory responses contracted sharply in the
lung allograft but remained similar in the blood, resulting in compartmental equalization.
Similarly, CD4+IFN-γ+ memory responses, contracted in the lung allograft though not
significantly in the blood, however, remained preferentially distributed in the
bronchoalveolar space over peripheral blood during chronic infection. Additionally, while
CMV-specific CD8+IFN-γ+ memory responses remained dominant over the CD4+IFN-γ+

responses within the PBMC compartment (p = 0.002) during chronic infection, LMNC
pp65-specific CD4+ and CD8+ memory responses were unexpectedly similar. We also
compared pp65-specific CD4+ memory responses toward CMV whole viral lysate and found
CMV lysate CD4+IFN-γ+ memory responses had similar frequencies compared to pp65-
specific responses (p = NS), with both showing significantly increased memory responses in
the lung over the blood (p = 0.016; data not shown). As anticipated, CD8+ CMV lysate-
induced responses were detectable but low (≤0.30%), with no significant
intercompartmental differences found (data not shown). Thus, while cross-priming of
exogenous CMV antigens can occur as previously reported (16), this does not occur at a
higher degree in the lung. As an additional control for antigen, we measured CD8+ T cell
memory responses in a subset of LTRs (n = 5) to the CMV antigen IE1, using pooled
peptides, and found that IE1-specific CD8+IFN-γ+ memory responses were similarly
distributed in the LMNC and PBMC compartments (mean frequencies of 1.22 ± 0.15 vs.
1.62 ± 0.62 respectively, p = 1.00; data not shown), consistent with our pp65-specific CD8+
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responses. Interestingly, both CD4+ and CD8+ SEB IFN-γ responses were increased in the
LMNC over PBMC consistent with a higher number of SEB-reactive memory cells in the
lung airways over the blood (p < 0.01; data not shown). Together, these data reveal dynamic
changes in the compartmental CMV memory subsets from acute primary into chronic
infection, with CMV-specific CD4+ memory responses demonstrating a persistent
preferential distribution in the bronchoalveolar space over the blood during chronic
infection, unlike CD8+ memory responses.

Greater frequencies of multifunctional CMV-specific CD4+, but not CD8+, T cells are
present in the bronchoalveolar space over PBMC during chronic CMV infection

Because durable viral control likely requires the development and maintenance of CMV-
specific memory T cells capable of producing other factors beyond IFN-γ, we evaluated the
capacity for CD4+ and CD8+ T cells to produce an expanded panel of cytokines and
chemokines that included IFN-γ, TNF-α, IL-2 and the CCR5-binding chemokine MIP-1β in
8 D+R− LTRs during chronic infection. As shown in a representative LTR, T cell effector
memory responses for the entire panel were detected in CMV-specific CD4+ (Figure 2A)
and CD8+ (Figure 2B) T cells during chronic CMV infection, with IL-2 being the cytokine
least frequently detected. Because the functional quality of antigen-specific memory
responses has been shown to be an important determinant of protection in various human
and mouse models of infection (11,17,18), we next analyzed whether compartmental
differences existed in the CMV-specific multifunctional cytokine+/chemokine+ populations
producing IFN-γ, TNF-α, MIP-1β and IL-2 from CD4+ and CD8+ T cells during chronic
CMV infection using Boolean analysis. As shown in Figure 2B/C, both pp65-specific CD4+

and CD8+ T cells were found to include single (1+), double (2+) and triple (3+) cytokine/
chemokine producing populations in both tissue compartments, with CMV-specific CD4+ T
cells having a modestly wider array (8 vs. 5) compared to CD8+ T cells (Figure 2C/D). Only
CMV-specific CD4+ T cells in the lung allograft were found to have a quadruple (4+)
cytokine/chemokine producing capacity attributable to the production of IL-2 among
multiple CD4+ T cell subsets, whereas detection of CD8+IL-2+ T cells were rare events
(<0.05% observed frequency). Overall, when comparing the frequencies of multifunctional
T cell memory responses between the LMNC and PBMC compartments, CMV-pp65-
specific CD4+ memory T cells showed significant preferential distribution to the lung in six
different multifunctional combinations as shown in Figure 2C. In contrast, CMV-specific
CD8+ T cells were found to have a similar distribution of T cell effector memory, when
comparing 1+, 2+ or 3+ multifunctional cytokine/chemokine production between
compartments, as shown in Figure 2D. Together, these data demonstrate increased
multifunctional capacities of CMV-specific CD4+, but not CD8+, memory T cells in the
bronchoalveolar space compared to the blood during chronic infection.

Multifunctional CMV-specific CD4+ effector memory T cells produce more cytokine on a
per cell basis compared to single cytokine producers

Recent studies in the mouse and human have shown increased IFN-γ production in
multifunctional T cells, indicating higher functional quality (11). We next examined whether
multifunctional CMV-specific T cells were capable of increased IFN-γ production at the
single-cell level by comparing the median fluorescence intensity (MFI) of intracellular
staining for IFN-γ in cells producing this cytokine alone (1+) versus multifunctional cells
producing IFN-γ along with other cytokines/chemokines measured (2+, 3+, 4+) in the
bronchoalveolar space and peripheral blood. As shown in a representative plot in Figure 3A,
multifunctional CMV-specific CD4+ T cells exhibit higher MFI for IFN-γ (and TNF-α)
compared to single cytokine producing cells. Cumulative analysis of grouped CMV-specific
multifunctional CD4+ and CD8+ T cell subsets demonstrated that CD4+ T cell IFN-γ MFIs
were significantly higher in all of the multifunctional T cell groupings found within both the
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lung and peripheral blood compartments when compared to 1+ grouped T cells. Similar,
though less striking differences were observed in CD8+ T cells, with only CD8+ 3+
producers demonstrating significantly higher IFN-γ MFIs compared to 1+ single producers
(Figure 3B). Similarly, when evaluating CD4+ and CD8+ TNF-α MFIs, multifunctional
CD4+ T cell TNF-α MFIs were found to be significantly higher than single cytokine
producing cells (p < 0.05, data not shown). Together, these data show CMV-specific CD4+

and CD8+ multifunctional memory T cells produce more IFN-γ on a per cell basis compared
to single cytokine producers and further support higher functional CMV CD4+ memory
quality at the lung mucosal site compared to the blood.

CMV-specific CD4+ effector memory T cells have similar differentiation phenotype in lung
and blood in contrast to CD8+ memory

We next investigated the surface phenotype of CMV-specific T cells from the LMNC and
PBMC compartments in regard to surface expression of the common leukocyte antigen
CD45RA isotype and the chemokine receptor, CCR7. As shown in a representative LTR in
Figure 4A, CMV-specific CD4+ T effector memory cells producing IFN-γ in both the lung
and blood are CD45RA−. In contrast, the majority of peripheral blood CMV-specific CD8+

T cells are CD45RA+ while lung CD8+IFN-γ+ T cells are predominantly CD45RA− as we
previously reported for CD8+ T cells during chronic infection following resolution of
viremia (10). Interestingly, we noted approximately 10–60% of total lung CD8+IFN−γ− T
cells to be CD45RA+ indicating a variable heterogeneous population within the lung not
seen in CD4+ T cells. We also evaluated surface CCR7 expression and found that CMV-
specific CD4+ and CD8+ T cells in the lung and blood compartments were CCR7–,
consistent with an effector memory phenotype (Figure 4B)(19). Thus, by at least these two
major differentiation markers, CMV CD4+ memory T cells have a similar phenotype in the
lung airways and systemic circulation, whereas CMV memory CD8+ T cells differ with
respect to CD45RA expression between these compartments during chronic infection.

Absolute number of CMV-specific CD4+IFN-γ+ memory cells is increased in LTRs
exhibiting mucosal viral control in the lung allograft

Next, we evaluated whether there were differences in CMV-specific memory in LTRs with
CMV eAg (+) in BAL versus those with eAg (−). Comparison of the frequencies of pp65-
specific IFN-γ+ responses for CD4+ and CD8+ T cells revealed no differences between these
two groups (mean frequencies ± SEM, eAg+ vs. eAg-; 0.86 ± 0.14 vs. 1.00 ± 0.35, p = 0.78
and 1.54 ± 0.42 vs. 1.02 ± 0.61, p = 0.34, respectively, data not shown). However,
comparison of the absolute number of CD4+ pp65-specific IFN-γ+ memory cells/106 BAL
cells revealed significantly increased memory cell numbers in LTRs who were eAg (−)
versus those eAg (+), as shown in Figure 5. In contrast, while the absolute numbers of CD8+

pp65-specific IFN-γ+ memory cells/106 BAL cells were also higher in eAg (−) LTRs, this
difference was not statistically significant. Together, these data show that CMV-specific
CD4+ memory T cells are importantly associated with mucosal viral control in the lung
allograft during chronic infection.

Discussion
Herein we report for the first time that dynamic changes occur in CMV-specific lung
memory populations during the transition from acute primary infection to chronic infection,
with enriched CD4+ T cell memory in the bronchoalveolar space over the blood in contrast
to CD8+ memory. Unexpectedly, we detected similar frequencies of CMV pp65-specific
CD4+ and CD8+ memory cells in the bronchoalveolar space, with CD4+ memory
significantly contributing to mucosal viral control in the lung allograft during chronic
infection. The importance of CD4+ responses for viral control has been previously
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demonstrated in another mucosal site, the salivary glands and studies showing robust
viralspecific pulmonary CD4+ T cell responses during murine CMV infection (20–22). It is
plausible that increased distribution of CMV-specific CD4+ memory in the lung is due to
this tissue site being a major reservoir for virus during chronic infection (23). These
observations extend our previous findings of increased CMV-specific CD4+ memory
responses in BAL over blood in four patients, and are consistent with enriched CD4+

memory in the lung and other mucosal sites in the mouse (9,24).

In contrast to CD4+ memory, CMV-specific CD8+ memory cells were found to have a
similar distribution between compartments. These findings differ somewhat from previous
findings in the mouse showing preferential localization of CD8+ effector memory T cells at
nonlymphoid sites including the lung (25). However, our findings are consistent with a
recent study showing HIV-specific CD8+ T cells were similarly distributed between the
bronchoalveolar space and blood in contrast to HIV-specific CD4+ T cells that were
enriched in the BAL during chronic HIV infection (26). In another report, equal distribution
of CMV-specific and EBV-specific CD8+ T cells between human lung tissue and blood was
found in patients undergoing surgical lung resection (27). Interestingly, this distribution was
in contrast to influenza (FLU)-specific and respiratory syncytial virus (RSV)-specific CD8+

T cells that were detected in higher frequencies in the lung compared to blood. Together,
these data suggest CD8+ memory to respiratory viruses or a broad array of other antigens
(i.e. polyclonal SEB-reactive cells) are continually recruited and populate the airways in an
activated state, poised for rechallenge, even in the absence of antigen (28–31). However, in
chronic viral infections such as CMV, EBV and HIV, circulating CD8+ memory T cells are
equally distributed between the systemic and mucosal compartments for immune
surveillance. Thus, heterogeneity exists in human CD8+ T cell memory distribution
according to antigen specificity, as previously reported for functional responses (32). It is
unclear why CMV-specific CD4+ memory is increased in the bronchoalveolar space. This
persistence in the lung mucosa may be due to higher levels of viral antigen, as T cell
receptor signaling and MHC class II engagement appear critical for maintenance of CD4+

memory (33–35). Alternatively, other factors may provide an advantage for CD4+

persistence in the lung mucosa such as differential access to key cytokines such as IL-7 and/
or IL-15 important for CD4+ memory maintenance (36,37). Additionally, despite low
frequencies of CMV-specific CD4+IFN-γ+ T cells in the PBMC of most LTRs studied, we
and others have shown these cells are capable of proliferative expansion upon antigen
exposure in longer-term cultures (9,38) which may be important to replenish the lung CD4+

memory pool, as airway T cells are reported to possess limited capacity for proliferation
(39). Thus, while it remains unclear what factor(s) contribute to preferential localization of
CMV-specific CD4+ memory in the lung, an important role for these responses in host
defense is suggested.

Several recent studies have demonstrated an important role for multifunctional CD4+

memory responses and host protection against Leishmania major, M. tuberculosis, HIV,
EBV and VZV (11,17,40,41). Recently, virus-specific CD4+ blood T cells were shown to
exhibit a unique multifunctional profile during chronic CMV infection compared to that
observed in other viral infections (42). Our findings are consistent with these reports though
we demonstrate increased multifunctional T cell quality in the CMV-specific CD4+ memory
pool in the bronchoalveolar space in contrast to CD8+ T cells. We also find an increased
breadth of functionality in CMV-specific CD4+ memory cells compared to CD8+ memory
largely due to IL-2 production. This increased heterogeneity in CMV-specific CD4+

memory might be due to differential capacities in CD4+ effectors to give rise to long-term
memory cells, as demonstrated in previous studies (43,44). Recently, unequal partitioning of
critical proteins, such as the transcription factor T-bet during early T lymphocyte division,
was shown to influence cell fate (45,46). Additionally, our observation of increased IFN-γ
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production on a per cell basis, particularly in CD4+ bronchoalveolar T cells, shows
functional heterogeneity in the memory pool that may be determined by early priming
events.

We also found differences in CD45RA surface expression between CMV-specific CD4+ and
CD8+ memory cells. We and others previously reported, upon resolution of viremia, blood
CMV-specific memory CD8+ T cells transition to predominantly CD45RA+ unlike blood
CMV-specific CD4+ memory in this study (10,13), and consistent with other studies
showing blood CMV CD8+ memory is CD45RA+ (10,13,47,48), However, both CMV-
specific CD4+ and CD8+ T cells are predominantly CD45RA− in the lung and CCR7− in
both compartments consistent with an effector memory phenotype (19).

We should point out several limitations to our study. While our studies predominantly
focused on responses to pp65 (49), we recognize the total CMV memory response is
considerably larger as additional antigens contribute to a broad CD4+ and CD8+ T cell
response to CMV (50). Additionally, though we did not measure cytotoxicity in this current
study, it is likely very important in CMV immune control, as recently shown in HIV long-
term nonprogressors (51). Lastly, while we found significant differences for CD4+ memory
cells in viral control, our study population was small and perhaps larger numbers of subjects,
or antigens tested (52), might reveal an important role for CD8+ memory in mucosal viral
control. In this regard, we have recently shown that primary CMV-pp65-specific CD8+IFN-
γ+ effector responses and inducible CD8+T-bet+ levels predict relapsing viremia in D+R−

LTRs during early chronic infection (53). However, our current findings might suggest both
CD4+ and CD8+ memory are necessary for optimal control in the lung mucosa. Of course
one caveat is that our study subjects were maintained on immunosuppression, which might
differentially impact these T cell memory pools. Nonetheless, these data collectively show
persistent, multifunctional CMV-specific memory in these high-risk LTRs despite
immunosuppressive therapy.

Overall, we show dynamic changes in T cell effectors to memory from acute primary
infection into chronic infection with enrichment and high quality CMV-specific CD4+

memory in the bronchoalveolar space, along with an important role for these cells in
mucosal antiviral immunity. Our better understanding of compartmental multifunctional
CMV-specific T cell memory responses raises the possibility of using both immune and
viral monitoring to allow riskstratification of high-risk LTRs that may assist clinicians in
individualizing antiviral therapy and improve outcomes in high-risk D+R− patients.
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Abbreviations

BAL bronchoalveolar lavage

D+R− donor+/recipient−

ICS intracellular cytokine staining

LTR lung transplant recipient

LMNC lung mononuclear cell
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SOTR solid organ transplant recipients.
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Figure 1. Dynamic changes in CMV-specific CD8+IFN-γ+ and CD4+IFN-γ+ compartmental
responses during acute primary infection into chronic infection with preferential distribution of
CMV-specific CD4+IFN-γ+ T cell memory remaining in the lung allograft
Representative flow cytometric plots of (A) CD4+ LMNC and PBMC from a LTR during
acute primary and chronic CMV infection time points. LMNC and PBMC cells from D+R−

patients were cultured in the presence or absence of pp65-pooled peptides, whole CMV
lysate or SEB followed by ICS as detailed in the Materials and Methods section. Boxed
numbers indicate frequencies of populations, with gating on CD3+CD4+ T cells. Cumulative
frequencies of CD3+CD8+IFN-γ+ and CD3+CD4+IFN-γ+ pp65-specific responses (adjusted
for compartmental CD4:CD8 ratio) in LMNC versus PBMC during acute (B) and chronic
infection (C). Bars represent mean ± SEM frequency of IFN-γ+ LMNC or PBMC from 14
(B) and 15 (C) LTRs, respectively. P-values calculated by the Wilcoxon signed-rank test
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Figure 2. Diverse multifunctional CMV-specific CD4+T cell effector memory populations are
significantly increased in the lung during chronic infection but not among CD8+T cells
Representative multifunctional flow cytometric plots of (A) CD4+ and (B) CD8+ T cell
LMNC and PBMC following restimulation with CMV antigen in two LTRs showing the
frequency of IFN-γ by TNF-α, MIP-1 β and IL-2 as well as TNF-α by IL-2 during chronic
infection. Individual pie charts show the percentage of pp65-specific CD4+ (C) and CD8+

(D) T cells that produce 1, 2, 3 or 4 functional responses. CMV-specific CD4+

multifunctional responses to pp65-pooled peptides were significantly more frequent in the
lung allograft than peripheral blood (p < 0.05) (C), while CD8+ multifunctional responses
were equally distributed between the two compartments (D). Using Boolean analysis, the
percentage of total for individual multifunctional subset responses for LMNC (blue bars)
and PBMC (red bars) are shown in the bar graph for each of the 15 multifunctional subsets.
Significant differences when comparing frequencies (mean ± SEM, not shown) of LMNC
and PBMC pp65-specific single and multifunctional responses are indicated by a *p < 0.05,
**p < 0.01 and ***p < 0.001. Figures represent results from 8 LTRs. All p-values were
determined by the Kruskal–Wallis one-way ANOVA or Wilcoxon signed-rank test.
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Figure 3. Multifunctional CMV-specific CD4+ T cells are more potent effectors on a per-cell
basis
(A) Representative flow cytometric plot of LMNC from LTR # during chronic infection
presenting the distribution of T cells producing one (red), two (green), three (yellow) and
four (blue) simultaneously measured cytokines/chemokines—IFN-γ, TNF-α, MIP-1β and
IL-2. (B) Comparison of mean fluorescence intensity (MFI) of IFN-γ staining in CMV-
specific CD4+ and CD8+ single and multifunctional T cell populations (1+, 2+, 3+ and 4+)
for each tissue compartment. Bars represent mean ± SEM of MFI for CD4+ and CD8+

LMNC and PBMC IFN-γ production in 8 LTRs *p < 0.05, **p < 0.01 and ***p < 0.001,
represents a comparison between single cytokine production and specific multifunctiona
grouping. Differences between the groups and p-values were determined by the Kruskal–
Wallis one-way ANOVA followed by post hoc Dunns statistic testing.
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Figure 4. Lung airway and peripheral blood CMV-specific CD4+ effector T cells show similar
memory phenotype in contrast CD8+ memory during chronic infection
Representative flow cytometric plots showing phenotypic analysis from LTR #31. during
chronic infection in the absence of active infection showing CMV-specific CD8+ and CD4+

effector T cells in LMNC and PBMC gated (A) CD45RA by IFN-γ and (B) CCR7 by IFN-
γ . Plots are representative of six LTRs analyzed during chronic infection following in vitro
restimulation with pooled pp65 peptides.
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Figure 5. The absolute numbers of CMV pp65-specific CD4+IFN-γ+ memory T cells are
increased in LTRs exhibiting mucosal viral control in the lung allograft during chronic infection
Mean absolute CMV-specific effector memory T cells for pp65-specific CD4+ and
CD8+IFN-γ+ memory T cells/106 LMNC according to CMV eAg status during chronic
infection. Bars represent the mean ± SEM absolute number of effector memory T cells from
15 LTRs. P-values calculated by the Mann–Whitney t-test.
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