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ABSTRACT Human cytomegalovirus (HCMV) infection and periodic reactivation are
generally well controlled by the HCMV-specific T cell response in healthy people.
While the CD8� T cell response to HCMV has been extensively studied, the HCMV-
specific CD4� T cell effector response is not as well understood, especially in the
context of direct interactions with HCMV-infected cells. We screened the gamma in-
terferon (IFN-�) and interleukin-10 (IL-10) responses to 6 HCMV peptide pools (pp65,
pp71, IE1, IE2, gB, and US3, selected because they were the peptides most fre-
quently responded to in our previous studies) in 84 donors aged 23 to 74 years. The
HCMV-specific CD4� T cell response to pp65, IE1, IE2, and gB was predominantly
Th1 biased, with neither the loss nor the accumulation of these responses occurring
with increasing age. A larger proportion of donors produced an IL-10 response to
pp71 and US3, but the IFN-� response was still dominant. CD4� T cells specific to
the HCMV proteins studied were predominantly effector memory cells and produced
both cytotoxic (CD107a expression) and cytokine (macrophage inflammatory protein
1� secretion) effector responses. Importantly, when we measured the CD4� T cell
response to cytomegalovirus (CMV)-infected dendritic cells in vitro, we observed that
the CD4� T cells produced a range of cytotoxic and secretory effector functions, de-
spite the presence of CMV-encoded immune evasion molecules. CD4� T cell re-
sponses to HCMV-infected dendritic cells were sufficient to control the dissemination
of virus in an in vitro assay. Together, the results show that HCMV-specific CD4� T
cell responses, even those from elderly individuals, are highly functional and are di-
rectly antiviral.

IMPORTANCE Human cytomegalovirus (HCMV) infection is carried for a lifetime and
in healthy people is kept under control by the immune system. HCMV has evolved
many mechanisms to evade the immune response, possibly explaining why the virus
is never eliminated during the host’s lifetime. The dysfunction of immune cells asso-
ciated with the long-term carriage of HCMV has been linked with poor responses to
new pathogens and vaccines when people are older. In this study, we investigated
the response of a subset of immune cells (CD4� T cells) to HCMV proteins in healthy
donors of all ages, and we demonstrate that the functionality of CD4� T cells is
maintained. We also show that CD4� T cells produce effector functions in response
to HCMV-infected cells and can prevent virus spread. Our work demonstrates that
these HCMV-specific immune cells retain many important functions and help to pre-
vent deleterious HCMV disease in healthy older people.
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Human cytomegalovirus (HCMV), a betaherpesvirus, is a ubiquitous pathogen found
worldwide (1). Infection with this virus is characterized by the establishment of

lifelong persistence, in part because HCMV can establish a latent infection in bone
marrow stem cells and cells of the myeloid lineage (2). Infection with HCMV is
asymptomatic for most individuals; however, when the immune system is compro-
mised by other infections or treatments (such as in patients with HIV infection or AIDS
or transplant patients) or is immature (such as the fetus in utero), it can cause significant
morbidity and mortality (3, 4). During primary infection with HCMV, both the innate and
the adaptive branches of the immune system respond (1, 3, 4), and evidence from
mouse studies has shown the important role that CD4� T cells play in controlling
cytomegalovirus (CMV) infection (reviewed in reference 5). Studies in humans under-
going bone marrow, stem cell, and solid organ transplantations have confirmed the
role that CMV-specific CD4� T cells have in abrogating the reactivation of infection
(6–9), and studies in adults with primary infections have also clearly shown the
requirement for functional CD4� T cells in the resolution of symptomatic disease
(10–12). In healthy subjects, persistent shedding of the virus into urine and saliva is
associated with a lack of a CD4� T cell response directed toward CMV, which is
particularly observed in CMV infection in young children (13).

Identification of HCMV-specific CD4� T cells has mainly been by measurement of
intracellular cytokine production, predominantly gamma interferon (IFN-�) production
in response to stimulation; these studies have shown strong responses to both the
pp65 and IE proteins of the virus (see the work summarized in references 3, 4, and 14).
CD4� T cell responses specific to the gB (UL55) protein (15, 16) have also been
described. Analysis of the CD4� T cell response to the whole HCMV proteome also
identified numerous responses toward many different open reading frames (ORFs) (17).
That study suggested that an individual donor has, on average, CD4� T cells specific to
12 different HCMV ORFs (17). A meta-analysis of published studies has identified the 10
HCMV ORFs most frequently recognized by CD4� T cells; these were TRL14, UL16, UL55,
UL83, UL85, US3, UL25, US18, UL45, and UL32 (3). Many more studies have investigated
the frequency, phenotype, and function of CD4� T cells specific to HCMV using whole
viral lysate stimulation (10, 12, 18–22). It was estimated that up to 5% (19) of the CD4�

T cell peripheral blood compartment can be directed toward the virus. This dominance
of the CD4� T cell compartment has also been observed to be as high as 10% when the
whole virus proteome was used (17). Additionally, the application of major histocom-
patibility complex (MHC) class II tetramers also showed that as much as 5% of the CD4�

T cell pool responds to one HCMV gB protein class II epitope (23).
CMV-specific CD4� T cells, mainly identified by IFN-� secretion following stimulation

with whole CMV lysate, have been shown to be enriched for phenotypes linked to
terminal differentiation and dysfunctional responses characterized by CD45RA reex-
pression (11, 21, 24) and the loss of expression of the costimulatory molecules CD28
and CD27 (10, 20, 22, 25, 26). These cells have also been associated with the loss of the
cytokine secretion ability and a limited proliferation capacity (19, 22, 27). These previ-
ous studies have led to the hypothesis that enlarged dysfunctional HCMV-specific CD4�

T cell populations accumulate with age and that these HCMV-induced changes may
become detrimental to individuals (27–29). However, it is noteworthy that in other
studies, HCMV-specific CD4� T cells have also been shown to produce a range of
antiviral effector functions, including production of multiple antiviral cytokines, and to
have cytolytic effector functions (30–32). Functional CMV-specific CD4� T cells were
also confirmed in the rhesus macaque model of ageing (33) and murine models of
ageing looking at latent murine cytomegalovirus (MCMV) infection (34, 35). The poly-
functional capacity of CMV-specific CD4� T cells was also maintained in the more
differentiated memory cell phenotypes seen in older CMV-seropositive donors (20, 21,
26, 30, 36). A number of longitudinal studies have linked HCMV seropositivity and the
associated changes to the T cell repertoire, with older individuals being more suscep-
tible to infections, responding more poorly to vaccinations, and being at an increased
risk of mortality compared to age-matched HCMV-seronegative individuals (systemat-
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ically reviewed in reference 37). However, a poor response to influenza vaccination in
CMV-seropositive older people is not seen in all studies, and there is evidence that,
certainly in the young, being CMV positive can be beneficial in mediating responses to
vaccination (34). There is a body of evidence that in individuals over the age of 65 years
there are changes to the immune response that increase the rates of morbidity and
mortality in response to infection and autoimmune disease (38, 39). Analysis of a
number of large population cohorts recruited for cancer, dementia, and nutritional
studies in the UK and the United States has shown a significant association between
CMV seropositivity and mortality from cardiovascular-related disease (40–43). Despite
these observations, older CMV-seropositive individuals do not appear to suffer from
overt HCMV disease from reactivating virus or superinfection, suggesting that the
HCMV-specific T cells retain the ability to control the virus (44). There is also evidence
that does not support the role of CMV seropositivity in causing a decline in immune
responses to novel infections in the elderly (45, 46).

Many studies investigating the functionality of CD4� T cell responses to HCMV
infection have relied on using whole viral lysate or have focused only on the seemingly
immune-dominant viral pp65 or gB protein as a stimulus. However, few studies have
interrogated the different contributions of the many HCMV proteins that CD4� T cells
respond to (17) to the functional activity of the CMV-specific CD4� T cell response.
Previously, we have shown that CD4� T cell responses to the limited number of
proteins expressed during HCMV latency result in the production of the immunosup-
pressive cytokine interleukin-10 (IL-10), which differed from the CD4� T cell response
to HCMV proteins expressed only during lytic infection (47). The use of only peptide
pools or viral lysate also ignores the impact of the large number of immune evasion
molecules encoded by the virus genome during active lytic infection on the immune
response and the effector functions of CD4� T cells. We have measured the effect of
donor age on CD4� T cell responses to 6 HCMV ORF-encoded proteins (UL83 [pp65],
UL82 [pp71], UL123 [IE1], UL122 [IE2], UL55 [gB], and US3), measuring IFN-� and IL-10
responses by a FluoroSpot assay. We did not observe an accumulation of CD4� T cell
IFN-� responses to the 6 HCMV proteins with increasing donor age, and there were
limited IL-10 responses to pp65, gB, IE1, and IE2 stimulation within this donor cohort.
The IL-10 response to pp71 and US3 stimulation was more frequently observed;
however, the magnitude of the response was maintained regardless of donor age.
CD4� T cells responding to the 6 HCMV proteins examined had both cytotoxic and
inflammatory effector functions and were mostly effector memory T cells, with pp65-
specific CD4� T cells exhibiting a more differentiated phenotype than the other
HCMV-specific CD4� T cells. We next assessed the effector capacity of CD4� T cells
when stimulated by HCMV-infected monocyte-derived dendritic cells (moDCs). CMV-
specific CD4� T cells isolated directly ex vivo produced both cytotoxic and secretory
effector functions. Using an in vitro model of lytic CMV infection where moDCs were
infected with CMV for 7 days prior to coincubation with CD4� T cells, we demonstrated
that CMV-specific CD4� T cells are able to prevent viral dissemination. This study shows
that healthy people of all ages can maintain highly functional HCMV-specific CD4� T
cell responses that can respond to HCMV-infected cells.

RESULTS
The magnitude of the HCMV-specific CD4� T cell response to 6 different HCMV

ORF-encoded proteins is maintained in older donors. Previous work investigating
the HCMV-specific CD4� T cell response by measuring IFN-� production by intracellular
flow cytometry methods and using whole viral lysate as the stimulus has shown that
the frequency of the HCMV-specific CD4� T cell response increases with donor age (19,
21, 22). In order to measure the CD4� T cell response to individual HCMV proteins, we
performed an initial screen of the CD4� T cell response to 11 HCMV proteins in a small
cohort of 18 HCMV-seropositive and 4 HCMV-seronegative donors using pools of
overlapping peptides to each HCMV protein. The 11 selected HCMV protein peptide
pools included those to which CD4� T cells responded at the highest frequency in a
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whole-proteome screen (17). Measurement of the frequency of the CD4� T cell
response to the selected HCMV proteins was performed by an IFN-� enzyme-linked
immunosorbent spot (ELISPOT) assay. Using 100 spot-forming units (sfu) per million
cells as the cutoff for positive CD4� T cell responses, we ranked the HCMV proteins
according to the number of responding donors (Fig. 1A). This ranking enabled the
identification of HCMV proteins gB, pp71, pp65, IE1, IE2, and US3 to be the peptide
pools to which our donor cohort most commonly responded.

In order to assess whether the frequency of CD4� T cell responses to different HCMV
proteins changes with increasing donor age, we recruited a large CMV-seropositive
donor cohort (n � 84) aged 23 to 74 years and also 13 CMV-seronegative donors aged
37 to 72 years to act as controls for the background response. We measured the
frequency of the CD4� T cell IFN-� response to the 6 highest-ranked HCMV genome-
encoded proteins detailed in Fig. 1A using an IFN-� FluoroSpot assay. The results from
the entire donor cohort for all 6 HCMV proteins and the positive control are summa-
rized in Fig. 1B. A positive response threshold of 100 sfu/million cells was determined
to be a response above the distribution of any of the responses to each HCMV peptide
pool measured in the seronegative cohort but below the response of both seropositive
and seronegative donors to the positive control; the threshold is indicated with a line
in Fig. 1B, with negative responses falling below the line. The proportion of the donor
cohort responding to each protein is shown in Fig. 1C. A majority of the seropositive
donor cohort responded to all six proteins studied, with 91.9% of donors generating a
positive response to pp65 and 70.6%, 69.8%, 65.1%, 56.5%, and 52.3% of the donors
responding to the gB, IE2, pp71, US3, and IE1 CMV peptide pools, respectively. Analysis
of the frequency with which the seropositive cohort responded to 1 or more CMV
proteins revealed that all donors responded to at least 1 of 6 HCMV proteins and 63.1%
of donors examined produced an IFN-� response to 4 or more proteins (Fig. 1C).

To assess whether donor age had an impact on the frequency of the CD4� T cell
response to HCMV within this cohort, the sum of the IFN-� responses to all 6 HCMV
proteins for each donor was analyzed with respect to age (Fig. 1D). Overall, there was
no significant change in the magnitude of the response as donor age increased
(Spearman rank correlation [Spearman rs]). The magnitude of the donor response to
each of the 6 HCMV proteins is also illustrated individually for seropositive donors (Fig.
1E to J). Spearman rank correlation tests of the data showed that the relationship
between the magnitude of the HCMV protein response and age was not significant, and
all Spearman r values for each ORF (indicated on each graph in Fig. 1E to J) were close
to zero. To correct for repeated measures, results were considered significant only if P
was �0.01. These results suggest that there is no obvious change in the size of the
response to these HCMV proteins with increasing age.

CD4� T cells specific for HCMV ORFs expressed during lytic infection predom-
inantly have a Th1 cytokine profile. CD4� T cells can be characterized by the
expression of certain transcription factors and the cytokines that they secrete into
different T helper cell populations (48). We have previously shown that CD4� T cells
specific to HCMV ORF-encoded proteins UL138 and LUNA have the capacity to secrete
the immunomodulatory cytokine IL-10, as well as have distinct UL138- and LUNA-
specific CD4� T cell populations able to secrete IFN-�, a Th1-defined cytokine (47).
Others have identified CMV-specific CD4� T cells which secrete IL-10, and their exper-
iments suggested that the generation of inducible T regulatory (iTreg) cells specific for
HCMV (pp65 and IE ORFs) was related to frequent exposure to the CMV antigen (49).
This suggests that an older CMV-seropositive donor may have increased numbers of
CD4� T cells secreting IL-10 following CMV stimulation because the individual was
potentially exposed to viral antigens for a longer period of time. We measured the
ability of CD4� T cells from 59 seropositive donors and 8 seronegative donors to
secrete IL-10 and/or IFN-� in response to the 6 HCMV proteins using a dual FluoroSpot
method. We assessed the IL-10 responses of the donor cohort to the 6 HCMV proteins
analyzed and the positive control alone and used the distribution of the response to the
6 HCMV protein peptide pools and the positive control for the seronegative cohort to
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FIG 1 The magnitude of IFN-�-secreting CD4� T cell responses to 6 HCMV proteins is maintained with increasing donor age. (A) The frequency of the CD4�

T cell responses to 11 HCMV protein peptide pools in 18 donors was determined by an IFN-� ELISPOT assay. The number of donors with a positive response
(�100 sfu/million cells after correction for the background count) to each protein is tallied and ranked. The IFN-�-secreting CD4� T cell response to 6 HCMV
proteins (pp65, gB, IE2, pp71, US3, and IE1) in a cohort of 84 HCMV-seropositive and 13-seronegative donors was measured using an IFN-� FluoroSpot
technique. (B) The results were converted to the number of sfu per million T cells, from which the background counts were subtracted, and the response to
each protein and the positive control by the entire cohort is summarized for both CMV-seropositive donors (CMV �ve) and CMV-seronegative donors
(CMV �ve). The distribution of the CMV-seronegative donors’ responses to each HCMV protein peptide pool and the response to the positive control was used

(Continued on next page)
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derive a positive response threshold for IL-10 responses, which was 50 sfu/million cells
(the line shown on the graph in Fig. 2A). The proportion of donors responding above
the positive cutoff for each HCMV protein is also shown. The US3 and pp71 proteins
produced an IL-10 response for 44.1% of the cohort, 28.8% of the cohort responded to
pp65, 25.4% responded to IE2, 20.3% responded to IE1, and 15.3% responded to gB,
confirming the reduced number of donors in this cohort with IL-10 responses to the 6
HCMV proteins. The number of proteins that triggered an IL-10 response above the
positive threshold for each donor was analyzed, and it was found that 40.7% of the
cohort did not make an IL-10 response to any of these 6 HCMV proteins (Fig. 2B). No
donor produced an IL-10 response to all 6 proteins, whereas 20.2% of donors produced
an IFN-� response to all 6 proteins analyzed (Fig. 1C).

The FluoroSpot technology used allowed the simultaneous assessment of the IFN-�
and IL-10 responses to each HCMV protein, enabling the contribution of IFN-� and IL-10
secretion to the overall response for each donor to be assessed. The data are summa-
rized in Fig. 2C to H for the entire seropositive cohort. Only the results for donors with
responses above the positive threshold cutoff for either IFN-� or IL-10 are shown. For
each donor, the size of the IFN-� (gray bars) and IL-10 (white bars) response (in number
of sfu per million cells) is shown in order of increasing donor age along the x axis. The
rarely observed cell population secreting both IFN-� and IL-10 is indicated by a red bar.
The data show that, overall, the majority of the T cells produced IFN-� and that for
pp65, IE1, gB, and IE2, the IL-10 responses were limited. The combined IFN-� and IL-10
results for pp71 and US3 clearly show a greater IL-10 response for each donor, with no
impact on the frequency with increasing donor age being seen; however, the IFN-�
response still predominated for the majority of the donors analyzed. Spearman rank
correlation analysis of the correlation between age and the magnitude of the IL-10
response to the 6 HCMV ORFs for the donor cohort revealed that there was a significant
decline in the level of IL-10 production in response to IE1 stimulation (Spearman rs �

�0.4185, P � 0.01). The IL-10 response to the other 5 ORFs did not reveal any significant
changes in the magnitude of the response with increasing donor age.

HCMV-specific CD4� T cells have a predominantly effector memory cell phe-
notype and cytotoxic capacity. We and others have previously reported that CMV-
specific CD4� T cells can have direct effector functions through both their cytotoxic
capacity and their secretion of inflammatory cytokines (16, 24, 26, 30, 47). To examine
the functional capacity of CD4� T cells specific to the 6 different HCMV proteins studied
here, we determined the expression of CD107a, a well-defined marker of degranulation
that is indicative of the cytotoxic capacity in CD4� T cells (30, 50), and the secretion of
the proinflammatory chemokine macrophage inflammatory protein 1� (MIP-1�), which
has been shown to be secreted by CD4� T cells (30) in response to stimulation by HCMV
protein peptide pools. CMV-specific CD4� T cells were identified to be CD40L� and
CD69high by their level of expression above the background level of expression
observed in the unstimulated control (51), and the proportion of CD107a- or MIP-1�-
positive cells was measured. The results of a representative analysis of the gB-specific
CD4� T cell response are shown in Fig. 3A. The results of CD107a expression by
CMV-specific CD4� T cells for 12 donors (Fig. 3B) and MIP-1� secretion by CMV-specific
CD4� T cells for 9 donors (Fig. 3C) are summarized for each of the 6 HCMV ORFs. CD4�

T cells stimulated directly ex vivo are capable of degranulation, as shown by the
proportion of antigen-specific CD107a-expressing cells present (Fig. 3B). The ability of
gB-specific CD4� T cells to produce a cytotoxic function has previously been estab-

FIG 1 Legend (Continued)
to determine the cutoff for a positive response to the HCMV peptide pool, which was 100 sfu/million cells (dashed line). The proportion of donors responding
to each protein and the positive control at a level above the threshold is shown. (C) The proportion of the 84 seropositive donors producing a positive response
to 1 or more of the 6 HCMV protein peptide pools is summarized. (D to J) Within the seropositive cohort, the correlation of donor age with the size of the total
IFN-� donor response to all six proteins (D) and the donor response to each protein, pp65 (E), IE1 (F), gB (G), IE2 (H), pp71 (I), and US3 (J), is shown. The
correlation of the CMV protein response with age was analyzed using the Spearman rank correlation (Spearman rs values, 95% confidence intervals [in
parentheses], and P values are indicated on each graph); a line of best fit (solid) and the 95% confidence intervals (dotted lines) are also shown. Due to the
repeated analyses performed, results were considered significant only if P was �0.01. ns, not significant.
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FIG 2 The HCMV-specific CD4� T cell response is predominantly Th1. The frequency of IL-10-secreting CD4� T cells in response to 6 HCMV
proteins and positive-control stimulation in 59 seropositive and 8 seronegative donors is shown. IL-10 secretion was measured using a FluoroSpot
method. The results were converted to the number of sfu per million cells, and background counts were subtracted. (A) The response to each
protein and the positive control by the entire cohort (both CMV-seropositive donors and CMV-seronegative donors) is summarized. The
distribution of the CMV-seronegative donors’ responses to each protein and the response to the positive control were used to determine the
cutoff for a positive response to the HCMV proteins of 50 sfu/million cells (dashed line). The proportion of donors responding to each protein
and the positive control at a level above the threshold is indicated (range, 44% seropositive donors responding to pp71 and US3 stimulation to
15% responding to gB stimulation). (B) The frequency with which seropositive donors produced a positive response to none, 1, or 1 or more of
the 6 proteins is summarized. The frequency of CD4� T cells that secreted IFN-� or IL-10 in response to the 6 HCMV proteins was measured
simultaneously using a dual IFN-� and IL-10 FluoroSpot assay. (C to H) The response of the 59 donors to 6 HCMV proteins, pp65 (UL83) (C), IE1
(UL123) (D), gB (UL55) (E), IE2 (UL122) (F), pp71 (UL82) (G), and US3 (H), is summarized. The results are arranged along the x axis by age (donor
age range, 23 to 74 years). In the graphs for each HCMV protein, only the results for donors with positive responses above the threshold for either
IFN-� (�100 sfu/million cells) or IL-10 (�50 sfu/million cells) are shown; the results for donors with cells secreting both IFN-� and IL-10 are also
indicated when present. No significant change in the magnitude of the IFN-� response with donor age was measured using the Spearman rank
correlation. There was a significant decrease in the number of IE1-specific cells secreting IL-10 with donor age (Spearman rs � �0.4185
[confidence interval � �0.6595, �0.0994], P � 0.01; n � 37), there was no significant change in the levels of IL-10 secretion with donor age for
the other 5 proteins.
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lished (16, 47, 52); however, this analysis indicates that CD4� T cells specific for the
other 5 proteins also possess this capacity. CMV-specific CD4� T cells from all the
donors examined expressed a CD107a response to at least 1 of the 6 HCMV proteins.
A proportion of CD4� T cells specific to all 6 HCMV proteins studied was also able to
secrete MIP-1� following stimulation, extending previous reports of this phenomenon
in pp65-specific CD4� T cells (30).

In previous studies, the memory cell phenotype of CMV-specific CD4� T cells has
been shown to be a differentiated memory cell phenotype, characterized by the
downregulation of the costimulatory molecule CD27 (21, 24), reexpression of CD45RA
(11, 21, 24), and the loss of CD28 expression and expression of CD57 (20, 22, 27, 30). To
assess whether the memory T cell phenotype differs between the 6 HCMV protein-
specific CD4� T cell populations, the proportion of antigen-specific cells with 1 of 4
memory cell populations, defined by the expression of CD27 and CD45RA molecules,
and the proportion that lost the expression of CD28 and that had upregulated CD57
expression were measured.

Antigen-specific CD4� T cells were again identified by the upregulation of CD69 and
CD40L (51). An example of the phenotype of the total CD4� T cell population and an
example of the HCMV-specific population from one donor are shown in Fig. 4A. The
proportion of HCMV protein-specific CD4� T cells with the different memory cell
populations are compared in summary graphs for CD27� CD45RA� effector memory
CD45RA-expressing (EMRA) T cells (TEMRA) (Fig. 4B), CD27� CD45RA� naive-like (NL) T
cells (TNL) (Fig. 4C), CD27� CD45RA� effector memory (EM) T cells (TEM) (Fig. 4D), CD27�

CD45RA� central memory (CM) T cells (TCM) (Fig. 4E), CD28� CD57� highly differenti-
ated memory cells (Fig. 4F), and CD28� CD57� less differentiated memory cells (Fig.
4G). Additionally, the proportion of total CD4� T cells from age-matched CMV-

FIG 3 A portion of the HCMV-specific CD4� T cells has a cytotoxic capacity and can secrete MIP-1�. PBMCs were stimulated
overnight with HCMV peptide pools in the presence of an anti-CD107a antibody, brefeldin A, and monensin to measure the
degranulation and production of MIP-1�. (A) HCMV-specific CD4� T cell responses were identified as described in Materials and
Methods; antigen-specific CD4� populations were identified as CD40L� and CD69high by their level of expression above the
background level of expression observed in the unstimulated control, and the proportion of antigen-specific CD4� T cells
upregulating CD107a or producing MIP-1� was measured (a representative example of the response to gB is shown). (B and
C) The results from all the donors examined are summarized for CD107a expression (n � 12) and MIP-1� production (n � 9).
There were no significant differences in the proportion of CMV protein-specific CD4� T cells upregulating CD107a or producing
MIP-1� (Kruskal-Wallis 1-way ANOVA with Dunn’s post hoc multiple-comparison test).
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FIG 4 HCMV-specific CD4� T cells have a predominantly effector memory cell phenotype and are not highly differentiated. PBMCs were
stimulated overnight with HCMV protein peptide pools in the presence of brefeldin A. HCMV-specific CD4� T cell responses were identified to
be CD40L and CD69 by their level of expression above the background level of expression observed in the unstimulated control, and 4 subsets
of memory cell phenotypes were defined according to the expression of CD27 and CD45RA: CD27� CD45RA� naive-like (NL) T cells (TNL), CD27�

CD45RA� central memory (CM) T cells (TCM), CD27� CD45RA� effector memory (EM) T cells (TEM), and CD27� CD45RA� effector memory
CD45RA-expressing (EMRA) T cells (TEMRA). The proportions of 2 memory cell differentiation phenotype populations defined according to the
expression of CD57 and CD28, less differentiated (CD28� CD57�) and highly differentiated (CD28� CD57�), were also measured. (A) A
representative example illustrating the expression of these six phenotypes by total CD4� and pp65-specific T cells is shown. (B to E) The results

(Continued on next page)

HCMV-Specific CD4� T Cell Responses Journal of Virology

March 2017 Volume 91 Issue 6 e02128-16 jvi.asm.org 9

http://jvi.asm.org


seronegative donors for the 4 memory cell populations defined by CD27 and CD45RA
expression is also shown (Fig. 4B to E). The comparison of the total CD4� populations
for each of the 4 memory cell populations from CMV-seronegative and CMV-
seropositive donors revealed that CMV-seropositive donors have significantly more
differentiated CD4� TCM (Fig. 4E), TEM (Fig. 4D), and TEMRA (Fig. 4B) (significant results
by the Mann-Whitney U test [P � 0.01 and P � 0.0001] are shown). This confirms
previous observations of the impact of CMV infection on the phenotype of CD4� T cells
(summarized in reference 37). The distribution of the CMV-seropositive donor CD4� T
cell responses to the 6 HCMV proteins and total CD4� T cells for the 6 different memory
cell phenotypes was analyzed using a nonparametric Kruskal-Wallis 1-way analysis of
variance (ANOVA) test (results are shown Fig. 4B to G). Where there was a significant
variance, a Wilcoxon signed-rank test was used as a posttest to compare pairwise the
proportion of the antigen-specific population expressing each phenotype with the total
CD4� population and the population specific for the other HCMV proteins for each
donor; significant differences with P values of �0.01 (to account for repeated measures)
between the populations are indicated on the graphs in Fig. 4B to G. The analysis of the
memory cell population phenotypes showed that CMV protein-specific CD4� T cells
have a significant decrease in the less differentiated memory cell phenotypes com-
pared to the total CD4� population (Fig. 4C and E). There was a corresponding
significant enrichment in the differentiated effector memory cell subpopulations for all
6 HCMV protein-specific populations (Fig. 4B). Comparison of the proportion of CMV-
specific CD4� T cells exhibiting different memory cell phenotypes revealed that US3-
specific CD4� T cells had a significantly greater proportion of TEMRA than gB- and
IE2-specific CD4� T cells (Fig. 4B); gB-specific CD4� T cells were more enriched in the
TCM population than T cells specific for 4 of the other 5 HCMV proteins analyzed (Fig.
4E). There were no significant changes in the proportion of CMV-specific CD4� T cells
with highly differentiated (Fig. 4F) or less differentiated (Fig. 4G) memory cell popula-
tions, although the antigen-specific populations were enriched for the highly differen-
tiated population compared to the total CD4 T cell population.

HCMV-specific CD4� T cells produce polyfunctional responses to virus-infected
cells. The use of a CMV lysate or overlapping peptide pools to characterize the CD4�

T cell responses to CMV does not allow the effect of CMV genome-encoded immune
evasion molecules during infection, particularly the downregulation of MHC class II
expression, on antigen-presenting cells to be determined (53). To assess the CD4� T cell
response in the presence of virus genome-encoded immune evasion molecules, we
used in vitro infection of autologous dendritic cells with a clinical isolate of CMV.
Autologous dendritic cells derived from individual donor monocytes (moDCs) were
infected with HCMV strain TB40/E whose UL32 protein was tagged with green fluores-
cent protein (GFP) (TB40/E-UL32-GFP). The CMV-infected moDCs were incubated for 7
days prior to coincubation with autologous CD4� T cells overnight and measurement
of the functional responses in the responding CD4� T cells by flow cytometry. In total,
the functional responses of cells from 12 donors to virus-infected moDCs were ana-
lyzed. The size of the HCMV-specific response (identified by the coupregulation of the
activation markers CD40L and 4-1BB) above the background response by the CD4� T
cells and the fraction of those cells producing each of 4 individual functional markers

FIG 4 Legend (Continued)
are summarized for each phenotype population of interest. The responses to 6 HCMV proteins by the total CD4� T cell population for 15
CMV-seropositive donors and the total CD4� T cell population for 15 age-matched CMV-seronegative donors were compared for the following
populations: TEMRA (B), TNL (C), TEM (D), and TCM (E). (F and G) The responses to 6 HCMV proteins by the total T cell population for 15
CMV-seropositive donors only are summarized for the CD28� CD57� (F) and CD28� CD57� (G) populations. A nonparametric Kruskal-Wallis 1-way
ANOVA test was performed for the CMV-seropositive donors for each memory cell population (the P values are indicated on each graph). Where
significant variation was observed, a Wilcoxon signed-rank posttest was performed to compare the different proportions of CMV-specific CD4�

T cells to total CD4� T cells and each of the other CMV-specific protein populations. For each comparison, results with significant differences are
indicated on the appropriate graph (**, P � 0.01; ***, P � 0.001). Lastly, the total CD4� T cell CD27 and CD45RA defined memory cell populations
for CMV-seropositive donors were compared to those for CMV-seronegative donors using a Mann-Whitney U test; significant results are indicated
on the appropriate graph (##, P � 0.01; ####, P � 0.0001).
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(MIP-1�, granzymes A and B, IFN-�, and CD107a) or no marker were compared (Fig. 5A).
The breakdown of the antigen-specific response equated to 49.2% � 8.9% (standard
error of the mean [SEM]) of the responding CD4� T cells not producing any of these
effector markers. Of the remaining antigen-specific CD4� T cells, 41.7% � 8.6% (SEM)
produced IFN-� and 16.3% � 4.0% (SEM) expressed CD107a, with a minority of
virus-specific CD4� T cells producing MIP-1� (4.9% � 2.4% [SEM]) or granzymes A and
B (4.6% � 2.1% [SEM]). The polyfunctionality of the virus-specific CD4� T cell response
in 12 donors was assessed, and the mean proportion of virus-specific cells producing
one or more functional responses was compared (Fig. 5B); 14.6% of responding cells
produced two, three, or four functional responses, and a further 36.2% produced one
functional response. The proportion of virus-specific CD4� T cells responding within
the 16 different categories created by combinations of the four functional response
markers for all 12 donors is shown in Fig. 5C. This breakdown analysis of the HCMV-
specific CD4� T cells that produce one or more functional responses (comprising 50.8%
of the activated cells response) confirms the dominance of IFN-� production alone
(28.8% � 5.3% [SEM]) and in combination with CD107a expression (7.9% � 2.3% [SEM]).
The other notable populations were the population expressing CD107a only (4.8% �

1.3% [SEM]), the population producing IFN-� and MIP-1� (2.2% � 1.1% [SEM]), the
population producing granzymes A and B only (2.1% � 1.1% [SEM]), and the popula-
tion expressing IFN-�, MIP-1�, and CD107a (1.8% � 1.2% [SEM]). Phenotype analysis of
the virus-specific CD4� T cells revealed an undifferentiated (CD28� CD57�; 58.9% �

7.5% [SEM]) effector memory cell (CD27� CD45RA�) population (35.6% � 2.9% [SEM])
(Fig. 5D) similar to that seen in peptide-stimulated cells (Fig. 4).

For 3 donors, we compared the CD4� T cell response to TB40/E-UL32-GFP-infected
cells with that of moDCs infected with a UV-inactivated virus at an identical multiplicity
of infection (MOI). The size of the corrected antigen-specific response measured by
upregulation of CD40L and 4-1BB is shown for each donor in Fig. 5E. This comparison
shows that for all three donors, the response to live virus was greater than that to the
UV-inactivated virus. There was, however, a notable CD4� T cell response to cells
treated with UV-inactivated virus, suggesting that inactive viral particle proteins were
still being presented by the moDCs 7 days after the initial infection. We confirmed that
UV treatment of the virus caused the virus to be inactive by fluorescence microscopy
analysis of GFP expression in the moDCs (an example of the results, those for donor
CMV320, is shown in Fig. 5F), which clearly shows that the late gene UL32, which was
tagged with GFP in the HCMV strain used for these studies, is expressed only in the
infected cells at day 7 postinfection and is not observed in the UV-inactivated virus-
treated moDCs.

HCMV-specific CD4� T cells control the dissemination of virus in vitro. The
evidence that live cytomegalovirus infection was able to stimulate functional CD4� T
cell responses to a greater extent that UV-inactivated virus led to an investigation of
whether these CMV-specific CD4� T cells could directly target an active lytic infection.
We have previously established a viral dissemination assay for CD8� T cells (54) using
autologous fibroblasts infected with the TB40/E-UL32-GFP strain at a low MOI to
measure the ability of the CD8� T cell subset to abrogate viral spread. To be able to
interrogate the role of CMV-specific CD4� T cells in the same way required an
adaptation of this experimental model because fibroblasts do not constitutively express
MHC class II molecules (55). Autologous in vitro-differentiated moDCs were chosen, as
these cells both constitutively express MHC class II (55) and are permissive for lytic CMV
infection (56). Dendritic cells derived from each donor were infected with TB40/E-UL32-
GFP at a low MOI. After 7 days of culture, CD4� T cells isolated directly ex vivo were
added at effector cell (CD4� T cells)-to-target cell (moDCs) (E/T) ratios of 1.2:1, 0.6:1, and
0.3:1 in triplicate. The CD4� T cells were coincubated with the infected moDCs for a
further 7 days. Indicator fibroblasts were then added to be infected by virus released
from any remaining infected dendritic cells, and the cells were coincubated for 14 to 21
days prior to analysis by flow cytometry for GFP-expressing (virus-infected) fibroblasts.
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FIG 5 The HCMV-specific CD4� T cell response to HCMV-infected cells is polyfunctional. (A) moDCs from each donor were prepared and
then mock or lytically infected with HCMV strain TB40/E-UL32-GFP at an MOI of 0.1 for 7 days. Autologous CD4� T cells were incubated
overnight with either uninfected, HCMV-infected, or UV-irradiated HCMV-infected moDCs in the presence of an anti-CD107a antibody,
monensin, and brefeldin A. CD4� T cells were then stained with a polyfunctional flow cytometry antibody panel, acquired, and analyzed.
Virus-specific CD4� T cells were identified by the upregulation of CD40L and 4-1BB above the background response. The total specific
response to CMV and the proportion of the specific response, composed of MIP-1�, granzyme A and B (GrzAB), CD107a, and IFN-�
production or the production of no functional marker, in 12 donors are shown. (B) The mean proportion of virus-specific CD4� T cells from
all donors generating polyfunctional responses is summarized as a pie chart indicating the proportion of HCMV-specific CD4� T cells
producing 4, 3, 2, 1, or no functions. (C) The composition of the HCMV-specific CD4� T cell response as a proportion of the antigen-specific
population for all donors is illustrated. (D) The proportion of virus-specific cells expressing different memory cell phenotype markers
(CD27, CD45RA, CD28, and CD57) is shown. (E) A direct comparison of the size of the specific T cell response to live virus (CMV) versus
UV-inactivated virus (UV Virus) in 3 donors is shown. (F) A representative example of UL32 (late gene)-tagged GFP expression in moDCs
infected with live virus versus UV-inactivated virus indicating GFP expression in live virus-infected moDCs only.
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We measured viral dissemination in 5 HCMV-seropositive donors and 1 HCMV-
seronegative donor as a control. The dissemination of TB40/E-UL32-GFP to fibroblast
cells was assessed by fluorescence microscopy and flow cytometry. An example of the
results from one donor, donor CMV320, obtained following 14 days of incubation with
indicator fibroblasts is illustrated in Fig. 6A. The results clearly show a lack of GFP
expression in the uninfected wells and the wells treated with CD4� T cells at all 3 E/T
ratios, whereas GFP was expressed in control wells that were only infected with HCMV.
The results from the flow cytometry analysis for 5 seropositive donors (Fig. 6B to F,
respectively) and 1 seronegative donor (Fig. 6G) are summarized in Fig. 6. The data for
each treatment were corrected for the background response and then expressed as a
proportion of the data for the infected control (which was therefore set at 100% for all

FIG 6 HCMV-specific CD4� T cells are able to prevent the dissemination of virus in vitro. moDCs from each donor were prepared and then mock
or lytically infected with HCMV strain TB40/E-UL32-GFP at an MOI of 0.007 for 7 days. CD4� T cells were coincubated with the infected moDCs
with different E/T ratios for a further 7 days. Indicator fibroblasts were then added to the CD4� T cells and infected moDCs after they had been
coincubated for up to 28 days, and then the percentage of fibroblasts expressing GFP-tagged virus was measured by flow cytometry. (A)
Representative dot plots showing GFP expression from one well of triplicate wells (top) and corresponding fluorescence microscope images
(bottom) are shown. (B to G) The bar charts for 5 HCMV-seropositive donors (B to F) and 1 HCMV-seronegative donor (G) summarize the
percentage of TB40/E-UL32-GFP-expressing fibroblasts corrected for the background response and as a percentage of the infected-only control.
ctrl, control; UI uninfected; INF, infected.
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6 donors). The graphs from all 5 HCMV-seropositive donors show that the addition of
CD4� T cells stopped the dissemination of HCMV into the fibroblast layer. The results
for HCMV-seronegative donor CMV425 (Fig. 6G) clearly demonstrate that this is the
action of CMV-specific CD4� T cells, as the proportion of fibroblasts infected with the
GFP-tagged virus was observed to be at levels similar to those for the infected control.
The evidence from this functional assay, together with the polyfunctional responses
described in Fig. 5, clearly shows that resting HCMV-specific CD4� T cells isolated
directly ex vivo have direct antiviral activity producing inflammatory cytokines and
cytotoxic responses which enable these cells to prevent viral dissemination.

DISCUSSION

Studies have implicated CMV to be associated with an increased risk of all-cause
mortality (37) and to cause detrimental changes to the immune response (27–29) in
older people. The paradox with the association of CMV seropositivity with the loss of
immune function in older people is that overt CMV disease as a result of reactivation
or new infections is not observed; however, there is an increase in detectable virus in
urine in older people (44). This strongly suggests that the immune response to HCMV
itself retains sufficient functionality within the older immunocompetent population but
that immunomodulation as a consequence of lifelong carriage of HCMV may alter the
immune response (57). Secretion of the immunomodulatory cytokine IL-10 (58) by
CMV-specific CD4� T cells is a candidate for mediating the immunomodulation of the
CMV-specific T cell response during ageing. We have previously identified populations
of CD4� T cells specific for the HCMV proteins UL138 and LUNA, which secrete IL-10
(47). Others have observed secretion of IL-10 by CMV-specific CD4� T cells in response
to stimulation by pp65 and IE1, and they demonstrated that frequent exposure to CMV
antigens drove the generation of an iTreg CD4� T cell population specific to HCMV (49).
We hypothesized that older CMV-seropositive donors may have increased numbers of
CD4� T cells secreting IL-10 following CMV antigen stimulation due to longer periods
of exposure to viral antigens and that this subset of CMV-specific CD4� T cells may
inhibit efficient recognition of the virus by IFN-�-secreting CMV-specific CD4� T cells.

We did not see any influence of donor age on the magnitude of the total CMV-
specific CD4� T cell IFN-� or IL-10 response to gB, pp65, pp71, and IE2 stimulation.
There was a significant decline in the IE1 IL-10-specific CD4� T cell response in older
donors, but for each donor, the relationship of the magnitude of the total IFN-� and
IL-10 response to all 6 proteins was not affected by donor age. We have therefore
demonstrated that a proportion of CD4� T cells specific to the 6 different HCMV
proteins examined here produced IL-10 but that this response was limited overall
compared to the IFN-� response observed. However, we did observe that some donors
(approximately 1 in 6) within the cohort had an IL-10 response to 3 or more of the CMV
protein responses examined that was equal to the IFN-� response or that occurred at
a higher frequency (number of sfu per million cells) than the IFN-� response. Overall, in
this study there was no alteration in the balance of IL-10 and IFN-� secretion with
increasing donor age and putative increased lengths of viral carriage and exposure to
viral antigens. It would be interesting to examine whether donors in a suitably sized
cohort with an IL-10 bias in the CD4� T cell response to CMV antigens differ in other
aspects of their CMV immune response, such as CMV IgG titers or viral carriage.

The observations from this cohort regarding the impact of donor age on CMV-
specific CD4� T cell responses are in contrast to those from some other studies which
have shown an accumulation of IFN-�-secreting CD4� T cells in older donors (19, 21,
22). These studies used the responses obtained by the use of viral lysate to stimulate
HCMV-specific CD4� T cells rather than the responses to particular HCMV proteins and
intracellular flow cytometry to measure the IFN-� response. The current study used
FluoroSpot assays to measure IFN-� production by CD4� T cells; FluoroSpot is an
enzyme-linked immunosorbent spot (ELISPOT) assay which enables measurement of
multiple cytokines simultaneously (59). Experience from our own studies and other
groups suggests that the ELISPOT assay is more sensitive than other methods for
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detecting T cell responses to HCMV antigens (60), so the contrasting observations
obtained in this study compared to those obtained in previously published work are
not explained by the use of different techniques to measure IFN-� responses. The
studies demonstrating an increased frequency of CMV-specific CD4� T cells in older
donors (19, 21, 22) did not investigate the absolute size of the T cell compartment in
peripheral blood. This is important, as the increased percentage measured in these
studies may equate to the same numbers of IFN-�-producing CD4� T cells only if the
size of the total CD4� T cell compartment decreases, for instance. It is therefore difficult
to compare the conclusions from studies where the methods of reporting the results
differ between frequency and percentages, particularly when the information required
for interpreting the presented percentage data is absent. It has previously been
observed that donor cohorts from different geographical locations, e.g., older Sicilians
with a 70% rate of CMV seropositivity (61), did not show an accumulation of CMV-
specific CD8� T cells in the older donor group compared to the young donor group.
Understanding that HCMV infection does not have the same effect on all older donor
cohorts is important when interpreting the results of studies which propose that
medical intervention in CMV-seropositive older people is necessary to improve their
immune response and promote a healthy ageing phenotype.

It is becoming increasingly clear in both infections with CMV (26, 31, 52) and
infections with other viruses, e.g., influenza virus, West Nile virus, rotavirus, and Sendai
virus (reviewed in reference 62), that CD4� T cells can exhibit direct effector functions,
including cytotoxicity and the secretion of proinflammatory effector molecules, that
help to control or resolve viral infections. We saw that CD4� T cells specific to all 6
HCMV proteins upregulated the expression of CD107a, a marker of degranulation used
as a surrogate indicator of potential cytotoxic activity (30), and produced the proin-
flammatory chemokine MIP-1�. Our observations on the memory cell phenotype of
CMV-specific CD4� T cells do confirm the findings of previous studies performed using
pp65 peptides and viral lysate stimulation, which have described CMV-specific CD4� T
cells as having an effector memory cell phenotype (19, 21, 30). The use of in vitro
stimulation of CD4� T cells with HCMV peptide pools or viral lysate allows the
determination of T cell effector functions, but this is in the absence of immune evasion
molecules expressed by CMV during its lytic life cycle. Examination of CMV-specific T
cell responses in the absence of viral immunomodulation is not representative of the
situation during CMV infection or reactivation in the host (57). CMV genome-encoded
proteins target many aspects of the immune response, including the evasion of natural
killer cell responses, the interferon response, and perturbation of immunomodulatory
pathways (reviewed in reference 53). Pertinent to affecting host CD4� T cell effector
responses, the proteins encoded by CMV US3 (63) and US2 (64) interfere with MHC class
II presentation at the cell surface. UL82, which encodes the phosphoprotein pp65, can
mediate the destruction of HLA-DR molecules (65) and the loss of MHC class II
expression by CMV-infected dendritic cells (66, 67). The combined effect of these
immune evasion and modulatory proteins in an active infection with CMV or a CMV
reactivation event in the host could lead to effector behaviors by CMV-specific CD4� T
cells very different from those observed in response to isolated viral proteins. This
problem has been addressed to an extent in the murine model with MCMV infection.
A recent study using novel epitope class II-restricted tetramers in vivo observed direct
killing of infected cells (68). With respect to HCMV infections, Sinzger et al. have shown
that IE1-specific CD4� T cell clones are able to produce IFN-� in response to stimulation
by TB40/E-infected macrophages which have downregulated MHC class II expression
(69).

We used an experimental model of lytic infection in vitro to measure the effector
functions of CD4� T cells isolated directly ex vivo in response to HCMV-infected
monocyte-derived dendritic cells. The predominant effector function produced was
IFN-� expression followed by CD107a expression. Low levels of the cytolytic enzymes
granzymes A and B and MIP-1� were also detected. The polyfunctional CD4� T cell
responses observed are important, as polyfunctional CD4� T cells have been shown to
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be better effector cells (50) and reduced frequencies of polyfunctional CMV-specific
CD4� T cells are associated with the occurrence of congenital CMV infections (70).
However, these assays still just measure effector mechanisms and do not give any
indication whether the T cells could mediate direct antiviral activity. In order to measure
the effectiveness of these CMV-specific CD4� T cells, we performed a viral dissemina-
tion assay using the nonattenuated clinical strain TB40/E-UL32-GFP. We performed the
assay with cells from 5 HCMV-seropositive donors and clearly observed that the CD4�

T cells prevented viral dissemination from the virus-infected dendritic cells. By perform-
ing the assay with cells from a CMV-seronegative donor, we confirmed that this was a
CMV-specific CD4� T cell effect, as there was no control of viral dissemination in the
presence of nonspecific CD4� T cells. This assay convincingly shows that CD4� T cells
can respond directly to CMV-infected cells probably using both the cytokine expression
and cytotoxicity mechanisms observed in the polyfunctional flow cytometry experi-
ments. The ability of CMV-specific CD4� T cells to control viral dissemination is in spite
of the large array of immune evasion mechanisms encoded by the virus genome and
confirms the observations made in vivo in the murine model (68) and previously in
infected macrophages in in vitro models of HCMV infection (69). Further interrogation
of the CMV-specific CD4� T cell response using this in vitro model will be able to
determine whether the cytokines or cytotoxicity produced by CD4� T cells is more
important in resolving CMV infection or reactivation in the host.

In summary, we have shown that the CD4� T cell response to lytic HCMV antigens
and infection is not obviously attenuated in older donors. CD4� T cells specific to HCMV
have a cytotoxic capability and secrete MIP-1� and IFN-�, which are known to be
essential to control viral replication (13, 20, 70) and can control viral dissemination in
vitro. Previous studies focusing solely on T cell responses to limited HCMV ORF-encoded
proteins or inactive viral lysate in the immune response of older people (71) may have
resulted in a perspective on understanding the etiology of the CMV infection and
diseases in healthy older people that was too narrow. An understanding of why older
donors may reactivate virus more frequently than younger donors (44) will require
further study of CD4� T cell responses in the context of viral infection models. By
interrogating the immune response to the entire HCMV proteome expressed during
both lytic and latent infection using direct antiviral assays instead of relying on
responses to isolated peptide stimulation will help to identify whether the HCMV-
specific T cell response is impaired in older or immunocompromised patients. This will
also enable the development of effective immunotherapeutic treatments for HCMV
infection and widen our knowledge of the functional capacity of CD4� T cells in
response to virus infection.

MATERIALS AND METHODS
Ethics and donor cohort information. Healthy HCMV-seropositive and HCMV-seronegative donors

were recruited locally with ethical approval from the Addenbrookes National Health Service Hospital
Trust Institutional Review Board (Cambridge Research Ethics Committee); informed written consent was
obtained from all volunteers in accordance with the Declaration of Helsinki (LREC 97/092). Twenty-two
HCMV-seropositive donors (5 females, 17 males) aged 23 to 77 years were recruited. A second healthy
donor cohort was recruited from the Cambridge National Institute of Health Research (NIHR) Bio-
Resource. Ethical approval was obtained from the University of Cambridge Human Biology Research
Ethics Committee. Informed written consent was obtained from all donors in accordance with the
Declaration of Helsinki (HBREC.2014.07). A cohort of 84 HCMV-seropositive donors (48 females, 36 males)
aged 23 to 74 years and 24 seronegative donors (14 females, 10 males) aged 29 to 78 years was included
in this study. The CMV serostatus of all donors was confirmed by serological assessment of CMV IgG
levels using a Captia CMV IgG enzyme immunoassay (Trinity Biotech, Ireland) following the manufac-
turer’s instructions.

PBMC isolation. Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized blood
samples using Lymphoprep (Axis-Shield; Alere Ltd., Stockport, UK) density gradient centrifugation.
PBMCs were either used fresh or frozen in a 10% dimethyl sulfoxide (Sigma-Aldrich, Poole, UK) and 90%
fetal bovine serum (FBS; Gibco-Thermo Fisher Scientific, Paisley, UK) solution at a high cell concentration.
Frozen PBMCs were resuscitated before use in prewarmed serum-free medium in the presence of 10
U/ml DNase I (Roche Diagnostics Ltd., Burgess Hill, UK) or Benzonase nuclease (Millipore, Watford, UK),
followed by a 1-h incubation in warmed serum-free medium with DNase I or Benzonase nuclease at 37°C,
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and the PBMCs were then further rested in X-Vivo 15 medium (Lonza, Slough, UK) at 37°C before use in
subsequent assays.

HCMV ORF peptide mixes. Ten HCMV ORFs (UL28, UL48, UL55 [gB], UL82 [pp71], UL99, UL122 [IE2],
UL123 [IE1], US3, US29, and US32) were selected, and libraries of consecutive 15-mer peptides overlap-
ping by 10 amino acids were synthesized by ProImmune PEPScreen (Oxford, UK) from sequences detailed
in the study of Sylwester et al. (17). A UL83 (pp65) ORF 15-mer peptide library was synthesized by JPT
Peptide Technologies GmbH (Berlin, Germany). The individual lyophilized peptides from each ORF library
were reconstituted and used as previously described (54).

Virus. HCMV strain TB40/E-UL32-GFP (a gift of Christian Sinzger, Universitätsklinikum Ulm, Institut für
Virologie, Germany) was used in this study. The infectious titer of the endothelium-tropic passaged strain
was determined using ARPE-19 cells. The number of PFU per milliliter was used to calculate the
multiplicity of infection used to infect monocyte-derived dendritic cells. UV treatment of TB40/E-UL32-
GFP for 60 min was performed to inactivate the virus stock.

Dual FluoroSpot assays. PBMCs were depleted of CD8� T cells by magnetically activated cell sorting
(MACS) using anti-CD8� direct beads (Miltenyi Biotech), according to the manufacturer’s instructions,
and separated on either LS columns with a VarioMACS stand (Miltenyi Biotech) or by use of an autoMACS
Pro separator (Miltenyi Biotech). The efficiency of depletion was determined by staining cells with a
CD3-fluorescein isothiocyanate (FITC), CD4-phycoerythrin (PE), and CD8-peridinin chlorophyll protein
(PerCP)-Cy5.5 antibody mix (all from BioLegend) and analyzed by flow cytometry. Depletions performed
in this manner resulted in 0.2 to 4.3% residual CD8� T cells (n � 40). Triplicate wells of 2 � 105 CD8�

T cell-depleted PBMCs suspended in X-Vivo 15 medium supplemented with 5% human type AB serum
(Sigma-Aldrich) in precoated FluoroSpot plates (human IFN-� and IL-10 FluoroSpot plates [Mabtech AB,
Nacka Strand, Sweden]) were incubated with a mix of the ORF-encoded peptides (final peptide
concentration, 2 �g/ml/peptide) and an unstimulated and positive-control mix containing anti-CD3
antibody (Mabtech AB) as well as Staphylococcus enterotoxin B (SEB), phytohemagglutinin (PHA),
pokeweed mitogen (PWM), and lipopolysaccharide (LPS) (all from Sigma-Aldrich) at 37°C in a humidified
CO2 atmosphere for 48 h. The cells and medium were decanted from the plate, and the assay was
developed following the manufacturer’s instructions. The results on the developed plates were read
using an AID iSpot reader (Autoimmun Diagnostika [AID] GmbH, Strassberg, Germany) and counted
using EliSpot (version 7) software (Autoimmun Diagnostika). The cutoff for a positive response for IFN-�
and IL-10 was determined by comparing the distribution of the responses from HCMV-seropositive and
HCMV-seronegative donors to all HCMV ORFs and the positive-control response after correction for the
background response. This analysis determined that the positive response for IFN-� was greater than 100
spot forming units (sfu)/million cells (Fig. 1B) and that the positive response for IL-10 was greater than
50 sfu/million cells (Fig. 2A).

Measurement of degranulation and cytokine secretion and phenotyping of antigen-specific
CD4� T cells. PBMCs (2.5 � 106) suspended in X-Vivo 15 medium with 5% human type AB serum were
stimulated with ORF-encoded peptide mixes in the presence of CD107a-Alexa Fluor 647 (BioLegend),
were unstimulated, or were simulated with a positive-control mix (SEB, �CD3, PHA, PWM, and LPS) for
1 h, and then 5 �g/ml brefeldin A and 2 �M monensin (both from BioLegend) were added and the cells
were incubated overnight at 37°C in a humidified CO2 atmosphere. The cells were then washed, stained
with a combination of surface antibodies, including CD3-Brilliant Violet 650, CD45RA-PE-Cy7, CD27-
allophycocyanin (APC)-eFluor 780 (eBioscience), or CD14- and CD19-FITC-dump channel (eBioscience)
and LIVE/DEAD fixable yellow dead cell stain (Invitrogen), at 4°C. The cells were fixed, permeabilized
using a Fix&Perm cell fixation and permeabilization kit (Nordic-MuBio, Susteren, Holland), and stained
intracellularly with CD69-Pacific Blue, 4-1BB–PE–Cy5, CD8-Alexa Fluor 700, CD4-PE-Dazzle (BioLegend),
CD40L-PerCP-eFluor 710 (eBioscience), and MIP-1�–PE (BD Biosciences) at 4°C in the dark. Samples were
washed and fixed in a paraformaldehyde (PFA) solution (final PFA concentration, 1%) and acquired on
a BD LSR Fortessa cytometer using FACSDiva software. The data were analyzed using FlowJo software,
and antigen-specific CD4� T cell populations were identified to be CD40L� and CD69high by their level
of expression above the background level of expression observed in the unstimulated control following
the elimination of doublets and the removal of monocytes, B cells, and dead cells from the analyzed
population (an example of CD40L� and CD69high expression is shown in Fig. 3A). CD69 expression was
lower due to incubation overnight as opposed to incubation for 6 h, which is why a criterion of CD69high

expression was used to identify the activated cell populations. The level of CD107a staining was set on
the basis of the level of expression measured in activated CD8� T cells compared to that measured in
unstimulated cells for each donor. The positive-control sample was used to verify the expression of the
activation markers CD107a and MIP-1� for each donor.

Measurement of polyfunctional T cell responses to HCMV-infected dendritic cells. Monocytes
were isolated from donor PBMCs by MACS using anti-CD14� direct beads (Miltenyi Biotech) according to
the manufacturer’s instructions and separated on LS columns with a VarioMACS system. Purified
monocytes were allowed to adhere to a 48-well tissue culture plate at a density of 0.3 � 106 cells per
well and then incubated in X-Vivo 15 medium supplemented with 2.5 mM L-glutamine (Sigma-Aldrich)
and with 1,000 IU/ml IL-4 and 1,000 IU/ml granulocyte-macrophage colony-stimulating factor (Miltenyi
Biotec) for 6 days at 37°C in a humidified CO2 atmosphere. The differentiated monocytes were matured
by exchanging the medium for X-Vivo 15 medium supplemented with 2.5 mM L-glutamine and 50 ng/ml
LPS for 24 h. The dendritic cells (moDCs) were then infected with HCMV strain TB40/E-UL32-GFP at an
MOI of 0.1 or the equivalent amount of UV-inactivated virus for 3 h in L-glutamine-supplemented X-Vivo
15 medium. The medium was then replaced, and the infected cells were incubated in fresh supple-
mented X-Vivo 15 medium for 7 days at 37°C in a humidified CO2 atmosphere. Infection was confirmed
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by the observation of GFP expression in dendritic cells by fluorescence microscopy but the lack of GFP
expression in mock-infected and UV-inactivated virus-treated cells and by quantitative reverse
transcription-PCR. CD4� T cells were purified from defrosted autologous PBMCs by MACS using anti-
CD4� beads following the manufacturer’s instructions using LS columns and a VarioMACS system. CD4�

T cells (0.5 � 106) suspended in X-Vivo 15 medium supplemented with L-glutamine were added to each
well of uninfected, infected, UV-inactivated virus-infected, and positive-control mix-pulsed and pp65 and
gB protein-pulsed moDCs in the presence of CD107a-Alexa Fluor 647 (BioLegend) for 1 h. Then, 5 �g/ml
brefeldin A and 2 �M monensin (both from BioLegend) were added and the cells were incubated
overnight at 37°C in a humidified CO2 atmosphere. The cells were harvested, washed, and stained with
a combination of surface antibodies, CD45RA-PE-Cy7, CD27-APC-eFluor 780 (eBioscience), CD3-Brilliant
Violet 650, CD57-PE-Dazzle, CD28-Alexa Fluor 700, CD14- and CD19-Brilliant Violet 510 (BioLegend), or
LIVE/DEAD Fixable Aqua Dead cell stain (Invitrogen)-dump channel at 4°C. Cells were fixed and perme-
abilized using a Fix&Perm cell fixation and permeabilization kit and stained intracellularly with CD69-
Pacific Blue, 4-1BB–PE–Cy5, CD8-Brilliant Violet 570, CD4-Brilliant Violet 605, granzyme A-FITC (Bio-
Legend), granzyme B-FITC (Miltenyi Biotec), CD40L-PerCP-eFluor 710 (eBioscience), IFN-�–Brilliant Violet
786, and MIP-1�–PE (BD Biosciences) at 4°C in the dark. Samples were washed and fixed in a final 1%
paraformaldehyde solution and acquired on a BD LSR Fortessa cytometer using FACSDiva software. Data
were analyzed using FlowJo software, and CD4� T cells were identified following elimination of doublets
and removal of monocytes, B cells, and dead cells from the analyzed population. Antigen-specific CD4�

T cell populations were identified by the expression of CD40L and 4-1BB above the background level of
expression observed in the unstimulated sample. The percentage of antigen-specific CD4� T cells
producing combinations of the functional markers CD107a, granzymes A and B, IFN-�, and MIP-1� above
background levels was identified (gating of populations was determined by the use of fluorescence
minus one samples and the unstimulated control).

Measurement of viral dissemination control by CD4� T cells. Monocytes were isolated, differen-
tiated, and matured to moDCs in 96-well plates at a density of 0.1 � 106 cells per well, as described in
the previous paragraph. The moDCs were then infected with HCMV strain TB40/E-UL32-GFP at an MOI
of 0.007 or the equivalent amount of UV-inactivated virus for 3 h in L-glutamine-supplemented X-Vivo 15
medium. The medium was then replaced and the infected cells were incubated in fresh supplemented
X-Vivo 15 medium for 7 days at 37°C in a humidified CO2 atmosphere. Infection was confirmed by
observation of GFP expression in moDCs by fluorescence microscopy compared to the lack of observa-
tion of GFP expression in mock-infected and UV-inactivated virus-treated cells. Autologous CD4� T cells
were purified from frozen PBMCs as described above and then added to the wells with infected moDCs
at different E/T ratios (1.2:1, 0.6:1, and 0.3:1) in supplemented X-Vivo 15 medium. The CD4� T cells were
coincubated with infected moDCs, and after 7 days, indicator dermal fibroblasts were added to the
moDC monolayer following removal of the well supernatant and nonadherent cells. The fibroblast
coculture was maintained in Dulbecco modified Eagle medium (Gibco) supplemented with 20% FBS
(Gibco) for up to 21 days at 37°C in a humidified CO2 atmosphere. The spread of TB40/E-UL32-GFP to
fibroblasts after 21 days was measured by flow cytometry acquisition on a BD Accuri C6 flow cytometer
following fibroblast harvest with trypsin and fixation with 2% PFA.

Statistics. Statistical analysis was performed using GraphPad Prism software (version 6.00 for
Windows; GraphPad Software, San Diego, CA, USA). The correlation between age and the T cell response
to CMV was assessed by use of the Spearman rank correlation for nonnormally distributed data. The
results of analyses of CD107a, MIP-1�, and the populations with the different peptide-specific memory
cell phenotypes were compared using a 1-way ANOVA Kruskal-Wallis test with Dunn’s post hoc multiple-
comparison test and the Wilcoxon signed-rank test. In the case of repeated analyses of the same donor
cohort, results were considered significant only if P was �0.01.
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