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The role of human cytomegalovirus (HCMV)-specific T-cell
responses in breast milk of HCMV-seropositive mothers is not
well defined. In these studies, we demonstrate that the frequency
of cytomegalovirus (CMV)-pp65-specific T-cell responses
in peripheral blood mononuclear cells (PBMCs) and breast
milk cells (BMCs) is increased for CD8* T cells in both sample
sources when compared with CD4* T cells. The frequency of
pp55-specific CD8 T cells producing interferon y (IFN-y) alone
or dual IFN-y/granzyme rB producers is increased in breast
milk compared with PBMCs. Lastly, we observed a positive cor-
relation between breast milk viral load and the CD8 pp65-spe-
cific response, suggesting that local virus replication drives
antigen-specific CD8 T cells into the breast.
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Human cytomegalovirus (HCMV) is the most frequent cause of
congenital infection and an important cause of invasive disease
in immunocompromised individuals [1]. Although the devel-
opment of vaccines to prevent or reduce disabilities related to
this intrauterine infection is a high priority, no vaccine is availa-
ble currently, and early clinical trials have had only limited suc-
cess [2]. A major hurdle in HCMYV vaccine development is an
incomplete understanding of adaptive immune responses that
limit virus transmission.

There is a large gap in our understanding of the role of
cell-mediated immunity in controlling infections within muco-
sal tissues and how local T-cell immunity is established after
infection. Studies in the murine cytomegalovirus (MCMV)
model have provided evidence that primary MCMYV infection
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is controlled by T cells (CD4* and CD8") [3, 4]. However, the
role T-cell immunity plays in the protection and control of
HCMV infection in humans has been much harder to deter-
mine. Nevertheless, virus control has been demonstrated
after adoptive transfer of HCMV-specific T cells to patients
undergoing stem cell transplantation [5, 6]. Moreover, adop-
tive transfer has also been shown to reduce the risk of HCMV
infection and to restore HCMV immunity in individuals under-
going solid organ transplants [7]. A recent study of HCMV
in tissues from human organ donors demonstrated that the
responses in peripheral blood mononuclear cells (PBMCs) did
not reflect those of tissue, suggesting the need to study immu-
nity in the tissues [8]. Very few reports have studied HCMV-
specific T-cell immunity in breast milk or the mammary
gland. A recent study in humans using an interferon y (IFN-y)
ELISpot was unable to demonstrate a relationship between
breast milk T-cell immunity and the viral load in breast milk in
preterm infants with very low birth weight [9].

In this report, we determined the association among the
number of mononuclear cells, the frequency of HCM V-specific
CD8* T cells, and the level of HCMV load in breast milk, sug-
gesting that the local HCMYV infection drives the establishment
of HCMV-specific T cells in the breast.

METHODS

Subjects

Human cytomegalovirus—seropositive mothers at the time of
delivery were enrolled and monitored prospectively for HCMV
shedding and HCMV-specific T-cell responses in breast milk
during the first 6 months postpartum. Breast milk was collected
monthly, and breast milk collected at 1, 2, and 3 months post-
partum was analyzed. In addition, peripheral blood samples
were collected from a subset of participants. Written informed
consent was obtained from all women who participated in
this study. The Institutional Review Board of the University of
Alabama at Birmingham approved the study.

Isolation of Breast Milk Cells

Breast milk and peripheral blood specimens were processed
to separate mononuclear cells as described previously [10, 11].
Briefly, milk samples were centrifuged at 400 x g for 15 minutes
and washed 2 times with phosphate buffered saline.

Antigens

Human cytomegalovirus—specific T-cell responses were mea-
sured using HCMV-pp65 (15-mers overlapping by 11; National
Institutes of Health AIDS repository). Phorbol-12,13 dibutyr-
ate/ionomycin (Sigma-Aldrich) was used as a positive control,
and unstimulated cells were used as a negative control.
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Intracellular Cytokine Staining

Intracellular cytokine staining was performed as previously
described [12]. Briefly, isolated blood mononuclear cells (BMCs)
and (PBMCs) were added to each tube along with costimulatory
monoclonal antibodies (anti-CD28 and anti-CD49d; each at
1ug/mL) and 50U/mL of Benzonase (Novagen) and pulsed with
the appropriate antigen followed by the addition of 10 pug/mL
of Monensin (Golgistop, BD Biosciences). Cells were then incu-
bated overnight at 37°C, 5% carbon dioxide for 6 hours, and
placed at 4°C ON. The following day cells were labeled with a
fluorescent LIVE/DEAD fixable Dead Cell Stain (Molecular
probes, Invitrogen), and the cell-surface markers CD3-Alexa780
CD8-V500, CD45-Pecy7, CD4-Qdot655
(ThermoFisher) were added. All antibodies were obtained from

(eBioscience),

BD Biosciences unless otherwise noted. Cells were permeabi-
lized with the Cytofix/cytoperm reagent (BD) for 20 minutes
followed by intracellular cytokine staining using anti-IFN-y-
Alexa700 and anti-GranzymeB-V450 conjugated antibodies.
At least 100000 lymphocytes were acquired from each sample
using a BD LSR II flow cytometer. Data were analyzed using
FlowJo version 9.9 software (TreeStar). Lymphocytes were ana-
lyzed based on forward and side scatter profiles for PBMCs and
by gating on CD45 for BMCs, followed by the exclusion of dead
cells. Cytokines produced were measured using the CD3*CD4*
or CD3'CD8" gates relative to the media control values, and
these gates were applied to all samples with different antigens
from the same individual. We used Fisher’s exact test to com-
pare the number of cytokine-producing cells between the anti-
gen-stimulated and unstimulated (media alone) samples to
determine whether a response is considered positive. P < .001
was considered positive for CD8 T-cell responses, and P < .05
was considered positive for CD4 T-cell responses. To be consid-
ered a positive response the frequency had to be >0.05%.

Detection of Human Cytomegalovirus

Breast milk supernatant specimens were subjected to DNA
extraction using commercial column kids (Qiagen, Inc). A real-
time polymerase chain reaction (PCR) protocol developed in
our laboratory for testing dried blood spots and newborn saliva
specimens was adapted to test DNA specimens from breast milk
supernatant specimens for HCMV [13, 14]. Briefly, to determine
the performance characteristics of the PCR assay, breast milk spec-
imens from 10 CMV-seronegative women were included as con-
trols. In addition, plasmid standards incorporating target sequences
in 10-fold dilutions ranging 10-100000 copies prereaction to gen-
erate a standard curve for each run. Each PCR run also included a
no-target control and DNA from CM V-negative and CMV-positive
breast milk DNA as negative and positive controls, respectively.
Each specimen was run in duplicate using 25 pL of reaction mixture
and 5 pL of test specimen. Specimen was considered positive if >1
copies per reaction were detected in both wells. The detection limit
of our real-time PCR assay was 50-100 copies/mL.

Statistics

Statistical analyses were performed using the nonparametric
Wilcoxon signed rank test for paired samples; otherwise the
Mann-Whitney U test was used. Correlations were determined
using Spearman correlation. Analyses where done with Graphpad
Prism software 5.0 for Mac. Differences were considered to be
significant on the basis of 95% confidence intervals (P < .05).

RESULTS

Study Population

Human cytomegalovirus shedding in breast milk from 94 sero-
positive mothers was examined. First appearance of HCMV in
breast milk, duration of shedding, and viral load were deter-
mined. Most women (82%) had HCMYV in breast milk at least
once during the study. Human cytomegalovirus first appeared in
breast milk at 32.2 + 32.7 days postpartum, and the mean dura-
tion of HCMV shedding was 1.8 + 1.3 months. The mean peak
breast milk HCMYV load was 3.01 x 10* + 3.5 x 10* copies/mL.

Mononuclear Cells in Breast Milk and Human Cytomegalovirus Viral Load
The number of mononuclear cells in breast milk varied sig-
nificantly between samples. Therefore we wanted to deter-
mine whether there was a relationship between the numbers
of mononuclear cells and the breast milk viral load. Our data
demonstrated that the numbers of cells present in breast
milk is increased in samples with detectable HCMV loads
(Supplementary Figure 1A).

Human Cytomegalovirus-pp65-Specific T Cells in Breast Milk

We next determined the frequency of HCMV-pp65-specific CD4*
and CD8" T cells present in both breast milk and PBMCs from
HCMV-seropositive mothers using intracellular cytokine stain-
ing assays on cells isolated from both samples (BMC and PBMC).
A sample flow plot (Supplementary Figure 1B) depicts our gating
strategy for IFN-y (Supplementary Figure 1C) for both CD3*CD4*
and CD3*CD8" T cells from breast milk and dual production of
IFN-y/granzyme B (GrB) (Supplementary Figure 1D) in response
to HCMV-pp65 peptide pools for CD3*CD8"* T cells isolated from
breast milk. Unstimulated cells (media) were used as the nega-
tive control and stimulation with the polyclonal stimulator phor-
bol-12,13 dibutyrate/ionomycin was used as the positive control.
Using this data, we compared the frequency of IFN-y-producing
pp65-specific CD4* and CD8* T cells from breast milk and PBMCs.
Our data demonstrated that for both sample sources (BMCs and
PBMCs), the frequency is higher for CD8* T cells when compared
with CD4* T cells (Figure 1A and B). We then proceeded to com-
pare the frequency of pp65-specific T cells from breast milk to the
frequency of cells from PBMCs. We found that the frequency of the
response was highest in breast milk irrespective of whether the cells
were only IFN-y producers (Figure 1C) or dual IFN-y/GrB pro-
ducers (Figure 1D). In addition, an increased frequency was also
observed for IFN-y-producing CD4* T cells isolated from breast
milk when compared with PBMCs (data not shown).
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Human cytomegalovirus (HCMV)-specific T cells present in breast milk from HCMV infected mothers. (A) Comparison between HCMV-pp65-specific interferon

v (IFN-y) producing CD4 and CD8 T cells isolated from breast milk or (B) PBMC. () Comparison between HCMV-pp65-specific IFN-y or (D) IFN-y/granzyme B producing CD8
T cells isolated from PBMC and breast milk, that have a positive response only. Horizontal line represents median value. Statistically significant differences (P < .05) were

obtained using Mann Whitney test.

Association Between Human Cytomegalovirus-Specific T-Cell Responses
and Viral Load

Given the positive association between the number of mono-
nuclear cells present in breast milk and breast milk HCMV
load (Supplementary Figure 1A), we wanted to determine
whether there was also an association between the frequency of
pp65-specific responses in breast milk with the local viral load.
When we compared the frequency of pp65-specific CD8 T cells
producing IFN-y (not shown) or both IFN-y/GrB (Figure 2A) in
breast milk with and without detectable breast milk viral loads,
we found a significant difference, with most of the responses
seen in samples with detectable breast milk viral loads. This dif-
ference was not seen with pp65-specific CD4 T cells produc-
ing IFN-y (Figure 2B). We further correlated the frequency of
pp65-specific CD8 T cells in breast milk, whether they produced
IFN-y (not shown) or both IFN-y/GrB (Figure 2C), to the viral
load in breast milk and found a significant positive association
that was not seen with CD4" T cells (Figure 2D).

Discussion

In these studies, we have demonstrated that in HCMV-
seropositive mothers the number of mononuclear cells and the
frequency of pp65-specific CD8" T cells in the breast milk are

influenced by the local HCMV load. In addition, as demon-
strated in previous studies, most seropositive women shed
HCMYV in breast milk. Moreover, our data support a predomi-
nance of CD8* HCMV-specific T cells over CD4" T cells in both
breast milk and PBMCs.

Our data are in contrast with the findings from a recent study
[9] but consistent with our data from human immunodeficiency
virus-seropositive mothers [10], in whom a higher frequency of
HCMYV-specific responses is present in BMCs when compared
with PBMC. The difference between our findings and the previ-
ous study can be attributed to the fact that we used intracellular
cytokine staining and therefore could measure CD8* and CD4*
T-cell responses, whereas Ehlinger et al used an IFN-y ELISPOT
assay where the responding T-cell population cannot be charac-
terized and therefore most likely included both CD4 and CD8
responding cells. Our data also demonstrated a positive correla-
tion between the frequency of HCMV-specific CD8" T cells and
breast milk viral load. Unlike our results, in the report by Ehlinger
et al, a correlation between viral load and a HCMV-specific
response was not found. These differences can be explained by
the differences in the assays used. Again the IFN-y ELISpot assay
included CD4* T cells, which could negate the correlation seen
with CD8 because we don't see a correlation with CD4* T cells.
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Figure 2. Human cytomegalovirus (HCMV)-pp65-specific T cell responses in breast milk from HCMV infected mothers with and without a detectable viral load in breast
milk. (A) HCMV-pp65-specific CD3*CD8* T cells producing interferon +y (IFN-y)/granzyme B (GrB) or (B) CD3*CD4* T cells producing IFN-y from breast milk with and without
a detectable viral load. (C) Correlation between HCMV-pp65-specific CD3*CD8* T cells dual producing IFN-y/GrB and HCMV breast milk viral load and (D) the correlation
between HCMV-pp65-specific CD3*CD4* T cells producing IFN-y and HCMV breast milk viral. Horizontal line represents median value. Statistically significant differences
(P< .05) were obtained using Mann Whitney test. Spearman correlation was used to determine statistical significance (P< .05).
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The fact that breast milk contains a large number of viable
T cells raises the question as to their role in breast and infant
immunity. The presence of HCMV-specific CD8 T cells in
breast milk suggests that BMCs should have the ability to con-
trol pathogens within the breast. However, the data presented
in this report strongly suggest that instead of local HCMV con-
trol, the presence of virus serves as a means to recruit HCMV-
specific T cells into the breast milk. These data then raise the
interesting possibility that these cells may have some function
in the infant and warrant further investigation.

Our study shows that HCMV-specific responses consist
predominantly of CD8 T cells and the presence of virus in the
breast milk is associated with an increased frequency of these
cells. Further studies are needed to clarify the role of cell-medi-
ated immunity in breast milk in the control of virus replication
and the forward transmission of HCMYV to the infant.

Supplementary Data

Supplementary materials are available at The Journal of Infectious
Diseases online. Consisting of data provided by the authors to
benefit the reader, the posted materials are not copyedited and
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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