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In utero human cytomegalovirus infection expands
NK-like FcyRIII*CD8* T cells that mediate
Fc antibody functions
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Human cytomegalovirus (HCMV) profoundly impacts host T and NK cells across the lifespan, yet how this common congenital
infection modulates developing fetal immune cell compartments remains underexplored. Using cord blood from neonates
with and without congenital HCMV (cCMV) infection, we identify an expansion of Fcy receptor Ill-expressing (FcyRIII-
expressing) CD8" T cells following HCMV exposure in utero. Most FcyRIIN*CD8* T cells express the canonical af T cell receptor
(TCR), but a proportion express noncanonical y5 TCR. FcyRIII*CD8* T cells are highly differentiated and have increased
expression of NK cell markers and cytolytic molecules. Transcriptional analysis reveals FcyRIII*CD8* T cells upregulate T-bet
and downregulate BCL11B, known transcription factors that govern T/NK cell fate. We show that FcyRIII*CD8"* T cells mediate
antibody-dependent IFN-y production and degranulation against IgG-opsonized target cells, similar to NK cell antibody-
dependent cellular cytotoxicity (ADCC). FcyRII*CD8* T cell Fc effector functions were further enhanced by IL-15, as has been
observed in neonatal NK cells. Our study reveals that FcyRIII*CD8* T cells elicited in utero by HCMV infection can execute
Fc-mediated effector functions bridging cellular and humoral immunity and may be a promising target for antibody-based

therapeutics and vaccination in early life.

Introduction

Human cytomegalovirus (HCMYV) is a ubiquitous B-herpesvirus
that has coevolved with humans and is an important member of the
human virome, a dynamic network of commensal and pathogenic
viruses (1, 2). Most individuals are latently infected with HCMV
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(3), and few human pathogens are known to exert such a profound
imprint on host immunity across the lifespan (4, 5). While primary
infection, latency reactivation, and reinfection are often asymp-
tomatic in healthy children and adults, HCMV can cause severe
disease in immunocompromised populations including fetuses,
transplant recipients, and persons living with HIV/AIDS. HCMV
is the most common congenital infection worldwide and can cause
devastating neurologic disease, yet most infants born with HCMV
are asymptomatic (6). Intriguingly, while HCMV is a danger to
prenatal populations, emerging evidence suggests HCMV may
enhance heterologous immunity to other pathogens and vaccines
in young, healthy individuals (2, 5, 7).

HCMV infection shapes global immune cell profiles, not just
HCMV-specific cells, creating long-lasting shifts in NK and T cell
compartments and expanding effector populations bridging innate
and adaptive immunity (4, 8). “Memory-like” or “adaptive” NK cells
generated by interactions between the HCMYV peptide UL40 and
NKG?2 killer lectin-like (KLR) receptors are persistently expanded in
HCMV seropositive individuals and can mediate enhanced antiviral
responses upon restimulation (9, 10). HCMYV seropositivity has also
been associated with the activation and terminal differentiation of
bystander non-HCMYV specific CD8* T cells (11, 12). Additionally,
vd T cells and canonical CD8" T cells expressing NK cell receptors
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such as Fcy receptor III (FcyRIII), also known as CD16), NKG2C,
and killer-like immunoglobulin receptors (KIRs) and demonstrating
hybrid T-NK cell functions have also been observed in adults with
chronic HCMYV infection (13-15).

Despite HCMV’s well-known impacts on the adult immune
system, our understanding of how HCMV modulates NK and T
cells in early life remains limited. Fetal HCM V-specific T cells and
yd T cell subsets can expand following infection (16-20), yet the
global impact of HCMYV on developing T and NK cells has been
underexplored. Vaaben et al. recently reported that fetal NK cells
in congenital HCMV (cCMYV) infection highly express markers of
maturation, activation, and cytotoxicity (21), though the functional
capacity of these NK cells is unclear (21). The fetal and neonatal
immune landscape is fundamentally distinct from the adult immune
system, as it is biased toward immunotolerance and innate immune
responses (22, 23), leading us to question how HCMYV exposure in
utero influences developing T and NK cells.

In this study, we investigated how HCMV impacts fetal T and
NK cell populations using banked cord blood from US donors with
and without cCMYV infection. We characterized cord blood T and
NK cells using high-dimensional flow cytometry, machine learn-
ing immune cell clustering, transcriptome profiling, and functional
assays, identifying a striking expansion of CD8" T cells express-
ing the NK cell-associated marker FcyRIII in cCMV infection.
Fcy receptor III* (FcyRIII*) CD8* T cells were a heterogenous
population, mostly expressing off T cell receptor (TCR), but some
expressing v6 TCR, with an NK-like transcriptional profile and the
capacity to mediate Fc antibody effector functions. Our findings
suggest that fetal CD8" T cells can be stimulated to differentiate
into NK-like T cells that mediate antibody-dependent cellular
cytotoxicity (ADCC), an Fc effector function traditionally associ-
ated with NK cells. FcyRIII*"CD8* T cells may have translational
potential as an effector cell population linking cellular and humoral
immunity that could be harnessed by antibody-based therapeutics
or vaccines in early life.

Results

Cord blood donor immunophenotyping highlights distinct immune
landscape in cCMV-infected versus uninfected neonates. In this study,
we analyzed samples from the US Carolinas Cord Blood Bank
(CCBB). In the CCBB donor database, we identified cases of
c¢CMYV infection based on positive screening for cord blood HCMV
DNAemia (Supplemental Figure 1; supplemental material available
online with this article; https://doi.org/10.1172/JCI181342DS1).
Using infant sex, race/ethnicity, maternal age, and delivery year
as matching variables, HCMV-positive neonates were matched to
2 HCMV-negative donors (Figure 1A). Demographic and clinical
characteristics were similar between cCM V-infected (cCMV*, n =
59) and uninfected (cCMV-, n = 135) donors (Supplemental Table
1) with no significant differences between groups after correcting
for multiple comparisons.

First, we compared cord blood donor immunophenotyping
from cCMV™* and cCMV~ samples. There was a higher proportion
of T cells and an inverted ratio of CD4"/CD8" T cells, driven by
an expansion of CD8" T cells, in cCMV™ neonates (Figure 1, B-E).
To a lesser degree, CD4 CD8" “double negative” T cells, likely rep-
resenting yd T cells, (Figure 1F) and CD16*CD56" lymphocytes,
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likely mostly NK cells (Figure 1G), were also expanded in cCMV
infection. Next, we used principal components analysis (PCA) to
visualize the cord blood immunophenotyping data by cCMYV sta-
tus. PC1 and PC2 accounted for approximately 50% of the variance
between donors (Figure 1H). Cord blood immunophenotypes from
cCMV"* and cCMV™ neonates clustered distinctly, with increased
CDS8* T cells as the top parameter associated with cCMV infection
(Figure 1, H and I). PCA visualization by infant sex, race/ethnicity,
and delivery mode showed no evidence that these characteristics
were underlying differences between groups (Supplemental Figure
2). To explore how HCMYV exposure in utero influences develop-
ing immune cell compartments, we performed multiparameter flow
cytometry and transcriptional profiling of NK and T cells in a sub-
set of cord blood samples from cCMV™* (n = 21) and cCMV~ (n =
20) neonates (Supplemental Figures 3 and 4).

CD56" FeyRIII/CDI16% and NKG2C' NK cells expand in cord
blood from cCMV-infected neonates. Total NK cells and 3 major NK
cell subsets including CD56*¢CDI16*, CD56>#'CD16*~, and
CD56%"CD16"~- NK cells (21, 24) were compared (Figure 2, A and
B). In cCMV infection, CD56™CD16* NK cells were significantly
expanded (Figure 2B) and several NK cell subsets had higher expres-
sion of CD57 (Figure 2C), a marker of activation and differentiation.
NKG2C, but not NKG2A, was also more frequently expressed on
NK cells from cCCMV™ versus cCMV™ neonates (Figure 2, D and E).

Next, we compared the transcriptome of FAC-sorted NK cells
from cCMV" (n = 13) versus cCCMV~ (n = 12) neonates. Differential
gene expression analysis identified 75 upregulated and 77 down-
regulated genes (Figure 2, F and G), though only 29 upregulated
and 12 downregulated genes remained significant after FDR cor-
rection (P, < 0.1). Expression of LAG3, a checkpoint inhibitor
induced by type I IFN that is highly expressed by ADCC-mediat-
ing CD56™¢CD16" NK cells (24), was 4-fold higher in NK cells
from cCMV" versus cCMV™ neonates (P, = 2.53 x 107). JAK-
MIP1, a marker of adaptive NK cells in chronic HCMV infection
(25), was also elevated 5-fold (P,,, = 2.53 x 107). Enriched gene
ontology (GO) pathways in upregulated genes included innate
immune response (P, G 1.0 x 10™), defense to virus (P, g = 25
x 10™), and type I interferon signaling (P, 4= 0.7% 10%). Togeth-
er, these data demonstrate that NK cells with an antiviral tran-
scriptional program expand in cCMYV infection but limited subsets
express NKG2C, the characteristic marker of “memory-like” NK
cells that expand in adult infection (8).

Minor phenotypic and transcriptional changes in CD4* T cells follow-
ing cCMV infection. The proportion of total CD4* T cells was lower
in cCMV" versus cCMV- infants, yet there were no differences in
naive, central memory (Tcm), effector memory (Tem), terminal-
ly differentiated effector memory T cells reexpressing CD45RA*
(Temra), or Treg subsets (Supplemental Figure 5, A and B). CD4*
T cells expressing activation (HLA-DR), differentiation (CD57),
and antigen stimulation (PD-1) markers were increased in cCMV
infection, but there was overall low abundance of these CD4* sub-
sets (Supplemental Figure 5C). Differential gene expression anal-
ysis identified 180 upregulated and 368 downregulated genes in
CD4" T cells from cCMV* (n = 11) versus cCCMV- (n = 12) neo-
nates (Supplemental Figure 5D), yet only 25 upregulated and 37
downregulated genes were significant after FDR correction (P, <

DR
0.1). Expression of CCL5 (P, = 1.10 x 10¥), NK gene 7 (NKG7,

DR

J Clin Invest. 2025;135(1):e181342 https://doi.org/10.1172/)CI181342



The Journal of Clinical Investigation

A
e cCMV-infected (cCMV*)
A cCMV-uninfected (cCMV-)
C?nsftfﬁﬂgd ‘ Umbilical
—P cord blood
analysis
D CD4" T cells
100 *kkk 6.5
2 80 o 6
g » 2 2
A 60- &~ L 55-
2 8 ¢
S 40+ O 5-
a ¥ g | T ¢
O 204 = 454
Oo—TT— A—TT
cCMV- cCMV* cCMV- cCMV*
F CD8-CD4- T cells
20— 5.5
;\? g *kkk
& 15 8 57
[m)] ©
(@) * 8 4.5 A °
S 104 I 4
@ o 44
o * o
g 7 %35
) * g p
(&)
0- 3-
cCMV- cCMV* cCMV- cCMV*
H °
(\! o
o
A A
® A
A 2 A
- A L]
o
e -
9 A )
o A Lo
i S AL .. [ ] [ ]
~ AT « © ) 9
8 M a. & °
S A Qe o °
' A [ ] ...
°
°
o )
Sd
0.1 0.0 0.1 02 03

PC1 (32.9%)

P, = 1.97 x 107), which helps traffic cytotoxic vesicles to the
= 5.8 x 10) were

upregulated 5- to 7-fold (Supplemental Figure 5, D and E). Taken

FD

immunological synapse, and granzyme H (P,

together, these data suggest that HCMV activates a minor subset of
fetal CD4* T cells, particularly those that may recruit cytotoxic cells

or direct cytotoxic activity.
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Figure 1. Cord blood donor pheno-
typing reveals distinct immune
landscape in cCMV-infected versus
uninfected neonates. Flow cytom-
etry phenotyping of umbilical cord
blood from cCMV-infected (cCMV*,
red circles, n = 59) and cCMV-
uninfected (cCMV-, blue triangles,

n =135) neonates was performed by
the CCBB at the time of donation.
(A) Case-control study overview.
(B-G) Frequencies and total immune
cell counts (per cord blood collec-
tion unit) from CCBB cord blood
phenotyping. (H and I) PCA of 18
immune cell parameters from CCBB
phenotyping. (H) Scatterplot of PC1
and PC2. (1) Immune cell parameter
loading variables ordered by magni-
tude of contribution to PC1 (positive
loading variables shown in red due
to clustering with cCMV* samples,
negative loading variables shown in
blue due to clustering with cCMV-
samples). FDR-corrected P values
for Mann-Whitney U test. *P < 0.05;
***%P < 0.0001.

CD8" T cells upregulate cytolytic and NK cell-associated genes in
cCMV infection. Total CD8" T cells and Tem/Tem subsets were
increased in cCMV™* versus cCMV™ neonates (Figure 3, A and B).
CD57 was expressed on the majority of CD8" T cells from cCMV*
infants (median = 59%) versus less than 1% of cCMV-™ infants (Fig-

ure 3C). Differential gene expression analysis identified 774 upreg-
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Figure 2. CD56tFcyRIII/CD16* and NKG2C* NK cells expand in cord blood from cCMV-infected neonates. NK cell immunophenotypes and transcriptional
profiles were compared in cord blood from cCMV-infected (cCMV*, red circles) versus cCMV-uninfected (cCMV-, blue diamonds) neonates. (A) NK cell gating
strategy. (B) Frequencies of NK cell subsets in cCMV* (n = 21) versus cCMV- (n = 20) neonates. (C) Frequency of total NK cells and NK cell subsets express-
ing CD57 in cCMV* (n = 8) versus cCMV- (n = 8) neonates. (D and E) Frequency of total NK cells and NK cell subsets expressing (D) NKG2A and (E) NKG2C

in cCMV* (n = 21) versus cCMV- (n = 20) neonates. (F and G) RNA-Seq analysis of FAC-sorted NK cells from cCMV* (1 = 13) and cCMV- (n = 12) neonates. (F)
Volcano plot of differentially expressed genes (P < 0.0, log,foldchange +/-1.2). Red circles indicate genes enriched in cCMV", blue circles indicate genes
enriched in cCMV~. (G) Heatmap of top 23 enriched genes (FDR P < 0.1, log2foldchange > 1.2). z score shows gene expression based on rlog-transformed
data. FDR-corrected P values for Mann-Whitney U test. *P < 0.05, ***P < 0.001.
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ulated and 420 downregulated genes in CD8* T cells from cCMV*
(n = 13) versus cCMV~ (n = 11) groups (Figure 3, C and D), which
all remained statistically significant after FDR correction (P, <
0.1). Chemokines CCL3 (P,,, = 1.1 x 1078), CCL4 (P,,, = 2.1 X
10), and CCL5 (P, = 1.7 x 10%°) were upregulated (Figure 3,
D and E). Expression of cytolytic molecules granzyme H (P, . =
1.6 x 107'"), granzyme B (P, = 3.8 X 1078), perforin (PRF1) (P,
=9.2 x 10™), granulysin (GNLY) (2., = 2.7 x 10™), and NKG7
(Pope = 1.5 x 107%) were increased 3- to 5-fold in cCMYV infection
(Figure 3, D-F). Expression of genes encoding FcyRIIla/CD16A
(Popg = 8.8 x 107%), FcyRIIIb/CD16B (P,,, = 1.7 x 10™), and
KLRs were also increased (Figure 3, E and G). Gene set enrich-

DR

ment analysis revealed that the top induced pathways in CD8" T
cells from ¢cCMV™ infants included NK cell-mediated immunity
(P, 6= 1.3 x 107), NK cell-mediated cytotoxicity (P, 6= 1.3 x107%),
and regulation of NK cell immunity (P, 6= 2.9 x 10%) (Supplemen-
tal Table 2). Together, these data indicate that CD8" T cells exposed
to HCMV in utero have high cytotoxic potential and upregulate
NK cell-associated genes that may contribute to antiviral functions.
CD8* T cells expressing FcyRIII and NKG2A/C expand in cCMV
infection. To define the CD8" T cell populations underlying these
transcriptional changes, we used CITRUS (cluster identification,
characterization, and regression), a machine learning algorithm
that employs unsupervised hierarchical clustering of flow cytom-
etry data to identify immune cell populations that differ between
groups rather than traditional Boolean gating (26). We first used
t-SNE-CUDA, a CUDA (compute unified device architecture) opti-
mized method of T distributed stochastic neighborhood embedding
(t-SNE) for data dimensionality reduction (27), to visualize our data
(Figure 4A) and selected fluorescent channels for CITRUS analysis.
CD3, CD4, CD8, CD127, CD25, CD19, CD56, FcyRIII/CD16,
NKG2A, NKG2C, HLA-DR, and CD14 marker expression on
1,250,000 cells (50,000 cells/sample) was used to generate the CIT-
RUS cluster map (Figure 4B and Supplemental Figure 6). CITRUS
identified 38 immune cell clusters that differed significantly (P,
< 0.01) between cCMV* and cCMV~ groups, including clusters
of activated CD8* and CD4" T cells that we previously identified
with manual gating (General Lineage CITRUS in the Supplemental
Material, Figure 4B). Two clusters in the CD8" T cell “branch,” one
coexpressing NKG2A and NKG2C (Figure 4C) and the other coex-
pressing FcyRIII and NKG2C (Figure 4D), were also more abun-
dant in cCMV infection. These populations clustered distinctly from
the NK cell “branch” and expressed the T cell marker CD3 (Fig-
ure 4, B-D). Using manual gating to confirm our CITRUS analysis
(Figure 4E), we found that CD8" T cells expressing FcyRIII were
significantly enriched in cord blood from cCMV* neonates (Figure
4F). Frequency of CD8" T cells expressing NKG2A/NKG2C was
also higher in cCMYV infection and nearly absent (median <1%) in
cCMV- infants (Figure 4F). Together, these data demonstrate that
CD8* T cells expressing the NK cell-associated receptors FcyRIIT
and NKG2A/C expand in utero following HCMYV infection.
FeyRIIT*CDS* T cells include canonical off and nontraditional yo T
cell populations. CD8* T cells expressing NK cell markers have been
described in chronic HCMV, EBV, HIV, and hepatitis C virus (HCV)
infections in adults (28-32), prompting us to perform additional T
and NK cell phenotyping to define these populations in the fetal
immune context. CITRUS analysis of CD3, CD4, CDS8, CD56,
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FcyRIII/CDI16, yvd TCR, CCR7, CD45RA, PD-1, CD57, NKG2A,
and NKG2C marker expression on 1,200,000 cells (75,000 cells/
sample) generated a map with distinct “branches” of T and NK cell
clusters and identified 28 clusters that differed significantly (P, <
0.01) between cCMV* (n = 8) and cCMV~ (n = 8) groups (Figure 5A
and Supplemental Figure 7). Multiple CD8* T cell clusters express-
ing FcyRIII were enriched in cCMV infection (Figure 5A). Most
FcyRIIT*CD8* T cell clusters resembled canonical CD8* T cells,
whereas 2 clusters expressed y6 TCR (Figure 5, B and C).

Though low abundance overall, y5 T cells were expanded in
cCMV* (median = 4.7%) versus cCCMV~ (median = 1.3%) groups
(Figure 5D). While v T cells are typically CD8CD4" “double
negative,” the proportion of CD8"'CD4  vd T cells was particular-
ly increased in cCMV* (median = 56%) versus cCMV™ (median =
17%) groups (Figure 5E), though all yd T cell subsets were expand-
ed. Frequency of FcyRIII expression was higher on yd T cells from
cCMV™ (median = 47%) versus cCCMV~ (median = 7%) groups (Fig-
ure 5E). Within the FcyRIII*CD8* T cell population, yd TCR was
expressed on a minority of cells (median = 19%) whereas aff TCR
was expressed on a majority of cells (median = 76%), though there
was heterogeneity across samples (Figure 5F). Most FcyRIII*CD8*
T cells were Temra and had increased expression of CD57, PD-1,
and NKG2C compared with CD8* T cells lacking FcyRIII (Figure
5G). Overall, these data suggest that HCMV stimulates fetal CD8*
T cells, including aff and yd T cells, to differentiate and acquire NK
cell-associated receptors in utero.

FeyRIII'CDS* T cells in cord blood from cCMV-infected neonates
upregulate NK cell genes. Next, we compared the transcriptome of
FAC-sorted FcyRIII*CD8" T (which we refer to as FcRT cells) and
FcyRITCDS8* T cells from cCMV* and cCMV™ neonates (Supple-
mental Figure 3). Cytolytic molecules and chemokines were upreg-
ulated in FcyRIIT" and FcyRIII'CD8* T cells in cCMYV infection
(Figure 6A and Supplemental Figure 8, A-D). FcyRIII'CD8" T
cells from cCMV™ infants had a distinct transcriptional profile with
enriched expression of IL-7R and CCR7, markers of naive T cells
(Figure 6, B and C). KIR and KLR expression were upregulated
in FcRT cells, as were additional NK cell identity genes including
CD244, NCR1/NKp46, NCAMI1, and TYROBP (Figure 6D and
Supplemental Figure 8, C and D), which were examined based
on prior literature (14, 32). FcRT cells had increased expression
of genes encoding granzyme B, granzyme H, PRF1, GNLY, and
NKG?7, indicating high cytolytic potential, and multiple FcyRs that
can mediate Fc effector functions like ADCC and antibody-depen-
dent cellular phagocytosis (ADCP) (Figure 6, D and E).

Next, we compared transcription factor (TF) expression in
CD8" T cells and NK cells from cCMV* infants. We found 57 TFs
were upregulated and 101 TFs were downregulated in FcRT versus
FcyRITCD8* T cells (Figure 7, A and B). To assess which TFs may
be driving CD8" T cells toward an NK-like profile, we performed a
PCA of bulk RNA-Seq data from sorted CD8* T cells and NK cells
(Figure 7C). We identified TFs HHEX, IRF5, and EOMES as asso-
ciated with NK cell identity and TFs MEOX1 and BCL11B as asso-
ciated with T cell identity, whereas the TF T-bet was enriched most
in FcRT cells (Figure 7, C and D). Together, these data demonstrate
that FcRT cells elicited in utero during HCMV infection acquire
an NK-like transcriptional profile, likely governed by shifts in TFs
regulating T/NK maturation.
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Figure 4. CD8" T cells expressing NK cell receptors FcyRIIl and NKG2A/C
expand in cord blood from cCMV-infected neonates. (A-D) CITRUS anal-
ysis of flow cytometry data was used to identify immune cell populations
with differing abundance in cord blood from cCMV-infected (n = 13) versus
cCMV-uninfected (n = 12) neonates. (A) t-SNE-CUDA dimensionality reduc-
tion of flow cytometry data prior to CITRUS. (B) CITRUS cluster map with
black outlines and shaded areas indicating clusters that differed signifi-
cantly (FDR P < 0.01) between cCMV* and cCMV- groups. Clusters colored
by CD8* T cells (purple), CD4* T cells (red), NK cells (green), B cells (yellow),
monocytes/macrophages (MO/M¢; orange) and dendritic cells (DCs; blue)
based on marker expression (General Lineage CITRUS in the Supplemental
Material). (C and D) Select clusters (black arrows in panel B) of CD8* T cells
expressing NK cell markers. Dot plots indicate cluster abundance in cCMV*
(red circles) versus cCMV- (blue circles) neonates. Histograms indicate flu-
orescent marker expression of select cluster (pink) relative to background
(blue). (E) Gating strategy to identify CD8* T cells expressing NK cell mark-
ers. (F) Frequency of FcyRIIl and NKG2A/C expression on CD8* T cells from
cCMV~ (red circles, n = 21) versus cCMV- (blue diamonds, n = 20) neonates.
FDR-corrected P values for Mann-Whitney U test. ***P < 0.001.

Cord blood NK and FcyORIII*CDS* T cells produce IFN-y and
degranulate against antibody-opsonized target cells. To assess whether
FcRT cells are activated by Fc-IgG binding and mediate Fc effector
functions, we measured antibody-dependent IFN-y production and
degranulation on CD8" T and NK cells (Figure 8A). We observed
high intracellular expression of PRF1 and granzyme B in FcRT
cells with levels similar to autologous NK cells (Figure 8, B and C).
To test FcyR function, we employed a validated assay for NK cell
ADCC (33) using an HIV model system (all donors were HIV neg-
ative, ensuring responses to the antigen were mediated by antibod-
ies and not memory T cell responses). NK cell degranulation and
IFN-y production to antibody stimulation were comparable in cord
blood from cCMV* and cCMV™ neonates (Supplemental Figure 9,
A and B). FcyRIII'CDS8* T cells from cCMV* and cCMV™ infants
did not degranulate or produce effector cytokines against HIV anti-
gen-coated cells when coincubated with nonspecific or HIV-specif-
ic antibodies (Figure 8, D-G, and Supplemental Figure 9, C and
D). In contrast, FcRT cells from cCMV™* neonates degranulated, as
measured by CD107a expression, and produced IFN-y in an anti-
gen-specific, antibody-dependent manner (Figure 8, D-G). IL-15
augments ADCC activity in neonatal NK cells (34), so we exam-
ined whether FcRT cells were also responsive to IL-15. We found
that FcRT cells had increased degranulation and IFN-y production
following IL-15 stimulation, similar to autologous NK cells (Fig-
ure 8, E and G, and Supplemental Figure 9, A-D). Taken together,
these data demonstrate that cord blood NK and FcRT cells elicited
in utero following HCMYV infection mediate ADCC functions that
are enhanced by effector cytokines.

Discussion

Congenital infections such as HCMV pose a unique challenge to
the developing immune system, which must balance the compet-
ing demands of antipathogen defense versus immunotolerance to
maternal alloantigens, commensal microbiota, and environmental
antigens (22). Thus, fetal and neonatal immune cells favor innate
over adaptive responses (23, 35) and antigen-specific responses
by developing T and B cells remain limited. While HCMV-specif-
ic T cells have been observed in cord blood from cCMV-infected

The Journal of Clinical Investigation

infants, adaptive T cell responses against HCMV are constrained
by an immature T cell compartment and functional exhaustion in
utero (17-19). Here, we demonstrate that HCMYV infection expands
a population of cord blood CD8" T cells expressing FcyRIII and
capable of Fc effector functions traditionally associated with NK
cells. Increased expression of granzyme, PRF1, GNLY, and NKG7
(36, 37) indicates that FcyRIII*CDS8" T cells (referred to as FCRT
cells) are polyfunctional and highly cytotoxic. We show that cord
blood FcRT cells and NK cells from cCMV-infected neonates
respond to antibody stimulation with degranulation and IFN-y
production, indicating that both populations are poised to mediate
ADCC. Our work identifies an alternative pathway by which the
developing immune system can overcome the limits to TCR-me-
diated immunity by engaging CD8" T cells in Fc-mediated immu-
nity. In summary, our study suggests that CD8" T cells and NK
cells expressing FcyRIII can bridge cellular and humoral immunity
though Fc effector functions in early life.

NK-like CD8" T cells have been described in adults with chron-
ic HIV (32, 38), HCV (31), EBV (30), and HCMYV (14, 28, 29) infec-
tions. Prior work has shown that FcyRIII-expressing CD8* T cells in
this adult context can mediate ADCC (30-32) that can be enhanced
by IL-15 (39). These NK-like CD8* T cells do not fit the character-
istics of invariant natural killer T cells (iNKT), but rather represent
separate heterogenous subpopulations of cytotoxic T cells capable
of innate and adaptive responses (40). To our knowledge, our work
newly demonstrates that FcyRIII-expressing CD8* T cells with a
similar transcriptional profile, cytokine responsiveness, and func-
tionality can be induced in an immature, developing immune sys-
tem. Given the limited gestational window when these infections
occur, our identification of FcyR-expressing CD8" T cells in cord
blood challenges the assumption that these cells only develop over
months to years following chronic antigenic stimulation (40). That
these FcRT cells had upregulated expression of T-bet, EOMES,
and HHEX, which regulate the maturation of IL-15-responsive
cytotoxic CD8* T cells and NK cells in adults (41-43), suggests that
transcriptional reprogramming governed by these TFs may also
drive the development of these cells in utero. Furthermore, FcRT
cells had downregulation of BCL11B, which regulates the develop-
ment of CD8* T cells with NK identity in chronic HCMYV infection
(14, 44-46). Altogether, our findings indicate that this may be a
more conserved and fundamental pathway for T cells to take given
the ability of developing fetal T cells to acquire these transcriptional
changes and functions. That the fetal immune system can rapidly
develop NK-like CD8* T cells in response to an infectious stim-
ulus suggests that neither chronic infection nor a fully developed
adult immune system is required to generate these cells. Our work
reveals that FcRT cells may be a previously unappreciated effector
cell population that could contribute to host defense in early life by
acquiring Fc antibody effector functions.

Our finding that a subset of FcRT cells expressed yo TCR
expands upon our current understanding of y3 T cells in HCMV and
other infections. Prior studies reported that fetal y T cells express-
ing NK receptors expand in cCMV infection and have cytotoxic
functions, but did not examine CD8 expression nor FcyR-mediated
functions (20). FcyRIII-expressing yo T cells capable of ADCC have
been observed in adults with chronic antigenic exposures (15, 47—
49), though the ontogeny of these cells remains unclear. Moreover,

J Clin Invest. 2025;135(1):e181342 https://doi.org/10.1172/)CI181342
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Figure 5. FcyRIII* CD8 T cells include canonical ap and unconventional y6
T cell populations. (A-G) Immunophenotypes in cord blood from cCMV-
infected (n = 8, circles) versus uninfected (n = 8, diamonds) neonates. (A
and B) CITRUS cluster map with gray outlines and shaded areas indicating
immune cell clusters that differed significantly (FDR P < 0.01) between
groups. Clusters colored by CD8* T cells (purple, plum shade for increased
FcyRIIl expression), CD4* T cells (red), NK cells (green), and non-T/NK cells
(yellow, agua) based on marker expression (NK T CITRUS in the Supple-
mental Material). (B) Expression of y3 TCR with black outlines showing
FcyRII* CD8* T cell clusters. (C) FcyRINI* CD8* T cell clusters (arrows in panel
A). Dot plots indicate cluster abundance in cord blood from cCMV* (red)
versus cCMV- (blue) neonates. Histograms indicate fluorescent marker
expression of select cluster (pink) relative to background (blue). (D and E)
v8 T cells in cord blood from cCMV* (red) versus cCMV- (blue) neonates.

(D) Frequency of total y8 T cells and (E) y3 T cells expressing CD8/CD4 and
FcyRIIL. (F) Expression of aff and y8 TCR and (G) differentiation/functional
markers (F) on FcyRIII™ (cCMV* purple; cCMV- blue) and FcyRIII* (plum) CD8*
T cells. FDR-corrected P values for Mann-Whitney U test (D and E) and
ANOVA followed by Tukey's post hoc test (F and G). *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001.

FcyRIII-expressing yd T cells with upregulation of T-bet and robust
ADCC responses have been observed in children with malaria (47)
and latent tuberculosis (TB) (50). Our study reveals that similar
populations can be generated by the fetal immune system. Since yd
T cells are present in early gestation before antigen-specific T cells
develop, v6 T cells bridging humoral and cellular immunity are an
attractive target to protect the maternal-fetal dyad.

There were minor shifts in the NK cell compartment com-
pared with the CD8* T cell compartment following cCMV infec-
tion. NKG2C, a marker for the “memory-like” NK cells associated
with chronic HCMYV infection (9, 10, 51-53), was more frequent-
ly expressed on NK cells from some but not all cCMV-infected
infants. “Atypical” or “adaptive-like” CD56% NK cells that func-
tion through FcyRIII-mediated ADCC rather than direct cyto-
toxicity (24, 54, 55) were more consistently expanded, consistent
with prior observations in HCMV, EBV, and malaria infection
in early life (21, 24, 54). CD56™¢ NK cells highly express CD57
and LAG3, mirroring the transcriptional changes we observed in
cCMV infection and suggesting this may be a comparable popula-
tion. Our work suggests that NK cells capable of ADCC expand in
utero following HCMYV infection and whether they aid in antiviral
control should be explored (56).

Our data provide insights into the influence of cCCMV infection
on host cellular immunity and also highlight an opportunity to pro-
tect neonates broadly using antibodies against infected, malignant,
or autoimmune cells. Maternal IgG is actively transferred across
the placenta via FcRn to protect infants in utero and during the
first year of life (57-60). We speculate that FcRT cells may rep-
resent an additional effector cell population that can expand the
cellular compartment to leverage maternal IgG in early life. Vaa-
ben et al. recently proposed that FcyRIII-activating maternal IgG
may synergize with neonatal NK cells to protect against HCMV
via antibody-dependent mechanisms (21, 56), a hypothesis that our
data further support. We recently reported that higher levels of Fcy-
RIIT and ADCC-activating IgG in maternal and cord blood sera
were associated with protection against cCMV transmission in this
same cohort (61, 62). Thomas et al. also found that higher ADCC-
mediating antibody responses and viral susceptibility to ADCC

The Journal of Clinical Investigation

were associated with decreased risk of HIV-1 transmission in utero
(63). Together, these findings suggest that Fc-mediated responses
linking maternal humoral and fetal cellular immunity may contrib-
ute to immune responses against congenital infections.

‘We propose that neonatal NK and FcRT cells could be targeted
with monoclonal or polyclonal antibodies to elicit cellular Fc effec-
tor functions against HCMV and other pathogens. Maternal hyper-
immune globulin treatment did not prevent fetal HCMYV transmis-
sion in randomized clinical trials (64, 65), underscoring the unmet
need to develop novel strategies to prevent transmission. Antibod-
ies with Fc regions engineered to improve FcyR binding or bivalent
antibodies to engage specific FcyR-expressing cells could be given
to pregnant people or neonates. Nirsevimab, an anti—respiratory
syncytial virus (anti-RSV) monoclonal antibody, with a modified
Fc region, has recently been shown to be highly efficacious in pro-
tecting neonates from RSV (66), highlighting the promise of such
emerging antibody-based therapeutics. More broadly, FcRT and
NK cells capable of ADCC may be an underappreciated compo-
nent of early life immunity that could be harnessed by vaccines
against HCMV or pathogens like group B strep and E. coli that are
a leading cause of neonatal sepsis. Stimulating the expansion of
FcyR-expressing NK and T cells with vaccine adjuvants or specific
antigens may allow better synergy between infant effector cells and
maternal IgG. Additional work into how these cells are generated
and their role in antipathogen defense is needed, but these future
directions highlight their translational potential.

There are several limitations to our study that could be expand-
ed upon in future work. Our retrospective cohort limited us from
collecting additional clinical data and biospecimens. We were
unable to test for HCMYV viral loads in saliva or urine, as these sam-
ples were not collected so used DNAemia to define cCMV infec-
tion, which has been validated in several studies (67, 68). Due to
cord blood bank protocols, samples from cCMV-infected infants
born preterm, from a multiple gestation pregnancy, or with symp-
tomatic disease at birth were not available and long-term clinical
outcomes were not collected. Thus, we could not investigate how
these immune changes relate to symptomatic disease or whether
the gestational timing of transmission influenced fetal immune
responses. Moreover, we could not determine how long these phe-
notypic and functional changes persist in the cellular compartment.
Finally, banked cord blood sample volumes were extremely lim-
ited, so we could only perform functional studies on a subset of
infants. Nevertheless, the data presented convincingly demonstrate
that cCCMYV infection expands NK-like CD8* T cells capable of anti-
body-dependent effector functions. Future studies should investi-
gate how these immunological changes relate to antiviral control
and clinical outcomes of cCMYV infection and further characterize
the origin, persistence, and functions of FcRT cells in early life.

In conclusion, we have demonstrated that cCMV infection
expands FcyRIII-expressing CD8* T cells, including canonical off
and nontraditional y3 T cells, that have high cytotoxic potential and
are poised to mediate ADCC. How FcRT and NK cells contribute
to fetal defense against congenital infections must be explored fur-
ther, but these populations represent promising translational targets
to overcome the challenges to generating adaptive immune respons-
es in early life. Altogether, our work suggests that CD8" T and NK
cells can mediate antibody effector functions through FcyR in early

J Clin Invest. 2025;135(1):e181342 https://doi.org/10.1172/)CI181342
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Figure 6. FcyRIII* CD8* T cells in cord blood from cCMV-infected neonates
upregulate NK cell identity genes. (A-E) Transcriptome analysis of
FAC-sorted FcyRIII* and FcyRIII- CD8* T cells from cCMV-infected (n = 8)
and cCMV-uninfected (n = 7) neonates. (A) Volcano plot of differentially
expressed genes in FcyRIII* versus FcyRINIFCD8* T cells (P < 0.07, log,fold-
change +/-1.2). Plum circles indicate genes enriched in FcyRIII*CD8* T cells
(cCMV* only), blue circles indicate genes enriched in FcyRII-CD8* T cells
(cCMV- only). (B) PCA of top 500 differentially expressed genes in FcyRIII*
versus FcyRII-CD8* T cells. (C) Heatmap of top 25 PC1 loading genes (panel
B). (D) Heatmap of NK cell identity genes. (E) Cytotoxicity and FcyR gene
expression levels. z score shows gene expression based on rlog-trans-
formed data. FDR-corrected P values for ANOVA followed by Tukey's post
hoc test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

life and should be considered in antibody-based therapeutics and
vaccination strategies to protect the infant.

Methods

Sex as a biological variable. Our study included cord blood samples from
male and female infants. Cases of cCMV infection and controls with-
out cCMV infection were matched based on infant sex to account for
any potential confounding when comparing groups. No differences
in cord blood immunophenotypes by sex were observed in our PCA
analysis of CCBB graft data, though subsequent experiments were not
stratified by sex due to limited sample size.

Human umbilical cord blood samples. Cases and controls were identi-
fied from over 29,000 CCBB donor records (see Supplemental Figure 1
for an overview of sample selection). Maternal donors underwent
infectious diseases screening for HCMYV, hepatitis B virus, syphilis,
hepatitis C virus, HIV-1/2, human T-lymphotropic virus (HTLV) I
and II, Chagas disease, and West Nile virus. Only donors with healthy,
uncomplicated pregnancies that gave birth at term were included and
infants were screened for signs of (a) neonatal sepsis, (b) congenital
infection (petechial rash, thrombocytopenia, hepatosplenomegaly),
and (c) congenital abnormalities. Cord blood plasma was screened
by the CCBB for HCMV viremia with a Real-Time PCR COBAS
AmpliPrep/TagMan Nucleic Acid Test (Roche Diagnostics). Cases of
c¢CMYV infection were defined as donors with cord blood that screened
positive for HCMV DNAemia per PCR. Cases with cCMV infec-
tion (cCMV*, n = 59) were matched to at least 2 uninfected controls
(cCMV-, n = 135) that did not have detectable HCMV DNAemia in
the cord blood at birth. Matching variables included infant sex, race/
ethnicity, maternal age (+/— 3 years), and delivery year (+/— 3 years),
as in Supplemental Table 1.

CCBB graft characterization. Flow cytometry graft characterization
was performed at the time of donation on fresh umbilical cord blood
mononuclear cells (CBMCs) by the Duke Stem Cell Transplant Labo-
ratory of Duke University Hospital, which provides contract services to
the CCBB. Graft characterization data was then obtained retrospective-
ly from the CCBB donor database. PCA plots of graft characterization
data were rendered using ggplot2 (version 3.4.0) in R.

NK and T cell phenotyping and sorting. Flow cytometry was per-
formed in the Duke Human Vaccine Institute (DHVI) Research Flow
Cytometry Shared Resource Facility. For phenotyping, cryopreserved
umbilical cord blood was thawed briefly at 37°C and resuspended in
R10 media (RPM1 1640 with glutamine [Gibco, Thermo Fisher Scien-
tific] plus 10% heat-inactivated FBS) with Benzonase (Millipore; 2 pl/
mL). Resuspended cord blood was then pelleted at 25¢ for 5 minutes.
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Following pelleting, fetal RBCs were lysed with approximately 3 mL of
RBC lysis buffer for 5 minutes, then washed with 1x PBS and pelleted
at 25g for 5 minutes. CBMCs were then resuspended and enumerated
on a Muse Cell Analyzer before being pelleted at 25¢ for 5 minutes and
resuspended at 2.0 x 107 cells/mL in 1% PBS/BSA. For phenotyping,
5-10 million cells (depending on viable cell count after cryopreserva-
tion) were stained with an optimized monoclonal antibody cocktail
of fluorescently conjugated antibodies against surface markers for 30
minutes at 4°C. Antibodies in the general lineage panel included the
following: CD14 pacific blue (M5E2, BioLegend), CD16 BV570 (3G8,
BioLegend), CD25 BV605 (BC96, BioLegend), CD56 BV650 (HCD56,
BioLegend), NKG2C BV711 (134591), CD45 BV786 (HI30, BD Bio-
sciences), CD34 FITC (561, BioLegend), CD19 BB700 (HIB19, BD
Biosciences), NKG2A PE (S19004C, BioLegend), CD235a PE-Cy-5
(HIR2, BioLegend), CD3 PE-Texas Red (7D6, Thermo Fisher), CD127
PE-Cy7 (A019D5, BioLegend), CD8 APC (RPA-T8, BD Biosciences),
HLA-DR AF700 (L243, BioLegend), and CD4 APC-H7 (SK3, BD Bio-
sciences). Antibodies in the T and NK cell panel included the follow-
ing: CD3 BV421 (UCHT1, BD Biosciences), CD8 BV570 (RPA-TS,
BioLegend), CCR7 BV605 (G043H7, BioLegend), CD56 BV650
(HCD56, BioLegend), PD-1 BV785 (EH12.2H7, BioLegend), TCRy/d
FITC (11F2, BD Biosciences), CD45RA PerCP-Cy5.5 (HI100, BioLeg-
end), NKG2C PE (S19005E, BioLegend), CD57 PE-CF594 (NK-1,
BD Biosciences), CD235a PE-Cy5 (HIR2, BioLegend), CD16 PE-Cy7
(3G8, BD Biosciences), NKG2A PE-Cy5 (HIR2, BioLegend), and
CD4 AF700 (L200, BD Biosciences). Antibodies in the TCR pan-
el included the following: y/6 TCR FITC (5A6.E9, Invitrogen), o/
TCR APC (IP26, BioLegend) in a panel with antibodies against iNKT
BV421 (6B11, BioLegend), CD14 BV500 (M5E2, BD Biosciences),
CD19 BV500 (HIB19, BD Biosciences), PD1 BV605 (EH12.2H7, BD
Biosciences), CD45RA BV711 (HI100, BD Biosciences), CD4 BV785
(OKT4, BioLegend), CD16 PE (3g8, BioLegend), NKG2D PE-CF596
(1d11, BD Biosciences), CCR7 Pe-Cy5 (G043H7, BioLegend), CD8
PerCP Cy5.5 (SK1, BioLegend), CD56 Pe-Cy7 (NCAM162, BD Bio-
sciences), CD69 AF700 (FN50, BioLegend), and CD3 APC-H7 (SK7,
BD Biosciences). Cells were then washed with PBS and pelleted at 25g
for 5 minutes and resuspended in live/dead Aqua (Thermo Fisher) or
near infrared (IR) (Invitrogen) stain and incubated at room tempera-
ture for 20 minutes. Fluorescence minus one (FMO) control tubes were
included for CD34, CD16, CD56, CD127, HLA-DR, TCR y/3, CCR7,
CD45RA, NKG2A, NKG2C, CD57, and PD-1 for downstream manu-
al gating. Single-color AbC or ArC beads (Invitrogen) for each antibody
and live/dead stain were used as compensation controls. Flow cytom-
etry data were acquired on a FACSAria (BD Biosciences) instrument
using FACSDiva (version 8.0) and analyzed in FlowJo (version 10.8.1).

CITRUS analysis. tSNE-CUDA dimensionality reduction and CIT-
RUS analyses (26) were completed in Cytobank, a cloud-based bioinfor-
matics platform for analyzing high dimensional cytometry data (Beck-
man Coulter; www.cytobank.org). All samples were pregated on live,
CD235-negative cells before FCS files before downstream analyses. For
the tSNE-CUDA analysis, 400,000 live CD235" events were sampled
per sample FCS file and perplexity was set to 40. For the general lineage
panel CITRUS analysis, 50,000 live CD235" events were sampled per
sample FCS file (n = 25 CBMC:s, total cell events = 1,250,000) and the
minimum cluster size was set to 1% of total events. CD3, CD4, CDS,
CD127, CD25, CD19, CD56, CD16, NKG2A, NKG2C, HLA-DR,
and CD14 marker expression was normalized across all samples, then
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Figure 7. TFs expressed by FcyRIII*CD8* T cells suggest shift from T to NK identity. (A-D) RNA-Seq analysis of TF expression from FAC-sorted FcyRIII*
CD8* T cells (n = 8, plum), FcyRIII-CD8* T cells (n = 8, dark purple), and NK cells (n = 13, green) in cord blood from cCMV-infected neonates. (A and B) Heat-
map and volcano plot showing top downregulated (left) and upregulated (right) TFs (FDR P <0.05, log,foldchange +/-1.2) in FcyRIII* versus FcyRIII"CD8*
T cells. (B) Volcano plot of all differentially expressed genes with TFs labeled. (C) PCA of top 500 differentially expressed genes in CD8* T and NK cells.
(D) Boxplots show normalized gene expression levels of TFs. z score shows gene expression based on rlog-transformed data.

used as channels for clustering. For the T and NK cell panel CITRUS
analysis, 75,000 live CD235 events were sampled per sample FCS file
(n =16 CBMC:s, total cell events = 1,200,000), and the minimum clus-
ter size was set to 1% of total events. CD3, CD4, CD8, CD56, CD16, v
TCR, CCR7, CD45RA, PD-1, CD57, NKG2A, and NKG2C marker
expression was normalized across all samples, then used as channels for
clustering. SAM, a correlative association model, was used to identify
cell clusters that differed in abundance (significance cut-off FDR P <
0.01) between cCMV™* and cCMV~ groups.

J Clin Invest. 2025;135(1):e181342 https://doi.org/10.1172/)CI181342

RNA-Seq sample preparation and analysis. T and NK cell subsets were
FAC-sorted directly into RLT lysis buffer (Qiagen), and total RNA was
extracted using the RNeasy Micro Kit (Qiagen, catalog 74004). Total
CD4* T, CD8" T, and NK cells were sorted from 25 unique cord blood
samples (n = 13 cCMV*, n = 12 cCMV"); however, several samples
failed RNA quality control and were excluded from downstream tran-
scriptional analyses. CD16-CD8* and CD16*CD8" T cell subsets were
sorted from a total of 16 unique cord blood samples (n = 8§ cCMV™,
n =8 cCMV"), and 1 sample from the cCMV~ group failed quality
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Figure 8. Cord blood FcyRIII* CD8* T cells and NK cells mediate ADCC functions. (A-G) Degranulation (CD107a positivity) and IFN-y production following
antibody stimulation with anti-RSV IgG (nonspecific antibody) or anti-HIV IgG (target cell specific antibody) were measured as markers of ADCC in cord
blood from cCMV-infected (n = 5) and cCMV-uninfected (n = 5, Supplemental Figure 9) in 2 independent experiments. (A) Gating strategy to identify NK
cells and CD8" T cells with and without FcyRIIl expression. (B) Gating strategy for granzyme B and PRF1 expression. (C) Percent of population coexpressing
granzyme B and PRF1. (D-G) ADCC activity in FcyRIII"CD8* T cells (dark purple), FcyRII*CD8* T cells (plum), and NK cells (light green) from cCMV-infected
infants. (D and E) T cell and NK degranulation (CD107a positivity) following antibody stimulation with and without IL-15 pretreatment. (F and G) T cell and
NK IFN-y production following antibody stimulation with and without IL-15 pretreatment. FDR-corrected P values for ANOVA followed by Tukey’s post hoc
test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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control and was excluded from downstream transcriptional analyses.
RNA quality was evaluated by RNA integrity number (RIN) (minimum
cut-off > 8.5) prior to library preparation by the DHVI Sequencing
Core Facility. Briefly, full-length cDNAs were generated using up to
10 ng of total RNA through the SMART-Seq v4 Ultra Low Input Kit
for Sequencing (Takara, catalog 634891). Total 200 pg cDNAs were
used to generate the dual index Illumina libraries using the Nextera XT
DNA Library Prep Kit (Illumina, catalog FC-131-1096). Sequencing
was performed on an Illumina NextSeq 500 sequencer to generate 2' 76
paired-end reads using the TG NextSeq 500/550 High Output Kit, ver-
sion 2.5 (150 cycles), following the manufacturer’s protocol (Illumina,
catalog 20024912). The quality of cDNAs and Illumina libraries was
assessed on a TapeStation 2200 with the high-sensitivity D5000 Screen-
Tape (Agilent, catalog 5067-5592), and their quantity was determined
by Qubit 3.0 fluorometer (Thermo Fisher). Gene reads were aligned to
the human reference genome GRCh38 using QIAGEN CLC genomics
(version 20). DEseq2 (v1.38.3) was used to normalize count data and
perform differential gene expression analysis. Genes were considered
differentially expressed based on a 1.2 log,fold change in gene expres-
sion and FDR P < 0.1. PCA was performed on rlog-transformed data
using the plotPCA function in DESeq2. Volcano plots were generated
using the EnhancedVolcano (version 1.16.0) package in R. Heatmaps
and hierarchical clustering were performed on rlog-normalized DEseq-
2data using the ComplexHeatmap (version 2.14.0) package in R. Gene
set enrichment analysis of differentially expressed GO pathways (mini-
mum 5, maximum 2000 genes) was performed using iDEP, version 0.96
(69), with a significance cut-off of FDR P < 0.2. Genes encoding TFs
were identified by matching DE gene IDs to a list of human TFs from
AnimalTFDB, version 4.0 (14, 70).

Functional immunological assays. Antibody-dependent degranulation
of NK and CD8* T cells was performed as follows. Cord blood was
thawed at 37°C, diluted 1:4 in RPMI supplemented with 10% FBS, pen-
icillin, streptomycin, L-glutamine, and gentamicin (complete media),
and processed using Ficoll separation. Following separation, the cells
were counted and rested overnight at a concentration of 2-3 million
cells per mL in either complete media or complete media supplemented
with 10 ng/mL of IL-15. After resting overnight, the cells were count-
ed and resuspended at 5 million/mL. CBMCs in bulk are referred to as
“effector” cells and CEM.NKRs coated with 5 pg/mL BAL gp120 are
referred to as “target” cells. CBMCs were either plated alone (effector
only), with a 10:1 ratio with targets (effector+target), and with 1 pg/
mL of Synagis (effector+targets+synagis) or 1 ug/mL of a mixture of
4 optimized HIV antibodies (effector+target+mAb mix). The HIV anti-
body cocktail comprised 250 ng/mL each of 7B2_AAA, 2G12_AAA,
A32_AAA, and CH44_AAA, which contains the AAA optimization
for Fc-mediated activity. All 4 conditions were plated for 6 hours in the
presence of 1 pg/mL brefeldin (BD GolgiPlug), 1 pg/mL Monensin A
(BD GolgiStop), and anti-CD107a antibody (BioLegend H4A3). After 6
hours, the cells were washed with DPBS and stained with LIVE/DEAD
viability stain (Thermo Fisher), then washed and stained for the follow-
ing surface markers: CD14 V500 (M5E2, BD Biosciences), CD19 V500
(HIB19, BD Biosciences), CD57 BV711 (QA17A04, BioLegend), CD4
BV785 (OKT4, BioLegend), CD45RA FITC (5H9, BD Biosciences),
CD16 PE (3g8, BioLegend), CCR7 Pe-Cy5 (G043H7, BioLegend), CD8
PerCP Cy5-5 (SK1, BioLegend), CD56 PeCy7 (NCAM16.2, BD Biosci-
ences), and CD3 APC-Cy7 (SK7, BD Biosciences). Next, cells were fixed
with Cytofix/Cytoperm (BD Biosciences), then stained for the following

J Clin Invest. 2025;135(1):e181342 https://doi.org/10.1172/)CI181342

RESEARCH ARTICLE

intracellular markers: PRF1 PacBlue (dg9, BioLegend), IFN-y APC (4S.
B3, BioLegend), and granzyme B AF700 (QA16A02, BioLegend) in the
presence of Perm/Wash Buffer (BD Biosciences). Samples were acquired
on a LSRFortessa IT (BD Biosciences) using FACSDiva, version 8.0, soft-
ware. Frequency of NK and CD8* T cells expressing granzyme B and
PRF1 was measured in the effector-only condition. Percentage change
in IFN-y and CD107a was calculated by subtracting the frequencies in
the effector+target conditions from the anti-RSV and anti-HIV antibody
conditions, respectively, with the dot plots showing the background sub-
tracted data points. Data were analyzed using FlowJo, version 10.8.

Statistics. All statistical analyses were completed in R (version 4) or
GraphPad Prism (version 9 and version 10). Frequencies of immune
cell populations or normalized gene expression data were compared
using Mann-Whitney U/Wilcoxon rank-sum tests for pair-wise com-
parisons and ANOVA with a post-hoc Tukey’s test for comparisons
across multiple groups. Statistical significance was defined as P < 0.05
with a 2-tailed test and FDR correction for multiple comparisons. Spe-
cific details on each statistical analysis performed and the exact # are
available in the respective figure legends. Additional details on the sta-
tistical significance thresholds for the CITRUS and RNA-Seq analyses
are described in the methods section above. Inclusion and exclusion
criteria for the study are described above and outlined in Supplemental
Figure 1, and randomization for case-control matching was achieved
using a random number generator.

Study approval. Our study included cases of cCMV and controls
without cCMV infection that were recruited from 2008-2017 as donors
to the CCBB. Approval was obtained from Duke’s Institutional Review
Board (Pro00089256) to use deidentified clinical data and biospecimens
provided by the CCBB. No patients were prospectively recruited for this
study, and all cord blood was acquired retrospectively from the CCBB
biorepository from donors who provided written consent for biospeci-
mens to be used for research.

Data availability. Requests for data, resources and reagents should
be directed to the authors. RNA-Seq read count data and code have
been deposited at Zenodo (https://doi.org/10.5281/zenodo.8323011)
and are publicly available; however, the CCBB consent documents
under which these samples were originally collected do not contain any
language that would authorize depositing identifiable genomic data,
such as FASTQ files from RNA-Seq, into a repository for data sharing.
Importantly, the CCBB consent forms were submitted and approved
years before the NIH data management and sharing policy went into
effect. Individual data points presented in the manuscript are available
in the Supporting Data Values file. Additional information required to
reanalyze the data reported in this paper is available from upon request.
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