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Abstract

The developing immune system is an adaptive system, primed by antigens, responsive to
infectious pathogens, and can be affected by other aspects of the early rearing environment,
including deviations from the normal provision of parental care. We investigated whether early
rearing in an institutional setting, even when followed by years living in supportive and well-
resourced families, would be associated with a persistent shift in T cell profiles.
Immunophenotyping was used to enumerate CD4+ CD57+ and CD8+ CD57+ subsets, with gating
strategies employed to differentiate naive, central-memory, effector-memory, and terminally
differentiated EM cells expressing CD45RA (TEMRA). Blood samples were collected from 96
adolescents, and PBMC isolated via Ficol gradient, followed by an optimized immunophenotypic
characterization. CMV antibody titers were determined via ELISA. Adopted adolescents had
lower CD4/CD8 ratios than did the control adolescents. Early rearing had a significant effect on
the T cells, especially the CD8+ CD57+ CM, EM, and TEMRA cells and the CD4+ CD57+ EM
cells. Adolescents who had spent their infancy in institutions before adoption were more likely to
be seropositive for CMV, with higher antibody titers. CMV antibody titers were significantly
correlated with the percentages of all CD8+ CD57+ cell subsets. In the statistical modeling, CMV
antibody titer also completely mediated the relationship between institutional exposure and the
ratio of CD4-to-CD8 cells, as well as the percentages of CD4+ CD57+ and CD8+ CD57+ subsets.
These findings demonstrate that persistent immune differences are still evident even years after
adoption by supportive American families. The shift in the T cells was associated with being a
latent carrier of CMV and may reflect the role of specific T cell subsets in Herpes virus
containment. In older adults, sustained CMV antigen persistence and immunoregulatory
containment ultimately contributes to an accumulation of differentiated T cells with a decreased
proliferative capacity and to immune senescence.
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1. Introduction

Worldwide the prevalence of early life adversity (ELA) during childhood is high
(Elwenspoek et al., 2017a). ELA includes many different adverse conditions impacting
children and youth in low-, middle-, and high-income countries. These adversities range in
severity and, at their most severe, result in stunted growth, reflecting both poor nutrition and
chronic stress, marked delays in cognitive and social development, and significant effects on
neurodevelopment (Shonkoff and Garner, 2012). ELA significantly increases the risk of poor
health throughout the life course and early mortality (Brown et al., 2009; Shonkoff et al.,
2009). A number of mechanisms have been investigated to account for this association with
morbidity and mortality (Elwenspoek et al., 2017a), including alterations in the functioning
of the immune system (Miller et al., 2011).

The initial research on the effects of early experience on immunity extends back over 50
years and provided an important foundation for more recent studies on the interactions
among behavioral, neural, endocrine, and immune processes. Experiments in rodent models
demonstrated that there were both acute and chronic effects of ELA on immunity,
compromising immune competence and altering the regulatory set points for immune
responses in adult animals (Ader and Friedman, 1965; Solomon et al., 1968). These findings
laid the groundwork for seminal observations that both prenatal events and early rearing
might serve to shape the normal development of the immune system (Ader, 1983, 2000).
Subsequent research replicated and extended these findings in nonhuman primate models of
early experience and immune responses. A number of studies focused on social separation
from the mother as an extremely adverse experience. Even a two-week maternal separation
during the first year of life in monkeys (i.e., pigtail macaques) was sufficient to result in a
sustained suppression of T-lymphocyte proliferation to a mitogen, phytohaemagglutinin
(PHA), and led to a small but chronically elevated white blood cell count when measured
later in adult animals (Laudenslager et al., 1985). Other researchers demonstrated that infant
rhesus monkeys raised by humans in a nursery setting exhibited larger lymphocyte
proliferation responses than did mother-reared controls, which was related to an upward
skewing of the CD8+ to CD4+ lymphocyte ratio (Coe et al., 1989). In later work, early
social deprivation was found to not only alter immune function, but also survival. Rhesus
monkeys raised by humans in a nursery setting died at a younger age than did mother-reared
animals, and the monkeys that did survive showed a number of immune alterations,
including a decrease in the ratio of CD4+ to CD8+ T cells, with males being particularly
vulnerable to this age-related thymic alteration (Lewis et al., 2000). Considered together,
these studies provided compelling evidence that early rearing conditions can leave a lasting
mark on the immune system and provided the rationale to further study the impact of early
rearing conditions in humans.
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More recently the primary focus of investigations on the ELA-immune relationship in
humans shifted to emphasize the increases in inflammation (Slopen et al., 2015). A number
of papers documented signs of increased proinflammatory activity, including higher C-
reactive protein and interleukin-6, in children from maltreatment backgrounds as well as
lower socioeconomic status families. However, some other studies found inconsistent
evidence for the connection between ELA and inflammation in children and adolescents
(Slopen et al., 2015). Drawing from the literature on animal models of ELA and immune
functioning, it is important to consider other aspects of immunity, especially related to the
maturation of the thymus and the functioning of T cells. During fetal and infant
development, the thymus is particularly vulnerable to insults, and the T cell subsets found in
the blood stream can continue to reflect this ontogenetic history. There may be persistent
effects on the numbers and types of T cells in circulation, as well as on their state of
activation. In addition to the traditional focus on the ratio of CD4+ to CD8+ cells, technical
advances have made it possible to conduct more sophisticated analyses of many different
subsets. Modern immunophenotyping techniques led to the discovery that ELA may
predispose individuals to accumulate of T cells that have reached a state of ‘replicative
senescence’, reminiscent of the process of immunosenescence in old age. However, in this
case, it would suggest there has been an accelerated type of immune aging that could
compromise the ability of the young adult to mount a vigorous response to an infectious
pathogen (Elwenspoek et al., 2017a). Specific T cell populations, which are characterized by
the glycoprotein CD57+ cell surface marker, can be further differentiated into central
memory, effector-memory, and terminally differentiated EM cells expressing CD45RA+
(TEMRA). It has also been shown that the latter cells typically have shorter telomere
lengths, reflecting their prior proliferative history and the age of these cells (Verma et al.,
2017). Many studies have linked this accumulation of CD57+ T cells with illness and aging,
and a reduced ability of cells to proliferate as a reaction to a history of chronic antigen
stimulation (Benchly et al., 2003; Strioga et al., 2011). Accumulating evidence points to the
association of ELA with a number of other indicators of accelerated aging in multiple
systems (Belsky et al., 2017; Felitti et al., 1998; Hayward and Gorman, 2004). However, the
mechanisms accounting for this association of ELA with accelerated aging and immune
dysfunction have yet to be fully elucidated.

One mechanism through which early experience may influence immune functioning and
competence is viral carriage. The burden of repeated, early viral exposure in individuals with
a history of ELA could put an additional load on the adaptive immune system, especially in
the case of being a carrier of several Herpes viruses. Although not typically viewed as a
major pathogen of concern in the healthy adult, there is increasing evidence that the immune
containment of cytomegalovirus (CMV) in the quiescent or latent state can take a toll on the
immune system over the life course (Chidrawar et al., 2009). This kind of immune
containment is hypothesized to be a significant driver of immune senescence in elderly
individuals (Pawelec et al., 2005). The seroprevalence of CMV varies across populations,
but can range up to 60-95% in adults around the world (Chidrawar et al., 2009). Among
American children 6-11 years of age, the seroprevalence rate is 36.3% (Staras et al., 2006).
However, the infection rate varies dramatically when sociodemographic factors are taken in
consideration. For example, the CMV seroprevalence is much higher at lower levels of
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household income (Dowd et al., 2009; Dowd et al., 2012; Staras et al., 2008). It has also
been associated with family dysfunction in youth (Janicki-Deverts et al., 2014), and has a
high prevalence globally (Staras et al., 2006). The age at which infants and children are first
cared for in larger group settings, such as an orphanage, is a known early risk factor for
CMV exposure because the young child will remain viremic and be infectious for an
extended period of time during the primary infection phase (Adler, 1991). Thus,
disadvantaged children are likely to be at higher risk to be infected with CMV early in life,
possibly with important consequences for their maturing immune system.

A number of epidemiological studies across different cultural groups have found that there is
a connection between CMV seropositive status and immune dysfunction in elderly
individuals (Olsson et al., 2000; Roberts et al., 2010). CMV is associated with changes in T
cells associated with aging, especially the CD8+ T cell populations, and has been found to
result in a lower CD4+ to CD8+ cell ratio (Pawelec et al., 2005). In CMV-seropositive
individuals, the number of naive CD8+ T cells is reduced and thus CMV may accelerate
physiological aging in middle-aged individuals (Chidrawar et al., 2009). Moreover, it has
been shown that the T cells in CMV+ adults are more responsive to stress-related
neuroendocrine and immune modulators, such as norepinephrine and interleukin-6, which
may contribute to the sustained cellular imbalance as the individual matures (Turner et al.,
2014).

In order to investigate the unique impact of ELA on immunity, many recent studies have
evaluated individuals who experienced a period of adversity during infancy and then were
adopted into typically highly-resourced families (Elwenspoek et al., 2017b; Esposito et al.,
2016). In one analysis of a small number of young adult participants, CMV appeared to
mediate the relationship between ELA and the presence of the CD57 surface proteinon T
cells, along with other cell surface markers indicative of the CD8+ CD57+ TEMRA subset,
but with less clear effects on the CD4+ cell populations (Elwenspoek et al., 2017b).
Although it is still unclear whether these cells should be considered immune senescent and
replicatively exhausted when assessed in younger individuals (Turner et al., 2014; Verma et
al., 2017), their presence does signal that the cells have been repeatedly exposed to cognate
antigen, probably of viral origin. Given that these differentiated T-cells have been antigen
primed and have a history of prior commitment, they will likely be less flexible in their
responses to newly encountered viruses or metastasizing cancer cells. Thus, a differential
presence of CD8+ TEMRA as compared to naive T cells may be indicative of a significant
path to reduced immune vigor even in the young adult.

The goal of the present study was to examine the impact of ELA on immune functioning,
specifically the CD4+ CD57+ and CDC8+ CD57+ T cell subsets, in youth aged 13 to 21
years. These adolescents had been adopted internationally from orphanages when they were
an average 1.5 years of age and had thus spent most of their later childhood living in well-
resourced homes with highly educated parents in low risk neighborhoods with good health
care. They were compared to controls of similar age and sex who had been reared from birth
in families like those of the adopted youth. We examined whether immune effects would be
limited to the CD8+ T cells or would also extend to CD4+ T cells. In particular, we
examined whether youth adopted internationally as very young children would exhibit a
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lower ratio of CD4+ to CD8+ T cells, as reported in animal studies of ELA and also as
evinced when using cell epigenetic signatures in a previous study by our research group
(Esposito et al., 2016). The current study also aimed to replicate and extend the findings of
Elwenspoek et al. (2017b), who evaluated young adults (20-34 years of age) adopted at a
younger average age of three months from institutional care. We determined whether the
presence of CMV might explain observed differences in the adopted youth in either the
CD4/CD8 ratio or the TEMRA cell population. Lastly, exploratory analyses investigated
whether males and females were similarly affected by ELA, as there is evidence that males
reared in institutional care are often more impacted than females (Bos et al., 2011). Findings
from rodent and non-human primate models of ELA also suggest that male offspring are
more vulnerable to perinatal insults and are more likely to experience the immune
dysregulation associated with social deprivation (Lewis et al., 2000).

Material and methods

Participants

The participants were adolescents who had been adopted from institutions in other countries
by families in the United States (post-institutionalized, PI) or non-adopted controls (NA)
between 13 and 21 years of age (M= 16.3 yrs, SD = 2.01). PI youth were recruited from a
registry of families who had adopted children and were interested in participating in
research. Each participant had spent at least 70% of their pre-adoption infancy in
institutional care (M= 96%, SD = 8%); while the NA comparison youth were born and
raised in their families of origin. NA youth were likewise recruited from a registry of birth
families interested in being contacted about research. Nine (23.1%) of the Pl youth and 11
(24.4%) of the NA youth were drawn from the study reported by Esposito et al. (2016).
Exclusion criteria were: major congenital abnormality, regular use of steroid hormone
medication or any immunological disorder, Fetal Alcohol Syndrome (FAS)/Fetal Alcohol
Effects (FAE) concerns, and a combination of CRP values over 10 mg/L with elevated total
white blood cell counts above 15,000 per microliter, which might be indicative of an acute
bacterial or viral infection. A total of 4 potential subjects were excluded for one or more of
these reasons. We were unable to collect sufficient blood from 3 (1 PI, 2NA), leaving a final
sample of 84 of which 45 (22 female) were Pl and 39 (25 female) were NA youth. Age at
adoption ranged from 5.5 to 45 months (M= 16.1, SD = 9.0 months). These children were
adopted from a number of regions: 30 (66.7%) from Eastern Europe; 6 (13.3%) from South
Asia; 2 (4.4%) from Latin America; and 7 (15.6%) from Southeast Asia (see Table 1).
Preliminary analyses yielded no evidence of significant differences in any key outcome
variable by region of adoption. Participants came from well-resourced homes, and the
groups did not differ in familial sociodemographic factors. This study was conducted in
accordance with Institutional Review Board guidelines at both the Universities of Minnesota
and Wisconsin.

2.2. Procedure

Following recruitment, parent/youth questionnaire reports were completed at home and
brought to the clinical research center. Participants arrived to the university clinical research
center for < 25 mL blood draw from antecubital vein by a licensed phlebotomist, with
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approximately 10 mL drawn into sodium heparin-coated vacutainers and another 14 mL into
EDTA-coated vacutainers. Fresh blood samples were shipped overnight with a coolant block
by express courier for immune processing; the immunophenotyping was conducted
immediately on receipt within 24 h of collection. An assessment of the Complete Blood
Counts as well as cell viability on the flow cytometer verified there had not been significant
cell loss. All draws were performed between 8:00 — 13:00, and the following information
was collected at that time: body temperature, blood pressure, height/ weight, and hip-waist
circumferences. See Table 1 for descriptive statistics for each group.

Immune measures

2.3.1. Complete blood count (CBC)—One mL of blood was sent to a CLIA-certified
clinical laboratory (Meriter Labs) to determine a CBC with cell differential. The measures
analyzed for this report include the Total White Count, lymphocyte percent, and lymphocyte
number per uL of blood.

2.3.2. C-reactive protein (CRP)—CRP levels were quantified in duplicate
determinations by single-plex assay using an electrochemiluminescence platform (Meso
Scale Discovery, Rockville, MD). The lower limit of detection was 0.1 mg/L, with a high
dynamic range up to over 100 mg/L.

2.3.3. Cytomegalovirus (CMV) antibody—CMYV status was evaluated by enzyme-
linked immunosorbent assay (ELISA, DRG). In addition to determining if the participant
was seropositive for CMV, the inclusion of 3 calibrators with known antibody concentrations
allowed for a quantification of antibody titer. Values above the second calibrator were
considered to be indicative of being a CMV carrier following the manufacturer’s
instructions.

2.3.4. Immunophenotyping—Heparinized blood (7 mL) was delivered immediately to
the Flow Lab at the UW Carbone Center for immunophenotypic characterization. An
optimized 18-color panel of monoclonal antibodies was used to identify the T cell lineages
(Moncunill et al., 2014). Some fluorochrome-antibody combinations were modified to
accommodate the BD LSR Fortessa configuration and are available upon request. Cell data
were first gated for stability of sampling based on time, followed by gating for live, single
CD3+ lymphocytes, removing monocytes with a Boolean logic gate defined as “not
Classical Monocytes (CD14+ CD16-) and not Intermediate Monocytes (CD14+ CD16+)
and not Non-Classical Monocytes (CD14-CD16+) OR HLA-DR+”. CD4+ and CD8+ cells
were gated within the CD3+ cells. Memory/Naive populations were gated within both CD4
and CD8 populations by plotting CD45RA against CCR7 using quadrant gates. Naive and
memory populations were defined as follows: Naive as CD45RA+ CCR7+, Central Memory
(CM) as CD45RA-CCR7+, Effector Memory (EM) as CD45RA-CCR7-, and Terminally
Differentiated Effector Memory (TEMRA) as CD45RA+ CCR7-. CD4 and CD8
populations were also gated for CD57 positivity by plotting each according to whether they
expressed CD57. In all cases the gates were set using the corresponding Fluorescent Minus
One control. The gating strategy is illustrated in Supplemental Materials (Supplemental
Figs. 1-3).
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2.4. Health report

Health data were obtained to determine whether the Pl and NA participants differed in
illness conditions prior to age 5 when PI youth were either in or recovering from
institutional care, subsequently from 5 to 18 years when both groups were living under
comparable circumstances, or in the last 30 days, which might have acute effects on immune
functioning. Health information was obtained from parents and youth.

2.4.1. Parent reported child health—This 45-item questionnaire was completed by
parents. It contained a section on preadoption and adoption health conditions completed only
by the adoptive parents (Hellerstedt et al., 2008). There was a section on infectious diseases
from the Global Health Pediatric Clinic at the University of Minnesota, and questions on
asthma and general health adapted from the California Health Interview Survey 2015. Three
indices were computed as a total sum score after each item was endorsed as either absent or
present (0,1). An Early Life Health Index was created to assess medical diagnoses from birth
to 5 years of age. There were 31 items of which 15 were endorsed for one or more of the
participants: hepatitis B, anemia, intestinal parasites, cerebral palsy, chronic ear infections,
growth delay, dysplasia, heart defects, diabetes, asthma, TB-active, TB-inactive,
autoimmune disorder, eczema, sexually transmitted disease, other. A Child and Adolescent
Health Index was created to assess medical diagnoses from 5 to 18 years of age as well as
other health problems including cold sores, canker sores, and allergies. Certain items (e.g.,
allergies) were summarized by collapsing or correcting all items subsumed under that
condition (e.g., parents who did not endorse their children having allergies but reported
allergens or allergy symptoms were recoded as “1” for allergies). Similarly, a correction
factor was included to account for parents who did not endorse asthma in the list of medical
diagnoses but reported their children having asthma symptoms at any point in the
questionnaire. Finally, a 30-Day Health Index was created to assess parent report of youth’s
symptoms in the past 30 days. Items on this scale include: fever, chills, cough, sneezing, sore
throat, nausea, vomiting and so on. Each symptom was only counted once in the index.

2.4.2. Child reported physical health—All participants completed the Adolescent
Health Habits Questionnaire for youth 12-18 years of age, a 79-item measure that included
questions on general health, asthma, allergies, recent exposures to infectious diseases, sleep
habits and daytime sleepiness, diet and nutrition and alcohol and drug use. The questions
were derived and adapted from the (1) General Health, Asthma, Diet, Nutrition and Alcohol/
Tobacco/Drug use questions on the California Health Interview Survey 2015 conducted by
the UCLA Center for Health Policy Research, (2) Infectious Disease Questionnaire used in
the Global Health Pediatric Clinic at the University of Minnesota, (3) Sleep Habit Questions
based on work by Wolfson and Carskadon (1998), and the daytime sleepiness from the
Cleveland Adolescent Sleepiness Questionnaire (Spilsbury et al., 2007). Two indices were
computed from these questions. A Child and Adolescent Health Index reflecting asthma,
cold sores, canker sores, allergies, and sexually transmitted conditions (HPV/STI).
Responses were coded as Yes (1 = present ever) and No (0 = never present), such that scale
responses could range from 0 to 5. Certain items (e.g. allergies) were created by collapsing
or correcting all items addressing a relative construct (e.g. youth who did not endorse having
allergies but reported allergens or allergy symptoms were recoded as “1” for allergies). A
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30-Day Health Index was also computed with the same items as in the parent report
measure.

2.5. Data analytic plan

Initial analyses were conducted to determine the comparability of the Pl and NA groups with
regard to child and adolescent health. Independent group t tests were used for continuous
variables and the chi-square test used for discrete variables (Table 1). CRP values were
natural log-transformed for analyses. Cell percentages were transformed with the arcsine
transformation (2*(asin(sqrt[x]) to stabilize variance. The ratio of CD4-to-CD8 cells was
computed by dividing CD4+ by CD8+ cell percentages. Regression analyses predicting
group differences in the T cells, CD4+ subsets, CD8+ subsets, and CD4/CD8 ratio
controlled for sex, time of blood draw, and age at blood draw. The Benjamini-Hochberg
(BH) procedure was used to account for multiple comparisons. Cohen’s F? was also
calculated to aid in interpretation of effect sizes and F2 > 0.02, F2 > 0.15, and F2 = 0.35
represent small, medium, and large effect sizes, respectively.

The final step of the analysis modeled whether CMV antibody levels mediated the
relationship between ELA and differences in CD57 + T cell lineages using path analyses.
This model also examined whether CMV antibody levels mediated the relationship between
ELA and group differences in the CD4/CD8 ratio. CMV antibody levels were used as a
continuous measure, and the extent of exposure to ELA was operationalized using time
spent in institutional care (in months), with the value for non-adopted youths set to zero.

These analyses focused primarily on the main effect of early rearing. Exploratory analyses
were also conducted to examine the possible interaction of Participant Sex with the impact
of early rearing. The latter analyses are considered exploratory because of the relatively
small number of Pl males (see Table 1). Analyses were conducted in R version 3.4.3 with
the “lavaan” package (Rosseel, 2012).

3. Results

3.1

Demographics and general health

The adolescents from both rearing conditions were primarily white from European family
backgrounds (see Table 1). Nineteen of the adopted participants were from other ethnic/
racial backgrounds (42.2%). All were raised by white families in the United States. There
were no major differences in current health status based on either self-report or parent-
reported health. However, Pl youth were on average 3 in. shorter at assessment, {82) =
-3.30, p=0.001 and, as would be expected, had more early health problems, {82) = 2.73, p
= 0.008. In keeping with the recruitment strategy that excluded potential participants with
infectious and chronic illness, the Leukocyte counts and CRP levels were not different
between groups. But of particular importance for our immunophenotyping analysis, because
of the potential influence on certain T cells, Pl youth were significantly more likely to be
seropositive for CMV (86.7% vs 35.9%, p < 0.01), and had a significantly higher CMV
antibody titer, £82) = 4.39, p< 0.001.
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Immunophenotyping

3.2.1. T cells—Rearing condition did not have a significant effect on the overall numbers
of CD3+ T cells. However, the Pl youth had lower percentages of CD4+ cells (54.7%) than
did the NA youth (59.9%) (p = 0.007, Cohen’s F2 = 0.01) and a higher percent of CD8+
cells (36%) than the NA youth (32.3%) (p = 0.04, Cohen’s F2 = 0.06) (Table 2). After
correcting for multiple comparisons, these differences in the two rearing conditions
remained significant. These differences resulted in a significantly lower CD4-to-CD8 ratio in
the P1 as compared to the NA youth (p = 0.024, BH corrected p = 0.036, Cohen’s F2 = 0.07)
(Fig. 1). While statistically significant, the effect size for this difference was small. As
displayed in Fig. 1, few youth from either group showed a very low CD4-to-CD8 ratio, or a
extremely reduced value that would be indicative of an immunosuppressive disorder.

3.2.2. CD3+ C57+ cells—It was also more common for the CD4+ and CD8+ cells of
the PI youth to express the CD57 glycoprotein surface marker indicative of prior activation
and a reduced propensity to proliferate upon exposure to cognate antigen. A history of
institutionalization during infancy was associated with a higher percent of CD4+ CD57+
cells (PI: 2.6%, NA: 1.8%, p = 0.012, Cohen’s F2 = 0.08) and a higher percent of CD8+
CD57+ cells (PI: 21.4%, NA: 16.1%, p = 0.032, Cohen’s F2 = 0.06). These associations
remained significant after correction for multiple comparisons (Table 2). In an exploratory
analysis examining the interaction between rearing and the participant’s sex on CD8+
CD57+ T cells, the Pl males evinced a significantly higher percent of CD8+ cells that co-
expressed CD57 (Pl Male: 28%, Pl Female: 15.2%, NA Male: 16.5%, NA Female: 15.9%, p
=0.018, Cohen’s F2 = 0.07, BH corrected p = 0.027).

3.2.3. C57+ T cell lineages—The immunophenotyping gating strategy allowed us to
further differentiate the CD4+ C57+ and CD8+ CD57+ cells into 4 subsets by determining
the frequency of younger naive cells (naive) and the ones co-expressing surface and co-
stimulatory markers indicative of a history of activation and replication. Overall, the
percentages of CD4+ CD57+ T cells were lower than the CD8+ CD57+ subsets and only the
percent of CD4+ CD57+ Effector/Memory (EM) cells was affected by early rearing:
significantly higher in the P1 adolescents (PI: 8.1%, NA: 5.2%, p = 0.004, Cohen’s F2 =
0.11). After correcting for multiple comparisons, this relationship remained significant
(Table 2).

A larger impact of early rearing was evident for the CD8+ CD57+ subsets, especially for the
differentiated subsets, because the percent of naive cells in this cell population was relatively
low (Fig. 2A). As shown in Fig. 2A, there were no group differences in the percent of CD8+
CD57+ naive cells. However, the Pl youth had more CD8+ CD57+ Central-Memory cells
(PI: 18.9%, NA: 12.5%, p = 0.005, Cohens F2 = 0.12) as compared to the non-adopted
adolescents (Fig. 2B). After correcting for multiple comparisons, these relationships
remained significant. In an exploratory analysis of the interaction between rearing history
and sex of the participant, the increase in CD8+ CD57+ Central-Memory cells was more
prominent in the Pl males (Pl Male: 22.6%, Pl Female: 15.9%, NA Male: 9%, NA Female:
15.2%, p = 0.008, Cohen’s F2 = 0.09, BH corrected p = 0.024). As shown in Fig. 2C, the
CD8+ CD57+ EM cells were present at higher numbers in adolescents from adoptive
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backgrounds (P1: 41.6%, NA: 28%, p < 0.001, Cohen’s F2 = 0.18) (Fig. 2C). Finally,
significant differences were found in the numbers of the terminally differentiated CD8+
CD57+ cells, with larger numbers of terminally differentiated CD8+ CD57+ cells present in
Pl youth (PI: 43.6%, NA: 29.3%, p = 0.002, Cohen’s F2 = 0.14) (Fig. 2D). An exploratory
investigation of the terminally differentiated CD8+ CD57+ cells again showed that the males
from institutionalized backgrounds had higher percentages of these TEMRA cells (Pl Male:
52.4%, Pl Female: 36.5%, NA Male: 28.6%, NA Female: 30%, p = 0.03, Cohen’s F2 = 0.06,
BH corrected p = 0.03). The effect sizes for the rearing differences were largest for the
CD8+ CD57+ EM and CD8+ CD57+ terminally differentiated cell subsets.

3.2.4. CMV infection—The influence of early rearing (indexed by time spent in
institutional care) on the T cell repertoire was significantly associated with the adolescents’
current CMV antibody level. In the statistical model, CMV antibody titer fully mediated the
relationship between exposure to ELA and CD4/CD8 ratio (Fig. 3A). A mediation analysis
demonstrated a large mediating effect of CMV antibody titer on the CD4+ CD57+ cells (Fig.
3B) and CD8+ CD57+ cells (Fig. 3C). There was also a significant pairwise correlation
between the CMV antibody titer and the percentages of CD4+ CD57+ and CD8+ CD57+
cell subsets, which was evident in adolescents from both rearing conditions (Table 3).

4. Discussion

This study has confirmed that early rearing in an institutional setting is associated with
different T cell profiles. Not only did we replicate our earlier finding of a decrease in the
CD4 to CD8 cell ratio that had been obtained using epigenetic markers (Esposito et al.,
2016), we also demonstrated a significant increase in both CD4+ and CD8+ cells expressing
the CD57+ surface marker indicative of a history of prior activation and proliferation. The
current finding replicates the conclusion from earlier identification of cell types via
methylation patterns now using standard flow cytometry methods and only a partially
overlapping (23.8%) sample of participants. In our statistical modeling of this effect of early
rearing on the T cell profiles, the findings were shown to be mediated by being a latent
carrier of CMV and were more specifically associated with current CMV antibody titer.
These results extend prior research with animal models to humans and convey the need to
broaden our examination of the effects of ELA on immunity beyond just the recent focus on
inflammatory physiology to also include the maturation of the thymus and T cell regulation.
The findings also suggest that the post-institutionalized individuals may be less able to
respond effectively to an infectious pathogen and could be predisposed to an accelerated
pace of immune aging later in adulthood. Similar results on T cell populations were obtained
in a study of young adults, 20-34 years of age, who had been adopted by 3 months of age
(Elwenspoek et al., 2017Db), but our research indicates the T cell differences are already
evident by early to mid-adolescence. The biological processes that may drive the findings
are yet unclear. However, it is likely that they arise in part from the PI children’s increased
exposure to CMV in the institutional setting as group care is a known risk factor for CMV
exposure in young children. Therefore, it is most parsimonious to conclude that the findings
are driven by this early viral exposure and the sustained exposure of their cells to viral
antigen. Less likely but plausible is that the absence of parenting and the severity of
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adversity engendered a greater susceptibility to acquiring a prolonged CMV infection with
recurrent reactivation.

The prevalence of CMV infection in the Pl adolescents was remarkably high. Of the 45 PI
adolescents studied, 86.7% were seropositive. This level of Herpes infection is much higher
than would be expected at the same age in the U.S. population. A more typical prevalence of
35.9% CMV seropositivity was found among the control adolescents who were reared by
their biological parents. Our adopted participants had been exposed to institutional care in a
large group setting for an average of 16 months. We also observed this high prevalence of
CMV infection in both children adopted from Eastern European institutions as well as from
other countries (N = 30 and 15, respectively), suggesting that early exposure to a group
setting is the mostly likely cause. It is known that there is an increased incidence of CMV in
children attending childcare centers at a young age, as described previously by others (Adler,
1991). Our adopted participants were exposed to a longer period of ELA than those
evaluated by El-wenspoek (2017b). We were also able to quantify CMV-specific antibody
titers and thus could demonstrate the statistical magnitude of how virus exposure mediated
the influence of ELA on the T cell repertoires.

We also replicated the finding that ELA is associated with a lower CD4/CD8 ratio (Esposito
etal., 2016). In the statistical models, current CMV antibody levels fully mediated this
relationship between ELA and the CD4/CD8 ratio. An association between being CMV
seropositive and having lower CD4/CD8 ratios had also been reported in two studies of
elderly Swedish adults (Olsson et al., 2001; Wikby et al., 2002). In addition, a similar
relationship was reported for a cohort of healthy young adults (Turner et al., 2014). These
findings have led a number of investigators to conclude that the immune containment of
CMV contributes to the accelerated aging like that described for the immune systems of
older adults (Hadrup et al., 2006; Olsson et al., 2001; Roberts et al., 2010). It may drive a
progressive accumulation of cells with a decreased proliferative capacity and reduced
responsiveness in the young adult (Elwenspoek et al., 2017b; Turner et al., 2014). Our study
provides an important demonstration of CMV effects on CD4+ and CD8+ subsets that is
already evident by adolescence and highlights its prominent role in mediating the
relationship between ELA and T cell biology.

The association was especially evident for the CD8+ CD57+ TEMRA cells, which replicates
findings of several other laboratories on both typical family-raised participants and adopted
individuals (Elwenspoek et al., 2017b). In general, TEMRA are thought to exhibit a
‘replicative senescence’ and be less functional for mounting an immune response to a new
infection. As mentioned earlier, they have also been found to have shorter telomere lengths,
reflecting their history of prior replication and activation. Their presence in higher numbers
in adopted adolescents, especially in the CMV carriers, probably also reflects their role in
keeping Herpes viruses in the quiescent latent state, although it could partially be a
reflection of chronic, asymptomatic viral reactivation. This shift in the percentages of T cell
subsets is unlikely to be due to early selection in the thymus or the apoptotic death of certain
emigrants, because we did not detect a general lymphocytopenia or decreases in the number
or percent of naive T cell populations. Further, the P1 adolescents actually evinced a higher
overall percent of CD8+ cells than did the control teens.
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The age of CMV exposure in our participants is not known. Prenatal infections to CMV or
maternal transmission during delivery can be lethal, and are a known risk factor for
neurodevelopmental disorders. We believe it is more likely that the adopted participants
were exposed as young infants in the orphanage settings. A study of international adoptees
found a 45% seroprevalence of CMV, and most cases of CMV were determined to be
postnatal rather than via congenital exposure (Hostetter et al., 1989; Murray et al., 2005).
The seroprevalence in that study was more comparable to the national seroprevalence for
American children under 6 years (~36%) (Staras et al., 2006); however, the majority of
children in that survey were likely adopted after foster care rather than institutional settings
(Hostetter et al., 1989). Dowd et al (2012) reported that the seroprevalence in a nationally
representative sample of children aged 6-16 in the US was 43% for children above the
poverty line. But it should be highlighted that our participants had a much higher
seroprevalence (Pl = 86%, control = 34.8%). Determining the role of CMV and other Herpes
virus infections in accounting for the impact of ELA on immunity is critical not only for PI
youth, but also for other children experiencing ELA in the form of poverty and maltreatment
around the world.

Although the current health status of Pl youth did not differ from the comparison group,
these findings could have multiple implications for the health of youth with a history of ELA
as they become older adults. Their lower CD4/CD8 ratios already is suggestive of an
immune dysregulation and with age it may be associated with a reduced production of T cell
cells by the thymus. In addition, several of the current immune findings were more evident
in the male adolescents from adoptive backgrounds, suggesting they are more impacted by
ELA. This conclusion would be in keeping with the greater vulnerability of males to several
neurodevelopmental disorders and also concurs with the many animal studies that reported a
sex difference in the effects of exposure to ELA. However, the potential interaction of ELA
with sex needs to be viewed cautiously because of the relatively small number of PI males in
our study.

Limitations

Notwithstanding the significance and clarity of our findings, several limitations should be
acknowledged. First, while all adoptees experienced a similar period of postnatal ELA, it
was not possible to control for differences in prenatal conditions. It is known that the
maturation of the thymus is very sensitive to prenatal insults, including exposure to alcohol,
which can result in thymic atrophy and involution (Di Naro et al., 2006). While it is known
that the fetal thymus will undergo a marked reduction in size and structure in response to
maternal illness, stress and teratogenic exposure, it is not known if the cell populations
produced by the thymus after recovery and birth will continue to be impacted. However, if
the thymus is entirely removed from a human infant in order to gain access to the heart for
cardiac surgery, then there will continue to be differences in T cell subsets that persist
(Schadenberg et al., 2014). With regard to this type of extreme explanation for our findings it
should be reiterated that we excluded for phenotypic features indicative of fetal alcohol
syndrome. Future studies should attempt to consider the summative influence of both
prenatal and postnatal conditions, given that maternal stress and poor nutrition during
pregnancy as well as ELA after birth can affect neurological and immunological
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development (Coe and Lubach, 2005; Veru et al., 2015, Veru et al., 2014). A second
limitation is that we did not consider a functional measure of immune competence in this
analysis, such as the capacity to respond to a viral infection or effectively to immunization.
However, in future analyses, we will be addressing the proliferative capacity of their cells in
response to antigenic stimulation during in vitro culturing. With regard to interpreting the
changes in the CD8+ TEMRA cells as an early indicator of replicative senescence, it would
also have been helpful to include measures of telomere length and telomerase activity.
Telomere length has been associated with ELA, and meta-analyses suggest that early
adversity may have a long-lasting influence on biological aging (Ridout et al., 2018). The
Elwenspoek study of young adults from PI backgrounds had already reported that it was not
possible to demonstrate a general association between ELA and leukocyte telomere length
(2017b). To do so in a sensitive manner would likely have required cell sorting to more
specifically focus just on the CD8+ CD57+ TEMRA cells. In addition, to carefully examine
the senescent state of specific cell populations can sometimes require a focused study of
their proliferative capacity to respond to unique and specific antigens (Merma et al., 2017).

Additionally, there are a few procedural limitations to acknowledge. First, participant blood
was drawn between 08:00 and 13:00, which is a large enough range to potentially introduce
an influence of the diurnal rhythm in CD4+ and CD8+ cells. Though we addressed this
concern by controlling for time at blood draw in all analyses, future work should carefully
consider the potential influence of biological rhythms. Another issue is the contemporaneous
measurement of CMV antibody and the immunophenotyping of T cells at one age point,
making it more difficult to verify causality and establish the antecedence of the CMV
infection. Though a large literature supports our positing CMV infection as primary and the
likely vector especially given influence of CMV on immune senescence in the elderly
individual, our mediation model should be interpreted with caution, as it was not possible to
definitively establish temporality between these two measures. Finally, as already discussed,
there were suggestive indications that the PI males were more impacted, but this finding of a
gender difference in vulnerability should be replicated with a larger cohort.

4.2. Conclusion

In summary, ELA in the form of institutional rearing during infancy was associated with
persistent immune differences that were still evident in adolescents, years after the adversity
had ended. Specifically, there were significant differences in the T cell profile that were
statistically associated with exposure to CMV. Early infections with CMV are thus likely to
contribute to the connection between ELA and immune dysregulation. In older adults, this
type of sustained antigen persistence and immunoregulatory activity leads to immunological
declines and ultimately to immune senescence. Future research still needs to determine
whether the length of time in the orphanage setting is a factor of critical concern,
highlighting the policy implications of striving for an early age for adoption.
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The PI adolescents had significantly lower CD4-to-CD8 Ratios than did the NA control
adolescents who had been typically-reared from birth (P < 0.01).
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Significant differences were found in the 3 more differentiated subsets of the CD8+ CD57+
cell subsets. The CD8+ CD57+ naive populations were present at the lowest levels and did
not differ across rearing conditions (A. Naive). However, the percent of CD8+ central-
memory cells (B. CM), percent of CD8+ CD57+ effector-memory cells (C. EM) and percent
of CD8+ CD57+ terminally differentiated cells (D. TEMRA) all were significantly higher in
the PI adolescents. The arcsine-transformed percentages of CD8+ CD57+ subsets are

portrayed. Raw values are provided in Table 2.
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Fig. 3.
Mediation analyses or the relationship between ELA, CMV seropositivity, and the CD4/CD8

ratio, CD4+ CD57+ cells, and CD8+ CD57+ cells as outcomes with standardized
coefficients. (A) ELA considered as an independent variable, CD4/CD8 ratio as the
dependent variable, and CMV titer as mediator variable. (B) ELA as independent variable,
arcsine-transformed percentages of CD4+ CD57+ cells as dependent variable, and CMV
titer as mediator variable. (C) ELA as independent variable, arcsine-transformed percentage
of CD8+ CD57+ as dependent variable, and CMV titer as mediator variable. Statistic
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modeling: ELA was treated as continuous variable (age at adoption); values for control
youth were set to 0. In each path analysis, the dependent outcome controlled for sex and age
at blood draw. Significance was set at *p < 0.05, **p < 0.01, ***p < 0.001.
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Table 1

Descriptive statistics for Pl and NA youth.

Post-institutionalized (PI)n = 45

Non-adopted (NA)n = 39

Mean age, years‘Z
Female, 1 (%)

Median Income by Zip code

Race/Ethnicity, 7 (%)**2'3
White, non-Hispanic
African American

Asian

Hispanic

Mixed race or other
Unknown

Height, cm**z

Weight, kg

BMI Percentile

Time of Blood Draw

Early Health Problems, Parent**
Child/Adolescent Health Problems, Parent Report
30-day Health Symptoms Parent
Temperature at blood draw (F)

CRP (mg/L)

WBC (103/ul)

Lymphocytes (%)

CMV antibody titer***

CMV Seropositive Status, 77 (%)***

16.6 (2.2)

22 (56.4%)
$77,351 (18,804)

26 (57.8)
12 (26.7)
2(4.4)

2 (4.4)
3(6.7)
163.6 (9.22)

60.5 (13.29)
57.78 (27.87)
10:45 (1:08)
0.76 (0.88)
2.84 (1.35)
1.38 (1.4)
97.9 (0.56)
2.24 (4.07)
6.18 (1.67)
34.84 (9.5)
76.87 (40.22)
39 (86.7%)

16.0 (1.7)

25 (55.6%)
$73,805 (20,162)

35 (89.7)
2(5.1)
2(5.1)

170.55 (10.13)

64.77 (16.72)
57.5 (28.09)
10:42 (1:04)
0.31(0.61)
3.31(0.92)
1.79 (1.78)
97.7 (0.52)
1.26 (2.38)
5.78 (1.52)
32.18(6.95)
33.49 (49.14)
14 (35.9%)

1
Mean and (SD) unless noted.

Zex = < 0,01, ***p < 0,001,

Race/Ethnicity operationalized as “white”=1, “non-white”=0 in analyses.
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