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ABSTRACT

After the resolution of the acute phase of infection, otherwise quiescent antigen-experienced CD8™" T cells confer rapid protec-
tion upon reinfection with viral pathogens or, in the case of persistent viruses, help to maintain control of the infection. Depend-
ing on the type of virus, antigen-specific CD8™" T cells have distinct traits, ranging from typical memory cell properties in the
case of rapidly cleared viruses to immediate effector functions for persistent viruses. We here show that both the differentiation
stage, defined by the expression of cell surface markers, such as CD45RA, CCR7, CD28, and CD27, and distinct expression levels
of T-bet and eomesodermin (Eomes) predict the functional profile of antigen-experienced CD8™ T cells. Furthermore, virus-
specific CD8™ T cells targeting different respiratory syncytial virus-, influenza A virus-, Epstein-Barr virus (EBV)-, human cyto-
megalovirus (hCMV)-, and HIV-1-specific epitopes adopt distinct T-bet and Eomes expression patterns that appear to be in-
stalled early during the primary response. Importantly, the associations between surface phenotype, T-bet/Eomes expression
levels, and the expression of markers that predict CD8* T-cell function change according to viral infection history, particularly
against the background of HIV-1 and, to lesser extent, of human cytomegalovirus and/or Epstein-Barr virus infection. Thus, the
functionality of human antigen-experienced CD8* T cells follows at least two dimensions, one outlined by the surface phenotype
and another by the T-bet/Eomes expression levels, which are determined by previous or persistent viral challenges.

IMPORTANCE

Functional human CD8* T-cell subsets have been defined using surface markers like CD45RA, CCR7, CD28, and CD27. How-
ever, the induction of function-defining traits, like granzyme B expression, is controlled by transcription factors like T-bet and
Eomes. Here, we describe how T-bet and Eomes levels distinctly relate to the expression of molecules predictive for CD8* T-cell
function in a surface phenotype-independent manner. Importantly, we found that central memory and effector memory CD8™*
T-cell subsets differentially express T-bet, Eomes, and molecules predictive for function according to viral infection history, par-
ticularly so in the context of HIV-1 infection and, to lesser extent, of latent EBV- and/or hCMV-infected, otherwise healthy
adults. Finally, we show that the distinct phenotypes and T-bet/Eomes levels of different virus-specific CD8* T-cell populations
are imprinted early during the acute phase of primary infection in vivo. These findings broaden our understanding of CD8™" T-
cell differentiation.

he process of viral and host coevolvement has selected for an-  quently express granzyme B, and execute immediate cytotoxicity (11,

tiviral CD8™" T-cell responses that are successful in ensuring
survival of the host. As an apparent consequence, human circulat-
ing virus-specific CD8" T cells display distinct phenotypic and
functional properties according to the virus or viral proteins they
target (1-3). Acute viruses, such as respiratory syncytial virus
(RSV) and influenza A virus, and also some persisting viruses,
such as polyomavirus BK, induce CD8" T cells that predomi-
nantly display a CD45RA™ CCR7* CD28* CD27" (central mem-
ory) or CD45RA™ CCR7~ CD28" CD27™ (early differentiated)
phenotype (1, 4-10). These and the CD45RA~ CCR7~ CD28™
CD27" (early-like) subset highly express CD127 (interleukin 7Ra
[IL-7Ra]), proliferate vigorously upon stimulation with cognate
antigen, and produce several cytokines, among which is IL-2 (11—
13). In contrast, Epstein-Barr virus (EBV) and human cytomegalo-
virus (hCMV) can induce CD8" T cells with a CD45RA™ CCR7~
CD28~ CD27" (intermediately differentiated), CD45RA™ CCR7™~
CD28~ CD27~ (RA™ effector-type), or CD45RA™ CCR7~ CD28~
CD27~ (RA™" effector-type) phenotype (1,3, 5, 14). These subsets less
often express IL-7Ra, have stringent proliferation requirements, fre-
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13, 15).

In contrast to naive cells, antigen-primed T cells rapidly mount
protective responses owing to their superior ability to produce
molecules that are crucial for the immunological defense. Al-
though the associations between the expression of CD45RA,
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TABLE 1 Virus-specific analysis of healthy subjects

T-bet/Eomes Expression by Human CD8" T Cells

Subject no. Sex Age (in yrs) Tetramer-specific T cell populations detected

1 Male 36 RSV NP, influenza MP1, EBV EBNA3a (RLR), EBV BMLE-1

2 Male 40 RSV NP, influenza MP1, EBV EBNA3a (RPP), EBV BMLF-1

3 Female 37 Influenza MP1, EBV BMLE-1, hCMV pp65 (NLV)

4 Female 24 Influenza MP1, EBV BMFL-1 (HPV), EBV BMLF-1

5 Male 49 RSV NP, influenza MP1, EBV EBNA3a (RPP), EBV BMLF-1,
hCMV pp65 (NLV and TPR)

6 Unknown Unknown* hCMV pp65 (NLV)

7 Unknown Unknown* hCMYV pp65 (NLV)

8 Unknown Unknown* RSV NP, EBV EBNA3a (RLR and RPP)

9 Female 37 RSV NP, EBV EBNA3a (RPP and FLR)

10 Male 24 hCMV pp65 (NLV)

11 Female 37 hCMYV pp65 (NLV)

“In between 18 and 64 years of age.

CCR7, CD27, CD28, and function are well established (1, 4, 11,
12), the actual expression of genes and proteins that ultimately
determine T-cell functionality is regulated by transcription factors
(TFs). For example, RORyt, FOXP3, and GATA3 drive the gener-
ation of type 17, regulatory, and type 2 T cells, respectively,
whereas T-bet and eomesodermin (Eomes) are responsible for
governing a type 1 cytotoxic differentiation program (16-19). De-
spite the substantial overlap in DNA-binding sequences and sim-
ilarity in functions of T-bet and Eomes, such as inducing the ex-
pression of gamma interferon (IFN-y), granzyme B, and IL-2R,
the acute-phase CD8™ effector T-cell response in mice is im-
paired, particularly in the absence of T-bet (16-18, 20-23),
whereas Eomes is important for the formation of memory cells
and secondary responses in the setting of reinfection (24). Thus,
T-bet and Eomes control distinct differentiation programs and
different protective functions in CD8™ T cells.

This raises the question of whether T-bet and Eomes expres-
sion can be used to distinguish human virus-specific CD8* T cells
with distinct functional programs. We and others have recently
shown that T-bet and Eomes expression varies in human CD8™"
T-cell subsets and virus-specific populations (6, 25-28). Further-
more, their expression levels were also shown to distinctly corre-
spond to the expression of IL-7Ra, granzymes, and various coin-
hibitory receptors expressed by exhausted CD8" T cells (26, 27,
29). Here, we show that the T-bet and Eomes expression state of an
individual CD8™" T-cell corresponds to specific functional traits in
a manner that is irrespective of the differentiation status defined
by the CD45RA/CCR7/CD28/CD27 subdivision. Importantly, the
associations between surface phenotype, T-bet/Eomes expression
levels, and the expression of IL-7Ra,, granzyme K, killer cell lectin-
like receptor G1 (KLRG1), and granzyme B were found to vary
strongly according to infection history, particularly against the
background of HIV-1 infection and, to lesser extent, of EBV
and/or hCMYV infection. Therefore, the level of T-bet/Eomes ex-
pression forms an essential second dimension in comprehending
the specific differentiation state of individual human CD8* T
cells.

MATERIALS AND METHODS

Study subjects. Peripheral blood mononuclear cells (PBMCs) were ob-
tained from the buffy coats of 29 healthy blood donors between the ages of
18 and 64 years (Table 1 and 2). PBMC samples from 13 HIV-1-infected
participants of the Amsterdam Cohort studies on the natural history of
HIV-1 infection were selected based on being HLA-B8 positive (Table 3).
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These patients were positive for HIV-1 antibodies at entry into the cohort
between October 1984 and April 1985. In previous epidemiological stud-
ies, the time since seroconversion of these prevalent cases has been esti-
mated based on the incidence of HIV-1 infection among homosexual
participants of the Amsterdam Cohort and was on average 1.5 years before
entry into the cohort studies (30). None of these patients had received
antiretroviral therapy at analysis (Table 3). Cord blood samples were
collected as rest material. PBMCs from two initially hCMV- and EBV-
seronegative kidney transplant recipients were longitudinally obtained
(Table 4).

Ethics statement. The inclusion of patients has been conducted in
accordance with the ethical principles set out in the Declaration of Hel-
sinki. Both patient inclusion and blood sample collection were done with
approval of the Amsterdam Medical Center Medical Ethical Committee.
Written informed consent was obtained prior to data collection.

Isolation of PBMCs. PBMCs were isolated using standard density gra-
dient centrifugation, after which they were cryopreserved until the day of
analysis.

Tetrameric complexes. All tetrameric complexes were obtained from
Sanquin, Amsterdam, the Netherlands. See Table 5 for a list of all tetra-
meric complexes used.

Tetramer staining and phenotyping of CD8™ T cells. PBMCs were
incubated with the allophycocyanin (APC)-labeled tetrameric complex
(see Table 5) for 30 min at 4°C in the dark, after which the surface staining
was done under the same conditions. A LIVE/DEAD fixable red cell stain
kit (Life Technologies Europe BV, Bleiswijk, Netherlands) was used to
exclude dead cells. For the detection of intracellular molecules, cells were
fixed and permeabilized using the Foxp3/transcription factor staining set
(eBioscience Inc., San Diego, CA, USA). PBMCs were subsequently
stained with fluorescently labeled monoclonal antibodies specific for in-
tracellular markers. Monoclonal antibodies used include anti-CD3 V500,
anti-CD28 phycoerythrin (PE), anti-CCR7 PE-Cy7, anti-granzyme B Al-
exa Fluor 700, anti-CD27 APC eFluor 780, anti-Eomes PerCP-eFluor 710
(eBioscience Inc.), anti-KLRG1 Alexa Fluor 488 (31), anti-KLRG1 Alexa

TABLE 2 Age comparison study groups

Median age (in yrs)

Group (no. of subjects) [interquartile range]

Cord blood (n = 5)
hCMYV negative/EBV negative (n = 6)

28.7 [23.3-32.4]°

hCMYV positive/EBV negative (n = 3) 31.1

hCMYV negative/EBV positive (n = 5) 35.7 [30-38.5]
hCMYV positive/EBV positive (n = 6) 43.2 [43.2-56.6]
HIV infected 38 [33.5-42]

“Younger than hCMV/EBV double- and HIV-infected individuals (P = 0.04 and P <
0.01, respectively).
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TABLE 3 HIV-infected individuals®

Sample moment No.of No.of HIV viralload

Subject Age (no. of yrs CD4 CD8 (copies/ml cART (no. of AIDS diagnosis EBV hCMV
no. Gender (inyrs) after SC) cells/pl  cells/pl  plasma) yrs after SC)  AIDS  (no. of yrs after SC)  serostatus — serostatus
1 Male 41 3 380 690 32,000 No Yes 5 ND +

2 Male 51 3 590 590 1,000 No Yes 9 ND +

3 Male 31 3 710 860 6,700 Yes (14) No ND +

4 Male 31 3 270 710 360,000 No Yes 6 ND +

5 Male 38 4 1,140 1,000 1,300 No No ND +

6 Male 44 4 950 790 1,000 Yes (14) No ND +

7 Male 36 4 1,220 910 1,000 No Yes 7 ND +

8 Male 37 4 460 440 24,000 No Yes 12 ND -

9 Male 43 4 770 1,910 1,000 No Yes 8 ND +

10 Male 40 4 400 680 1,700 Yes (15) Yes 8 ND +

11 Male 39 4 920 680 1,000 Yes (15) Yes 6 ND +

12 Male 38 4 290 850 13,000 No Yes 5 ND +

13 Male 30 4 1,060 1,270 1,000 No Yes 9 ND —

“SC, seroconversion; ND, not determined; cART, combination antiretroviral therapy; +, positive; —, negative.

Fluor 647 (31), anti-granzyme K PE (Immunotools, Friesoythe, Ger-
many), anti-CD8 brilliant violet 711 (BV711), anti-CD127 (IL-7Ra)
BV711, anti-CD45RA BV650, anti-CD8 BV785, anti-Ki-67 BV711, anti-
T-bet BV421 (BioLegend, San Diego, CA, USA), and anti-CD28 fluores-
cein isothiocyanate (FITC) (Sanquin, Amsterdam, the Netherlands).
Flow cytometry measurements were performed on an LSRFortessa flow
cytometer (BD Biosciences) that was calibrated on a daily basis. Analyses
were done using Flow]Jo version 9.7.5 (FlowJo, Ashland, OR, USA).
Gating strategy. Lymphocytes were gated using forward/sideward
scatter properties (see Fig. S1b in the supplemental material). Duplets
were excluded using forward scatter width/height and sideward scatter
(SSC) width/height characteristics (see Fig. S1b). Dead cells were excluded
using LIVE/DEAD fixable red cell fluorescence intensity (FI) (see Fig.
S1b). CD3" CD8™ tetramer™ events were gated as shown in Fig. S1b.
CD8" T-cell subsets were gated first as CD45RA™ CD27", CD45RA ™~
CD27%, CD45RA™ CD27 ", and CD45RA™ CD27~ populations (see Fig.
S1b). CCR7-, CD27-, and CD28-positive and -negative events were then
gated and dragged into the CD45RA/CD27 populations, ultimately yield-
ing 16 different gates that held events with a distinct CD45RA, CD27,
CCR7, and CD28 expression profile (see Fig. 1a). T-bet and Eomes pop-
ulations were gated as shown in Fig. Sla using the SSC plotted against
T-bet, the SSC plotted against Eomes, and T-bet plotted against Eomes to
determine the final gating. IL-7Ra, granzyme K, KLRG1, and/or gran-
zyme B gates, identifying positive or negative events, were then inserted in
the CD45RA/CD27/CCR7/CD28 gates and/or in the T-bet/Eomes gates.
Virological analyses. Quantitative PCR (qQPCR) measurements to de-
termine viral loads and serological assays to determine the presence of
antiviral antibodies were done as described previously (32, 33).
Statistical analyses. The differences in age between study groups were
calculated using the Mann-Whitney test in IBM SPSS Statistics v22. For
the statistical comparison of CD8* T-cell properties from healthy and
HIV-1-infected individuals, we used repeated-measurement analysis of
variance (ANOVA) testing. This was only possible for the two-dimen-
sional analyses (Fig. 1a to d, 2, 3a and b, and 5), as data points for the

TABLE 4 Kidney transplant recipients

Subject Age Immunosuppressive treatment

no. Sex (in yrs) after transplantation

1 Male 25 Prednisolone, cyclosporine,
mycophenolate mofetil

2 Male 25 Prednisolone, cyclosporine,

mycophenolate mofetil
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three-dimensional analyses (see Fig. 4; see also Fig. S4 and S9 in the
supplemental material) were sometimes unavailable due to too few or no
events in certain CD45RA/CCR7/CD28/CD27/T-bet/Eomes gates in
CD8™ T-cell populations from some individuals. Therefore, for the three-
dimensional analyses, we used a mixed linear model test. Furthermore,
owing to the small population sizes of the EBV/hCMV-serotyped adults
(see Fig. 5; see also Fig. S5 in the supplemental material), we were unable
to compare individual groups to one another. Here, we analyzed all four
groups at once in order to find out whether they were similar or not.
Statistical differences between the absolute numbers of overall and naive
CD8™ T cells (Fig. le) and the expression of IL-7Ra, granzyme K, KLRG1,
and granzyme B by hCMV pp65-specific CD8" T cells in healthy and
HIV-1-infected individuals (see Fig. 3c) were assessed with unpaired Stu-
dent’s t tests. Statistical differences between the expression of IL-7Ra,
granzyme K, KLRG1, and granzyme B by the surface marker-defined or
T-bet/Eomes expression level-defined subsets from groups of healthy
adults with different EBV/hCMV infection histories were determined us-
ing one-way ANOVA tests (Fig. 5d; see also Fig. S7 and S8 in the supple-
mental material). Results were considered statistically significant when P
values were lower than 0.05.

RESULTS

T-bet and Eomes expression levels vary independently during
CD8™" T-cell differentiation. First, we determined the distribu-
tion of the CD45RA/CCR7/CD28/CD27 phenotypes among
CD8™ T cells circulating in the peripheral blood compartments of
healthy donors. Here, the putatively naive, early differentiated,
and RA™ effector type form the most substantial subsets (Fig. 1a).
As expected, HIV-1 infection strongly influences the characteris-
tics of the CD8™ T-cell compartment (34), in that the naive pop-
ulation was smaller in size, whereas the intermediately differenti-
ated and the RA™™ effector-type populations were much larger
(Fig. 1a). This was also true when comparing absolute numbers of
putatively naive CD8" T cells from healthy and HIV-1-infected
individuals. Whereas the absolute overall numbers of CD8" T
cells were increased in the untreated HIV-1-infected individuals,
their absolute numbers of CD45RA™/CCR7"/CD28%/CD27*
CD8" T cells were significantly reduced compared to those of
healthy adults (Fig. 1e). Concordant with data from McLane et al.
(25), T-bet was expressed in ranges stretching from negative to
low (lo), low to intermediate (int), and intermediate to high (hi),
whereas Eomes was expressed either in a negative-to-low or inter-
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TABLE 5 Tetrameric complexes used

T-bet/Eomes Expression by Human CD8" T Cells

Tetramer specificity HLA restriction Virus Protein Sequence Amino acid positions
hCMV-pp65 HLA-A*0101 hCMV pp65 YSEHPTFTSQY 363-373
HLA-A*0201 hCMV pp66 NLVPMVATV 495-504
HLA-B*0702 hCMV pp65 TPRVIGGGAM 417-426
HLA-B*3501 hCMV pp65 IPSINVHHY 123-131
EBV-BZLF1 HLA-B*3501 EBV BZLF-1 EPLPQGQLTAY 64-65
EBV-BMLF1 HLA-A*0201 EBV BMLF-1 GLCTLVAML 259-267
EBV-EBNA1 HLA-B*3501 EBV EBNAL1 HPVGEADYFEY 407-417
EBV-EBNA3a HLA-B*0702 EBV EBNA3a RPPIFIRRL 247-255
HLA-B*0802 EBV EBNA3a FLRGRAYGL 193-201
HLA-A*0301 EBV EBNA3a RLRAEAQVK 603-611
FLU-MP HLA-A*0201 Influenza A virus Matrix protein 1 GILGFVFTL 58-66
RSV-NP HLA-B*0702 RSV Nucleoprotein NPKASLLSL 306-314
HIV-gag HLA-B*0802 HIV Gag (p24) EIYKRWII 260-267
HIV-nef HLA-B*0802 HIV Nef FLKEKGGL 90-97

mediate-to-high fashion, ultimately yielding six distinct popula-
tions when plotted against each other (see Fig. Sla in the supple-
mental material). The majority of cells in the healthy individuals
displayed a T-bet'® Eomes' expression state, with smaller repre-
sentations of the other expression states (Fig. 1b). In the HIV-1-
infected individuals, most cells showed a T-bet™ Eomes'® expres-
sion pattern, with only modest proportions of cells in the T-bet'
Eomes'® or other states (Fig. 1b).

We then investigated how T-bet and Eomes are expressed by
the CD45RA/CCR7/CD28/CD27-defined subsets. As expected, in
both healthy and HIV-1-infected subjects, each surface marker-
defined subset was found to contain multiple T-bet/Eomes
expression states (25), however, to various extents and in healthy
individuals seemingly in a restricted range. The putatively naive
and central memory populations contained mainly T-bet'
Eomes' cells, with only minor or small representations of the
other expression states. The heterogeneity increased among the
early differentiated, the early-like, and the intermediately differ-
entiated subsets, whereas the distribution became skewed toward
T-bet™ ™" Eomes'*™ states among the RA™'" effector-type sub-
sets (Fig. 1c; see also Fig. Slc in the supplemental material). Re-
markably, in the HIV-1-infected individuals, the CD45RA/CCR7/
CD28/CD27-defined subsets expressed T-bet and/or Eomes at
higher frequencies than what was seen in the healthy adults, nearly
irrespective of the CD45RA/CCR7/CD28/CD27 phenotypes (Fig.
1¢; see also Fig. S1c). Reciprocally, each of the six T-bet/Eomes
populations in the total CD8" T-cell pool comprised its own re-
stricted range of surface marker-defined T-cell subsets, a distribu-
tion that was again different when comparing HIV-1-infected to
healthy individuals (Fig. 1d; see also Fig. S1d).

In conclusion, the different CD45RA/CCR7/CD28/CD27-de-
fined CD8* T-cell subsets are each associated with a specific range
of T-bet/Eomes expression patterns in healthy individuals. How-
ever, HIV-1 infection changes these relations profoundly.

Virus-specific memory populations display distinct T-bet/
Eomes expression levels. Similar analyses were done for circulat-
ing virus-specific CD8 " memory T-cell populations. As expected,
RSV nuclear protein (NP)-, influenza A virus matrix protein 1
(MP1)-, and EBV nuclear protein 3a (EBNA3a; a latent cycle pro-
tein)-specific cells were phenotypically mainly central memory,
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early differentiated, and early-like cells (Fig. 2a; see also Fig. S2 in
the supplemental material) (5, 7-10). However, the T-bet/Eomes
expression states differed considerably: influenza A virus-specific
cells held a substantial proportion of T-bet"' Eomes'® cells, and
EBV EBNA3a-specific cells comprised unique T-bet'® Eomes™
and T-bet™ Eomes™ populations (Fig. 2b; see also Fig. S2). In-
stead, EBV BamHI-M leftward reading frame 1 (BMLF-1; a lytic
cycle protein)-, hCMV phosphoprotein 65 (pp65)-, and HIV-1
group antigen (Gag)- and negative-factor (Nef)-specific cells dis-
played more advanced surface phenotypes than the other virus-
specific CD8 T cell populations, and hCMV-specific cells com-
prised a sizeable RA™ effector-type population (Fig. 2a; see also
Fig. S2), which is in line with previous publications (1, 5, 14, 35).
However, the differences between the CD45RA/CCR7/CD28/CD27
phenotypes of hCMV- and HIV-1-specific cells were not necessarily
reflected by the T-bet/Eomes expression states. These were quite sim-
ilar, all comprising large populations of T-bet™ ™ Eomes'>™ cells
(Fig. 2b; see also Fig. S2). Previously, it was reported that hCMV
pp65-specific CD8™ T cells in HIV-1-infected individuals more often
displayed a further-differentiated surface phenotype than their coun-
terparts found in healthy individuals (34). Although we were unable
to confirm the latter on a statistical level, we did find that the hCMV
pp65-specific cells in HIV-1-infected individuals were display-
ing a different range of T-bet/Eomes expression levels than
their counterparts in healthy subjects, particularly concerning
an increased number of cells in a T-bet™ Eomes'® expression
state (Fig. 2¢; see also Fig. S2).

In conclusion, virus-specific populations display distinct T-
bet/Eomes expression patterns (Fig. 2d). However, even when
similar in surface phenotype, virus-specific CD8* T-cell popula-
tions can differ substantially in regard to their T-bet and Eomes
expression levels, and vice versa.

T-bet and Eomes expression levels are indicators of the func-
tional potential of CD8™ T cells. Surface marker-defined differ-
entiation states are linked to specific functional properties of
CD8™ T cells. Nevertheless, a substantial degree of functional het-
erogeneity has been observed within these subsets (11, 12). There-
fore, we wanted to know whether T-bet/Eomes expression levels
can be used to more accurately define T-cell functionality. The
process of intranuclear staining for T-bet and Eomes, and the
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(GMFI) fold changes (overall population GMFI divided by the double-negative population GMFI). ns, not significant; **, P < 0.01.

kinetics of these TFs after stimulation in vitro (25), hampers cell ~ tion) (37-39), KLRG1 (coinhibitory receptor, negative regulator
sorting and stimulation assays. Therefore, we defined the func-  of fully differentiated T cells) (40, 41), and granzyme B (effector
tional profiles of the surface marker- or TF-defined subsets by —marker, mediator of apoptosis) (37, 38).

determining the expression of a number of key molecules predic- First, we determined the associations between the expression
tive for functional potential: IL-7Ra (memory marker, mediator  of these molecules and the CD45RA/CCR7/CD28/CD27 pheno-
of homeostatic proliferation) (13, 36), granzyme K (effector types in both healthy individuals and untreated HIV-1-infected
memory marker, mediator of apoptosis, triggers cytokine release  individuals. Early differentiated, early-like, intermediately differ-
and functions through noncytotoxic inhibition of viral replica- entiated, and RA™ effector-type cells in HIV-1-infected subjects

FIG 1 Shifting associations between the surface phenotype and the T-bet/Eomes expression levels. (a) The distribution of all possible CD45RA/CCR7/CD28/
CD27 phenotypes among the total CD8™" T-cell pools of 20 healthy (top) or 13 HIV-1-infected (bottom) individuals; (b) in the same groups, the distribution of
the T-bet/Eomes expression states over the total CD8" T-cell pools, with means and standard deviations (SD) shown; (c) T-bet/Eomes expression states per
surface marker-defined subset; (d) reciprocally, expression states of the surface marker-defined subsets per T-bet/Eomes population, where “T” (denoting T-bet)
and “E” (denoting Eomes) are followed by either lo, int, or hi, indicating a low, intermediate, or high level of expression of the TFs, respectively (mean percentages
are shown; see Fig. S1b and c in the supplemental material for statistical dispersion); (e) absolute numbers of overall (left) and naive (right) CD8" T cells in
healthy and HIV-1-infected individuals. ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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FIG 3 T-bet and Eomes expression levels are indicators of the functional potential of CD8" T cells. Expression frequencies of IL-7Ra (first row), granzyme K
(second row), KLRGI (third row), and granzyme B (fourth row) per surface marker-defined subset in 20 healthy (left) or 13 HIV-1-infected (right) individuals
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n = 8), EBV BMLEF-1-specific cells (dark green, n = 5), HIV-1 Gag-specific cells (yellow, n

=12),

HIV-1 Nef-specific cells (light brown, n = 11), hCMV pp65-specific cells (red, n = 7), and hCMV pp65 circulating in HIV-1-infected individuals (dark red, n =
4), with means and SD shown (c). The two HIV-1-infected patients not coinfected with hCMV are shown in red. ns, not significant; *, P < 0.05; **, P < 0.01; ***,

P < 0.001.

showed a lower expression of IL-7Ra than their healthy counter-
parts (Fig. 3a). On the other hand, granzyme B was expressed in
the HIV-1-infected subjects earlier than the surface phenotype
initially suggested and was already found in substantial amounts
in early differentiated and early-like cells (Fig. 3a).

We next identified associations between the expression of these
functional markers and that of T-bet and/or Eomes. IL-7Ra was
expressed most often by cells in a T-bet'® Eomes' state and de-
clined progressively as the expression of T-bet and/or Eomes in-
creases. Interestingly, for cells in HIV-1-infected individuals, the
IL-7Ra expression rates dropped faster than those in healthy sub-
jects (Fig. 3b). Also, granzyme K was expressed particularly by
cells in the T-bet'™ Eomes™ expression states and infrequently
by cells not expressing Eomes or by cells highly expressing T-bet
(Fig. 3b). Furthermore, KLRG1 and granzyme B were found to be
expressed in larger amounts by T-bet'>™ Eomes'*™ cells in HIV-
1-infected individuals than in healthy subjects (Fig. 3b).

When examining virus-specific populations, the RSV- and in-
fluenza A virus-specific CD8™ T cells displayed the highest expres-
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sion of IL-7Ra. This was lower for EBV- and hCMV-specific cells,
until it was nearly absent from the HIV-1-specific cells (Fig. 3c).
Granzyme K was expressed most often by both EBV-specific pop-
ulations and much less frequently by the other virus-specific pop-
ulations (Fig. 3¢). KLRG1 and granzyme B were expressed mainly
by EBV BMLEF-1- and in particular by hCMV- and HIV-1-specific
populations (Fig. 3¢). Interestingly, h\CMV pp65-specific cells cir-
culating in HIV-1-infected individuals expressed significantly less
IL-7Ra and granzyme K, while more often expressing granzyme
B, than the same population in healthy subjects (Fig. 3c).

In conclusion, the expression levels of T-bet and Eomes predict
for differences in the functional potential of CD8" T-cell popula-
tions. Markedly, the associations between the T-bet/Eomes levels,
the CD45RA/CCR7/CD28/CD28 phenotypes, and the expression
of IL-7Ra, granzyme K, KLRGI, and granzyme B differ strongly
between healthy and HIV-1-infected individuals.

Combining the CD45RA/CCR7/CD28/CD27 dimension and
the T-bet/Eomes dimension more accurately predicts CD8* T-
cell functional potential. We then merged the CD45RA/CCR7/
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FIG 4 Combining the CD45RA/CCR7/CD28/CD27 dimension and the T-bet/Eomes dimension more accurately predicts CD8" T-cell functional potential.
Heat maps depicting the degree of expression of IL-7Ra (first row), granzyme K (second row), KLRG1 (third row), and granzyme B (last row) per combined
surface marker- and T-bet/Eomes-defined CD8" T-cell subset plotted on the x and y axes, respectively, circulating in 20 healthy (left) or 13 HIV-1-infected
(right) individuals. The degree of expression intensity is indicated by increments in color intensity from green to red and by the mean percentage of positive cells
denoted in the boxes (see Fig. S4 in the supplemental material for statistical dispersion). ns, not significant; ***, P < 0.001.

CD28/CD27 dimension with the T-bet/Eomes dimension to study
their combined relations to the expression of IL-7Ra, granzyme K,
KLRG1, and granzyme B. This analysis further emphasized that
cells with an identical surface phenotype can differ substantially
regarding their T-bet/Eomes expression levels and their expres-
sion of IL-7Ra,, granzyme K, KLRG1, and/or granzyme B (see Fig.
S3 and S$4 in the supplemental material). For example, the few
putatively naive cells that were in a T-bet'™™ Eomes" state dif-
fered substantially from the naive cells in a T-bet'® Eomes' state
with regard to their expression of granzyme K and KLRG1 (Fig. 4;
see also Fig. S4). Interestingly, the associations between the T-bet/
Eomes expression levels and IL-7Ra, granzyme K, KLRGI, and
granzyme B expression varied per CD45RA/CCR7/CD28/CD27-
defined subset. Thus, naive T-bet'® Eomes' cells expressed IL-7Ra
atamuch higher rate than that expressed by the RA™ effector-type
cells in a T-bet'® Eomes'® state (Fig. 4; see also Fig. S4). In HIV-1-
infected subjects, these associations were entirely different, partic-
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ularly concerning a generally lower expression of IL-7Ra and a
higher expression of granzyme B (Fig. 4; see Fig. S4).

Therefore, the combined analysis of the CD45RA/CCR7/
CD28/CD27 phenotypes and the TF dimension reveals a more
accurate image of the functional potential of an individual CD8™
T cell. Importantly, all these associations, and thus the makeup of
the total CD8" T-cell pool, change significantly against the back-
ground of untreated HIV-1 infection, in particular when it con-
cerns the overall expression of IL-7Ra and granzyme B.

Infection history influences the associations between surface
phenotype, T-bet/Eomes expression levels, and the functional
potential. These findings urged us to determine whether EBV
and/or hCMYV infection also influenced the associations between
surface phenotype, T-bet/Eomes expression, and the expression of
molecules predictive for T-cell function. However, we first exam-
ined cord blood samples, which were comprised of mainly naive
CD8™ T cells and a modest amount of central memory cells. Re-
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markably, these samples also were comprised of intermediately
differentiated and RA™ effector-type cells, although in very low
numbers. The early-like and RA™ effector-type subsets were not
detected (Fig. 5a; see also Fig. S5a in the supplemental material).
Furthermore, the associations between surface phenotype, T-bet/
Eomes expression levels, and expression of molecules predictive
for function were completely different from those in adult CD8™"
T cells. In contrast, whereas healthy adults with different EBV/
hCMYV infection histories were displaying significantly altered dis-
tributions of the surface marker-defined and T-bet/Eomes expres-
sion level-defined CD8™ T-cell subsets (Fig. 5a and b; see also Fig.
S5), the T-bet/Eomes expression level-defined populations all
comprised a similar distribution of the surface marker-defined
subsets and vice versa (Fig. 5¢; see also Fig. S6 in the supplemental
material). Also, when examining the associations between either
the CD45RA/CCR7/CD28/CD27 phenotypes or the T-bet/Eomes
expression levels and the expression of molecules predictive for
function, EBV/hCMV infection history did not appear to alter
these. However, if we look at the three dimensions combined, we
did find that the overall makeup of the CD8 ™" T-cell pool, as well as
the differentiation state of individual CD8" T cells, was different
between healthy individuals with different EBV/HCMYV infection
histories. These differences concerned mainly the expression of
granzyme K and KLRG1 by the CD45RA/CCR7/CD28/CD27/T-
bet/Eomes-defined CD8" T-cell populations. Granzyme K was
more often expressed by EBV single- and EBV/HCMYV dual-in-
fected individuals than by cells from EBV-uninfected individuals,
and KLRGI levels were generally higher in the three-dimension-
ally defined CD8™ T-cell populations from EBV/hCMV dual-in-
fected individuals than in single-infected or uninfected individu-
als (see Fig. S9 in the supplemental material).

It must be noted that the hCMV/EBV double-negative individ-
uals were younger than the hCMV/EBV double- and HIV-1-sero-
positive individuals and that the more pronounced differences
noted specifically between these groups may also be due to age and
pathogen exposure (Table 2), all factors that are known to influ-
ence the CD8 " T-cell differentiation state (2, 3, 14).

In conclusion, although not as dramatic as HIV-1 infection,
EBV and/or hCMYV infection also influences the associations be-
tween the surface phenotype, the T-bet/Eomes expression levels,
and the expression of molecules predictive for T-cell function in
otherwise healthy adults.

T-bet and Eomes expression states of virus-specific memory
populations are imprinted early during primary infection in
vivo. We then wanted to investigate how T-bet and Eomes are
expressed by different virus-specific memory populations over the
course of primary infection. Therefore, we determined the expres-
sion of the TFs by developing hCMV pp65-, EBV EBNA-, and EBV
BZLEF-1-specific CD8" T-cell populations in longitudinally ob-
tained samples deriving from two kidney transplant recipients

T-bet/Eomes Expression by Human CD8" T Cells

who each nearly concomitantly experienced both a primary
hCMYV infection and a primary EBV infection.

Similar to the memory populations, acute-phase hCMV-spe-
cific cells highly expressed T-bet and much less so Eomes, whereas
the reverse was true for the EBV-specific populations (Fig. 6a).
Furthermore, acute-phase EBV-specific cells highly expressed
granzyme K and only little granzyme B, where again the opposite
went for hCMV-specific cells (Fig. 6a). These trends continued
until viral loads were undetectable and infections had entered the
latency stage (Fig. 6a).

Because these patients progressed from an EBV/hCMV-sero-
negative status to a dually infected status, with a long-term fol-
low-up period during viral latency, this provided us with the
unique opportunity to see whether EBV/hCMYV infection history
indeed changes the associations between the surface marker phe-
notype, T-bet/Eomes expression levels, and expression of mole-
cules predictive for function, also over time. In all surface marker-
defined subsets, an increase in expression of T-bet, Eomes, and
granzyme B was evident (Fig. 6b). Interestingly, the expression of
IL-7Ra initially declined, only to slightly increase again long after
the acute phase of infection (Fig. 6b). The changes were less ap-
parent for granzyme K and KLRG1 (Fig. 6b).

Thus, the differential expression of T-bet, Eomes, granzyme K,
and granzyme B by these virus-specific CD8" memory T-cell pop-
ulations appears to be imprinted early during the acute phase of
primary infection. Furthermore, also long after resolution of the
primary infection, changes in the associations between different
dimensions that define the differentiation state of CD8™ T cells
appear to occur.

DISCUSSION

In the current study, we show that specific T-bet and Eomes ex-
pression states relate to distinct expression patterns of IL-7Ra,
granzyme K, KLRG1, and granzyme B expression, proteins that
are predictive for the functional profile of CD8 " T cells (11, 13, 41,
42). We show that, by combining the surface phenotype with the
TF expression pattern dimension, a more accurate image of the
differentiation state of an individual CD8* cell may be obtained.
The variable associations between CD45RA/CCR7/CD28/CD27
phenotypes, the T-bet/Eomes expression levels, and the expres-
sion of IL-7Ra;, granzyme K, KLRG1, and granzyme B, when com-
paring healthy with untreated HIV-1-infected individuals, em-
phasize how at a given time point, for example, a central memory
T cell circulating in one individual is not necessarily the same
functional entity as a central memory T cell circulating in another.
Infection history shapes the makeup of the circulatory CD8* T-
cell pool, in some cases also affecting other virus-specific cells, as
illustrated by hCMV pp65-specific cells circulating in HIV-1-in-
fected individuals. The reasons for this are unknown but may
involve an effect of a more inflammatory microenvironment,

FIG 5 Infection history influences the associations between surface phenotype, T-bet/Eomes expression levels, and functional potential. The distribution of
CD45RA/CCR7/CD28/CD27 subsets (a) and of T-bet/Eomes populations (b) in cord blood samples (# = 5) and in individuals that are EBV/hCMYV seronegative
(n = 6), EBV monoinfected (n = 5), hCMV monoinfected (n = 3), EBV/hCMV double infected (n = 6), and HIV-1 infected (n = 13), with median percentages
shown (see also Fig. S5a and b in the supplemental material); (c) the surface marker-defined subsets per T-bet/Eomes population (mean percentages shown; see
also Fig. S6 in the supplemental material); (d) heat maps showing the associations between T-bet/Eomes expression state (y axis, first row), CD45RA/CCR7/
CD28/CD27 phenotype (y axis, second row), and expression of IL-7Ra (first column), granzyme K (second column), KLRG1 (third column), and granzyme B
(last column), per study group (x axis, both rows). The degree of expression intensity is indicated by increments in color intensity and by the mean percentages
of positive cells denoted in the boxes (see Fig. S9 in the supplemental material for statistical dispersion). ***, P < 0.001.
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FIG 6 Early imprinting of T-bet/Eomes expression levels and shifts in the dimensions of CD8" T cells over the course of primary persistent infections. (a)
Characteristics of EBV EBNA- and BZLF-1-specific (light-green and dark-green lines, respectively) and hCMV pp65-specific CD8 ™ T cells (blue line) circulating
in two kidney transplant recipients (left and right columns) who were both EBV and hCMV seronegative prior to receiving kidney allografts from EBV- and
hCMV-seropositive donors, followed over the course of a primary EBV and hCMV infection (EBV and hCMYV viral loads as determined by qPCR indicated by
the light-green and light-blue filled areas, respectively): absolute numbers of tetramer™ events (first row), Ki-67 " tetramer ™ events (second row), T-bet GMFI
(third row), Eomes GMFI (fourth row), granzyme B* tetramer™ events (fifth row), and granzyme K" tetramer ™ events (last row). (b) Graphs showing the
expression of T-bet (first plot), Eomes (second plot), IL-7Ra (third plot), granzyme K (fourth plot), KLRG1 (fifth plot), and granzyme B (last plot) per
CD45RA/CD27-defined subset (lines) over the course of transplantation and EBV/hCMV seroconversion.

which may be reinforced by an increase in hCMYV reactivations in
these patients. The latter is supported by the finding of Papagno et
al. (34), who showed that in HIV-1-infected individuals, unlike
hCMV-and EBV-specific CD8™ T cells, influenza A virus-specific
CD8" T cells displayed a differentiation state similar to that of
their circulating counterparts in healthy individuals (34). In re-
gard to HIV-1 infection itself, it must be noted that all patients
included in the current study were viremic. Jagannathan et al.
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demonstrated that the presence or absence of HIV-1 viremia in-
deed also impacts the differentiation state of HIV-1-specific
CD8™ T cells (43). Furthermore, Hersperger et al. recently de-
scribed how HIV-1-specific CD8* T cells from elite controllers
generally display a higher expression of T-bet and cytotoxic effec-
tor molecules, like perforin and granzyme B, than chronically in-
fected progressors and highly active antiretroviral therapy-sup-
pressed individuals, arguing also for a strong effect of an
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individual’s immunological makeup on the phenotype of virus-
specific CD8™ T cells (44). Because the frequency of virus-specific
CD8™ T cells targeting a single virus in the total CD8* T-cell pool
is low, we expect that the changing associations between T-cell
function, surface marker expression, and T-bet/Eomes expression
levels, according to infection history, may be regulated on several
levels other than simply the presence of virus-specific populations.
For example, human CMV, EBV, and HIV-1 have been shown to
utilize strategies aimed at disrupting T-cell activation on various
levels that are likely to impact the overall makeup of the CD8™
T-cell pool as well (45-48). Finally, in the context of viral coinfec-
tion, heterologous immunity, the process by which a T cell origi-
nally raised against, for example, EBV is also able to react to pre-
sented hCMV epitopes, although probably with a different
affinity/avidity, could also impact our findings. However, it is very
difficult to hypothesize on the frequencies by which such events
would occur. Nevertheless, if indeed certain CD8" T-cell subsets
are displaying different traits against the background of HIV-1
infection or EBV/hCMYV dual infection, then it would be interest-
ing to see how EBV/hCMYV latency (or the absence of these infec-
tions) influences T-cell-inducing vaccination responses, for ex-
ample, those induced with yellow fever 17D vaccination.

It is important to note that T-bet and Eomes are part of a vast
and intricately interwoven network of a multitude of other TFs,
the complexity of which we are only just beginning to compre-
hend. As such, looking at T-bet and Eomes, although important,
provides us with a rather narrow scope. Indeed, in the current
study, we show that the T-bet/Eomes expression levels alone can-
not fully account for the infection history-dependent variations in
the functional potential of CD8™ T-cell subsets. Kurachi et al.
recently showed how the absence of the basic leucine zipper TF
(BATEF) from murine T cells perturbed the overall balance of other
TFs affected by BATF and therewith also the translation of their
many direct and indirect targets that ultimately produce the T-cell
phenotype and functional profile (49). T-bet and Eomes are also
known to interact with other TFs, such as Runt-related (Runx) TF
1 and Runx3, and are thereby in their own ways part of this system
of TFs acting in T cells (50, 51). Such interactions may, either
directly or indirectly, underlie the different associations between
T-bet, Eomes, and the expression of IL-7Ra, granzyme K, KLRG1,
and granzyme B noted per CD45RA/CCR7/CD28/CD27-defined
subsets. In this regard, the network of TFs acting in central mem-
ory cells may very well be different from the network acting in
the RA™ effector-type cells. Given the many functions of TFs,
such as chromatin remodeling, gene accessibility may indeed
vary per individual CD8" T cell, depending on the (re)activa-
tion history (16, 17).

We also provide evidence that the distinct T-bet/Eomes ex-
pression states found in the memory phase appear to be the result
of early imprinting during the acute phase, which is in line with
what we found previously on the mRNA level in acute-phase
hCMV-specific CD8" T cells (52). Indeed, each virus has devel-
oped its own specialized mode of infection and survival tactics that
in turn requires a specialized CD8* T-cell response. The latter is
therefore the product of distinct signals provided by the virus
and/or the immunological environment triggered by the infec-
tion. Indeed, IL-12 was shown to differentially regulate CcDs8*
T-cell differentiation in mice by inducing the expression of T-bet,
while repressing the expression of Eomes (23). EBV infection may
therefore induce specific signals that promote the expression of
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Eomes over that of T-bet. For the future, identifying the roles of
other specific environmental cues in regulating the balance in TF
expression could prove to be essential for the successful develop-
ment of specific T-cell-inducing vaccination strategies.
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