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ABSTRACT

Reactivation of human cytomegalovirus (CMV) is hazardous to patients undergoing allogeneic cord blood transplantation
(CBT), lowering survival rates by approximately 25%. While antiviral treatment ameliorates viremia, complete viral control re-
quires CD8* T-cell-driven immunity. Mouse studies suggest that cognate antigen-specific CD4* T-cell licensing of dendritic
cells (DCs) is required to generate effective CD8" T-cell responses. For humans, this was not fully understood. We here show
that CD4™ T cells are essential for licensing of human DCs to generate effector and memory CD8"* T-cell immunity against CMV
in CBT patients. First, we show in CBT recipients that clonal expansion of CMV-pp65-specific CD4* T cells precedes the rise in
CMV-pp65-specific CD8™ T cells. Second, the elicitation of CMV-pp65-specific CD8™ T cells from rare naive precursors in cord
blood requires DC licensing by cognate CMV-pp65-specific CD4™ T cells. Finally, also CD8" T-cell memory responses require
CD4™" T-cell-mediated licensing of DCs in our system, by secretion of gamma interferon (IFN-y) by pp65-specific CD4* T cells.

Together, these data show that human DCs require licensing by cognate antigen-specific CD4"* T cells to elicit effective CD8*
T-cell-mediated immunity and fight off viral reactivation in CBT patients.

IMPORTANCE

Survival rates after stem cell transplantation are lowered by 25% when patients undergo reactivation of cytomegalovirus (CMV)
that they harbor. Immune protection against CMV is mostly executed by white blood cells called killer T cells. We here show that
for generation of optimally protective killer T-cell responses that respond to CMV, the early elicitation of help from a second

branch of CMV-directed T cells, called helper T cells, is required.

ytomegalovirus (CMV)-seropositive patients who are immu-

nocompromised are at increased risk for developing poten-
tially life-threatening CMV reactivation. Especially after alloge-
neic cord blood (CB) transplantation (CBT), the first weeks of
immune reconstitution are hazardous for developing CMV reac-
tivation, which is associated with decreased survival rates (1, 2).
Antiviral treatment can reduce CMV viremia, but effective viral
control requires induction of CMV-directed immunity by T lym-
phocytes. In particular, CD8" cytotoxic T lymphocytes (CTLs)
fulfill a predominant role in protection against CMV disease (2—
4). Therefore, strategies that increase early CMV-specific adaptive
immune responses after transplantation are currently being
explored, which could ultimately help to establish full clear-
ance of, and long-term immunological memory against, CMV.
In the human setting, cell-based therapy is being explored,
geared toward dendritic cell (DC)-mediated activation of CTLs
(5, 6). The elicitation of antigen-specific CTL immunity was in
mouse models shown to require cognate CD4™ T-cell licensing
(7-10). Furthermore, priming of naive CD8 " T cells requires
both the CD4" T-helper cells and CD8" T cells to recognize
antigen on the same antigen-presenting cell (5, 11, 12). Such
CD4™ T-cell help can involve CD40 ligand (CD40L) binding to
CD40 on DCs (9, 13, 14). For humans, a requirement for CD4 ™"
T-cell help in DC licensing for formation of effector and mem-
ory CTLs has not yet been demonstrated. It is also not yet clear
what are the signaling pathways through which CD4" T cells
might execute their licensing.
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CMV-specific CD4™ T-cell clones are present in the healthy
population, suggesting a role for antigen-specific CD4™ T cells in
immunity against CMV, as 50 to 80% of adults experience CMV
infection in their lifetime (6, 15). Moreover, effective control of
CMV infection was attained in patients when CMV-specific T
cells, of which 77% were CD4™" T cells, were infused (16). Further,
human DCs loaded with both HLA class I and II/peptide com-
plexes were more effective at generating antigen-specific CTL re-
sponses than were those loaded with solely major histocompati-
bility complex (MHC) class I/peptide complexes (17). In a
different setting, not only the absence of antigen-specific CTLs but
also the absence of specific CD4 " T-helper cells resulted in higher
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CMYV loads (18). Thus, CD4 ™ T-helper cells are likely to partici-
pate in CMV control.

We set out to clarify the role of human CD4" T-helper cells in
DC licensing for CTL-mediated immunity for both CTL priming
and memory CTL activation. First, we show in CBT recipients that
clonal expansion of CMV-pp65-specific CD4™ T-helper cells pre-
cedes the expansion of primary CMV-pp65-specific CTLs. We
clarified that DC licensing is cognate, as expansion of primary
CMV-pp65-specific CTLs from naive CB precursors requires the
presence of pp65-specific CD4 ™ T-helper cells, in cocultures. Fi-
nally, also DC licensing is required for CTL memory, as DCs li-
censed by CD4™ T cells, which they do through secretion of
gamma interferon (IFN-y), stimulate much more efficient CMV-
pp65-specific CTL memory responses. Together, these data imply
that in humans CD4 " T-helper cells are pivotal in DC licensing to
elicit CD8" T-cell immunity during CMV reactivation in CBT
patients.

MATERIALS AND METHODS

Patient inclusion and human samples. Approval for this study was ob-
tained from the ethics committees of the University Medical Centre
Utrecht (METC-05-143, METC-11-063, and METC-13-437). Written in-
formed consent was obtained from all participating patients or their legal
representatives prior to CBT. In this consent, it was stated that their med-
ical data may be used for research purposes. According to the hospital’s
standard operating procedures, regular blood samples were taken for viral
load detection by quantitative PCR (qPCR) and T-cell number measure-
ments (see below). All children below the age of 18 who received an allo-
geneic CBT between 2010 and 2013 at the hematopoietic stem cell trans-
plant (HSCT) unit of the Wilhelmina Children’s Hospital were evaluated.
All patients received a fludarabine- and busulfan-containing regimen
with early-given (day —9) antithymoglobulin (19). Eight patients suffered
from CMV reactivation post-CBT. These patients were all CMV positive
prior to transplantation. Two were excluded because maximum CMV
loads did not reach 1,000 copies/ml. From the 6 other patients, CMV loads
and CD4" and CD8™ counts were evaluated and plotted over time. We
also included 8 control patients who did not have events that are likely to
impact the T-cell counts (T-cell-impacting events), such as viral reactiva-
tions of >1,000 copies (cp)/ml (human herpesvirus 6 [HHV-6], CMV,
Epstein-Barr virus [EBV], or adenovirus), graft-versus-host disease
(GvHD) of =grade 2, or graft rejection. CD4 " T-cell counts within the
first 3 months after CBT were evaluated using the area under the curve (AUC)
trapezoidal method: >(cell number,,, , + cell number,,. J/2) X
(timey — time,) (20). Trends in CD4 " T-cell count were evaluated using
a Pearson correlation coefficient.

Immune phenotyping. Immune phenotyping was performed on
whole-blood samples every other week once the leukocyte count was
>0.4 X 10°/liter. Absolute numbers of T cells (CD3™"), helper T cells
(CD3" CD47), and cytotoxic T cells (CD3" CD8") were determined
using Trucount technology (BD Biosciences). A volume of 20 pl of CD3-
fluorescein isothiocyanate (FITC), CD45-peridinin chlorophyll protein
(PerCP), and CD19-allophycocyanin (APC) or CD3-FITC, CD8-phyco-
erythrin (PE), CD45-PerCP, and CD4-APC reagent (Multitest; BD Bio-
sciences) was added to a Trucount tube containing a known quantity of
beads, followed by 100 .l of EDTA-treated whole blood and incubated for
15 min at room temperature. Erythrocytes (RBCs) were subsequently
lysed for 15 min with 450 pl of fluorescence-activated cell sorting
(FACS) lysing solution (BD Biosciences). Samples were acquired using a
FACSCalibur cytometer and analyzed with Multiset software (BD Biosci-
ences). Qualitative and subset analyses of T-cell compartments were per-
formed as described previously (21).

Cord blood dendritic cell culture. CD34™ cells were isolated accord-
ing to the manufacturer’s instructions (Miltenyi Biotec) and expanded
using 20 ng/ml interleukin-3 (IL-3) (Invitrogen), 20 ng/ml IL-6 (BD Bio-
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sciences), and 50 ng/ml stem cell factor (SCF) and 50 ng/ml FLT3-L (both
from Peprotech). For DC culture, 3 X 10°CD34 ™ cells were cultured in a
T25 flask (Thermo) in X-Vivo medium (Lonza) containing 2 mM L-glu-
tamine, 100 U/ml penicillin-streptomycin, and 5% human serum in the
presence of 20 ng/ml granulocyte-macrophage colony-stimulating factor
(GM-CSF) and 20 ng/ml IL-4 (all from Invitrogen), 20 ng/ml SCF, and
100 ng/ml FLT3-L at 37°C and 5% CO, for 7 days.

CD8" T-cell priming assay. CB CD34" -derived DCs were loaded
with 10 pwg/ml pp65 (Miltenyi Biotec; purity, >95%; low endotoxin; <10
endotoxin units [EU]/ml), medium, or 10 pg/ml bovine serum albumin
(BSA) (Roche; 10,000 DCs in 100 wl 5% X-Vivo plus human serum per
well, 96-well plate [Thermo]). Then, 50,000 donor-matched naive CD8 ™"
T cells were added (separated from CD34 ™ fraction using Miltenyi Biotec
magnetically activated cell sorting [MACS] beads according to the man-
ufacturer’s instructions) together with medium, 50,000 CD4™ T cells
(separated using MACS beads), or 10 pwg/ml CD40 agonist clone 7 (Bioc-
eros). All were cocultured for 3 weeks at 37°C and 5% CO, for 7 days. On
days 8 and 15, CD34"-derived DCs were loaded with 1 X 107 %° M NLV
peptide and irradiated with 30 Gy. Ten thousand DCs were plated per
well, and the T cells were added for restimulation. Every week at days 2 and
5, IL-7 and IL-15 (Immunotools) were added, both at a final concentra-
tion of 5 ng/ml. After 3 weeks, cells were stained with an HLA-A2
PpP65,_s0; pentamer (Prolmmune) and positive cells were single-cell
sorted and stimulated for several weeks as described under “CD8™ T-cell
cloning.” Prior to cryopreservation, a small aliquot of T cells (1 X 10° to
5 X 10°) was harvested for T-cell receptor (TCR) sequencing.

TCR{ chain sequencing. TCRB chains were sequenced as previously
described (22). Briefly, a one-sided anchored reverse transcription-PCR
(RT-PCR) was performed in order to amplify TCRB mRNA. Amplified
products were purified from the agarose gel and ligated into a pGEM-T
Easy vector (Promega), followed by transformation into chemically com-
petent Escherichia coli DH5a bacteria. Thirty-two bacterial colonies were
screened for the presence of a TCR construct and subsequently sequenced
via capillary electrophoresis. Sequences were analyzed using web-based
software (www.imgt.org) (23), and TCRs were identified using the official
ImMunoGeneTics nomenclature as previously shown (24).

Cross-presentation assay. Cross-presentation essays with monocyte-
derived DCs (MoDCs) and CMV peptide NLVPMVATV (NLV)-specific
CD8™ T-cell clones were performed as described in reference 25. In addi-
tion, stimulation of DCs was performed by coincubation after loading
with a range of CD40 antibody (0.1 to 10 g/ml clone 7; Bioceros), a range
of pp655_s,5-specific CD4™ T cells or donor-matched nonspecific T cells
(CD4 MACS; Miltenyi Biotec), or a range of recombinant IFN-y (Immu-
notools). Blocking of the CD40-CD40L interaction was done by preincu-
bating CD4™ T cells with 10 p.g/ml CD40L antibody for 30 min at 37°C
and 5% CO, (Bioceros). Blocking of the CD80/CD86 (B7-1/B7-2)-CD28/
CD152 (CTLA-4) interaction was done by preincubating the loaded DCs
with 10 pg/ml anti-CD80/CD86 for 30 min at 37°C and 5% CO, (10
pg/ml abatacept). Blocking of CD137-CD147L interaction was done by
preincubating CD4™ T cells with 10 wg/ml CD137 antibody (clone 4b4-1;
BioLegend) (26) for 30 min at 37°C and 5% CO,.

For the supernatant exchange experiment, pp65-loaded HLA-
DRB1*01 MoDCs were cocultured with cognate CMV-pp655_s,;-specific
CD4™" T cells overnight. Next, we collected the supernatant, added this in
the presence of phosphate-buffered saline (PBS) or 10 wg/ml IFN-y
blocking antibody (BD Biosciences) to new pp65-loaded MoDCs, and
incubated the cells for another 24 h.

After incubation, DCs were washed and human CMV (HCMV) pp65-
specific CD8 " T cells were cocultured with pp65-loaded DCs for 4 to 6 h
in the presence of GolgiStop (1/1,500; BD Bioscience). Cells were subse-
quently stained for surface markers and the presence of intracellular
IFN-vy and tumor necrosis factor (TNF), followed by flow cytometry-
based analysis.

CD4* T-cell cloning. HCMV-pp65-specific CD4™* T cells were isolated
from HLA-DRB1*0101™ peripheral blood mononuclear cells (PBMCs) us-

jviasm.org 1059


http://www.imgt.org
http://jvi.asm.org

Flinsenberg et al.

ing the IFN-y secretion assay (Miltenyi Biotec, Bergisch Gladbach, Ger-
many). Briefly, PBMCs were stimulated with 2 pg/ml pp65-KYQEFFWDA
NDIYRI peptide (HLA-DRB1*0101 binding pp65 peptide), and after 4 h of
stimulation, IFN-y-secreting CD4 " T cells were isolated using FACS. The
CMV-pp65-specific CD4 " T-cell line was stimulated three times weekly with
irradiated (30-Gy) allogeneic PBMCs (1 X 10° cells/ml) and 800 ng/ml phy-
tohemagglutinin (PHA; Murex Biotec Limited, Dartford, United Kingdom).

CD8™" T-cell cloning. An HLA-A*0201-restricted, HCMV-pp65-spe-
cific CD8" T-cell clone was prepared. In brief, T cells from an HLA-
A*02017" donor were stained with HLA-A2/pp65, s, tetramers and sub-
sequently single-cell sorted in a 96-well plate (Thermo) containing
irradiated B lymphoblastoid cell line (B-LCL) feeder cells (1 X 10° cells/
ml, irradiated with 70 Gy) and PBMCs from 3 healthy donors (1 X 10°
cells/ml, irradiated with 30 Gy). One microgram/milliliter leucoaggluti-
nin PHA-L (Sigma-Aldrich) and 120 U/ml of recombinant IL-2 (Immu-
notools) were added. T-cell clones specific to pp65,_5,; were selected
using tetramer staining. Positive clones were restimulated and expanded
during several stimulation cycles and frozen in aliquots that were freshly
thawed before each use in an assay.

Monocyte-derived DC culture. Peripheral blood mononuclear cells
(PBMCs) from healthy HLA-A*02.01/HLA-DR*01.01-positive donors
were separated from peripheral blood by Ficoll Isopaque density gradient
centrifugation (GE Healthcare Bio-Sciences AB) and either were used
directly or frozen until further experimentation. For DC induction,
PBMC:s were incubated at 37°C and 5% CO, for 1 h with plastic for the
monocytes to adhere, in X-Vivo 15 medium (Lonza) containing 2 mM
L-glutamine, 100 U/ml penicillin-streptomycin, and 2% human serum
(all obtained from Invitrogen). Cells were washed 3 times with PBS (room
temperature) and subsequently cultured for 5 days at 37°C and 5% CO, in
X-Vivo 15 medium containing 450 U/ml GM-CSF (Immunotools) and
300 U/ml IL-4 (Immunotools). Cytokines were refreshed after 3 days.
DCs were collected for experiments on day 5 by incubation in PBS (4°C)
for 1 h.

DC maturation assay. Day 4-1/2 monocyte-derived DCs (MoDCs)
were incubated overnight (O/N) in the presence of medium, pp65 (3 pg/ml),
pp65 and CD40 antibody clone 7 (10 wg/ml; Bioceros), pp65 and CD40L
antibody clone 5¢8 (10 pg/ml; Bioceros), pp65 and 200,000 pp655_s,5-spe-
cific CD4™ T cells, or poly(I-C) (30 pwg/ml; Sigma-Aldrich) and lipopolysac-
charide (LPS) (100 ng/ml [Sigma-Aldrich]). In mouse DCs, maturation
signals elicited via LPS triggering stimulated acquisition of antigen cross-pre-
sentation capacity (27). Cells were subsequently harvested and analyzed for
costimulatory marker expression using flow cytometry.

Flow cytometry. For staining, cells were first washed twice in PBS
containing 2% fetal calf serum (FCS) (Invitrogen) and 0.1% sodium azide
(NaNj;; Sigma-Aldrich). Next, antigen nonspecific binding was prevented
by prior incubation of cells with 10% mouse serum (Fitzgerald). Cells
were next incubated with combinations of Pacific blue, phycoerythrin
(PE), fluorescein isothiocyanate (FITC), allophycocyanin (APC), and PE-
Cy7-conjugated mouse anti—human antibody (Ab) (CD3, CD4, CD8,
CDll1c, CD40, CD45, CD69, CD80, CD83, CD86, CD107a, HLA-DR,
HLA-ABC, and TRAIL). Where indicated, after surface staining, T cells
were washed twice in PBS-2% FCS-0.1% NaNj) and fixed, permeabilized,
and intracellularly stained using monoclonal antibodies (MAbs) to IFN-y
and TNEF. Cells were acquired on a FACSCanto II cytometer and analyzed
using FACS Diva version 6.13 (BD Bioscience) or FlowJo version 7.6.5
software. Data were analyzed using GraphPad Prism 5.

Detection of cytokines in culture supernatant. Cytokine concentra-
tions were measured by the MultiPlex Core Facility of the Laboratory of
Translational Immunology (LTI) using Luminex technology with in-
house-developed bead sets and Bio-Plex Manager version 6.1 software
(Bio-Rad Laboratories) as previously described (28).

Detection of CMV-specific CD4* and CD8* T cells in patient sam-
ples. NLV-specific CD8" T cells were detected using HLA-A2 pp65, so;
pentamer (ProlImmune) or HLA-B7 pp65,_,,¢ tetramer (produced in-
house). Antigen-specific CD4* and CD8™ T cells were detected with intra-
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cellular IEN-y staining after stimulation with a pp65 and IE-1 15-mer over-
lapping peptide mix (JPT Peptide Technologies), as described in reference 29.

RESULTS

CD4" and CD8™ T-cell dynamics after cord blood transplanta-
tion in patients with and without CMV reactivation. We studied
early T-cell reconstitution in pediatric patients undergoing com-
plete immune reconstitution through allogeneic cord blood trans-
plantation (CBT), in relation to CMV reactivation. Six CBT recip-
ients experienced CMV reactivation (>1,000 virus copies/ml),
and eight control patients were included (without infectious com-
plications). We analyzed the reconstitution of CD4" and CD8* T
cellsand CMV loads (Fig. 1). We observed expansion and contrac-
tion of the CD8* T-cell population as CMV viral load increased
and regressed (Fig. 1A). The control patients instead experienced
a consistent and gradual increase in CD8 ™" T-cell numbers during
reconstitution (Fig. 1B). The CD4" T-helper cell numbers also
fluctuated more in patients with CMV reactivation than in control
patients (Fig. 1C). Such an expansion and contraction pattern for
CD4™" T cells was previously observed in reconstitution under
viral pressure (30). Of note, while the total numbers of CD4" T
cells were comparable during the first 90 days after CBT (Fig. 1D,
measured as area under the curve of CD4™ T-cell measurements
during the first 90 days post-SCT), in CMV-reactivating patients
the percentage of activated, HLA-DR"/CD38% CD4™ T cells was
increased (Fig. 1E and F).

CMV-specific CD4* T-helper cells precede primary CMV-
specific CTL expansion after CBT. We hypothesized that CD4™ T
cells, through DC licensing, may support CMV-specific CTL re-
sponses, as was shown in mouse-based research (31-33). Cognate
interaction between CD4™ T-helper cells and DCs would thereby
enable DCs to stimulate more effective CTL responses. To first
investigate expansion of the primary CMV-specific CTL popula-
tion in relation to CMV viremia, we analyzed PBMCs from 4
available CBT recipients who exhibited CMV reactivation (Fig.
1G, patients 1 to 4). We measured a sample prior to and during
CMV reactivation and after CMV control (time points indicated
in Fig. 1A). As control samples, we included samples from two
patients, 5 and 6, who carried CMV prior to CBT and yet did not
reactivate (Fig. 1G). In all CBT patients who cleared CMV reacti-
vation, we observed expansion of the primary CMV-specific CTL
population (Fig. 1G, right column, patients 1 to 4; mean, 127 days
post-SCT). These cells were of CB origin, as confirmed by chime-
rism analyses (data not shown). The two control patients, 5 and 6,
did not elicit CMV-specific CD8" T cells at 120 and 180 days
post-SCT. Early on during CMV reactivation, CMV-specific CTLs
did not yet expand, except in patient 4 (Fig. 1G). Considering the
CMV-specific CD4* T-helper cell population, we next measured
IFN-y production in CD4™ T cells after stimulation with a CMV-
pp65-overlapping peptide mix as described previously (3, 18, 34)
(also data not shown). We observed expansion of the primary
CMV-specific CD4™ T-helper cell population in all analyzed sam-
ples of reactivating patients, early on during CMV reactivation
(Fig. 1G, middle column). Finally, in control patient 6, we de-
tected CMV-specific CD4" T cells at day 180, indicating that
CMV-positive patients (IgG positivity prior to SCT) may eventu-
ally develop anti-CMV T cells but later than do patients who re-
activate. Taken together, recovery of the CMV-pp65-specific
CD4™ T-cell population precedes expansion of primary CMV-

January 2015 Volume 89 Number 2


http://jvi.asm.org

CD4 T-Cell Licensing of Human DCs after CBT

Patient with CMV Patient without CMV
15007 —m— cpg -e- CMV load - 800 | —@— CD4 -@- CMV load
cD8 cDs r 10 000
@/ o
1,000 AN a —~
. ®  Fh ® | 3 .
5 P ¢ o E T
8 4 ' 2 2, | 9
° : : L = 400 L e
3 ! \ 1000 g © 1000 <&
o H | 5 8 8
500 1 : ' g =
! ' 3 i 2
A . ; ' = 200 2
Ao 3 W SN
o=y i, Ve kY 100 ] , 100
0 50 100 150 0o 50 100 150
Days after HSCT Days after HSCT
CD4* T cell dynamics Absolute number of CD4* T cells
[4 -o- CMV reactivation
2 104 . 25000+ ns
g p=0016 o A -= no CMV reactivation
o [ ] ©
% 08 ®oo S 200001 . P
&= [ ° E
c > v
; . g L ] . l_
£ 064 L] c 15000 . [ X
2 . o O
o u = L4 o
= e & o 2 204
< 044 ° A 10000 ]
(=] &) =
° 024 S 50004 o ®
g < u
& —a— .
x 00 T s 0 T T 0 T T
Q Q 0 50 100
N S~ S K
O O O QO
O X Days after HSCT
F Number of activated CD4* T cells G
% 4000- p<0.001
©
S 1: Before CMV reactivation | 2: During CMV reactivation | 3: After CMV clearance
by Patient HLA CD4* Tcells CD8*Tcells | CD4* Tcells CD8*Tcells [CD4* T cells CD8* T cells
2 3 0004 [ ]
£ #1 CMV+ B7 0.0% 0.0% 0.0% 0.0% 0.7%
e #2 CMV+ A2 0.0% 0.0% 0.0% 0.0% 2.3%
3 2 000 - #3 CMV+ A2 0.0% 0.0% no data no data 0.0% 4.3%
o u #4 CMV+ 0.0% 0.0% [ 02% [ 01% | 0.0% 0.2%
el
Q
§ oo l-l #5 CMV-* A2 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
F 1000 #6 CMV-* A2 0.0% 0.0% 0.0% 0.0% 0.0%
151 —fg0
©
3 ° *: Patients were CMV positive prior to SCT, but did not reactivate
]
2 0 .IA A
o& OQ
K

FIG 1 T-cell dynamics in CBT recipients. (A and B) T-cell development over time in CBT recipients with (A) or without (B) CMV reactivation (load of >1,000
copies/ml). Red and blue lines represents CD4" and CD8" T-cell numbers, respectively (absolute counts). The black dashed line represents CMV loads
(copies/ml). The numbers 1, 2, and 3 (in blue circles) correspond with referred time points in panel G. (C) CD4* T-cell dynamics (R* of CD4 " trendline) and
median in the first 90 days after transplantation in CBT recipients without (dots) or with (squares) CMV reactivation. A high R* indicates little fluctuation from
the predicted trendline. (D) Total CD4™" T-cell numbers (area under the curve [AUC]) and median in the first 90 days after transplantation in CBT recipients
without (dots) or with (squares) CMV reactivation. ns, not significant. (E) Mean percentage (+ standard error of the mean [SEM]) of activated CD4™ T cells in
CBT recipients with (red line) or without (black line) CMV reactivation (average of 15 days per data point). (F) AUCs and medians of activated CD4 ™" T cells in
the first 90 days. (G) Percentages of pp65-specific CD4™ and CD8™ T cells (tetramer and/or IFN-y release upon pp65-peptide mix stimulation) before CMV
reactivation (1), during CMV reactivation (2), and after CMV clearance to below detection limits (3) (see panel A) in 4 CBT recipients with reactivation (1 to 4)
and 2 CBT recipients without reactivation (5 and 6). Red boxes, CD4™" T cells; blue boxes, CD8™ T cells (corresponding to panels A and B). No samples were
available during CMV reactivation for patient 3. Significance in panels C, D, and F was determined using a nonparametric Mann-Whitney test.

pp65-specific CTLs, supporting a role of CD4™ T cells in CD8"  facilitate DC licensing for CD8" T-cell priming, we performed
T-cell priming. cocultures of CB-derived naive CD8 " T cells with donor-matched

CD4™" T-cell licensing of DCs is necessary to prime naive ~CD34"-derived DCs, in the presence or absence of polyclonal
CD8™ T cells in vitro. To address whether cognate CD4™ T cells  donor-matched CD4 ™ T cells. DCs had been preloaded with pp65
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FIG 2 CD4" T-cell licensing of DCs is necessary to prime naive CD8 " T cells in vitro. (A) Gating strategy and pentamer staining of CMV-pp65-specific CD8™
T cells. SSC, side scatter; FSC, forward scatter. (B) Gating strategy and pentamer staining of primed CB-derived CD8™ T cells. DCs were loaded with 10 p.g/ml
BSA (left graph) or 10 pwg/ml pp65 (middle and right graph) and cocultured with donor-matched naive CD8 " T cells in the absence (middle graph) or presence
(left and right graphs) of CD4" T cells. High-level pentamer staining events (>log, intensity) were single-cell sorted and clonally expanded for 4 to 6 weeks
(representative of 6 independent experiments). (C) Representative pentamer staining of two individually derived CD8 " T-cell clones. (D) Characteristics of 6
clones from 3 independent experiments. Shown are mean fluorescence intensity (MFI) values of pentamer stainings and TCR sequences. Clone 6 was produced
using a CD40 agonist antibody. TRBV, T-cell receptor beta variable gene; TRBJ, T-cell receptor beta joining gene. (E and F) Phenotype analysis of pp65-specific

CD8™ T-cell clones. (G) Cytokine production (IFN-y, TNF, and IL-2; pg/ml) of CD8™" T cells after PMA/ionomycin stimulation.

protein or BSA, and cocultures were allowed to proceed for 3
weeks of duration. Using HLA-A2 pentamers loaded with the
CMV-derived peptide NLVPMVATV (NLV/A2 in short), we
identified pp65,_so5-specific CTLs (Fig. 2A). Only when CD8™
T-cell priming had been performed in the presence of pp65 pro-
tein and CD4™ T cells did we observe CD8" T cells that bound
NLV/A2 pentamers (bright fluorescence, >log, intensity) (Fig.
2B). To confirm that NLV/A2 reactivity represents pp65,_s,3-spe-
cific CD8™ T cells, we performed single-cell sorting of events over
log, intensity and derived clones. As a control, we sorted several
cells from the cultures with BSA or pp65 without CD4" T cells
(>logs 5 intensity, as not much NLV/A2 reactivity was present).
We succeeded in derivation of 5 independent CMV-specific CTL
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clones but only from DC/CTL cultures supplemented with both
pp65 and CD4 ™ T cells (Fig. 2C). Of note, we derived one CMV-
specific CTL clone from DC/CTL cultures supplemented with
both pp65 protein antigen and anti-CD40 antibody but no CD4*
T cells. Together, these data show that CD4™ T cells can license
DCs to expand a primary CTL population and that such DC li-
censing can involve CD40-CD40L interaction, as previously ob-
served in mice (Fig. 2D, clone 6) (7, 9, 13, 35, 36).

We wished to further strengthen the finding that the T-cell clones
grown from rare precursor cells within the polyclonal cord blood
T-cell population harbor in fact TCRs specific to CMV-derived
epitopes, using DNA sequencing of the recombined CDR3 TCR
regions as a second method (Fig. 2C and D). We found that our
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FIG 3 Cognate CD4™" T cells induce licensing of DCs for enhanced memory CTL responses. (A to D) Summary and representative plots of CD8* T-cell activation. (A)
MoDCs were loaded with HCMV-derived pp65 and cocultured with 50,000 A2/NLVPMVATV-specific CD8™ T cells in the absence (upper graphs) or presence (lower
graphs) of HLA-DRB1*01/KYQEFFWDANDIYRI-specific CD4™ T cells. Freshly thawed T cells were gated based on CD3 and CD8 expression and analyzed for
activation-induced production of IFN-vy (left) and TNF (middle) and LAMP-1 surface expression (right). (B) Summary (mean + standard error of the mean [SEM]) of
HCMYV pp65,_s; cross-presentation. Bars represent production of IFN-y after coculture with MoDCs loaded with 3 pg pp65 in the presence of antigen-specific CD4™
T cells (mean, 120.9%; SEM, 15.8%; nn = 6). The black bar shows a maximum response after stimulation with NLV peptide-loaded DCs. (C) Mean fluorescence intensity
(MFI) of CD8" T-cell cytokine production (IFN-y and TNF) and LAMP-1 surface expression after coculture with pp65-loaded DCs with (red bars) or without (white
bars) 100,000 antigen-specific CD4™ T cells (mean + SEM, n = 4). (D) MFI of IFN-, gated on IFN-y-producing CD8 * T cells (mean + SEM, n = 4). (E) MoDCs were
loaded with HCMV-derived pp65 and cocultured with 50,000 A2/NLVPMVATV-specific CD8" T cells in the presence of donor-matched polyclonal CD4* T cells
(mean + SEM, n = 4). Significance in all panels was determined using a nonparametric Mann-Whitney test. *, P < 0.05.

derived CDR3[ sequences are frequently shared in CMV-specific =~ T-cell priming but also important for restimulation of antigen-
CD8™ T cells, supporting CMV specificity (Fig. 2D) (37). CDR3B  specific T-cell clones. We therefore next asked whether human
sequence variants were unique and not yet described (37). cognate CD4™ T cells are necessary to licensing of DCs for CD8™

We next investigated the cellular characteristics of CTL clones  T-cell memory (10). To this end, we derived human HLA-
that were generated from naive CB precursors. All clones had an  A2*01"/HLA-DRB1*01" monocyte-derived DCs and loaded
effector memory phenotype (CD45ROM"/CCR7 /CD62L™/  these with pp65 protein antigen for presentation via HLA-DRBI1
CD27™, Fig. 2E) (38). CD5, CD25, and CD127 levels were com-  and HLA-A2. Next, we induced licensing of the DCs by adminis-
parable, while CD28 expression varied between different clones  tration of CMV-pp65_ s,5-specific CD4™ T cells recognizing
(Fig. 2F), and none of the clones expressed PD-1 or CTLA-4 ina HLA-DRB1*01/KYQEFFWDANDIYRI complexes presented by
resting state (data not shown). Functionally, we could not detect  the DCs (50,000 DCs and increasing numbers of CD4™ T cells)
cytokine production, possibly since clonal expansion ensued for  (39). Medium was refreshed to avoid the possibility of CD4* T-
nearly 3 months, inducing T-cell exhaustion. Using phorbol my-  cell-derived cytokines directly stimulating CTL activation. We
ristate acetate (PMA)/ionomycin, we circumvented this state,now  added 50,000 memory CMV-pp65,_s,;-specific CTLs to the li-
yielding high levels of cytokine production (Fig. 2G), indicating  censed DCs and determined memory CTL activation by intracel-
that these clones were able to respond appropriately. In conclu-  lular cytokine staining after 4 hours of coculture of clones (25) in
sion, we used human CB-derived cocultures of antigen-loaded  the presence of GolgiStop. NLVPMVATYV peptide (1 X 10~° M)
DCs and naive lymphocytes to show that CD4 " T-cell licensing of ~ was added to DCs as a positive control for CTL activation
DCs is necessary for antigen-specific CD8" T-cell priming. (Fig. 3B). We found that upon licensing of DCs, CD8" T-cell

Cognate CD4™ T cells induce licensing of DCs for enhanced  activation was enhanced, as determined by percentages of IFN-vy-
memory CTL responses. DCs are not only instrumental during and TNF-producing cells and surface-expressed LAMP-1 (Fig. 3A
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FIG 4 CD40-CD40L, CD80/86-CD28, and CD137-CD137L are not involved in CD4 " T-cell-mediated memory CD8* T-cell activation. (A) IFN-y production
of CD8™ T cells after coculture with pp65-loaded DCs in the presence of a CD40 (dark blue) or CD40L (light blue) agonist. (B to D) IFN-y production of CD8*
T cells after coculture with pp65-loaded DCs and antigen-specific CD4™ T cells in the presence of CD40-CD40L blocking (B), CD80/CD86 blocking (C), or

CD137-CD137L blocking Ab (mean + standard error of the mean [SEM], n

= 4). Significance in all panels was determined using a nonparametric Mann-

Whitney test. (E and F) Expression of DC maturation markers CD40, CD80, and CD86 (E) and HLA-ABC (F) after stimulation with medium (white bars), pp65
(gray bars), pp65- and antigen-specific CD4" T cells (red bars), and pp65 and anti-CD40 (black bars) (mean + SEM, n = 4). *, P < 0.05; **, P < 0.01; ns, not

significant.

and B) or amounts of IFN-y and TNF produced (Fig. 3C and D
and data not shown). Next, is cognate CD4 " T-cell licensing re-
quired for DC-mediated CTL memory responses? We repeated
the DC licensing experiment using polyclonal DRB1*01 " -re-
stricted CD4™ T cells and found that CD4™ T cells needed to be
antigen specific to induce DC licensing, as no induction of CTL
activation was seen after addition of polyclonal CD4 ™ T cells (Fig.
3E). Finally, CD4™ T cells enhanced CTL stimulation via DC li-
censing and not by direct stimulation of the memory CTLs, as
coculture of CD4™ T cells, pp65, and CD8™ T cells in the absence
of DCs did not yield cytokine production by the memory CTLs
(Fig. 3B).

CD40-CD40L, CD80/86-CD28, and CD137-CD137L are not
involved in CD4* T-cell-mediated memory CD8™" T-cell activa-
tion. We next asked if CD4 ™ T cells facilitate licensing of DCs via
CD40L molecules, as was suggested in mouse studies (7, 9, 13, 35,
36). We therefore exchanged cognate CD4™ T cells with a stimu-
lating CD40 antibody in our MoDC/CTL cocultures described for
Fig. 3. As a negative control, we included an agonist CD40L anti-
body. We observed only a modest effect on CD8 " T-cell activation
(Fig. 4A). The CD40L antibody did not influence CD8" T-cell
activation. We confirmed these data by performing the CD4 " T-
cell coincubation experiments in the presence of CD40L-blocking
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antibodies (Fig. 4B). We similarly tested CD80/CD86 (B7-1/B7-
2)-CD28 signaling, considering their importance in DC/T-cell in-
teraction (40) and that CD80/86 blockade using abatacept is used
in several autoimmune disorders (41, 42). Abatacept treatment
did not inhibit the CD4" T-cell-induced activation of memory
CD8" T cells (Fig. 4C). CD137-CD137L (4-1BB-4-1BBL) was
also recently implicated in DC-mediated T-cell priming (40, 43).
We therefore tested whether blocking of CD137L modulates
CD4" T-cell-induced activation of memory CD8" T cells. This
was not the case (Fig. 4D). Taken together, we conclude that
CD4" T-cell-induced licensing of DCs is not attributable to
CD40L-, CD28-, or CD137L-mediated interaction.

Finally, is enhanced stimulation of memory CTLs by licensed DCs
a mere consequence of cognate CD4 " T-cell-mediated upregulation
of DC surface molecules (Fig. 4F and F)? This does not seem to be the
case, as incubation of pp65-loaded DCs with antigen-specific CD4 ™
T cells or CD40L did not cause an overt increase of HLA-ABC; co-
stimulatory marker CD40, CD80, or CD86; or HLA-DR (Fig. 4E and
F). Instead, cognate CD4 ™ T-cell licensing of DCs may involve the
enhanced stimulation of memory CTLs via increased antigen presen-
tation of HLA-A2/NLVPMVATYV complexes.

Identification of candidate soluble CD4™ T-cell-secreted me-
diators for licensing of DCs. Cognate CD4™ T cells may exert DC
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FIG 5 Identification of candidate soluble CD4™" T-cell-secreted mediators for licensing of DCs (A) Schematic outline of supernatant exchange experiments. (B)
Summary (mean + standard error of the mean [SEM]) of HCMV pp65,_5,; cross-presentation. Bars represent production of IFN-y after coculture with loaded
MoDCs in the presence of supernatant of pp65-loaded MoDCs (white bar) or pp65-loaded MoDCs cocultured with antigen-specific CD4 ™ T cells (blue bar). (C
to E) Cytokine and chemokine production. MoDCs were loaded with pp65 and cocultured for 12 to 16 h without T cells (white bars) or with antigen-specific
(orange and red bars) or polyclonal (gray bars) CD4™" T cells. Shown are amounts (pg/ml) of TNF (80 to 1,270 pg/ml), IL-6 (71 to 176 pg/ml), IFN-y (0 to 50
pg/ml), CCL3 (6.9 to 31 ng/ml), CCL4 (2.6 to 5.9 ng/ml), and IL-12 measured with multiplex assay (mean + SEM, n = 4). Significance in all panels was

determined using a nonparametric Mann-Whitney test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

licensing for enhanced CTL memory responses via secretion of
soluble mediators. To test this hypothesis, we cocultured pp65-
loaded HLA-DRB1*01 MoDCs with cognate CMV-pp65;_s,5-
specific CD4™ T cells overnight. Next, we collected the superna-
tant and added this to new pp65-loaded MoDCs. After overnight
incubation, CTL activation was assessed (Fig. 5A). We found that
the enhanced DC licensing was transferred via the supernatant,
indicating that CD4 " -mediated DC licensing occurs at least partly
through soluble factors (Fig. 5B).

To identify possible proteins involved, we next analyzed cul-
ture supernatants of cocultures of pp65-loaded HLA-DRB1*01
MoDCs with cognate CMV-pp655_s,5-specific CD4™ T cells or
polyclonal HLA-DRB1*01-restricted CD4™ T cells (37°C, O/N),
by cytokine multiplex array. The supernatants of cognate DC/T-
cell cocultures but not DC/polyclonal T-cell cocultures contained
increased amounts of IFN-vy, TNF, and IL-6 cytokines and CCL3
and CCL4 chemokines (Fig. 5C and D). Intracellular cytokine
staining confirmed that both IFN-y and TNF are produced by
cognate CD4" T cells when cocultured with medium, pp65-
loaded MoDCs, or PMA/ionomycin (Fig. 6A). While IL-12 was
proposed as a cytokine produced by human CD1c" DCs involved
in CD8™ T-cell priming (44), we did not detect IL-12 (Fig. 5E) or
IL-10 or IL-15 (data not shown) in our human DC/T-cell cocul-
tures.

IFN-v produced by cognate CD4™ T cells enhances memory
CTL stimulation by licensed DCs. The multiplex array revealed
IFN-v as a candidate cytokine produced by cognate CD4 " T cells
that enhances DC licensing and consequential memory CTL stim-
ulation, mainly since IFN-y was the only factor produced exclu-
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sively by cognate CD4" T cells and not by DCs (Fig. 5C). We
confirmed this by intracellular IFN-+ staining of the stimulated
CD4™" T cells (Fig. 6A). To address the possibility that IFN-y con-
tributes to DC licensing, we again performed supernatant ex-
change experiments as described above, but only now, we prein-
cubated the supernatant with IFN-y-blocking antibodies (10 g/
ml) or PBS as a control. We found that the increased DC licensing
partly depends on IFN-v, although other factors are likely to con-
tribute (Fig. 6B).

Next, we added recombinant IFN-vy (ranging from 0.15 to 150
ng/ml) to 50,000 pp65-loaded HLA-A2*01" MoDCs in the ab-
sence of CMV-pp65;_s,5-specific CD4™ T cells. After 12 to 16 h,
we added 50,000 memory CMV-pp65,_5o5-specific CTLs and an-
alyzed cells for CTL stimulation by intracellular cytokine staining
after 4 hours of coculture in the presence of GolgiStop. NLVPM
VATV peptide (1 X 10~°M) was included as a positive control for
CTL activation (Fig. 6C). We found increased CD8 " T-cell stim-
ulation in an IFN-y dose-dependent manner, as determined by
percentages of IFN-y- and TNF-producing cells and surface-ex-
pressed LAMP-1 (Fig. 6C and D) or amounts of IFN-y and TNF
produced. Thus, the coculture of CMV-pp65 antigen-loaded DCs
with cognate CD4™ T cells provokes IFN-y production by these
CD4™ T cells, which consequently facilitates the display of CMV-
pp65 peptide/A2 complexes to CD8™ T cells. In conclusion, cog-
nate CD4™ T cells enhanced DC licensing for memory CD8™" im-
munity, in a manner that requires MHC class II-TCR interaction
and subsequent release of IFN-y by CD4™" T cells. Primary anti-
gen-specific CTL expansion also requires cognate CD4* T cells,
but here, DC licensing appears to work via the CD40-CD40L axis,
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FIG 6 IFN-vy produced by cognate CD4™ T cells enhances memory CTL stimulation by licensed DCs. (A) Intracellular staining for IFN-y gated on CD3- and
CD4-positive cells after 12 to 16 h of coculture of antigen-specific CD4™ T cells with medium (left graph), pp65-loaded MoDCs (middle graph), or PMA/
ionomycin (right graph). (B) CTL activation after coculture with pp65-loaded MoDCs and supernatant of pp65-loaded MoDCs cocultured with antigen-specific
CD4™" T cells in the presence of PBS (white bar) or IFN-y-blocking antibodies (blue bar). (C) Summary (mean + standard error of the mean [SEM]) of HCMV
PP65,_s05 Cross-presentation. Bars represent production of IFN-+y after coculture with MoDCs loaded with 3 g pp65 in the presence of recombinant IFN-y (0.15
to 150 ng/ml, mean + SEM, n = 4). (D) MoDCs were loaded with HCMV-derived pp65 and cocultured with 50,000 A2/NLVPMVATYV-specific CD8" T cells in
the absence (upper graphs) or presence (lower graphs) of recombinant IFN-+y. Freshly thawed T cells were gated based on CD3 and CD8 expression and analyzed
for activation-induced production of IFN-vy (left) and TNF (middle) and LAMP-1 surface expression (right). Significance in all panels was determined using a

nonparametric Mann-Whitney test. *, P < 0.05.

as in mice (7-9). Taken together, these data provide mechanistic
support for how early reconstitution of CD4™ T cells in CBT re-
cipients helps early antigen-driven CD8" T-cell-mediated im-
mune protection against viral reactivation.

DISCUSSION

Infection-related mortality and GvHD are major causes of death
after CBT in both adults and pediatric patients (45, 46). Patients
are particularly vulnerable to viral reactivation, including reacti-
vation with CMV (1), Epstein-Barr virus (EBV) (47), human her-
pesvirus 6 (HHV-6) (48), and varicella-zoster virus (VZV) (49).
As the immune system is rebuilt from stem cell precursors, im-
mune protective CD8 " T cells are formed, which exhibit antigen-
specific receptors that recognize epitopes from viruses, including
CMV. It had not been fully understood whether and how virus-
specific CD4™ T cells participate in CD8" T-cell-mediated pro-
tection against viral reactivation. From mouse-based research, a
role of CD4™ T cells in CD8" T-cell priming was deduced. For
example, effective CTL induction was seen only when CD4" T
cells were present (50-53). At the same time, from SCT studies,
there had been speculation that CD4™ T cells may somehow bol-
ster CD8™ T-cell-mediated viral immune protection (54). For ex-
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ample, studies show that not only CMV-specific CD8™" T cells but
also CMV-specific CD4" T-cell numbers can be used to predict
the risk for reactivation in patients after allo-SCT (34). Additional
support for CD4™ T cells in CMV immunity comes from CBT
patients, showing that recovery of CD4" CD45RA™ T cells is re-
quired to clear CMV viremia (55). From mouse-based research, it
was learned that the induction of virus antigen-specific CD8" T
cells requires the prior licensing of DCs by interaction with cog-
nate, antigen-specific CD4" T cells (7-12, 56) (summarized in
Fig. 7). It was our aim to show the possible applicability of such
studies to viral reactivation after SCT in human patients. We here
show that antigen-specific CD4™ T cells precede the rise of anti-
gen-specific CD8 " T cells after CBT, which are necessary to con-
trol CMV reactivation. Using a CB-based culture system, we fur-
ther show that CD4™ T cells are required to prime antigen-specific
CD8™ T cells. These results are in line with conclusions based on
mouse work.

The role of CD4™ T cells in providing help in elicitation of
CTL-mediated viral control may be different when using bone
marrow or mobilized peripheral stem cells, although in these set-
tings, CD4" T-cell reconstitution is also correlated with long-
term survival (57, 58). When using adult bone marrow or mobi-
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lized peripheral stem cells, CMV-specific CD4™ and CD8™" T cells
can be detected independently of CMV viremia, but levels of
CMV-specific CD4™ (54) or CD8™ (3, 59) T cells are protective in
these settings. A major difference is the fact that these patients
receive antigen-specific CD8* T cells from their donor that can
clonally expand, circumventing the required priming in the CB
setting. Therefore, expansion of antigen-specific CD8* T cells
could be seen as early as 21 days after SCT (59). The mechanism by
which CD4™ T cells contribute to survival in the bone marrow or
mobilized peripheral stem cell transplantation setting is not fully
known, although it has been shown that CD4* T-cell help is im-
portant to maintain CTL effector function in chronic viral infec-
tions in mice. Our data presented here on how cognate antigen-
specific CD4™ T cells provide DC licensing for effective memory
CD8" T-cell responses by secreting IFN-y provide experimental
support for the described observations (60).

As stated in the introduction, CMV reactivation after CBT cor-
relates with decreased survival rates (61-64). Besides CMV-in-
duced pneumonitis, CMV reactivation is associated with in-
creased risk of GVHD, while GVHD is also a risk factor for viral
reactivations (62, 65-68). CMYV is the most frequent reactivation,
but other viruses also hamper survival. Reactivation of EBV (47),
HHV-6 (48), and VZV (49) plays a major role after CBT. We here
describe that CMV control coincides with the presence of CMV-
specific CD8 " T-cell expansion, which is preceded by the appear-
ance of a CMV-specific CD4" T-cell population. Using CB-based
cocultures, we show the requirement for cognate CD4™ T cells in
DC licensing for the expansion of antigen-specific CD8™ T cells.
We believe that this is a general mechanism that can be applied
broadly to antiviral and possibly even antitumor immune re-
sponses. Especially considering the important role of CD8™ T cells
in relapse control, this work supports the importance of monitor-
ing the CD4™ T-cell reconstitution early after CBT and paves the
road to CD4 ™ T-cell-based intervention strategies.
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