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/Background. Cytomegalovirus-specific immunoglobulins (CMV-IVIg) can contribute to viral control after transplantation.

Apart from neutralizing antiviral activity, knowledge on their potential indirect effects on the restoration of virus-specific T-cell
immunity is limited. Therefore, we tested whether CMV-IVIg may affect cytokine induction and proliferation of CMV-specific
T cells in vitro. Methods. Blood samples of 38 individuals (23 kidney transplant recipients and 15 immunocompetent
controls) were stimulated using CMV antigens in saturating and low antigen concentration, or with the polyclonal stimu-
lus Staphylococcus aureus enterotoxin B in the presence or absence of CMV-IVIg. CD4 and CD8 T-cell effector function,
including the induction of cytokines interferon-gamma, tumor necrosis factor, and interleukin-2, was characterized after 6h,
and specific proliferation was quantified after 5 d using flow cytometry. Results. Irrespective of antigen concentration,
the presence or absence of CMV-IVIg had no effect on the percentage of CMV-specific CD4 and CD8 T cells producing
interferon-gamma, tumor necrosis factor, or interleukin-2. However, proliferation of CMV-specific CD3 T cells, including CD4
and CD8 T-cell subpopulations, was significantly higher in the presence of CMV-IVIg at both saturating (P = 0.007) and low
antigen concentrations (P = 0.022). In contrast, a lower percentage of both cytokine-producing T cells (P < 0.0001) and
proliferating T cells (P < 0.0001) was observed in the presence of CMV-IVIg after polyclonal stimulation. Conclusions.
CMV-IVIg did not have any effect on immediate T-cell effector function. However, the marked effect of CMV-IVIg on increasing
the proliferation of CMV-specific T cells while concomitantly reducing polyclonal T-cell function may have implications for the
therapeutic use of immunoglobulins to restore CMV-specific T cells in patients with active CMV infection without increasing

the alloreactive burden.

(Transplantation Direct 2025;11: e1877; doi: 10.1097/TXD.0000000000001877.)

J

INTRODUCTION

Primary infection or reactivation of cytomegalovirus
(CMV) is one of the most common infectious complications
after solid organ transplantation (SOT) due to systemic and
lifelong immunosuppressive therapy. CMV management
in SOT has improved considerably since the availability of
antiviral drugs such as (val)ganciclovir, foscarnet, or, more
recently, letermovir and maribavir.! Nevertheless, CMV
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control after SOT can be difficult, and complications such as
CMYV end-organ disease, resistance, or drug side effects can
impede successful treatment outcomes. In addition to drug
therapy with direct antiviral activity, indirect therapeutic
measures to strengthen antiviral immunity have been used
and may be applied, including adjusting immunosuppression,
and/or adjunct use of CMV-specific immunoglobulins (CMV-
IVIg) or adoptive transfer of CMV-specific T cells.!:2
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CMV-1VIg for therapeutic use are derived from pooled
human plasma enriched for anti-CMV antibodies. CMV-1VIg
are licensed for the prophylaxis of CMV infections and dis-
ease and have been used as an adjunct to antiviral drugs, in
patients with hypogammaglobulinemia, or more rarely, as
monotherapy in cases of intolerance or resistance to antiviral
drugs.!# Thus, although CMV-1VIg are not generally recom-
mended for use, some benefit has been demonstrated in these
specific circumstances, especially in persons after thoracic
transplantation.! Immunoglobulins provide passive CMV-
specific immunity by neutralizing circulating virus particles,
thereby facilitating virus elimination by opsonization and
phagocytosis.’ The titers of CMV-IgG have been shown to
correlate with CMV neutralizing activities.®” Evidence from
murine models have also suggested that protection from
infection or reactivation with murine CMV may depend on
the specificity of the immunoglobulins toward the infecting
strain. Moreover, clinical observations suggest that CMV-
IVIg may exert an immunomodulatory activity by increasing
CMV-specific cellular immunity, a key factor in controlling
CMV-related diseases and limiting viral replication.>!! Finally,
the immunomodulatory activity of CMV-IVIg or IVIg also
seems to extend to protecting from allograft rejection by exert-
ing immunosuppressive properties.'213 However, the extent
and the mechanism of this immunomodulatory function of
CMV-1VIg products on CMV-specific cellular immunity and
polyclonal cellular immunity are not yet fully understood. As
a consequence, the need for a better understanding of the role
of CMV-IVIg products to optimize the management of CMV
complications was recently highlighted by the updated inter-
national consensus guidelines as an important area for future
research.!

We therefore analyzed the effect of CMV-IVIg on the
CMV-specific T cells in vitro. Blood samples from both kid-
ney transplant recipients and healthy controls were used to
compare cytokine induction as the immediate effector func-
tion of CMV-specific T cells in the presence or absence of
clinically applied preparations of CMV-1VIg added in vitro.
We applied this product in combination with whole blood
samples without isolation of T cells to reflect the situation in
vivo and to detect both direct and indirect effects of immu-
noglobulins on T cells. Moreover, the effect of CMV-IVIg on
T-cell proliferation was analyzed. Finally, apart from the effect
on CMV-specific T cells, we analyzed the effect of CMV-1VIg
on polyclonal effector function and proliferation.

MATERIALS AND METHODS

Study Design and Participants

In this study, both healthy controls and kidney trans-
plant recipients with known CMYV serostatus were recruited
at the Saarland University Medical Center. All individuals
were adults older than 18 y. No formal sample size calcula-
tion was performed because of the exploratory nature of the
study, but we aimed to include at least 15 individuals in each
experiment. CMV prevention strategies applied at the time
of transplantation included a history of preemptive therapy
for CMV-seropositive recipients, and 3 mo of prophylaxis
with valganciclovir in CMV-seronegative recipients of CMV-
seropositive donors. CMV-seronegative recipients of CMV-
seronegative donors did not receive any antiviral prophylaxis
or preemptive therapy. Transplant recipients were at least 4
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mo after transplantation, and neither had detectable CMV-
DNAemia nor antiviral prophylaxis or therapy at the time
of analysis. Clinical data on transplantation and therapeutic
immunosuppression were collected from electronic medical
records. A total of 4.7mL of heparinized blood was drawn
(in patients before intake of immunosuppressive drugs).
The study was approved by the ethics committee of the
Arztekammer des Saarlandes (reference number 249/20), and
written informed consent was obtained from all individuals.

Characterization of CMV-specific and Polyclonal
T-cell Effector Function

To determine the effect of CMV-IVIg on polyclonal ver-
sus CMV-specific T-cell effector function, activation, and
cytokine induction was analyzed directly from heparinized
whole blood without further isolation after in vitro stimula-
tion with a CMV lysate in the presence and absence of CM V-
IVIg. This procedure was chosen to reflect the situation in
vivo. The CMV-IgG content of this CMV-IVIg product was
approximately 17.5-fold enriched compared with the aver-
age CMV-IgG levels of healthy donors (see Supplemental
Digital Content Information, SDC, https://links.lww.com/
TXD/A806). CMV-specific T cells were stimulated using a
lysate from CMV-infected fibroblasts or a control lysate from
noninfected fibroblasts (Virion/Serion, Wiirzburg, Germany)
as previously described!* at 2 different concentrations (32
pL/mL and 6.4 pL/mL blood). Stimulation with 2.5 pg/mL
Staphylococcus aureus enterotoxin B (SEB, Sigma, Germany)
served as CMV nonspecific polyclonal control. CMV-1VIg
(Cytotect, Biotest, Dreieich, Germany) or H,0, , were added
at a final concentration of 2 pL/mL whole blood. Before T-cell
stimulation, CMV-IVIg and stimulatory antigens were pre-
incubated at 4-8 °C for 16-24h to allow potential antigen-
antibody complex formation. Thereafter,450 pL of heparinized
whole blood samples were stimulated for a total of 6h with
the antigen-immunoglobulin mix in the presence of costimu-
latory antibodies against CD28 and CD49d (clone 1L.293 and
clone 9F10, 1 pg/mL each). To accumulate cytokines intracel-
lularly, 10 pg/mL Brefeldin A was added after 2 h, and samples
were processed as previously described.* After stimulation,
the cells were immunostained using anti-CD4 (clone SK3,
1:33.3), anti-CD8 (clone SK1, 1:12.5), anti-CD69 (clone
L78, 1:33.3), anti-interferon-gamma (IFN-y; clone 4S.B3,
1:100), anti-interleukin (IL)2 (clone MQ1-1 7H12, 1:12.5),
and anti—tumor necrosis factor (TNF; clone MAb11, 1:20),
and analyzed using flow cytometry (BD FACS Canto II and
FACSDiva software 6.1.3.). CMV-specific CD4 or CD8 T cells
were identified by coexpression of CD69 and either IFN-y,
TNEF, or IL2. The gating strategy is shown in Figure S1 (SDC,
https:/links.lww.com/TXD/A806). Specific CD4 T-cell levels
were quantified after subtraction of reactivity after negative
control stimulation as previously established.!s

Analysis of CMV-specific T-cell Proliferation
CMV-specific T-cell proliferation of peripheral blood
mononuclear cells (PBMCs) was analyzed using a carboxy-
fluorescein succinimidyl ester (CFSE) assay as described pre-
viously.’6 All experiments were performed in the presence
and absence of CMV-1VIg. Again, 2 concentrations of CMV
lysate or control lysate (BioWhittaker, each 32 and 6.4 pL/
mL, respectively), and 2.5 pg/mL SEB were used as stimuli.
Stimulatory antigens were preincubated with CMV-1VIg or
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H,0,., for 16-24h before stimulation as described earlier.
PBMCs were isolated by Ficoll density gradient (Linaris)
and stained with CFSE (5 pM, Invitrogen) according to
the manufacturer’s instructions. The cells were resuspended
in Roswell Park Memorial Institute medium with 5% fetal
calf serum and 1% antibiotics at a cell count of 2x 107 cells/
mL. Stimulation was carried out in 96-well plates (600.000
PBMC:s per well) at 37 °C and 5% CO, for 5 d with the pre-
incubated antigen-immunoglobulin mixes. SEB-stimulated
cells were split 1:1 on day 3. Flow cytometric analysis was
performed using antibodies toward CD3 (clone SK7, 1:50),
CD4 (clone SK3, 1:12.5), and CDS8 (clone SK1, 1:12.5). The
gating strategy to quantify the percentage of proliferating
CD3, CD4, and CD8 T cells is shown in Figure S2 (SDC,
https://links.lww.com/TXD/A806).

Statistical Analysis

All statistical analyses were performed using GraphPad
Prism 10.5.0 software (GraphPad, San Diego, CA) using
2-tailed tests. The Wilcoxon matched-pairs signed-rank test
was used to compare paired data between 2 groups. A P value
of <0.05 was considered statistically significant.

RESULTS

Participants

A total of 23 kidney transplant recipients (20 CMV sero-
positive, 3 CMV seronegative) and 15 healthy immunocom-
petent controls (13 CMV seropositive, 2 CMV seronegative)
were recruited. Demographic characteristics, including age,
sex, underlying disease that led to renal failure, time after
transplantation, immunosuppressive drug regimens, and dif-
ferential blood counts, are shown in Table 1. Kidney trans-
plant recipients have been transplanted for a median of 5.4 y
(interquartile range [IQR], 8.0 y). At the time of testing, kid-
ney transplant recipients did not receive any antiviral therapy
or prophylaxis, had no detectable CMV-DNAemia by poly-
merase chain reaction, and did not show any clinical signs of
active CMV infection.

CMV-specific Cytokine Induction of CD4 and CD8 T
cells in the Presence of CMV-IVig

CMV-specific effector T-cell function was characterized in
a subset of 28 individuals (18 kidney transplant recipients,
10 healthy controls) after a 6-h stimulation in the presence
and absence of CMV-1VIg, followed by intracellular cytokine
staining. CMV lysate was used as a stimulus both at saturat-
ing concentrations (“high” 32 pL/mL) and at a 5-fold lower
concentration (“low” 6.4 pL/mL). Likewise, similar concen-
trations of a control antigen were treated with CMV-IVIg and
used as the respective negative control stimulus. In addition,
SEB served as a polyclonal stimulus for T cells that is inde-
pendent of antigen uptake, processing, and presentation. The
percentage of reactive CD4 and CD8 T cells was determined
on the basis of coexpression of CD69 with either IFN-y, TNF,
or IL-2, with the reactivity of the respective control antigens
subtracted (Figure 1).

All CMV-seropositive individuals (15 kidney transplant
recipients and 8 controls, distinguished by orange and blue
symbols, respectively) had detectable cytokine-producing
CMV-specific CD4 T cells. The addition of CMV-IVIg had no
modulatory effect on the induction of IFN-y, TNEF, or IL-2
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Demographic and clinical characteristics of healthy con-
trols and kidney transplant recipients

Controls  Transplant recipi-
Characteristics (N=15) ents (N = 23)
Age, y, median (IQR) 52.2(20.8) 55.8 (16.2)
Sex, n (%)
Female 11 (73.3%) 8 (34.8%)
Male 4(26.7%) 15 (65.2%)
CMV serostatus, n (%)
Positive 13 (86.7%) 20 (87.0%)
Negative 2 (13.3%) 3(13.0%)
Years after transplantation, median (IQR) NA 5.4 (8.0)
CMV prevention strategy, n (%)
None (D-/R") NA 2 (8.7%)
VGCV prophylaxis (D+/R-)? NA 6 (26.1%)
Preemptive therapy (R+) NA 15 (65.2%)
Differential blood counts,¢ cells/pL, median (QR)
Leukocytes 6100 (2100) 6500 (3500)
Lymphocytes 2024 (538) 1606 (1238)
Monocytes 476 (209) 676 (299)
Granulocytes 3229 (1851) 4884 (2313)
Immunosuppressive drugs, n (%) NA
Steroids/CNI/MMF NA 18 (78.26%)
CNI/MMF NA 2 (8.70%)
Steroids/mTORi NA 1(4.35%)
Steroids/CNI NA 1(4.35%)
Unknown NA 1(4.35%)
Nephrological disease, n (%) NA NA
Congenital NA 4 (17.39%)
Acquired NA 15 (65.2%)
Autoimmune NA 8
Secondary NA 7
Unclear NA 4 (17.39%)

4One patient within the first year, all other patients >1 y after transplantation.

Prophylaxis was given for 3 mo.

Differential blood counts from 2 transplant patients were missing.

CMV, cytomegalovirus; CNI, calcineurin inhibitor; IQR, interquartile range; MMF, mycophenolate
mofetil; mTORi, mammalian target of rapamycin inhibitor; VGCV, valganciclovir.

after specific stimulation at either the high or the low con-
centration of CMV lysate (Figure 1A; fold changes shown in
Table 2). CMV-specific CD8 T-cell levels were generally lower.
Apart from a minor effect on TNF and IL-2, their cytokine
induction remained largely unaffected by the presence of
CMV-1VIg (Figure 1B). We also included CMV-seronegative
individuals to assess the potential effects of CMV-IVIg on T
cells after CMV-specific stimulation. As expected, no relevant
CMV-specific induction of cytokines was detected among
CMV seronegative individuals (n = 5). Their IFN-y and IL-2
levels were low, whereas TNF levels were slightly higher.
Moreover, CMV-IVIg did not have any modulatory activity
on their cytokine expression (Figure 1A and B).

Unlike CMV-specific T cells, the percentage of CD4 and
CD8 T cells producing IFN-y, TNE, or IL-2 after polyclonal
stimulation with SEB was significantly reduced in the pres-
ence of CMV-1VIg (Figure 1C; P < 0.0001), which is in line
with the general immunosuppressive properties of IVIg. This
decrease was observed for all tested populations and ranged
from a 0.77-fold (IQR, 0.23) reduction in the percentage
of IL-2-producing CD4 T cells to a 0.88-fold (IQR, 0.13)
reduction in the percentage of IFN-y-producing CD8 T cells
(Table 2).
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FIGURE 1. T-cell cytokine induction in the presence of CMV-specific immunoglobulins. CD4 T cells (A) or CD8 T cells (B) were analyzed in
kidney transplant recipients (n = 18, orange symbols, 15 CMV seropositive [closed symbols], 3 CMV seronegative [open symbols]) and in healthy
controls (n = 10, blue symbols, 8 CMV seropositive, 2 CMV seronegative) in the presence and absence of CMV-IVIg after stimulation with 2
different concentrations of CMV antigen lysate (32 pyL/mL “high” (saturating) and 6.4 uL/mL “low”) and subtraction of antigen negative control. C,
CD4 and CD8 T cells from all individuals were stimulated with SEB in the presence or absence of CMV-IVIg (n = 18 kidney transplant recipients
and 10 healthy controls). Shown are the percentages of activated CD69-positive CD4 or CD8 T cells producing IFN-y, TNF, or IL-2. Differences
in the percentage of T cells in the presence and absence of CMV-IVIg were calculated using the Wilcoxon matched-pairs signed-rank test, with
P values indicating significant differences highlighted in bold font, and fold changes shown in Table 2. The highlighted black symbols denote the
medians. CMV-IVlg, CMV-specific immunoglobulin; IFN-vy, interferon-gamma; IL, interleukin; SEB, Staphylococcus aureus enterotoxin B; TNF,

tumor necrosis factor.

CMV-specific T-cell Proliferation in the Presence
and Absence of CMV-IVig

Apart from analyses of the immediate effector function
of CMV-specific T cells, the proliferation of CD4 and CD8
T cells was evaluated in a subset of 15 CMV-seropositive
individuals (10 kidney transplant recipients, 5 immunocom-
petent controls) after stimulation of PBMCs with saturating
and low concentrations of CMV lysate (high and low, respec-
tively) in the presence and absence of CMV-1VIg, respectively.
Respective control lysates, in the presence or absence of CMV-
IVIg, were used as negative controls, and SEB served as a con-
trol for CMV nonspecific proliferation. As shown in typical
dotplots of proliferating CD3 T cells of a kidney transplant
recipient (Figure 2A), control antigens did not elicit any rel-
evant proliferation irrespective of the presence of CMV-1VIg.
In contrast, the specific proliferation in response to both low
and high CMV antigen concentrations was further increased
in the presence of CMV-1VIg. Results from all individuals are
shown in Figure 2B. Overall, the percentage of CMV-specific
proliferating cells was higher among controls than among

patients. Nevertheless, the proliferation of CMV-specific CD3
T cells from both groups showed a significant increase in the
presence of CMV-1VIg, which was more pronounced after
stimulation at low antigen concentration (1.88 [IQR, 1.71]
fold increase, P=0.022) than at saturating CMV antigen
concentrations (1.19 [IQR, 0.87] fold increase, P =0.007;
Figure 2B; Table 2). The same held true for the proliferation
of the CMV-specific CD4 and CD8 T-cell subpopulations
(Figure 2C and D), except for CD8 T cells at saturating anti-
gen concentration, where no further increase in proliferation
was observed (Figure 2D).

As shown from the dotplots of CD3 T cells after polyclonal
SEB stimulation, proliferation decreased in the presence of
CMV-1VIg (Figure 2A). This decreasing effect of CMV-IVIg
was not only observed for SEB-reactive CD3 T cells (0.92
[IQR, 0.14] fold decrease, P < 0.0001; Figure 2E; Table 2)
but also for the respective CD4 and CD8 T-cell subpopula-
tions after polyclonal stimulation (0.90 [IQR, 0.14] and 0.94
[IQR, 0.22] fold decrease, P < 0.0001 and P = 0.004, respec-
tively; Figure 2F and G; Table 2). Thus, as with effector T
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Fold change in cytokine-producing and proliferating T-cell populations after CMV stimulation and polyclonal stimulation
in the presence of CMV-IVig

CD4T cells CD8 T cells CD3 T cells CD4Tcells CD8Tcells CD3T cells
GMV antigen GMV antigen CGMV antigen SEB SEB SEB
Low High Low High Low High
concentrations concentration: concentration: concentration: concentration: concentration:
IFN-y 0.97 (0.23) 1.01(0.15) 0.90 (1.03) 1.09 (0.65) ND ND 0.83 (0.21) 0.88 (0.13) ND
P =0.223 P=0.988 P=0.079 P=10.226 P <0.0001 P <0.0001
TNF 0.96 (0.21) 0.97 (0.15) 0.78 (0.89) 1.10(0.88) ND ND 0.80 (0.21) 0.88 (0.10) ND
P=0.158 P=10.806 P=0.044 P=10.235 P<0.0001 P <0.0001
IL-2 0.96 (0.30) 1.02 (0.14) 1.00 (0.17) 1.05 (0.25) ND ND 0.77 (0.23) 0.86 (0.19) ND
P=10.086 P=10.304 P=10.241 P=10.055 P<0.0001 P=0.0001
Proliferation 2.00 (1.45) 1.17 (0.72) 2.64 (3.70) 1.49 (2.36) 1.82 (1.75) 1.19 (0.87) 0.90 (0.14) 0.95(0.22) 0.92 (0.14)
P =0.022 P=0.007 P=0.017 P=0.314 P =0.022 P =0.007 P<0.0001 P=0.0004 P <0.0001

Values refer to the fold change (interquartile range) and P value in the percentage of cytokine-producing CD4 and CD8 T cells or in the percentage of proliferating CD3, CD4, and CD8 T cells. Results
with significant changes in the presence of CMV-IVIg based on the Wilcoxon matched-pairs signed-rank test are shown in bold font.

4wo concentrations of CMV antigen lysate were used (32 ul/mL “high” (saturating) and 6.4 pL/mL “low”).

CMV-IVlg, CMV-specific immunoglobulin; IFN-v, interferon-gamma; IL-2, interleukin 2; ND, not determined; TNF, tumor necrosis factor.

cells producing cytokines, the presence of CMV-IVIg led to a
reduction in the proliferation of polyclonal T cells.

DISCUSSION

The risk of primary infection or reactivation with human
CMV is increased after SOT due to the systemic and lifelong
immunosuppression. CMV-IVIg have been used after SOT
either as an adjunct to antiviral drugs or as monotherapy in
cases of intolerance or resistance to antiviral drugs.”!! The
virus-neutralizing effect of CMV-IVIg is well known and may
contribute to the inhibition and control of CMV replication.
However, the indirect effect of CMV-IVIg on modulating
CMV-specific T-cell responses, which is a key factor in con-
trolling CMV-related disease and limiting viral replication,
is poorly understood.1017:18 In our in vitro study, we show a
significant increase in CMV-specific T-cell proliferation in the
presence of CMV-IVIg, whereas immunoglobulins did not
have any direct effect on CMV-specific T-cell activation and
cytokine induction after short-term stimulation. Interestingly,
increased proliferation was observed only among CMV-
specific T cells and contrasted with polyclonal T cells after
stimulation with SEB, where the presence of CMV-IVIg led
to a reduction in cytokine induction and proliferation. Thus,
although both cytokine induction and proliferation of poly-
clonal T cells were suppressed, CMV-IVIg exerted a specific
immunomodulatory function by increasing CMV-specific
T-cell proliferation.

CMV-1VIg are used as an alternative prevention strategy
in patients intolerant to (val)ganciclovir or in complicated
CMV infections,!® and/or as an adjunct therapeutic regimen
in patients with refractory or resistant CMV infection.®!! In
this situation, CMV-IVIg have been shown to contribute to a
reduction in viral replication and induction of CMV-specific
T-cell immunity in patients in vivo.3®11.12 However, controlled
assessment of their direct effects on a patients’ specific T-cell
response is difficult in vivo, as CMV-1VIg are usually applied
in combination with antiviral and immunosuppressive drugs,
the dosage and composition of which are further adjusted in
the face of an active CMV infection. In this study, we used an
in vitro system of stimulated T cells from immunosuppressed

kidney transplant patients and healthy controls to more spe-
cifically test the immunomodulatory effect of CMV-IVIg on
the specific T-cell response. We chose a clinically used prod-
uct of immunoglobulins to closely reflect the situation in
vivo. This product was enriched for CMV-IgG by approxi-
mately 17.5-fold as compared with healthy donors. In line
with observations in vivo, we show that the proliferation of
CMV-specific CD4 and CD8 T cells was induced in the pres-
ence of CMV-IVIg both after stimulation with CMV antigen
at saturating and reduced antigen levels. Data from a recent
study using PBMC from healthy controls suggested that
CMV-1VIg may induce a low-level global stimulatory effect
on cells independent of CMV serostatus. However, the num-
ber of tested individuals was low, and this reactivity was much
lower compared with CMV-specific responses.!” We did not
detect any effect of CMV-IVIg on immediate effector func-
tion, such as activation and cytokine induction, after CMV-
specific stimulation times as short as 6 h. This is supported by
the above-mentioned study performed from isolated PBMCs,
where the percentage of cytokine-producing CD4 or CDS8
T cells after CMV-specific stimulation did not differ in the
presence or absence of CMV-1VIg."® Together, this illustrates
that these indirect effects of CMV-IVIg may require longer
incubation times to unfold their effects in enhancing cytokine
induction and proliferation of CMV-specific CD4 and CD8
T cells. The precise mode of action whereby proliferation is
increased is currently unclear, but it may be speculated that
specific immune complexes of CMV antigens opsonized with
CMV-1VIg are better taken up by antigen-presenting cells.s
This better Fc receptor-mediated uptake of CMV antigens
may lead to an increase in antigen presentation and to a better
induction of T-cell effector function, including cytokine induc-
tion and proliferation in the long term. It is interesting to note
that proliferation was more strongly induced by CMV-IVIg
in the presence of nonsaturating concentrations of antigen,
which may allow unmasking the specific effect of CMV-IVIg.
Likewise, preliminary evidence suggests that immunoglobu-
lin preparations with lower levels of CMV immunoglobulins
exert a similar, albeit less pronounced effect on CMV-specific
proliferation. Unlike the increase in CMV-specific prolifera-
tion, we show that the presence of CMV-IVIg was associated
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FIGURE 2. T-cell proliferation depending on the presence of CMV-specific immunoglobulins. A, Typical dot plots of the proliferation of CD3 T
cells using a CFSE-based assay with blood from a kidney transplant recipient stimulated with 2 different concentrations of CMV lysate (32 ylL/mL
“high” (saturating) and 6.4 pylL/mL “low”), respective control lysates, and SEB in the presence and absence of CMV-IVIg. Proliferating cells were
quantified as a percentage of CFSE-low CD3 T cells. Results are shown for CMV-specific CD3 T cells (B), CD4 T cells (C), and CD8 T cells (D),
and polyclonally stimulated CD3 T cells (E), CD4 T cells (F), and CD8 T cells (G) after stimulation of cells from CMV-seropositive kidney transplant
recipients (n = 10, orange symbols) and healthy controls (n = 5, blue symbols) with the 2 different concentrations of CMV lysate or SEB in the
presence and absence of CMV-IVlg. CMV-specific proliferation was quantified after subtraction of the respective negative control proliferation.
Differences in the percentage of proliferating T cells in the presence and absence of CMV-IVIg were calculated using the Wilcoxon matched-pairs
signed-rank test, with P values indicating significant differences highlighted in bold font, and fold changes shown in Table 2. The highlighted black
symbols denote the medians. CFSE, carboxyfluorescein succinimidyl ester; CMV, cytomegalovirus; CMV-IVIg, CMV-specific immunoglobulin;
SEB, Staphylococcus aureus enterotoxin B.

with decreased cytokine induction and proliferation of pol-
yclonally stimulated CD4 and CD8 T cells, which has also
been described before as a general feature of both CMV-1VIg

and IVIg in vitro.2021 Apart from suppressing polyclonal pro-
liferation, IVIg have been shown to inhibit allogeneic T-cell
proliferation,2223 modulate dendritic cell function,? induce
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B-cell hyporesponsiveness, block various activating receptors,
and expand regulatory T cells.513 These contrasting properties
of CMV-1VIg, which increase CMV-specific T-cell expansion
while concomitantly decreasing polyclonal T-cell expansion,
may be beneficial in the prevention and treatment of rejection
episodes, as supported by observations in transplant recipi-
ents in vivo.2+2?

Our study design has some inherent limitations, as the results
of the in vitro study are not directly transferable to patients
in vivo, and we cannot mechanistically distinguish between
direct and indirect effects of CMV-IVIg or other components
in the product on T cells. Nevertheless, our results are well
in line with clinical observations, which, on one hand, show
an increase in CMV-specific T cells in patients and control of
viral replication upon receipt of adjunct CMV-IVIg,*! and on
the other hand, support a contribution of CMV-IVIg toward
preventing or treating rejection episodes.?*2” In addition, the
limited sample size of subgroups did not allow for a direct
comparison of patients and controls. Nevertheless, our sam-
ple size seems sufficient to reveal robust results, which were
consistent over several tested cytokines and cell populations,
and overall similar in both patients and controls. A further
strength of the study is that both immunocompetent individu-
als and immunocompromised patients on maintenance immu-
nosuppression were included. As patients were enrolled at a
median of 5.4 y (IQR, 8.0 y) after transplantation, our in vitro
experiments were performed without influencing factors such
as antiviral drugs, detectable CMV-DNA, other coinfections,
or variabilities in immunosuppression.

Further in vitro studies should address a more detailed
analysis of the individual components of the immunoglobu-
lin preparation, including the role of CMV-specific versus
nonspecific IgG for inducing CMV-specific proliferation and
reducing polyclonal proliferation. Moreover, the role of other
blood cell populations, such as antigen-presenting cells or
natural killer cells, should be explored to identify indirect
regulatory mechanisms mediated by CMV-1VIg. Finally, in
vivo randomized trials in CMV-seropositive patients man-
aged in a preemptive setting, in the presence or absence of
CMV-1VIg and/or IVIg, are necessary to assess their role in
CMV-specific T-cell expansion without concomitantly induc-
ing T cells toward other specificities. Similarly, randomized
in vivo studies using combination therapy of antiviral drugs
such as (val)ganciclovir, foscarnet, or maribavir with or with-
out CMV-1VIg and/or IVIg would allow assessing the role of
immunoglobulins in inducing CMV-specific T cells, thereby
potentially reducing relapse rates in patients with refractory/
resistant CMV infection. As recently recommended by the lat-
est consensus guidelines,! this type of study design would also
allow evaluation of CMV-specific T-cell immunomonitoring
in guiding the duration of these therapeutic interventions or
secondary prophylaxis.

In conclusion, we showed that while CMV-IVIg has no
effect on immediate effector function, the presence of immu-
noglobulins increases the proliferative activity of CMV-
specific T cells and inhibits polyclonal T-cell activation and
proliferation. These in vitro data provide novel insights into
the role of CMV-1VIg in contributing to the induction of
CMV-specific T cells in patients with active infections. Future
studies, as outlined earlier, should investigate the mechanistic
details underlying the direct and indirect effects of CMV-IVIg
on inducing CMV-specific proliferation while concomitantly
reducing polyclonal T-cell expansion. In addition, clinical
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studies are needed to confirm these immunomodulatory
effects in vivo.
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