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We compared the feasibility of 4 cytomegalovirus (CMV)-
and Aspergillus-reactive T-cell immunoassay protocols in al-
logenic stem cell transplant recipients. While enzyme-linked
immunospot performed best overall, logistically advantageous
whole blood-based assays performed comparably in patients
with less severe lymphocytopenia. CMV-induced interferon-
gamma responses correlated strongly across all protocols and
showed high concordance with serology.
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Opportunistic infections including cytomegalovirus (CMV)
disease and invasive aspergillosis cause significant morbidity
and mortality in allogenic hematopoietic stem cell trans-
plant (allo-HSCT) recipients [1, 2]. A plethora of commercial
and investigational T-cell immunoassays have been proposed
to support the diagnosis of opportunistic infections in these
highly vulnerable patients, with flow cytometry, enzyme-linked
immunospot (ELISPOT), and enzyme-linked immunosorbent
assays (ELISAs) being the most common modalities [3-6].
Furthermore, several studies have shown a prognostic value of
T-cellular biomarkers, especially antigen-reactive interferon-
gamma (IFN-y) responses, which may facilitate individualized
approaches for infection surveillance and prophylactic pharma-
cotherapy [5, 6].
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As systematic comparisons of immunoassay modalities are
scarce, we sought to comparatively evaluate the feasibility of 4
CMV- and Aspergillus fumigatus—specific T-cell assay protocols
(Supplementary Material 1) in allo-HSCT recipients. This co-
hort is notoriously challenging for immunoassays due to quan-
titative and qualitative aberrations of the leukocyte repertoire
and immunosuppressive pharmacotherapy [7-10]. The specific
end points of our study were the technical quality of the results,
the concordance of pp65-specific IFN-y responses with CMV
serostatus and infection, and the correlation of results across
the studied protocols.

METHODS

Patient Characteristics

Heparinized venous blood (30 mL) was obtained at 3 different
time points after allo-HSCT (Supplementary Material 1). Thirteen
patients (age 35-69 years, 8 male, 5 female) were enrolled, and 35
samples were available overall. For 2 patients, only the first sample
could be collected before follow-up was lost. Detailed patient
characteristics are provided in Supplementary Material 2.

Immunoassays

Five hundred-microliter aliquots of heparinized blood were
injected into ready-to-use stimulation tubes for whole blood
(WB)-based flow cytometry and ELISA [8, 11, 12]. The re-
mainder of the blood was used to isolate peripheral blood
mononuclear cells (PBMCs) for flow cytometry and ELISPOT
(Supplementary Material 1). Stimulation with an A. fumigatus
mycelial lysate [13] or CMV pp65 (Lophius Biosciences) was
performed according to previously optimized protocols [8, 11,
12, 14]. All assays used dual a-CD28/a-CD49d co-stimulation
except PBMC-based flow cytometry, which only used a-CD28,
as described before [11, 14]. Unspecific background con-
trols (“nil”) contained co-stimulatory factors but no antigens.
Phytohemagglutinin (Sigma-Aldrich) served as a positive con-
trol. Flow cytometric samples were stained with a-CD4-FITC,
a-IFN-y-PE, and a-CD154-APC (Miltenyi Biotec), measured
on a FACS Calibur flow cytometer (BD), and analyzed with
FlowJo software. ELISPOT was performed using the T-Track
CMV platform (Lophius Biosciences), and numbers of spot-
forming cells (SFCs) were quantified with a Bioreader 5000a
(BioSYS). For WB-ELISA, IFN-y concentrations in plasma
supernatants were quantified using ELISA-Max Deluxe Sets
(Biolegend) and a NanoQuant Infinite 200M Pro microplate
reader (Tecan). Detailed descriptions of the assays are pro-
vided in Supplementary Materials 3-5. Representative data
for flow cytometry and ELISPOT are shown in Supplementary
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Materials 6 and 7. Technical acceptance criteria are summarized
in Supplementary Material 8A.

Statistics

All immunoassay results presented in this manuscript are ad-
justed for unspecific background by subtraction of CD154 and/
or IFN-y response in “nil” controls. The binary classification
efficacy depending on CMV serostatus and/or infection was
determined with receiver operating characteristics analysis.
Correlation of results across different protocols was assessed
by Spearman’s rank correlation. Applicable significance tests
are specified in the figure legends. Statistical analyses and data
visualization were performed using GraphPad Prism, version 8,
and Microsoft Excel.

RESULTS AND DISCUSSION

Considering all time points and antigens, CD154-based flow
cytometry had 41% and 53% technical success rates for PBMCs
and WB, respectively, with insufficient acquired CD4 cell num-
bers and elevated unspecific background being the predominant
causes of nonevaluable measurements (Figure 1A). These re-
sults are consistent with an earlier report for Aspergillus-reactive
T-cell quantification in high-risk patients [7]. Unlike in healthy
donors [11], the WB-based assay produced more measurements
with mildly increased background in allo-HSCT recipients.
Adding IFN-y as a second activation marker, technical perfor-
mance improved to 63% (PBMCs) and 76% (WB), respectively
(Figure 1A), largely due to mitigation of unspecific reactivity.
The higher success rate of the WB assay is likely attributable
to dual co-stimulation, which we recently recommended to at-
tenuate the impact of immunosuppressive agents on CD154"
antigen-reactive T-cell quantification [8]. As these results were
not available before the present study, dual co-stimulation was
not used for PBMC-based flow cytometry; thus, our data may
underestimate the actually achievable performance.

In line with prior reports [6, 15], ELISPOT produced few
nonevaluable results (7%) (Figure 1A), mainly due to elevated
unspecific background. WB-ELISA performed comparably to
CD154°TFN-y* WB flow cytometry, with 74% successful meas-
urements. The feasibility of both WB-based assays improved
with increasing time after HSCT (Figure 1B; Supplementary
Material 9) and increasing lymphocyte counts (Figure 1B).
Of note, CD154'IFN-y" WB flow cytometry and WB-ELISA
were noninferior to ELISPOT in patients with >400 and >800
lymphocytes/uL, respectively (Figure 1B). The higher number
of WB-ELISA than ELISPOT measurements with insufficient
responses to the positive control in strongly lymphopenic pa-
tients is consistent with prior reports for commercial IFN-y
release assays [16, 17]. Unlike our study, some commercial plat-
forms for CMV immunoassays [18, 19] do not apply specific
cutoffs to the unstimulated control and/or use positive controls

only to validate measurements that are nonreactive to the an-
tigen of interest (Supplementary Material 8B). Applying stricter
requirements, our data therefore provide a rather conservative
estimation of the success rate of the investigational protocols,
especially for WB-ELISA.

None of the enrolled patients developed possible or prob-
able invasive mold infections during the study period
(Supplementary Material 2). Consistently, the patients’ distri-
butions of CD154" A. fumigatus-reactive T-cell frequencies and
IEN-y responses (Supplementary Material 10) were similar or
slightly lower than those observed in healthy subjects [11, 20,
21].

Concordance of test results with serology is commonly used
to validate CMV-specific T-cell assays [22, 23]. In our study,
all 4 IFN-y assays showed excellent concordance with serology
(Figure 2A). Only 1 false-positive measurement was observed
for PBMC-based flow cytometry. Plausible CMV-induced
IFN-y kinetics, especially for ELISPOT and WB-ELISA, were
seen in a patient with an asymptomatic primary CMV infection
before the first T-cell measurement (Figure 2B). Importantly,
poor IFN-y response to CMV antigens in seropositive patients
(with reactive positive controls) does not indicate technical
failure, but is considered a prognostic indicator of an increased
risk of CMV reactivation or disease in allo-HSCT recipients [6,
15]. Although data are limited, the IFN-y responses of 2 pa-
tients who experienced PCR-documented CMV reactivation
clustered at the bottom of the range for seropositive patients in
both WB-based assays but not ELISPOT (Figure 2A and C).

High correlation of IFN-y response to CMV (P = .74-.88,
P <.001) (Supplementary Material 11) and good concordance
of test outcomes (80%-96%) (Supplementary Material 12) were
found across all assays. Of note, our retrospectively determined
cutoffs for antigen reactivity closely resembled those of repre-
sentative commercial protocols for both ELISPOT [19, 24] and
WB-ELISA [18] (Supplementary Material 8).

In summary, while ELISPOT had the highest success rate
overall, our investigational WB-based IFN-y assays per-
formed comparably in patients with less severe lymphopenia.
Additional considerations could tip the balance toward
WB-based modalities. On one hand, as extensively discussed
elsewhere [11], the logistical advantages, cost-effectiveness, and
easier translatability to the bedside may favor WB-based proto-
cols. Moreover, this study was performed in an investigational
setting with short pre-analytic delays. Therefore, the relative
performance in the clinical routine may shift toward more ro-
bust WB-based protocols [11], especially when encountering
long sample transportation times or when testing cytokines
that require prolonged stimulation (eg, IL-17) [25]. Although
least robust, flow cytometry retains the advantage of an essen-
tially infinite spectrum of assayable activation markers beyond
cytokine induction. Similarly, the output of WB-ELISA can be
maximized by using multiplex cytokine panels, whereas options
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Comparative technical performance of T-cell immunoassays in allo-HSCT recipients. A, Summary of technical performance and quality control infringements

(as defined in Supplementary Material 8A) for each assay considering all sampling time points and both stimuli (Aspergillus fumigatus mycelial lysate and CMV pp65). B,
Technical success rates of each protocol depending on the sampling period and the patient’s lymphocyte count. Abbreviations: allo-HSCT, allogenic hematopoietic stem cell
transplant; ELISA, enzyme-linked immunosorbent assay; ELISPOT, enzyme-linked immunospot; IFN, interferon; PBMCs, peripheral blood mononuclear cells; WB, whole blood.

for multiplexing in ELISPOT assays are limited. Consequently,
larger PBMC quantities are needed for more comprehensive
ELISPOT analyses to stimulate multiple plates containing dif-
ferent (combinations of) detection antibodies.

Several limitations of this small-scale study need to be con-
sidered. Although considered inferior to CD4 cell activation
markers in predicting clinically significant CMV events [26,
27], inclusion of CD8-specific flow cytometry parameters (eg,
CD107a) may have been interesting. While not feasible due to

limited blood volumes, inclusion of additional antigens (eg, IE-1)
would have allowed for a more comprehensive analysis of the
anti-CMV T-cell response. Furthermore, we did not include an
early measurement during the first 6 weeks after allo-HSCT, as
considerable blood volumes would have been required to per-
form all 4 immunoassays simultaneously during a period of early
T-cell recovery. Lastly, our findings may not be transferrable to
other centers using different regimens for GYHD prophylaxis and
to other cohorts with hematological malignancies.
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Concordance of CMV-induced IFN-y responses with CMV serology and infection. A, CMV-induced IFN-y response detectable by flow cytometry (CD154*IFN-y*/

CD4" cells), ELISPOT (IFN-y spot-forming cells per million PBMCs), and WB-ELISA (IFN-y pg/mL) depending on the patient's CMV status (colored diamonds). Numbers in large
green diamonds indicate the number of nonreactive measurements (no antigen-reactive response exceeding the “nil” control or <0.001% specific T cells detectable by flow
cytometry). White horizontal bars and colored boxes represent medians and interquartile ranges, respectively. Dashed lines indicate the retrospectively determined cutoffs
for test positivity. Pvalues above the panels were determined using the 2-sided Mann-Whitney U test. B, Kinetics of CMV-induced IFN-y responses in a CMV-seronegative
patient (#7 in Supplementary Material 2) who had a positive CMV PCR blood test (red triangle) on day +56 (week 8) and subsequently received valganciclovir therapy. All
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Despite these limitations, our study provides important
insights into the comparative technical performance of dif-
ferent platforms for (investigational) T-cell immunoassays
in allo-HSCT recipients. The relatively high technical success
rate, good concordance of CMV pp65-specific IFN-y response
and serostatus, and excellent correlation of test results across
all protocols are encouraging for the continued investigation
and, eventually, clinical translation of T-cellular immune sur-
veillance of opportunistic infections in allo-HSCT recipients.
Further in-depth comparison of ELISPOT and WB-based
assays in larger studies evaluating additional antigens and
cytokines could open new avenues for individualized immune-
monitoring approaches. In particular, our results support the
selection of optimal immunoassay modalities based on blood
count parameters, for example, for future large-scale studies to
evaluate protective T-cell responses as part of CMV surveillance
algorithms [10].

Supplementary Data

Supplementary materials are available at Open Forum Infectious Diseases
online. Consisting of data provided by the authors to benefit the reader,
the posted materials are not copyedited and are the sole responsibility
of the authors, so questions or comments should be addressed to the
corresponding author.
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