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T-cell proliferation is an important in vitro parameter of in vivo immune function and has been used as a
prognostic marker of human immunodeficiency virus type 1 (HIV-1) disease progression. The proliferative
capacity of T cells in response to various stimuli is commonly determined by a radioactive assay based on
incorporation of [*H]thymidine ([*H]TdR) into newly generated DNA. In order to assess techniques for
application in laboratories where radioactive facilities are not present, two alternative methods were tested and
compared to the [*H]TdR assay as a “gold standard.” As an alternative, T-cell proliferation was measured
by flow cytometric assessment of CD38 expression on T cells and by an enzyme-linked immunosorbent
assay (ELISA) based on bromo-2'-deoxyuridine (BrdU) incorporation. Peripheral blood mononuclear
cells (PBMCs), either in whole blood or Ficoll-Isopaque separated, from a total of 26 HIV-1-positive and 18
HIV-1-negative Dutch individuals were stimulated with CD3 monoclonal antibody (MAb) alone, a combination
of CD3 and CD28 MAbs, or phytohemagglutinin. BrdU incorporation after 3 days of stimulation with a
combination of CD3 and CD28 MAbs correlated excellently with the [*H]TdR incorporation in both study
groups (HIV-1 positives, r = 0.96; HIV-1 negatives, r = 0.83). A significant correlation of absolute numbers of
T cells expressing CD38 with [*H]TdR incorporation, both in HIV-1-positive (r = 0.96) and HIV-1-negative
(r 0.84) individuals, was also observed under these conditions. The results of this study indicate that
determination of both the number of CD38-positive T cells and BrdU incorporation can be used as alternative
techniques to measure the in vitro T-cell proliferative capacity. The measurement of CD38 expression on T cells
provides the additional possibility to further characterize the proliferating T-cell subsets for expression of

other surface markers.

Human immunodeficiency virus (HIV) infection results in a
significant quantitative loss of CD4™ T cells relatively late after
seroconversion (9, 28). However, qualitative differences in the
functional performance of peripheral blood mononuclear cells
(PBMCs) from HIV-infected subjects can be detected much
earlier. Loss or reduction of T-cell proliferative capacity to in
vitro stimulation is one of these qualitative changes (4, 13, 20,
23, 31). Decreased proliferation of T cells from HIV-infected
individuals has been measured in response to in vitro stimula-
tion with CD3 monoclonal antibody (MAD), pokeweed mito-
gen, and recall antigens (3, 33, 34). The response to phytohe-
magglutinin (PHA) remains unaffected in the early phases but
is significantly reduced later in infection (8, 14). It has been
reported that T-cell proliferation in response to stimulation
with CD3 and CD3+CD28 MAbs decreases shortly after se-
roconversion, before the decline in CD4" T-cell number is
observed (10, 23, 33). It has also been demonstrated that loss
of T-cell reactivity to CD3 and CD3+CD28 MAbs in vitro is a
strong predictive marker for progression to AIDS, indepen-
dent of decline in CD4 counts (32, 33). Thus, T-cell prolifer-
ative capacity is an important independent predictor of pro-
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gression to HIV disease (31, 33) and also can serve to monitor
immunological improvement after therapy (1, 26).

The most commonly used method to determine T-cell pro-
liferative capacity is based on measuring tritiated thymidine
(PH]TdR) incorporation into the DNA of proliferating cells.
Since this method requires radioactive facilities, it has draw-
backs in places where these facilities and the management of
waste are not available. In addition, proliferation as measured
by [PH]TdR incorporation does not give information on which
subsets of cells are in fact proliferating to the in vitro stimuli.

CD38 is a type II transmembrane glycoprotein originally
identified by the MAb OKT 10 (30). It plays a role in lympho-
cyte adhesion, proliferation, and cytokine production (7). Most
peripheral T and B cells, as well as red blood cells, are CD38
negative (18, 30). However, CD38 is expressed on activated
lymphocytes; thus, it has been used as an activation marker of
T cells. In HIV-infected individuals, the in vivo expression of
CD38 on T cells is elevated and reported to be predictive of
progression of HIV disease to AIDS and death (2, 12, 15, 16,
27). CD38 was also expressed on immunoglobulin (Ig)-secret-
ing plasma B cells. Finally, CD38 has also been detected on
immature cells, i.e., thymocytes and germinal center B cells
17).

In this paper, two alternative methods were evaluated for
assessment of T-cell proliferative capacity in response to in
vitro stimulation. These methods involved flow cytometric
measurement of CD38 expression on T cells and enzyme-
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TABLE 1. Comparison of median percentages and absolute numbers of CD3™ T cells expressing CD38 with median [*H]TdR incorporation

after 3 days of stimulation of whole-blood samples with different stimulants®

Subject

% CD38™"

Absolute no. of

Stimulant group () T cells CD35(§1+0;1; cells cpm (10%) (range) Correlation (r)° P
Anti-CD3 HIV™ (9) 49 (1-87) 1.4 (0.06-8.7) 0.5 (0.08-1.2) 0.84 0.005
HIV* (8) 12 (8-54) 1.0 (0.5-3.5) 0.02 (0.008-0.7) 0.15 NS¢
All (17) 37 (1-87) 1.2 (0.06-8.7) 0.2 (0.008-1.2) 0.71 0.001
Anti-CD3" HIV™ (18) 92 (74-99) 10.5 (1.6-34.0) 3.4 (1.2-83) 0.65 0.004
CD28
HIV* (26) 56 (1-96) 2.1(0.2-16.3) 1.3 (0.005-5.5) 0.71 <0.001
All (44) 81 (2-99) 5.3(0.2-33.9) 2.5 (0.008-8.2) 0.75 <0.001
PHA HIV™ (9) 87 (74-99) 7.4 (0.5-27.5) 3.7(2.3-54) 0.55 NS
HIV* (8) 57 (25-85) 2.2 (0.6-3.0) 0.9 (0.1-4.1) 0.24 NS
All (17) 78 (25-99) 2.2 (0.5-27.5) 2.8 (0.1-5.4) 0.46 0.06

“95% ranges are shown in parentheses.

’ Correlations are between counts per minute and absolute numbers of CD38" T cells.

¢ NS, not significant.

linked immunosorbent assay (ELISA) determination of 5-bro-
mo-2'-deoxyuridine (BrdU) incorporation into newly synthe-
sized DNA of proliferating T cells. BrdU is a pyrimidine
analogue and is incorporated in place of thymidine into DNA
of proliferating cells. It is measured by ELISA using peroxi-
dase-labeled anti-BrdU antibody.

The two methods were tested for applicability on both HIV-
negative and HIV-positive samples and compared to the com-
monly used [*’H]TdR incorporation assay as a “gold standard.”

MATERIALS AND METHODS

Study population. Heparin venous blood samples were collected from HIV-
l-infected participants (n = 26; medians: CD4 count, 330/ul; CD8 count, 870/p.l;
CD4-to-CD8 ratio, 0.45) of the Amsterdam cohort study on HIV-1 infection and
AIDS and from healthy Dutch blood donors (n = 18; medians: CD4 count,
993/ul; CD8 count, 506/pl; CD4-to-CD8 ratio, 2.0) after informed consent.

Culture conditions. Both the [*H]TdR and the CD38 experiments were per-
formed either on whole blood or on Ficoll-Isopaque (Pharmacia, Uppsala, Swe-
den)-isolated PBMCs. Whole-blood lymphocyte culture was done as described
previously (5). Briefly, blood samples were diluted 1:10 in Iscove’s modified
Dulbecco’s medium supplemented with gentamycin, 2-mercaptoethanol (5 X
107° M), and 20% human pooled serum. A sample of 150 pl of the diluted blood
was cultured in round-bottom 96-well plates. PBMCs were used at a concentra-
tion of 4 X 10* cells/well. Cells were stimulated with CD3 MAb (CLB T3/4.E,
IgE; final dilution of ascites, 1:10* [35]), a combination of CD3 and CD28 MAbs
(CLB-CD28/1, IgG1; final dilution of ascites, 1:10° [36]) or PHA (final concen-
tration, 4 pg/ml; Wellcome, Dartford, United Kingdom).

[*H]TdR incorporation assay. Both whole-blood and PBMC cultures were set
up in triplicate in 96-well plates. Proliferation was measured at different time
points by adding 0.2 mCi of [PH]TdR (Amersham, Little Chalfont, Buckingham-
shire, United Kingdom) per well during the last 24 h of culture. Incorporated
[PH]TdR was measured on washed cells, harvested using a cell harvester (Titer-
tek, Helsinki, Finland), and analyzed in a beta counter (LKB, Bromma, Sweden).
Incorporated radioactivity is expressed as counts per minute.

Measurement of CD38-positive T cells. The whole-blood or PBMC cultures of
six 96-well plate wells were pooled in order to have sufficient numbers of cells for
FACScan analysis. Approximately 2.5 X 10° cells were incubated with a combi-
nation of phycoerythrin-conjugated CD3 MAb and fluorescein isothiocyanate-
conjugated CD38 MAD (Becton Dickinson Immunocytometry Systems, San Jose,
Calif.) for 15 min. Red blood cells were lysed by adding 2 ml of lysing solution
(FACSlIyse; Becton Dickinson). Cells were washed twice with phosphate-buff-
ered saline containing 0.1% bovine serum albumin and 0.01% sodium azide.
Isotype-specific control MAbs (Becton Dickinson) were used on a daily basis to
control for background fluorescence and to set the cursors. Data acquisition was
done on a minimum of 3,000 CD3™" events, and analysis was performed using
Cellquest software on a FACScan (Becton Dickinson).

BrdU ELISA. For the BrdU ELISA, various concentrations of PBMCs and
whole blood were tested. Whole blood yielded very high background signals, and
the best signal-to-noise ratio for PBMCs was reached at 3 X 10* PBMCs per well
of a 96-well plate. The ELISA method used was the Cell Proliferation ELISA
System, version 2 (Amersham), which was performed according to the instruc-
tions of the manufacturer. Briefly, PBMCs were cultured in triplicate for 3 days

in 96-well plates in the presence or absence of CD3 plus CD28 MAbs as a
stimulant. BrdU labeling reagent (final concentration, 10 uM) was added after
48 h of culture. At 72 h, the cells were harvested by centrifugation at 300 X g for
10 min and were fixed for 30 min in ethanol solution. Blocking was done by
incubating for 30 min at room temperature in 1% (wt/vol) protein in 50 mM
Tris-HCI-150 mM NaCl, pH 7.4, followed by incubation with peroxidase-labeled
anti-BrdU for 1 h. As a substrate, 100 pl of 3,3,5,5-tetramethylbenzidine (TMB)
dissolved in 15% (vol/vol) dimethylsulfoxide was used. Optical density (OD) was
determined at 450 nm using an ELISA reader (Organon Teknika, The Nether-
lands). Culture medium alone and cells incubated with peroxidase-labeled anti-
BrdU in the absence of BrdU were used as controls for nonspecific binding.

Statistical analysis. The association between two alternative technologies was
determined by calculation of the Pearson correlation coefficient (r). A square
transformation was applied to the variable describing the percentage of CD3"
cells expressing CD38 to linearize the regression model comparing it to the
counts per minute as suggested by Kleinbaun et al. when the original relationship
is curvelinear downwards (19).

RESULTS

Determination of optimal in vitro stimulus. To determine
the optimal conditions for using CD38 as a readout for T-cell
stimulation, PBMCs were cultured for 3 days, a stimulation
period which was established to be optimal for the [*’H]TdR
incorporation assay (5). Three different stimuli were used: (i)
CD3 MAD, (ii) CD3+CD28 MAbs, and (iii) PHA. Table 1
shows the correlation of absolute numbers of CD38" T cells
with counts per minute determined by [?’H]TdR incorporation
assays in response to the various stimuli. Stimulation by the
combination of CD3* CD28 MAbs resulted in the strongest
(r = 0.75) overall association (HIV-negative samples, r = 0.65;
HIV-positive samples, r = 0.71). Stimulation with CD3 MAb
yielded correlations of 0.84 (for HIV™) and 0.15 (for HIV ™),
with an overall correlation of 0.71, and stimulation with PHA
yielded correlations of 0.55 (for HIV ™) and 0.24 (for HIV™"),
with an overall correlation of 0.46. Thus, the combination of
CD3+CD28 MAbs was used in all of the following experi-
ments, which measured CD38 expression. Figure 1 details the
correlation pattern of percentage (Fig. 1A) and absolute num-
bers (Fig. 1B) of CD3" CD38" T cells with [’H]TdR incorpo-
ration in HIV-positive (n = 26) versus HIV-negative (n = 18)
individuals. As shown in Fig. 1A, the use of the percentage of
CD3" cells expressing CD38 as a readout could discriminate
well between the proliferation capacity of HIV-negative and
HIV-positive subjects and has an overall good correlation with
the [’H]TdR incorporation assay (r = 0.81). However, as a
result of a high percentage of CD3™" cells expressing CD38 in
response to the in vitro stimulation in most of the HIV™
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FIG. 1. Correlation of percentage (A) and number (B) of CD3™" cells ex-
pressing CD38 with a standard 3-day [*’H]TdR incorporation assay for 18 HIV™
(®) and 26 HIV* (O) PBMCs stimulated with CD3+CD28 MAbs.
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subjects, the correlation with the [?’H]TdR incorporation assay
for this group looks poor (r = 0.03 for HIV ™ versus r = 0.87 for
HIV™"). Therefore, the absolute number of CD3* CD38" cells
is preferred to be used as a readout for comparison with the
[?PH]TdR incorporation assay.

Determination of optimal stimulation time. Time-response
experiments were performed to determine the optimal period
of stimulation using the above combination of CD3+CD28
MAbs. Again, day 3 [PH]TdR incorporation was used as a gold
standard. As shown in Table 2, the best correlation of absolute
numbers of CD3™ T cells expressing CD38 with [*H]TdR in-
corporation, including a proper signal-to-noise ratio, was
found after 3 days of stimulation with CD3+CD28 (r = 0.96
for HIV*; r = 0.84 for HIV ™).

Analysis of CD38 expression on T cells after in vitro stim-
ulation. Figure 2 shows typical fluorescence-activated cell
sorter (FACS) analysis dot plots of CD38 expression on CD3™
T cells for an HIV-positive individual (Fig. 2B) and an HIV-
negative individual (Fig. 2C) after 3 days of culture with CD3™"
CD28 MADs. A dot plot from an isotype control tube is also
shown in Fig. 2A. Invariably, the PBMCs of HIV-positive in-
dividuals show lower proportions and absolute numbers of T
cells expressing CD38 after stimulation compared to those of
HIV-negative individuals (in this case, 60.6% versus 97.2%).

Kinetics of CD3™ and CD3" CD38" T cells. We followed
the kinetics of the percentage and number of CD3™ T cells and
their CD38-expressing subsets over 4 days in anti-CD3+CD28-
stimulated cells from 12 HIV-positive and -negative subjects.
As shown in Fig. 3, the percentage and number of CD3" T
cells increase continuously. The percentage of CD3™ CD38" T
cells also increases in parallel, and the increase seems to be
sharp after 2 days of culture.

BrdU ELISA. The BrdU ELISA procedure, which utilizes
the incorporation of BrdU into the DNA of proliferating cells,
was performed on Ficoll-Isopaque-isolated PBMCs only. The
method was not found to be suitable for whole-blood culture,
because of the high background due to red blood cells inter-
fering with the ELISA reader OD,5, measurements. As shown
in Fig. 4, the OD,s, results of the BrdU ELISA correlated
strongly (overall, r = 0.82; HIV™, r = 0.83; HIV", r = 0.96)
with the counts per minute of the [?’H]TdR incorporation as-
say. This correlation was further improved (overall, » = 0.92)

TABLE 2. Comparison of median percentages and absolute numbers of CD3" T cells expressing CD38, after different periods of stimulation,

with median [*H]TdR incorporation after 3 days of stimulation of whole-blood samples with CD3* CD28 MAbs“

Stimulation Subject

% CD38"

Absolute no. of

period group (n) T cells CD38" T cells (10%) cpm (10%) Correlation () s

1 day HIV ™ (4) 21 (15-27) 8.8 (5.4-14.9) ~0.66 NS¢
HIV* (8) 11 (6-20) 3.5(1.2-9.2) -0.02 NS
All (12) 16 (6-27) 5.7 (1.2-14.9) 0.18 NS

2 days HIV ™ (4) 37 (34-59) 17.1 (15.1-19.3) -0.71 NS
HIV™* (8) 23 (17-61) 6.7 (4.5-36.1) 0.71 0.04
All (12) 31 (17-61) 12.3 (4.5-36.1) 0.69 0.01

3 days HIV™ (4) 81 (74-92) 80.2 (51.0-80.8) 3.2(1.8-3.9) 0.84 <0.001
HIV™* (8) 75 (24-96) 442 (5.6-135.4) 1.3 (0.06-4.5) 0.96 <0.001
All (12) 81 (24-96) 51.7 (5.6-135.4) 1.6 (0.06-4.5) 0.91 <0.001

4 days HIV ™ (4) 96 (84-97) 174.9 (90.2-238.2) 0.09 NS
HIV™* (8) 93 (47-98) 110.6 (13.6-399.8) 0.98 <0.001
All (12) 94 (47-98) 124.7 (13.6-399.8) 0.83 <0.001

“95% ranges are shown in parentheses.

® Correlations are between counts per minute and absolute numbers of CD38" T cells.

¢ NS, not significant.
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FIG. 2. Representative dot plots of PBMCs stained with aCD3-PE and aCD38-FITC. Data were obtained with samples from an isotype control tube (A), an
HIV-positive subject (B), and an HIV-negative subject (C) after 3 days of stimulation with CD3+CD28 MADs.

when the final substrate reaction supernatant was transferred
into a new 96-well plate before measuring OD 5,

DISCUSSION

The [PH]TdR incorporation assay is widely applied as a
measure of T-cell proliferation in vitro and thus as an indirect
quantification of T-cell activation. However, this technology
gives only information on the overall proliferative responses,
not detailing the specific cell subsets involved in these re-
sponses. In addition, this technology is only applicable in lab-
oratories where radioactive facilitates are present and proper
waste management is implemented.

In this paper, two alternative methods to measure T-cell
stimulation are described, one which measures the expression
of the T-cell activation marker CD38 and the other which
measures BrdU incorporation into newly generated DNA.

The optimal reaction conditions for using CD38 expression
as an alternative readout to [*’H]TdR incorporation proved to
be 3 days of stimulation with the combination of CD3+CD28
MADbs. When CD3 MAD alone was used, the overall stimula-
tion and also its correlation with [*’H]TdR incorporation was
lower. This is in accordance with previous reports that, for
optimal mitogenic stimulation, signaling not only through the
T-cell receptor (via CD3) but also through costimulatory mol-
ecules (like CD28) is essential (21).

As presented in this report, CD38 expression paralleled
DNA synthesis as measured by the [PH]TdR incorporation
assay. This observation may indicate that the cells expressing
CD38 after the in vitro stimulation are proliferating. Paradox-
ically, T cells obtained from HIV™ patients with high expres-
sion of CD38 in vivo were found to be confined to the non-
proliferative phase of the cell cycle (22). This may suggest that
T cells expressing CD38 have different characteristics in terms
of proliferation depending on whether the activation is in vivo
or in vitro.

Studies have reported that CD38 binding elicits activation
and proliferation programs in T cells, and the involvement of
CD38 in signal transduction and cell adhesion is indicated (11).
Furthermore, an important association between a reduced T-
cell proliferation and reduced percentage of CD38" T cells has
been shown for people with depression (6). Our results may
further support the importance of CD38 in T-cell proliferation.

We have shown that measurement of CD38 expression can
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FIG. 3. Kinetics of percentage and absolute number of CD3* and CD3"
CD38* T cells over 4 days in cells stimulated with anti-CD3+CD38. Each point
represents median percentage and absolute numbers from 12 HIV-negative and
HIV-positive subjects.



VoL. 7, 2000

25
r(neg) = 0.83
r(pos) = 0.96
2+ O
[
[ ™ [
1.5 L O
2 O
< e
8
1L L o)
8
¢
05 L
O
0 20 40 60 80 100
cpm x(10E3)

FIG. 4. Correlation of OD,s, of BrdU ELISA with standard 3-day [PH]TdR
incorporation assay for 8 HIV™ (@) and 10 HIV" (O) PBMCs stimulated with
CD3+CD28 MAbs. Samples from a group of subjects different from those
presented in Fig. 1 were used for this assay.

be exploited as an alternative readout for the capacity of T cells
to proliferate in response to different stimuli. The correlation
of the absolute number of CD38* T cells with the [PHTdR]
assay varied for the three stimuli used, being higher for the
CD3+CD28 MADb. This may be because of the variation in the
capacity of the three stimuli used to activate the two pathways.
Despite this difference, the flow cytometric method as the
[PH]TdR incorporation assay was also capable of discriminat-
ing between the T-cell response in the HIV-1-infected and
noninfected subjects. Furthermore, the percentage and num-
ber of CD3" T cells increased in parallel with the percentage
and absolute number of CD38-expressing T cells. However, in
our opinion, the direct measurement of CD3™" T cells cannot
be used as an alternative since it can be affected by the appar-
ent individual variation in baseline values.

Several studies by us and others (2, 12, 24) have shown that
CD38 expression on circulating CD4" and CD8" T cells is
increased during HIV-1 infection. The data presented here on
the expression of CD38 on in vitro-stimulated T cells show that
the percentage of CD38-expressing cells in HIV-positive indi-
viduals are already low after 1 day in culture. As shown in
Table 1, the median CD38 expression for HIV" subjects is
11% (range, 6 to 20%), which is lower than previously reported
in vivo values for HIV subjects at different clinical stages: 31 to
69% for CD8" T cells (2), 37 to 55% for CD4™" T cells and 44
to 81% for CD8" T cells (24); and 55 to 68% for total lym-
phocytes, 66 to 78% for CD4™ T cells, and 75 to 87% for CD8™
T cells (27). After 1 day in culture, the difference in the per-
centage of CD38-positive cells between the HIV-negative and
HIV-positive subjects was not large compared to what has
been observed for the in vivo situation. As also suggested by
other studies (29), this may indicate that the in vivo-activated
cells fail to survive in vitro and undergo apoptosis after over-
night incubation.

It has been reported that CD38 expression, especially on
CDS cells, is high in children and it decreases with age (23).
Therefore, the use of the CD38 expression method to measure
T-cell proliferation capacity in children needs to be further
studied.
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We observed that the BrdU ELISA also showed a good
association with the [PH]TdR incorporation (overall correla-
tion, = 0.82). The correlation was further improved (r = 0.92)
when the final reaction supernatant was transferred to a new
96-well plate before measuring OD,s,. This may be due to
background signals caused by the fixed cells.

The CD38 method needs equal investments in terms of
laboratory equipment as compared to the [*’H]TdR incorpora-
tion assay. However, no radioactivity is used, and in addition,
the nature of the proliferating T-cell subsets can be studied in
much more detail by combining CD38 MAbs with other re-
agents for FACS analysis. Furthermore, the signal-to-noise
ratio is higher (up to 20:1) than that of the BrdU ELISA (up
to 10:1). The broad expression of CD38 on stimulated T cells
may indicate its potential use for detection of low-frequency
responses.

The BrdU method is clearly much more economical than
the above two methods; however, its sensitivity is limited by
the OD,;5, readout range (between 0.000 and 3.000) and it
does not allow for subspecifying the contribution of certain
T-cell subsets to the overall proliferation signal. Also, the
assay proved to be only feasible on isolated PBMCs and it is
not suitable for whole-blood cultures, because of the high
background due to the presence of red blood cells interfer-
ing with the OD 5, reading. However, it is worth mentioning
that the BrdU method is currently being used successfully in
our laboratory to measure proliferation responses in PHA-
and purified protein derivative-stimulated PBMCs from
both HIV-negative as well as HIV-positive Ethiopians (M.
Legesse, personal communication).

In conclusion, the data presented in this paper show that the
BrdU method, followed by the CD38 expression method,
showed a significant agreement with the widely used [*H]TdR
incorporation assay in measuring T-cell proliferation in re-
sponse to stimulation by PHA, anti-CD3, and anti-
CD3+CD28, indicating that both methods can be used as
alternative techniques to measure in vitro T-cell proliferative
capacity in response to the above stimulants. However, the use
of these methods for measuring low-frequency responses (re-
sponses to recombinant antigens) needs to be assessed.
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