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Abstract

Expression of the activation antigen CD38 on T cells is a strong predictor of the risk of HIV
disease progression, but it is not known whether CD38 is a marker or mediator of dysfunction. We
examined the relationship between CD38 expression and responses to T-cell receptor stimulation
in central memory and effector memory CD4* T cells in HIV-infected persons and in healthy
controls. Basal CD38 expression was preserved by blocking golgi transport with brefeldin A.
Intracellular expression of interleukin 2, interferon -y, and CD154 was measured after stimulating
peripheral blood mononuclear cells with the superantigen staphylococcal enterotoxin B with or
without anti-CD28 costimulation. Interferon-y responses were comparable or increased in
stimulated CD38* memory cells, and the interleukin 2 responses of costimulated CD38* central
memory cells were decreased in HIV infection. In CD38* cells and especially in CD38* cells of
HIV-infected persons, stimulated memory cells more often failed to express CD154 (CD40 ligand)
when induced to express cytokine. A dissociated cytokine and CD154 expression by memory CD4
T cells may impair interactions between T cells and antigen-presenting cells, contribute to
impaired immunity and help explain the relationship between CD38 expression and disease
progression in chronic HIV infection.
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INTRODUCTION

There is growing evidence that immune activation is central to the pathogenesis of immune
deficiency in chronic HIV infection.1* Increased levels of several soluble activation
markers in blood or increased percentages of T cells expressing activation markers predict
the occurrence of AIDS-defining clinical events.>~7 Particularly, the expression of the
activation marker CD38 on CD8* T cells is a strong predictor of the risk of progression to
AIDS, sometimes independently of levels of HIV viremia.8-1°
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These findings have been taken to suggest that there is a causal link between immune
activation and progressive immune deficiency that is characterized not only by progressive
depletion of CD4* T cells but also by profound impairments in the functions of these cells.
For instance, even among HIV-infected persons with relatively preserved CD4* T-cell
counts, there are diminished proliferative responses to polyclonal activation,16:17 and CD4*
T cells from HIV-infected persons have impaired interferon (IFN)-y and interleukin (IL)-2
responses after polyclonal stimulation.18:1° CD4* T-cell proliferation and cytokine
production in response to microbial antigens are also characteristically impaired in persons
with HIV infection.17:18:20-22 Though immune activation and disease progression are linked,
there are limited data that link immune activation and CD4+ T-cell dysfunction in HIV
infection.23:24 Although a relationship between immune activation indices and functional
impairments was demonstrable,17-25.26 it remains uncertain as to whether these indices are
simply correlated or whether an activated cell (specifically, a cell that expresses the
activation antigen CD38) is functionally impaired and if so, whether the multifunctional
ectoenzyme CD38 actually renders the cell dysfunctional. In this study, we asked if
expression of the activation antigen CD38 on effector memory (EM) and central memory
(CM) CD4* T cells conferred any degree of functional impairment in healthy controls or in
HIV-infected persons. We hypothesized that after T-cell receptor stimulation, CD38* CD4*
T cells would demonstrate a profound impairment in expression of the T-helper cytokines,
IL-2 and IFN-vy, thereby demonstrating a deleterious consequence of immune activation on
functional immunity. We found normal or increased IFN-y expression by CD38" CM and
EM cells in HIV infection. In contrast, costimulated CD38+ CM cells had an impaired 1L-2
response to T-cell receptor (TCR) stimulation, and in both memory populations, ex vivo
stimulation failed to induce coordinate expression of cytokine and CD154 (CDA40 ligand) in
CD38™ cell populations. Thus, CD38* memory CD4 T cells—presumably activated in vivo
—tend to dysregulated expression of cytokine and the costimulatory molecule CD154.
These defects may link CD38 expression to a functional impairment of immune responses
and disease progression in HIV infection.

METHODS

Samples

This protocol was performed in consistence with the policies of the Institutional Review
Board of University Hospitals/Case Medical Center. After informed consent was obtained,
heparinized blood samples were prepared from 11 healthy controls and 11 HIV* patients
with median CD4* T-cell counts of 391 cells per microliter [interquartile range: 277-576]
and a median plasma HIV RNA level of 14, 200 copies per milliliter (interquartile range:
1845-60,250). No patient had an active opportunistic infection or malignancy, and none was
receiving antiretroviral therapy or immunomodulatory drugs.

Cell Preparation

Peripheral blood mononuclear cells were prepared by density sedimentation (Ficoll-Paque,
GE Healthcare Biosciences AB, Piscataway, NJ), then washed twice in RPMI 1640 medium
(Lonza, Walkersville, MD), and resuspended at 106 cells per milliliter in complete RPMI
medium, containing 100 U/mL Penicillin, 0.1 mg/mL Streptomycin (Penicillin/
Streptomycin, Lonza), 2 mM L-glutamine (Lonza), 5 mM HEPES buffer (Lonza), and 10%
heat inactivated fetal bovine serum (HyClone, Logan, UT).

Cell Stimulation

One million peripheral blood mononuclear cells were incubated in 1 mL complete medium
plus 5 pg S. aureus enterotoxin B (SEB) as a polyclonal TCR-activating superantigen2’
(Sigma, St. Louis, MO), or in medium + SEB and 1p.g anti-CD28 agonistic monoclonal
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antibody (azide free, low endotoxin, BD Biosciences, San Jose, CA). Cells were incubated
for 2 hours at 37°C in a 5% CO», enriched humidified atmosphere. One pL Golgi Plug (BD
Biosciences) containing brefeldin was then added, and cells were incubated for an additional
12 hours before staining. Surface levels of CD38, CD45RA, and CCR7 did not change under
these conditions (see Figures, Supplemental Digital Content 1,
http://links.lww.com/QAI/A85), allowing us to track cytokine expression patterns of defined
CDA4 T-cell subsets after TCR stimulation according to their basal (ex vivo) phenotype (ie,
CD38" or CD38%).

Staining With Fluorochrome Labeled Antibodies and Flow Cytometry

After incubation, cells were washed with staining buffer (phosphate-buffered saline, 1%
bovine serum albumin, 0.01% sodium azide). They were then surface stained for flow
cytometric analysis by use of fluorochrome-labeled monoclonal antibodies against CD4
(Pacific Blue), CD45RA (APC), CCR7 (PE-Cy7), and CD38 (PerCP-Cy5.5) (BD
Biosciences). Cells were then washed with staining buffer, fixed and permeabilized with BD
FacsPERM solution (BD Biosciences), and then were stained with labeled antibodies against
CD154 (PE) and antibodies against either IL-2 or IFN-y (FITC) (BD Biosciences).
Immediately after staining, cells were analyzed using an LSR-I1 flow cytometer (Becton
Dickinson) and DIVA 4.1.2 software (Becton Dickinson, San Jose, CA).

Gates for CM and EM memory, and activated subpopulations were established using isotype
controls (BD Biosciences). Gates for intracellular IL-2, IFN-y, and CD154 measurement
were established with fully stained unstimulated cells. These gates were further adjusted by
clustering of unstimulated cells with the autogate algorithm of DIVA 4.1.2 software. These
gates defined distinct CD154M 3" and CD1549M populations, the latter consisting mostly of
CD154" cells, as defined by staining of unstimulated cells.

Statistical Analysis

Each relevant variable (% positive cells) was compared between subject groups (HIV™ and
HIV*) using the Mann—Whitney rank sum test. Treatment effects (SEB or SEB plus CD28
ligation) and the effects of CD38 expression were compared for each variable using the
Wilcoxon signed rank test.

RESULTS
Induction of IFN-y and IL-2 In CD38" and CD38~ Memory T Cells

To ascertain if there are intrinsic differences in cytokine production between CD38* and
CD38~ CM or EM T-cell subsets, we examined cytokine expression in these cells after
stimulation with SEB or SEB plus anti-CD28 costimulatory antibodies. We utilized
experimental conditions that preserved basal surface expression of CD38, CD45RA, and
CCRY after TCR stimulation (see Figures, Supplemental Digital Content 1,
http://links.lww.com/QAI/A85). This enabled us to identify the ex vivo expression patterns
of predefined CD4" T-cell maturation subsets that were CD38" or CD38™. Surface markers
were utilized to delineate CM (CD45RA~ CCR7*), EM (CD45RA~ CCR7") and activated
(CD38*) T cells (Fig. 1A-D) and to evaluate intracellular expression of IL-2 or IFN-y as
illustrated in Fig. 1E. As intracellular expression of CD154 has been utilized to identify cells
that have been activated through engagement of the T-cell receptor,28-30 phenotypically
defined CD4 memory cell subsets were also examined for concurrent induction of CD154
and cytokine as shown in Figure 1E.
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EM CD4* T Cells

Summary data generated from the 22 subjects (11 patients, 11 controls) are shown in Figure
2. Under stimulation conditions, cytokine expression was comparable among CD38" and
CD38™ EM cells (Fig. 2A, B, E), excepting the SEB-induced IFN-y response in which
CD38™ cells of patients were more frequently capable of expressing cytokine (P=0.017,
Fig. 2F) and failed to significantly increase their response to SEB when costimulated with
anti-CD28 antibody. The only major difference between the HIV-infected and HIV-
uninfected subjects was the presence of fewer IL-2—expressing CD38+ EM CD4 T cells in
response to costimulation in the HIV-infected subjects than in uninfected controls (P =
0.0328, Fig. 2A, B).

CM CD4* T Cells

High level expression of IFN-y is not expected in phenotypically defined CM CD4+ T
cells.31:32 Nonetheless, both I1L-2 and IFN-y expression were demonstrable in stimulated
CM CD4™* T cells of both patients and controls. (Fig. 2C, D, G, H). SEB-stimulated CD38*
CM cells from patients more frequently expressed IFN-y* cells than did CD38* CM cells
from controls (P= 0.04, Fig. 2G, H), and in both patients and controls, SEB-stimulated
CD38* CM cells more frequently expressed IFN-y than did CD38~ CM cells (P = 0.0262
and 0.0164, respectively, Fig. 2G, H). This suggests that CD38* CM cells (and especially
CD38* CM cells from HIV* donors) are more likely to be conditioned in vivo to produce
IFN-+y than are CD38~ cells. Costimulation with anti-CD28 did not enhance IFN-y
production in any cell population in either patients or controls. Among patients, CD38*
costimulated CM cells more frequently expressed IFN-y than did CD38~ cells (= 0.009),
Fig. 2H).

After SEB stimulation, CM cells expressing I1L-2 were significantly less frequent among
controls (but not patients) CD38* cells than among CD38™ cells (P= 0.041); there were,
however, no differences between patients and controls in the expression of IL-2 in either
CD38* or CD38" cells (Fig. 2C, D). Patients’ CD38* CM cells failed to further increase
their response to SEB after CD28 costimulation (Fig. 2D). Among patients and controls,
CD38™ costimulated cells more frequently expressed IL-2 than did CD38* cells (P = 0.041,
P=0.01, respectively, Fig. 2C, D).

Thus, CM cells from patients produce IL-2 in response to TCR stimulation at normal
frequencies, yet in both patients and controls, CD38* CM cells less frequently express 1L-2
after costimulation than do CD38~ cells. In contrast, CD38" CM cells in both patients and
controls are more capable of IFN-y production than are CD38~ CM cells and among
patients, these cells are also more capable of IFN-y expression than are CD38* CM cells of
healthy controls.

Dissociation of CD154 and Cytokine Expression is More Frequent in CD38" Memory T
Cells, and Especially in HIV Infection

Because the induction of the important costimulator CD154 (CD40 ligand) is a sensitive and
reasonably specific marker of CD4* T cells that have been engaged through TCR
stimulation,28-30 we wanted to examine the relationship between CD154 induction and
cytokine expression to understand how T-cell activation after TCR engagement was
coordinated in CD38* and CD38~ memory subpopulations. We, therefore, gated separately
the IFN-y and IL-2 producing cells into those that did or did not coexpress intracellular
CD154 after stimulation (Fig. 3) and expressed the data as the percentage of phenotypically
defined cells that were induced to express cytokine in the absence of concurrent CD154
expression (Fig. 4)—an indicator of a dysregulated T-cell response. Typically, only a
minority of cells induced to express cytokine failed to express CD154 concordantly, but
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among HIV-infected patients and particularly among CD38* cells, the proportions of
dysregulated responses, that is, cytokine-producing cells that failed to express CD154 tended
consistently to be higher. Specifically among EM cells, CD38™ cells were more likely to
express IL-2 or IFN-y without CD154 in both patients and controls (Fig. 4A, B), and in all
conditions, but one (CD38™ cells producing IFN-+y in response to SEB plus anti-CD28
stimulation), patients’ cells producing cytokine more often failed to express CD154 than did
controls’ cells. In all settings excepting expression of IFN-y by CD38* cells, addition of
CD28 costimulation decreased the proportions of dysregulated cell activation (cells that
expressed cytokine in the absence of CD154 induction) underscoring the importance of
CD28 costimulation in inducing coordinated immune responses.

Similar tendencies were observed among CM cells, where in all settings except IFN-y
expression by cells of HIV* subjects, CD38" cells making cytokine more often failed to
express CD154 than did CD38™ cells. Only in assays of IL-2 production though and only
among CD38™ cells were cells of patients more often CD154 negative. Finally, only in
assays of 1L-2 production did CD28 costimulation reliably decrease the frequency of cells
that expressed cytokine in the absence of CD154 induction.

DISCUSSION

Given the consistent and strong correlation between CD38 expression on T cells and
immune suppression in HIV infection,2415:33.34 e hypothesized that expression of the
activation antigen CD38 confers lower functionality to CM and EM CD4" T-cell subsets in
persons with HIV infection. The ability to produce IFN-y was preserved and often increased
in CD38+ CD4 T cells in HIV infection, whereas the ability of CD38+ CM CD4 T cells to
express IL-2 after CD28 costimulation was diminished in HIV infection.

All patients who were studied in this work had demonstrable viremia with a median plasma
HIV RNA level of 14,200 copies per milliliter. Likewise, most all had sufficiently advanced
disease to have abnormally low numbers of circulating CD4™ T cells with a median count of
391 cells per microliter. Whether persons with more advanced disease might demonstrate
more profound impairments in function of CD38* T cells remains to be seen, but it should
be noted that the relationship between CD38 expression and disease progression risk has
been n?'fled in patient populations with a similar stage of disease as the patients studied
herein.

When cytokine induction was examined according to the concordant expression of CD154,
in both patients and controls, CD38" T cells more frequently failed to express CD154 when
induced to express either IL-2 or IFN-y, and this failure was particularly evident among
patients’ cells. These observations are consistent with the overall failure of CD154 induction
after TCR engagement that has been observed in the setting of HIV infection,3° and here we
demonstrate that this is primarily a phenomenon seen among CD38+ T cells.

It is tempting to speculate that among CD38+ CM CD4+ T cells, T-cell receptor stimulation
induces substantial inflammation (here reflected in interferon gamma expression) but may
fail to induce sufficient IL-2 to support expansion of this population—a phenotype that may
link the predictive value of CD38 expression’:13:15:36 tg the importance of CM expansion
failure37:38 to clinical outcomes in lentiviral infection. We cannot discern in these studies
whether this defect reflects an effect of sustained HIV replication on T-cell function or
whether this is a consequence of CD4 lymphocytopenia. Additional experiments in patient
populations with discordant immunologic and virologic responses to antiretroviral therapy
will help to address this.

J Acquir Immune Defic Syndr. Author manuscript; available in PMC 2012 June 14.
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Although APC function was not examined directly in the current in vitro studies, where
cytokine induction was largely unimpaired in HIV infection, we propose that a failure of
CD154 induction on peptide stimulated CD4* T cells will fail to provide costimulatory
signals to professional APCs in chronic HIV infection,3%:39 thereby, contributing to the
maturation and functional defects that have been described in these populations.%-42 We,
therefore, suspect that a poorly coordinated interplay between activated CD38* CD4* T
memory cells and the professional APCs with which they interact may contribute to the
impaired anamnestic response that we and others have described in chronic HIV
infection.43-50

It should be noted that only 11 patients were studied here, and this may have limited our
ability to demonstrate a broader inhibitory effect of CD38 expression on cytokine
expression. We think that this is not likely, however, because the intersubject variation in
cytokine induction was small, the results according to CD38 expression were generally
concordant in the 11 patients and in the 11 controls, and in most settings, IFN-y expression
tended to be higher in the CD38* population than among the CD38™~ populations (Figure 2).

In summary, we could not find evidence that expression of the activation antigen CD38 is a
mediator or a marker of impaired cytokine expression in CD4* T cells in HIV infection.
Although overall induction of cytokine expression by SEB stimulation was largely
comparable in HIV infection and among controls, a disproportionally high frequency of
cytokine-producing cells that failed to upregulate CD154 was observed in HIV infection.
The failure to induce CD154 after TCR engagement that was seen among memory CD4* T-
cell populations in HIV infection also may contribute to the APC dysfunction and impaired
anamnestic responses that characterize chronic HIV infection.
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FIGURE 1.

Gating strategy: CD4* lymphocytes (A, B) were subgated into maturation subpopulations
(C) according to expression of CCR7 and CD45RA. Each memory subpopulation was
divided into CD38~ and CD38" subsets as gated by isotype control staining (D). CD38~ and
CD38* subsets of each maturation subpopulation were finally analyzed for intracellular
expression of CD154 and either IFN-y or IL-2 expression (E), according to gates established
with fully stained unstimulated cells, and further adjusting for clustering of distinct
populations.
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FIGURE 2.

Proportions of CD38" and CD8~CM and EM CD4* T cells expressing cytokine after
stimulation with SEB or SEB plus anti-CD28. Data shown represent means + SEM in
experiments performed using cells of 11 HIV* patients and 11 healthy controls. *P < 0.05
(text). S, significantly different frequency of cytokine-producing cells between HIV*
subjects and controls (P < 0.05).
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FIGURE 3.

Representative dot plots showing IFN-y and CD154 expression among EM CD4* T cells
(A) and IL-2 and CD154 expression among CM CD4* T cells under the experimental
conditions (SEB and SEB + CD28 costimulation). Dissociated cytokine responses
correspond to the lower right quadrant of each plot. Within each quadrant, the percentages
of events are shown.
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FIGURE 4.

A dysregulated response—expression of cytokine in the absence of CD154 coexpression is
more frequent in CD38™ cells and in HIV infection after SEB or SEB/CD28 stimulation.
Values correspond to the percentage of CD154~ cells among total cytokine-producing cells
(means = SEM in experiments performed using cells of 11 HIVV+ patients and 11 healthy
controls). *P < 0.05 (text). S, significant difference between HIV+ subjects and controls (P <
0.05).
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