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Abstract

The importance of in situ lymphocyte proliferation for net accumulation of lung lymphocytes
during pulmonary immune responses and in immunologic lung diseases remains uncertain.
Accordingly, we studied the experimental pulmonary immune response of antigen-primed
C57BL/6 mice to intratracheal challenge with the particulate antigen sheep red blood cells
(SRBC). Uptake of nucleotide analogs (bromodeoxyuridine in vivo and tritiated thymidine in
vitro), expression of the cell activation antigens CD25 and CD69 by flow cytometry, and response
to the anti-mitotic agent hydroxyurea (in vivo) were measured. Although many lung lymphocytes
and CD4+ T cells were CD25+ and CD69+, indicating recent activation, all techniques
demonstrated that lung lymphocytes proliferated minimally in vivo. Blockade of cell division by
hydroxyurea administration for 24 hours did not significantly decrease lung lymphocyte
accumulation on day 3 after challenge. Lung lymphocytes also proliferated minimally in vitro
(even on macrophage removal and despite addition of exogenous IL-2 or 1L-4). However, lung
lymphocytes responded vigorously to mitogens (immobilized anti-CD3, phytohemagglutinin or
concanavalin A), excluding global unresponsiveness to restimulation. Thus, in this model of
pulmonary immunity, accumulation of lung lymphocytes does not require local T cell proliferation
and presumably depends instead on recruitment.
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Introduction

Generating appropriate pulmonary immune responses requires accumulation in the lungs of
lymphocytes, the crucial immunoregulatory cells that recognize antigens (). Net lymphocyte
accumulation reflects the balance of factors that increase their numbers (recruitment and
proliferation), and those that decrease their numbers (emigration and cell death). Each of
these processes could profoundly influence lung lymphocyte numbers, hence the diversity of
antigens recognized and thus, the ultimate outcome of pulmonary immune responses. The
relative importance of these competing processes must be determined to devise effective
immunomodulatory strategies to treat immunologic lung diseases or infections in
immunocompromised patients.

The importance of local T cell proliferation in the lungs during pulmonary immune
responses and in immunologic lung diseases remains uncertain. The lungs contain some
elements necessary for T cell proliferation, such as dendritic cells which have been shown to
be potent antigen-presenting cells in vitro (@). Overall, however, the lungs are believed to be
a relatively anti-proliferative environment for lymphocytes, due to the effects of

surfactant () and products of alveolar macrophages () and pulmonary epithelial cells ®).
Moreover, the net function of alveolar macrophages, the predominant resident phagocyte, is
to down-regulate pulmonary immune responses (). Therefore, we hypothesized that lung
lymphocytes are growth-arrested and that local proliferation is not essential for lymphocyte
accumulation during pulmonary immune responses.

To proliferate, resting T cells must be activated by antigens, mitogens, or superantigens to
re-enter the cell cycle and must receive progression factors to complete the cell cycle. T cell
activation can be detected by rapid and transient induction of such immediate early gene
products as CD69 and CD25. CD69 is a homodimeric type |1 membrane glycoprotein
member of the C-type lectin family of unknown function; CD69 is the most rapidly induced
of T cell activation receptors (7). CD25 is the inducible 55 kDa IL-2 receptor (IL-2R)
subunit which, together with the constitutively expressed 75 kDa IL-2R subunit CD122,
forms high-affinity IL-2 receptors (). IL-2 is the major T cell progression factor (9). Once
activated, most T cells can complete multiple rounds of cell division solely under the
influence of IL-2.

To test directly the importance of in situ lung lymphocyte proliferation, we studied the well-
characterized pulmonary immune response resulting from intratracheal challenge of primed
inbred mice with the particulate T cell-dependent antigen, sheep red blood cells

(SRBC) (10-12), gpecifically, we measured uptake of nucleotide analogs (both in vivo and in
vitro), surface expression of CD25 and CD69, and magnitude of lung lymphocyte
accumulation when proliferation was blocked. We also examined the proliferative response
of lung lymphocytes from these immunized mice or from normal mice in response to
mitogens or exogenous cytokines. The results indicate that although a high percentage of
lung lymphocytes has been activated recently, they proliferate minimally within the lungs.
Nevertheless, lung lymphocytes are capable of proliferating vigorously in response to
mitogenic stimulation, especially when removed from immunosuppressive macrophages.

Am J Respir Cell Mol Biol. Author manuscript; available in PMC 2014 August 06.
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Materials and Methods

Animals

Antibodies

Cell Lines

Specific pathogen-free female C57BL/6J mice were obtained from Jackson Laboratory (Bar
Harbor, ME) and were used in experiments within 4-6 weeks. Mice were housed in the
Animal Care Facility at Ann Arbor VA Medical Center, which is fully accredited by the
American Association for Accreditation of Laboratory Animal Care. Mice were given water
and food ad libitum.

Monoclonal antibodies (mAbs) B44 (mouse 1gG1, kappa; FITC-conjugated for flow
cytometry) and ZBU30 (mouse IgG1, kappa; biotin-conjugated for immunohistochemistry),
which recognize bromodeoxyuridine (BrdU) incorporated in single-stranded DNA, were
obtained from Becton Dickinson (Mountain View, CA) and Zymed (South San Francisco,
CA), respectively. The following mAbs were obtained from PharMingen (San Diego, CA):
RM4-4 (anti-murine CD4; rat 19G2b; FITC-conjugated); 7D4 (anti-murine CD25; rat IgM;
biotinylated); 145-2C-11 (hamster anti-murine CD3; biotinylated); H1.2F3 (anti-murine
CD69; hamster 1gG; biotinylated); 107.3 (anti-TNP control mouse 1gG1, kappa;
biotinylated); biotinylated anti-TNP Hamster 1gG; and biotinylated rat IgM, kappa. Optimal
staining concentrations were determined empirically on appropriate lymphoid tissues.

The cloned T cell line CTLL-2 (generously supplied by Dr. Stephen Chensue, University of
Michigan) was used both as a positive control in some proliferation assays and for
measurement of IL-2 by bioassay. EL-4 thymoma cells (ATCC, Rockville, MD) were used
to produce a supernatant rich in IL-2 and other cytokines. For this purpose, EL-4 cells were
cultured at a density of 1-10 x 106 viable cells/mL with a final concentration of 20 ng/mL
phorbol myristate acetate (PMA) (Sigma; St. Louis, MO) for 40 hours. This supernatant had
400 units of I1L-2/mL as determined by the CTLL-2 bioassay (13).

Experimental design

In all experiments, a secondary pulmonary immune response was induced by intratracheal
challenge of primed mice using SRBC as antigen. At various times during the ensuing
pulmonary response, cells were recovered from the lungs by bronchoalveolar lavage (BAL)
and mincing of enzymatically-digested lung tissue, and in some experiments from the lymph
nodes, bone marrow, and spleen. To obtain a sufficient number of cells for each assay, cells
from groups of two to eight identically-treated mice were combined except as noted. For
comparison, in some experiments cells recovered from the lungs of normal mice were
analyzed. All procedures were performed according to a protocol approved by the Animal
Care Committee of the VA Medical Center. This study complied with the NIH “Guide for
the Care and Use of Laboratory Animals” {DHEW Publication No. (NIH) 80-23, Revised
1978, Office of Science and Health Reports, DRR/NIH, Bethesda, MD 20205}.

Five types of experiments were performed. First, to detect in situ proliferation mice were
injected with the nucleotide analog BrdU; flow cytometry and immunohistochemical
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staining were then used to determine BrdU incorporation into DNA of BAL and interstitial
lymphocytes, respectively. Second, to verify the contribution of short-term lymphocyte
proliferation to lung lymphocyte numbers, mice were injected with hydroxyurea, an S
phase-specific inhibitor of cell division, and the magnitude of lymphocyte accumulation in
the lungs was determined. Based on previous kinetic analyses (10 11) in this experiment we
chose to analyze the period over which lymphocyte accumulation increased most
vigorously, days 2-3 after intratracheal challenge. Third, as a measure of recent lymphocyte
activation, the percentage of total lung lymphocytes and CD4+ lung T cells expressing
CD25 and CD69 was determined using two-color immunofluorescence staining and four-
parameter flow cytometry. Fourth, to determine whether lymphocytes proliferate in vitro,
cells were pulsed with tritiated thymidine (3H-Thd) either immediately upon removal from
the mouse or after culture or exogenous cytokines; in each case, incorporated radioactivity
was measured after overnight culture. Fifth, to determine the capacity of lung lymphocytes
to proliferate in response to additional stimulation in vitro, cells from immunized mice or
normal mice were activated with mitogens and analyzed for 3H-Thd uptake.

Induction of pulmonary immune response to SRBC

SRBC (initially sheep #602 and later #4151) (Colorado Serum Co.; Denver, CO) were
washed three times in 10 mL normal saline before use; SRBC from a single sheep were used
in each experiment. C57BL/6J mice were primed by intraperitoneal (IP) injection with 1 x
108 SRBC in 0.5 mL normal saline. Two weeks later, mice were intratracheally challenged
with 5 x 108 SRBC in 50 pl normal saline as previously described 4. This technique
causes the majority of antigen to be deposited and retained in alveoli (®) and results in a
highly reproducible pulmonary immune response (10. 11, 14),

In vivo BrdU labeling

In some experiments, mice were injected IP with 4 mg BrdU (Sigma) in 0.5 mL Ca**,
Mg**-free phosphate buffered saline (CMF-PBS), pH 7.4 (GIBCO; Grand Island, NY)
{approximately 200 mg BrdU/kg of body weight) 183}. BrdU injections were performed one
to three times at 20 minute intervals before death.

Hydroxyurea treatment

In some experiments, mice were injected IP with hydroxyurea three times at 8 hour
intervals, beginning 2 days after intratracheal antigen challenge; each injection consisted of
1 mg hydroxyurea/g body weight in 0.5 mL volume (17). Control mice were simultaneously
injected with saline at the same time intervals. Seven hours and forty minutes after the final
injection, mice were given an IP injection of BrdU as above and were killed humanely 20
minutes later. BAL samples were counted individually and differential cell analysis was
performed. To confirm that cellular division was completely inhibited, BrdU incorporation
in individual bone marrow samples of these mice was measured by flow cytometry.

Euthanasia of mice and collection of tissues

At various times from 2-9 days after intratracheal antigen challenge, mice were deeply
anesthetized with pentobarbital (80 mg/kg IP) and killed by exsanguination. In most
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experiments, lungs were lavaged as previously described (19). Briefly, the trachea was
cannulated with plastic tubing (PE-50, Clay-Adams, Parsippany, NJ) and the lungs washed
with 10 mL of room temperature CMF-PBS in 1 mL aliquots. BAL cells were washed twice
in CMF-PBS with centrifugation at 200 x g between washes. Samples from mice at identical
time-points were pooled except for staining experiments (described below) or hydroxyurea-
treated mice, from which samples were processed individually. BAL samples for cell culture
experiments were resuspended in complete medium (RPMI 1640 containing 10% fetal
bovine serum (GIBCO; catalog # 200-6140AJ), 50 uM 2-mercaptoethanol, and penicillin/
streptomycin).

A cell preparation enriched for interstitial lymphocytes was prepared by first lavaging mice
as above and by next perfusing the lungs with heparinized saline via right heart puncture
until the great pulmonary vessels were grossly clear. Lungs were then excised at the pleural
surface, minced finely with scissors, and incubated in RPMI 1640 containing 30 ug/mL
DNAse-1 and 150 U/mL collagenase (CLS-1) (both from Worthington Biochemical Corp.;
Freehold, NJ) for 35 minutes at 37° C with constant gentle swirling. Next, the lung
fragments were forced through a SS80 mesh and washed twice in CMF-PBS. This
population is referred to as lung mince. Portions of the resulting cell preparation were
depleted of macrophages by passage over a Sephadex G-10 column (Sigma) (8). Treatment
yielded a population which contained 88.1 + 1.5% lymphocytes and 3.8 + 0.3 %
macrophages (n = 6 experiments).

Spleens, lymph nodes, thymi, femurs and tibiae were obtained by dissection. The capsule of
the spleen was lacerated and the splenic parenchyma gently teased out using forceps. Lymph
nodes and thymuses were mashed between the frosted ends of microscope slides. Femoral
and tibular bone marrow was collected by removing the epiphyses and flushing with normal
saline using a 27-gauge needle. Red blood cells were lysed from splenic and bone marrow
preparations with ddH20 followed by 0.6 M KCI. All cell preparations were washed twice
with CMF-PBS with centrifugation at 200 x g for 10 minutes at 4° C between washes.
Aliquots of all samples were counted in a hemocytometer; cell viability was determined by
exclusion of trypan blue (GIBCO), and cells were resuspended for culture in complete
medium.

Detection of S phase lymphocytes

To detect lymphocytes that had incorporated BrdU into newly synthesized DNA, cells were
fixed with 70% ethanol on ice for 30 minutes, treated with 2N HCI for 30 minutes at room
temperature and neutralized using 0.1 M sodium tetraborate (Na;B4O7), pH 8.5. Cells were
next aliquoted at a concentration of 5 x 10° cells/well into round bottom 96 well plates
(Corning, Corning, NY) and stained with optimal concentrations of anti-BrdU for 30
minutes at room temperature. Cells were resuspended in 300 uL PBS containing calcium,
magnesium, and 0.01% sodium azide (PBS™*) for flow cytometric analysis.

Flow Cytometry

Staining and analysis for four-parameter flow cytometry were performed as described
previously (10), except that data were collected by means of a FACSCAN flow cytometer,
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using Lysis Il software {both from Becton Dickinson Immunocytometry Systems, (BDIS);
Mountain View, CA} on a Hewlett-Packard 9133/9000-300 microcomputer operating under
HP Pascal 3.12 System (Hewlett Packard; Fort Collins, CO). Data were analyzed using PC-
Lysis Il software on a Gateway 2000 4DX2-66 microcomputer (Gateway Corp; N. Sioux
City, SD). A minimum of 10,000 cells were analyzed per sample, gating on lymphocytes by
comparing light scatter to that of control lymphocytes from lymph nodes (19). The
percentage of lymphocytes obtained from flow cytometry was used to calculate the total
number of lymphocyte subsets in each mouse. Absolute numbers of CD4+ T cells per mouse
of each phenotypic subset were calculated as the product of total cell count (obtained by
hemocytometer count), the fraction of lymphocytes (obtained by differential cell count), and
the fraction of each subset (obtained by flow cytometry).

Immunohistochemical analysis

Lungs were inflated without prior lavage using Millonig's modified phosphate buffered
formalin (Surgipath Med. Industries; Richmond, IL) and were processed for paraffin
embedding using standard histologic techniques. After removal of paraffin by incubation in
xylene and graded alcohols, sections of 4-6 um thickness were partially digested using dilute
trypsin (Zymed) for 30 minutes at room temperature and rinsed in PBS. To denature DNA,
sections were immersed in 2N HCI for 1 hour, rinsed in 0.1 M borate buffer, pH 8.5 for 5
minutes, and then rinsed in PBS. Sections were then incubated with CAS block (Zymed) to
minimize background; after 10 minutes, excess CAS block was drained without rinsing and
primary antibody was added. Sections were incubated with primary antibody (1:20 dilution
PBS, pH 7.1 containing 0.05% Tween 20) for one hour at room temperature. After rinsing
three times in PBS, sections were incubated with streptavidin conjugated to 5 nm gold
particles and washed extensively in distilled water. Staining was enhanced with silver,
rinsed in distilled water, air dried, and mounted in HISTOMOUNT (Zymed). The fraction of
S phase mononuclear cells was determined by counting at least 200 cells in each of eight
high power fields under oil immersion; this sample represents lungs from two mice.

In vitro lymphocyte proliferation assay

Lung mononuclear cell preparations were cultured in complete medium at a density of 2 x
10° cells/well in flat-bottomed 96-well tissue culture plates (#2586; Corning) in a 5% CO,
environment at 37° C. Two types of experiments were performed. To determine spontaneous
proliferation, wells were immediately pulsed with 3H-TdR {10 pL per well of culture
medium containing 1 pCi of 3H-TdR (specific activity = 5.0 Ci/mM; Amersham, Arlington
Heights, IL)}, then cultured overnight (16-18 hours). As positive controls, lung cell
preparation and splenocytes were stimulated with 2-10 pg/mL concanavalin A (Con-A,;
Sigma).

Alternatively, to determine whether previously activated lymphocytes could be stimulated to
proliferate in vitro by additional cytokine stimulation, cells were pre-incubated with various
cytokines for 24 hours, then pulsed with 3H-Thd and cultured for an additional 16-18 hours.
The cytokines used were recombinant murine (rm) I1L-2 (40 U/mL or 80 U/mL), rmIL-4 (40
U/mL or 80 U/mL) (both from Collaborative Research Inc.; Bedford, MA), and various

concentrations of the supernatant from El-4 cells stimulated with PMA (described above). In
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both types of experiments, cells were harvested onto filters using a semi-automated
harvester (PHD; Cambridge Technology, Inc., Watertown, MA). The amount of
incorporated 3H-TdR was measured in counts per minute (cpm), determined on replicates of
five identical wells using a liquid scintillation counter.

Viability assay

Some wells of the culture plates for proliferation assay were not pulsed with 3H-TdR and
instead received trypan blue at the end of culture. Viability was assessed by exclusion of
trypan blue, counting at least 100 cells per well.

Statistical Analysis

Results

Data are expressed as mean + SEM. Continuous ratio scale data were evaluated by Students
t test (two samples) or analysis of variance (ANOVA) (three or more samples) with post hoc
analysis by Fisher's protected least significant difference test (Fisher's PLSD) for
comparisons between populations and by Dunnett's test for comparisons to a single

reference population (19). Percentage data were arcsine transformed before analysis to
convert them from a binomial to a normal distribution, using the formula # =arcsin y/p ),
Statistical calculations were performed on a Macintosh PowerPC 8100/80AV computer
using the programs Statview 4.01 and SuperANOVA 1.11 (Abacus Concepts; Berkeley,
CA). Statistically significant difference was accepted at p < 0.05.

Determination of lung lymphocyte proliferation by BrdU labeling in vivo

Intratracheal antigen challenge of antigen-primed mice resulted in the prompt recruitment of
large numbers of mononuclear cells and granulocytes into the lungs, in agreement with
previous data in this model system (10.12) Total BAL lymphocyte numbers increased 26-
fold {from 0.14 + 0.04 x 10 cells per mouse on day zero (mean + SEM of groups of 8-12
mice pooled in each of three separate experiments) to 3.7 + 0.7 x 108 cells per mouse on day
3 post IT challenge (mean £ SEM of 9 mice assayed individually in three separate
experiments)}. Total BAL numbers of CD4+ T cells increased 20-fold (from 0.06 £ 0.02 x
108 cells per mouse to 1.2 + 0.23 x 106 cells) within this same three day time period.
Intratracheal challenge induced accumulation of inflammatory cells, which were very rare in
the lung parenchyma of normal mice or antigen-primed mice without intratracheal
challenge, in dense cuffs around pulmonary veins and venules and within bronchovascular
bundles, chiefly centered adjacent to arteries (1),

Pulse labeling of cycling lymphocytes by in vivo BrdU administration was used to
determine the fraction of lymphocytes proliferating within the lungs. Flow cytometric
analysis easily detected BrdU+ cells in the positive control population bone marrow cells
(figure 1a). Marked BrdU uptake was also seen on most days after intratracheal antigen
challenge in cells from the paratracheal node (PTN) (figure 1b), the regional lymph node
participating in this immune response. The low level of proliferation observed in PTN on
day two after challenge was a reproducible finding seen in each of three separate
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experiments; it probably indicates initial entry of resting cells into the node shortly after
antigen challenge. In contrast, lung lymphocytes showed much less BrdU uptake. Fewer
than 5% of lymphocytes recovered from either BAL (figure 1c, d) or lung mince (figure 1d)
of antigen challenged mice were BrdU+ by flow cytometry. To exclude the possibility that
the dose or duration of BrdU might be inadequate, in some experiments mice were treated
with BrdU for 60 minutes (three separate injections at twenty minutes intervals). Results
were identical to those of mice injected once 20 minutes before death and data were pooled
for analysis. In a separate control experiment, BAL lymphocytes of primed mice assayed
four days after sham intratracheal challenge using saline showed 2.2 + 0.1% BrdU positive
cells (mean + SEM of 11 mice assayed in three groups; bone marrows = 39.1 + 4.1% BrdU
positive).

Immunohistochemical analysis of separate groups of mice confirmed that BrdU positivity
was minimal in mononuclear cells within perivascular inflammatory cell cuffs of BrdU-
treated mice following intratracheal challenge (figure 2). Only 9.9 + 1.1% (mean + SEM of
eight mice analyzed individually) of all perivascular inflammatory cells were BrdU+ on day
4 after intratracheal challenge. It should be noted that unlike the flow cytometric data which
employed light scatter gating to identify lymphocytes (19), the immunohistochemical
analysis did not distinguish between lymphocytes and mononuclear phagocytes. BrdU+
mononuclear cells were found scattered throughout the cuffs, demonstrating that BrdU had
free access to cells within lung parenchyma (29). Thus, direct labeling demonstrated that both
alveolar and interstitial lung lymphocytes proliferated minimally in vivo throughout this
pulmonary immune response.

For comparison, normal mice were also analyzed. By the flow cytometric method, very
slight BrdU uptake was seen in lymphocytes recovered from the lungs of normal mice (BAL
=2.9 £ 0.9% BrdU positive versus 1.53 £ 0.43% isotype control positive; lung mince = 3.2
+ 1.0% BrdU positive versus 1.7 = 0.7% isotype control positive; n = 10 mice assayed in
groups of five). On immunohistochemical staining, virtually no BrdU+ inflammatory cells
were seen in tissue sections of normal mice; the very low number of lymphocytes in the
lungs of normal mice precluded accurate quantitation.

Ablation of dividing cells by hydroxyurea treatment in vivo

To determine directly the importance of short-term lymphocyte proliferation during the
development of a pulmonary immune response, primed mice were treated with hydroxyurea
to ablate all proliferating cells. The adequacy of hydroxyurea treatment was confirmed by
demonstrating that in vivo BrdU uptake by bone marrow cells was abolished totally by the
treatment regimen (figure 3a & 3b). Even though all proliferating cells were selectively
killed, there was no significant difference in the number of total inflammatory cells nor of
any of the major subpopulations accumulating in the lung three days after intratracheal
challenge (figure 3c). This time-point was chosen as it is the day on which inflammatory cell
numbers were consistently maximal in this model and because lung inflammatory cell
numbers increased most markedly over the preceding 24 hours 19), Thus, maximal lung
lymphocyte accumulation in response to intratracheal antigen challenge did not require cell
division during the preceding 24 hours.

Am J Respir Cell Mol Biol. Author manuscript; available in PMC 2014 August 06.
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A similar protocol of hydroxyurea administration immediately before death had no effect on
cell numbers or differential cell counts in the lungs of normal mice (2.8 + 0.2 x 107 cells/
mouse in lung minces of both hydroxyurea-treated and control mice; n = 3 mice/group).

Lung lymphocyte expression of activation markers

To determine whether the observed low fraction of proliferating lung lymphocytes reflected
the fact that they had not been previously activated, surface expression of CD25 was
measured. Two color immunofluorescence staining and flow cytometric analysis
demonstrated increased expression of CD25 by lung lymphocytes compared to lymphocytes
in peripheral blood (figure 4) or spleen (not shown). CD25 was expressed by a high
percentage of the small numbers of cells recovered from the lungs by BAL at baseline (i.e.,
in normal mice or mice previously primed but not intratracheally challenged, graphed as day
zero) (figure 4c). The percentage of cells expressing CD25 was greater among CD4+ T cells
than among total lung lymphocytes. CD25 expression by the CD4+ T cells declined slightly
on days 2-3 after challenge, then peaked at day 4 (figure 4d). There was no significant
difference between alveolar cells and cells in a preparation enriched for lung interstitial
leukocytes in the percentage of CD25+ cells, either among total lung lymphocytes or among
CDA4+ T cells. Hence, a substantial percentage of lung lymphocytes (30-60% of CD4+ T
cells) expressed CD25 throughout the response. Moreover, most BAL lymphocytes also
expressed the very early activation marker CD69 (51.6 + 4.9% CDG69 positive versus 3.1 +
1.6% for isotype control; n =5 mice in two experiments day 4 after intratracheal antigen
challenge). These findings indicate that lung lymphocytes from antigen-challenged mice had
been recently activated and had entered into the cell cycle.

Spontaneous in vitro proliferation of lung lymphocytes of antigen-challenged mice

Next, an in vitro system was employed to analyze determinants of lymphocyte proliferation.
To mimic ongoing proliferation in vivo, in the first set of experiments lung mononuclear cell
preparations were pulsed immediately with 3H-Thd, incubated for 16-18 hours at 37° C in a
5% CO5 environment and then assessed for incorporation of radioactivity. Three populations
were examined at all time points: BAL cells, lung mince, and interstitial cells depleted of
potentially immunosuppressive macrophages (post G-10 mince). The starting viability of all
three lung cell populations was similar (>95%). As a control for the proliferation of a
recently activated population of lymphocytes, we examined uptake of 3H-Thd by
splenocytes stimulated with optimal concentrations of the lymphocyte mitogen Con-A.
These activated splenocytes showed vigorous 3H-Thd uptake (day 3: 51,591 + 4283 cpm;
day 4: 48,850 + 9,203 cpm; mean + SEM of replicates of 5 wells containing 2 x 10° cells
each).

In contrast, all lung cell populations showed minimal 3H-Thd uptake, never exceeding
10,000 cpm for 2 x 10° cells (figure 5). At all time points, the highest spontaneous 3H-Thd
uptake in the lung populations was seen in the BAL cells. BAL cell 3H-Thd uptake varied
somewhat with time after challenge and was significantly lower on days 3 and 7 in each of
three experiments. Proliferation of the lung mince cells peaked on day 3. Removal of
macrophages from the lung mince preparation did not increase 3H-Thd uptake. In fact, in all
spontaneous proliferation experiments, 3H-Thd uptake of the macrophage-depleted cultures

Am J Respir Cell Mol Biol. Author manuscript; available in PMC 2014 August 06.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Seitzman et al.

Page 10

was negligible despite viability at the end of culture of at least 80%. Inspection did not
disclose excessive acidity in the lung cell cultures, such as might develop after rapid
proliferation, indicating that the low proliferative index was not due to medium exhaustion.

To exclude the possibility that the observed low proliferation resulted from inadequate
antigen priming, mice received three IP injections of 1 x 108 SRBC at weekly intervals
followed by IT antigen challenge. Repeated IP priming did not increase either the numbers
of lymphocytes recovered from the lungs or the magnitude of in vitro proliferation compared
to a single IP priming (n = two experiments, data not shown). Thus, lymphocytes removed
immediately from the lungs over the period of maximal increases in lung lymphocyte
number showed only modest spontaneous proliferation in vitro, in agreement with results of
BrdU labeling experiments.

For comparison, BAL of normal mice was also cultured with immediate addition of 3H-Thd
but without additional stimulation (Table 1). Interestingly, the greatest degree of
proliferation was seen within the first 24 hours. It should be noted that due to the very small
numbers of both total cells and of lymphocytes in normal mice, it was not feasible to attempt
removal of macrophages in these experiments.

Effect of cytokines on lung lymphocyte proliferation in vitro

Because a large percentage of lung lymphocytes from intratracheally challenged mice were
CD25+, it was possible that the low spontaneous proliferation seen in vitro was attributable
to inadequate production of IL-2 or other cytokines by lung lymphocytes. Accordingly, lung
cells were cultured in various concentrations of rmIL-2, and proliferation was determined.
Even with this additional cytokine stimulation, all lung lymphocyte populations displayed
minimal 3H-Thd uptake, not exceeding 13,000 cpm on day 4, the maximal response (figure
6a). By comparison, an equal number of the 1L-2 responsive T cell clone CTLL-2 showed
over 10-fold greater proliferation (82,143 + 1951 cpm; mean + SEM of triplicate cultures).
In these experiments, the highest response was seen in the minced lung and post G-10
minces; BAL cells responded the least regardless of the cytokine concentration. Similar
results were obtained using lung lymphocytes obtained at 2 or 3 days after intratracheal
challenge. Lung lymphocytes cultured with rmIL-4 likewise proliferated minimally when
tested 2, 3, or 4 days after intratracheal challenge (figure 6b). Moreover, lung lymphocytes
were not induced to proliferate by incubation with the cytokine-rich supernatant produced
by EL-4 cells activated with PMA (not shown). By comparison, 50,000 CTLL-2 cells
showed far greater proliferation in the same experiments (309,111 + 13265 cpm; mean +
SEM for 40% EL-4 supernatant); the maximal difference was >100-fold on a per cell basis.
As in the spontaneous proliferation experiments, there was no evidence of excessive acidity
in the lung cell cultures in any of the cytokine coculture experiments, indicating that the low
proliferative index was not due to medium exhaustion. Therefore, we concluded that the
observed low spontaneous proliferation of lung lymphocytes was unlikely to result from
inadequate cytokine stimulation.

In these experiments, it was noted that the amount of proliferation in wells not pre-incubated
with cytokines (figures 6) was less than that seen when cells were immediately pulsed
with 3H-Thd (figure 5). This finding suggested that IL-2 may preserve lymphocyte viability
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even if it did not stimulate proliferation. To test this possibility, we determined the viability
of lymphocytes in parallel cultures and found that wells cultured with IL-2 contained
10-20% more viable cells at the end of culture than those incubated without cytokines (data
not shown). This result suggested that the large difference in proliferation over the
additional 24 hours in culture did not result solely from cell death. Although lung
lymphocytes showed a modest increased proliferation to cytokines (IL-2 and EL-4
supernatant to a larger degree than IL-4), only with the higher doses of exogenous IL-2 was
proliferation even marginally greater than that seen in the spontaneous proliferation
experiments (figure 5).

Response of lung lymphocytes to mitogen stimulation in vitro

To determine whether lung lymphocytes were refractory to stimulation in vitro, lung cell
preparations from antigen challenged mice were next stimulated with the polyclonal T cell
mitogens concanavalin A (Con-A) (figure 7), PHA (not shown), or immobilized anti-CD3
(figure 8). With Con-A and PHA, there was a modest response in the presence of
macrophages which was greatly increased by their removal. With anti-CD3, a response was
seen only after removal of macrophages.

To put the response of immunized mice into context, BAL cells from the lungs of normal
mice were stimulated with mitogens. Because of the large number of mice needed to obtain
sufficient cells, G-10 treatment was not performed in these experiments. Lung cells from
normal mice responded vigorously to both PHA and Con-A. Thus, lung lymphocytes from
normal mice and from immunized mice could be induced to proliferate in vitro when
appropriately stimulated.

Discussion

There are five major results of this analysis of the murine pulmonary immune response to
particulate intratracheal antigen. First, both alveolar and interstitial lung lymphocytes
proliferated minimally in vivo as determined by pulse BrdU labeling. Second, blocking cell
division in vivo for 24 hours using hydroxyurea had no significant effect on lung
lymphocyte accumulation during the peak period of cellular influx. Third, many lung
lymphocytes in both alveoli and lung interstitium displayed high levels of CD25 and CD69,
indicating recent activation and entry into the cell cycle. Fourth, both lung lymphocyte
populations proliferated minimally in vitro, either spontaneously or when further stimulated
with a variety of exogenous cytokines. Proliferation was not increased in either experimental
design by removal of potentially immunosuppressive macrophages. Fifth, nevertheless, lung
lymphocytes were not refractory to polyclonal activation in vitro by mitogens. We conclude
that in situ proliferation contributes minimally to net lung lymphocyte accumulation in this
experimental model system.

This study utilized the classic T cell-dependent particulate antigen, SRBC, in an
experimental model system that has the advantages of simplicity and reproducibility. The
peribronchovascular cellular infiltrates induced by SRBC challenge are identical in location
to those seen in two murine models of lung infection (1. 22), and in patients with
hypersensitivity pneumonitis or pulmonary lymphomas, leading us to propose that the
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peribronchovascular regions are a stereotypic area of lymphocyte accumulation (23),
Intratracheal SRBC challenge in primed A/J mice by an identical protocol has been studied
as a model for asthma because it induces airway hyperreactivity and pulmonary
eosinophilia (2429, Thus, our findings are relevant to understanding of a variety of
infectious and immunologic lung diseases.

The finding that marked and rapid lung lymphocyte accumulation can occur in the absence
of local proliferation is significant because it indicates that recruitment is chiefly responsible
for the marked increases in lymphocyte numbers early in the development of this response.
Hence, this model system can be used to study the molecular mechanisms of lymphocyte
recruitment without the confounding influence of local lymphocyte proliferation. Because
we have recently reported that a substantial fraction of lung lymphocytes in this model
system undergo elimination by apoptosis (28), recruitment must be sustained to
counterbalance ongoing losses. Based on analysis of adhesion receptor expression, we have
previously reported that the overwhelming majority of lung CD4+ T cells in this model
system have encountered antigen at some time in the past, ie., are primed or memory

cells 27). We now conclude that most lung lymphocytes are in fact probably very recently
reactivated cells, as CD69 expression peaks at 18-24 hours and decays with a half-life of 24
hours (28), and CD25 surface expression persists for only a few days after lymphocyte
activation in vitro (29), Significant expression of CD25 by lung lymphocytes is a feature of
several human immunologic lung diseases (30-32), Because the vast majority of lymphocytes
at any site of inflammation are not specific for the inciting antigens, it is unlikely that the
high percentage of CD25+ cells results from lymphocyte activation within lung parenchyma.
Instead, these findings suggest ongoing recruitment to the lungs of activated lymphocytes of
a wide range of antigen specificities. Our results are also consistent with in vitro
observations that recently activated lymphocytes are the most invasive and motile cells (33),

Accurate direct measurement of in situ proliferation requires labeling only of cells
proliferating within the lung, and not those proliferating elsewhere and recruited to the lung
during the labeling period. Hence, the labeling procedure must be brief and efficient. For
this purpose, the nucleotide analog BrdU, which is incorporated into DNA via the same
pyrimidine salvage pathway as thymidine, is ideally suited. BrdU is rapidly degraded in
vivo; >90% of an IP dose is degraded within 20 minutes and essentially no free BrdU is
detectable in blood by one hour G4). A 20-60 minute labeling interval is sufficiently brief
that cells in the process of recruitment should contribute little to the analysis, yet has been
shown to efficiently label dividing cells within the lungs 9. In vivo labeling of dividing
cells with BrdU yields results which are comparable to other methods (3% 36). Thus, it is
likely that the BrdU treatment protocol used gave an accurate glimpse of instantaneous
lymphocyte proliferation within the lungs. Although a slightly higher percentage of BrdU+
cells was detected in the lungs of antigen challenged mice by immunohistology than by flow
cytometry, it is likely that the former technique yields an overestimate by failing to exclude
BrdU+ macrophages. It is unlikely that the brief pulses of BrdU used in this study inhibited
lymphocyte proliferation (37),

Although many studies have shown inhibition of lymphocyte proliferation when AMgs are
added to mitogen-activated PBMC, there has been very little confirmatory analysis using
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lung lymphocytes. In the current study, spontaneous proliferation of lung lymphocytes in
vitro was judged to be minimal in comparison with the marked proliferation of the same
number of mitogen-activated cells in two reference populations: control splenocytes and
lung lymphocytes themselves when stimulated with mitogens. Mitogen-activated
splenocytes were chosen as one benchmark because their level of expression of CD25 and a
variety of activation-dependent adhesion receptors is similar to that of lung lymphocytes
over this time period (V.A. Maxwell & J.L. Curtis, unpublished observation). A low
lymphocyte proliferative index despite high CD25 expression has been demonstrated in
some other regional immune responses (3839, but to our knowledge not in experimental
pulmonary immune responses. Interestingly, the degree of in vitro spontaneous proliferation
we observed is similar to that found by Pinkston and associates for BAL lymphocytes in
patients with high intensity alveolitis in sarcoidosis (approximately 1500 dpm/10°
lymphocytes and 6-9% labeling by autoradiography) 40 41). Because the fraction of
proliferating lymphocytes was 10-fold higher in those patients than among BAL cells
recovered from normal subjects or patients with low intensity alveolitis, those authors
concluded that local proliferation is one possible explanation for lung lymphocyte
accumulation in that disease. In contrast, by working in an experimental animal model
system, we have been able in the current study to directly test both the actual fraction of
cells proliferating in vivo, and the importance of cell division over the 24 hours preceding
assay. These direct measurements lead us to conclude that local proliferation contributes
minimally to net lung lymphocyte accumulation in this model system. Our results support
those of Holt's laboratory which found that addition of IL-2 to mitogen-stimulated lung
lymphocyte cultures did not increase proliferation (42, We extend those findings by
examining the response of immunized mice and by examining IL-4 and EL-4 supernatants,
which contain a variety of cytokines.

The observed brisk proliferative response of lung lymphocytes to mitogen stimulation in
vitro is noteworthy for two reasons. First, this finding indicates that the culture conditions
employed in this study were conducive to proliferation of lung lymphocytes when properly
stimulated. Second, this finding indicates that following emigration from the lungs, these
lymphocytes could potentially be stimulated to participate in immune responses elsewhere in
the body or possibly to generate immunologic memory. Response to immobilized anti-CD3
would be anticipated based on the predominance of primed cells in the lung lymphocyte
pool, and agrees with data on human BAL lymphocytes (43). The fact that we measured such
a good response to ConA contrasts with findings from normal human BAL lymphocytes (43),
probably reflecting the somewhat greater percentage of naive lymphocytes in this induced
response (44). These data should not be construed to deny any role for in situ proliferation in
the generation of the pulmonary immune response. Some of the observed 3-5% BrdU+ lung
lymphocytes are probably SRBC-specific clones. Previous work in this model system has
shown that the fraction of lymphocytes secreting specific anti-SRBC antibody (per million
lung lymphocytes) peaks at day seven after intratracheal antigen challenge, at a time when
total lymphocyte numbers in the lung are falling (19). Such enrichment could reflect either
proliferation of antigen-specific B cell clones or their selective retention within lung
parenchyma.

Am J Respir Cell Mol Biol. Author manuscript; available in PMC 2014 August 06.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Seitzman et al.

Page 14

The most likely reason that, despite evidence of previous activation, lung lymphocytes failed
to complete the cell cycle spontaneously or with cytokine stimulation is that they are in a
refractory state following repeated cell division outside the lungs. It is known that after 6-10
cycles of cell division, T cell clones become refractory to the stimulating effect of IL-2
despite continued high level expression of IL-2R (45). Although it is currently unclear
whether a similar IL-2 refractory state occurs in vivo, such an interpretation would be
consistent with our results of in vitro stimulation with rmIL-2. Alternative explanations
appear less likely. It is possible that lung lymphocyte proliferation depends on other
exogenous factors not supplied by the cytokine mixtures we used. However, it should be
noted that PMA-stimulated EL-4 cells have been used to clone the genes for a variety of
lymphokines which support murine T cell proliferation; hence, although we did not assay for
factors such as IL-7, IL-9, and IL-15, it is likely that the supernatants used in this study
contained them. It is also possible that in vitro lung lymphocyte proliferation could be
supported by the costimulatory action of cell-cell or cell-matrix interactions. Although we
did not directly examine this issue, we believe that the low in vivo proliferative rate
determined by BrdU labeling renders this question moot.

Our findings have important implications for the design of therapies to treat immunologic
lung diseases including allograft rejection. Aside from the use of steroids, which have
diverse and incompletely understood effects on the immune system, most current therapies
for immunologic lung diseases depend on inhibition of lymphocyte proliferation. However,
because transcription of a variety of lymphokine genes is coordinated with activation,
accumulation of large numbers of activated memory cells in the lungs might lead to
secretion of proinflammatory lymphokines by T cells not specific for the inciting antigens.
Therefore, if accumulation of activated memory T cells within the lungs does not depend on
local proliferation, as our data suggest, one reason for the limited success of these therapies
may be that they do not prevent cytokine secretion. Modulating recruitment of memory T
cells and their subsequent secretion of cytokines are alternative approaches to control of
immunologic lungs diseases and lung allograft rejection.
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ddH20
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PBL
PBS**
Fisher's PLSD
PTN
SRBC

tritiated thymidine

antigen-presenting cell

bronchoalveolar lavage

Ca**, Mg**-free phosphate buffered saline

double distilled water

monoclonal antibody

peripheral blood lymphocyte

PBS containing calcium, magnesium, and 0.01% sodium azide
Fisher's protected least significant difference test

paratracheal node lymphocyte

sheep red blood cell
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Figure 1.
Flow cytometric analysis of in vivo lymphocyte proliferation. SRBC-primed C57BL/6 mice

were challenged intratracheally with SRBC to induce a pulmonary immune response. On
various days after challenge, BrdU (4 mgs/mouse IP) was administered in 1-3 doses at 20
minute intervals before the mouse was killed and cells harvested by BAL and dissection.
Cells were stained for incorporated BrdU as described in Methods and were analyzed by
flow cytometry. A-C. Representative histograms of cells within light scatter-defined gates
from (A) bone marrow, (B) PTN, and (C) BAL. Data are from a single mouse four days
after intratracheal antigen challenge. D. Kinetics of BrdU incorporation. Bars represent
BrdU+ cells (defined by light scatter gating) in bone marrow (light cross hatching);
paratracheal nodes (black); BAL (dark cross-hatching); and lung mince (light stippling).
Data are mean + SEM of 3 experiments, each consisting of pooled samples from 2-5 mice
(except for bone marrows, which were assayed individually). *, significantly different from
same tissue at other time-points, p <0.05, ANOVA with Fisher's PLSD post hoc testing.
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Figure 2.
In situ demonstration of lung mononuclear cell proliferation. SRBC-primed C57BL/6 mice

were challenged intratracheally with SRBC to induce a pulmonary immune response. BrdU
(4 mgs/mouse) was administered IP in 1-3 doses at 20 minute intervals before the mouse
was killed; lungs were processed histologically and sections were stained for BrdU
incorporation by the immunogold technique as described in Methods. Representative serial
photomicrographs of a single mouse four days after challenge. A. BrdU staining of
individual cells within a perivenular inflammatory cell cuff. B. Control (irrelevant primary
antibody). Similar results were obtained in three independent experiments. Scale indicates
100 pm.
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Figure 3.
Effect of hydroxyurea treatment on lymphocyte accumulation in the lungs. SRBC-primed

C57BL/6 mice were challenged intratracheally with SRBC to induce a pulmonary immune
response. Two days later, hydroxyurea (1 mg/g body weight) or saline was administered IP
for 24 hours (three separate injections at eight hour intervals). Mice were killed humanely 20
minutes after the last injection and cells were harvested from the lungs by BAL and from the
bone marrow. A, B. Representative histograms of bone marrow from individual mice treated
with saline (A) or hydroxyurea (B), showing effective systemic ablation of dividing cells in
hydroxyurea-treated mice. C. Total and differential cell recovery in BAL. Control (saline
injected) mice are represented by dark cross-hatching and hydroxyurea-treated mice by light
cross-hatching. Data are mean + SEM of ten mice per group assayed in two separate
experiments. There are no significant differences between saline and hydroxyurea-treated
groups, p >0.05, unpaired t test.
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Figure 4.
Intratracheal challenge results in CD25 expression by lung T cells. Peripheral blood

lymphocytes (PBL) and BAL cells were obtained at various times after intratracheal
challenge of SRBC-primed C57BL/6 mice. Cells were stained with pairs of conjugated
monoclonal antibodies and analyzed by four parameter flow cytometry with light scatter
gating to identify lymphocytes. A, B. Representative fluorescence data of (A) PBL and (B)
BAL lymphocytes (defined by light-scatter gating). Data are depicted as 10% probability
contour plots and represent cells from a single mouse. Horizontal axis is CD4 fluorescence
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and vertical axis is CD25 fluorescence; both axes are in arbitrary units on a four-decade
logarithmic scale. The crossbars indicate the cut-offs for integration to determine double
positive cells (upper right quadrant) as a percentage of all CD4+ T cells (upper right plus
lower right quadrants). C, D. Time-course of CD25 expression by (C) total lymphocytes and
(D) CD4+ T cells in lung and peripheral blood. Squares, BAL; circles, PBL. Open symbols
denote results from normal mice. Data are mean £ SEM of 3-10 mice per time-point assayed
individually in at least three separate experiments per time-point, except for normals and day
zero, where lavage groups of 8-12 mice were pooled in each of four separate experiments. *,
BAL sample significantly different from corresponding PBL sample, p < 0.05, unpaired t
test.
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Figure 5.
Expression of the early activation antigen CD69 by BAL T cells. Splenic lymphocytes

(PBL) and BAL cells were obtained at various times after IT challenge of SRBC primed
C57BL/6 mice. Cells were stained with pairs of conjugated monoclonal antibodies and
analyzed by four-parameter flow cytometry with light-scatter gating to identify
lymphocytes. Representative fluorescence data of (A) splenic lymphocytes and (B) BAL
lymphocytes (defined by light-scatter gating). Data are depicted as 10% probability contour
plots and represent cells from a single mouse. Horizontal axis is CD4 fluorescence and
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vertical axis is CD69 fluorescence; both axes are in arbitrary units on a four decade
logarithmic scale. Crosshars indicate the cutoffs for integration to determine CD69+ cells
(upper right quadrant) as a percentage of all CD4+ T cells (upper right plus lower right
quadrants). CD69 expression by (C) total lymphocytes and (D) CD4+ T cells in spleen ()
and BAL (). N.D., not determined. Data are means 6 SEM of three mice per time point
assayed individually in two to three separate experiments per time point. * BAL sample
significantly different from corresponding splenic sample, P, 0.05, unpaired t test.
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Figure 6.
Spontaneous in vitro proliferation of lung lymphocytes from antigen-challenged mice.

SRBC-primed C57BL/6 mice were challenged intratracheally with SRBC to induce a
pulmonary immune response. On various days after challenge, cells obtained from BAL
(dark cross-hatching), lung mince, (stippled), and lung mince post G-10 column (light cross-
hatching) were placed in culture, pulsed immediately with 3H-Thd, and harvested 12-16
hours later. VValues are expressed as mean + SEM of at least three independent experiments
at each time-point, each with replicates of 5-6 wells. *, significantly different from all other
days within same cell-sample population; T, BAL significantly different from lung mince; £,
BAL significantly different from post G-10 lung mince; § = lung mince significantly
different from post G-10 lung mince; p < 0.05, ANOVA with Fisher's PLSD post hoc
testing.
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Figure 7.
Effect of exogenous cytokines on lung lymphocyte proliferation in vitro. BAL (dark cross-

hatching), lung mince (stippling), and lung mince post G-10 (light cross-hatching) were
incubated for 24 hours with various concentrations of exogenous cytokines, then were
pulsed with 3H-Thd and harvested after an additional 16-18 hour incubation. A. Incubation
with rmIL-2. Data are mean * standard error of 5-6 wells in a single experiment on cells
obtained four days after intratracheal challenge, which is representative of three individual
experiments. Similar results were obtained in each experiment using cells recovered at two
and three days after intratracheal antigen challenge. B. Incubation with rmIL-4.
Representative data of cells obtained at individual time-point post IT. Data are mean *
standard error of 5-6 wells in a single experiment on cells obtained four days after
intratracheal challenge, which is representative of two individual experiments. *,
significantly different from no cytokine incubation within same cell-sample population; p <
0.05, ANOVA with Dunnett's (two-tailed) post hoc testing; T, BAL significantly different
from lung mince; f, BAL significantly different from post G-10 lung mince; § = lung mince
significantly different from post G-10 lung mince; p < 0.05, ANOVA with Fisher's PLSD
post hoc testing.
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Figure 8.
Proliferative response of lung lymphocytes to Con-A stimulation in vitro. BAL and lung

mince mononuclear cells were harvested from SRBC-primed C57BL/6 mice four days after
induction of a pulmonary immune response by IT challenge. Aliquots were depleted of
phagocytic cells including macrophages by Sephadex G10 column. Cells were cultured for 2
days (light stippled bars), 3 days (cross-hatched bars), or 4 days (black bars) at 2 x 10° cells
per well in flat-bottomed 96-well plates in complete medium in the absence or presence of
Con-A 10 pg/mL (an optimal dose). Lymphocyte proliferation was assessed by uptake

of 3H-Thd during the final 16 hours of culture. Splenocytes in the same experiment gave
18,000-98,000 cpm. *, significantly different compared to corresponding condition without
Con-A stimulation, p < 0.05, unpaired t test. Similar results were obtained in two separate
experiments.
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Figure 9.
Proliferative response of lung lymphocytes to anti-CD3 stimulation in vitro. BAL and lung

mince mononuclear cells were harvested from SRBC-primed C57BL/6 mice four days after
induction of a pulmonary immune response by IT challenge. Aliquots were depleted of
phagocytic cells including macrophages by Sephadex G10 column. Cells were cultured for 3
days (light stippled bars), 4 days (cross-hatched bars), or 5 days (black bars) at 2 x 10° cells
per well in flat-bottomed 96-well plates in complete medium in the absence or presence of
immobilized hamster anti-murine CD3 (clone 145-2C-11). Lymphocyte proliferation was
assessed by uptake of tritiated thymidine during the final 16 hours of culture. *, significantly
different compared to corresponding condition without anti-CD3 stimulation, p < 0.05,
unpaired t test. Note difference in scale from Figure 7. Similar results were obtained in two
separate experiments.
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