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Abstract

Background—Subsets of human blood monocytes can be defined by CD14 and CD16
expression but otherwise are often assumed to be relatively homogeneous. However, we observed
unexpected heterogeneity in other properties of monocytes from healthy adults without clinical
immunological abnormalities.

Methods—Blood samples from 200 healthy adults were examined by flow cytometry (FCM)
with antibodies to monocyte-associated molecules including CD4, CD14, CD16, CD33, CD38,
CD80, CD86, CD91, CD163, CD244, CD274, TIA-1, Toll-like receptor 1 (TLR1), TLR2, TLR4,
HLA-DQ and HLA-DR.

Results—The monocyte subsets defined by CD14 and CD16 and the levels of CD16 expression
differed among subjects. Unexpectedly, expression of the monocyte lineage marker CD33 also
varied among subjects as did that of CD38. TLR2 expression was variable but we were unable to
detect B7-H1 (PD-L1 or CD274), TLR1 and TLR4 whereas CD80 was barely detectable. HLA-
DR and HLA-DQ expression varied to a similar extent among individuals but there was
substantially greater heterogeneity of HLA-DR within individuals. CD163 and CD86 varied
among subjects with a modest reciprocal relationship. In contrast to this overall pattern of
variability, the expression of CD4, CD244 and TIA-1 were more consistently expressed.

Conclusions—Contrary to many assumptions, human blood monocytes are heterogeneous
within and among individuals. The pattern of HLA-DR expression within an individual may be
related to the timing of interferon gamma elevations. Finally, expression of CD86 and CD163 may
indicate whether circulating monocytes are tending toward M1 or M2 polarization.

“4Corresponding author, University of Nevada School of Medicine, UNR MS199,1664 N. Virginia St., Reno, NV 89557-0046. Tel 775
784-6459 FAX 775 784-1312, dredelman@medicine.nevada.edu or redelman@concentric.net.

Reno NV - deceased

The authors lack commercial or proprietary interests with the companies cited and with the information of this publication and thus
have no conflicts of interest to declare.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hudig et al. Page 2

Keywords
Monocytes; CD14; CD16; CD33; CD91; CD163; HLA-DR; HLA-DQ); heterogeneity

Controlled Key Words

Cytometry; Flow Cytometry; fluorescence cytometry; immunology; Immunophenotyping; PBMC;
peripheral blood

Introduction

Blood monocytes can enter tissues and differentiate into immunologically relevant
macrophages (1) and dendritic cells (2) and can also participate in the formation of
atherosclerotic lesions (3). More than 20 years ago, it was established that elevated numbers
of CD14L9/NegCcp16* “non-classical” (4) monocytes can be of prognostic importance, e.g.,
(5). More recently, it has been clinically recognized that elevated expression of CD64 on
myeloid cells is consistent with activation resulting from an infection ((6); BD Test
#340768) (7). In acute myeloid leukemia (AML), characterization of tumor monocytes is of
therapeutic significance. In the context of HIV/AIDS, monocytes are of interest since they
express CD4, can be infected with HIV and can serve as a reservoir of virus, e.g., (8, 9, 10,
11). Aside from these situations, there appears to be a tacit (mis)understanding that
monocytes are relatively homogeneous and that there is little to be learned from detailed
studies of their phenotypic properties. In this study, we have used flow cytometry (FCM) to
examine the phenotypic variability of monocytes from 200 healthy subjects without clinical
immunological abnormalities. The expression of CD33, CD14, CD16, HLA-DQ, HLA-DR,
CD86, Toll-like receptor 2 (TLR2), CD38 and CD163 on monocytes varied substantially
among individuals. In contrast, CD4, CD244 and TIA-1 varied relatively little among
individuals. Our results suggest that detailed characterization of monocytes in health and
disease could provide useful information concerning immune states and predisposition to
diseases.

Materials and Methods

The methods used in these studies were described in detail in “Properties of human blood
monocytes |. CD91 expression and log orthogonal light scatter provide a robust method to
identify monocytes that is more accurate than CD14 expression” (Hudig et a/., submitted).
The procedures are briefly summarized below with additional details included in the
supplement.

Blood Collection and Processing

Venous blood samples were collected from 200 subjects (142 female, 58 male) who
provided informed consent in accordance with University of Nevada Institutional Review
Board Protocol Approval #B02/03-34.
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Antibodies & Labeling

Antibodies (listed in supplement table ST1) were combined into mixtures as indicated in the
legends to the figures and tables. Antibody quantities were used as recommended by the
suppliers. After adding the antibodies to aliquots of whole blood, the samples were treated
with FACSLysing solution, washed and resuspended for FCM. In some cases, combined
surface and intracellular labeling was performed using IntraPrep reagents (#1M2389,
Immunotech, a subsidiary of Beckman-Coulter, Fullerton, CA).

Instrumentation & Flow Cytometry

FCM examinations were performed with a Coulter Epics XL/MCL cytometer with optical
filters modified to measure fluorescein, PE, PC5 and PC7 as depicted in the supplement.
Sufficient total cells were examined such that the data files typically included 3,000 to 5,000
monocytes.

Analyses of Data

Results

Data files were analyzed with the Mac versions of FlowJo (TreeStar, Ashland, OR).
Fluorescence intensity values are reported as the “median fluorescence intensity” (MFI) as
determined in FlowJo. In some cases, such as the expression of CD163 on monocytes, there
was no clear distinction between “positive” and “negative” cells. In order to estimate the
“per cent positive” cells, we used the population comparison in FlowJo that is based on the
Overton subtraction method (12) as further modified by Bagwell (13). In those cases, we
also report the MFI value for the total population, e.g., the expression of CD163 and that of
HLA-DR. Tabular data were transferred to Excel where the built-in statistical functions were
used to determine means and other values such as correlations.

Variable CD16 expression

Monocytes can be divided into subsets based on their expression of CD14 and CD16 (4) and
as illustrated in Figure 3 of the previous paper in this series (“Properties of human blood
monocytes |. CD91 expression and log orthogonal light scatter provide a robust method to
identify monocytes that is more accurate than CD14 expression”, Hudig ef a/., submitted).
The “non-classical” monocytes are CD14-9/NedCD16* whereas the “classical” monocytes
are CD14B™ but CD16Ne9 and a third “intermediate” population is CD14B™*CD16*. The
non-classical monocytes can be readily distinguished by CD14L-9/Neg expression but the
intermediate subset cannot be reliably defined without a CD16 “fluorescence minus one
(FMO)” control. Therefore, we divided the monocytes into two subsets, /.., the CD14Br+
cells (including both classical and intermediate cells) and the CD14L°/Nég (non-classical)
cells. Seventy-nine subjects were examined with PE-anti-CD14 and PC7-anti-CD16. Among
those subjects, 11.8+3.58% (range 4.71% — 20.8%) of the monocytes were non-classical
(CD14L0/Negy with widely variable CD16 expression (MFI = 3.84+4.50, range 0.10 — 22.70).
The CD148"™ population had much lower CD16 expression (MFI = 0.24+0.15, range 0.10 —
0.85) with the variability reflecting varying proportions of classical and intermediate
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monocytes. Thus, not only did the fraction of non-classical monocytes vary among subjects,
but the amount of CD16 expressed on these cells was also heterogeneous.

Variable CD33 expression

In these studies, we examined multiple aliquots of blood from each subject with different
combinations of antibodies in order to measure the properties of several populations of cells,
e.g., monocytes, B cells, T cells, efc. Where necessary, we used antibody to CD91 and/or to
CD33 to identify the monocytes. For example, blood samples from one group of 16 subjects
were tested with four combinations of antibodies that each included PC5-anti-CD33 to
identify monocytes. As we reported in the previous paper, tests of single samples labeled
simultaneously with antibodies to CD91 and to CD33 showed much more variability among
subjects in CD33 expression. In order to verify that the apparent variability among subjects
was not simply sample to sample to variation, we measured CD33 expression among
multiple samples from each individual in the group that contained four combinations that
each included anti-CD33. The mean+Stdev PC5-anti-CD33 MFI values for each subject are
depicted in Figure 1. These data illustrate that the variation in CD33 MFI among samples
from each subject was much smaller than the variation among subjects. In this group, there
were two subjects with low CD33 and one with high CD33 expression as depicted in the
inset CD33 vs. SSC bivariate plots. The other 13 subjects had levels of CD33 expression that
fell into two intermediate groups. Comparable results were obtained with another group of
subjects that was similarly examined with multiple combinations of antibodies that all
contained PC5-anti-CD33. Altogether, all 200 subjects were tested with either clone WM53
or clone D3HL60.251 PC5-anti-CD33 with similar results. Among the 84 subjects tested
with clone WM53, the mean MFI was 17.4+7.55 (range 3.42 — 34.0) whereas among the 116
subjects tested with D3HL60.251 the mean MFI was 17.3+7.82 (range 2.28-39.0). The
results for all the subjects are depicted in Supplemental Figure S2. There was no association
between the expression of CD33 and the age (Figure S2) or gender of the subjects (not
shown). The possible explanations for this variability and the potential implications will be
discussed.

Variable CD38 expression

The amount of CD38 expressed on CD8 T lymphocytes is prognostic for AIDS in patients
infected with HIV, e.g., (14, 15). However, less is known about the significance of monocyte
CD38 expression. Supplemental Figure Figure S3 illustrates the MFI values of CD38
expression on monocytes from 97 of our healthy subjects (mean MFI = 16.9+2.80, range
4.76 — 28.6). Although CD38 expression can be increased by IFNy (16), we observed no
association between CD38 expression and that of HLA-DR which is also elevated in
response to IFNy (not shown). CD38 expression In combination with SSC can be used to
identify monocytes, but CD38 also occurs on granulocytes and some lymphocytes (not
shown).

Variable expression of MHC class Il proteins

MHC Class Il proteins, e.g., HLA-DQ and HLA-DR, are expressed on both B cells and
monocytes. When we examined the expression of these MHC Il proteins on B cells and
monocytes within and among individuals we made four major observations. First, within
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individuals, HLA-DQ and HLA-DR appeared to be coordinately expressed on B cells
whereas on monocytes HLA-DR expression varied independently of HLA-DQ and to a
greater extent. These differences are illustrated for the B cells and monocytes of one typical
individual in Figure 2. Second, among all the individuals, expression of both MHC Il loci on
monocytes varied to a similar extent (mean HLA-DQ MFI = 6.53+2.09, range 1.23-12.4;
mean HLA-DR MFI = 6.55+3.40, range 1.15 — 19.3). Third, although the overall ranges of
variation in expression of HLA-DQ and HLA-DR were similar, there was only a modest
association among individuals as illustrated in Figure 3. Fourth, as illustrated for one subject
in Figure 2, the variation in HLA-DR expression was substantially greater than that of HLA-
DQ within an individual. The robust CV is one measure of dispersion in a distribution and
that of HLA-DR (mean Robust CV = 157.5+33.7, range 84.3 — 306) was approximately four
fold greater than that for HLA-DQ (mean Robust CV = 40.5+£14.7, range 24.8 — 111). These
differences are graphically illustrated for one group of 17 subjects in Supplemental Figure
S5. These univariate distributions illustrate that the HLA-DR expression was not only more
variable within a subject, but the distributions tended to be asymmetrical and skewed. Taken
together, these data suggest that the levels of expression of HLA-DQ and HLA-DR are
under separate mechanisms of control in monocytes. Although an association with age has
been reported (17), when we compared expression of HLA-DR or HLA-DQ with the ages of
subjects (21 to 67 years with one 82 year old subject), we noted no association (not shown).
We also noted no differences in HLA-DQ or HLA-DR expression related to gender (not
shown). Although it has been known for more than 30 years that HLA-DR occurs on
monocytes, e.g., (18), we believe there is additional new information that can be gained as
will be discussed.

Expression of Toll-like receptors (TLR) TLR 1, TLR2 and TLR4

A total of 190 subjects were examined for TLR2 and TLR4 expression and 84 subjects for
TLR1 expression on monocytes. Neither TLR1 nor TLR4 could be reliably detected (not
shown). On the other hand, TLR2 was detectable at levels varying over a 4-5 fold range
(mean MFI = 7.14+1.74, range 3.86 to 14.4). Cellular levels of TLR2 varied independently
of CD86 expression (Supplemental Figure S6), of MHC Il proteins, of age or of gender (not
shown).

CD4, TIA-1 and CD244 Expression

We observed much less variability among individuals in expression of these molecules. One
combination of antibodies (FITC-anti-CD3e, PE-anti-CD4, PC5-anti-CD8a plus PC7-anti-
CD2) was examined with samples from 103 subjects. In those samples, the monocytes and
CD4* T (CD3e*) lymphocytes were identified and the MFI values of PE-anti-CD4
expression were determined for both monocytes and T lymphocytes. The mean MFI value
for T lymphocytes was 46.9+5.06 and that for monocytes was 6.86+1.11. Thus, there was a
similar range of variation for CD4 expression on the two cell types (+ ~11-14%) with no
significant correlation of CD4 expression on these two cell types within individuals (not
shown). TIA-1 (also known as GMP-17, (19)) is an intracellular product that is known to
occur in blood monocytes (20). We examined blood samples from 38 subjects that were
surface labeled with PC5-anti-CD33, PC5-anti-CD3e, and PC7-anti-CD8a and labeled
intracellularly with FITC-anti-PRF1 and PE-anti-TIA-1. Supplemental Figure S7 illustrates
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typical data from two of these subjects showing that TIA-1 occurred in monocytes (Mean
MFI = 9.79+2.41; Range 6.79 t018.1) and was most highly expressed in neutrophils (Mean
MFI = 109+36.8; Range 57.0 to 206). (In Supplemental Figure S7 it appears that TIA-1 is
present in eosinophils but it is autofluorescence.) We noted that CD244 occurred on
monocytes and eosinophils as had been previously observed (21, 22, 23, 24). In total, we
examined CD244 expression in blood samples from 127 subjects and all of them had similar
amounts of CD244 on their monocytes (Mean MFI = 4.85+0.73; Range 2.75 to 7.06).

Monocyte Polarization: B7 molecules (CD80 & CD86) and the scavenger receptor CD163

On fully differentiated macrophages, the co-stimulatory B7 molecules CD80 and CD86 are
elevated on pro-inflammatory or M1 cells (25) while the scavenger receptor CD163 is
elevated on alternatively activated M2 cells (26). We examined the expression of B7
molecules and that of CD163, compared them with the expression of other monocyte
molecules and then compared them with each other.

B7 Molecules

CD163

Monocytes from 200 subjects had variable levels of CD86 (B7.2, mean MFI 2.66 + 0.71,
range 0.98 — 6.68). Eighty-four subjects were characterized for both B7.1 & B7.2 (CD80 &
CD86). In those subjects, the expression of CD80 was barely detectable (mean MFI =
0.87+0.24, range 0.56 — 1.63). Comparisons of the expression of these co-stimulatory
molecules showed modest association (CD86 vs. CD80: slope = 0.22, R2 = 0.450;
Supplemental Figure S6). In contrast, there was no detectable association between the
expression of these B7 molecules and MHC Class |1 proteins (not shown). Another member
of the B7 family, namely B7-H1 (PD-L1 or CD274), could not be reliably detected on the
monocytes of any of 74 subjects examined (not shown).

CD163 is a scavenger receptor for hemoglobin-haptoglobin complexes (27, 28) that is
selectively expressed on “alternatively activated” or M2 macrophages and monocytes
(Review, 29). We examined the expression of CD163 on monocytes from 74 subjects and
found that it was highly variable. The monocytes from the tested subjects ranged from
24.3% t0 95.1% CD163+ (mean = 76.0% SED) with PE-anti-CD163 MFI values from 1.03
to 5.72 (mean = 3.52). Figure 4 depicts the cells from the subject with the lowest frequency
of CD163™ cells (Subject #039) and from the subject with the highest PE-anti-CD163 MFI
value (Subject #043). These data illustrate that although expression of CD163 was variable,
there were at least some monocytes from all the tested healthy subjects that expressed this
scavenger receptor. There was no detectable relationship between the levels of expression of
CD163 and CD33 on monocytes (not shown). We also examined possible relationships
between CD163 and HLA-DR expression and found no associations (nhot shown). However,
there was a modest association between the expression of HLA-DQ and that of CD163 on
monocytes (HLA-DQ vs. CD163; slope = 0.358, R? = 0.346; Supplemental Fig S8).
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CD163 vs. CD86

Of greatest interest, there was a modest reciprocal association between the MFI values of
CD163 and those of CD86 (Supplemental Figure S9). The expression levels of CD86 and
CD163 were not examined on the same cells so we could not determine if this reciprocal
relationship existed at the level of individual monocytes. However, overall, individuals with
monocytes that had higher levels of CD86 tended to have monocytes with lower levels of
CD163 and vice versa.

Discussion

The present studies demonstrate that there is considerable heterogeneity in the monocytes
within and among healthy subjects who were neither acutely ill nor had known
immunological abnormalities. For example, it has been known for more than two decades,
e.g., (4, 30), that human monocytes could be divided into subsets based on expression of
CD14 and CD16. We found that the proportions of those subsets varied among individuals
and we also found that the amount of CD16 expressed on the “non-classical”
CD14L9/NegCcp16* cells was widely variable among subjects. It has already been established
that elevated numbers of these non-classical monocytes can be of prognostic significance,
e.g., (5,31, 32, 33, 34). The possible significance of variable expression of CD16 on these
non-classical monocytes is not currently known but would be worthy of further study.

The variability in CD33 expression among individuals (Figure 1 and Supplemental Figure
S2) was unexpected and was of both practical and theoretical interest. At a practical level,
the expression of CD33 is a known lineage marker for monocytes (35) but the variation in
expression could complicate the use of anti-CD33 as a lineage identifier. Of potentially
greater theoretical significance, variations in CD33 expression may alter the function of
monocytes. CD33 is a sialic acid-binding Ig-like lectin (SIGLEC) with an extracellular V
domain containing the lectin-like region that binds sialic acid groups, a second extracellular
C domain not directly involved in binding sialic acid groups and an intracellular domain
with two potential immunoreceptor tyrosine inhibitory motif (ITIM) sites (36). Thus,
engagement of CD33 can deliver an inhibitory signal (37), particularly for activation
mediated through the Fc-receptor (36). The variation we observed could indicate that
individuals simply express different amounts of CD33 as controlled by unknown
mechanism(s) with unknown effects on monocytes. Alternatively, different individuals could
express different proportions of the CD33M (both V and C domains) and CD33m (C domain
only) isoforms (38). The antibodies we used (WM53 and D3HL60.251) both recognize
epitopes in the extracellular V domain which includes the lectin-like site and is absent on the
smaller CD33m isoform (39). Finally, binding of sialo-proteins to the lectin-like V domain
can partially block the binding of these antibodies so that different degrees of labeling could
reflect variable ligand binding. In studies currently underway, we are comparing labeling
with antibodies to V-domain epitopes such as those we used here and clone HIM3-4 which is
an antibody to a C-domain epitope (39). The results will assist in resolving the basis for the
variability in CD33 labeling we have observed.

CD38, a type Il transmembrane protein with extracellular NAD'ase activity, e.g., (40, 41),
could be involved in at least three functional activities on monocytes. First, CD31 (42) is one
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defined ligand of CD38 so it could participate in the adherence of CD38-bearing blood
monocytes to vascular endothelial cells that express high levels of CD31. Second, CD38
may deliver activation signals to monocytes, e.g., (42, 43). Third, although the enzymatic
activity of CD38 is extracellular, it can participate in regulating intracellular NAD levels in
monocytes (44). The variations in CD38 expression we have observed on monocytes (Figure
S4) could affect any or all these functional activities. At a practical level, variation in CD38
expression on monocytes could affect CD38 assays that utilize monocytes as a biological
reference value for measuring CD38 on CD8 T cells (45). Using cells from a single donor
could provide a stable reference value but the variability among subjects depicted in Figure
S4 (mean MFI = 16.9+£2.80, range 4.76 — 28.6) indicates that the donor to be used should be
selected with care.

Although we were unable to detect TLR1 or TLR4, it is well established that LPS can
stimulate human blood monocytes, e.g., (46), via TLR4 (47). We could readily detect TLR2
expression and found that it varied over more than a three-fold range. We did not test
whether these variations affected function, but others have demonstrated that over-
expression of TLR2 does increase responsiveness (48). Clinically, Kuwahata, et al. (49)
demonstrated that patients with atherosclerosis had elevated levels of TLR2 on their
monocytes. This group used beads with recombinant TLR2 as a reference material and had
found in longitudinal studies that TLR2 elevations were associated with bacterial (50) and
viral (51) diseases. More recently, another group (52) has found that cardiac allograft
rejection is accompanied by elevated TLR2 on blood monocytes. Thus, it seems likely that
variations in TLR2 expression could affect monocyte function and/or could reflect
underlying disease processes.

It has been known for more than 30 years that products of MHC I loci, such as HLA-DR,
are expressed on human blood monocytes, e.g., (18). We examined expression of both HLA-
DQ and HLA-DR on monocytes and observed that both varied to a similar extent among
individuals as reported above. However, there was only a modest association between HLA-
DQ and HLA-DR expression among subjects (Figure 3). Within individuals, HLA-DR
expression varied much more widely, 7.e., about fourfold, than did HLA-DQ expression
(Figure 2 and Supplemental Figure S5). The differences in variability within individuals and
the modest association between the levels of expression of these products among individuals
(Figure 3) are consistent with reports that HLA-DQ expression on monocytes can be
controlled by mechanism(s) independent of Class Il transactivator (CIITA) (53) that can
regulate the products of both loci. In monocytes, CIITA is stimulated in response to IFN-y
(54, 55) and reviewed by (56) and has a short half-life (57). Human blood monocytes have
also been reported to have a half-life of only 1-3 days in circulation (58). Thus, the wider
range of variation of HLA-DR expression within an individual likely reflects mixtures of
monocytes that have or have not been exposed to elevated IFN-vy. The shape of the
distribution of HLA-DR expression could also reveal information about the length of time
since the last exposure to elevated IFN-y. In Supplemental Figure S5, one can see that in
most individuals, there were relatively small numbers of cells with high amounts of HLA-
DR. Acutely ill subjects were excluded from our studies so these patterns of expression
would be consistent with some time having elapsed since the last exposure to increased
amounts of IFN-y.
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In contrast to the overall patterns of heterogeneity we observed among subjects, the
expression of CD4 and CD244 on the surface of monocytes and the expression of TIA-1
within monocytes varied much less. TIA-1 can sequester mRNA molecules that contain AU-
rich elements as are found in many cytokine mRNA's (59, 60). The identities of mMRNA's
that may be bound to TIA-1 in monocytes remain to be determined. CD4 on monocytes is of
clinical interest because it can allow HIV to infect monocytes, e.g., (8, 9, 61, 62). However,
the real biological function of CD4 on monocytes remains to be determined. CD244 occurs
on NK cells and on T cells that contain perforin. CD244 binds CD48 (63, 64) and this
interaction on NK and T cells can enhance cytolytic activity by those cells e.g., (65, 66, 67,
68). It has been known for more than 10 years that CD244 also occurs on monocytes (21, 22,
23, 24), but its function on monocytes has not been determined. The expression of these
molecules on monocytes appears to be very closely regulated suggesting that they may have
significant functions which could be elucidated by additional basic studies.

It is now known that monocyte/macrophage type cells can differentiate through two
pathways to become pro- or anti-inflammatory cells, e.g., (69); review by (29). The pro-
inflammatory “classically activated” macrophages typically develop under Thl conditions
with IFN-y and are also known as M1 macrophages. On the other hand, “alternatively
activated” or anti-inflammatory macrophages are associated with Th2 conditions in which
IL-4 is predominant and are also known as M2 macrophages (70, 71). When M1
macrophages are activated, e.g., via TLR stimulation, they produce nitric oxide via inducible
nitric oxide synthetase (iNOS) and inflammatory cytokines such as TNF-a. On the other
hand, activated M2 macrophages produce arginase and anti-inflammatory cytokines such as
IL-10. M1 macrophages support the induction of immune responses whereas M2
macrophages are important in tissue differentiation since they efficiently phagocytose
apoptotic cells via receptors for the phosphatidylserine (PS) that is present on the surface of
apoptotic cells (72). M1 and M2 macrophages express characteristic patterns of gene
products. M1 cells have elevated B7 molecules (25) whereas M2 macrophages express the
mannose receptor (CD206) and/or the scavenger receptor (CD163) (29). We tested 74
subjects with antibodies to CD86 and CD163 and found that all those subjects had
monocytes with CD163. The frequency of CD163* monocytes was variable among subjects
and ranged from ~24-95%. with a mean of ~76%. Thus, it appeared that substantial
numbers of blood monocytes were on the pathway to becoming alternatively activated or M2
cells. We also noted a modest negative association between the levels of CD86 and CD163
(Supplemental Figure S9) as one might expect since these molecules tend to be elevated on
M1 and M2 monocytes/macrophages, respectively. Expression of CD163 and CD86 on
human blood monocytes has been examined previously, but to our knowledge this report is
the first in which a cohort of healthy subjects has been examined in this way.

In summary, we have found considerable heterogeneity in the properties of blood monocytes
from healthy subjects in addition to the long-known subsets defined by differential
expression of CD14 and CD16. In order to identify these CD14/CD16 subsets, monocytes
should be identified by SSC and a molecule expressed on all monocytes such as CD91 or
CD33, bearing in mind that CD33 itself is variably expressed among individuals as we have
shown. It is also helpful to display SSC on a log scale, especially if one intends to perform
leukocyte differential counts on CD45* lymphocytes, monocytes and granulocytes. In
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addition to defining the CD14/CD16 subsets, there may be further clinically relevant
information derived from expression of TLR2, HLA-DR and a combination of CD86 and
CD163 as described above. In examining many of these molecules on monocytes, it is not a
matter of simply defining “positive” or “negative” cells but rather monitoring the relative
levels of expression. Therefore, additional quality control steps may be required to make
longitudinal comparisons as others have described for measuring TLR2 on monocytes (50)
or CD38 on T cells (15, 45).

The following. a more detailed description of the procedures used in these studies; is
excerpted from the previous paper in this series, namely, “Properties of human blood
monocytes I. CD91 expression and log orthogonal light scatter provide a robust method to
identify monocytes that is more accurate than CD14 expression” (Hudig et al.).

Materials and Methods

Blood Collection, Processing & Hematology Analyses

Subjects (142 female, 58 male) were selected by one of the authors (WJD) from his general
medical practice. Dr. Diamond excluded children and adolescents under age 20, individuals
over age 70 (with one elderly exception), pregnant women and patients with known
immunological abnormalities such as HIV infection or autoimmune conditions including
multiple sclerosis, rheumatoid arthritis, efc. Participants provided informed consent and the
study was approved by the University of Nevada Institutional Review Board (Approval
#B02/03-34).

Peripheral blood samples were collected from 12 groups of participants, typically consisting
of 15-20 subjects, at the site of WJD's medical practice. Blood samples (EDTA Vacutainer
Tube #367861 & #367863, BD BioSciences, San Jose, CA) were collected between 7 and 9
am and transported to the University of Nevada laboratories. Blood samples were mixed by
inversion and aliquots of 50 pl were dispensed for labeling with antibodies. A portion of
each blood sample was taken to the local LabCorp® clinical laboratory for differential
leukocyte and CBC determinations. (At the time of these studies, the LabCorp® facility was
using a Beckman-Coulter LH750 hematology analyzer.) Other portions of the blood samples
were centrifuged and aliquots of plasma were collected and frozen (for cytokine and other
analyses), after which the leukocyte-enriched buffy coats were collected and frozen (for
genetic analyses). The processing of the blood samples, including labeling with antibodies,
was typically completed shortly after noon on the day of collection.

Antibodies & Labeling

The antibodies used for this report are listed in supplement Table ST1. The volumes of
antibodies used for labeling were based on the amounts recommended by the suppliers as
scaled to the volumes of blood that were used. (Separate titrations had verified that the
recommended volumes of antibodies were sufficient to produce maximal labeling.)
Antibodies to different antigens were premixed and added to blood samples in a single
pipetting step (except for antibodies to intracellular components, /7.e., perforin, granzyme B
and TIA-1). Aliquots of blood plus antibodies were mixed and incubated in the dark at room
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temperature for 30-45 min at which time 1ml of diluted FACSLysing Solution (#349202,
BDBioSciences) was added. After the erythrocytes were lysed (~10 min), 3 ml of PBS was
added, the samples were centrifuged and the pellets resuspended in 1 ml of staining buffer
(sheath solution as described below supplemented with 1% fetal bovine serum and 0.09%
sodium azide, 0.22 um filtered). Labeled samples were kept refrigerated until they were run
on the cytometer. Separate tests showed that surface labeled samples produced comparable
FCM results (cell frequency and MFI values) for as long as ~72 hours after labeling,
indicating that large groups of samples could be run without losses of fluorescence as
reflected in the MFIs of each sample.

Samples to be examined for both surface and intracellular components were processed
differently, according the procedures recommended for the IntraPrep kit (#1M2389,
Immunotech, a subsidiary of Beckman-Coulter, Fullerton, CA). The antibodies to surface
components were first added as described above. After the initial incubation, the labeled
samples were treated with the fixation reagent from the IntraPrep kit, diluted with PBS,
centrifuged and then rendered permeable with the IntraPrep perm reagent at which time the
antibodies to the intracellular components were added. The most critical step in this
procedure was vortexing to ensure that the pellets of fixed cells were thoroughly
resuspended before adding the perm reagent and the antibody(ies) to intracellular
components. After labeling intracellular component(s), these samples were washed by
centrifugation and resuspended in PBS with 1% formalin. We found that the intracellular
labels tended to “leak” upon overnight storage so these samples were run on the cytometer
as soon as possible after labeling, typically within a few hours.

Flow Cytometry

All samples in these studies were run on a Beckman-Coulter Epics XL/MCL using the
carousel with BioSure sheath solution (BioSure, Grass Valley, CA, #1023, 8x concentrate
properly diluted with deionized water). The optical filters in the instrument were originally
configured to detect fluorescein (FITC), phycoerythrin (PE), PE-Texas Red tandem (ECD)
and PE-cyanine 5 tandem (PC5). In order to reduce the amounts of fluorescence spillover,
we modified the configuration (see supplement figure S1) in order to detect FITC, PE, PC5
and PE-cyanine 7 tandem (PC7) labeled antibodies. PMT detector voltages were set to
optimize the signal to background ratio and were kept constant throughout the study. Beads
(9.2 pm pink fluorescent beads, Polymer Laboratories, a division of Varian, purchased by
Agilent) were run each day to verify proper cytometer operation and the data files from these
beads demonstrated that the instrument performed comparably throughout the study. The XL
generates considerable heat and we found previously that elevations in room temperature
could reduce the PMT outputs. Therefore, the room temperature was kept at 65-70°F during
these studies.

The XL is a fully digital instrument that collects data with 20 bit resolution but stores data in
files as 10 bit unsigned integers. Therefore, fluorescence compensation was performed
during data collection in order to utilize the full 20 bit instrument resolution. In order to set
the online compensation, antibody capture beads (made in house with biotin-anti-mouse Ig
from Jackson Immunoresearch, West Grove, PA, bound to 6.0 um streptavidin beads,
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Polysciences, Warrington, PA) were loaded with FITC, PE, PC5 or PC7 antibodies and run
with the standard PMT voltages and without compensation. These files were processed
using FlowJo software to determine a compensation matrix, the values of which were then
loaded into the XL software (MS-DOS based System I1). The unsigned integers stored in the
data files could not record the negative values that can be produced from compensation.
Therefore, cells with negative values accumulated in the zero channel and were included in
analyses. The quality of some tandem fluorochromes, particularly those with PC7, varied
and some had considerable residual PE signal. These residual PE signals were left without
“compensation”. However, antibody combinations were designed so that residual PE signals
from PC7 were less than any PE signals to be measured on cells that were labeled with PC7
antibodies.

Data files were collected with linear forward scatter (FSC) set with gain 2 and logarithmic
amplification on orthogonal scatter (SSC) and on all fluorescence detectors. FSC signals on
the XL can be attenuated by sliding a neutral density filter in place. The data in these studies
were collected without that filter in place. Also, all signals were collected as pulse areas, /.e.,
the normal mode on the XL. The elliptical laser spot on the XL is ~ 9um high which is
comparable to the size of monocytes. Therefore, collecting fluorescence signals as pulse
areas instead of pulse heights more accurately reflects the fluorescence signal from the cell.
The small size of the laser spot can enable one to do effective doublet discrimination by
measuring both pulse height and area in applications in which it is critical, e.g., cell cycle
studies, but we did not include doublet discrimination in these studies. With regard to SSC, it
is somewhat unconventional to collect and display log SSC signals but we wanted to
examine both myeloid cells (neutrophils as well as monocytes) and lymphocytes in order to
determine leukocyte differential frequencies in this comprehensive study of healthy donors.
There is nearly an order of magnitude (7-8 fold) difference between the median SSC signals
for lymphocytes and neutrophils so the only practical way to keep all cells on scale is to
collect and display log SSC signals as we have done here. Some antibody combinations
were “multiplexed” with the same fluorochrome on more than one antibody, e.g., (13, 14). In
these cases, the populations labeled with different antibodies with the same fluorochrome
could be distinguished by SSC differences, by differences in the fluorescence intensity of
various populations and/or by differential labeling with another antibody. Examples of
multiplexed labeling are depicted and described in Figure 1 and in supplemental Figure S3.

Data files were collected with a threshold set on FSC or on CD45 fluorescence (Figure S3).
When a threshold was set on FSC, an additional fluorescence and/or SSC “live gate” was set
to eliminate debris. Samples were collected with the XL set on “high” with stop conditions
based on regions that were set around populations of interest to ensure that adequate
numbers of relevant cells were included in the data files. There were no limits placed on the
total events collected and the data files typically contained 50,000 to 200,000 total events.
The studies here focused on monocytes so that stop conditions were set to include thousands
of monocytes per file.

Cytometry B Clin Cytom. Author manuscript; available in PMC 2016 May 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hudig et al. Page 13

Analyses of Data

Data files were analyzed with FlowJo (TreeStar, Ashland, OR) using the Mac versions of the
software. Fluorescence intensity values are reported as the “median fluorescence intensity”
(MF1) as determined by FlowJo. Tabular data were transferred to Excel spreadsheets where
the built-in statistical functions were used to determine means and other values such as
standard deviations and correlations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

FCM flow cytometry

FITC fluorescein isothiocyanate

MFI median fluorescence intensity

MHC major histocompatibility complex

PE phycoerythrin

PC5 phycoerythrin-cyanine 5 tandem fluorochrome
PC7 phycoerythrin-cyanine 7 tandem fluorochrome
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Figure 1. CD33 isexpressed at variablelevels on blood monocytes
Four different aliquots of single blood samples from subjects 011-026 were each labeled

with 1 of 4 different antibody combinations that included PC5-anti-CD33. For each
individual, the means of the four PC5-anti-CD33 MFI values * standard deviations were
determined. These mean MFI values are plotted in the order of low to high expression of
CD33. The inset plots depict samples labeled with FITC-anti-CD80, PE-anti-TLR2, PC5-
anti-CD3e/CD33 and PC7-anti-CD19 from the two subjects with highest and lowest levels
of CD33 expression in this group.
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Figure2. HLA-DQ and HLA-DR are expressed differently on blood monocytes and B cells
An aliquot of blood from one subject (#196) was labeled with FITC-anti-HLA-DQ, PE-anti-

CD3e/CD91, PC5-anti-HLA-DR and PC7-anti-CD19. Monocytes and B cells were
identified as shown and the expression of HLA-DQ and HLA-DR are depicted. On
monocytes, the expression of HLA-DR varied considerably more than that of HLA-DQ
(upper right panel). In contrast, on B cells the expression of both MHC 11 products varied in
a more coordinated manner (lower right panel) with variation in both HLA-DQ and HLA-

DR expression per cell.
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Figure 3. The expression levels of HLA-DQ and HL A-DR vary among individuals
Aliquots of blood from 190 subjects (#011-#200) were labeled and the monocytes identified

as illustrated in Figure 2. The MFI values for FITC-anti-HLA-DQ and PC5-anti-HLA-DR
on monocytes were determined and plotted as shown. There was a weak association between
the levels of expression of HLA-DQ and HLA-DR on monocytes.
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Figure 4. CD163 isvariably expressed on blood monocytes
Aliquots of blood from 74 subjects (#011-#084) were labeled with antibody mixtures

containing PC5-anti-CD33 plus PE-anti-TLR1 or PE-anti-CD163 and the CD33* monocytes
were identified. CD163 did not occur on a clearly defined subset of monocytes so CD163
expression was determined in two ways. First, PE-anti-CD163 MFI values for the monocytes
were determined and ranged from 1.03 to 5.72 with a mean of 3.52. Second, the “Population
Comparison” platform of FlowJo was used to estimate the fraction of CD163* monocytes.
This method of analysis is based on the Overton subtraction technique with the Bagwell
modification to produce “SED” values of the estimated per cent “positive” relative to the
control sample. There was no detectable expression of TLR1 so the CD33" monocytes from
the aliquots labeled with PE-anti-TLR1 were used as “negative controls” since both anti-
TLR1 and anti-CD163 were PE-labeled mouse 1gG1 monoclonals. By this method, the
monocytes from the tested subjects ranged from 24.3% to 95.1% CD163* (mean = 76.0%
SED CD163%). The two panels in the figure depict results from the subject with the lowest
frequency of CD163* cells (left, #039) and from the subject with the highest PE-anti-CD163
MFI value (right, #043). In both cases, the fluorescence intensity histogram of monocytes
labeled with PE-anti-CD163 (red line) is superimposed on the comparable histogram of
monocytes from the same subject labeled with PE-anti-TLR1 (blue shaded).
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