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Abstract
Immunologic research in nonhuman primates is occasionally limited by the availability of reagents
that cross react in nonhuman primates. One major limitation has been the lack of a monoclonal
antibody to CD45RO. Although the monoclonal antibody UCHL-1 is used to detect CD45RO
isoforms in humans, it does not react with nonhuman primates, mandating the use of alternative
strategies to define “memory” T cell responses in nonhuman primates. The current study examined
the reactivity and specificity of another antibody against CD45RO, clone OPD4, in macaques. Here
we demonstrate that OPD4 specifically labels memory CD4+ T cells in ~44% of rhesus macaques
(Macaca mulatta) of Indian, but not Chinese origin. In contrast, tissues from pigtail macaques
(Macaca nemestrina) react with this clone, indicating that OPD4 may be useful for examining
memory CD4+ T cells in certain macaques, but its utility may be limited in other species or even
among individual macaques.
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1. Introduction
Distinguishing naïve and memory T cell responses has greatly facilitated the investigation of
T cell function and homeostasis in nonhuman primates, which are critical for understanding
the pathogenesis and immunology of infectious diseases. The ability to distinguish naïve and
memory subsets in macaques led to the discovery that simian immunodeficiency virus rapidly
and selectively infects and eliminates “memory” CD4+ T cells, particularly in mucosal tissues
[1–3], findings that were recently confirmed in HIV-infected patients [4,5]. These findings
have revolutionized our understanding of HIV pathogenesis by demonstrating that HIV
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eliminates memory CD4+CCR5+ T cells in primary infection, which are mostly found in
mucosal lymphoid tissues. By rapidly and continuously eliminating CD4+ T cells that have
previously responded to antigen (memory CD4+ T cells), it is now believed that the events
leading to the significant immunological impairment that characterize acquired immune
deficiency syndrome (AIDS) of HIV infection may begin much earlier than previously
believed.

Unfortunately, accurately distinguishing naïve and memory T cell subsets in nonhuman
primates is complicated by a limitation of reagents that cross-react in nonhuman primates.
Originally, isoforms of the common leukocyte antigen CD45 were believed to reliably
distinguish the conversion of naïve and memory T cell subsets in humans. Following antigenic
stimulation, resting, naïve T cells undergo splicing of the CD45 molecule into isoforms, of
which CD45RA and CD45RO were originally reported to distinguish naïve (CD45RA+) from
memory (CD45RO+) T cell subsets [6–9]. Since this is a dynamic process, cells undergoing
this conversion may at least transiently express both of these isoforms, so reliably
distinguishing naïve and memory cells required simultaneous examination of both on the T
cell subsets of interest. In addition, recent observations indicated that at least memory CD8+
T cells could revert to a CD45RAhigh phenotype [10], thus complicating the analysis of naïve
and memory cell phenotypes based on phenotyping alone. Regardless, the CD45RO isoform
can still be used to identify memory T cell subsets in humans, even if it does not label all such
cells. In other words, even though not all memory CD8+ T cells may express CD45RO, it is
still believed that all CD45RO+ cells are memory cells, making this a reliable marker of
memory CD4+ and CD8+ T cells in humans.

Unfortunately, the most commonly used monoclonal antibody (UCHL-1) to CD45RO does
not cross react in macaques, and thus, alternate methods of delineating naïve and memory T
cells by immunophenotyping have been developed, including CD95/CD28 +/− CCR7 and other
strategies such as staining T cell subsets with CD45RA and interpreting CD45RA negative
cells as “memory”. Having a single monoclonal antibody (i.e., CD45RO) that cross reacts with
memory cell subsets in tissues would facilitate research on immune responses in nonhuman
primates.

Previous studies have shown that clone OPD4 recognizes an antigen with a molecular weight
of 200 Kd, corresponding to that of leukocyte common antigen isoform CD45RO [11,12].
Furthermore, OPD4 was reported to be reactive with CD45RO at the Fifth International
Leukocyte Typing Workshop [13]. OPD4 is similar to UCHL1, and specifically labels memory
CD4+ T cells, yet unlike UCHL-1, it does not cross react with monocytes, macrophages and
granulocytes [11,14]. In humans, OPD4 reacts with CD45 in formalin-fixed, paraffin-
embedded tissue sections [11]. If this antibody were to reliably work in nonhuman primates
and specifically label memory CD4+ T cells it would expand the number of analyses that could
be made in tissues of nonhuman primates.

While OPD4 has been shown to cross-react in rhesus macaques [1,15] its specificity has not
been thoroughly examined in rhesus or other macaque species. In this study, we examined the
reactivity, distribution, and specificity of OPD4 in rhesus macaques (Macaca mulatta) of both
Chinese and Indian origin, as well as Pigtail macaques (Macaca nemestrina). Although they
differ somewhat with respect to their response to SIV infection [16] both Indian and Chinese-
origin rhesus macaques are currently considered the same genus and species (Macaca
mulatta) and both are widely used in nonhuman primate studies of AIDS and other diseases.
Similarly, pigtailed macaques are widely used as a model for AIDS. Thus, the current study
was designed to determine the cross reactivity of the monoclonal antibody OPD4 in these three
macaques. Reactivity and specificity of OPD4 was tested in blood and tissues of three different
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macaque species/subspecies by multi-color flow cytometry, and by immunohistochemistry on
frozen and formalin-fixed, paraffin embedded tissues.

2. Materials and methods
2.1 Sample collection and criteria for reactivity

Cross reactivity of the OPD4 monoclonal antibody in macaques was confirmed by flow
cytometry on peripheral blood mononuclear cells (PBMC) and/or by immunohistochemistry
on snap frozen tissues collected immediately after necropsy. Cross-reactivity was also assessed
by reactivity on formalin-fixed, paraffin embedded tissues. Peripheral blood for flow cytometry
was collected in EDTA anti-coagulant from 28 Rhesus macaques of Chinese origin, 33 of
Indian origin (7 infants and 26 adults) and 4 pigtail macaques. Formalin fixed or frozen tissues
were examined in an additional 45 macaques of Indian origin (28 infant and 17 adults) and 6
pigtail macaques. In all, tissues were examined from 68 Indian origin macaques (28 infants
and 40 adults), 28 Chinese origin macaques, and 10 pigtail macaques.

2.2 Multi-color Flow cytometry
For flow cytometry, peripheral blood mononuclear cells (PBMC) were stained with OPD4
using an indirect staining procedure. PBMC were prepared by Ficoll density gradient
separation and 106 cells were incubated with 1 ul unconjugated OPD4 (Dako, Inc., Carpinteria,
CA) for 20 min at room temperature (RT), washed with phosphate buffered saline (PBS),
centrifuged at 400×g, the supernatent decanted, and then incubated with 1 ul 1:100 goat anti-
mouse IgG1 labeled with Alexa 488 (Invitrogen, Carlsbad, CA) for 20 min at RT. Cells were
washed again and surface stained with CD3-pacific blue, CD95-PE-Cy5, CD20-APC, CD28-
APC, CD45RA-PE (Becton Dickinson, Carpinteria CA), CD4-AmCyan (NIH Nonhuman
Primate Resource Reagent), and/or CD8 PE-Texas Red (Caltag Inc.), and incubated for 30 min
at 4°C. Cells were then washed and fixed overnight in 1% paraformaldehyde. Samples were
acquired the next day on a FACS Aria flow cytometer (Becton Dickinson). Data were analyzed
with Flowjo software (Tree star, Inc). At least 10,000 lymphocytes were collected for analysis
from each sample, and data were analyzed by gating through lymphocytes and then through
cells of interest as described for individual analyses.

2.3 Immunochemistry
Paraffin embedded sections were de-paraffinized and “unmasked” using high temperature
antigen retrieval which consisted of heating slides in a steam bath chamber (Black and Decker
Flavor Center Steamer Plus) with 0.01 M citrate buffer, pH 6.0 for 20 min, cooled, and washed
twice in PBS.

Slides were blocked using peroxidase blocking solution (Dako Inc.) for 10 min at RT, washed
in PBS, then blocked again using serum-free protein block (Dako Inc.) for 30 min. Slides were
washed again and incubated with purified OPD4 (1:20 dilution) for 1 hour at room temperature.
Slides were washed and labeled with secondary antibodies using an ABC peroxidase detection
kit (Vector labs, Burlingame, CA) according to manufacturer’s instructions. Slides were
developed using the chromogen 3-amino-9-ethylcarbazole (AEC) or 3′, 3-diaminobenzidine
tetrahydrochloride (DAB)(Dako Inc, Carpinteria, CA) for single labeling to assess the
distribution of OPD4+ cells in sections, respectively.

For double-label immunohistochemistry slides developed with AEC were then labeled with
anti-CD4 and the DakoCytomation EnVision doublestain system (Dako, Inc). Briefly,
following AEC development, the sections were washed and blocked with Doublestain block
and incubated with anti-CD4 mAb (1:50, Biocare Medical) for 1 hr. Envision alkaline-
phosphatase anti-mouse/rabbit polymer (Dako, Inc) was used as the secondary antibody. Slides

Wang et al. Page 3

Dev Comp Immunol. Author manuscript; available in PMC 2009 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were developed with Vector blue (Vector labs). Specimens were mounted in aqueous based
mounting medium and examined by light microscopy.

2.4 Three-color immunofluorescent staining and Confocal microscopy
For confocal microscopy, 3-color fluorescent immunostaining was performed on formalin-
fixed tissues. Briefly, sections were incubated with OPD4 as above but incubated with Alexa
Fluor 488 (green) labeled secondary antibody (goat anti-mouse IgG1, Invitrogen, Carlsbad,
CA ) instead. Slides were then washed and incubated with appropriately diluted primary
antibodies, CD45RA (mouse IgG2b, 1:50, Caltag Laboratories) and CD3 (rabbit polyclonal,
1:100, Dako Inc.), washed, and incubated with Alexa Fluor 568 labeled goat anti-mouse IgG2b
(Invitrogen, Carlsbad, CA) and Alexa Fluor 633 labeled anti-rabbit IgG (H+L), (Invitrogen,
Carlsbad, CA) secondary antibody to detect CD45RA (red) and CD3 (blue), respectively.
Finally, slides were mounted with fluorescent mounting medium (Dako, Inc.) and visualized
using a confocal microscope.

Confocal microscopy was performed using a Leica TCS SP2 confocal microscope equipped
with three lasers (Leica Microsystems, Exton PA). Individual optical slices represent 0.2 mm
and 32 to 62 optical slices were collected at 512 × 512 pixel resolution. NIH Image (version
1.62) and Adope Photoshop (version 7.0) were used to assign colors to the channels collected.

3. Results
3.1 Reactivity of OPD4 in macaques

To determine whether OPD4 cross-reacted in different species of macaques, and in rhesus
macaques of Chinese and Indian origin, labeling was assessed by flow cytometry and/or
immunohistochemistry. Interestingly, OPD4 did not cross react with any of the 28 Chinese
origin rhesus macaques tested (Table 1).

In marked contrast, tissues from 8 of 10 Pigtail macaques cross-reacted with OPD4. Four of 4
pigtails were positive for OPD4 by flow cytometry and 4 of 6 were positive by
immunohistochemistry on formalin-fixed, paraffin embedded tissues. However, fresh tissues
from the two pigtails that did not cross-react by immunohistochemistry were not available, so
it is not certain whether the latter was due to cross linking of the antigen by formalin fixation.
Regardless, the majority (80%) of pigtailed macaques cross-reacted with this antibody, whereas
none of the Chinese origin macaques cross reacted (Table 1).

The Indian origin macaques were more heterogenous in their reactivity to OPD4. In total, 30
of 68 Indian origin macaques reacted with OPD4 either by flow cytometry or
immunohistochemistry. Ten macaques were tested by both immunohistochemistry and flow
cytometry with consistent results, in that macaques that reacted by flow cytometry were always
positive by immunohistochemistry. Furthermore, immunohistochemistry on both snap-frozen
and formalin-fixed tissue sections was performed on 25 animals, and the results (negative or
positive) always correlated. Combined, this suggests that formalin fixation of paraffin
embedded tissues did not alter the antigenicity of the OPD4 epitope or cross-reactivity of the
antibody. Furthermore, 13 of 21 Indian macaques were negative by flow cytometry,
demonstrating a bona-fide lack of recognition of the native CD45RO antigen by the OPD4
mAb. This is based on the deduction that flow cytometry on fresh (unfixed) tissue samples is
the “gold standard” for testing cross reactivity of a monoclonal antibody, since the target
epitope is not manipulated or altered by fixation/high temperature, and/or antigen retrieval
techniques.

Interestingly, there appeared to be a difference in reactivity between neonatal and adult
macaques. Nineteen of the 28 neonatal macaques tested reacted with the monoclonal antibody
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(19 of which were positive by immunohistochemistry on formalin fixed tissues) whereas only
11 of the 40 adults tested cross-reacted with OPD4 (Table 1).

3.2 Specificity of OPD4 in Macaques
To identify the specificity of OPD4 in macaques for memory CD4+ T cells, we examined the
expression of OPD4 using a series of flow cytometry and immunochemistry analyses. Flow
cytometry revealed that, unlike CD95, essentially all OPD4+ cells co-expressed CD3 (Fig 1),
and OPD4 did not cross-react with B cells or monocytes (data not shown). Of the CD3
+CD45RO+ T cells, approximately 70–80% were CD4+, and 14–26% were CD8+ T cells (Fig
1). In contrast, of the CD3+CD95+ T cells, only about 40% were CD4+ while 45% were CD8
+ (Fig 1). This indicates that the CD45RO preferentially recognizes memory CD4+ T
cells.Furthermore, dual enzyme-linked immunohistochemistry for CD45RO and CD4 in tissue
sections suggested that OPD4+ cells were mostly CD4+ (Fig 1C). Combined, these results
demonstrated that, as in humans [11] the expression of OPD4 is restricted to memory T cells,
and largely (but not exclusively) restricted to CD4+ T memory cells in macaques.

The co-expression of other naïve and memory markers (CD45RA and CD95) was also
examined on OPD4+ cells (Fig 2). CD95 is considered to be a reliable marker for memory
cells in macaques [17], and CD45RA is, in general, a marker for naïve cells [7,18]. As shown
in Fig 2, CD4+ T cells that co-expressed CD45RO (OPD4+) in both neonates and adults were
essentially all CD95+, but did not co-express CD45RA. Furthermore, central memory cells
(CD95+CD28+) were mainly CD45RO+CD45RA−, although a small population was
CD45RAdimCD45ROdim in both neonatal and adult rhesus macaques (Fig 2). Not surprisingly,
adult macaques had effector memory (CD95+CD28−) cells, which were absent in neonates.
Interestingly however, these effector memory CD4+ T cells were CD45RA+ and CD45RO−
(Fig 2). Although functional studies have not (to our knowledge) been performed with memory
CD4+ T cells, these results are reminiscent of those previously reported for CD8+ T cells,
which may revert to a CD45RA+ phenotype following antigen stimulation [10]. Consistent
with this, similar expression patterns were detected in the CD8+ T cells that labeled with OPD4
(Fig. 3). In summary, these data indicate that OPD4 consistently identifies CD4+ memory cells
in macaques, when it labels at all, and may be more useful for delineating naïve and memory
T cell subsets than CD45RA alone.

3.3 Localization of CD45RO+ cells in rhesus macaque tissues
Similar to the staining pattern in human tissues [11], OPD4 reacted mainly with cells in the
marginal T-cell zone of rhesus macaque organized lymphoid tissues such as lymph nodes and
spleen (Fig. 4). A few scattered lymphocytes in the mantle and germinal centers were also
positive for OPD4 (CD45RO), but morphologically, lymphocytes were the only cells that
reacted with this antibody, as tingible-body macrophages, dendritic cells, sinus histiocytes and
endothelial cells were all negative (Fig. 3A and B). We also found that OPD4 weakly reacted
with cortical, and strongly with medullary thymocytes (Fig. 4C). In addition, abundant
CD45RO+ cells could be detected throughout the intestine (Fig. 4D, E and F), particularly in
the lamina propria. Finally, a few cells were detected in the liver, bone marrow and lung (Fig.
4G, H and I).

3.4 Phenotype of OPD4 positive cells by three-color immunofluorescent staining in tissues
In tissues, essentially all of the OPD4+ (CD45RO+) cells were CD3 positive and lacked
CD45RA expression (Fig. 5A and B). In addition, the vast majority of OPD4+ cells in the
intestine were found in effector lymphoid tissues (lamina propria) with rare CD45RA+ (naïve)
cells in this tissue (Fig. 5A–B). In contrast, organized lymphoid tissues harbored mainly naïve
cells (CD45RA+) with rare CD45RO+ cells (Fig. 5C–D). Combined, these results are
consistent with the interpretation that OPD4 selectively labels memory cells.
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4. Discussion
The monoclonal antibody OPD4 is of particular interest for nonhuman primate research,
because its expression is largely restricted to mature memory CD4 cells in human tissues
[11]. Thus, having a single marker that reliably labels CD4+ memory cells in macaques could
facilitate research into human diseases such as AIDS, malaria, tuberculosis, and others. Since
OPD4 only reacts with an antigen of normal T cells and T-cell lines expressed on the helper/
inducer phenotype, it could be considered as a “3 in 1” antibody, in that OPD4 positive cells
are predominantly CD3+CD4+ memory T cells. However, a small proportion of OPD4+ cells
were CD4neg, CD8+ cells (Fig. 1) indicating that it does not exclusively label CD4+ T cells.
Reactivity of this antibody in rhesus macaques of Indian origin by immunohistochemistry has
previously been reported [1]. However, pigtailed macaques and rhesus macaques of Chinese
origin are also widely used in research into these and other diseases. Thus, this study sought
to determine the reactivity and specificity of this monoclonal antibody in these nonhuman
primates.

Interestingly, in our study, the OPD4 monoclonal antibody only cross-reacted with 30 of 68
(44%) rhesus macaques of Indian origin examined from the TNPRC colony (Table 1).
Furthermore, 20 of the macaques that were negative were tested by either flow cytometry or
by immunohistochemistry on frozen tissue sections, indicating the lack of reactivity could not
be due to antigen cross linking or other artifacts associated with fixation or techniques routinely
used on formalin fixed samples. Interestingly, a much higher proportion of neonatal macaques
(19 of 28 or 68%) were positive for OPD4 compared to the adult macaques (11 of 40 or 28%).
However, the significance of this is not yet known.

The other macaques tested were more uniform in their response. Most of the pigtailed macaques
(6 of 8) reacted well with the OPD4 mAb, and the two that didn’t were only tested on formalin
fixed tissues. In contrast, none of the Chinese origin rhesus macaques reacted with the antibody,
even though all (n = 28) were tested by flow cytometry on unfixed tissues.

In macaques in which this antibody reacted, we also confirmed that, as in humans, the antibody
was specific for memory CD4+ T cells. Flow cytometry demonstrated that, unlike CD95, OPD4
staining was fairly selective for CD3+CD4+ cells, though some CD8+ T cells were also positive
(Fig. 1). Regardless, almost all OPD4+ cells in both adult and neonatal macaques also co-
expressed CD95, indicating it was selective for memory cells (Fig. 2–3). Finally, the
distribution of OPD4+ cells was consistent with that of memory cells, as most of the OPD4+
cells in intestinal tissues were localized in effector sites (lamina propria) with fewer cells in
organized lymphoid tissues, such as lymph nodes and spleen (Fig. 4). Combined, these results
suggest that, similar to human, OPD4 reacts with CD45RO expressed on the helper/inducer
memory CD4+ T cells in macaques.

In summary, the OPD4 monoclonal antibody appears to specifically label CD4+ memory cells
in macaque tissues, but only in certain species, and in these, not all members of that species
examined were positive. In pigtails, the antibody may be very useful, as it appears to cross-
react with most individuals. In contrast, fewer than half of the Indian origin macaques tested
in this study reacted with the antibody, and thus its utility in research may be restricted to pre-
selected animals. Finally, it appears to be useless in rhesus macaques of Chinese origin,
suggesting that there are genetic differences between the CD45 isotypes between these
macaques.
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Figure 1.
Flow cytometry dot plots (A, B) and dual immunohistochemistry staining (C) demonstrating
that CD45RO (OPD4) is predominantly expressed on CD4+ T cells in rhesus macaques (A is
from a 14 day old neonatal macaque (GL06) and B is from an adult 12 year old macaque (R533).
Note that essentially all OPD4+ lymphocytes from both neonates (A) and adults (B) co-express
CD3 in contrast to CD95, which also labels a subpopulation of non-CD3+ lymphocytes. The
left panel indicates the lymphocyte gate and the center plots demonstrate CD45RO expression
on CD3+ cells. The right plots indicate that the majority of OPD4+ (CD45RO) T cells are also
CD4+ in both adult and neonatal macaques. C) Dual immunohistochemistry for CD4 (red) and
CD45RO (blue) on paraffin-embedded intestinal sections showing CD45RO (OPD4) is
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expressed mostly on CD4+ T cells (purple/black, black arrows). The image on the right is a
higher magnification of the intestine showing CD4+CD45RO+ cells as dark purple (black
arrows) and a few CD4+ CD45RO neg cells in red (white arrows).
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Figure 2.
Multi-color flow cytometry demonstrating CD45RO staining is largely restricted to memory
CD4 T cells in both neonate (A; GL06, 14 days old) and adult (B; R533, 12 years old) rhesus
macaques. Plots were generated by first gating on CD3+ lymphocytes then through CD4 cells,
so only CD4+ T cells are shown. A1, B1) Note that CD45RA bright cells generally do not co-
localize with CD45RO+ cells. A2, B2) CD45RO+ cells all co-express CD95, and A3, B3)
central memory cells (defined here as CD95+CD28+) are mostly CD45RO+, verifying that
OPD4+ cells are “memory” cells. Finally, note that adult macaques have an effector memory
(CD95+CD28−) population (B3) that is absent in neonates (A3). Interestingly, these cells are
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CD45RA+ and CD45RO−, suggesting that terminally differentiated memory CD4+ T cells
may revert to a CD45RA+ state (see text).
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Figure 3.
Multi-color flow cytometry demonstrating CD45RO expression on CD8+ T cells. Similar to
CD4+ T cells, CD45RO expression is largely restricted to CD95+ memory CD8 T cells in both
neonate (A; GL06, 14 days old) and adult (B; R533, 12 years old) rhesus macaques. Plots were
generated by first gating on CD3+ lymphocytes then through CD8 cells, so only CD8+ T cells
are shown. A1, B1) Note that CD45RA bright cells generally do not co-localize with CD45RO
+ cells. A2, B2) CD45RO+ cells all co-express CD95, and A3, B3) central memory cells
(defined here as CD95+CD28+) are mostly CD45RO+, verifying that OPD4+ cells are
“memory” cells. Finally, note that adult macaques have a much higher proportion of effector
memory (CD95+CD28−) CD8+ T cells (B3) compared to neonates (A3). Interestingly, these
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“effector memory” CD8+ T cells are mostly CD45RA bright and CD45RO negative,
suggesting that terminally differentiated memory CD8+ T cells revert to a CD45RA+ state (see
text).
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Figure 4.
Immunohistochemistry for OPD4 (CD45RO) in normal lymphoid tissues of an adult Indian-
origin rhesus macaque (AJ79, 7.2 years old). A–B), Large numbers of CD45RO+ cells are
present in the T cell zone of lymph node (A) and spleen (B). C) Section of thymus showing
weakly positive cells in the cortical region but the intensely stained cells in the medulla. D–F)
Intestinal sections including jejunum (D), ileum (E) and colon (F) demonstrating large numbers
of OPD4+ T cells in the lamina propria (F). G–I) Rare OPD4+ T cells are present and scattered
in the liver (G), bone marrow (H) and lung (I). All photomicrographs were taken at an original
magnification of 200X.
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Figure 5.
Three-color immunofluorescent staining with CD45RO (green) CD45RA (red) and CD3 (blue)
showing naïve/memory CD4 T cells in the jejunum (A) colon (B), and lymph nodes (C and
D). Note that CD45RA and CD45RO do not co-localize indicating OPD4 is specific for
memory cells. Also note that CD45RO+ cells are frequent in the intestinal lamina propria (A
and B) but rare in organized lymphoid tissues of the lymph node (C and D) consistent with the
specificity of this antibody for memory cells.
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