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Multispectral Imaging of T and B Cells in Murine Spleen
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Recent advances in multiplex immunohistochemistry techniques allow for quantitative, spatial identification of multiple immune

parameters for enhanced diagnostic and prognostic insight. However, applying such techniques to murine fixed tissues, particularly

sensitive epitopes, such as CD4, CD8a, and CD19, has been difficult. We compared different fixation protocols and Ag-retrieval

techniques and validated the use of multiplex immunohistochemistry for detection of CD3+CD4+ and CD3+CD8+ T cell subsets in

murine spleen and tumor. This allows for enumeration of these T cell subsets within immune environments, as well as the study of

their spatial distribution. The Journal of Immunology, 2016, 196: 3943–3950.

A
ssessment of patterns of immune infiltrates was shown to
be highly prognostic and diagnostic in many types of
cancers (1, 2). The clinical impact of such analysis is

most notably shown in colon cancer, where objective quantifica-
tion of CD3+ and CD8+ T cell densities in the primary tumor has a
highly significant impact on patient prognosis (3). More recently,
multiplex immunohistochemistry (IHC) has emerged as a pow-
erful technique for the study of multiple immune parameters on a
single slide. This increases efficiency and, more importantly, al-
lows for the study of relationships between cell populations, of-
fering greater insight into the mechanisms underlying various
disease processes (4).
Multiplex IHC platforms have been used with human tissues, but

their use with murine fixed tissues is still being optimized. Many
Abs against human Ags are successfully used with paraffin sections
for human IHC, but considerably fewer are available for mouse
Ags. Notably, there has been a dilemma in the field about per-
forming IHC staining on certain immune epitopes, such as CD4,
CD8a, and CD19, which stain functionally distinct T and B cell
populations. These fixation-sensitive epitopes are not easily de-
tected in formalin-fixed–paraffin-embedded (FFPE) tissues and

historically have relied on frozen tissue for detection; however,
this comes at the expense of the integrity of tissue architecture,
making it difficult to study tissue morphology (5–8). Although it
was suggested that zinc-based fixation buffers are superior for
preserving these epitopes compared with formalin fixation (9, 10),
the specificity of the Abs and the ability to multiplex under these
conditions have not been tested. Being able to perform CD4 and
CD8 staining reliably in paraffin-embedded murine tissues is
critical to our understanding of their function in various physio-
logical and disease processes, especially given that certain im-
mune cell subtypes, such as tissue-resident memory T cells, were
reported to be underestimated using standard flow cytometry tech-
niques (11). In our study, we compared multiple fixation protocols,
as well as Ag-retrieval methods, to validate the use of multiplex
IHC in murine tissues with sensitive epitopes, such as CD4, CD8a,
and CD19. Our approach allows for successful detection and
quantification of five or more markers on murine tissues.

Materials and Methods
Mice

Female C57BL/6 mice, Rag12/2 mice (B6.129S7-Rag1tm1Mom/J), pmel-1
TCR-transgenic mice [B6.Cg-Thy1a/Cy Tg(TcraTcrb)8Rest/J], and TRP1
TCR/Rag12/2-transgenic mice [B6.Cg-Rag1tm1Mom Tyrp1B-wTg(Tcra,Tcrb)
9Rest/J] were purchased from The Jackson Laboratory (Bar Harbor, ME).
pmel-1 TCR-transgenic mice were bred to Rag12/2 mice to generate
pmel TCR/Rag12/2 mice. pmel TCR/Rag12/2 mice have CD8+ T cells
expressing a transgenic TCR specific for mgp100(25–33) peptide. TRP1
TCR/Rag12/2-transgenic mice have CD4+ T cells expressing a transgenic
TCR specific for mtyrp1(113–127) peptide. All mice were maintained in a
specific pathogen–free environment. Recognized principles of laboratory an-
imal care were followed (Guide for the Care and Use of Laboratory Animals,
National Research Council, 2011), and all animal protocols were approved by
the Earle A. Chiles Research Institute Animal Care and Use Committee.

Tumor cell lines

The sarcoma cell line MCA-310 (12) and the squamous cell carcinoma cell
line SCCVII (13) were maintained in complete media. For MCA-310,
20,000 cells were injected s.c. into the flank of C57BL/6 mice, whereas
for SCCVII, 1 million cells were injected s.c. into the back of the neck of
C3H/HeJ mice. Mice were sacrificed, and the established tumors were
resected, fixed in zinc fixation buffer, and processed with a Tissue-Tek
automated tissue processor.

Immunohistochemistry

Tissue fixation and processing. One liter of zinc-fixation buffer was pre-
pared by mixing 0.5 g calcium acetate (402850), 5 g zinc acetate (Z0625),
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and 5 g zinc chloride (208086) with 0.1 M Tris (251-018; all from Sigma)
(pH 7.4). The final pH was 6.5–7.

Periodate–lysine–paraformaldehyde (PLP) was prepared by mixing
Lysine HCl (L5626; Sigma) solution (13.7 g Lysine HCl in 375 ml double-
distilled H2O [ddH2O] [adjust pH to 7.4] with Na2HPO4 [W239901;
Sigma]) with 15.6 ml 16% paraformaldehyde (15712; Electron Micros-
copy Sciences). A total of 2.14 g sodium periodate (311448; Sigma) was
added, and the solution was brought up to 1 l with 0.1 M phosphate buffer
(W2399D1; Sigma).

Spleens and tumors were harvested and fixed for 24 h at room tem-
perature (RT). Spleens and tumors were processed using a Tissue-Tek
automated tissue processor (Sakura) on Zinc setting for zinc- and PLP-
fixed samples (start on 70% ethanol, skip formalin fixation) and embed-
ded with a Leica tissue embedder.

Four-micron-thick sections were cut and floated onto Plus slides (Car-
dinal Colorfrost) in a tissue flotation bath set at 40˚C (Fisher Healthcare).
Slides were allowed to dry at RT overnight and stored at 4˚C until use.

Deparaffinization, staining, imaging, and analysis. Slides were placed on a
staining rack in a Leica autostainer, and a deparaffinization protocol was run
(70% ethanol 30 min, 95% ethanol 30 min two times, 100% ethanol 30 min
three times, xylene 40 min two times, paraffin 35 min four times). Samples
were marked with an ImmEdge Hydrophobic Barrier Pen (Vector) and
allowed to dry. Slides were rinsed once with 13 TBST (103 solution: 88 g
Trizma base, 24 g NaCl in 1 l ddH2O [adjust pH to 7.6]) and blocked with
Renaissance Ab diluent (PD905; Biocare Medical) for 10 min.

Primary Ab was diluted in Renaissance Ab diluent (PD905; Biocare
Medical). The dilutions used were 1:50 for CD3 (SP7, M3074; Spring
Bioscience), CD4 (RM4-5, 550280, BD Biosciences; GK1.5, 14-0041-85,
eBioscience), CD8 (53-6.7, 550281; BD Biosciences), CD19 (1D3, 553783;
BD Biosciences), and granzyme B (polyclonal rAB, ab4059; Abcam);
1:100 for Foxp3 (FJK-16s, 14-5773; eBioscience) and PD-L1 (ab58810;
Abcam); and 1:250 for F4/80 (CI:A3-1, MCA497GA; AbD Serotec).
Primary Abs were incubated for 45 min on an orbital shaker (SHKA2000;
Thermo Scientific) at RT. Abs were subsequently removed by vacuum, and
slides were washed three times for 30 s in TBST.

Anti-rabbit secondary Ab (87-9623; Life Technologies) or anti-rat (MP-
7444-15; Vector Laboratories) was added drop-wise to slides to cover the

tissue area. Slides were incubated for 10 min at RT and washed three times
for 30 s in 13 TBST.

Tyramide (TSA)-conjugated fluorophore (NEL791001KT, PerkinElmer;
T20950, Life Technologies) was added to slides at 1:100 dilution in
Amplification plus buffer (NEL791001KT; PerkinElmer) and incubated for
10 min at RT; TSAwas vacuumed off, and slides were washed three times
for 30 s in 13 TBST.

For multiplex imaging, Ag-stripping buffer (0.1 M glycine [G2879;
Sigma], adjust pH to 10 using NaOH [SS267; Fisher Chemical], 0.5%
Tween) was added to slides and incubated for 10 min at RT. Slides were
rinsed with TBST, blocked briefly, and incubated with primary Ab at the
desired dilution and time. DAPI (D1306; Life Technologies, 1 mg/ml
stock) was diluted 1:500 in TBST and added to slides. Slides were incu-
bated for 5 min at RT and washed twice for 30 s in TBST. Slides were
rinsed with ddH2O, coverslipped with VECTASHIELD Hard Mount
(Vector Laboratories), painted with nail polish (L.A. Colors), and stored at
4˚C in a covered slide box. Slides were imaged at 43 and 203 using
Vectra imaging software, and the number of cells was enumerated from
203 fields using inForm analysis software (both from PerkinElmer).

Results
Murine CD3, CD4, and CD8 fluorescent IHC

Neutral-buffered 10% formalin (NBF) has been the standard for
fixation for human tissues; it preserves tissue architecture and
historically has been used for single color and multiplex IHC (5,
14). For murine tissues, NBF, when combined with standard heat-
mediated Ag retrieval, is excellent for detecting immune markers,
such as CD3; however, the use of NBF to fix mouse spleens
resulted in an inability to detect CD4 and CD8a epitopes (Fig. 1).
To address this problem, we examined two alternative fixation
methods. PLP is a fixative that acts by cross-linking lysine resi-
dues; it was shown to be compatible with many epitopes for the
use in IHC (15, 16). In murine spleen sections fixed with PLP, we

FIGURE 1. Zinc-based buffer is superior in detection of CD4 and CD8a. Spleen sections were fixed for 24 h in each condition and 4-mm sections were

cut and prepared. Ag retrieval was performed on formalin-fixed tissues but not on PLP or zinc-fixed tissues. Tissue sections were imaged at 203 with a

PerkinElmer Vectra platform.
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were able to detect CD3 and CD4 epitopes; however, the intensity
of CD4 staining was weak, and we were not able to detect CD8a
(Fig. 1).
Traditionally, zinc-based fixation has been an additive to NBF for

improved Ag preservation. However, reports have suggested that
zinc-based fixative devoid of NBF could maintain Ag integrity
without sacrificing much of the architecture (9, 10, 17). We did not
notice a significant difference in tissue architecture between NBF

and the zinc-based fixative (Supplemental Fig. 1A, 1B). Impor-
tantly, we found that spleen tissue fixed in the zinc-based fixation
buffer was superior to both formalin-fixed or PLP-fixed tissue in
detection of CD3, CD4, and CD8a epitopes (Fig. 1).
To validate the CD4 and CD8a staining, we obtained spleens

from Rag12/2-transgenic mice, which lack T cells and B cells, as
well as from a transgenic CD8+ TCR mouse that recognizes gp100
protein (pmel) and a transgenic CD4+ TCR mouse that recognizes

FIGURE 2. CD4 and CD8 staining in spleen sections. Spleens were fixed for 24 h for each condition. Single stains with CD3, CD4, or CD8 Ab were performed,

and tissue sections were imaged at 43 with a PerkinElmer Vectra platform. Spleens from Rag1-knockout mice were stained for CD3 (A), CD8 (E), or CD4 (I).

Stains were also performed on spleens from pmel TCR-transgenic (B, F, and J) or TRP1 TCR-transgenic (C, G, and K) mice, both on a Rag1-knockout background.

Stains were also performed on CD4-knockout mice (D, H, and L). (M) Cells were enumerated as the percentage of positive cells in a 203 field.
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tyrp1 protein (TRP1). Both of the TCR-transgenic mice were
crossed to Rag12/2 mice to ensure that only transgenic T cells
were present. Spleen sections were cut and stained with CD3,
CD4, and CD8a Abs. As expected, CD3 staining was absent in
Rag12/2 spleens, but the presence of CD3+ cells was noted in
pmel and TRP1 spleens (Fig. 2A–C, 2M). Interestingly, we ob-
served the presence of a small population of cells that stained with
CD8a in Rag12/2 mice; however, these CD8a+ cells did not stain
with CD3 (Fig. 2A, 2E). Based on their morphology and location
within the spleen, they are most likely CD32CD8a+ dendritic
cells (DCs) (18). In pmel-transgenic animals, we saw an increase
in CD3+CD8a+ cells (Fig. 2B, 2F, 2M), confirming the recogni-
tion of the Ab to CD8+ T cells. We observed CD32CD4+ cells in
the spleens from Rag12/2 and Rag12/2 pmel TCR-transgenic
mice (Fig. 2A, 2B, 2I, 2J). Rag12/2 TRP1 TCR-transgenic mice
showed a small population of CD3-expressing cells in the T cell
areas of the spleen (Fig. 2C); interestingly, this did not correlate
with an increased expression of CD4 in these spleens compared
with Rag12/2 or Rag12/2 pmel TCR-transgenic mice (Fig. 2I–K,
2M). Although CD4, like CD8a, can also be expressed in non-
T cells, such as macrophages and DCs (19–21), we wanted to
validate the specificity of the CD4 staining. To do this, we stained
a spleen from a CD42/2 mouse. We did not observe any CD4
staining in the CD42/2 spleen, confirming the specificity of the
Ab (Fig. 2D, 2H, 2L). The existence of these CD32CD4+ cells
highlights the importance of multiplex IHC, which allows us to
separate the CD3+CD4+ T cells from the CD4+ myeloid cells to
accurately identify and study these distinct populations.

Murine multiplex fluorescent IHC

Our previous work showed that a TSA-based multiplex fluorescent
imaging platform can be used to predict the success of culturing
tumor-infiltrating lymphocytes from human melanoma samples
(22). A simple diagram of this protocol is shown in Supplemental
Fig. 2. Briefly, tissue sections were Ag retrieved, stained with
primary and secondary Abs, and stained with TSA conjugated to a
fluorochrome label. This was followed by heat-mediated Ag
stripping to remove the primary Ab to label with a new primary
Ab. To establish a multiplex protocol in murine samples, we tried
heat-mediated Ag stripping on murine zinc-fixed tissues. We
found that, after Ag retrieval, we were able to stain for CD3 (Fig.
3A, 3B), but we lost the ability to stain for CD4 (Fig. 3C, 3D) and
CD19 (Fig. 3E, 3F). Although we saw CD8a staining on the tissue
following Ag retrieval (Fig. 3G, 3H), these were not T cells, be-
cause none of the CD8a+ cells costained with anti-CD3 (Fig. 3I).
To circumvent this issue, we prepared and compared two non–
heat-mediated glycine-based stripping buffers: basic (pH 10) and

acidic (pH 2). Spleen tissue sections were sequentially stained
with CD8a, CD4, and CD19 in that order, and Ag-stripping buffer
was applied between Abs. We found that the basic Ag-stripping
buffer (pH 10) was superior in maintaining subsequent CD4 and
CD19 staining intensity (Fig. 4A) compared with the acidic
stripping buffer (Fig. 4B). We subsequently tested the stripping
efficiency using the basic stripping buffer. We found that the pH-
10 buffer was able to sufficiently strip the previous Ab, allowing
for subsequent staining with no cross-epitope staining (Fig. 4C–
F). This demonstrates that the basic stripping buffer is suitable for
multiplex fluorescent IHC detection of sensitive T and B cell
markers in murine tissues. We were able to use the basic strip-
ping buffer to successfully identify CD3, CD4, and CD8 pop-
ulations in the spleen (Fig. 5A–G).
The presence of CD4 staining in Rag12/2 mice is interesting and

collaborates other reports showing the presence of CD32CD4+ DCs
in murine tissues (19, 21). To determine whether these CD32CD4+

cells are DCs, we stained for DC marker CD11c using our multiplex
protocol and found that a significant portion of the CD4+ cells
expressed CD11c (Supplemental Fig. 3A–D). Using flow cytometry,
we also determined that these CD32CD4+ cells can express CD11b,
consistent with previous reports that macrophages can express CD4
(23) (Supplemental Fig. 3E). We next wanted to address whether
their residence in the follicles of the spleen of Rag12/2 mice would
be displaced if CD3+CD4+, CD3+CD8+, and CD19+ B cells were
adoptively transferred into these mice. To do this, we adoptively
transferred splenocytes from wild-type (WT) C57BL/6 mice into
syngeneic Rag12/2-transgenic mice. Spleens from the receiving
animal were harvested 14 d postadoptive transfer and assessed
for the presence of T and B cells. We found that, following the
adoptive transfer, there was a significant increase in CD19+ B cells
and CD3+ T cells (Fig. 6F, 6I, 6L, 6N), with a concurrent decrease
in CD32CD4+ cells (Fig. 6K). Furthermore, the majority of
CD19+ B cells and CD3+ T cells, as indicated by IHC, were
located inside the follicles, surrounded by CD32CD4+ cells (Fig.
6F–J). This suggests that the T and B cells adoptively transferred
to the spleen of Rag12/2 mice preferentially migrate to the fol-
licles and displace the CD32CD4+ cells, which could mediate the
development of T and B cells.
Finally, we wanted to evaluate whether this multiplex technique

could be used to stain immune cells in a tumor setting. We injected
C57BL/6 mice s.c. with a methylcholanthrene-induced sarcoma
cell line. Tumors were harvested and stained for CD3, CD4, CD8,
Foxp3, and F4/80 using our multiplex IHC protocol. We were able
to identify distinct T cell populations in the tumor (Fig. 7) and
separate them into CD3+CD42CD82 T cells, CD3+CD8+ T cells,
CD3+CD4+Foxp32 T cells, and CD3+CD4+Foxp3+ regulatory

FIGURE 3. Heat-mediated Ag retrieval diminishes CD4, CD19, and CD8 staining. Heat-mediated Ag retrieval with Biogenex Citra buffer was performed

using a microwave. Slides were microwaved for 25 s to bring to a boil on high power and maintained for 10 min on 10% power. Ab staining were performed

with (B, D, F, and H) or without (A, C, E, and G) Ag retrieval. (I) Merge of CD3 and CD8 after Ag retrieval. Original magnification 320.
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T cells. This multiplex IHC protocol was verified in a second
murine tumor model with a spontaneously squamous cell carci-
noma cell line (SCCVII).

Discussion
Immunohistochemical approaches on FFPE tissues have long been
the standard for morphological analysis. More recently, quantita-
tive IHC methods showed promise in the development of cancer
diagnostics and prognostic biomarkers for tailored therapy (24,
25). This is especially useful in the era of immunotherapy because
many immunotherapies can benefit from biomarkers, allowing for
directed treatment. Methods such as multiplex IHC have been in
the forefront of development because they significantly enrich the
data extracted from the tissue microenvironment and allow for
relationship analysis between cell subsets for added information.
Much of the work has been done on human tissues as the staining

of various epitopes on FFPE tissues has been optimized (4, 22).
For murine studies, characterization of the immune distribution in
the tissue by IHC is lacking because many epitopes, notably CD4
and CD8, are sensitive to cross-linking and are unable to be de-
tected in FFPE samples. Frozen sections are sometimes used for
these sensitive Abs (26), but this results in distorted tissue archi-
tecture and artifacts that compromise morphological studies. For
these reasons, flow cytometry has long been the gold standard for
analysis of immune infiltrates in the tumor microenvironment
(27). However, flow cytometry does not provide sufficient con-
textual information, which was shown, in murine and human
studies, to be important in understanding the biological basis of
diseases and for predicting outcome in various types of cancer (1,
3). It was suggested that alternative fixation methods, such as PLP
and zinc-based fixation, are superior to formalin in preserving
certain epitopes, but the specificity of the Abs under these con-

FIGURE 4. Multiplex IHC with CD4, CD8, and CD19. Slides were stained with CD8 (yellow) and exposed to Ag-stripping buffer (100 mM glycine,

0.5% Tween) of pH 10 (A) or pH 2 (B). Slides were stained for CD4 (green), followed by Ag stripping and CD19 staining (magenta). (C–F) Higher

magnification of the slides stripped with pH-10 buffer. Original magnification 320.
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ditions are not characterized, and their application in a multiplex
platform is unknown. Our study showed that zinc-based fixation is
superior to PLP and formalin for the detection of sensitive epi-
topes, such as CD4 and CD8 (Fig. 1), and it may be applied to a

broader selection of Abs traditionally reserved for flow cytometry
and frozen sections, such as CD19. These results were not unique
to the chosen clones of mAbs; we also observed staining with a
different clone targeting CD4 (RM4-5, Fig. 1; GK1.5, Supplemental

FIGURE 5. Staining of CD4 and CD8 T cells in spleen. Slides were stained with CD3 (A), CD4 (B), and CD8 (C) in that order with Ag stripping in

between. (D) Merge of CD3 and CD4. (E) Merge of CD3 and CD8. (F) Merge of CD3, CD4, and CD8. (G) Pseudo-H&E image of CD4 staining with DAPI.

(H) Pseudo-H&E image of CD3 (red), CD4 (brown), and CD8 (magenta) on cells adjacent to a central artery (CA). (I) H&E image of spleen sections

showing lymphocyte distribution around a CA. Original magnification 320.

FIGURE 6. Adoptive transfer of splenocytes into Rag2/2mice. Ten million splenocytes fromWTC57BL/6 mice were transferred into Rag12/2mice. Spleens were

harvested 14 d later. Multiplex fluorescent IHC was performed on Rag2/2mice (A–E) and adoptively transferred animals (F–J). (K–N) The percentage of positive cells

was enumerated based on total DAPI+ cells in the area imaged. The p values were calculated using the unpaired t test (n = 3–4). Original magnification 320.
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Fig. 1C, 1D). In addition, we had success with polyclonal Abs
targeting PD-L1 (Fig. 7G) and granzyme B (Supplemental Fig. 4).
While validating the specificity of CD4 staining (Fig. 2), we

observed a significant population of CD32CD4+ cells aggregating
into a follicular pattern. Because these cells appear in Rag12/2,
pmel, and TRP1 spleens, it is possible that they reside in follicles
devoid of T and B cells; alternatively, they may be instrumental in
recruiting T and B cells to the follicles in the spleen. When we
adoptively transferred WT splenocytes into Rag12/2 mice, we
observed an accumulation of CD3+ T cells and CD19+ B cells in
the vicinity of these follicles (Fig. 6D–J), suggesting that these
CD32CD4+ cells may mediate the recruitment and potential de-
velopment of B cells. These findings need confirmation in future
studies.
The presence of these CD32CD4+ cells in the spleen outlines

the importance of multiplex staining to reliably study various
immune cell populations. We were able to apply the technique in
a multiplex platform to examine multiple parameters simulta-
neously in fixed specimens of murine spleens (Fig. 5), as well as
two orthotopically implanted tumor cell lines (Fig. 7). To study
these sensitive epitopes, such as CD4 and CD8a, in a multiplex
platform, a mild Ag-stripping solution, such as glycine, is superior
for proper preservation of signal compared with heat-mediated
Ag-stripping solution (Fig. 4). We conclude that the pH-10
stripping buffer is the optimal buffer solution for this T and
B cell panel because it is able to efficiently remove the previous
Ab without adversely affecting the staining profile with subse-
quent Abs. However, a stronger stripping solution may be needed
for Abs with stronger affinity, such as F4/80 for macrophages.
This can be accomplished by the addition of SDS and acidic pH,
which provides a harsher environment for enhanced Ab stripping.
The ability to use this multiplex IHC platform to stain different

populations of immune cells within the tumor microenvironment
provides data about quantity and spatial relationships that are
informative. It is also important to be able to examine the func-
tionality of these cells, and we have begun to examine this using
granzyme B expression in CD8 T cells (Supplemental Fig. 4). A
limitation that we encountered is the lack of effective Abs to study
cytokines expressed by these cells. Genomic approaches may be
an alternative to address some of these limitations. Zinc-based
fixation has not been shown to adversely affect the quality of
DNA and RNA in the sample (17, 28), and we had preliminary
success analyzing mRNA expression profiles in murine tumors
fixed with zinc-based buffer (data not shown).

To our knowledge, our study is the first to report on the ability to
perform multiplex IHC with CD4, CD8, and CD19 to identify basic
T and B cell populations in zinc-fixed paraffin-embedded murine
tissues. Importantly, this method provides the ability to examine the
spatial interactions and relationships amongmultiple parameters on a
single tissue section. Additionally, this approach will likely allow for
additional Abs, which are traditionally reserved for flow cytometry
and frozen sections, to be used on paraffin-embedded samples.
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