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Macrophages, apart from being the key effector cells of the innate immune system, also play critical 
roles during the development and progression of various complex diseases, including cancer. 
Tumor-associated macrophages, infiltrate tumors during different stages of cancer progression to 
regulate motility, invasion, and intravasation to metastatic sites. Macrophages can exist in different 
polarization states associated with unique function in tumors. Since tumor-associated macrophages 
constitute a very small proportion of tumor cells, analysis of gene expression pattern using normal 
extraction buffer-based methods remains a challenging task. Therefore, it is imperative to develop 
low-throughput strategies to investigate transcriptional regulations from a small number of immune 
cells. Here, we describe an efficient, sensitive, and cost-effective approach for gene expression analysis 
of a small number of fluorescence-activated sorted tumor-associated macrophages. Our analyses from 
the different number of stable, primary, and sorted macrophages suggest 5,000 cells is an optimal 
number for performing quantitative, real-time PCR analysis of multiple genes. Our studies could 
detect expression of macrophage-specific genes from cultured primary macrophages, and FACS-
sorted macrophages from different biological tissues without introducing biases in comparative gene 
expression ratios. In conclusion, our kit-based method for quantitative gene expression analysis from 
a small number of cells found in biological tissues will provide an opportunity to study cell-specific, 
transcriptional changes.

Macrophages are terminally differentiated phagocytic cells of the innate immune system, differentiated from 
monocytes that are derived from hematopoietic stem cell precursors1. Found as circulating and tissue-resident 
cells, macrophages can polarize into classically or alternatively activated subtypes. M1 macrophages are classically 
activated, pro-inflammatory cells involved in evoking the inflammatory response and pathogen clearance2. M2 
macrophages are alternatively activated, anti-inflammatory cells involved mainly in wound healing and regen-
eration3,4. Apart from these roles, macrophages known as tumor-associated macrophages (TAMs) also play an 
important role in cancer progression5.

Macrophages are particularly abundant in tumor sites and constitute a major fraction of non-malignant cell 
populations in the tumor microenvironment6. Macrophages are also found in different stages of cancer, in vari-
ous cancer types, in varying abundance7. Multiple correlations have also been established between modulation 
of the tumor microenvironment and macrophage polarization status8,9. Recent data suggests opposing roles for 
M1 and M2 macrophages in modulating tumor biology10,11. While M2 macrophages are pro-tumoral in primary 
and metastatic sites, M1 macrophages are anti-tumoral in action12. M2 macrophages stimulate angiogenesis and 
enhance tumor invasion and intravasation properties to regulate metastatic spread. Conversely, M1 macrophages 
mediate immunosuppressive function by preventing activated natural killer and T-cells from tumor cell killing13. 
Various subpopulations of macrophages are said to regulate different aspects of tumor biology, making them an 
interesting subject of study.

The transcriptomic studies in monocytes and polarized macrophages suggest remarkable differences in the 
gene expression of subtypes14. Microarray and next generation high-throughput techniques such as RNA-Seq 
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are commonly employed to investigate global gene expression changes; however, qualitative expression changes 
in a small number of genes is checked by quantitative real-time polymerase chain reaction (qRT-PCR)15. The 
qRT-PCR technique is very commonly used to study gene expression from a large number of cells; however, 
achieving optimal RNA yields for qRT-PCR analysis from a small number of cells has always been challeng-
ing16,17. With recent advances in technology, gene expression analysis from single cells is also possible, although 
it involves the introduction of amplification steps that can introduce biases, and requires expertize to perform 
complex high-throughput data analysis18. Apart from these limitations, there are also very limited studies that 
have described methods to achieve quantitative gene expression from a small number of cells19. To overcome the 
limitation of pooling samples for the study of gene expression, there is an urgent need to develop methods and 
pipelines to enable qRT-PCR analysis from a small number of isolated cells.

As noted above, macrophages are known to play crucial effector roles in various diseases of different tissue 
origins20. Macrophages can also respond to different microenvironmental cues that trigger their differentiation 
to multiple subpopulations with distinct transcriptional profiles21. Since these different subpopulations can exist 
in varying proportions in different tissues in both healthy and disease states, it is imperative to understand tran-
scriptional rewiring that occurs in these cells and is critical for regulating tissue biology. Although numerous 
gene expression studies have been conducted on tissue and/or tumor macrophages, hardly any studies have been 
conducted from a small number of input TAMs to understand transcriptional changes in vivo22,23. Therefore, we 
have developed a fast, highly reproducible and sensitive method called the “Microscale gene expression analysis 
method,” which enables us to study transcriptional regulations from as few as 5,000 fluorescence-activated sorted 
macrophages.

Results
Determination of the Minimum Cell Number for Gene Expression Analysis in U937 Cells. To 
develop a method for gene expression analysis from a small number of macrophages, especially TAMs, we decided 
to work with a varied number of input U937 monocytes, which are the stable cell precursors of macrophages. We 
initially isolated RNA from 10,000, 5,000, 1,000 and 500 cells using PicoPure RNA isolation kit, which works 
on a column-based purification method. Because the RNA isolated by this method is in very low quantity and 
cannot be quantified on nanodrop, we chose to synthesize cDNA by using SuperScipt VILO Mastermix. From 
the synthesized cDNA, we then performed qRT-PCR analysis at the dilution of 1:10 to check for the expression of 
three housekeeping genes (18SrRNA, ACTB, and GAPDH). It was very interesting to find that the transcripts for 
all three housekeeping genes were detected from different numbers of cells (Fig. 1). A Ct value difference of 1 was 
seen between 10,000 and 5,000 cells and a difference of 2–3 Ct value was observed between 10,000 and 5,000 cells. 
However, a huge difference in Ct values was observed between 10,000 and 500 cells for all three housekeeping 
genes. The results obtained through our method showed detectable gene expression from a surprisingly small 
number of cells, even as low as 500.

Further, we probed the cDNA at a lower dilution of 1:20 for all three housekeeping genes to optimize cDNA 
dilution for gene expression studies. Ct values for all three housekeeping genes were also detected in U937 cells 
at different number of input cells. Also at the cDNA dilution of 1:10, a consistent difference of 1 Ct value was 
observed between 10,000 and 5,000 cells for all three housekeeping genes (Figure S1). We then tested the pres-
ence of genomic DNA contamination in RNA samples by performing qRT-PCR analysis from (+) RT and (−) 
RT samples. In (−) RT samples, reverse transcriptase enzyme was not added. We could detect a Ct difference of 
more than 9 Ct values between (+) RT and (−) RT reactions from 10,000, 5,000 and 1,000 cells for the ACTB 
gene, suggesting no possible genomic DNA contamination in the RNA samples (Figure S1A). A similar trend was 
also noted for the other two housekeeping genes (Figures S1B and S1C). However, the Ct value difference between 
(+) RT and (−) RT reactions for 500 cells was less than 9 Ct values, suggesting probable DNA contamination in 
the samples. A Ct value difference of 10 suggests no possible genomic DNA contamination because the relative 
abundance of target transcripts between the two reactions is very high. Our experiments also suggest 10,000 to 
1,000 as an ideal cell number for U937 cells to probe for gene expression at a cDNA dilution of 1:20.

Optimization and Reproducibility of Microscale Gene Expression Analysis Method. There are 
three main steps in the gene expression analysis method: RNA isolation procedure, cDNA synthesis, and qPCR 
reactions with SYBR Green dye reagent. In earlier results, the first two steps were optimized for RNA isolation 
by PicoPure RNA isolation kit and cDNA synthesis by SuperScript VILO Mastermix. Next, we wanted to test if 
the use of different SYBR reagents could account for increased sensitivity and reproducibility across different 
experimental setups. For this test, we used three different SYBR dyes: Roche FastStart Universal SYBR Green, 
BioRad Sso Advanced Universal IT SYBR Green, and AB PowerUP SYBR Green to determine the most sensi-
tive dye compatible for our method. Because the aim was to detect expression from a lower number of cells, we 
performed SYBR dye comparisons in an experiment conducted with 5,000 and 1,000 input cells, at a dilution of 
1:20 for (+) RT and (−) RT-PCR reactions. The expression of the 18SrRNA gene was found to be significantly 
consistent with the use of AB PowerUP SYBR Green dye, and showed minute variations between the experimen-
tal replicates (Fig. 2A). Next, we compared the differences between (+) RT and (−) RT-PCR reactions conducted 
with different SYBR Green dyes. The experiment performed with Roche FastStart Universal SYBR Green and AB 
PowerUP SYBR Green dye showed significant differences in Ct values of 18SrRNA, ACTB, and GAPDH genes. 
The variation between the different experimental replicates was also significantly less compared to Bio-Rad SYBR 
dye (Fig. 2). From this point, we named our methodology, using the above-mentioned pipeline, “Microscale gene 
expression analysis method.” This method involves isolation of RNA by PicoPure RNA Isolation kit, followed by 
cDNA synthesis from isolated RNA by SuperScript VILO enzyme mix, and finally the qRT-PCR reaction with 
AB Hotstart SYBR dye.
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We further tested our methodology for reproducibility in the sensitivity of gene detection. We performed the 
experiment in triplicate with the same amount of input cells from different experimental setups. The analysis of 
18SrRNAat a cDNA dilution of 1:20 (from 5,000 cells) using our Microscale gene expression analysis method 
found no significant variations in Ct values from the three biological replicates (Figure S2A). Further, analysis 
of ACTB and GAPDH genes also showed a similar trend, with no considerable variation observed among the 
three biological replicates and indicating high reproducibility in conducting the experiment (Figures S2B and 
S2C). However, the variation in Ct values of all three housekeeping genes from cDNA (1:20 dilution) of 1,000 
U937 cells showed very high variation among biological replicates (Figure S2). The large variation observed in 
the experiment could have arisen because of inefficiency in the RNA isolation procedure using a small number 
of cells, or due to biases introduced during the cDNA amplification step from the isolated input RNA. Transcript 
detection at cDNA dilution of 1:20 conveniently allows probing for more than 100 genes. Thus, our methodology 
is well-suited to perform reproducible quantitative gene expression analysis of a large number of genes from a 
minimum of at least 5,000 U937 monocytic cells.

Comparative Gene Expression Analysis from a Large and Small Number of Cells. The transcripts 
of housekeeping genes such as 18SrRNA, ACTB, and GAPDH are present in high abundance in the cells, and the 
transcript number remains more or less constant under different treatment conditions. Since the housekeeping 
genes are detected at low Ct values due to their high abundance, we wanted to test further if our method could 
also detect the presence of low abundant transcripts in the cell. We thus extended our methodology to detect 
expression of a panel of other target genes that includes a few key genes responsible for monocyte and mac-
rophage migration (MCP-1 and MCP-3), cytokines (TNFA), hypoxia-regulated genes (HIF1A and HIF2A), and 
metabolic genes (TPI1 and SDHA). We performed qRT-PCR analysis on the RNA isolated from 5,000 U937 cells 
for detection of various target genes. The detectable expression of all seven genes was recorded at 1:20 dilution 
of cDNA using our method (Fig. 3), wherein the RNA isolated from a small number of cells is used to synthesize 
cDNA. We compared our methodology with the most commonly used TRIzol method for RNA isolation, fol-
lowed by cDNA synthesis by Verso kit. We wanted to test whether there might be any bias introduced in Ct value 
ratios of different genes detected by both methodologies. We compared the Ct values of seven target genes and 
two housekeeping genes (ACTB and GAPDH) normalized to another housekeeping gene 18SrRNA. The RNA 
isolated from 2 million cells by TRIzol method when tested for the seven target genes showed detectable Ct values 

Figure 1. Comparative expression analysis of housekeeping genes from the different number of U937 cells. 
The graphs show Ct values of (A) 18SrRNA, (B) ACTB and (C) GAPDH from a different number of U937 cells. 
The cDNA was probed at 1:10 dilution. The data is represented as mean ± SEM from n = 3. The significant 
differences in mean Ct values of samples with different cell numbers was compared to 10,000 cells by one-way 
ANOVA. ***Denotes p-value < 0.001, **Denotes p-value < 0.01, *Denotes p-value < 0.05 and ns stands for 
non-significant.
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for all genes tested. Our comparative analysis found the same trend in expression of all nine genes detected by our 
method with RNA isolated from 2 million cells by TRIzol method (Fig. 3). Apart from TPI-1, all genes showed 
similar levels of ΔCt values, and no significant variation was observed in ΔCt value for half of target genes. We 
concluded that our method can detect expression of low transcripts in the cell and does not introduce any signif-
icant biases in relative expression of target genes. These results confirm our method is effective to analyze gene 
expression from a small number of cells.

Figure 2. Optimization of SYBR Green qPCR mix for gene expression detection in a low number of U937 
cells. The plots represent Ct values of (A) 18SrRNA, (B) ACTB and (C) GAPDH in (+) RT and (−) RT reactions 
synthesized using Roche FastStart Universal SYBR Green, BioRad Sso Advanced Universal IT SYBR Green, and 
AB PowerUP SYBR Green MasterMixes. The cDNA synthesized from 5,000 and 1,000 U937 cells was probed 
at 1:20 dilution of cDNA. The data is represented as mean ± SEM from n = 3. The comparison of significant 
differences in mean Ct values of (+) RT and (−) RT groups for an individual reagent was compared using one-
way ANOVA. ***Denotes p-value < 0.001, **Denotes p-value < 0.01, *Denotes p-value < 0.05 and ns stands 
for non-significant.

Figure 3. Comparative analysis of ΔCt in RNA isolated from U937 macrophages by TRIzol method and 
Microscale gene expression method. The bar plot represents ΔCt values of various genes with reference to the 
human ACTB gene in cDNA synthesized from RNA using two different methodologies for the high and low 
number of U937 cells. The data is represented as mean ± SEM from n = 3. The statistical significance between 
experimental groups was determined using unpaired two-tailed student’s t-test. ***Denotes p-value < 0.001, 
**Denotes p-value < 0.01, *Denotes p-value < 0.05 and ns stands for non-significant.
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Validation of Gene Expression Analysis Method in Murine Bone Marrow-derived Macrophages.  
To prove the adaptability of the proposed method to the different types of macrophages, we validated the exper-
iments done earlier onU937 human cells in the primary murine bone marrow-derived macrophages (BMDMs). 
The BMDMs are primary cells cultured ex-vivo from mouse bone marrows, and we speculated that murine 
BMDMs are probably more similar to macrophages isolated from the different kinds of tissues. To replicate the 
results standardized with U937 cells, we isolated RNA from 5,000 murine BMDMs and analyzed expression of 
genes by our Microscale gene expression analysis method. Next, we constructed a panel of 21 macrophage-specific 
genes, including M1 and M2 subtype-specific genes. Macrophages can be polarized into either M1 or M2 mac-
rophages which play different roles in cancer and other complex diseases24. The different subtypes of macrophages 
express subtype-specific markers like iNOS by M1 macrophages and Arg1 by M2 macrophages25. Ct values were 
detected for majority of the genes from 5,000 murine BMDMs, except for the Il1b and Il12b genes (Fig. 4A). 
Both of these are cytokine genes and expressed abundantly in M1 macrophages. In contrast, Ct values were 
detected from all genes when probed with cDNA synthesized from 1 million murine BMDMs by Trizol method, 
followed by cDNA synthesis by Verso kit. However, the expression of almost half the genes could not be detected 
by gene expression analysis done by our method from 1,000 cells, suggesting that 5,000 is the ideal low input 
cell number to study gene expression from ex-vivo cultured primary cells (data not shown). We then compared 
the relative abundance of several macrophage-specific genes upon normalization with the Actb gene, looking at 
between 5,000 and 1 million murine BMDM cells. Our analysis showed a similar trend in the regulation of all 
genes as depicted by almost equal ΔCt values of the target genes (Fig. 4A). ΔCt values between 1 million and 
5,000 BMDMs were not statistically significant for approximately half of the target genes. Next, we tested the 
sensitivity of this method in primary murine BMDMs from 5,000 and 1,000 input cells in comparison to 1 million 
mBMDMs analyzed by the standard method. We found significant differences in Ct values of Actb and Gapdh 
genes in a different number of input cells. However, Ct value was only 5 unit higher in 5,000 cells compared to 
1 million cells (Fig. 4B). Our results in conclusion suggest that our method is robust for performing gene expres-
sion analysis in a small number of primary macrophage cells.

Standardization of Gene Expression Analysis Method for Fluorescence-activated Sorted 
Macrophages. Macrophages are known to infiltrate tumors during the progression and metastasis of can-
cer26. The macrophage subtypes have differential relative abundance during the progression and metastasis 
of tumors. To test the gene expression from macrophages isolated from tumors, we orthotopically implanted 
KPC-k1 cells in the pancreas of 6–8-week-old female C57BL/6 albino mice. After tumor formation, tumors were 

Figure 4. Comparative ΔCt analysis of macrophage-specific genes from a small number of murine bone 
marrow-derived macrophages. (A) The bar plot shows comparative expression profile of macrophage-specific 
genes from 1 million murine BMDMs isolated by TRIzol method and 5,000 murine BMDMs by Microscale 
gene expression method. The ΔCt values of various genes is derived with reference to the murine Actb gene, the 
candidate reference gene. The data is represented as mean ± SEM from n = 2. Statistical significance between 
experimental groups was determined using unpaired two-tailed student’s t-test. (B) The graph represents 
variability in expression of Actb and Gapdh gene from three different experiments. The RNA isolated from 
1 million, 5,000, and 1,000 murine BMDMs was probed at the cDNA dilution of 1:20. The data is represented as 
mean ± SEM from n = 3. The significant difference in mean ∆Ct values of samples with different cell numbers 
was compared using one-way ANOVA. ***Denotes p-value < 0.001, **Denotes p-value < 0.01, *Denotes 
p-value < 0.05 and ns stands for non-significant.
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excised to isolate macrophages by FACS sorting of pancreatic tumor cell suspension. Macrophages were charac-
terized based on expression of macrophage markers F4/80 and CD11b. Double-positive cells were further sorted 
for downstream RNA analysis (Figure S3A). Splenic macrophages were also isolated because they are resident 
tissue macrophages known to be abundantly present in spleen tissue. To test if our methodology could be success-
fully applied on fluorescence-activated sorted cells, we performed qRT-PCR analysis of both tumor-associated 
macrophages and splenic macrophages by the Microscale gene expression analysis method. We wanted to develop 
a method to perform gene expression analysis from a large number of FACS sorted cell samples at the same time, 
and so therefore we sorted the cells in PBS and stored them in a −80 refrigerator for later analysis. Actb gene 
expression was detected in both tumor and splenic macrophages, but Ct values were very high and considerable 
variation was observed in the technical replicates from the sorted cells (Fig. 5A). High Ct values can be a result of 
gene analysis from degraded RNA samples, and earlier reports also show that storage of RNA in PBS leads to its 
degradation, with biased amplification of different parts of the transcripts leading to an increase in Ct values for 
the target genes27. These results are also in line with previous results and they additionally suggest that even stor-
age of sorted RNA at a lower temperature could not prevent RNA degradation. Therefore, we next isolated 5,000 
tumor-associated macrophages directly into the extraction buffer supplied in the PicoPure RNA Isolation kit and 
immediately extracted RNA by completing the isolation procedure. The qRT-PCR analysis of fresh FACS-sorted 
cells show relatively lower Ct values compared to stored FACS-sorted macrophages, but showed higher values 
than cultured macrophages. The Ct values of Actb from freshly isolated FACS-sorted macrophages showed no sig-
nificant variation between replicates (Fig. 5A). Further, we checked the expression of iNOS (M1 marker) and Arg1 
(M2 marker) to check for macrophage polarization. A very low variation between Ct values of replicates for Nos2 
(iNOS) and Arg1 was observed in the murine BMDMs and for fresh FACS-sorted macrophages; however, a nota-
ble variation was seen in stored FACS-sorted macrophages (Fig. 5B and C). In tumor-associated macrophages, 
a high expression of Arg1 was observed, indicating that the macrophages found in tumors are M2 macrophages. 
These findings are consistent with earlier data from studies of pancreatic cancers, wherein M2 macrophages 

Figure 5. Gene expression analysis of macrophage markers in a small number of FACS-sorted macrophages. 
The plots represent relative expression of (A) Actb, (B) Arg1-M2 macrophage marker, and (C) Nos2-M1 
macrophage marker in stored FACS-sorted splenic macrophages, stored FACS-sorted tumor macrophages, 
cultured murine BMDMs, and fresh FACS-sorted tumor macrophages by Microscale gene expression method. 
Three biological replicates were used for different macrophages. Each data point is represented as mean ± SEM 
from n = 3. The significant differences in mean Ct values of FACS sorted samples was compared to isolated 
murine macrophages by one-way ANOVA. ***Denotes p-value < 0.001, **Denotes p-value < 0.01, *Denotes 
p-value < 0.05 and ns stands for non-significant.
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were shown to promote tumor progression28. The expression of Nos2 was not detected in stored FACS-sorted 
macrophages, but a relatively higher expression was seen in fresh FACS-sorted macrophages (Fig. 5C). Further, 
we investigated the reproducibility of gene expression data for Actb gene from fresh FACS-sorted macrophages in 
three different biological replicates. Ct values were almost the same within the three biological replicates, showing 
significant differences between (+) RT and (−) RT PCR reactions (Figure S3B). Our data suggests that perform-
ing gene expression analysis from 5,000 freshly sorted cells in an extraction buffer will result in the generation of 
efficient and reproducible gene expression data.

Several kits are also available commercially that claim to repair degraded RNA to enable qRT-PCR analysis 
out of poor quality RNA samples. Since the RNA from FACS-sorted stored macrophages had degraded RNA, we 
attempted to synthesize cDNA by using Thermo SSIV kit which claims to reduce Ct value by 8 Ct values due to 
highly efficient cDNA synthesis process. The cDNA synthesized in this manner was compared with cDNA synthe-
sized from SuperScript Verso kit and probed for expression of the Actb gene in splenic and tumor-associated mac-
rophages. Our analysis showed no significant improvement in detection of Ct values and a high variation among 
replicates was observed (Figure S3C). We recommend performing RNA isolation immediately from FACS-sorted 
cells in extraction buffer without any intermediate storage step to achieve efficient RNA recovery for downstream 
qRT-PCR analysis.

Discussion
Biological tissues consist of a heterogeneous population of various cellular subtypes that differentially respond to 
changes in the microenvironment by transcriptional modulation. Different cellular subpopulations in the same 
tissue are known to trigger differential activation of multiple cellular signaling cascades and result in altered func-
tional outputs29–31. In complex diseases like cancer, cross-talk of multiple cellular subtypes leads to the formation, 
progression, and maintenance of tumors32,33. Recent literature also suggests that not only tumor cells, but stromal 
and immune cells also modulate the plasticity of tumor phenotype. Transcriptional regulation changes in these 
non-tumor cells have a profound impact on the formation and progression of tumors34,35. Because immune cells 
such as macrophages are present in very low amount in tissues and tumors, it becomes important to be able to 
isolate sufficient RNA from small number of cells to study transcriptional adaptations.

In this study, we standardized our method by comparing different numbers of cultured and primary mac-
rophage cells to determine the minimum number of cells necessary to conduct efficient and reproducible gene 
expression analysis. We found that a minimum of 5,000 cells are sufficient to study transcriptional changes using 
our methodology. Nevertheless, we could detect gene expression from as low as 500 cells, but even so, a very high 
variation was observed in Ct values between replicates. Moreover, if transcript expression is studied from a lower 
number of cells, fewer transcripts were detected as opposed to analysis of 5,000 cells using our method, and a 
large number of cells using the TRIzol method. The RNA isolated from 5,000 cells is able to generate ample cDNA 
and can be used to perform qRT-PCR analysis for at least 200 genes. Gene expression studies have also recently 
been conducted from flow-sorted single cells; however, such methods can introduce biases due to additional 
amplification steps29. Another commonly used approach to overcome limitations in biological or clinical samples 
is to pool samples that result in a loss of inter-individual variation in in vivo studies19. Our methodology enables 
accurate detection of relative transcript levels without introducing any significant bias.

Subtype-specific surface marker macrophage antibodies are widely used to distinguish and sort the subpopu-
lation of macrophages from biological tissues that can be further used for downstream analysis such as transcrip-
tomics. We analyzed gene expression from 5,000 FACS-sorted macrophages from mice pancreatic tumor tissue. 
We could detect Ct values in the range of 20–25 for Actb genes in these samples. Further, we could establish that 
the macrophages that infiltrate pancreatic tumors from orthotropic mice model are M2 macrophages, as reported 
earlier in the literature. However, RNA extraction should be performed immediately after FACS-sorting of cells 
because storage of cells in buffer leads to degradation of RNA and consequently shows high Ct values. We were 
not able to achieve optimal or reproducible detection of transcripts from stored FACS-sorted samples, even after 
attempting multiple kits supposed to recover good quality cDNA yields from degraded RNA samples. Taken 
together, our strategy can be used to study transcript expression from isolated cell populations of biological tis-
sues, provided that FACS sorting and RNA extraction are processed simultaneously.

In this study, we have developed a cost-effective, rapid, and highly specific method for studying quantitative 
gene expression changes from a very small number of cultured or FACS-sorted macrophages isolated from tis-
sues. The transcriptional changes examined by our method show similar-fold change regulations compared to 
RNA isolated from a large number of cells by the commonly used TRIzol method. We further demonstrated that 
this method is also applicable to macrophages isolated from pancreatic tumors and other tissues. To our knowl-
edge, this is the first study that describes gene expression analysis from as low as 5,000 macrophages without 
using an amplification step that might introduce any bias to the detection of gene expression values. Although 
this Microscale gene expression method has been standardized for macrophage cells, it can be effectively applied 
to a wide array of cellular subtypes found in very small numbers in different types of biological tissues. Thus, 
our method provides a cost-effective approach for understanding quantitative low-throughput transcriptional 
changes in many genes, without introducing noise that can arise when pooling biological samples.

Materials and Methods
Chemicals and Kits. The cell culture reagents were purchased from Gibco, Invitrogen (USA). The Live/Dead 
Aqua staining kit was purchased from Invitrogen. Anti-F4/80-PE and Anti-CD11b-Pacific Blue Abs were pur-
chased from eBiosciences (USA). ARCTURUS PicoPure RNA Isolation Kit (Catalog No.-KIT0204), Verso cDNA 
Synthesis Kit (Catalog No.-AB-1453/B), SuperScript VILO MasterMix (Catalog No.-11755050) and SuperScript 
IV First Strand Synthesis System (Catalog No.-18091050) were purchased from ThermoFisher Scientific (USA). 
The SYBR Green MasterMixes-FastStart Universal SYBR Green Master (Rox) (Catalog No.-04913914001), 
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PowerUP SYBR Green MasterMix (Catalog No.-A25742) and Sso Advanced Universal IT SYBR Green SuperMix 
(Catalog No.-1725270) were purchased from Roche (Lifescience), Applied Biosystems (ThermoFisher Scientific) 
and Bio-Rad respectively.

Culturing of U937 Cells, KPC cells, and Murine Bone Marrow-Derived Macrophages. Monocytic 
U937 (ATCC) cell line was cultured in Dulbecco’s Modified Eagle’s Medium (DMEM), with 10% FBS, 1 mM glu-
tamine, 50 U/ml penicillin and 50 μg/ml streptomycin.

KPC-k1 cells are a murine cancer cell line derived from a pancreatic tumor formed in the congenic KPC spon-
taneous progression mouse model. These cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM), 
with 10% FBS, 1 mM glutamine, 50 U/ml penicillin and 50 μg/ml streptomycin.

Bone marrow-derived macrophages (BMDMs) were isolated from C57BL/6 mice as reported earlier36. The 
protocol for ex vivo BMDM cultures was approved by University of Nebraska Medical Center institutional animal 
care and use committee (IACUC). Briefly, BMDMs were isolated from 5 to 6-week-old C57BL/6 mice. Femur 
and tibia were isolated. Epiphysis of the bones was cut, and the marrow cavity was flushed out with α-MEM 
medium from one end of the bone using a sterile 21-gauge needle to take out the cells from marrow cavity. The 
cells were passed through a syringe with 21-gauge needle to make a single cell suspension. The cell suspension 
was layered on a Ficoll-Hypaque gradient in a ratio of (1:4) to collect hematopoietic stem cells – the precursor 
of macrophages. The cells were finally cultured in DMEM media supplemented with 10% FBS, 20% L-929-cell 
conditioned media, 100 U/ml penicillin, 100 µg/ml streptomycin, and 2 mM L-glutamine for next seven days to 
differentiate into macrophages.

RNA Isolation by TRIzol Method and Kit-based Method. RNA isolation from a large number of 
cells: RNA was isolated from 2 million U937 cells or 1 million murine BMDMs using TRIzol reagent (Invitrogen) 
according to the manufacturer’s instructions. RNA was isolated using chloroform-isopropanol method as 
reported earlier37.

RNA isolation from a small number of cells: The U937 cells or primary bone marrow macrophages were 
counted using trypan blue dye. The RNA from fixed number of cells was isolated using Picopure RNA isolation 
kit according to the manufacturer’s instructions. The fixed numbers of cells as indicated in the experiment were 
pelleted and resuspended in 100 µl extraction buffer and incubated at 42 °C for 30 minutes (min). During incu-
bation, the column was pre-conditioned using 250 µl of conditioning buffer by centrifuging at 16,000 g for 1 min. 
After 30 min of incubation, 100 µl of 70% ethanol was mixed with the lysate. The combined lysate mix was loaded 
onto the column and washed with wash buffer1 (once) and wash buffer 2 (twice) by centrifugation. A dry spin 
was given next to remove the traces of ethanol. The RNA was finally eluted in 20 µl of elution buffer and stored at 
−80 °C for further use.

Orthotropic Mice Model of Pancreatic Cancer for Isolation of Macrophages from Tumor.  
C57BL/6 albino mice were used for the study. Mice were housed as per the guidelines of our institutional ani-
mal care and use committee (IACUC). Syngeneic KPC-k1 cells (5 × 104) were orthotopically implanted in the 
pancreas of 6–8-week-old female C57BL/6 albino mice. Tumor volume was regularly monitored with the help 
of caliper. When tumor size reached 1cc, mice were sacrificed, and tumor tissue and spleen were collected for 
further FACS sorting analysis. Animal protocols were in accordance with the NIH Guide for the Care and Use 
of Laboratory Animals and were approved by the University of Nebraska Medical Center Animal Care and Use 
Committee.

FACS sorting of Macrophages from Spleen and Tumors. Single cell suspensions were made from 
pancreatic tumor and spleen samples. The cells were stained with Live/Dead Aqua stain for 15 min. After staining 
the cells were washed with PBS. The cells were again stained with anti-F4/80-PE and anti-CD11b-Pacific Blue 
for 20 min. After staining, the cells were washed with PBS and fixed with 4% paraformaldehyde. The cells were 
washed and finally resuspended in PBS. The cells were acquired and sorted through BD FACSAriaII sorter in class 
2A biosafety hood.

cDNA Synthesis and Real Time PCR. 1 µg of RNA isolated using TRIzol method was reverse transcribed 
to complementary DNA (cDNA) using Verso cDNA synthesis kit according to the manufacturer’s instructions. 
Briefly, a 20 µl reaction was setup by adding 4 µl of cDNA synthesis buffer, 2 µl dNTP mix, 1 µl of random hex-
amer primers, 1 µg RNA, 1 µl RT enhancer and 1 µl of Verso Enzyme Mix. The synthesis was carried out at 42 °C 
for 30 min followed by inactivation at 95 °C for 2 min. The synthesized cDNA was diluted 20 times, and 3 µl 
cDNA was analyzed in a 10 µl reaction mix consisting of 1X SYBR dye (Roche), forward and reverse primers. 
The real-time PCR primers used in the study are experimentally validated sequences taken from Primer Bank 
database (https://pga.mgh.harvard.edu/primerbank/). The list of primers used in this study has been shown in 
Table S1. Quantitative real-time PCR was performed using QuantStudio5 Real-Time PCR system (Thermo Fisher 
Scientific).

10 µl of RNA isolated using Picopure RNA isolation method was reverse transcribed by using SuperScript 
VILO MasterMix Synthesis Kit according to the manufacturer’s instructions. Briefly, 10 µl RNA was mixed with 
4 µl of SuperScript VILO Mastermix and 6 µl nuclease free water. The synthesis was carried out at 25 °C for 10 min, 
42 °C for 60 min followed by termination at 85 °C for 5 min. The cDNA synthesis using SuperScript IV First 
Strand Synthesis System was carried out by adding 1 µl of random hexamers and 1 µl dNTP mix to 11 µl of RNA. 
The mix was incubated at 65 °C for 5 min. To the mix, 4 µl SSIV buffer, 1 µl DTT, 1 µl Ribonuclease inhibitor and 
1 µl of SSIV reverse transcriptase enzyme was added. The synthesis was carried out at 23 °C for 10 min, 55 °C for 
10 min, followed by inactivation at 80 °C for 10 min. The synthesized cDNA was diluted 20 times and 3 µl cDNA 
was analyzed in a 10 µl reaction mix consisting of 1X SYBR dye, forward and reverse primers. All the three SYBR 
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dyes were used at 1X concentration in qPCR mix and threshold cycles (Ct) were detected using QuantStudio5 
Real-Time PCR system. The cycling parameters used for AB PowerUp SYBR Bio-Rad and Roche SYBR was: 
pre-incubation at 50 °C for 2 min followed by 95 °C for 2 min, 45 cycles of 95 °C for 15 sec, 60 °C for 1 min. The 
cycling parameter used for Bio-Rad and Roche SYBR was: pre-incubation at 98 °C for 2 min, 45 cycles of 95 °C 
for 15 sec, 60 °C for 1 min. The specificity of all the reactions was determined by running a melting curve analysis 
at the end of the PCR cycles. The steady state expression of various genes was normalized to the β-actin gene 
wherever indicated.

Statistical Analysis. The statistical significance was determined by unpaired student’s t-test (two-tailed, 
unpaired) or one-way ANOVA test (Bonferroni’s multiple comparisons) using GraphPad Prism, GraphPad 
Software Inc., San Diego, USA. ***Denotes p-value < 0.001, **Denotes p-value < 0.01, *Denotes p-value < 0.05. 
p-value < 0.05 was considered significant and ns stands for non-significant.

References
 1. Sheng, J., Ruedl, C. & Karjalainen, K. Most Tissue-Resident Macrophages Except Microglia Are Derived from Fetal Hematopoietic 

Stem Cells. Immunity 43, 382–393, https://doi.org/10.1016/j.immuni.2015.07.016 (2015).
 2. Mills, C. D., Kincaid, K., Alt, J. M., Heilman, M. J. & Hill, A. M. M-1/M-2 macrophages and the Th1/Th2 paradigm. J Immunol 164, 

6166–6173 (2000).
 3. Sindrilaru, A. et al. An unrestrained proinflammatory M1 macrophage population induced by iron impairs wound healing in 

humans and mice. J Clin Invest 121, 985–997, https://doi.org/10.1172/JCI44490 (2011).
 4. Khanna, S. et al. Macrophage dysfunction impairs resolution of inflammation in the wounds of diabetic mice. PLoS One 5, e9539, 

https://doi.org/10.1371/journal.pone.0009539 (2010).
 5. Shen, L. et al. M2 tumour-associated macrophages contribute to tumour progression via legumain remodelling the extracellular 

matrix in diffuse large B cell lymphoma. Sci Rep 6, 30347, https://doi.org/10.1038/srep30347 (2016).
 6. Noy, R. & Pollard, J. W. Tumor-associated macrophages: from mechanisms to therapy. Immunity 41, 49–61, https://doi.org/10.1016/j.

immuni.2014.06.010 (2014).
 7. Leek, R. D. et al. Association of macrophage infiltration with angiogenesis and prognosis in invasive breast carcinoma. Cancer Res 

56, 4625–4629 (1996).
 8. Chanmee, T., Ontong, P., Konno, K. & Itano, N. Tumor-associated macrophages as major players in the tumor microenvironment. 

Cancers (Basel) 6, 1670–1690, https://doi.org/10.3390/cancers6031670 (2014).
 9. Karnevi, E., Andersson, R. & Rosendahl, A. H. Tumour-educated macrophages display a mixed polarisation and enhance pancreatic 

cancer cell invasion. Immunol Cell Biol 92, 543–552, https://doi.org/10.1038/icb.2014.22 (2014).
 10. Yuan, A. et al. Opposite Effects of M1 and M2 Macrophage Subtypes on Lung Cancer Progression. Sci Rep 5, 14273, https://doi.

org/10.1038/srep14273 (2015).
 11. Su, M. J., Aldawsari, H. & Amiji, M. Pancreatic Cancer Cell Exosome-Mediated Macrophage Reprogramming and the Role of 

MicroRNAs 155 and 125b2 Transfection using Nanoparticle Delivery Systems. Sci Rep 6, 30110, https://doi.org/10.1038/srep30110 
(2016).

 12. Cassetta, L., Cassol, E. & Poli, G. Macrophage polarization in health and disease. Scientific World Journal 11, 2391–2402, https://doi.
org/10.1100/2011/213962 (2011).

 13. Mattiola, I. et al. Priming of Human Resting NK Cells by Autologous M1 Macrophages via the Engagement of IL-1beta, IFN-beta, 
and IL-15Pathways. J Immunol 195, 2818–2828, https://doi.org/10.4049/jimmunol.1500325 (2015).

 14. Derlindati, E. et al. Transcriptomic analysis of human polarized macrophages: more than one role of alternative activation? PLoS 
One 10, e0119751, https://doi.org/10.1371/journal.pone.0119751 (2015).

 15. Peixoto, A., Monteiro, M., Rocha, B. & Veiga-Fernandes, H. Quantification of multiple gene expression in individual cells. Genome 
Res 14, 1938–1947, https://doi.org/10.1101/gr.2890204 (2004).

 16. Edmands, S., Kirk, J., Lee, A. & Radich, J. Rapid RT-PCR amplification from limited cell numbers. PCR Methods Appl 3, 317–319 
(1994).

 17. Huang, H. et al. Non-biased and efficient global amplification of a single-cell cDNA library. Nucleic Acids Res 42, e12, https://doi.
org/10.1093/nar/gkt965 (2014).

 18. Vermeulen, J. et al. RNA pre-amplification enables large-scale RT-qPCR gene-expression studies on limiting sample amounts. BMC 
Res Notes 2, 235, https://doi.org/10.1186/1756-0500-2-235 (2009).

 19. Choi, H. et al. Transcriptome analysis of individual stromal cell populations identifies stroma-tumor crosstalk in mouse lung cancer 
model. Cell Rep 10, 1187–1201, https://doi.org/10.1016/j.celrep.2015.01.040 (2015).

 20. Wynn, T. A., Chawla, A. & Pollard, J. W. Macrophage biology in development, homeostasis and disease. Nature 496, 445–455, 
https://doi.org/10.1038/nature12034 (2013).

 21. Italiani, P. & Boraschi, D. From Monocytes to M1/M2 Macrophages: Phenotypical vs. Functional Differentiation. Front Immuno l5, 
514, https://doi.org/10.3389/fimmu.2014.00514 (2014).

 22. Ho, Y. K., Xu, W. T. & Too, H. P. Direct quantification of mRNA and miRNA from cell lysates using reverse transcription real time 
PCR: a multidimensional analysis of the performance of reagents and workflows. PLoS One 8, e72463, https://doi.org/10.1371/
journal.pone.0072463 (2013).

 23. Le, A. V., Huang, D., Blick, T., Thompson, E. W. & Dobrovic, A. An optimised direct lysis method for gene expression studies on low 
cell numbers. Sci Rep 5, 12859, https://doi.org/10.1038/srep12859 (2015).

 24. Wang, N., Liang, H. & Zen, K. Molecular mechanisms that influence the macrophage m1–m2 polarization balance. Front Immunol 
5, 614, https://doi.org/10.3389/fimmu.2014.00614 (2014).

 25. Takeda, N. et al. Differential activation and antagonistic function of HIF-{alpha} isoforms in macrophages are essential for NO 
homeostasis. Genes Dev 24, 491–501, https://doi.org/10.1101/gad.1881410 (2010).

 26. Mitchem, J. B. et al. Targeting tumor-infiltrating macrophages decreases tumor-initiating cells, relieves immunosuppression, and 
improves chemotherapeutic responses. Cancer Res 73, 1128–1141, https://doi.org/10.1158/0008-5472.CAN-12-2731 (2013).

 27. Khochbin, S., Grunwald, D., Pabion, M. & Lawrence, J. J. Recovery of RNA from flow-sorted fixed cells. Cytometry 11, 869–874, 
https://doi.org/10.1002/cyto.990110803 (1990).

 28. Mielgo, A. & Schmid, M. C. Impact of tumour associated macrophages in pancreatic cancer. BMB Rep 46, 131–138 (2013).
 29. Dueck, H. et al. Deep sequencing reveals cell-type-specific patterns of single-cell transcriptome variation. Genome Biol 16, 122, 

https://doi.org/10.1186/s13059-015-0683-4 (2015).
 30. Nelson, A. C., Mould, A. W., Bikoff, E. K. & Robertson, E. J. Single-cell RNA-seq reveals cell type-specific transcriptional signatures 

at the maternal-foetal interface during pregnancy. Nat Commun 7, 11414, https://doi.org/10.1038/ncomms11414 (2016).
 31. Poczobutt, J. M. et al. Expression Profiling of Macrophages Reveals Multiple Populations with Distinct Biological Roles in an 

Immunocompetent Orthotopic Model of Lung Cancer. J Immunol 196, 2847–2859, https://doi.org/10.4049/jimmunol.1502364 
(2016).

http://dx.doi.org/10.1016/j.immuni.2015.07.016
http://dx.doi.org/10.1172/JCI44490
http://dx.doi.org/10.1371/journal.pone.0009539
http://dx.doi.org/10.1038/srep30347
http://dx.doi.org/10.1016/j.immuni.2014.06.010
http://dx.doi.org/10.1016/j.immuni.2014.06.010
http://dx.doi.org/10.3390/cancers6031670
http://dx.doi.org/10.1038/icb.2014.22
http://dx.doi.org/10.1038/srep14273
http://dx.doi.org/10.1038/srep14273
http://dx.doi.org/10.1038/srep30110
http://dx.doi.org/10.1100/2011/213962
http://dx.doi.org/10.1100/2011/213962
http://dx.doi.org/10.4049/jimmunol.1500325
http://dx.doi.org/10.1371/journal.pone.0119751
http://dx.doi.org/10.1101/gr.2890204
http://dx.doi.org/10.1093/nar/gkt965
http://dx.doi.org/10.1093/nar/gkt965
http://dx.doi.org/10.1186/1756-0500-2-235
http://dx.doi.org/10.1016/j.celrep.2015.01.040
http://dx.doi.org/10.1038/nature12034
http://dx.doi.org/10.3389/fimmu.2014.00514
http://dx.doi.org/10.1371/journal.pone.0072463
http://dx.doi.org/10.1371/journal.pone.0072463
http://dx.doi.org/10.1038/srep12859
http://dx.doi.org/10.3389/fimmu.2014.00614
http://dx.doi.org/10.1101/gad.1881410
http://dx.doi.org/10.1158/0008-5472.CAN-12-2731
http://dx.doi.org/10.1002/cyto.990110803
http://dx.doi.org/10.1186/s13059-015-0683-4
http://dx.doi.org/10.1038/ncomms11414
http://dx.doi.org/10.4049/jimmunol.1502364


www.nature.com/scientificreports/

1 0SCIENTIfIC REPoRTS |  (2018) 8:2408  | DOI:10.1038/s41598-018-20820-4

 32. Tape, C. J. et al. Oncogenic KRAS Regulates Tumor Cell Signaling via Stromal Reciprocation. Cell 165, 910–920, https://doi.
org/10.1016/j.cell.2016.03.029 (2016).

 33. Xue, J. et al. Alternatively activated macrophages promote pancreatic fibrosis in chronic pancreatitis. Nat Commun 6, 7158, https://
doi.org/10.1038/ncomms8158 (2015).

 34. Mo, A. et al. Distinct Transcriptional Changes and Epithelial-Stromal Interactions Are Altered in Early-Stage Colon Cancer 
Development. Mol Cancer Res 14, 795–804, https://doi.org/10.1158/1541-7786.MCR-16-0156 (2016).

 35. McMillin, D. W., Negri, J. M. & Mitsiades, C. S. The role of tumour-stromal interactions in modifying drug response: challenges and 
opportunities. Nat Rev Drug Discov 12, 217–228, https://doi.org/10.1038/nrd3870 (2013).

 36. Weischenfeldt, J. & Porse, B. Bone Marrow-Derived Macrophages (BMM): Isolation and Applications. CSH Protoc 2008, pdb 
prot5080, https://doi.org/10.1101/pdb.prot5080 (2008).

 37. Rio, D. C., Ares, M. Jr., Hannon, G. J. & Nilsen, T. W. Purification of RNA using TRIzol (TRI reagent). Cold Spring Harb Protoc 2010, 
pdb prot5439, https://doi.org/10.1101/pdb.prot5439 (2010).

Acknowledgements
This work was supported in part by funding from the National Institutes of Health grant (R01 CA163649, R01 
CA210439, and R01 CA216853, NCI) to PKS; the Specialized Programs of Research Excellence (SPORE, 2P50 
CA127297, NCI) to PKS. We would also like to acknowledge the Fred & Pamela Buffett Cancer Center Support 
Grant (P30CA036727, NCI) for supporting shared resources. The funders had no role in study design, data 
collection and analysis, decision to publish, or preparation of the manuscript.

Author Contributions
Conceived and designed the experiments: K.S.A., P.K.S. Performed the experiments: K.S.A., K.M., S.K.S. 
Analyzed the data: K.S.A., P.K.S. Contributed reagents/materials/analysis tools: K.S.A., K.M., S.K.S., P.K.S. Wrote 
the manuscript: K.S.A., P.K.S.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-20820-4.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1016/j.cell.2016.03.029
http://dx.doi.org/10.1016/j.cell.2016.03.029
http://dx.doi.org/10.1038/ncomms8158
http://dx.doi.org/10.1038/ncomms8158
http://dx.doi.org/10.1158/1541-7786.MCR-16-0156
http://dx.doi.org/10.1038/nrd3870
http://dx.doi.org/10.1101/pdb.prot5080
http://dx.doi.org/10.1101/pdb.prot5439
http://dx.doi.org/10.1038/s41598-018-20820-4
http://creativecommons.org/licenses/by/4.0/

	Microscale Gene Expression Analysis of Tumor-Associated Macrophages
	Results
	Determination of the Minimum Cell Number for Gene Expression Analysis in U937 Cells. 
	Optimization and Reproducibility of Microscale Gene Expression Analysis Method. 
	Comparative Gene Expression Analysis from a Large and Small Number of Cells. 
	Validation of Gene Expression Analysis Method in Murine Bone Marrow-derived Macrophages. 
	Standardization of Gene Expression Analysis Method for Fluorescence-activated Sorted Macrophages. 

	Discussion
	Materials and Methods
	Chemicals and Kits. 
	Culturing of U937 Cells, KPC cells, and Murine Bone Marrow-Derived Macrophages. 
	RNA Isolation by TRIzol Method and Kit-based Method. 
	Orthotropic Mice Model of Pancreatic Cancer for Isolation of Macrophages from Tumor. 
	FACS sorting of Macrophages from Spleen and Tumors. 
	cDNA Synthesis and Real Time PCR. 
	Statistical Analysis. 

	Acknowledgements
	Figure 1 Comparative expression analysis of housekeeping genes from the different number of U937 cells.
	Figure 2 Optimization of SYBR Green qPCR mix for gene expression detection in a low number of U937 cells.
	Figure 3 Comparative analysis of ΔCt in RNA isolated from U937 macrophages by TRIzol method and Microscale gene expression method.
	Figure 4 Comparative ΔCt analysis of macrophage-specific genes from a small number of murine bone marrow-derived macrophages.
	Figure 5 Gene expression analysis of macrophage markers in a small number of FACS-sorted macrophages.




