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SUMMARY:  22 
This opsonophagocytic killing assay is used to compare the ability of phagocytic immune cells to 23 
respond to and kill bacteria based on different treatments and/or conditions. Classically, this 24 
assay serves as the golden standard for assessing effector functions of antibodies raised against 25 
a bacterium as opsonin. 26 
 27 
ABSTRACT: 28 
A key aspect of the immune response to bacterial colonization of the host is phagocytosis. An 29 
opsonophagocytic killing assay (OPKA) is an experimental procedure in which phagocytic cells are 30 
co-cultured with bacterial units. The immune cells will phagocytose and kill the bacterial cultures 31 
in a complement-dependent manner. The efficiency of the immune-mediated cell killing is 32 
dependent on a number of factors and can be used to determine how different bacterial cultures 33 
compare with regard to resistance to cell death. In this way, the efficacy of potential immune-34 
based therapeutics can be assessed against specific bacterial strains and/or serotypes. In this 35 
protocol, we describe a simplified OPKA that utilizes basic culture conditions and cell counting to 36 
determine bacterial cell viability after co-culture with treatment conditions and HL-60 immune 37 
cells. This method has been successfully utilized with a number of different pneumococcal 38 
serotypes, capsular and acapsular strains, and other bacterial species. The advantages of this 39 
OPKA protocol are its simplicity, versatility (as this assay is not limited to antibody treatments as 40 
opsonins), and minimization of time and reagents to assess basic experimental groups. 41 
 42 
INTRODUCTION:  43 
The opsonophagocytic killing assay (OPKA) is a critical tool for linking alterations in bacterial 44 
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structure or function to subsequent changes in immune response and function. As such, it is 45 
frequently used as a complementary assay to determine immune-based efficacy of antibody 46 
treatments, vaccine candidates, enzyme optimization, etc. While in vivo assays are necessary to 47 
determine effective clearance or protection in a bacterial infection model, the OPKA can be used 48 
to assess immune contribution to bacterial cell death at the most basic components: bacteria, 49 
immune cells, and experimental treatments. Previous studies have shown that OPKAs can be 50 
modified and used for a variety of bacteria and serotypes, including Streptococcus pneumoniae1, 51 
Staphylococcus aureus2, Pseudomonas aeruginosa3. Furthermore, these optimized assays can be 52 
used to assess different experimental treatments, including the ability of an enzyme to make the 53 
bacterium more accessible to complement-mediated immune cells4 and antibody treatments to 54 
improve opsonization5. Classically, OPKA assay has been successfully used in basic and clinical 55 
research settings as a powerful indicator for protection induced by pathogen-specific antibodies6-56 
9.  57 
 58 
Different types of immune cells may be used for assessment of opsonophagocytic killing. One 59 
commonly used phagocytic population is the HL-60 human leukemic cell line. This cell line can be 60 
kept as inactivated promyelocytes in culture; however, they can be differentiated into various 61 
activated states via different drug treatments10,11. Treatment of HL60 with N,N-62 
dimethylformamide differentiates the cell line into activated neutrophils with strong phagocytic 63 
activity11. While HL-60 cells have been optimized and are frequently used for these phagocytosis 64 
assays10, other primary polymorphonuclear leukocytes can be used as the immune arm of the 65 
experiment12. 66 
 67 
Additionally, these assays can be simplified13 or multiplexed14 to look at multiple antibiotic-68 
resistant strains of the bacteria to be tested. The multiplexed method has been made more 69 
feasible through the development of software that can efficiently count bacterial colony forming 70 
units (CFUs) per spot on an agar plate15. Here, we describe a streamlined method using one 71 
bacterial strain, HL-60 cells, baby rabbit complement, and blood agar plates. With this method, 72 
multiple treatments can be assessed quickly to address specific research questions on how the 73 
innate immune response to bacterial infection can be modulated. 74 
 75 
PROTOCOL: 76 
 77 
1. Culture, differentiation, and validation of HL-60 cells 78 
 79 
1.1. Prepare HL-60 cell culture media composed of 500 mL RPMI with L-glutamine and 50 mL 80 
heat-inactivated fetal bovine serum. Do not add antibiotics as this may affect the differentiation 81 
of the HL-60 cells. 82 
 83 
1.2. For propagation/maintenance of HL-60 cells, culture 5 x 106 cells in 10 mL of HL-60 cell 84 
culture media in 75 cm2 vented flasks at 37 °C and 5% CO2. Passage cells every 3−4 days to 85 
maintain optimal cell concentrations. 86 
 87 
NOTE: The cell concentration should not exceed 5 x 106/mL. 88 



   

 89 
1.3. Generate working stocks of HL-60 cells by aliquoting approximately 1 x 106 cells/mL in HL60 90 
culture media with 10% dimethyl sulfoxide (DMSO) into 1 mL cryogenic tubes.  91 
 92 
NOTE: Working stocks may be stored at -80 °C. The master stock should be stored at -120 °C. 93 
 94 
1.4. Differentiate HL-60 cells by culturing 1.5 x 107 cells in 15 mL of HL-60 cell culture media with 95 
0.6% N,N-dimethylformamide (DMF) at 37 °C and 5% CO2 in sterile filter-capped 75 cm2 flasks for 96 
3 days prior to OPKA. 97 
 98 
1.5. Validate that the HL-60 cells have been successfully differentiated and are appropriate for 99 
use in the OPKA assay by testing viability and cell surface markers according to established flow 100 
cytometry protocols16-19. After differentiation, harvest HL-60 cells and stain approximately 1 x 104 101 
cells with fluorescently-conjugated antibodies/stains for CD71, CD35, annexin V, and propidium 102 
iodide. 103 
 104 
NOTE: Differentiated cells should be ≥ 65% viable, ≥ 55% CD35+, and ≤ 20% CD71+ as determined 105 
through established validation protocols14 (Figure 1). 106 
 107 
2. Preparation of OPKA buffers and reagents 108 
 109 
2.1. Prepare 50 mL of sterile opsonization buffer B (OBB) by mixing 42.5 mL of sterile 1x 110 
phosphate-buffered saline (PBS) with Ca2+/Mg2+, 5 mL of heat-inactivated fetal bovine serum, 111 
and 2.5 mL of 0.1% sterile gelatin. Store at 4 °C. 112 
 113 
2.2. Obtain baby rabbit complement and store at -80 °C. 114 
 115 
2.3. Obtain or prepare bacterial culture plates (i.e., 15 x 100 mm 5% sheep’s blood agar plates). 116 
 117 
3. Preparation of bacterial stock samples 118 
 119 
3.1. Obtain a stock of the bacterial strain(s) to be tested.  120 
 121 
NOTE: For this protocol, serotype 3 Streptococcus pneumoniae (WU2, generously provided by Dr. 122 
Moon Nahm) is used.  123 
 124 
3.2. Grow the bacterial strain in an appropriate broth (i.e., Todd-Hewitt broth + 0.5% yeast extract 125 
for this WU2 strain) for approximately 2−4 h at 37 °C.  126 
 127 
NOTE: The optical density at 600 nm (OD600) of the culture should be between 0.6 and 0.8. 128 
 129 
3.3. Pellet the bacteria by centrifugation at 6000 x g for 2 min and resuspend the cells in 10−30 130 
mL of 15% glycerol in the appropriate broth. Aliquot the bacterial culture (500 µL per aliquot) 131 
into sterile 1.5 mL centrifuge tubes and store at -80 °C. 132 



   

 133 
3.4. Thaw out one vial of bacterial stock in a 37 °C water bath. Pellet the bacterial cells and 134 
resuspend in 500 µL of OBB under sterile conditions. 135 
 136 
3.5. Prepare different dilutions of the bacterial stock in OBB (i.e., 10 µL of no dilution, 10 µL of 137 
1:10, 10 µL of 1:100, etc.). Perform the OPKA assay (sections 4–6, including HL-60/complement 138 
co-culture) as described below using various dilutions of the untreated bacterial stock. Culture 139 
the plates overnight at 30 °C (no CO2).  140 
 141 
NOTE: The temperature 30 °C is specific for WU2 to prevent overgrowth; other strains/serotypes 142 
may grow optimally at 37 °C. 143 
 144 
3.6. Count the colonies for each dilution of untreated bacterial stock co-cultured with HL-60 cells 145 
and complement. Determine which dilution of bacteria yields the optimal number of countable 146 
colonies (approximately 80−120 CFUs for untreated bacteria co-cultured with HL-60 cells). Note 147 
this dilution for future OPKAs involving this bacterial stock. 148 
 149 
4. Bacterial treatment and culture 150 
 151 
4.1. Thaw one tube of bacterial stock prepared in step 3.3. Pellet bacteria (6000 x g for 2 min) 152 
and resuspend cell pellet in OBB at optimal dilution as determined in step 3.6. 153 
 154 
4.2. Pipette 10 µL of resuspended bacterial dilution per well in a round-bottom 96-well cell 155 
culture plate. 156 
 157 
4.3. Add 20 µL of appropriate antibody or drug treatment to each experimental well in duplicate.  158 
 159 
NOTE: In this protocol, a serotype-specific antibody generated in mice is added as treatment X 160 
and a glycoside hydrolase enzyme known to degrade the serotype 3 polysaccharide capsule is 161 
added as treatment Y (Figure 2)4,20. For control wells, use 1x PBS or OBB, depending on the buffer 162 
used for treatment wells. 163 
 164 
4.4. Shake the sample plate at approximately 90 rpm for 1 h at room temperature. Adjust these 165 
conditions depending on the optimal temperature or shaking conditions of the treatments being 166 
tested. 167 
 168 
5. HL-60 bacterial co-culture 169 
 170 
5.1. Prepare HL-60 cells by harvesting the HL-60 differentiated cells that are treated with DMF 171 
three days prior (see step 1.4) into 15 mL conical tubes. Pellet the cells (500 x g, 3 min), discard 172 
the supernatant, and wash with at least 10 mL of 1x PBS.  173 
 174 
5.2. Pellet the washed cells (500 x g, 3 min), discard the supernatant, and resuspend the cells in 175 
OBB (start with 1 mL OBB and adjust for a final concentration of 1 x 107/mL after cell counting).  176 



   

 177 
5.3. Add baby rabbit complement (sterile, undiluted baby rabbit serum, age 3−4 weeks) at a 1:5 178 
final volume.  179 
 180 
NOTE: The final concentration of the HL-60-complement mixture should be 1 x 107/mL. If testing 181 
complement dependency, a second solution containing active HL-60 cells with heat-inactivated 182 
complement may be used (complement may be inactivated by incubating in a water bath at > 55 183 
°C for at least 30 min).  184 
 185 
5.4. After one-hour bacterial culture is complete (step 4.4), divide each sample (i.e., 10 µL of each 186 
30 µL sample well into two new wells) into duplicate wells for two groups (i.e., use only 20 µL of 187 
the original 30 µL co-culture to account for pipetting error): one set will be co-cultured with HL-188 
60-complement and one will include bacteria only. Add 50 µL of the HL-60-complement mixture 189 
(from step 5.3) to each experimental set of wells (delegated +HL-60); add 50 µL of OBB alone to 190 
the wells of bacteria only (delegated -HL-60).  191 
 192 
NOTE: For this example, approximately 800 bacterial CFUs are used for the initial co-culture with 193 
5 x 105/50 µL HL-60 cells. If this multiplicity of infection is too high or too low as indicated by final 194 
colony numbers, adjust the initial bacterial dilution as opposed to the HL-60 cell count.  195 
 196 
5.4. Shake the 96-well plate at 37 °C for 1 h (no CO2). 197 
 198 
6. Sample plating and overnight incubation 199 
 200 
6.1. Dilute each well 1:5 with OBB, so that each sample has a volume of at least 50 µL. 201 
 202 
6.2. Pipette 50 µL of each sample directly onto a designated area of a bacterial culture plate, 203 
ensuring adequate spacing between samples. For 15 x 100 mm round agar plates, pipet 204 
approximately 4 samples onto one plate. 205 
 206 
6.3. Cover and allow samples to dry for approximately 15 min at room temperature. 207 
 208 
6.4. Invert plates and culture overnight at 30 °C (no CO2). Alternatively, culture plates in anaerobic 209 
jars to test whether anoxic conditions affect the bacterial growth or to control for morphology. 210 
 211 
6.5. After overnight culture, count the colonies in each designated sample area. Analyze data by 212 
comparing the number of live cells in each set to the corresponding control and/or samples that 213 
do not receive HL-60 cell co-culture (indicative of 100% cell survival, 0% cell killing). 214 
 215 
REPRESENTATIVE RESULTS:  216 
Validation of HL-60 differentiation should be performed before starting the OPKA. This can be 217 
accomplished using flow cytometry to determine the extracellular expression of CD11b, CD35, 218 
CD71, and annexin V (Figure 1). Propidium iodide can also be used as a viability marker. After 219 
being treated with DMF for 3 days, expression of CD35 should be increased (≥ 55% of all cells) 220 



   

and expression of CD71 should be decreased (≤ 20% of all cells). The percentage of annexin V+ 221 
and propidium iodide (PI+) cells together should be < 35% to ensure sufficient cell viability. If 222 
these percentages do not meet the minimum requirements, the culture conditions should be 223 
adjusted as described in the Discussion.  224 
 225 
The number of CFUs obtained from step 6.5 can be used to compare the bacterial cell survival of 226 
different groups compared to the untreated control group (100% cell survival) as shown in Figure 227 
2. For example, the average counts obtained from wells that received no treatment but were co-228 
cultured with HL-60 should be relatively close in number to the cells that received no treatment 229 
and no co-culture of HL-60, which would be indicative of 100% cell survival, or 0% cell death. 230 
With an effective treatment, the numbers of colonies should be more different between HL-60 231 
co-culture and no HL-60 cells (Figure 2 and Figure 3). Larger differences between HL-60 and no 232 
HL-60 sets are indicative of more efficient phagocytosis. However, the treatment may actually 233 
improve bacterial cell growth in the set that is not co-cultured with HL-60 cells. This difference in 234 
treated and untreated samples should be noted. If the bacterial dilution is not optimized (step 235 
3.6) or the colony growth is not carefully observed after plating (step 6.5 or see Discussion), 236 
overgrowth of the colonies may prevent accurate counting of colonies (Figure 4). 237 
 238 
FIGURE LEGENDS:  239 
Figure 1: Validation of HL-60 cell differentiation via flow cytometry. Differentiated HL-60 cells 240 
were harvested, washed, and resuspended in 1 x 105 cells/mL PBS. Cells were then aliquoted into 241 
12 wells (100 µL/well) in a 96-well plate. Cells were then stained with fluorescently conjugated 242 
anti-CD35, anti-CD71, annexin V, and propidium iodide. Unstained cells or cells stained with 243 
fluorescently conjugated isotype antibodies were used as controls.  244 
 245 
Figure 2: Treatment Y improves HL-60-mediated cell killing of bacteria. S. pneumoniae samples 246 
were treated with treatment X (antibody) or treatment Y (enzyme). OPKA was performed 247 
according to the protocol and bacterial CFUs were counted in duplicate. Samples that were not 248 
treated with HL-60 cells were used as a control (100% cell survival). Shown are the average 249 
percentages of bacterial CFUs in the HL-60 treated groups compared to the corresponding non-250 
HL-60-treated groups. Bars represent standard error. 251 
 252 
Figure 3: Bacterial CFUs after OPKA and overnight culture. Bacterial samples were treated and 253 
co-cultured without (A) or with (B) HL-60 cells for 1 h at 37 °C. Samples were diluted according 254 
to the protocol and plated on blood agar plates overnight at 30 °C (no CO2). 255 
 256 
Figure 4: Bacterial CFU overgrowth. Bacterial samples were treated and OPKA was performed. 257 
Samples were diluted and plated on blood agar plates overnight at 37 °C (no CO2). Accurate 258 
assessment of colony numbers cannot be determined as overgrowth of colonies is shown. As 37 259 
°C (no CO2) led to bacterial overgrowth, the incubation temperature for future plates was 260 
lowered to 30 °C (no CO2) to maintain countability of the colonies. 261 
 262 
DISCUSSION:  263 
OPKAs serve essential roles in assessing antibody mediated immune responses induced by 264 



   

vaccinations6,8. The main significance of this simplified OPKA is the adaptability in the conditions 265 
to be tested (i.e., antibodies, enzyme treatments, etc.). In this sense, while this assay can be used 266 
to test the contribution of opsonins (i.e., antibodies) in phagocytosis, it can also be used to assess 267 
ways to overcome virulence factors (i.e., capsular polysaccharides) that normally inhibit 268 
phagocytic pathways. Minimizing the number of steps that are typically used in a multiplexed 269 
OPKA potentially minimizes the chances for technical errors that can affect the experimental 270 
results and reduces the amount of troubleshooting and optimization for obtaining usable data. 271 
As this protocol is suited for variations to treatment conditions, it allows for a great deal of 272 
versatility. 273 
 274 
Pre-establishing the assay through culture of HL-60 and establishment of bacterial stocks is 275 
important to prevent extraneous optimization steps when performing the OPKA. Time must be 276 
dedicated to making sure all reagents and cell types are ready and functional before the 277 
experiment is performed. These steps include propagating the HL-60 cell line in culture (about 278 
two weeks), validating that specific concentrations of DMF effectively differentiate the HL-60 279 
cells (about one week), and establishing contaminant-free and optimized bacterial stock dilutions 280 
(about two weeks). 281 
 282 
Some steps of this protocol are critical for obtaining countable colonies and adequate data. This 283 
protocol uses HL-60 cells as phagocytes due to the ease of using a human cell line that can be 284 
maintained in culture and differentiated with relatively few steps. Human peripheral blood 285 
mononuclear cells (PBMCs) may also be used; however, obtaining these cells and optimizing the 286 
conditions for their use may be more challenging. The HL-60 cells must be differentiated in order 287 
to function as phagocytes against the bacteria. To verify differentiation after the 3-day treatment 288 
with DMF, flow cytometry should be used to test for the expression of CD11b and CD35 on a 289 
majority of the cells before any OPKA is attempted, as discussed in step 1.5. Cell viability should 290 
also be verified (preferably with annexin V and propidium iodide staining). If a large number of 291 
cells are dead, apoptotic, or undifferentiated as observed with flow cytometry, the 3-day 292 
differentiation with 0.6% DMF in RPMI media can be modified (0.4%−0.8% DMF, 2−6 day culture 293 
time) until cell viability and differentiation markers are improved. This differentiation should be 294 
the first optimization of the OPKA as HL-60 function is critical for effective bacterial killing. We 295 
recommend validating HL-60 differentiation before every OPKA experiment. 296 
 297 
The number of bacterial CFUs (step 3.6) initially dispensed into the 96-well plate (step 4.2) is also 298 
critical: dispensing too many cells will make counting difficult and inaccurate (step 6.5) and may 299 
decrease the cell death observed from HL-60 co-culture, whereas dispensing too few cells may 300 
increase the amount of deviation between duplicates and may not show any countable colonies 301 
after HL-60 co-culture. Optimizing the stock dilution is therefore critical, and must be tested with 302 
the full protocol, including HL-60/complement co-culture. 303 
 304 
The importance of complement may also be tested with this protocol by including two sets of 305 
samples: one with active baby rabbit complement and one with heat-inactivated complement. 306 
HL-60 cells should be co-cultured with both sets, though a bacteria-only set should still be 307 
included as a 100% cell survival baseline. 308 



   

 309 
For some bacterial serotypes, the morphology of the colonies may make cell counting or visibility 310 
problematic. Mucoid serotypes such as type 3 Streptococcus pneumoniae, for instance, can easily 311 
overgrow and reduce the CFU counts. This may prove especially problematic when testing 312 
treatments that affect the capsule, as overgrowth would be prevented in the treated group but 313 
greater number of smaller colonies would be counted. To prevent this discrepancy, control of cell 314 
growth is critical. Culturing the plated colonies at 30 °C overnight will likely allow for improved 315 
monitoring of bacterial growth and the plates can be removed when all colonies reach 316 
distinguishable, countable sizes. Additionally, different agar plates may be used to improve 317 
visibility of individual colonies. In this way, this protocol is advantageous as small changes to 318 
optimize conditions can thus be used to account for a number of bacterial strains or various 319 
treatment options.  320 
 321 
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Name of Material/ Equipment Company Catalog Number Comments/Description

Annexin V (APC conjugated) BioLegend 640919
anti-CD35, human (PE 

conjugated) BioLegend 333405
anti-CD71, human (PE 

conjugated) BioLegend 334105

bacterial strain to be used (ie, 

Streptococcus pneumoniae, 

WU2)

Bacterial Respiratory 

Reference Laboratory 

(Dr. Moon Nahm) 

blood agar plates Hardy Diagnostic A10

Fetal Clone serum HyClone SH30080.03

glycerol Sigma G9012-1L

HL-60 cells ATCC CCL-240

IgG Isotype Control (PE 

conjugated) BioLegend 400907

N,N-dimethylformamide (DMF) Fisher Chemical UN2265

propidium iodide Sigma P4864

RPMI media with L-glutamine Corning 10-040-CV
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ARTICLE AND VIDEO LICENSE AGREEMENT 

Title of Article: 

Author(s):  

Item 1 (check one box): The Author elects to have the Materials be made available (as described at 

http://www.jove.com/author) via:      Standard Access       Open Access 

Item 2 (check one box): 

 The Author is NOT a United States government employee. 

 The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee. 

 The Author is a United States government employee but the Materials were NOT prepared in the 
course of his or her duties as a United States government employee. 

ARTICLE AND VIDEO LICENSE AGREEMENT 

1. Defined Terms.  As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries 
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means MyJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties” 
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.

2. Background.  The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article.  In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article.  In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above.  The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats.  If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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ARTICLE AND VIDEO LICENSE AGREEMENT 

4. Retention of Rights in Article.  Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included.  All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video – Standard Access.  This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above.  In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video.  To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE. 

6. Grant of Rights in Video – Open Access.  This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above.  In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above.  The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees.  If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such

statute.  In such case, all provisions contained herein that are 
not in conflict with such statute shall remain in full force and 
effect, and all provisions contained herein that do so conflict 
shall be deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 

8. Likeness, Privacy, Personality.  The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties.  The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials.  If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party.  The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion.  If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution.  If more than one
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author.  JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE.  JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the 
Author’s institution as necessary to make the Video, whether 
actually published or not.  JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
without limitation, to all decisions regarding editing, lighting, 
filming, timing of publication, if any, length, quality, content 
and the like. 
 
11.  Indemnification.  The Author agrees to indemnify JoVE 
and/or its successors and assigns from and against any and all 
claims, costs, and expenses, including attorney’s fees, arising 
out of any breach of any warranty or other representations 
contained herein.  The Author further agrees to indemnify and 
hold harmless JoVE from and against any and all claims, costs, 
and expenses, including attorney’s fees, resulting from the 
breach by the Author of any representation or warranty 
contained herein or from allegations or instances of violation 
of intellectual property rights, damage to the Author’s or the 
Author’s institution’s facilities, fraud, libel, defamation, 
research, equipment, experiments, property damage, personal 
injury, violations of institutional, laboratory, hospital, ethical, 
human and animal treatment, privacy or other rules, 
regulations, laws, procedures or guidelines, liabilities and 
other losses or damages related in any way to the submission 
of work to JoVE, making of videos by JoVE, or publication in 
JoVE or elsewhere by JoVE.  The Author shall be responsible 
for, and shall hold JoVE harmless from, damages caused by 
lack of sterilization, lack of cleanliness or by contamination 
due to the making of a video by JoVE its employees, agents or 
independent contractors.  All sterilization, cleanliness or 
decontamination procedures shall be solely the responsibility 
of the Author and shall be undertaken at the Author’s 

expense.  All indemnifications provided herein shall include 
JoVE’s attorney’s fees and costs related to said losses or 
damages.  Such indemnification and holding harmless shall 
include such losses or damages incurred by, or in connection 
with, acts or omissions of JoVE, its employees, agents or 
independent contractors. 
 
12.  Fees.  To cover the cost incurred for publication, JoVE 
must receive payment before production and publication the 
Materials. Payment is due in 21 days of invoice. Should the 
Materials not be published due to an editorial or production 
decision, these funds will be returned to the Author. 
Withdrawal by the Author of any submitted Materials after 
final peer review approval will result in a US$1,200 fee to 
cover pre-production expenses incurred by JoVE.  If payment is 
not received by the completion of filming, production and 
publication of the Materials will be suspended until payment is 
received. 
 
13.  Transfer, Governing Law.  This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees.  This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to any 
conflict of law provision thereunder.  This Agreement may be 
executed in counterparts, each of which shall be deemed an 
original, but all of which together shall be deemed to me one 
and the same agreement.  A signed copy of this Agreement 
delivered by facsimile, e-mail or other means of electronic 
transmission shall be deemed to have the same legal effect as 
delivery of an original signed copy of this Agreement.   

 
A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission. 

 
CORRESPONDING AUTHOR: 

Name:   

Department:   

Institution:  

Article Title:  

Signature:   Date:  
 
Please submit a signed and dated copy of this license by one of the following three methods: 

1) Upload a scanned copy of the document as a pfd on the JoVE submission site; 
2) Fax the document to +1.866.381.2236; 
3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139 

 
For questions, please email submissions@jove.com or call +1.617.945.9051 
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Response to Reviewers’ Comments: 
 
We would first like to thank the editor and the reviewers for taking the time to 
review our manuscript carefully and constructively.  We believe the revisions we 
have made to this protocol based on the reviewers’ comments have greatly 
improved the structure and clarity of the work involved, and we appreciate the 
additional positive feedback that we received.  Below we describe how we have 
addressed the reviewers’ concerns. 
 
Editorial comments: 
Changes to be made by the author(s) regarding the manuscript: 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure 
that there are no spelling or grammar issues. 
We checked for grammar and spelling as advised. 
2. Keywords: Please provide at least 6 keywords or phrases. 
We have added additional keywords. 
3. Please define all abbreviations before use. 
We believe we have corrected this. 
4. Please use the micro symbol µ instead of u. 

We now use the  symbol. 
5. Please add more details to your protocol steps. There should be enough detail in 
each step to supplement the actions seen in the video so that viewers can easily 
replicate the protocol. Please ensure you answer the “how” question, i.e., how is the 
step performed? Alternatively, add references to published material specifying how 
to perform the protocol action. See examples below. 
We have added steps in an attempt to improve the reproducibility of the protocol, 
and have included references for established protocols where necessary (i.e., for 
flow cytometry). 
6. 1.2: Please specify the bacterial strain used in this protocol. 
We have now specified that we use Streptococcus pneumoniae serotype 3 WU2.  
7. 1.3: Please describe how to pellet the bacteria; if centrifugation is used, please 
specify centrifugation parameter (force in x g and time). 
We have added centrifugation details (now Step 3.3, Line 192). 
8. 1.4: Please spell out OBB and provide its composition. 
We now clarify this at Step 2.1, Line 186. 
9. 2.2: Please describe how to validate the differentiation of HL-60 cells. 
We now describe this in more detail in Step 1.4. 
10. 4.1: Please indicate the specific step of section 1 where bacterial stock is 
prepared. 
We now indicate this in Step 4. 
11. 4.3: Please specify the appropriate antibody or drug treatment used in this 
protocol. 
We now clarify what treatments could be represented by Treatments X and Y in Step 
4.3. 
12. 5.1: Please indicate the specific step of section 2 where the cells are obtained. 
Please describe how to pellet the cells and specify the volume of PBS/OBB used. 
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Please split into two or three steps so that individual steps contain only 2-3 actions 
per step and a maximum of 4 sentences per step. 
We now specify that the cells were prepared in Step 1.2.  We have added details to 
the pellet/wash steps and have adjusted the number of steps in this section. 
13. Please order the steps properly so that the protocol can be followed in 
chronological order. 
We have reordered Steps 1 through 3 in the protocol to improve the chronological 
flow. 
14. Figure 1: Please specify what treatments X and Y are. Please define error bars. 
We now indicate potential treatments for X and Y. 
15. Table of Equipment and Materials: Please sort the items in alphabetical order 
according to the name of material/equipment. 
We have updated and alphabetized the materials used for this protocol. 
16. References: Please do not abbreviate journal titles. 
Updated. 
 
Reviewers' comments: 
 
Reviewer #1: Paschall et al. described a protocol for opsonophagocytic killing assay 
to determine the immunological responses against bacterial infection. In this in vitro 
assay, the bacteria of interest are cocultured with immune cells in the presence of 
complement proteins. Opsonized bacteria are killed by the phagocytic immune cells 
as measured by CFU count. Overall, the manuscript is well written and the 
experiments were carefully designed. A good amount of work was done in describing 
the protocol in depth. However, a minor revision is necessary to improve the overall 
quality of the manuscript and make the protocol easy to follow by other researchers 
in the field. Specific comments and suggestions are enumerated below: 
1. Lane 75. Since it is a protocol journal, it is better to specify the model bacterial 
strain used in this project. It is important because the bacterial growth media and 
other assay conditions were specific to the bacterial strain used. 
We now specify our model bacterial strain in Step 3.1, Line 198. 
2. Lane 78: Specify speed (g) and time for centrifugation 
We now specify centrifugation details (Lines 205 and 251). 
3. What is the final concentration of baby rabbit complement in the assay? 1:5 
volumetric ratio is not informative if the sources/vendors of complement are 
different. 
We now revised this section by addressing that the complement source is undiluted 
baby rabbit serum and the actual concentration of the complement in the serum is 
not specified/measured by the manufacturer or the literature. In other words, a 
purified/ well-characterized mixture of complement proteins are not used in the 
assay. 
4. Lane 83. Use full form of any abbreviations when used in the text for the first 
time, such as in the case of "OBB". 
We now clarify OBB at Line 186 (as well as other abbreviations). 
5. Lane 102. Specify the markers of HL-60 differentiation so that the readers don't 
need to wait until the discussion section. 



We now describe the validation steps starting at Step 1.4, Line 173. 
6. HL-60 cells remained the gold standard for OPA. However, it remains unclear why 
phagocytic immune cells like macrophages or neutrophils were not used in such 
assays. Are HL-60 cells more potent phagocytes than macrophages? It should be 
included in the discussion. 
We now describe how HL-60 represents an easy to culture and optimize option for 
phagocytic function within our discussion (starting at Line 356), though other 
phagocytes may be used. 
7. Does HL-60 culture or co-culture require incubation in CO2-incubator? 
We now clarify the use of 5% CO2 for HL-60 cells in Step 1.3, Line 91. 
8. Lane 88 and 162. Why 30C instead of 37C? What is the rationale? 
We now note that 30C incubation times are specific for our type 3 strain of Strep 
pneumoniae in Step 3.5, Line 222, to avoid overgrowth of the mucoid strain, but 
that other strains may grow optimally at 37C. 
9. Lane 76. The optimum OD at 600 nm should be reported. A culture time of 2-4 
hrs is not informative since the amount of inoculum is unknown. 
We now indicate an optimal range for the OD600 in Step 3.2, Line 203. 
 
 
 
Reviewer #2: Manuscript Summary: 
 
In "Opsonophagocytic killing assay to assess immunological responses against 
bacterial pathogens", Paschall et al describe an experimental method commonly 
used to measure the effector functions of antibodies and killing of bacterial cells. 
 
Major Concerns: 
There are many protocols for OPA including from the University of Alabama 
Birmingham. How does this protocol contribute? 
As we have acknowledged in the manuscript and also mentioned by the reviewer, 
there are published protocols, which we also utilized to establish our own. As revised 
in response to Reviewer 4, this simplified, flexible and visualized/recorded protocol 
will aid researchers intending to establish the protocol for the first time. In sum, we 
were approached by JoVE to contribute a visual process for developing a simplified 
OPKA.  Published protocols developed in the UAB will continue to be used as golden 
standards for high throughput, [pre]clinical studies. 
 
Minor Concerns: 
1. line 186: It should be treatment Y that imporves HL-60 mediated cell killing of 
bacteria, correct? 
We have now corrected the figure title to reflect this. 
2. What is the source of bacteria used in the experiment? 
The bacteria we used were a generous gift from Dr. Moon Nahm at the NIH 
Bacterial Respiratory Pathogen Reference Laboratory.  We now indicate this in Step 
3.1, Line 198. 
 



 
Reviewer #3: The manuscript by Paschall et al describe an Opsonophagocytic killing 
assay using HL60 differentiated cells. 
Main concerns: 
1. The title is opsonophagocytosis killing assay and many authors use (OPKA) 
whereas in this manuscript the authors use OPA. I suggest use OPKA in the entire 
manuscript because in their protocol they are really measuring killing as they plate 
viable bacteria on agar plates. OPA may be more accurate when measuring 
phagocytosis these cells by a flow cytometry assay as other authors do. 
We thank the reviewer for this correction and have now updated OPA to OPKA 
throughout the manuscript. 
2. In the abstract is mentioned that this assay has been successfully used for testing 
pneumococcal strains of serotypes 3, 4 and 19A whereas many serotypes have been 
tested indeed if you do a search at the literature. This paragraph should be modified 
because it seems that only works or at least is only validated against the serotypes 
mentioned above 
We agree that this statement should be revised and have updated the abstract 
accordingly. 
3. The introduction is too short. The authors do not explain the type of cells driven 
by differentiation of HL60 using DMF. 
We have updated the Introduction with more information about HL-60 cells and their 
differentiation. 
4. The authors explain in different parts of the manuscript that the temperature 
used for bacteria is 30 degrees Celsius (lines 88, 162 and 195). The authors explain 
that incubating the agar plates at 30 degrees to avoid overgrowth of serotype 3. I 
agree that 30 degrees without 5% CO2 may be optimal for serotype 3 but if you are 
measuring OPKA of other pneumococcal serotypes, the use of 37 degrees Celsius in 
the presence of 5% CO2 is optimal. This should be explained in the manuscript that 
30 degrees without CO2 is just for serotype 3 whereas for other serotypes, the 37ºC 
with CO2 may be optimal. This should be explained in the process 1.5. 
We now note this stipulation in Step 3.5, Line 208. 
5. The optimal growth of HL60 cells is 37ºC with CO2 as recommended by ATCC 
http://www.lgcstandards-atcc.org/products/all/CCL-
240.aspx?geo_country=es#culturemethod 
Why the authors do not use CO2 for HL60 cells? 
We now clarify the use of 5% CO2 for HL60 cell culture in Steps 1.2 and 1.4. 
6. The authors should explain in point 2 (line 94,) the concentration of HL60 in the 
propagation flask, the limit that should not be exceeded and the concentration of 
the differentiated flask. These data is required if a new person starting from the 
beginning try to replicate this protocol. 
We now discuss these details for propagation and differentiation within Step 1 (Step 
1.2, 1.4, 1.5). 
7. The authors should indicate in point 5.1 the optimal MOI (multiplicity of infection) 
or at least explain why they recommend 10to7 cells/ml 
We now indicate multiplicity of infection in Step 5.3, Lines 263-266. 
8. In line 141 change C by Celsius as they write Celsius in the entire manuscript 



We have changed this accordingly. 
9. White colonies in figure 3 are not S. pneumoniae. If authors want to show 
overgrowth of S. pneumoniae which is the bacteria mentioned in this manuscript, 
the authors should show a figure with pneumococcal overgrowth not with other 
bacteria specie because from my perspective, colonies in figure 3 suggest 
contamination of the assay. 
We have now replaced Figure 3 depicting pneumococcal overgrowth with no other 
contaminating bacterial species. 
 
 
Reviewer #4: Manuscript Summary: 
Robust and clear protocol for an OPK assay. Generally, this assay appears simple 
and stratightforward when described but can be very difficult to establish. The 
manuscript is worthy of publication but needs more details and specific ranges for 
variables. 
 
 
Major Concerns: 
The assay is difficult to establish and details around the validation of differentiation 
are not discussed in sufficient detail. Passage number of the original culture of HL60 
is important as is the maintenance of the master and working stocks of HL60.  
We now discuss generation of master/working stocks in Step 1.3, Line 87. 
The "cell count" in HL60 cultures prior to differentiation, normal growth rate for the 
HL60 line?  
We have provided more details regarding HL-60 cell concentrations and passage 
times (Step 1.2). 
Some additional discussion around the assessment of differentiation by flow 
cytometry would be helpful (a figure?). Additional discussion around quality control 
of the assay would be helpful (how many passages the HL60 are used for, selection 
and testing of the complement source, conformation of differentiation.  
We have now added details for HL-60 validation (Step 1.5) and passage 
recommendations (Discussion).  
The authors also comment on "adjustments" to the differentiation protocol.... a little 
longer or more DMF. This isn't anywhere near detailed enough to guide a new 
laboratory through the establishment of the assay.  
We now indicate an optimal range to try in the Discussion (0.4% to 0.8% DMF, 2 to 
6 day culture times, Line 352). 
A trouble shooting/ tricks and tips component would significantly enhance the 
manuscript.  
We have added details for troubleshooting to the Discussion accordingly. 
The cells are almost certainly cultured without antibiotics, this is not stated. 
We now clarify this in Step 1.1, Line 80. 
Additional components are normally present in HL60 RPMI media (L-Glut).  
We now clarify this in Step 1.1, Line 78, and within the Materials List. 
Cultured at 5% CO2/ 37C?  
We now clarify temperatures and CO2 usage throughout the manuscript. 



The authors only state RPMI + FCS. Further details on the culture and expansion of 
the HL60 are required. I would ask that a "first/ pre-establishing the assay" 
checklist/ steps section is added. a simple comment as to how long it took the 
authors to establish the assay for the first time would be useful together with a 
comment on how frequently the assay is performed in their laboratory and how 
often it fails/ the range within which they consider the assay to be "successful"/ 
"failing". 
We have now added these suggestions to Step 1 and to the Discussion section. 
 
 


